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Chapter 1

Introduction

Induction is a proof and definition principle which is standard in mathematics and
computer science. Coinduction, its dual, is particularly suitable for defining infinite
and circular objects and proving properties about them. It is becoming increasingly
clear that coinduction provides a foundation for many infinite structures arising in
computer science, and in recent years it has been the subject of intense research
activity. Coinductive techniques have been used to reason about process calculi
and their behavioural properties (e.g., [Mil89} [Par81} [AFV01], [TP97]), data struc-
tures such as a streams or infinite trees [HJ97, Rut03} [APTS13]], languages and
automata [BP13 [Rut98al Jac06al], recursive types [BHI8| [AC14], potentially infi-
nite data structures in functional languages and theorem provers [BPT15,/APTS13]
HNDV13, LGCR09], and much more [San12a) [SR12} [KS14].

The broad spectrum of coinduction is unified by the theory of coalgebras, which
is a general approach to state-based systems and infinite behaviour. In this intro-
ductory chapter, we discuss the notions of coalgebra and coinduction, and describe
the contents of this thesis. First, we give the basic intuition of coinduction through
an example, in Section Then we provide a short background on coalgebras,
in Section The main aims and contributions of this thesis are stated in Sec-
tion related work in Section [1.4]and the outline in Section [1.5

1.1 Coinductive reasoning

Induction is most commonly known as a proof principle involving the natural num-
bers: to prove that a property holds for all natural numbers, one proves (a) that
it holds for 0, and (b) that if it holds for n, then it also holds for the successor
n + 1. The validity of this proof principle arises from the construction of natural
numbers as the least set that contains 0 and is closed under the successor function.
In general, induction concerns the least object satisfying some property, whereas
coinduction concerns the greatest object satisfying some property (in a suitable
universe).
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Consider, for instance, the set of finite lists of integers. This set is defined
inductively as follows: [] is a list (the empty list), and if » is an integer and [ is a list
then their concatenation n : [ is again a list. The set of lists is by definition the least
set that contains the empty list and is closed under concatenation. In contrast, the
set of streams (infinite sequences) of integers is defined coinductively. A stream
s decomposes as sp : s’ where sg is an integer (the head of the stream) and ¢’ is
again a stream (the tail). The set of streams is defined as the greatest set of which
each element decomposes in this way as a head and a tail.

Lists and streams are examples of inductively and coinductively defined objects.
We now turn to proof principles. Suppose we have two functions f, g on finite lists
that we would like to prove equal. To do so we may prove:

L. f([l) = 9([]), and
2. for any list I and any natural number n: if f(I) = g(I) then f(n: 1) = g(n : ).

If these two conditions are satisfied then f(I) = g(I) for any list /, by the induction
proof principle. Intuitively, this proof principle is valid since every list is constructed
by concatenating a finite number of elements to the empty list. More precisely, the
above two conditions ensure that the set {I | f(I) = g(1)} of lists on which f and
g agree, contains the empty list and is closed under concatenation. Therefore, it
contains every list, i.e., f(I) = g(I) for every list [.

Now, suppose f, g are functions on streams. Then the above inductive proof
principle does not apply, since streams are not constructed from the empty list.
Instead, to prove equality of arbitrary streams s and ¢, we use the decomposition
of streams into heads and tails, and observe that s = ¢ precisely if the heads sy and
to are equal and their tails s’ and ¢’ are again equal. This observation does not help
very much yet, but the point is that equality of streams is the largest relation R on
streams such that for every (s,t) € R:

1. sp = to (the heads are equal), and
2. (¢',t") € R (the tails are again related).

A relation on streams that satisfies the above two properties is called a (stream)
bisimulation. The fact that the greatest bisimulation is the equality relation is called
the coinduction proof principle. By the coinduction proof principle, to prove that any
two streams are equal, it suffices to construct a bisimulation that relates them. In
particular, if we manage to construct a bisimulation that relates f(s) = g(s) for any
stream s, then f = g. The coinduction proof principle turns out to be a powerful
tool for reasoning about streams (e.g., [Rut03, NRI11]).

Bisimulations were first introduced in concurrency theory by Milner and Park,
as a behavioural equivalence between processes [Mil80, [Par81]], providing the
foundation for much of the work on concurrency theory that followed. In fact,
bisimulations are of interest well beyond the study of processes, as a general coin-
ductively defined equivalence between systems with infinite behaviour, that comes
with a suitable proof principle. Indeed, bisimulations are also of interest to reason
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about streams, automata, and many other models of computation. The general
applicability of bisimulation and coinduction is based on the theory of coalgebras,
which we explain next.

1.2 Coalgebras

Inspired by Milner’s work on concurrent processes, Aczel applied bisimulations in
set theory, to define equality between non-wellfounded sets [Acz88]]. Aczel’s work
is based on a coalgebraic presentation of transition systems, and he showed that
final coalgebras provide models of non-wellfounded sets as well as a mathemati-
cal interpretation of Milner’s process calculi. Aczel and Mendler then proposed a
coalgebraic generalization of bisimulations in terms of homomorphisms between
coalgebras, and used this to formulate a general coinductive proof principle for
behavioural equivalence [AM89]].

The abstract coalgebraic definition of bisimulations in [AM89] and the associ-
ated coinductive proof principle formed the start of the development of coalgebra
as a mathematical theory of state-based systems. Coalgebras uniformly capture a
large class of models of interest, including various kinds of transition systems but
also automata and infinite or circular data structures. The common properties of
all these models are studied in universal coalgebra, as developed systematically by
Rutten in [RutO00].

The basic idea is that the type of a coalgebra is given by a functor, which de-
scribes the observations and dynamics. From a given functor that models the sys-
tem type of interest, one canonically obtains an associated notion of homomor-
phism and bisimulation. Moreover, under mild conditions on the functor there
exists a final coalgebra, which provides a canonical domain of behaviours. Every
coalgebra has a unique homomorphism into this final coalgebra. The unique exis-
tence of such a homomorphism is conceptually identified with a coinductive defi-
nition and proof principle [JR12]. Given a coalgebra, the homomorphism into the
final coalgebra assigns a semantics to it, which allows for coinductive definitions.
The fact that this homomorphism is unique gives rise to a proof method.

As an example, we consider stream systems, which are coalgebras for a functor
that maps a set X to the product N x X with the natural numbers. A stream sys-
tem consists of a set X of states, an output function o: X — N, and a next state
function ¢: X — X. The final coalgebra for the functor under consideration con-
sists of all streams over the natural numbers, together with the functions head and
tail. The coalgebraic notions of bisimulation and coinduction for this functor in-
stantiate to stream bisimulations and the associated coinductive proof principle, as
described in the previous section. The coinductive definition principle, which states
that every stream system has a unique map into the final coalgebra of streams, al-
lows to define streams and operations on them by constructing suitable stream
systems [Rut03] [HKR14].

All in all, coalgebra allows us to understand and prove properties of models of
computation at a high level of abstraction, and instantiate these results to a wide
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variety of concrete systems. Indeed, the theory of coalgebras is a lively research
area, with new perspectives and results for such diverse areas as modal logic, op-
erational semantics, probabilistic systems, infinite data structures and automata
theory (see, e.g., [Jac12, Mis15|[Sil15, JNRS11] for a recent overview).

1.2.1 Classical and coalgebraic coinduction

A standard formalization of coinduction, which we call classical coinduction, is in
terms of complete lattices rather than coalgebras [San12a]]. We briefly comment on
its relation with coalgebras; more details are in Chapter [3| of this thesis. Classical
coinduction is based on Knaster-Tarski’s theorem, which states that every monotone
function f on a complete lattice has a greatest fixed point gfp(f). The existence
of gfp(f) is a definition principle, the fact that it is the greatest post-fixed point a
proof principle. For instance, the bisimilarity relation of a given transition system
is the greatest fixed point of a certain function on the complete lattice of relations
on the state space. The proof principle then states that bisimilarity is the greatest
bisimulation. By varying the function f one obtains different coinductive predi-
cates, such as similarity, weak or branching bisimilarity, divergence of processes,
increasing streams, language inclusion of automata, and so on.

Classical coinduction is very general in the kind of coinductive predicates that
can be defined, but it is specifically suitable for speaking about properties of a fixed
system. In contrast, coinduction as finality of coalgebras which model the systems
of interest (e.g., transition systems) carries a different intuition: it yields a struc-
tural account of the specific coinductive predicate of bisimilarity and of behavioural
equivalence, which is however uniform over all systems of the given type.

The classical approach can be rephrased as a special case of coalgebraic coin-
duction, by the observation that any preorder, and thus in particular any complete
lattice, forms a category. Post-fixed points in the lattice correspond to coalgebras in
the associated category, and a greatest fixed point corresponds to a final coalgebra.
In this sense, coinductive predicates on a given system are themselves coalgebras,
which live in a category of predicates.

To define coinductive predicates in this way as coalgebras in a category of
predicates, we need a way of speaking about properties or predicates on systems.
Such a structure of predicates can be given by the categorical notion of fibrations.
As observed by Hermida and Jacobs [HJ98]] and further developed by Hasuo et
al. [HCKJ13]], fibrations provide the basic infrastructure to define coinductive pred-
icates on coalgebras systematically and uniformly, in terms of a lifting of the functor
whose coalgebras are the systems of interest to a category of predicates.

1.3 Enhanced coinduction

The aim of this thesis is to develop methods that simplify and enhance coinductive
reasoning, with coalgebra as the framework of choice to obtain generally applicable
techniques. Our results are divided into two parts: the first part concerns the
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coinductive proof method, and the second part concerns coinductive definition
techniques.

1.3.1 Coinductive proofs

To prove that two processes are bisimilar, it suffices to construct a bisimulation.
However, this can be rather difficult in concrete instances. Already in the early
days of bisimulations, Milner proposed a simplified method of proving bisimilarity,
which he called bisimulation up to bisimilarity [Mil83]. This idea was further devel-
oped in the work of Sangiorgi [San98]], who proposed several new enhancements
of the bisimulation proof method, including bisimulation up to context, a powerful
technique for reasoning about systems with algebraic structure, such as models of
process calculi. The gains of using up-to techniques to prove bisimilarity can be
spectacular, sometimes allowing to use proofs based on a singleton rather than an
infinite set. Indeed, up-to techniques have been extensively applied and are by
now standard in concurrency theory [PS12].

Enhancements of the bisimulation proof method are interesting not only in con-
currency theory. As an example, the coalgebraic study of automata [Rut98al] led to
a general view on determinization constructions [SBBR10] which has been com-
bined with up-to techniques, culminating in a novel, efficient algorithm for lan-
guage equivalence of non-deterministic automata [BP13| [BP15]], a problem that is
long known and has been studied extensively. Other examples of up-to techniques
outside concurrency theory are their use in stream calculus [RutO5, NR11]], theo-
rem proving [EHB13]], and decidability of weighted language equivalence [Win15].
Further, in Chapter [2] of this thesis we show how to apply up-to techniques for de-
terministic automata to reason about calculi on languages.

In this thesis, we introduce a coalgebraic framework of up-to techniques for
coinductive predicates, generalizing the enhancements of the proof method for
bisimilarity of processes to a wide range of coinductive predicates and a wide
range of state-based systems. We prove the soundness of enhancements such
as bisimulation up to context, bisimulation up to transitivity and bisimulation
up to bisimilarity, at this abstract level. Building on the work of Pous and San-
giorgi [San98| Pou07, [PS12[], we obtain a modular framework in which up-to tech-
niques can safely be combined to obtain new sound enhancements. To cover not
only bisimilarity but also other coinductive predicates, we base our approach on
functor liftings in the setting of a fibration, as pioneered by Hermida and Jacobs.
We show how to instantiate these results to obtain enhanced proof principles for
bisimilarity of weighted automata, streams and deterministic automata, and also
for other coinductive predicates such as divergence of processes, language inclu-
sion of weighted automata and similarity of processes.

1.3.2 Coinductive definitions

Coalgebras provide the means for studying the behaviour of state-based systems,
and to define and reason about operations on these systems. They yield a natu-
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ral setting to define the operational semantics of languages and calculi for a wide
range of computational models. In this context, the structure or syntax of a lan-
guage is modelled by algebras, whereas the observable behaviour is modelled by
coalgebras [RT93]l. The semantics of the operators of a language is specified in
terms of the interplay between algebra and coalgebra.

As an example, the terms of a typical process calculus, such as CCS, form a
(free) algebra, and the behaviour is given in terms of transition systems. This
behaviour is defined by inductively turning the terms into a coalgebra, according to
the specification of each of the operators. Often, such specifications are presented
in the language of structural operational semantics [AFVO1]. For example, the
parallel composition operator in CCS is defined by the following rules:

z 3 y =y xS yi)y’
(1.1)

gy S ally  xly S aly zly = 'y’

The first rule states that if a process x makes an a-transition to x’ then the parallel
composition x|y with any process y makes an a-transition to 2’|y, and the second
rule is its converse. The third rule states how processes x and y can synchronize.
The above rules specify how the behaviour of the parallel composition operation
is determined from the behaviour of its arguments. Such rules define a coalgebra
(transition system) on terms, by induction. The semantics of the operator then
arises coinductively, as the homomorphism from this coalgebra on terms into the
final coalgebra.

It was observed by Turi and Plotkin that the interplay between algebra and
coalgebra can be captured elegantly and systematically through the categorical
concept of a distributive law [[TP97]]. In particular, they showed that distributive
laws can be presented by abstract GSOS specifications, providing a specification for-
mat for languages and calculi which is parametric in the type of behaviour and
the type of syntax, in which every specification induces a compositional semantics.
As a special case, this can be instantiated to the celebrated GSOS format, which
is a particular variant of structural operational semantics [TP97, [BarO4, [BIM95]].
However, abstract GSOS has also been instantiated to obtain formats for proba-
bilistic systems [Bar04l], weighted systems [Kli09], streams [HKR14, Klil1], and
more [Kli11]. Moreover, distributive laws have been used to devise coalgebraic
determinization procedures [SBBR10, JSS12| Bar04], for solving recursive equa-
tions (e.g., [Jac06b, MMS13]]), and they play a crucial role in the enhancements of
coinductive proof methods proposed in this thesis.

In the second part of this thesis, we integrate distributive laws with equations.
We extend Turi and Plotkin’s framework with recursive assignment rules. This
allows, for instance, to define the replication operator !z in CCS by the rule

ol 2t
—_— (1.2)
le — ¢
which does not fit the GSOS format, since a GSOS rule can not have complex terms
such as !z|z in the premise. Subsequently we show that, using assignment rules, we
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can express the syntactic format for structural congruences proposed by Mousavi
and Reniers [MRO5]]. Structural congruences are a method to combine transition
system specifications with equations. We thus integrate (abstract) GSOS specifica-
tions with equations, which allows, for instance, to define the replication operator
!z in CCS by the equation !z = !z|z, and to replace the two symmetric rules in
by a single rule and the equation z|y = y|z. Our main result is that the interpre-
tation of specifications extended with assignment rules (or equations in Mousavi
and Reniers’ format) is well-behaved, in the sense that bisimilarity is a congruence
and that bisimulation up-to techniques are sound. We thus provide a systematic
account of combining distributive laws with structural congruences, which was
mentioned as an open problem by Bartels [Bar04, page 166] and Klin [KIi07].

While distributive laws can be useful tools to understand the interaction be-
tween algebra and coalgebra, they can also be rather hard to describe. Typically,
one tries to apply a general method to obtain them, for example by presenting
them using abstract GSOS specifications, or using pointwise liftings of the functor
that models the type of behaviour [JacO6b, [SBBR13[]]. However, these approaches
do not apply if the algebraic structure is modelled by a monad that is not free and
the semantics of interest does not arise from a pointwise lifting. This is the case,
for instance, in the coalgebraic presentation of context-free grammars proposed
in [WBR13].

We show how to present distributive laws for a monad with an equational pre-
sentation as the quotient of a distributive law for the underlying free monad, which
can in turn be conveniently described using an abstract GSOS specification. The
quotient exists under the condition that the original distributive law preserves the
equations of the monad, which essentially means that the congruences generated
by the equations are bisimulations. We demonstrate our approach by presenting
distributive laws for operations on streams and for context-free grammars in a sim-
ple manner.

1.4 Related work

The use of up-to techniques to enhance the bisimulation proof method for tran-
sition systems goes back to Milner [Mil83, Mil89]]. The first systematic study of
soundness of up-to techniques for bisimilarity between processes is due to San-
giorgi [San98]]. Sangiorgi’s approach to modularly construct sound up-to tech-
niques was then generalized to the setting of coinduction in complete lattices by
Pous [[PouQ7, [PS12]].

At the coalgebraic level, bisimulation up-to techniques were first studied by
Lenisa [Len99, LPWO0Q] and by Bartels [Bar04]]. They proved the soundness of the
specific technique of bisimulation up to context, under certain hypotheses. Both
Lenisa and Bartels explicitly mention techniques such as bisimulation up to bisim-
ilarity as an open problem, and Bartels conjectures that the combination of up-to
techniques can be achieved by finding a suitable abstract framework and an asso-
ciated generalization of Sangiorgi’s methods to combine sound up-to techniques
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(see [Bar04, page 166-167],[Len99, page 18]). In this thesis, we provide precisely
such a framework, which covers a wide range of enhancements including up-to
bisimilarity, but also many other techniques, and their combinations.

Another coalgebraic approach is due to Luo [Luo06], who adapts Sangiorgi’s
framework of up-to techniques to prove soundness of several up-to techniques.
Further, [ZLL™10] introduces bisimulation up-to where the notion of bisimulation
is based on a specification language for polynomial functors. All of the previous
works on up-to techniques for coalgebras focus on bisimulations; in contrast, the
results in this thesis are developed for general coinductive predicates.

Coinductive definition principles through bialgebraic methods have been an
active area of research since the work of Turi and Plotkin. The combination of
recursive constructs with bialgebraic semantics was suggested by Plotkin [[Plo01]
and developed by Klin [Kli04], based on bialgebras in an order-enriched setting.
Instead, we only assume an order on the behaviour functor of interest, which al-
lows us to combine abstract GSOS specifications with recursive equations. This
combination is the basis of our concrete approach to structural congruences in
the bialgebraic setting. Our results on structural congruences build on the work
of Mousavi and Reniers [MRO5]]. While structural congruences are standard and
widely used in concurrency theory, Mousavi and Reniers provided the only system-
atic study of structural congruences so far.

The construction of distributive laws as quotients, which we propose in this the-
sis, yields an instance of a morphism of distributive laws in the sense of [Wat02].
Quotients of distributive laws are studied in [MMO7]], with a different aim: they
study distributive laws of one monad over another in order to compose these mon-
ads. Further, [LPWO4] introduces several constructions on distributive laws, in-
cluding a certain kind of quotient. Our main new contributions are an associated
proof principle that ensures that a quotient distributive law exists, a self-contained
presentation of all the necessary ingredients, and the application to stream calculus
and the coalgebraic approach to context-free languages proposed in [WBR13].

1.5 Outline

In Chapter[2)we prove the soundness of up-to techniques for language equivalence
and inclusion, and explain how to use these techniques through a wide range of
examples. This chapter requires little background knowledge, and it serves as a
self-contained introduction to bisimulation and bisimulation up-to. Chapter [2] is
based on:

e [RBR13Db]] Jurriaan Rot, Marcello Bonsangue, and Jan Rutten. Coinductive
proof techniques for language equivalence. LATA 2013.

e [RBR15] Jurriaan Rot, Marcello Bonsangue, and Jan Rutten. Proving lan-
guage inclusion and equivalence by coinduction. To appear in Information
and Computation, 2015. (Extended version of [RBR13b].)
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Chapter [3| contains preliminaries on coalgebras, coinduction, fibrations, alge-
bras and distributive laws, that form the technical background of the subsequent
chapters. It is not necessary to understand all of the preliminaries to proceed with
the other chapters. In particular, much of the development of Chapter [4] can be
understood without knowledge of distributive laws, and the background material
on fibrations is only required in Chapter|[5]

In Chapter [4| we introduce bisimulation up-to techniques for coalgebras. We
prove the soundness of techniques such as up-to-context, up-to-bisimilarity and
up-to-equivalence, and their combinations. To illustrate this theory, we show how
to use bisimulation up-to techniques to reason about streams, weighted automata
and (non)deterministic automata. The soundness of bisimulation up-to techniques
for deterministic automata of Chapter [2]is a special case. Chapter [4]is based on:

e [RBBT15] Jurriaan Rot, Filippo Bonchi, Marcello Bonsangue, Damien Pous,
Jan Rutten, and Alexandra Silva. Enhanced coalgebraic bisimulation. To
appear in Mathematical Structures in Computer Science, 2015.

To a smaller extent, Chapter [4]is based on the predecessor of the above paper:

e [RBR13a] Jurriaan Rot, Marcello Bonsangue, and Jan Rutten. Coalgebraic
bisimulation-up-to. SOFSEM 2013.
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tions. Chapter|[7]is based on:
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e [BHKR13] Marcello Bonsangue, Helle Hvid Hansen, Alexander Kurz, and
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For the other papers mentioned above [RBR13b, RBR15, RBB" 15, RBR13al [RB14],
the author of this thesis is responsible for the main ideas, technical development
and most of the writing.



Chapter 2

Coinduction for languages

The set of all languages over a given alphabet can be turned into an (infinite)
deterministic automaton. The proof principle of coinduction asserts that two lan-
guages are equal if they are bisimilar in this automaton. Thus, to show equality
of languages it suffices to construct a suitable bisimulation. Bisimilarity and coin-
duction are the basis of a practical proof method for language equality [Rut98al,
which has, for example, been used in effective procedures for deciding language
equivalence of regular expressions (e.g., [KN12| Rut98al, L.GCRO9, [CST1]).

In the current chapter, we enhance this coinductive proof method using up-to
techniques. These techniques allow to prove bisimilarity, and thus language equal-
ity, by means of bisimulations up-to, which are often smaller and easier to con-
struct than actual bisimulations. We show how to apply up-to techniques through
a number of examples, including new proofs of classical results such as Arden’s
rule [HU7Z9].

The up-to techniques introduced in this chapter are particularly suitable for
reasoning about operations and calculi on languages. To achieve a general picture
of sound up-to techniques, we consider behavioural differential equations [Rut03],
which give a syntactic format for specifying operations in terms of language deriva-
tives. We show that bisimulation up-to can be used for reasoning about any opera-
tion defined in this format, and use this to prove properties of the shuffle operator
and of languages defined by Boolean grammars.

Deterministic automata and their notion of bisimulation are instances of more
general concepts from the theory of coalgebras. Indeed, the current exposition is
based on the coalgebraic treatment of automata that was initiated in [[Rut98all, and
the main results of this chapter can be obtained by instantiating the abstract coalge-
braic theory of coinduction up-to developed in subsequent chapters of this thesis.
Thereby, the current chapter provides a concrete, self-contained introduction to
coinduction and up-to techniques, that requires little background knowledge.

Outline. The next section contains preliminaries on languages and bisimulations.
In Section we motivate and introduce bisimulation up-to for regular opera-
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tions. Then in Section this is generalized to soundness results for operations
given by behavioural differential equations, and applied to several other examples.
Further, we give an equivalent, semantic characterization of the class of operations
that are definable by behavioural differential equations. In Section [2.4] we treat
simulation up-to, to reason about language inclusion. In Section we discuss
related work.

2.1 Bisimulations and coinduction

Throughout this chapter we assume a fixed alphabet A. The set of words is denoted
by A*, the empty word by ¢ and the concatenation of words w and v by wv. We let
2 = {0, 1} be the set of Boolean values, where 0 < 1. A language is a set of words,
which we represent as a function from A* to 2; the set of languages is denoted
by 24”. We abuse notation and use 0 and 1 to denote the empty language and the
language containing only the empty word respectively. Further we let any alphabet
letter a € A denote the language that contains only the letter itself.

A (deterministic) automaton (DA) over A is a triple (X, o,t) where X is a set of
states, 0: X — 2 is an output function, and ¢: X — X4 is a transition function. A
state x € X is final or accepting if o(z) = 1. We do not require X to be finite and
fix no initial states.

The classical definition of bisimulation applies to labelled transition systems,
which, in contrast to deterministic automata, do not have output and may feature
non-deterministic branching behaviour!]

Definition 2.1.1. Let (X, o,t) be a deterministic automaton. A relation R C X x X
is a bisimulation if for any (z,y) € R:

1. o(x) = o(y), and
2. foralla € A: (t(z)(a), t(y)(a)) € R.

The largest bisimulation is denoted by ~ and called bisimilarity; if x ~ y then we
say x is bisimilar to y.

We will instantiate the notion of bisimulation to a special deterministic au-
tomaton, whose state space is given by the set of languages 24". The output of a
language L is simply L(e), that is, a language is an accepting state precisely if it
contains the empty word. For any a € A, the a-transition from a language L is
given by language derivative L,, defined as follows for all w € A*:

L, (w) = L(aw) .

IBisimulation-like techniques have been used earlier in the setting of automata. In fact, the stan-
dard reference [[Par81]] introduces bisimulations for automata rather than transition systems, and Theo-
rem appears already there. For a historical account of bisimulation and coinduction, see [[San12b].
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Spelling out Definition [2.1.1] a relation R on languages is a bisimulation on this
automaton if for any (L, K) € R:

L(e)=K(e)and foralla € A: (L,,K,) € R.

It turns out that bisimilarity of languages is a characterization of language equality.
This is called the coinductive proof principle, or simply coinduction [Rut98all. A
more general account of coinduction is given in the next chapter.

Theorem 2.1.2 (Coinduction). For any two languages L, K:
L~KifL=K.

Proof. For the implication from right to left, one shows that the diagonal relation
{(L,L) | L € 247} is a bisimulation. For the converse, one can prove that for any
languages L, K and any word w: if L ~ K then L(w) = K(w), by (structural)
induction on w. O

The above coinduction principle is a concrete proof method: to show that two
languages L, K are equal, it suffices to construct a bisimulation containing (L, K).

2.1.1 Regular operations

Consider the regular operations of union L + K, concatenation L - K (often written
as LK) and Kleene star L*. These are defined, for all w, as usual: (L + K)(w) =
L(w) vV K(w), (L - K)(w) = 1 iff there are v, u such that w = vu and L(v) =1 =
K(u),and L* = Y, , L, where L° = 1 and L**! = L L*. In order to prove equiv-
alence of expressions involving the above operations, we may use bisimulations,
but this requires a characterization of the output (acceptance of the empty word)
and the derivatives of operations in terms of their arguments. Such a characteri-
zation was given for regular expressions by Brzozowski [Brz64]]; we formulate this
in terms of languages (see, e.g., [Con71} page 41]).

Lemma 2.1.3. For any two languages L, K and for any a,b € A:

0(e) =0 0, =0
1(e) =1 1, =0
b(e) = 0 by =4l Fb=a

10 otherwise
(L+K)e)=L(e)VK(e) (L+K)y=L,+ K,
(L-K)(e)=L(e)ANK(e) (L-K)s=Lo-K+L(e) K,
L*(e) =1 (L*)g = Lo - L*

Remark 2.1.4. This characterization in terms of output and derivative can equiva-
lently be taken as the definition of the operations. This is achieved by constructing
a deterministic automaton on the state space of expressions over languages. Such
definition techniques, which are standard in the theory of coalgebras, are discussed
in more detail in Chapter 3]
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Example 2.1.5. Let A = {a,b}. We prove that (a + b)* = (a*b*)*. To this end, we
start with the relation R = {((a + b)*, (a*b*)*)} and try to show that it is a bisimu-
lation. So we must show that the outputs of (a+b)* and (a*b*)* coincide, and that
their a-derivatives and their b-derivatives are related by R. Using Lemma [2.1.3]
we see that (a + b)*(¢) = 1 = (a*b*)*(e). Moreover, again using Lemma [2.1.3] we
have ((a +0)*)s = (@ +b)o(a +b)* = (1 4+ 0)(a +b)* = (a + b)* and ((a*d*)*), =
(a*D*)a(a*b*)* = ((a*)ab* + a*(€) - (b%)a)(a*b*)* = (a*b* 4 0)(a*b*)* = (a*b*)*, so
the a-derivatives are again related (notice that apart from Lemma [2.1.3] we have
used some basic facts about union and concatenation). The b-derivative of (a + b)*
is (a + b)* itself; however, the b-derivative of (a*b*)* is b*(a™b*)*. But b*(a*b*)*
is equal to (a*b*)*, so we are done. For an alternative proof that does not use the
latter equality, consider the relation R’ = RU{((a+b)*, b*(a*b*)*)}. As it turns out,
the pair ((a + b)*,b*(a*b*)*) satisfies the necessary conditions as well, turning R’
into a bisimulation. We leave the details as an exercise for the reader, and conclude
(a+b)* = (a*b*)* by Theorem[2.1.2]

Constructing a bisimulation (by hand) often follows the above pattern of us-
ing Lemma 2.1.3]to compute outputs and derivatives, extending the relation when
necessary, and showing that the outputs are equal and the derivatives related. In
the remainder of this chapter, we frequently use Lemma |2.1.3|without further ref-
erence to it.

If one restricts to regular languages, then the technique of constructing bisimu-
lations in this manner gives rise to an effective algorithm for checking equivalence
(cf. [Brz64, [Con71}, Rut98all). However, the above coinductive proof method ap-
plies to equations over arbitrary languages, not only to regular ones, and in the
next sections we consider many such instances of equations.

2.2 Bisimulation up-to for regular operations

In this section, we introduce an enhancement of the bisimulation proof method for
equality of languages. We first illustrate the need for such an enhancement with a
few examples. Consider the property LL* + 1 = L*. In order to prove this identity
coinductively, we may try to show that

R={(LL* +1,L*)| L €2}

is a bisimulation. Using Lemma [2.1.3] it is easy to see that (LL* 4+ 1)(¢) = L*(¢)
for any language L. Further, for any a € A:

(LL* +1)g = LoL* + L(e) Ly L* 40 = Ly L* = (L),

where the leftmost and rightmost equality are by Lemma [2.1.3] and in the second
step we use some standard identities. Now we have shown that the derivatives are
equal; this does not show that R is a bisimulation, since for that, the derivatives
need to be related by R. The solution, however, is straightforward. If we augment
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the relation R as follows:
R =RU{(L,L)|Le24"}

then the derivatives of LL* + 1 and L* are related by R’; moreover, the diagonal
is easily seen to satisfy the properties of a bisimulation as well. This solves the
problem, but it is arguably somewhat inconvenient that additional work is required
to deal with derivatives that are already equal.

As another motivating example, we consider the relation

R={(L*L+1,L*)|Le2*"}.
The derivatives are (using Lemma [2.1.3):
(L*L+1)q = LyL*L+ Ly + 0 = Lo(L*L + 1) and (L*)o = LoL*

Clearly L,L* can be obtained from L,(L*L + 1) by replacing L*L + 1 by L*, and
indeed the latter two languages are related by R. However, since these derivatives
are not related directly by R, this argument does not show R to be a bisimulation.
Extending R to an actual bisimulation is possible but requires a bit of work that
one would rather skip.

To deal with examples such as the above in a more natural and easy way, we
introduce the notion of bisimulation up to congruence. This requires the definition
of congruence closure.

Definition 2.2.1. For a relation R C 24" x 24", define the congruence closure of R
(with respect to +, - and *) as the least relation = satisfying the following rules:

LRK L=K L=K K=M
L=K L=L K=1L L=M
LlEKl LQEKQ LlEKl LQEKQ L=K
L1+LQEK1+K2 Ll'LQEKl'KQ L*= K*

In the sequel, we denote the congruence closure of a given relation R on languages
by =g, or = if R is clear from the context.

The first rule ensures that R C =g. The three rules on the right in the first row
turn =g into an equivalence relation. The three rules on the second row ensure
that =p is closed under the operations under consideration, which in particular
means that =g relates languages obtained by (syntactic) substitution of languages
related by R. For example, if (L*L+1, L*) € R, then we can derive from the above
rules that L,(L*L + 1) = L,L*.

Definition 2.2.2. A relation R C 24" x 24 is a bisimulation up to congruence, or
simply a bisimulation up-to, if for any pair (L, K) € R:

1. L(e) = K(¢), and
2. forallae A: L, = K,.
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In a bisimulation up to congruence, the derivatives can be related by the con-
gruence =g rather than the relation R itself, and therefore, bisimulations up-to
may be easier to construct than bisimulations. Indeed, to prove that R is a bisimu-
lation up-to, the derivatives can be related by familiar equational reasoning.

A bisimulation up-to is, in general, not a bisimulation. However, as we show
below, it represents one, in the following sense: if R is a bisimulation up-to, then
=p is a bisimulation.

Theorem 2.2.3. If R is a bisimulation up to congruence then for any (L, K) € R, we
have L = K.

Proof. Let = be the congruence closure of R. We show that any pair (L, K) in =
satisfies the properties

1. L(e) = K(¢) and
2. foranya € A: L, = K,

of a bisimulation, by rule induction on (L, K') € =. This amounts to showing that
= is closed under the inference rules of Definition For the base cases:

1. for the pairs contained in R, the conditions are satisfied by the assumption
that R is a bisimulation up-to;

2. the case L = L is trivial.

Now assume languages L, K, M, N such that L = K, M = N, L(e) = K(e),
M(e) = N(e) and for all a € A: L, = K, and M, = N,. We need to prove that
(L+M,K+N),(LM,KN),(L*,K*), (K,L) and (L, N) (if K = M) again satisfy
the properties of a bisimulation, i.e., (L 4+ M)(¢e) = (K 4+ N)(¢) and for all a € A:
(L+ M), = (K + N),, and similarly for the other operations. We treat the case
of union: (L + M)(e) = L(e) V M(e) = K(¢) V N(¢) = (K + N)(g); moreover
by assumption and closure of = under + we have L, + M, = K, + N,, and so
(L+M)y=L,+M,=K,+ N, =(K+N),.

Concatenation and Kleene star are treated in a similar manner, and symmetry
and transitivity are not difficult either. Thus, by induction, = is a bisimulation, so
by Theorem we have L = K for any L = K and for any (L, K) € R, in
particular. O

Any bisimulation is also a bisimulation up-to, so Theorem is a generaliza-
tion of Theorem for the case of languages. Consequently, its converse holds
as well.

We proceed with a number of proofs based on bisimulation up-to.

Example 2.2.4. Recall the relation R = {(L*L + 1,L*) | L € 24"} from the
beginning of this section. As we have seen, the a-derivatives are L,(L*L + 1) and
L,L*, which are not related by R; however they are related by =g. So R is a
bisimulation up-to, and consequently L*L + 1 = L*, by Theorem [2.2.3] Moreover,
the relation {(LL* + 1,L*) | L € 24"} from the beginning of this section is a
bisimulation up-to as well; there, the derivatives are equal and thus related by =g.
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Example 2.2.5. In order to prove M + KL C L = K*M C L, we use that
K*M C Lif and only if K*M + L = L, and try to prove that the relation

R={(K*M+L,L) | M + KLC L; L,K,M € 2"}

is a bisimulation up-to. Let L, K, M be such languages and note that M + KL +
L = L. Since (M + KL + L)(e) = L(¢) it follows that (M + L)(e) = L(e), so
(K*M + L)(e) = L(¢). For any alphabet letter a we have

(K*M + L)y = KuK*M + M, + L,
=K, K'M+M,+(M+ KL+ L),
= K K*M + My + My + KoL + K(¢)La + L
=K, (K"M + L)+ M,+ K(¢)Lo + Lq
=r K,L+ M, + K(e)Lq + Lq
=(M+KL+1L),
=1L,.

In conclusion, R is a bisimulation up-to, proving M + KL C L = K*M + L = L.

The above approach of dealing with language inclusion by reducing it to equal-
ity is, in general, not the most efficient one. In Section[2.4} we introduce simulation
up-to which allows to deal with inequality more directly, and reprove the above ex-
ample in a shorter way.

Example 2.2.6. Arden’s rule, in a special caseﬂ states that if L = KL+ M for some
languages L, K and M, and K does not contain the empty word, then L = K* M.
In order to prove its validity coinductively, let L, K, M be languages such that
K(e) =0and L = KL+ M, and let R = {(L, K*M)}. Using that K(¢) = 0, we
have L(e) = (KL+ M)(e) = (K(e) AN L(e))VM(e) = (0N L(e)) V M(e) = M(e) =
1AM(e) = K*(e) AN M(e) = K*M(e). Further,

Lo=(KL+ M), =K,L+K(¢) Lo + M,
=K,L+ M, =p K,K*M + M, = (K*M),

for any a € A. So R is a bisimulation up-to, proving Arden’s rule.

While Arden’s rule is not extremely difficult to prove without using bisimula-
tions, the textbook proofs are longer and arguably more involved than the above
proof, which is not much more than taking derivatives combined with a bit of
algebraic reasoning, and does not require much ingenuity. Nevertheless, this coin-
ductive proof is completely precise. Giving a formal proof without using these
methods seems non-trivial; see [FS12] for the discussion of a proof within the
theorem prover Isabelle.

2We consider a more general version of Arden’s rule in Section
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In fact, [Rut98a] already contains a coinductive proof of Arden’s rule. However,
this is based on a bisimulation, in contrast to our proof, which is based on a bisim-
ulation up-to. Indeed, in [Rut98al the infinite relation {(NL + O, NK*M + O) |
N, O € 247} is used, requiring more work in checking the bisimulation conditions.
In that case, one essentially closes the relation {(L, K*M)} under (certain) con-
texts manually—this happens in a general and systematic fashion in the proof of

Theorem

Example 2.2.7. We prove that for any language L: LL = 1 = L = 1 (this property
was used in [Koz90] to show that the universal Horn theory of Kleene algebra does
not coincide with that of the regular sets). Assume LL = 1 and let R = {(L,1)}.
Since (LL)(e) = 1(e) = 1 also L(¢) = 1 = 1(¢). We show that the derivatives
of L and 1 are equal, turning R into a bisimulation up-to. First, for any a € A:
L,L+ L, = L,L+ L(e)L, = (LL), = 1, = 0. Now, one easily proves that
this implies L, = 0 (for example by showing that {(K,0) | L+ K = 0} is a
bisimulation). Thus L, = 0 =1,, s0 L, =g 1,.

Example 2.2.8. We prove that LL = L = L* = 1 + L, by establishing a bisimu-
lation up-to (in fact, this example can also easily be proved by induction). To this
end, let L be a language with LL = L and consider the relation R = {(L*,1+ L)}.
Indeed, L*(¢) =1 = (1+ L)(¢), and forany a € A: (L*), = Lo L* =g L,(1+ L) =
Lo+ L,L=L,+L(e)Lo+ L, L =L,+ (LL)y =Ls+ Lo = L,.

The last example of this section concerns context-free languages. These can
be expressed in terms of language equations [GR62]]. For example, the language
{a™b™ | n € N} is the unique language L such that L = aLb + 1.

Example 2.2.9. Let L, K, M be languages such that L = aKMb+1, K = aM Lb+1
and M = aLKb + 1. Without thinking of what possible concrete descriptions
of L,K and M can be, we show that L = K = M. To this end, let R =
{(L,K),(K,M)}. Obviously L(¢) = K(¢) and K(¢) = M(c). Moreover for any
alphabet letter b other than a, we have L, = 0 = K, and K, = 0 = M,. For
the a-derivatives we have L, = KMb =r MKb =g MLb = K, and similarly for
(M, K); so R is a bisimulation up-to, proving that L = K = M.

2.3 Sound operations for bisimulation up-to

In the previous sections, we considered the regular operations on languages, and
how their coinductive characterization can be used to prove equalities using bisim-
ulations up-to. Next, we introduce a general syntactic format of operations on lan-
guages, and prove that a corresponding notion of bisimulation up-to is sound for
any operation that can be characterized within this format. This format consists of
a well-defined class of behavioural differential equations (BDEs) [Rut98a, [Rut03].
More precisely, it is a variant of the stream GSOS format given in [HKR14] for
stream systems. In fact, our format is a special case of abstract GSOS [TP97], a
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categorical specification format at the level of coalgebras. In the following chap-
ters, we recall abstract GSOS and prove soundness results for up-to techniques at
this level, to obtain proof techniques not only for deterministic automata but for
arbitrary coalgebras.

After introducing the general soundness results, we show several examples in-
volving language equations with Boolean connectives, and the shuffle product.
This section is concluded with a discussion of causal functions, which turn out to
give a semantic characterization of operations that can be defined by behavioural
differential equations [KNR11, HKR14].

A signature ¥ is a countable set of operator names o € ¥ with associated arities’|
|o| € N. A language interpretation of a signature X is a set of functions

{6: 227l 5 247} s

In the sequel, every language interpretation for a signature is of the above type (on
languages), and so we simply speak about an interpretation and write {6 },cx.

Definition 2.3.1. For a relation R C 24" x 247, define the congruence closure =3

of R w.r.t. an interpretation {6 },¢x as the least relation = satisfying the following
rules:

LRK L=K L=K K=M
L=K L=1L K=1L L=M
LIEKI LnEKn

foreacho € ¥,n =
(L, L) = (K1, Kn) o EXn=lo|

R is a bisimulation up-to (w.r.t. {6},¢x), if for any (L, K) € R:
1. L(e) = K(¢e), and
2. forallaec A: L, E}% K,.

Bisimulation up-to for the regular operators (Definition [2.2.1)) is a special case
of the above definition. While Theorem asserts that bisimulation up-to is a
sound proof technique in the case of union, concatenation and Kleene star, this is
not the case in general for other operations. This is illustrated by the following
example, adapted from [PS12].

Example 2.3.2. Assume for simplicity a singleton alphabet {a}. Consider the sig-
nature that only contains a unary operator h, whose interpretation is defined as

follows:
- 0 ifL=0
h(L) =
() {1 otherwise
Now notice that 0, = 0 = k(0), a, = 1 = h(a), and 0(¢) = 0 = a(e). Consequently
the relation R = {(0,a)} is a bisimulation up-to w.r.t. {h}, whereas 0 # a, so
bisimulation up-to with respect to {h} is not sound.

3For notational convenience we assume that all operations have finite arity, but all the results hold
for non-finitary operations—such as the infinite sum—as well.
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We introduce a condition that guarantees soundness, based on characterizing
the operations in terms of BDEs [Rut03]. Informally, this means that one specifies
the output of an operation in terms of the outputs of the arguments, and the deriva-
tives as an expression involving the arguments, their derivatives and their outputs.
The equations in Lemma form an example. Indeed, behavioural differential
equations are best explained through concrete examples. To prove our soundness
theorem, however, we need a precise characterization.

Define the set of terms ¥*(V') over a signature 3 and a set of variables V' by the
grammar

te=v]|o(ty,...,tn)

where v ranges over V, o ranges over ¥ and n = |o|. Given an interpretation
{6}sex we define a function

I: 329 (24) =24

by induction: I(L) = L and I(o(t1,...,tn)) =6(I(t1),...,I(t,)). Substitution in ¢
of a term u for a variable z is denoted by ¢[z := u].

Definition 2.3.3. A (syntactic) behavioural differential equation (BDE) over a sig-
nature X for an operator o € X of arity n consists of a pair (o, d) of functions of the
form

0:2" =2 and d: A— ¥"(V,)
where V,, is a set consisting of variables
e ITy,..., Ty,
o zf,...,25 and
e for each a € A and each i < n a variable z¢,
all of which are pairwise distinct.

The function o specifies the output of the operation given the output of the ar-
guments, and the function d specifies, for each alphabet letter, the derivative. This
derivative is given as a term; intuitively a variable x; represents the i-th argument
of the operation, a variable x5 represents its output, and a variable z¢ represents
the a-derivative of the i-th argument. For instance, the equations for language
concatenation in Lemma [2.1.3| would be presented as a behavioural differential
equation (o, d), where o: 2 x 2 — 2 is conjunction, and d(a) = z{ - 2 + 25 - «§ for
all a € A.

To formalize the intuition that syntactic behavioural differential equations de-
fine actual equations on languages, we define for each n a function

P B (Vo) = (277)" = £7(2%7))

2.1
on(t) (L1, ..., Ly) = t[z; = Lili<a[z{ := (Li)ali<n,acalri := Li(€)]i<n
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which substitutes each z; by L;, ¢ by the a-derivative (L;), and z5 by L(e). Now,
given a function 5: (247) — 24", a BDE (o, d) for o defines an equation for each
a€ A:

G(L1y..., Ln)a = I(pn(d(@))(L1, ..., Ly)) (2.2)

which states in a precise manner that the a-derivative of 6(L4,...,L,) behaves
according to the syntactic presentation d(a). For instance, if ¢ is language compo-
sition and d(a) = z{ - x2 + «5 - z§ then the equation corresponds to

(L1 La)g = (L1)a - Lo+ Li(e) - (La)g -

If, for an arbitrary operation ¢ and BDE (o, d) the equation[2.2/holds and, moreover,
the output of 6(Ly,...,L,) is given by o applied to the output of its arguments,
then we say ¢ is given by (o, d). This is captured formally by the following defini-
tion.

Definition 2.3.4. We say an interpretation {6 },cx can be given by BDEs if for each
o (with arity n) there is a BDE (o, d) over ¥ such that for all languages L, ..., L,:

6(Ly,...,Ly)(e) = o(L1(e),..., Ly(g))
6(Li,...,Lp)a = I(pn(d(a))(Ly,...,Ly))

where p™ is defined as in (2.1).

Remark 2.3.5. A behavioural differential equation (o, d) as in Definition in-
duces for each set X a function

dy: A— (X" x (X" x 2" = ©%(X))

which is natural in X, informally meaning that d’y(a) is defined uniformly over
every set X. This view allows for a neater formalization of presentation by BDEs
(Definition [2.3.4)) with respect to operations on an arbitrary deterministic automa-
ton, which concides with Definition for the case of the automaton of lan-
guages. Since we aim here to use as few technical notions as possible we postpone
such a treatment to Section There, we recall a general approach to define and
study operations and calculi based on the theory of algebras and coalgebras, with
behavioural differential equations as a special case.

Lemma |2.1.3| states that the regular operations are captured by BDEs. So the
following theorem generalizes the proof principle of Theorem [2.2.3

Theorem 2.3.6. If {6},cs can be given by BDEs, then for any relation R which is a
bisimulation up-to w.rt. {6},ex: if (L, K) € Rthen L = K.

Proof. Similarly to the proof of Theorem [2.2.3] we show that the congruence clo-
sure = of R is a bisimulation, by proving by rule induction that

o L(e) = K(e) and
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e foranya € A: L, = K,

holds for any (L, K) € =. The base cases, i.e., if L = K or (L,K) € R, are the
same as in Theorem

The rules for symmetry and transitivity are not difficult. We treat the rule for an
operator ¢ € ¥ of arity n = |o|. Let o and d be the functions from Definition [2.3.3]
associated to o which exist since {6},cx can be given by BDEs, and suppose we
have languages L1,..., L, and K, ..., K, such that for all ::

L, = Ki, LZ(E) = Ki(E) and forall a € A: (Li)a = (Ki)a . (23)

Then we have

I

= I(d(a)[z; := Li]i<n[2] = (Li)ali<n,aeal®; = Li(¢)]i<n)
I(d(a)[z; == Kili<alz? := (Ki)ali<n.acalzi = Ki(€)]i<n)
I

where the third step (relation by =) holds by the induction hypothesis (2.3). [

Bisimulation up-to with respect to the function h of Example is not sound,
as we have seen. Indeed h cannot be given by BDEs, since the output A(L)(e)
depends not only on L(¢) but on the entire language L.

2.3.1 Language equations with complement and intersection

Language complement L and intersection L A K are defined as L(w) = —(L(w))
and (L A K)(w) = L(w) A K (w) respectively. Language equations including these
additional operations can be used to give semantics to conjunctive and Boolean
grammars, which extend context-free grammars with conjunction and comple-
ment [Okh13]]. Complement and intersection have a known characterization in
terms of outputs and derivatives as well [Brz64]:

Lemma 2.3.7. For any two languages L, K and for any a € A:

(€) (L)a = (La)
= L(e) NK(¢g) (LANK)y =Ly NK,

The above characterization is in terms of BDEs, so by Theorem we obtain
the soundness of bisimulation up-to.
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Example 2.3.8. There are unique languages L and K such that
L=aLa+blb+a+b+1 K=aKa+bKb+aA*b+bA*a

L is the language of palindromes, i.e., words which are equal to their own reverse.
We claim that K is the language of all non-palindromes, and prove this formally
by showing that the relation R = {(L, K)} is a bisimulation up-to. The outputs are
easily seen to be equal: L(e) = —(L(e)) = —(1()) = 0 = K(e).
Lo=L,=La+1=Lanl=(La+Ab+1)AT
=r (Ka+A*b+1)A1=KaAl+AbA1+1A1=Ka+ Ab=K,
In the fourth step, we unfold the complement La, the validity of which is itself a
nice exercise in bisimulation up-to. Further, the case of b-derivatives is of course

similar to the above. So R is a bisimulation up-to, proving that K indeed is the
complement of L.

2.3.2 Shuffle (closure)

The shuffle operation is defined on words w, v inductively as follows: w ® ¢ =
e®w =w and aw ® bv = a(w ® bv) + b(aw @ v) for any alphabet letters a,b. This
is extended to languages L, K as L@ K =, ,cx w @ v. The shuffle closure is

defined as -
L® — ZLQ%
i=0

where L% is defined inductively by L®0 = 1 and L®+ = [ ® L®:. Notice that
the shuffle closure is very similar to the Kleene star; the difference is that here
shuffle is used instead of concatenation. Both shuffle and shuffle closure can be
characterized in terms of BDEs, as stated by the following lemma.

Lemma 2.3.9. For any two languages L, K and for any a,b € A:
(Lo K)(e) = L(e) N K(e) (LoK)g=L@K+L®K,
L®(e) =1 (L®)y = Lo ® L®
As an example of a proof using bisimulation up-to that involves the shuffle
operator, we treat the unfolding of the shuffle closure.

Example 2.3.10. Let L be any language; then L® = L ® L® + 1. To show this, let
R ={(L®,L®L® +1}. Then L®(¢) =1 = (L ® L® + 1)(¢). Moreover for any
alphabet letter a:

(L®)e =L, ® L® = L, ® (L® + L®)
=R L,®@(L®°+L®L®+1)=L,® (L¥ + L®L®)
=L, QL +L,LR®L®? =L, L+ L® L, ®L®
=(L®L®+1),

using Lemma [2.3.9] Lemma and some basic identities. Thus R is a bisimula-
tion up-to, proving L® = L ® L® + 1.
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2.3.3 Causal functions

The format of BDEs defined in this section is a straightforward extension of the one
for streams, given in [KNR11] [HKR14]. There, it is shown that functions that can
be given by BDEs are exactly those that are causal, and vice versa. This result can
be extended to the case of languages. As a consequence of Theorem [2.3.6] we then
obtain causality of functions as an equivalent, semantic condition for soundness of
up-to techniques. Here, we assume the alphabet A to be finite.

For any language L and any k € N we define L|;, € 24" by

L(w) iflw| <k
L =
() { 0 otherwise

where |w| is the length of a word w. Define the relation =, as follows:

A function &: (247)" — 24" is causal if for all languages L1,...,L,, Ki,..., K,
and for any k € N:

L1 7% Kl,-”yLn XL Kn HIlplleS ('A)'(Ll,...7Ln) X &(Kl,,Kn)

Causality means that equality up to length % is a congruence, for any k. In other
words, membership in (L4, ..., L,) of words of length less than k depends only
on the words in L1, . .., L, of length less than k. For example, the function 4 from
Example is not causal: whether or not /(L) contains the empty word depends
on the entire language L.

Lemma 2.3.11. The set of all causal functions can be given by BDEs.

Proof. The core of the proof is that the derivatives of causal functions can be ex-
pressed in terms of causal functions again. We only show how this works for a
unary function 6: 24° — 247; the extension to other arities is straightforward. Let
A ={ay,...,q;} be a finite alphabet. Consider, for an alphabet letter a € A, the
function

Gar (247)HL o 247
defined as 6, (M, K1,...,K;) = (6(M(e)+a1 K1 +...+a;K;)),. Then &, is causal,

and it follows that
6(L)g = 64(L(g), Lay, .-, La,)-

We have thus expressed the derivative (L), in terms of another causal function,
which takes the output and derivatives of L as arguments. Further, since & is
causal, the output 6(L)(¢) depends only on L(e). O

In order to prove the converse, that is, any operation that can be given by BDEs
is causal, we need the following.
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Lemma 2.3.12. Let k € N. Suppose that for all & in some set {6},¢x, and for all
languages L1, ...,L,, K1,. .., K, (Where n = |o|) we have

L1 S8 Kl;---,Ln X Kn lmplles &(L1,7Ln) a7 &(Kl,,Kn) (24)

Then for any list of variables x1, ..., x.,,, any term t € X*(x1,...,x,,) over operators
in ¥, and any languages L1, ..., Ly:

Ll X Kl, ceey Lm S8 Km lmplles I(t[l} = Ll]lgm,) e I(t[:cl = Kz}zgm) .

Proof. Let Lq,...,L,, K1,...,K, be languages such that Ly ~; Ki,..., L, =~
K,,, and suppose that holds. We prove that I(t[z; := L;|i<m) ~ I(t[z; =
K;]i<m) by structural induction on ¢.

For the base case, if ¢ is a variable x; then I(t[z; := L;]i<m]|) = L; and I(t[z; :=
Kili<m) = K;, and we need to prove L, ~; K; which trivially follows from our
assumption.

Suppose I(t;[z; := L;li<m) =k I(t;[z; := K;i]i<m) for all j <n. Then

I(o(t1,...,tn)[zi == Lili<m)

i = Lili<m, - -, tn[Ti = Lsli<m))
;= Lili<m)s - -, L(tn[zi = Li)i<m))
~p 6(I(t ]z = Kili<m), - s L(tn]2i = Kili<m))
ti[z; = Kili<m, - - - ta]2i = Kili<m))

where the second step (relating by =) follows by the induction hypothesis and the
assumption (2.4). O

Theorem 2.3.13. A function : (247)" — 24" is causal if and only if it is contained
in a set of functions which can be given by BDEs.

Proof. From left to right, the result follows from Lemma [2.3.11] For the other
direction, assume a set of functions given by BDEs. We prove that

L1 X Kl,...,Ln X Kn 1mphes 6(L1,,Ln) X &(Kh,Kn) (25)

for every ¢ (with n the arity of 5) in the set and for every k, by induction on k.
Take any &, with arity n, and given by the BDE (o,d). The base case (k = 0)
holds since L ~¢ K3, ..., L, ~¢ K,, implies

(L1(€), ..., Ln(€))

6(L1,...,Lp)(e) =0
=o(Ki(g),...,Kn(e)) =6(Kq,...,Kp)(e).

Now suppose (2.5) holds for some k& € N, and suppose that we have languages
Ly,...,Ly,Ky,...,K, such that L; =1 K; for each i < n. We need to prove:

6’(L1,...,Ln) N+1 &(Kl,,Kn) (26)
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Since L; ~41 K; by assumption, we have for each i < n: L; ~; K, L;(e) =~
K;(¢) and for each a € A: (L;), = (K;),. By the induction hypothesis (2.5) and
Lemma [2.3.12]it follows that, for each a € A:

(d(a)[zi == Lili<n[2i = (Li)ali<n,acalzf == Li(€)]i<n)
Xk I(d(a)[ ZTi = K]z<n[ ;l (K) ]1<n aGA[ = Kz(g)]lgn)

where d is the function that specifies the derivative of &, and thus

6(L1,..., Ln)a = I(pn(d(a ))(Ll,--~,Ln))
= I(d(a)[z; := Li]i<n|zf (L Jali<n,aealz == Li(e)]i<n)
~, I(d(a )[xz = K}Kn[ = (Ki)ali<n,acalzi == K;(€)]i<n)
= I(pn(d(a ))(K17-~.7Kn))
=0(K1,...,Kn)a-

Since, moreover, 6(L1, ..., L,)(e) = 6(Ky,. .., K,)(e) we get as desired. O

By Theorem and the above result we directly obtain causality as a suffi-
cient condition for the soundness of bisimulation up-to.

Corollary 2.3.14. Suppose every function of an interpretation {6},cx is causal.
Then bisimulation up-to w.r.t. {6 },ex is sound, i.e., if R is a bisimulation up-to w.r.t.
{6}sex then (L, K) € R implies L = K.

2.4 Simulation (up-to)

So far we have focused on techniques for showing equality of languages. Of course,
these methods can also be used to prove language inclusion, since L C K iff L +
K = K. However, there is a more direct way: instead of bisimulations, one can
construct simulations, which in practice turns out to be easier for proving language
inclusion.

Definition 2.4.1. Let (X,o0,t) be a deterministic automaton. A simulation is a
relation R C X x X such that for any (z,y) € R:

1. o(z) < o(y), and
2. foralla € A: (t(x)(a),t(y)(a)) € R.

The difference with bisimulation is that condition (1) is relaxed: if x is a final
state then y should be final as well, but if z is not final then the output of y does
not matter.

Theorem 2.4.2. If R C 24" x 24" is a simulation (on the automaton of languages
defined in Section [2.1)) then for any (L,K) € R: L C K.
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Thus simulation is a concrete proof principle for language inclusion, just like
bisimulation is a proof principle for language equality.

Simulation up-to is based on a precongruence rather than a congruence closure;
the difference is that the precongruence is not symmetric, and it relates L to K
whenever L is included in K.

Definition 2.4.3. For a relation R C 24" x 24", define the precongruence closure <3
of R w.r.t. an interpretation {6 },cx as the least relation < satisfying the following
rules:

LRK LCK LK K<M
L<K LK L=M
LK, ... L,<K,

f hoeX,n=
5l L) S8, K, oreachoexn=lol

R is a simulation up-to (w.r.t. an interpretation {6 },¢x), if for any (L, K) € R:
1. L(e) < K(g), and
2. foralla € A: L, <% K,.

Our soundness criterion for bisimulation up-to, which is that the operations
can be given by BDEs, turns out not to be strong enough for simulation up-to, as
witnessed by the following example.

Example 2.4.4. The complement operation can be given by BDEs (Lemma [2.3.7).
Consider the relation R = {(aA4*,0)}. We have (aA*)(¢) = 0 = 0(¢). Moreover
(aA*), = A* = 0and 0, = 0 = A*. Since 0 C A*, we have 0 <p A* and
thus (aA*), <gr 0,, showing that R is a simulation up-to. But clearly aA* Z 0,
so simulation up-to with respect to language complement is not a sound proof
principle.

Our solution is to require in addition that the operations under consideration
satisfy a monotonicity condition.

Definition 2.4.5. A set {6},cx of operations is given by monotone BDEs if
1. {6},ex is given by BDEs, and

2. for each o € ¥: the associated (output) function o: 2™ — 2 is monotone, i.e.,
ifo; <w;forall jwithl <j <ntheno(oi,...,0,) <o(ui,...,u,).

Theorem 2.4.6. If {6},ex can be given by monotone BDEs then for any relation R
which is a simulation up-to w.r.t. {6 }sex: if (L, K) € R then L C K.

Proof. The proof is mostly that of Theorem One proves by induction that
<, the precongruence closure of R, is a simulation. The only difference is the first
part of the inductive step, which concerns the output. Suppose & is an operation
of arity n, from a set {6},cx of operations given by monotone BDEs, and let o be
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its output function. Let L4,..., L, and K3, ... K,, be languages such that for all j:
Lj(&) < Kj(é‘). Then

6(L1,...,Ly)(e) = o(L1(e),. .., Ln(e))
o(K1(e),...,Kn(e)) =6(Ky,...,Kpn)(e)

IN

where we use the assumption that o is monotone. O

Example 2.4.7. The general version of Arden’s rule states that, given languages K
and M, the least solution of L = KL + M is K*M. Furthermore, if K (¢) = 0 then
it is the unique one, as we have seen in Example For the proof of the general
statement, first notice that K*M is indeed a solution since K*M = (KK*+1)M =
KK*M + M. To show that it is the least one, let L be any language such that
L = KL+ M and consider the relation R = {(K*M, L)}. Then R is a simulation
up-to, since (K*M)(e) = M(e) < (KL + M)(e) = L(¢) and for any a:

(K*M)q = KoK*M + M, g KoL + M,
CK,L+K(e)Lo+ M, =(KL+M),=L,.

Thus K*M is the least solution.

The reader is invited to formulate and prove a version of Arden’s rule, where
shuffle and shuffle closure (Section replace concatenation and Kleene star.
Further, in Example [2.2.5|we proved M + KL C L = K*M C L using a bisimu-
lation up-to. The proof using a simulation up-to is the same as (part of) the above
proof of Arden’s rule. One might expect that M + LK C L = MK* C L has a
similar treatment, but due to the asymmetry of the derivative of concatenation the
proof is different.

Example 2.4.8. In order to prove M+ LK C L = MK* C L, consider the relation
R={(MK* L)| M+ LK C L; L, K,M € 24" }. Let L, K, M be such languages;
then M(e) < L(e), so (MK*)(e) < L(e). For any a € A, we have

(MEK*), = MyK* + M(e)K,K* = (M, + M(e)K,)K*

In order to see that this is related by <y to L,, we start with our assumption

M+ LK C L and compute derivatives: (M + LK), C Lq, 50 My + L, K+ L(g)K, C
L,. Reformulating this as (M, + L(e)K,) + L, K C L,, we have

(M, + L(e)Ko)K*, L,) € R.
Since M (¢) < L(e) we thus obtain
(MK*)q = (Mg + M(e)Ko)K* C (M, + L(e)Ko) K™ =R La
as desired, showing that R is a simulation up-to.

We conclude with the soundness of an axiom that concerns the interplay be-
tween shuffle and concatenation and that is used, for example, in concurrency
theory [HMSW11].
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Example 2.4.9. The exchange law states that
(M®L)(K®N)C (MK)® (LN)
for any languages M, L, K, N. Consider the relation
R={(M®L)(K®N),(MK)® (LN)) | M,K,L,N € 24" }.
Then
(M@ L)(K®N))(e) = M(e) AL(e) NK(e) AN(e) = (MK) @ (LN))(e)
and for any alphabet letter a:

(M ®L)(K®N)),

=(Ma®L+M®La)(K®N)+(M®L

=(My@L)(K®@N)+ (M®L,)(K®N)
+(M(e) AN L(e)) (K ® N,)

Sk (MoK) ® (LN) + (MK) ® (Lo N)

+(M(e)Ka) © (L(e)N) + (M(e)K) @ (L(€) Na)

(MoK) @ (LN) + (MK) ® (LaN)

+(M(e)Ka) @ (LN) + (MK) @ (L(¢)Na)

(MoK + M(e)Kq) ® (LN) + (MK) ® (Lo N + L(£)Na)

= (MK) ® (LN))a

(e)(Ke® N+ K ® N,)
+ (M(e) NL(e)) (K, ® N)

N

This shows that R is a simulation up-to and proves the exchange law.

The proof in the above example is clearly easier than one where the inclusion
would be reduced to checking equality by means of bisimilarity.

2.5 Discussion and related work

We presented bisimulation up-to as a proof method for language equivalence, and
simulation up-to as a proof method for language inclusion. These techniques are
sound enhancements of the coinductive proof method based on (bi)simulation, if
the operations under consideration adhere to the format of behavioural differential
equations presented in this chapter. For the soundness of simulation up-to, the
operations additionally need to satisfy a monotonicity condition.

Deterministic automata are coalgebras, and the notions of bisimulation and
coinduction introduced in Section are instances of general definitions [Rut98all.
The up-to techniques introduced in this chapter are also instances of much more
general results developed in subsequent chapters of this thesis. In fact, the for-
mat of BDEs can be represented by a distributive law, which immediately proves
the soundness (actually, a stronger notion) of bisimulation up-to. Moreover, the
monotonicity condition for simulation up-to arises from a result in Chapter [5] that
requires that the distributive law lifts to a certain category.



38 Chapter 2. Coinduction for languages

A discussion of related work with respect to more general up-to techniques is
postponed to Chapter Relevant in the present context is the work of Bonchi
and Pous [BP13]], which consists of a new algorithm for checking equivalence of
non-deterministic automata based on bisimulation up to congruence, improving
the state of the art significantly (see also [HR15]). That algorithm is based on
the algebraic structure of the powerset of states, obtained by determinization. Our
approach is different in that we consider algebraic structures for arbitrary calculi
on languages (given by behavioural differential equations). Moreover, we do not
focus on the algorithmic aspect, but consider up-to techniques for infinite state
systems, in order to prove, e.g., inequalities over arbitrary languages.

Bisimulation up-to techniques have been applied to facilitate coinductive defi-
nitions and proofs in Coq [EHB13]. In fact, the latter paper uses causal contexts on
streams as a condition for soundness; as shown in [HKR14] (and extended to lan-
guages in this chapter), this condition is equivalent to requiring that the operations
under consideration can be defined by behavioural differential equations.

Our techniques are more widely applicable than only to regular languages, as
we have shown in a number of examples involving equations over arbitrary lan-
guages. Nevertheless, we recall some of the related work on checking equiva-
lence of regular expressions, for which a wide range of different tools and tech-
niques has been developed. We only recall the ones most relevant to our work.
CIRC [LGCRO9] is a general coinductive theorem prover, which can deal with reg-
ular expressions. Recently, various algorithms based on Brzozowski derivatives
and bisimulations have been implemented in Isabelle [KN12] and formalized in
type theory, yielding an implementation in Coq [[CS11]] (while [CS11] does not
mention bisimulations explicitly, their method is based on constructing a bisimu-
lation). There is another Coq implementation of regular expression equivalence,
which is based on partial derivatives [MPdS12[]. An efficient algorithm for de-
ciding equivalence in Kleene algebra, based on automata but not on derivatives
and bisimulations, was recently implemented in Coq as well [BP12]. We refer
to [NT14] for an overview and comparison between these approaches. Of course,
one can reason about regular expressions in Kleene algebra. This is however a
fundamentally different approach than the coinductive techniques of the present
chapter. In [GraO5]], a proof system for equivalence of regular expressions is pre-
sented, based on bisimulations but not on bisimulation up-to. In [HN11]], a general
coinductive axiomatization of regular expression containment is given, based on
an interpretation of regular expressions as types. The authors of [HN11] instanti-
ate their axiomatization with the main coinductive rule from [GraO5]]. The focus
of [HNT1] is on constructive proofs based on parse trees of regular expressions. In
contrast, our approach is based on bisimulations between languages.

The presented proof techniques apply to undecidable problems such as lan-
guage equivalence of context-free grammars. Indeed, automation is not aimed at
in this chapter. Nevertheless, the present techniques can be seen as a foundation
for novel interactive theorem provers, and extensions of fully automated tools such
as [KN12| LGCR09, [CS11].

If one works with syntactic terms, such as regular expressions, rather than with



2.5. Discussion and related work 39

languages, the notion of bisimulation up to bisimilarity becomes relevant. In the
corresponding proof method, one relates terms modulo bisimilarity. Since we work
directly with languages, in our case this is not necessary, but for dealing with terms
our techniques can easily be combined with up-to-bisimilarity—see the subsequent
chapters of this thesis for details. Bisimulation up to bisimilarity (alone, with-
out context and equivalence closure) was originally introduced in [Mil83], and in
the context of automata and languages simulation up to similarity was introduced
in [Rut98al].






Chapter 3

Preliminaries

In the previous chapter, we studied coinduction for languages and deterministic
automata. Deterministic automata are a special case of the theory of coalgebras,
which encompasses coinduction principles for a wide variety of systems. In the re-
maining chapters we develop theory at this more abstract coalgebraic level, so that
the results in Chapter [2|are just one instance, among others. In the current chapter
we recall standard notions and results on coalgebras, coinduction and algebras.
We assume familiarity with basic concepts from category theory such as functors
and natural transformations (see, e.g., [Awo10, Lan98]).

Below, we first fix some basic notation regarding sets, relations, functions and
categories. Then we introduce coalgebras, homomorphisms and bisimulations, and
discuss examples of coinductive techniques (Section [3.1)). We proceed to discuss a
more classical interpretation of coinduction, and relate this to the coalgebraic per-
spective in Section 3.2} This discussion of coinduction is continued in Section [3.3]
where we recall an approach to coinduction based on the categorical notion of fi-
brations. We recall algebras for functors and monads in Section [3.4} and conclude
this chapter with a discussion of distributive laws and bialgebras (Section |3.5).

Section [3.3] on coinduction in a fibration, can be challenging to understand
without prior knowledge of fibrations. However, in this thesis it is only required for
Chapter[5} Moreover, most of Chapter [4] requires only basic concepts on coalgebras
(Section[3.1)) and algebras (the beginning of Section [3.4).

Most of the material in this chapter is taken from the literature; for more in-
formation, see, e.g., [Rut00, JR12, Jac12, L.en98] (coalgebras and coinduction),
[HJ98| [HCKJ13]] (coinduction in a fibration), [BWO5| [Awo10, Tur96] (algebras
and monads) and [TP97, Kli11, Bar04] (distributive laws and bialgebras).

Sets. By Set we denote the category of sets and functions. We write 1 for the
singleton {x}, 2 for the two elements set {0,1}, N for the set of natural numbers
and R for the set of real numbers. Given sets X and Y, X x Y is the Cartesian
product of X and Y (with the usual projection maps m; and m3) and X + Y is the
coproduct, i.e., disjoint union (with coproduct injections 1, x2).

41
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Relations. Given a relation R C X x Y, wewrite m;: R — X and m3: R = Y
for its left and right projection, respectively. Given another relation S C Y x Z we
denote the composition of R and S by Ro S. We let R°? = {(y,z) | (z,y) € R}.
The diagonal relation on a set X is Ax = {(z,z) | x € X}.

Functions. Let f: X — Y be a function. The direct image of a set S C X under
f is denoted simply by f(S) = {f(z) | * € S}, and the inverse image of V C Y
by f~1(V) = {z | f(z) € V}. The kernel of f is given by ker(f) = {(z,y) |
f(z) = f(y)}. The pairing of two functions f, g with a common domain is denoted
(f,9) and the copairing (for functions f, g with a common codomain) is denoted
by [f,g]. The set of functions from X to Y is denoted by Y¥; if we fix X, this
yields a (covariant) functor on Set. The i-fold application of a function f: X — X
is denoted by f?, i.e., f© =id and fi*! = fo f'.

Categories. On any category, we write |d for the identity functor, and idx or
simply id for the identity morphism of an object X. The product of categories C
and D is denoted by C x D; an object of C x D is a pair consisting of an object
from C and one from D, and an arrow is a pair of arrows from C and D of the
matching types. Any two functors F': C — D and G: C' — D’ yield a functor
Fx@G:CxC' — DxD'. We use the same notation for the product of functors (in a
category of functors and natural transformations), i.e., given F, G as above so that
C = (', D = D’ and D has products, we let (F' x G)(X) = FX x GX. It should
always be clear from the context which meaning of x is referred to.

Given a set X, P(X) is the set of subsets of X, and P, (X) is the set of finite
subsets of X. Both P and P,, extend to functors on Set, defined on functions by
direct image: P(f)(V) = f(V) and P,(f)(V) = f(V). Given a semiring S, we
denote by M X the set of linear combinations of X with coefficients in S. Formally,
it is defined by MX = {¢ € S¥ | supp() is finite}, where supp(p) = {z | ¢(z) #
0}. This extends to a functor M: Set — Set, sending f: X — Y to M(f)(p) =
Ay. Zwef—l(y) ©(z). We often denote a linear combination ¢ € MX by a formal
sum of the form Y s;z;, where s; € S and z; € X for all .

3.1 Coalgebras

A coalgebra for a functor B: C — C, or B-coalgebra, is a pair (X, d) where X is an
object in C and §: X — BX a morphism. We often refer to X as the carrier or
state space, J as the transition map or transition structure, and B as the behaviour
functor. A (coalgebra) homomorphism from (X,d) to (Y,9) isamap h: X — Y
such that ¥ o h = Bh o d:

X*h>Y
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The category of B-coalgebras is denoted by B-coalg.

A B-coalgebra (Z, () is final if there exists, for any B-coalgebra (X, ), a unique
homomorphism from (X,0) to (Z,¢). Final coalgebras are unique up to isomor-
phism, therefore we often speak about the final coalgebra. In general, a final
B-coalgebra does not necessarily exist, but there are mild conditions on B un-
der which it does: for instance, when B is a bounded functor on Set (see, e.g.,
[Rut00]). The coinductive extension of a coalgebra (X, J) is the unique homomor-
phism into the final coalgebra. Following [JR12]], we make a conceptual identifica-
tion of (coalgebraic) coinduction with the use of finality in categories of coalgebras.
As we will see below, the unique existence of morphisms gives rise both to definition
principles and to proof principles.

In the remainder of this section we assume that B is a functor on Set. Given a
B-coalgebra (X, d) and states z,y € X, we say « and y are behaviourally equiva-
lent or observationally equivalent if there exists a coalgebra homomorphism A from
(X,0) to some B-coalgebra so that h(z) = h(y). In particular, 2,y € X are be-
haviourally equivalent precisely if they are identified by the coinductive extension
of §. The largest relation on X containing only behaviourally equivalent pairs is
called behavioural equivalence. We denote this relation by =z, or simply ~.

Example 3.1.1. We list several examples of coalgebras; see, e.g., [Rut00] for more.

1. Let BX = A x X, for a fixed set A. A B-coalgebra (0,t): X - Ax X isa
stream system (over A). For each state x € X, we observe an output o(z) € A,
and a next state ¢(z) € X.

The final B-coalgebrais ((—)o, (=)"): AY - AxA“, where A = {0 | o: N—
A%} is the set of streams over A, and for any stream o € A¥: 0y = ¢(0) and
o'(n) = o(n+1) for all n € N. The coinductive extension of a stream system
(0,t): X — A x X maps a state x to the stream (o(x), o(t(x)), o(t(t(z))), .. .).

Stream systems do not involve termination, and therefore they generate only
infinite streams. The final coalgebra of (A x Id) + 1 consists of all finite and
infinite streams over A.

2. A labelled transition system over a set of labels A is a coalgebra for the functor
BX = P(A x X). Indeed, a B-coalgebra consists of a set X of states and
amap 0: X — P(A x X) that sends each state to a set of transitions. We
write 2 % y if (a,y) € 6(x). Labelled transition systems can equivalently be
presented as coalgebras for the functor (P—)4. A finitely branching transition
system is a coalgebra for the functor P, (A x Id). An image finite transition
system is a coalgebra for (P,—)4.

The functor P(A x Id) does not have a final coalgebra, for cardinality reasons
(the transition map of any final coalgebra is an isomorphism). Nevertheless,
P. (A x1d) has a final coalgebra: it consists of (finitely branching) trees edge-
labelled in A, and quotiented by strong bisimilarity in the usual sense (see
below). Similarly, (P,,—) has a final coalgebra given by equivalence classes
of trees in which every node has only a finite number of a-successors, for
eacha € A.
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3. Let BX = 2x X“. Acoalgebra (0,t): X — BX is a deterministic automaton;

a state x is accepting if o(z) = 1, and = makes an a-transition to y (denoted
z %y ift(z)(a) = y.

The final coalgebra for 2 x 1d* is the deterministic automaton introduced
in Section its carrier is given by the set 24" of all languages over A, a
state accepts if the corresponding language contains the empty word, and
the transition map is given by language derivative. Given any deterministic
automaton (o,t): X — 2 x X4, the coinductive extension [: X — 24" is the
usual language semantics, i.e., for any z € X: I(z)(e) = o(z) and I(z)(aw) =

[(t(x)(a))(w).

More generally, we can consider Moore automata, which are coalgebras for
the functor BX = S x X4, where S is a set of outputs. The carrier of the
final coalgebra is S4".

. A non-deterministic automaton is a coalgebra for BX = 2 x (P, X)*. Given a

coalgebra (0,t): X — 2 x (P,X)4, for each state x € X, a state is accepting
if o(z) = 1, and for each a € A there is a set of next states ¢(x)(a). We write
z % yfory € t(z)(a).

The final coalgebra of B does not consist of languages. Rather, it consists of
trees edge-labelled in A and node-labelled in 2, quotiented by strong bisim-
ilarity. Thus, the branching behaviour of automata is taken into account,
and therefore we obtain a finer notion of behavioural equivalence than that
arising from the usual language semantics.

. Let S be a semiring, and M the associated functor mapping sets to linear

combinations with coefficients in S. A weighted transition system is a coal-
gebra for the functor BX = (MX)“. A weighted automaton is a weighted
transition system where states additionally feature output, i.e., a coalgebra
for the functor S x (M—)4. Weighted automata accept weighted languages,
but the final coalgebra of B distinguishes more, similar to the case of non-
deterministic automata; see [BBB™12] for details.

3.1.1 Coinductive definitions

The final B-coalgebra provides a canonical semantics for B-coalgebras. In particu-
lar, we can use finality to define operations on the final coalgebra. As an elementary
example, consider the functor R x Id of stream systems over the reals, and recall
that its final coalgebra is the set of streams R¥. To define a pointwise sum on
streams, we construct a coalgebra (o,t): RY x R¥ — R x (R¥ x R¥) as follows:
o(o,7) = o9+ 19 and t(o, 7) = (¢, 7") (where we use the operations (—), and (—)’,
which form the transition map of the final coalgebra, see Example @ny). By
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finality this gives rise to a unique homomorphism h:

RY x R — — % — >R

<0,t>l l((—)m(—)’)

RX(RWXR“)W]RXR”

which maps a pair of streams to their pointwise sum.
The above way of coinductively specifying and defining operations on streams is
a special case of behavioural differential equations [[Rut03] (see also Chapter , in
which an operation is defined by specifying its initial value (—)q and its derivative

(—)’. We illustrate this by defining several operators:

Initial value Differential equation Name
(c+7)o=00+710 (0+7)=0+7 sum
(cxT)og=00:70 (0x7) =0"%x74]0p] x7' convolution product

[rlo =1 [r]" = [0] constant (for any r € R)

In the first column, the operations + and - on the right of the equations are the
standard operations on R. We associate a set T' of terms to the above operators,
defined by the grammar

t:I:O'|t1+t2‘t1 Xt2|[’l“} (3.1

where o ranges over R“ and [r] ranges over {[r] | » € R}. Now the above dif-
ferential equations specify how to define a stream system 7' — R x 7. The
unique coalgebra morphism 7" — R“ then provides the semantics of the opera-
tors [Rut03, [HKR14]]. In Section we will see how to study such coinductive
definition methods in a structured, categorical way.

In Chapter [2| we have seen behavioural differential equations for languages;
notice that the characterization of union and concatenation of Lemma re-
sembles the above definition of the sum and convolution product on streams. One
difference to the previous chapter is that there, we characterize pre-defined oper-
ations using differential equations, whereas here we use the differential equations
to define the operations.

Two more operations on streams, which we study in the next chapter, are shuffle
and shuffle inverse:

Initial value Differential equation Name
(c®T)g=00-70 (0®T)=0"®@T+o®T shuffle product
(c™o=(00)"t (071) =-0'®(c"'®0o71) shuffle inverse

The inverse is only defined on streams o for which oy # 0. We abbreviate [-1] ® o
by —o. The set of terms involving sum, shuffle product and inverse can be defined
as before by a grammar. However, since the inverse is only defined when o # 0,
it is not directly clear how to turn the set of terms into a stream system. We call
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a term well-formed if the inverse is never applied to a subterm with initial value
0; this notion can be straightforwardly defined by induction, and we let T, be
the set of well-formed terms. This set can now be turned into a stream system by
induction, using the above specification.

A different use of coalgebras is to study determinization constructions at an ab-
stract level, so that language semantics arises by finality [JSS12| [SBBR13] [Rut00].
Consider a non-deterministic automaton (o0,t): X — 2 x (P,X)?. As discussed
in Example the coinductive extension of such an automaton does not map
a state to the language it accepts. However, we can turn this coalgebra into a
deterministic automaton

(05, 1%): PuX — 2 x (PuX)A

according to the standard powerset construction. This is a deterministic automa-
ton, and the language accepted by a singleton {xz} is precisely the language ac-
cepted by the state x of the original non-deterministic automaton.

For another example of a determinization construction, consider a weighted au-
tomaton (o,t): X — Sx(MX)*A. This induces a Moore automaton (of, t#): MX —
S x (MX)4 where of: MX — Sand t*: MX — (MX)4 are the linear extensions
of 0 and ¢. By finality, a unique coalgebra homomorphism : MX — S4” arises,
which corresponds to the language semantics of weighted automata. For a detailed
explanation see [BBB™12, Section 3] and Example

3.1.2 Bisimulations and coinductive proofs

The definition of coalgebra homomorphisms provides us with a canonical notion of
behavioural equivalence. However, this does not directly give us associated proof
techniques, other than the rather abstract property that coinductive extensions are
unique. A more concrete proof method is provided by the notion of bisimilarity,
which is another fundamental part of the theory of coalgebras. Next, we introduce
bisimulations and show a number of concrete examples, and subsequently relate
bisimilarity to behavioural equivalence.

A relation R C X x Y is a bisimulation between coalgebras (X, ) and (Y, )
if there exists a transition map v: R — BR such that the projections 7, and 75 of
R are coalgebra homomorphisms, which means that the following diagram com-
mutes [AMS89]]:

T T2

X R Y
d T
BX <gr- BR— - BY

If (X, ) = (Y,9) then we call R a bisimulation on (X, §). The greatest bisimulation
on a given coalgebra (X, d) is called bisimilarity and is denoted by ~;, or simply ~
if 4 is clear from the context.
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Example 3.1.2.

1. Let (o,t): X — A x X be a stream system. A relation R C X x X is a
bisimulation if for all (x,y) € R: o(z) = o(y) and (t(z),t(y)) € R.
As an example, let T' be the set of terms as defined in Equation (3.1)), and let
((=)o, (=)"): T — R x T be the stream system defined by the corresponding
behavioural differential equations. Let us prove that s + u ~ u + s for any
streams s, u. To this end, consider the relation R = {(s+u,u+s) | s,u € R“}.
For any s,u we have (s + u)g = sg + ugp = uo + so = (u + s)g. Moreover,
(s+u) = (s +u) R (u+5) = (u+s). Thus, R is a bisimulation.
As we will see below in a more general fashion, this implies that s and u
are mapped to the same element in the final coalgebra, meaning that they
are assigned the same behaviour. Commutativity of the sum is admittedly a
rather trivial property, but it serves here to illustrate the basic methodology of
constructing a bisimulation. For many examples of such proofs for streams,
see [Rut03} [HKR14]; we will also see more advanced proofs in Section

2. On labelled transition systems, bisimilarity coincides with the classical notion
of strong bisimilarity introduced by Milner and Park [Mil80, [Par81]]. Given
d: X - P(AxX), arelation R C X x X is a bisimulation if for all (x,y) € R:
if 2 % 2/ then there is 3/ such that y % ¢ and (2/,y’) € R; and if y % ¢/
then there is 2’ such that + % 2’ and (2/,y') € R.

3. Let (0,t): X — S x X“ be a Moore automaton. A relation R C X x X
is a bisimulation if for all (z,y) € R: o(xz) = o(y) and for all « € A:
(t(z)(a),t(y)(a)) € R. The notion of bisimulation on deterministic automata
(Definition [2.1.1)) is a special case, and a concrete example of such a bisimu-

lation is in Example

4. Let: X — X + 1 be a coalgebra (for the functor BX = X + 1). A relation
R C X x X is a bisimulation if for any pair (x,y) € R: either 6(z) = * = §(y)
or (3(z),6()) € R.

Coalgebra homomorphisms preserve bisimilarity.

Lemma 3.1.3 ([RutOQ], Lemma 5.3). Suppose f: X — Y and g: X — Z are
coalgebra homomorphisms. If R C X x X is a bisimulation then (f x g)(R) is a
bisimulation.

If the functor B preserves weak pullbacks, then the inverse image of a bisim-
ulation along a coalgebra homomorphism is again a bisimulation [Rut00, Lemma
5.9]. Thus, in that case, homomorphisms also reflect bisimilarity.

The uniqueness of morphisms into the final coalgebra is, by Lemma [3.1.3| and
the fact that the diagonal relation on any coalgebra is a bisimulation [Rut00, Propo-
sition 5.1], equivalent to the following property.

Theorem 3.1.4. Suppose B has a final coalgebra (Z, (). For any x,y € Z:

r~yiffr=y.
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This is sometimes called strong extensionality, the coinductive proof principle
or simply coinduction. Together with Lemma|[3.1.3] it entails that, given the bisim-
ilarity relation ~ on any coalgebra:

x ~ y implies h(x) = h(y) 3.2)

where h is the coinductive extension of that coalgebra. Thus, in order to prove that
two states have the same behaviour, it suffices to construct a bisimulation.

Example 3.1.5. The foundation of the previous chapter is its coinduction principle
Theorem [2.1.2] which states that bisimilarity of languages implies their equality.
Indeed, languages form the final coalgebra for the functor BX = 2 x X4 of de-
terministic automata, and thus that coinduction principle is an instance of Theo-
rem Further, Equation asserts that bisimilarity on any deterministic
automaton implies behavioural equivalence. This means that, to prove that two
states of an arbitrary deterministic automaton accept the same language, it suffices
to prove that they are bisimilar.

If the functor B preserves weak pullbacks, then homomorphisms reflect bisimi-
larity, and thus together with Theorem it implies the converse of (3.2).

Lemma 3.1.6. If B preserves weak pullbacks then bisimilarity and behavioural equiv-
alence coincide, on any B-coalgebra.

As an example, the functor BX = 2 x X“ preserves weak pullbacks. Conse-
quently, two states of a deterministic automaton accept the same language if and
only if they related by a bisimulation.

Weak pullback preservation is a mild condition: for instance, it is satisfied by
all functors mentioned in Example except weighted automata and weighted
transition systems. For weighted systems, weak pullback preservation only holds
under certain conditions on the semiring [GSO1, KIi09, BBB*12]. In the cases
where it does not hold, behavioural equivalence seems to be of more interest.

3.2 Classical and coalgebraic coinduction

A standard formalization of coinduction is in terms of complete lattices. This is,
for instance, the basis of Sangiorgi’s introductory text on coinduction [San12a].
This perspective on coinduction, which we call classical coinduction (as opposed to
coalgebraic coinduction) also plays an important role in this thesis, therefore we
recall the basics. In this section we also see how to define coalgebraic bisimula-
tions in the lattice-theoretic setting, and how classical coinduction is generalized
by coalgebraic coinduction, i.e., the finality principle in categories of coalgebras.
The starting point is a complete lattice: a partial order (L, <) in which each
subset of L has both a least upper bound and a greatest lower bound. Given a
function f: L — L, an element x € L is a fixed point of f if f(x) = z, and a post-
fixed point if x < f(x). If f is monotone (that is, < y implies f(z) < f(y)) then
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by the Knaster-Tarski theorem it has a greatest fixed point gfp(f), which is also the
greatest post-fixed point (see, e.g., [Sanl2al).

The existence of a greatest fixed point constitutes a coinductive definition prin-
ciple: we call gfp(f) the coinductive predicate defined by f. The fact that it is the
greatest post-fixed point constitutes a coinductive proof principle: to prove that
x < gfp(f), it suffice to show that x < f(x). In the sequel we shall sometimes refer
to post-fixed points of f as f-invariants.

Example 3.2.1. Consider the lattice L = P(A“ x A“) consisting of relations on
streams, ordered by inclusion. Define the monotone function f: L — L by

f(R)={(0,7) | 00 =70 and (¢’,7") € R}

where (—)o and (—)’ form the transition structure of the final stream system, as in
Example[3.1.1] (I). A relation R is an f-invariant (post-fixed point of f) precisely if
it is a bisimulation on the final stream system. Since f is monotone, the coinductive
predicate (the greatest fixpoint) exists: it is given by bisimilarity on the final coal-
gebra of stream systems, that is, the diagonal relation on streams. The coinductive
proof principle asserts that any bisimulation is contained in bisimilarity.

Notice that the above example can be adapted to define bisimilarity on any
stream system with carrier X, by replacing A“ x A¥ by X x X, and replacing (—)q
and (—)’ in the definition of f by the transition map of the stream system under
consideration. Classical coinduction easily accommodates other predicates than
bisimilarity, as shown by a few basic examples below.

Example 3.2.2.

1. Let {o,t): X — A x X be a stream system where A is equipped with a partial
order <, and consider the lattice P(X x X) of relations on X ordered by
inclusion. We define a monotone function f: P(X x X) — P(X x X) on this
lattice:

f(R) ={(x,y) | o(x) < o(y) and (t(z),t(y)) € R} .

A relation R is an f-invariant if for all (z,y) € R, we have o(z) < o(y) and
(t(z),t(y)) € R. The coinductive predicate defined by f is the greatest such
relation. Two states x,y € X are related by this coinductive predicate if the
stream generated by x is pointwise less than the stream generated by .

2. Let {0,t): X — A x X be a stream system. Consider the lattice P(X)
of subsets of X, ordered by inclusion, and define the monotone function
f:P(X) — P(X) on this lattice as follows:

f(P)={z|o(x) <o(t(z)) and t(z) € P}.

Then an f-invariant is a set P C X so that for all x € P: o(z) < o(t(z)),
and t(z) € P. The coinductive predicate defined by f, which is the largest
f-invariant, thus captures increasing streams.
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3. Let (0,t): X — 2x X“ be a deterministic automaton, and consider the mono-
tone function f on the lattice of relations on X, defined as follows:

f(R) =A{(z,y) | o(x) < o(y) and Va € A. (t(z)(a),t(y)(a)) € R}

A relation R is an f-invariant precisely if it is a simulation (Definition [2.4.1)).
The coinductive predicate defined by f is similarity, the greatest simulation.

3.2.1 Coalgebraic bisimulations via relation lifting

In Example we have seen how to capture bisimulations on stream systems
as invariants for a monotone function. Next, we recall a general method of defin-
ing a monotone operator on the lattice of relations on the state space of a given
coalgebra, so that the coinductive predicate defined by this monotone operator is
bisimilarity. This approach was introduced in [HJ98| [Rut98b] (see also [Jacl12[;
and see [Stall]] for a comparison of different notions of bisimulations).

For a functor B: Set — Set, the (canonical) relation lifting Rel(B) of B maps a
relation on X to a relation on BX (for any X). It is defined as follows:

Rel(RC X x X) = {(z,y) € BX x BX | 3z. Bm1(z) = x and Bmy(z) = y}

where 71,7y are the projections of R. Thus, Rel(B) is the image of BR under
(Bm, Bma). For certain classes of functors there are concrete, inductively defined
characterizations of relation lifting [HJ98| Jac12].

Now, given a coalgebra §: X — BX we define a function

bs = (6 x 6) ' oRel(B) : P(X x X) = P(X x X) (3.3)

on the lattice of relations on X ordered by inclusion. Invariants of the function by
are bisimulations on § (defined as in Section[3.1.2)), as stated below.

Lemma 3.2.3. A relation R C X x X on the carrier of a coalgebra 6: X — BX is
a bisimulation if and only if R C bs(R). Bisimilarity on (X, ) is the greatest fixed
point of bs.

A bisimulation is a relation with a transition structure, whereas a bs-invariant
is a relation with a special property. This formulation is taken from [Jac12], to
which we refer for a more elaborate comparison. Lemma [3.2.3] asserts that both
characterizations are equivalent.

Relation lifting satisfies a number of properties that are be used in subsequent
chapters; see [Jacl2| Section 4.4] for proofs.

Lemma 3.2.4. For any functor B: Set — Set:
1. Rel(B)(Ax) = Apx.
2. If R C S then Rel(B)(R) C Rel(B)(S5).
3. (Rel(B)(R))°? = Rel(B)(R°?).
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4. Rel(B)(Ro S) C Rel(B)(R) o Rel(B)(S5).
5. Rel(B)((f x f)~1(S))  (Bf x Bf)~'(Rel(B)(S)).
If B preserves weak pullbacks, then the inclusions in items [4 and [5| are equalities.
As a consequence of item [2] above, b; is monotone.
Theorem 3.2.5. Let B: Set — Set be a functor. The following are equivalent:
1. B preserves weak pullbacks.
2. Rel(B) preserves composition, i.e., Rel(B)(R o S) = Rel(B)(R) o Rel(B)(S).

This is originally due to Trnkova [Trn80]; for an accessible proof, see [Jac12,
Theorem 4.4.6] or [KKV12], Fact 3.6].

3.2.2 C(Classical coinduction in a category

Classical coinduction can be phrased in terms of categories, via the basic observa-
tion that any preorder (X, <) (and thus in particular any complete lattice) forms a
category, whose set of objects is X, and which has an arrow from z to y if and only
if < y. A functor F on such a category is a monotone function on the preorder,
and F'-coalgebras are post-fixed points of F' (seen as a monotone function). The
final F-coalgebra then corresponds to the coinductive predicate defined by (the
monotone map) F' (see, e.g., [NR0O9, HCKJ13]).

The definition principle of classical coinduction here is reformulated to the def-
inition of a final F-coalgebra, whereas the proof principle is the existence of a
morphism from any F-coalgebra into the final coalgebra. In this setting, we will
often refer to F-coalgebras as F-invariants. Instantiated to a lattice, the finality
principle entails that any F-invariant is below the coinductive predicate defined
by F. In this sense, the identification of coinduction with finality in categories
of coalgebras still applies in this setting. However, the definition and proof prin-
ciples carry a significantly different intuition than those discussed in Section [3.1}
there, we were defining maps into the final coalgebra and reasoning about them,
whereas here we take the final coalgebra itself as the defined object of interest, and
the existence of arrows as a proof principle.

Example 3.2.6. Let Predx be the category of predicates on a fixed set X, as given
by the complete lattice of subsets of X. Let 6: X — P,(A x X) be a labelled
transition system, where the set of labels A contains a distinguished element 7 € A.
We define a functor F': Predx — Predx by

FPCX)={ze X |TIy.(r,y) €d(x)}. 3.4

An F-invariant (F-coalgebra) is a predicate P C X so that for any z € P, there
exists a T-transition into a state that is again in P, that is, there is y € P such
that (7,y) € d6(x). The coinductive predicate defined by F' is simply the greatest
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fixed point of F' seen as a monotone function; thus, it is the largest subset of states
x € X that may diverge, that is, states that have an infinite path of 7 steps. In terms
of modal logic, these are the states that satisfy vu.(7)u.

In the above example, the system of interest is modelled by a coalgebra for
the functor P, (A x Id): Set — Set. The invariants of interest are coalgebras in a
category of predicates.

3.3 Liftings and coinduction in a fibration

We have established coinduction as the principle of finality in a category of coal-
gebras. In Section [3.1] we have seen how to instantiate this to a setting where
coalgebras model the systems of interest, yielding a canonical way of assigning
behaviour and equivalence to a coalgebra. In this setting, coinduction provides
a systematic account of bisimilarity and behavioural equivalence for all systems
of the given type. On the other hand, in Section we have seen how a differ-
ent instantiation of coinduction yields the classical lattice-theoretic account, which
is very flexible and allows to define many other predicates than bisimilarity, but
is mainly suitable to define predicates on a single system. Here, bisimilarity and
other predicates can be seen as objects that live in a category of predicates.

A very general and systematic approach for studying coinductive predicates on
coalgebras can be achieved if the coalgebras of interest live in the base category
of a fibration. This provides a means to speak about properties or predicates on
coalgebras of interest. In this setting, invariants and coinductive predicates on a
given coalgebra, are themselves coalgebras in a category of predicates, similar to
the situation in the previous section. The functor on these predicates is defined in
a uniform manner, based on a lifting of the behaviour functor.

This fibrational approach to coinductive predicates for coalgebras was proposed
in [HJ98], and further developed in [HCKJ13] (as well as [AGJJ12] [GJF13]). Be-
low, we first list the necessary definitions related to fibrations (Section [3.3.1)), and
then describe the fibrational approach to coinductive predicates (Section [3.3.2).
All of the examples in this thesis are based on two fibrations, described in Exam-
ple and Example Of the remaining chapters in this thesis, the material
in the current section is only necessary to understand Chapter 5]

3.3.1 Fibrations

We refer to [Jac99] for more information on fibrations, and recall only a few basic
definitions and results.

A functor p: £ — Ais called a fibration when for every morphism f: X — Y in
A and every R in € with p(R) =Y there exists an object f*(R) with p(f*(R)) = X
and a morphism fR: f*(R) — R such that p(fR) = f and fR is Cartesian, which
means that the following universal property holds: for all morphisms g: Z — X
in A and u: @ — R in & sitting above f o g (i.e., p(u) = f o g) there is a unique
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morphism v: Q — f*(R) such that u = fz o v and p(v) = g.

X *f> Y
We shall often use a special case of the universal property of fr where p(Q) =
X. Then for any u: Q — R sitting above f there exists a unique v: Q@ — f*(R)
above idx such that fr ov = u:

X—Y

Given a fibration p: £ — A, we call £ the total category, and A the base category.
The fibre above an object X in A, denoted by £y, is the subcategory of £ with
objects mapped by p to X and arrows mapped to the identity on X. We give a few
examples of fibrations below; see [Jac99] for many more.

A morphism f as above is called a (p)-Cartesian lifting of f, and is unique up to
isomorphism. If we make a choice of Cartesian liftings, the association R — f*(R)
gives rise to the reindexing functor f*: &y — £x. On a morphism h: R — S in &y,
it is defined using the universal property of the Cartesian lifting fg:

Given morphisms f: X — Y and g: Y — Z in A, there is a natural isomorphism
(go f)* = f* o g* between reindexing functors.

A functor p: £ — A is called a bifibration if both p and p°?: £°? — A°P are
fibrations. Equivalently [Jac99, Lemma 9.1.2], p is a bifibration if each reindexing
functor f*: &y — Ex has a left adjoint [ | Ix

Iy
EX 1 5y
IS
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We call [, the direct image along f. This choice becomes more clear in the exam-
ples below.

For a fibration p: £ — A we say that p has fibred finite (co)products if each fibre
has finite (co)products, preserved by reindexing functors. If p is a bifibration with
fibred finite products and coproducts, and A has finite products and coproducts,
then the total category £ also has finite products and coproducts, strictly preserved
by p [Jac99] Example 9.2.5]. All bifibrations considered in this thesis are assumed
to have this structure.

Example 3.3.1 (The predicate bifibration). Let Pred be the category whose objects
are pairs of sets (P, X) with P C X and morphisms f: (P,X) — (Q,Y) are maps
f: X — Y so that f(P) C @. The functor p: Pred — Set mapping (P, X) to
X is a fibration. The fibre Predx above X is the complete lattice of subsets of
X ordered by inclusion. For any map f: X — Y in Set the reindexing functor

*: Predy — Predx maps (Q,Y) to (f~1(Q),X). Products and coproducts in
a fibre Predy correspond to intersection and union, respectively. Products and
coproducts in the total category £ are simply computed as in Set. The functor f*
has a left adjoint [ [, mapping (P, X) to the direct image (f(P),Y).

We note that predicates can alternatively be seen as functions X — 2. Reindex-
ing along a function f then simply becomes precomposition with f.

Example 3.3.2 (The relation bifibration). Similarly, we can consider the cate-
gory Rel whose objects are pairs of sets (R, X) with R C X x X and morphisms
f:(R,X) — (S,Y) are maps f: X — Y such that (f x f)(R) C S. The functor
p: Rel — Set mapping (R, X) to X is a fibration. The fibre Relx above X is the
complete lattice of relations on X ordered by inclusion. For f: X — Y in Set the
reindexing functor f*: Rely — Relx maps (R,Y) to ((f x f)"1(R), X). Its left
adjoint [ [, is given by direct image, that is, [ [ (R, X) = ((f x f)(R),Y).

_ Given fibrations p: £ — Aand p": £ — A’ and a functor B: A — A’, we call
B: & — &' alifting of B if the following diagram commutes:

£—Pog

pl lp’ (3.5)

ATA/

Such a lifting B restricts to a functor Bx : Ex — £y between fibres, for any X in
A. We sometimes omit the subscript X when it is clear from the context. A lifting
(B, B) is a fibration map if it maps Cartesian morphisms to Cartesian morphisms.
This means that there is an isomorphism

(Bf)*oB~Bo f* (3.6)

for any A-morphism f. An important example for this thesis is the canonical rela-
tion lifting Rel(B), which is a fibration map whenever B preserves weak pullbacks.
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Lemma 3.3.3. For any B: Set — Set, the lifting (Rel(B), B) is a fibration map (from
the relation fibration to itself) if B preserves weak pullbacks.

The isomorphism means that Rel(B) preserves inverse images if B pre-
serves weak pullbacks, that is, in that case the inclusion Rel(B)((f x f)~1(S)) C
(Bf x Bf)~!(Rel(B)(S)) is an equality (see Lemma|[3.2.4). The inclusion holds for
any functor B; it is a special case of the following lemma.

Lemma 3.3.4. Let p: £ — Aand p': & — A’ be fibrations, and assume B: £ — &’
is a lifting of some functor B: A — A’. For any morphism f: X — Y in A there is a
natural transformation

0: EX Of)k = (Bf)* OEY &y — 8;3)(
If p and p’ are bifibrations then there is another natural transformation
0 HBfOEX :>§yOHf :Ex _>81/3Y

Proof. To define r on an object R in &, we apply B to the p-Cartesian lifting
fr: f*(R) — R and use the universal property of the p’-Cartesian lifting (B f)5:

B(f*(R))
\ %A\
Or |
vi _—
(Bf) (B(R)) ——— B(R)

(Bf)sr)

—

Naturality follows from the universal property of (Bf)g, and the definition of
reindexing functors.
The natural transformation ¢’ can be defined as follows:

HBfOEX:>HBfo§Xof*OHf
1o,

HBfO(Bf)*OEYOHf :>§Y0Hf

using the unit of the adjunction [, + f* and the counit of the adjunction [[5,
(Bf)*. (The way we obtain ¢’ from 6 is an instance of a more general construction:
0’ is called the (adjoint) mate of 6.) O

3.3.2 Coinductive predicates in a fibration

Let p: £ — A be a fibration, and let B: A — A be a functor whose coalgebras
model the systems of interest. We show how to define functors on the fibre above
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the carrier of a B-coalgebra, such that the coalgebras for those functors are the in-
variants that model coinductive properties of the B-coalgebra in the base category.
Following [HJ98I, we then say a coinductive predicate is a final coalgebra in a fibre.
The crucial observation of this approach to coinductive predicates, is that we
can uniformly define a functor £x — Ex for any B-coalgebra §: X — BX, from a
given lifting B: £ — £ of B. For a coalgebra : X — BX it is defined as follows:

Bx 6"

Ex Epx Ex

A coalgebra R — §* o Bx (R) is called a 6* o B x-invariant; sometimes we shall refer
only to the carrier R as an invariant and leave the transition structure implicit. The
final §* o B x-coalgebra (if it exists) can be seen as the coinductive predicate deter-
mined by B on the coalgebra §. Finality of this coinductive predicate amounts to a
proof principle: any invariant has a morphism to the coinductive predicate. For in-
stance, if the state space X is a set and Ex is the lattice of predicates, this principle
means that the carrier of any invariant is contained in the coinductive predicate.
We refer to [HCKJ13]] for more details on the existence of final coalgebras in a
fibre.

Example 3.3.5. Recall from Example the functor F' whose final coalgebra is
the divergence predicate on some coalgebra for the functor BX = P, (A x X). We
define a lifting B: Pred — Pred of B:

Bx(PC X)={SCP,(AxX)|3yecP(r,y) €S}

Then, given any §: X — BX, we consider the composition

Predx —>> Predpx ——> Predy

where §* is the reindexing functor, i.e., inverse image along 6. The functor §* o Bx
now coincides with F' from Example Here it is defined uniformly on any
B-coalgebra, based on a lifting of B that does not mention any concrete transition
system.

Example 3.3.6. The functor bs: Rely — Relx, defined for a given coalgebra
0: X — BX using relation lifting (see Section [3.2.1]), decomposes as

Rel(B) x §*
Relx — Relpx —— Relx

A 0* o Rel(B) x-invariant is simply a bs-invariant. Equivalently, it is a bisimulation

(Lemma [3.2.3).

Given a lifting B of B, we thus have a way of defining a functor on the fibre
Ex above the carrier of any B-coalgebra. We now emphasize that this uniformly
defines a predicate on B-coalgebras, by showing that coalgebra homomorphisms
preserve invariants (and also reflect them, under a certain condition). The second
item appears as Proposition 3.11 in [HCKJ13], with a proof in the appendix.
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Proposition 3.3.7. Let p: £ — A be a bifibration, B: £ — &£ a lifting of a functor
B: A — Aandlet h: X — Y be a coalgebra morphism from 6: X — BX to
¥:Y — BY.

e If Ris a §* o Bx-invariant, then [ [, (R) is a ¥* o By -invariant.

e If S is a ¥* o By-invariant and (B, B) is a fibration map, then h*(S) is a
0* o Bx-invariant.

Proof. Since h is a coalgebra homomorphism, we have Bh o § = ¢ o h. Thus
0" o (Bh)* =2 (Bhod) = (Joh)* 2h"ocd". 3.7

Using the unit of the adjunction [[;, - (Bh)* and the counit of [[, 4 h* we
construct the mate of the above natural transformation (read from left to right):

[lyo0" =1l 00" 0 (Bh) o ]lp, = [l oh" 00" o [lp, = 9" o [l
We can use this to construct a natural transformation
y: [, 06" oBx = 9*o]]g,0oBx = 9" oByol],

where the second part is given by Lemma Then any 6* o B-invariant, that

is, a coalgebra R — 0* o Bx(R) in £y, yields a coalgebra (invariant) ][, (R) —

¥U* o By o [[,(R) in &y, simply by applying | [, and the natural transformation ~.
For the second item, we construct a natural isomorphism

h* o¥* o By = §*o(Bh)* o By 26" oBxoh*

using (3.7) and the fact that (B, B) is a fibration map. Then, given an invariant
S — 9% o By (S), we apply the isomorphism to get the invariant A*(S) — h* 0 9" o
By (S) 2 §* o Bx o h*(9). O

As stated in Lemma [3.2.3] a relation R is a bisimulation on a coalgebra § pre-
cisely if it is a * o Rel(B)-invariant. Thus, the first item of the above Proposi-
tion is a generalization of the fact that coalgebra homomorphisms preserve
bisimilarity (Lemma [3.1.3), for B instantiated to the canonical relation lifting
Rel(B) (Lemma mentions two homomorphisms rather than one; this can
also be accommodated in the current setting by choosing a slightly different fi-
bration). Moreover, if B preserves weak pullbacks, then (Rel(B), B) is a fibration
map (Lemma. Hence, a special case of the second item is that bisimulations
are preserved by inverse image along coalgebra homomorphisms, whenever the
functor B preserves weak pullbacks.

3.4 Algebras

In this thesis, algebras play an important role to model coalgebras whose carrier
has algebraic structure; for example, the set of closed terms over some signature.
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Other examples include automata over sets or linear combinations of states, which
arise in determinization constructions.

An algebra for a functor T: C — C, or T-algebra, is a pair (X, «) where X is
an object in C and «: TX — X is a morphism. We call X the carrier and « the
algebra structure. An (algebra) homomorphism from o: TX — X to 3: TY — Y
is a function h: X — Y such that h o & = 8 o Th. The category of algebras and
their homomorphisms is denoted by T-alg.

An initial T-algebra is an initial object in the category T-alg. Thus, given an
initial T-algebra (A, ) there exists, for each T-algebra (X, «) a unique algebra
homomorphism from (A4, k) to (X, a). We call such a morphism the inductive ex-
tension of (X, «). Similar to the case of final coalgebras, initial algebras exist under
mild conditions on the functor.

A signature ¥ is a (possibly infinite) set of operator names ¢ € ¥ with (finite)
arities |o| € N. Equivalently, it is a polynomial functor on Set:

X = [[{o} x XIV = {o(a1,...,25) | 0 € S and Vi.z; € X}
ceX (38)

E(f: X =) (o(z1,. .. 20)) =0(f(z1),..., f(zn))

A Y.-algebra coincides with the standard notion of an interpretation of the signature
¥: a set X together with a function of type X!°l — X for every operator o (see
also Section[2.3). The carrier of the initial ¥-algebra is given by the set of all closed
terms over the signature.

3.4.1 Monads

A monad is a triple 7 = (T,n, 1) where T': C — C is a functor, and #: Id = T and
w: TT = T are natural transformations called unit and multiplication respectively,
such that the following diagrams commute:

nT Tn T
T——1TT<—=T TTT —TT
\ \H/M/ }LTﬂ/ \H/IL (39)
T TT —=T

An Eilenberg-Moore algebra for 7 (or T-algebra, or algebra for the monad T) is a
T-algebra a: TX — X such that the following diagram commutes:

x X rx <L rrx

\ ia ilix
X ~a TX
A T-algebra homomorphism is simply a T-algebra homomorphism. We denote the

category of T-algebras and their homomorphisms by 7-Alg, and the associated
forgetful functor by U: T-Alg — C.
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Throughout this thesis we often use 7 to denote a monad and 7" to denote a
functor. Accordingly, a 7-algebra is an (Eilenberg-Moore) algebra for a monad,
whereas a T-algebra is an algebra for a functor.

Given any C-object X, the algebra (T'X, ux) satisfies a universal property: for
any T-algebra (A, «) and any arrow f: X — A, there is a unique algebra homo-
morphism f#: TX — A such that ff oy = f, given by f# = a0 T'f.

Let (T,n, 1) and (K, 0, v) be monads. A monad morphism is a natural transfor-
mation o: T = K such that the following diagram commutes:

ld == T <-=1TT

\ ﬂ” ﬂw (3.10)

K<<=KK

where 00 = KoooT =cK oTo.
Example 3.4.1. We list a few examples of monads.

1. The powerset functor P is a monad, with unit n: |[d = P and multiplication
p: PP = P given by:

nx(z) ={z} and ux(S)= U U.
ves

The finite powerset functor P,, extends to a monad in a similar way.

2. Given a semiring S, the functor M extends to a monad, by taking

1 ifx=y
0 otherwise

nx(z)(y) = {

PeSX

The case of P, is obtained by taking the Boolean semiring. Notice that y is
well-defined since its argument ¢ has finite support, by definition of M.

3. Suppose ¥ is a polynomial functor representing a signature (3.8)). Consider
the functor ¥*, which maps a set X to the set of terms over ¥ with variables
in X, as given by the grammar ¢ ::= x | o(t1,...,1|,|), where x ranges over
X and o ranges over the operator names. Given f: X — Y, the function
Y*f: ¥*X — ¥*Y is defined by substitution. The functor ¥* extends to a
monad, where the multiplication ;s glues terms over terms, and the unit 5
interprets a variable as a term. This monad is defined properly below; it is
called the free monad for X..

Let X: C — C be an arbitrary functor. A free 3-algebra for a C-object X is an
initial 3 4+ X-algebra. The existence of free algebras for every object X amounts
to the existence of a left adjoint F' to the forgetful functor U: ¥-alg — C. Itis a
standard fact in category theory that an adjunction yields a monad; we spell out



60 Chapter 3. Preliminaries

some of the details. Suppose a left adjoint F to U exists, let ¥* = UF: C — C
and let 7: Id = X* be the unit of the adjunction. The functor F' induces a natural
transformation : XX* = 3* such that (the copairing of)

KX nx

¥ X XX X (3.11)

is the free X-algebra for X. This means that for any X-algebra (Y, «) and any
f: X — Y there exists a unique homomorphism f* as in the following diagram:

st
XXX ——=3Y

st x -y
nx
T/
X

Then the free monad for ¥ is defined as (X*, 7, 1) where 7 is the unit of the adjunc-
tion, and  is defined on a component X as the unique morphism gy : ¥*3*X —
¥*X such that ux o ng«x = id.

Example 3.4.2. Suppose ¥* is the (underlying functor of the) free monad for ¥
arising from a signature, as described in Example @). The fact that *X is
a free Y-algebra amounts to the following: given any Y.-algebra A, there is a one-
to-one correspondence between maps f: X — A and algebra homomorphisms
ft ¥*X — A. Here f can be viewed as a variable assignment, and f* as its
inductive extension to terms.

Suppose (X*,n, 1) is the free monad for a functor ¥. Any X-algebra a: ¥ X —
X then yields an Eilenberg-Moore algebra a: ¥>*X — X, defined by the unique
extension of idx to an algebra morphism from ¥* X to X. In fact, this construction
yields an isomorphism between the category X-alg of algebras for the functor ¥
and the category ¥*-Alg of algebras for the free monad >*.

3.5 Bialgebras and distributive laws

Bialgebras consist of an algebra and a coalgebra structure over a common carrier.
The interaction between algebra and coalgebra can be captured by distributive laws.
These provide enough structure to study operational semantics, determinization
and recursive equations in a systematic manner; see [TP97, Bar04, Kli11}, JSS12]
for more information.

Let T, B: C — C be functors. A distributive law of T over B is a natural trans-
formation A\: TB = BT. This is the simplest type of distributive law, and we
sometimes refer to it as a distributive law between functors. Given such a ), a
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A-bialgebra is a triple (X, «,§) so that «: TX — X is a T-algebra, 6: X — BX isa
B-coalgebra and the following diagram commutes:

TX —*>x—2>Bx
T(Si TBO( (3.12)
TBX ———> BTX

X

A \-bialgebra homomorphism is a map that is both an algebra and a coalgebra
homomorphism. Any distributive law defines liftings of T' and B:

B-coalg I, B-coalg T-alg B, T-alg
C—— ¢ C——F5—>C

defined on objects by

T(X,6) = (TX,Ax oT6)  B(X,a)=(BX,Bao\x)

Notice that commutes iff § is a B-coalgebra with carrier (X, ) iff o is a
T-algebra with carrier (X, §). Indeed, the category of \-bialgebras is isomorphic to
the category of B-coalgebras and the category of T-algebras.

If B has a final coalgebra (Z, (), we can use T and coinduction to construct a
bialgebra on Z:

TZ--->Z
T(\L

TBZ ¢
BTZ ——~ BZ

This bialgebra is final in the category of \-bialgebras.

Lemma 3.5.1. Let A\: TB = BT be a distributive law (between functors). The final
coalgebra (Z, ¢) lifts to a final \-bialgebra.

Similarly, if T has an initial algebra (A, ) then we can lift it to an initial -
bialgebra, see, e.g., [Klil1] for details. Instead of spelling this out, we will consider
initial bialgebras and their properties for a more general type of distributive law in
the next subsection.
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3.5.1 Distributive laws of monads over (copointed) functors

Let 7 = (T,n, 1) be a monad. A distributive law of 7 over B is a natural transfor-
mation \: TB = BT such that the following diagrams commute:

B
B—-TB TTB =2 TBT =L BTT
NE AT
BT TB BT

A

A distributive law \ as above induces a lifting B: T-Alg — T-Alg of B to the
category of Eilenberg-Moore algebras for the monad 7. In fact, there is a one-
to-one correspondence between distributive laws A\ as above and liftings of B to
T-Alg [Joh75| TP97].

Suppose A is a distributive law of 7 over B. Any coalgebra 6: X — BTX
can then be extended to a homomorphism §*: (TX,ux) — B(TX,ux) so that
6% o nx = 4. Notice that ¢* is defined by

A B
X s rpTX 2% BrTX MS BTX (3.13)

This yields another lifting 7': TB-coalg — B-coalg of T. Now, consider the coin-
ductive extension below:

X—2rsrx-" sz

5l /aﬁ lc (3.14)

BTX BZ

Bh

Since the final B-coalgebra lifts to a final B-coalgebra (similar to Lemma ,
the coinductive extension / is an algebra homomorphism. This can be interpreted
as stating that the semantics is compositional, in the sense that behavioural equiv-
alence on ¢* is a congruence.

The above use of distributive laws to turn 7'B-coalgebras into B-coalgebras
(and obtaining a semantics from the coinductive extension) is sometimes inter-
preted as a general way of solving corecursive equations (e.g., [Bar04, Jac06b]); it
is also called the generalized powerset construction [[SBBR13|1JSS12].

Example 3.5.2 ([SBBR13}JSS12]). In Section [3.1.1]we have seen informally how
to determinize non-deterministic automata. This construction arises from a dis-
tributive law A: P, (2 x 1d*) = 2 x (P—) of the powerset monad over the functor
2 x 1d*, given by

Ax(S) = \/ 0, A\a. U t(a)

(o,t)€S (o,t)€S
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Spelling out the details of the construction in Equation yields the classical
powerset construction, as in Section The composition h o nx in is
the usual language semantics of non-deterministic automata (obtained via deter-
minization).

Similarly, the determinization of weighted automata arises from a distributive
law A\: MB = BM where BX =S x X4 and ) is defined by

Ax (Zﬁ:(Outi)) = (Zr, . oi,)\a.Zn«ti(a)> .

The composition h o nx in (3.14) maps a state to the weighted language that it
accepts, see [JSS12,BBBT12].

There is yet another type of distributive law, which is particularly suitable for
operational semantics, as we will see below. To define it we need the notion of a
copointed functor, which is a pair (B, ¢) where B: C — C is an endofunctor and
€: B = |d a natural transformation. A coalgebra for a copointed functor (B, ¢) is
a B-coalgebra (X, 6) such that ex o § = id. We will frequently consider copointed
functors (B x Id, m3); such a functor is called the cofree copointed functor for B. It
is easy to see that B-coalgebras are in one-to-one correspondence to coalgebras for
(B x Id, m2). Now, a distributive law of a monad (T, 5, 1) over a copointed functor
(B, ¢€) is a distributive law A of (T, 7, u) over B such that, additionally, the axiom

TB

g \

BT?T

is satisfied. (We note that this can be further generalized by considering distributive
laws of monads over comonads; for a formal definition see, e.g., [Kli11].)

3.5.2 Abstract GSOS

In this section we consider abstract GSOS, which provides specification formats
for defining operations on coalgebras, and allows to study operational semantics
in a general fashion. It is a generalization of GSOS, which is a syntactic format
for transition system specifications (see Example below). An abstract GSOS
specification of ¥ over B is a natural transformation p: (B x Id) = BX*. The fol-
lowing result [[TP97] states that distributive laws of monad over copointed functor
can be presented by abstract GSOS specifications.

Lemma 3.5.3. There is a one-to-one correspondence between abstract GSOS specifi-
cations p of ¥ over B and distributive laws p! of the free monad X* over the cofree
copointed functor B x Id.
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For a full proof, see [LPWO04, Bar04]]. Given p, p' is defined on a component X
using initiality:

Z T
Y (BX x X) ——> ~ N(BY*X x 9X)

l(ﬂz*xf‘ﬂﬂ

KBX x X BY*¥*X x ¥¥*X
prxmx (3.15)
i

S*(BX % X) ——% > BY*X x $*X

NBX x X
Bnx xXnx

BX x X

A model of p is a triple (X, «,d) where a: ¥X — X is a Y-algebra and §: X —
BX a B-coalgebra, such that the diagram

Y —2 > x—%.Bx

E(é,id)l TB&

commutes. There is a one-to-one correspondence between models for p and p-
bialgebras; more precisely, a triple (X, a,d) is a model of p iff (X, a, (4,id)) is a
pi-bialgebra. Based on this correspondence, it is easy to establish that behavioural
equivalence on (the coalgebra part of) any p-model is a congruence. The p-model
corresponding to the initial p'-bialgebra is sometimes referred to as the operational
model of p. We consider a few examples of abstract GSOS for particular choices
of the behaviour functor B; for many other instances of abstract GSOS, see (the
references in) [KILil1].

Example 3.5.4. Abstract GSOS is a generalization of GSOS, a format for transition
system specifications introduced in [BIM95]]. Given a signature, a GSOS rule for an
operator o of arity n is of the form

. bi
{@; Rl Yjti=1..m {xi, Ae=1.1

o(xy,. .., 1) St

(3.16)

where m is the number of positive premises, [ is the number of negative premises,
and ay,...,am,b1,...,b,c € A are labels. The variables 1, ..., z,, y1,...,Yymn are
pairwise distinct, and ¢ is a term over these variables.

GSOS rules for a signature ¥ induce abstract GSOS specifications of ¥ over the
functor BX = (P,X)4 of labelled transition systems. Conversely, every GSOS
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specification arises from an abstract GSOS specification. This correspondence was
first observed in [TP97], and proved in detail in [BarO4]; see also [Klil1] for a
detailed explanation. The unique p-model on the initial algebra corresponds to the
supported model of a GSOS specification. The well-known fact that bisimilarity on
the supported model of a GSOS specification is a congruence, thus follows from
the abstract underlying theory of distributive laws.

A simple example of a GSOS specification is given by the parallel composition
operation. Let A = N U N U {7} where N is a set of labelsand N = {@ | a € N};
we let @ = a. The parallel composition is then defined by the following rules:

a . a . g a a .

aly S aly  aly = aly aly = @'y’

We define this as an abstract GSOS specification p: X((P,—)? x Id) = P, (£-)4,
where ¥ X = X x X (we model a binary operator). Then, on a component X,
px: (PuX)? x X) x (PuX)? x X) — (P, (X*X))4 is given by

p(f,z,9,9) (1) ={(2'|y) | 2" € f(r)}U{(z]y') | v € g(7)}
U{('ly") | " € f(a) and ' € g(a)}
and for any a € A with a # 7:

p(f,z,9,9)(a) = {(@'ly) | 2" € f(a)} U{(z]y') | v € g(a)}.

Notice that the carrier of the operational model of p is empty; this is because we
did not add any constants to the signature and the specification. If we do, then the
operational model will be a transition system whose states are the terms built from
these constants and the parallel operator, and where the behaviour of a term p|q is
dictated by the GSOS rules above.

Example 3.5.5. Behavioural differential equations for streams, such as those de-
fined in Section|3.1.1} can be presented by abstract GSOS specifications of ¥ over
BX = A x X, where ¥ is the signature functor representing the syntax. The
precise format and definitions are well explained in [HKR14]. For example, to
define the operations of sum, convolution product and the constants [r] we take
YX =X xX+ X x X +R and define p: ¥((R x Id) x Id) = R x X* by cases:

A= (o)
ph((a e x), (0, y) = (a+ba’ +y)

px (a2, 2),(b,y'y)) = (a-b, (2" xy)+(axy))

The shuffle product is also easily defined this way. The shuffle inverse is a bit more
problematic, since it is not always defined. One ad-hoc way of solving this is by
just assigning it some fixed constant value in those cases.

The operational model of p then consists of the closed terms over ¥, and its
coalgebra structure is defined by induction according to p. The coinductive exten-
sion yields the semantics, and this is compositional with respect to the algebraic
structure induced on the final coalgebra.
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Similarly, the format of behavioural differential equations for deterministic au-
tomata presented in Definition induces GSOS specifications for the functor
BX =2 x X*. We did not formally prove the converse, i.e., that every such spec-
ification arises from an abstract GSOS specification, although this seems rather
likely. The format of behavioural differential equations in Definition thus
consititutes a concrete, syntactic presentation of GSOS specifications for determin-
istic automata.

The GSOS format for streams and the one for deterministic automata give rise
to specific types of behavioural differential equations. BDEs can be defined more
generally, for instance involving second derivative, which can not be expressed in
these formats. The advantage of (abstract) GSOS is that it is quite expressive and
covers most examples encountered in the literature, while these specifications are
still well-behaved: they give rise to a compositional semantics, and have distribu-
tive laws and bialgebras as a solid underlying mathematical theory.



Chapter 4

Bisimulation up-to

The theory of coalgebras provides bisimilarity as a fundamental notion of equiva-
lence between systems. In this chapter, we introduce enhancements of the proof
technique for bisimilarity at this abstract level, by providing a general account of
bisimulation up-to techniques for arbitrary coalgebras. We show the use of these
up-to techniques by instantiating them to (non)deterministic automata, weighted
automata and stream systems.

The main challenge is to provide generic up-to techniques that are sound, mean-
ing that they can safely be used for proving bisimilarity. One difficulty is that
sound functions do not compose, thus obstructing a modular approach to proving
the soundness of up-to techniques in terms of their basic constituents. This is-
sue was addressed by Sangiorgi [[San98]] and Pous [Pou07, [PS12[], who introduced
up-to techniques in the setting of coinduction in a lattice. The central feature in
the framework of [PouQ7] is the notion of compatible functions, defining a class
of sound enhancements that is closed under composition. By instantiating this
framework to coalgebraic bisimilarity, we obtain compatibility as a modular way of
proving soundness.

The first up-to technique that appeared in the literature is Milner’s bisimulation
up to bisimilarity [Mil83]]. We show that this is compatible whenever the behaviour
functor under consideration preserves weak pullbacks. The equivalence closure is
also useful as an up-to technique, and its compatibility depends on weak pullback
preservation as well. In the presence of algebraic structure on the state space, the
notion of bisimulation up to context becomes relevant; we show that this is compat-
ible whenever the coalgebraic and algebraic structure together form a A-bialgebra.
This implies, for instance, that bisimulation up to context is sound on the supported
model of any GSOS specification, which is more general than the De Simone format
considered in [San98]]. Moreover, our compatibility results can be combined; for
instance, the compatibility of the congruence closure follows from that of the equiv-
alence and contextual closure. The soundness of bisimulation up-to techniques for
languages, as considered in Chapter 2] is an immediate consequence.

If the behaviour functor under consideration does not preserve weak pullbacks,

67
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then one may be interested in behavioural equivalence rather than bisimilarity (if
the functor preserves weak pullbacks then these two coincide, see Section [3.1)).
This is the case, for example, for certain weighted transition systems [GS01], K1i09,
BBB™12] and for neighbourhood structures used in modal logic [HKPO9]. We
conclude this chapter with a treatment of up-to techniques for behavioural equiv-
alence, and show in particular the compatibility of the contextual closure and the
equivalence closure.

Throughout this chapter we only consider coalgebras in the category Set of sets
and functions. Most of the technical results are a special case of more general
results on coinductive up-to techniques, presented in Chapter [5|of this thesis. The
current chapter explains the essentials of up-to techniques for the fundamental
coinductive predicate of coalgebraic bisimilarity, requiring only basic knowledge of
category theory.

Outline. The next section contains the definition of bisimulation up-to. The main
instances of up-to techniques as well as a number of example proofs are in Sec-
tion Section is a short overview of Pous’s framework. This is instantiated
in Section [4.4] to prove the main soundness results. Section[4.5|treats behavioural
equivalence up-to. In Section 4.6|a short summary of the soundness results is pro-
vided.

4.1 Progression and bisimulation up-to

The definition of bisimulation up-to on labelled transition systems can be stated
conveniently in terms of progression [PS12]], which we generalize to a coalgebraic
setting as follows.

Definition 4.1.1. For a coalgebra 0: X — BX and relations R,S C X x X, we
say R progresses to S if there exists a function v: R — BS making the following
diagram commute:

™1 ™2

X R X

| R

BX <5~ BS 7 BX

We recover the standard definition of a bisimulation on a single coalgebra (Sec-
tion [3.1)) by taking R = S, i.e., a relation R that progresses to itself. Progression
allows to define bisimulation up-to, and the crucial associated notion of soundness.

Definition 4.1.2. Let §: X — BX be a coalgebra and g: P(X x X) —» P(X x X)
be a function. A relation R is a bisimulation up to g if R progresses to g(R), i.e., if
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there is a function v: R — B(g(R)) making the following diagram commute:

BX <.— B(g(R)) .- BX
T T2

We say that g is (¢)-sound if the following implication holds, for any R C X x X:
if R is a bisimulation up to g then R C ~y ,
that is, ¢ is sound if every bisimulation up to g is contained in bisimilarity.

Informally, to check that R is a bisimulation up to g, the derivatives or next
states need not be related by R again, but by g(R). Depending on g(R), which in
most examples is a bigger relation than R, this is a weaker requirement than the
usual conditions for showing R to be a bisimulation. However, we only obtain a
valid proof principle for bisimilarity if g is sound: then, to prove that two states are
bisimilar, it suffices to relate them by a bisimulation up to g. Therefore, our main
aim is to find useful functions ¢ that are sound.

Not every function is sound; for a simple example, take the function g that maps
every relation R on X to the Cartesian product X x X. Then, a relation R on the
states of a transition system is a bisimulation up to g if for each (x,y) € R and each
label a: there is z/ such that % 2’ if and only if there is ¢/ such that z = 3.
Clearly, this g is not sound.

4.2 Examples

We introduce the most important instances of bisimulation up-to for a variety of
systems. In each case, the up-to technique under consideration is sound (under
certain assumptions), which follows from results in subsequent sections of this
chapter. Thus, all of these examples can be seen as actual proofs of bisimilarity.
More details on the types of coalgebras under consideration and their associated
notions of bisimulation can be found in Example and Example

Bisimulation up to equivalence

Consider the function eq mapping a relation R to its equivalence closure eq(R). A
bisimulation up to eq is also called a bisimulation up to equivalence.

Example 4.2.1. Given a coalgebra §: X — X + 1, a relation R on X is a bisimula-
tion up to equivalence if for all (z,y) € R: either §(x) = % = d(y), or (§(x),d(y)) €
eq(R). This is different than a bisimulation, which requires (6(x),d(y)) € R rather
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than (6(z),0(y)) € eq(R) (Example[3.1.2)). Consider the following coalgebras and

~ \ \ /

{(a,0)} (c d), (d, 6)} g.h

All three relations are bisimulations up to equlvalence, whereas none of them are
actual bisimulations. Consider, for example, the relation {(a,b)}: we have §(a) = b
and 0(b) = a, but (b,a) ¢ {(a,b)}. However, the pair (b,a) is in the least equiva-
lence relation containing {(a,b)}.

a/"’\
v

The equivalence closure decomposes as
eq = traosym o rfl

where tra is transitive closure, sym is symmetric closure and rfl is reflexive closure.
The relation {(a,b)} from the above example is a bisimulation up to sym, {(g, %)}
is a bisimulation up to rfl and {(c, d), (d, e)} is a bisimulation up to tra o sym.

Example 4.2.2. Consider the deterministic automaton below, with final states
7,%,v,w and transitions given by the solid arrows. The relation given by the four
dashed lines together with the dotted line (g, w) is a bisimulation.

a,b a,b

a,b
-

x z
I I

' [

| !

! w
|

u

The relation R denoted by the four dashed lines is not a bisimulation, since z LA Y

and u % w but (y,w) ¢ R. However, R is a bisimulation up to equivalence,
since the pair (y,w) is in eq(R). Hopcroft and Karp’s algorithm [HK71]] exploits
this technique for checking equivalence of deterministic automata: rather than
exploring n? pairs of states (where n is the number of states), the algorithm visits
at most n pairs (that is the number of equivalence classes) (cf. [BP13]).

Bisimulation up to bisimilarity

Let ~ be the bisimilarity relation of a given coalgebra §: X — BX, and consider
the bisimilarity closure function bis: P(X x X) — P(X x X) defined by

bisé(R):NORON.

The function biss composes a relation with bisimilarity on both sides. In the sequel
we sometimes drop the subscript § and write bis, if the coalgebra under considera-
tion is clear from the context.
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A bisimulation up to bis is called a bisimulation up to bisimilarity. This is the
very first up-to technique that appeared in the literature, in the context of labelled
transition systems [Mil83].

Example 4.2.3. In this example, we prove that the stream [1] = (1,0,0,...) is the
unit for the shuffle product ®, that is, ¢ ® [1] ~ o. Let T be the set of terms given
by the grammar ¢t ==t ®¢ | t + ¢ | [r], where [r] ranges over {[r] | » € R}. As
explained in Section together with the appropriate behavioural differential
equations, this induces a coalgebra ((—)o,(—)"): T - R x T.

We make use of the relation R = {(c ®[1],0) | 0 € T'}. For any o € T, we have
(c®[1])o = 00 - [1]o = 0o. Further (¢ @[1]) =o' @[1]+0@[1] =’ @ [1] + 0@ [0];
this element is not related to ¢/, so R is not a bisimulation. However given some
basic laws of stream calculus, in particular o ® [0] ~ [0], o + [0] ~ o and the fact
that ~ is a congruence, we obtain

(0’ @ [1]) + (e @ [0]) ~ (o' @ [1]) + [0]) ~ (o' @ [1]) R o’

so R is a bisimulation up to bisimilarity (we use that ~ is reflexive and transitive
on stream systems), proving that o ® [1] ~ o.

On a final coalgebra, bisimilarity implies equality, so bisimulation up to bisimi-
larity is not interesting there.

Bisimulation up to union
Given a fixed relation S, we define ung: P(X x X) — P(X x X) by
ung(R)=RUS.

A bisimulation up to ung, is called a bisimulation up to union with S or bisimulation
up to S-union. If R is a bisimulation up to union with S, then next states are related
either by R or by S. This technique is useful in combination with other ones, such
as the equivalence closure eq. For instance, any bisimulation up to bisimilarity is
also a bisimulation up to eq o un...

Bisimulation up to context

If the state space of the coalgebra under consideration has algebraic structure, then
the notion of bisimulation up to context becomes relevant. Let T': Set — Set be a
functor. For a T-algebra (X, «), the contextual closure function ctx,: P(X x X) —
P(X x X) is defined using relation lifting (Section 3.2.1):

ctxa(R) = (a x a)(Rel(T)(R)) = {(a o Tm(t),a 0 Tma(t)) | t € TR}.  (4.1)

We call ctx,(R) the contextual closure of R. Whenever « is clear from the context
we simply write ctx(R). If R is a bisimulation up to ctx then we call R a bisimulation
up to context. In many of the examples, T is the underlying functor of a monad,
and « is an algebra for the monad. However, the above definition does not require
this: « is simply an algebra for the functor 7'
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Example 4.2.4. Let ¥* be the free monad for a polynomial functor representing
a signature, with multiplication x: ¥*%* = ¥* (Section [3.4). Given a relation
R C ¥*X x¥*X, the contextual closure ctx,,, (R) C £*X x¥*X can be inductively
characterized by the following rules:

sRt sictx(R)t; i=1...n
sctx(R) t (81, 8n) CX(R) o(t1,...,tn)

foreacho € ¥, 0| =n

This slightly differs from the definition in [PS12]] where the contextual closure is
defined as

ctd(R) = {(C[s1,...8n),C[t1,...tn]) | C a context and for all i: (s;,t;) € R}

(a context C'is a term with n > 0 holes []; in it). In our case, ctx’ can be obtained as
ctx o rfl, i.e., by precomposing ctx with the reflexive closure function rfl. To see the
difference, consider, for instance, the signature which has only a binary operator
+, and let R = {(x,y)}. Then the pair {(z + =,z + y)} is in ctx’(R) but not in
ctx(R).

Example 4.2.5. Every weighted automaton (X, (o, t)) induces a coalgebra of the
form (of, t¥): MX — R x (MX)4, where MX is the set of linear combinations
with coefficients in R. The coinductive extension of (of,¢!) maps a state z to the
weighted language it accepts (Example [3.5.2)). Therefore, we can prove weighted
language equivalence between states x,y by proving that they are bisimilar on
(o*, %), In this example, we prove bisimilarity by constructing a bisimulation up to
context, thus making use of the algebraic structure on MX.

Given a relation R C MX x MX, its contextual closure ctx(R) C MX x MX
(where the algebra is given by the multiplication of the monad M, see Exam-
ple can be inductively characterized by the following rules:

v Rw - vy cx(R) wy vy ctx(R) wy vcetx(R)w r€eR
vetx(R)yw  0ctx(R) 0 vy + vy ctx(R) wy + wo r-vctx(R) r-w

Now given a weighted automaton (0,¢): X — R x (MX)4, a bisimulation up
to context is a relation R C MX x MX such that for all (v,w) € R we have
0t (v) = of(w) and for all a € A: (£ (v)(a), t(w)(a)) € ctx(R).

As an example, consider the following weighted automaton:

by T30 Jabi b U L0 Jabi
/ Tb,é / Tb,l
a,l a3
24 0——>x1 1 )a} Yol 0—">y1 L1 e}
\La,b,% \ ia,%
1
o J, 1 1a,b,1 @2 Y2 J, 1 }a,b,l

To prove that x( and yq are language equivalent, we need to prove that they are
bisimilar on the induced R x Id“-coalgebra. But a bisimulation containing (z, yo)
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has to be infinite, since it needs to contain the pairs shown below by the dashed
lines:

Tl 00— 1 —2 %$1+%$2¢1$ix1+%x2¢1$'|"
I I | |

I I | I !

|

I I I I |

Yod0—=gp+5y2 b1+ 3wl l gy +fppd 1>

However, the finite relation R = {(x0,%0), (x2,%2), (x3,43), (1, 301 + 342)} is a
bisimulation up to context: consider (z1, %yl + %yg) (the other pairs are trivial)
and observe that we have the following related pairs:

b
X1 LN %331 + %mQ r] —— %.133 + %1‘2
I I
I I
R | ctx(R) R | ctx(R)
I I I I
1 1 1 3 1 1 1 1
Y1+ Y2 —> Y1 + 32 Y1+ 3Y2 > Y3 + Y2

Thus, the finite relation R is a bisimulation up to context. Since this technique
is sound (as we will see in Section [4.4]), this suffices to prove that z( and y, are
bisimilar, and hence accept the same weighted language.

In the above example we used a finite bisimulation up to context to show
weighted language equivalence. Finite bisimulations up to context for weighted
automata are used in [Winl5]] to obtain a decidability result for weighted language
equivalence for a certain class of semirings.

Bisimulation up to congruence

Given a T-algebra a: TX — X, the congruence closure function cgr,,: P(X x X) —
P(X x X) is defined by

Cgry = U(tra U sym U ctx, U rfl)?
i>0

(cf. [BP13]) where U is pointwise union. If R is a bisimulation up to cgr,,, then we
call R a bisimulation up to congruence. The congruence closure and associated no-
tion of bisimulation up to congruence given in Definition|2.3.1|are a special case of
the above. (In fact, many of the examples in Chapter [2]do not use the equivalence
closure, and therefore are also examples of bisimulations up to context.)

Example 4.2.6. We consider weighted automata for the tropical semiring T =
(R U {0}, min, 00, +,0). In this semiring, the addition operation is given by the
function min having oo as neutral element. The multiplication is given by the
function + having 0 as neutral element.
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The weighted automaton (X, (o, t)) given as follows:

a,2
mo:yw&zw ui()}aﬂ
a,2

a,3

induces the coalgebra (M X, (of,t*))) which is partially depicted below (the tran-
sitions are given by the solid arrows, the dashed lines represent a relation).

xiO—a>min(2+y,3+z)¢2—a>mz’n(4+x,5+y)¢4—a>~i~
| | \
\ | \ :
| ! | |
uwl)———>2+u) 22— dtu) 4 —
The states x and u are weighted language equivalent. To prove it we would need
an infinite bisimulation, since it should relate all the pairs of states linked by the
dashed lines in the above figure.

Given a relation R C MX x MJX, its congruence closure cgr (where the al-
gebra is given by the multiplication of the monad M, see Example [3.4.1)) can be
characterized inductively by the following rules:

vRw v cgr(R) w u cgr(R) v cgr(R) w
v cgr(R) w vegr(R) v w cgr(R) v u cgr(R) w

vy cgr(R) w1 vg cgr(R) ws vegr(R)w reRU{oo}
min(vy,ve) cgr(R) min(wy, ws) r+uvcgr(R)r+w
Now consider the relation R = {(z,u), (min(2 4+ y,3 + 2),2 + u)}. To prove that
R is a bisimulation up to congruence we only have to show that (min(4 + z,5 +
y),4+u) € cgr(R):

min(4+ 2,5+ y)
cgr(R) min(4+u,5+y) ((z,u) € R)
cgr(R) min(2+ min(2+y,3+ 2),5+ y) ((min(2+y,3+2),24+u) € R)
= 24+ min(2+y,3+ 2)
cgr(R) 4+4+u ((min(2+y,3+2),2+u) € R)

Note that R is not a bisimulation up to context, since (min(4 + z,5+ y), 4+ u) ¢
ctx(R). Here transitivity is really necessary.

Bisimulation up to union, context and equivalence

A bisimulation up to eq o ctx o ung is called a bisimulation up to S-union, con-
text and equivalence. This extension of bisimulation up to context allows to relate
derivatives of R using ctx(R U S) in “multiple steps”, similar to the case of up-to-
congruence.
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Example 4.2.7. Recall the operations of shuffle product and inverse from Sec-
tion and let T\,; be the set of well-formed terms over shuffle product and
inverse introduced there. We prove that the inverse operation is really the inverse
of shuffle product, that is, 0 ® o=! ~ [1] for all o € T,;(R*) such that oy # 0.
We use that ® is associative and commutative (so ¢ ® 7 ~ T ® o, etc.) and that
o+ (—o) ~ [0] (see, e.g., [Rut03])). Let

R={(c@oc ' ,[1]) | 0 € T (R¥), 00 # 0}.

We can now establish that R is a bisimulation up to ~-union, context and equiva-
lence. First we consider the initial values:

(c@o Vo=00-(c"No=00-(00) ' =1=1[l]o.
Next, we relate the derivatives by eq(ctx(R U ~)):

(e =d@c ' +o ()
= ®ol4o® (- @@ oot
tra(ctx(~)) (0’ @ 07! ) + (=(0' @0 )@ (e @)
ctx(RU~) (0’ @ )+ (—(d'@c ) ®1)
tra(ctx(~)) [0] = [1]

Since tra(ctx(~)) C eq(ctx(R U ~)) and ctx(R U ~) C eq(ctx(R U ~)) we may
conclude that R is a bisimulation up to ~-union, context, and equivalence. Notice
that R is not a bisimulation; establishing that it is a bisimulation up-to is much
easier than finding a bisimulation which contains R.

In the step above where we use ctx(R U ~), we could have used ctx(rfl(R)) in-
stead. Further, since in this example ~ = tra(ctx(~)), the above is also an example
of bisimulation up to context, reflexivity and bisimilarity, that is, a bisimulation up
to bis o ctx o rfl. (Any bisimulation up to context, reflexivity and bisimilarity is also
a bisimulation up to ~-union, context and equivalence.)

4.3 Compatible functions

The above examples illustrate various up-to techniques available for bisimilarity.
Many of these techniques are combinations of simpler ones; for instance, the equiv-
alence closure is a composition of the transitive, symmetric and reflexive closure,
and the congruence closure is a pointwise union of compositions of the transitive,
symmetric, contextual and reflexive closure. Unfortunately, the soundness of a
composed function does not follow from its basic constituents: the class of sound
functions is not closed under composition. It is rather undesirable and sometimes
difficult to reprove soundness of every suitable combination from scratch.

This calls for a theory of enhancements which allows one to freely compose
them. Such a theory was developed in the setting of classical coinduction (Sec-
tion [3.2), at the level of complete lattices [PouQ7, [PS12]]. In the current section,
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we recall the basic definitions and results of this theory. In the next section, we in-
stantiate it to prove soundness of coalgebraic bisimulation up-to in a modular way.
In Section the framework is generalized to an abstract categorical setting.

Let f be a monotone function on a complete lattice L. Recall from Section [3.2]
that the coinductive proof principle then asserts that, to prove that « < gfp(f),
it suffices to prove that < f(x). Enhancements of the coinductive proof method
allow one to weaken the requirement that x is an f-invariant: rather than checking
z < f(x), we would like to check = < f(y) for some y which is possibly above z.
The key idea consists in using a function g to obtain this larger y out of z: y = g(x).
For instance, in the lattice of relations on a fixed set, we often consider functions
that add more pairs to the relation.

Definition 4.3.1. Let f,g: L — L be monotone functions.
e An f-invariant up to g is an f o g-invariant, i.e., a post-fixed point of f o g.

e gis f-sound if all f-invariants up to g are below gfp(f), thatis, if z < f(g(z))
then = < gfp(f).

e gis f-compatibleif go f < fog.

The notion of f-compatible function, which is the heart of the matter, is intro-
duced to get around the fact that f-sound functions cannot easily be composed.
Compatible functions satisfy two crucial properties: f-compatible functions are f-
sound (Theorem|4.3.2) and the composition of two f-compatible functions is again
an f-compatible function (Proposition [4.3.3).

Theorem 4.3.2. All f-compatible functions are f-sound.

Proof. Let f,g: L — L be monotone and suppose g is f-compatible, i.e., go f <
fog.Letz < f(g(x)) be an f-invariant up to g; we need to prove that = < gfp(f).

We first show that ¢*(z) < f(¢**1(x)) for every i € N, by induction on i. The
base case x < f(g(x)) holds by the assumption that x is an f-invariant up to g.
Now suppose g‘(z) < f(¢°t!(z)). Since g is monotone, this means ¢'*!(z) <
g(f(g*t1(x))), and since g is f-compatible we get

9 (2) < g(f(g""(2))) < flglg™ () = f(g""*(2))

as desired. . 4 ' .
Monotonicity of f gives g*(z) < f(V,;en 9' (%)), 50 Vien g (2) < f(Vien 9'(2)),
which means \/; . ¢' (%) < gfp(f), so z <V, .y g'(2) < gfp(f). O

The main reason for the introduction of compatible functions is that they can be
constructed by combining other compatible functions, as stated by the next result.

Proposition 4.3.3. The following functions on L are f-compatible:
1. id—the identity function;

2. cst,—the constant-to-x function, for any f-invariant x;
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3. goh for any f-compatible functions g and h;
4. \/ F for any set F' of f-compatible functions.

In a lattice of relations, the last item states that compatible functions can also be
combined using pointwise union. There is another way of combining two functions
g and h on relations, using relational composition:

(geh)(R) = g(R) o h(R) (4.2)

This composition operator does not always preserve f-compatibility, but the fol-
lowing lemma gives a sufficient condition.

Proposition 4.3.4. If f: P(X x X) — P(X x X) satisfies the following condition:
for all relations R,S C X x X :  f(R)o f(S) C f(RoS) (4.3)
then g e h is f-compatible for all f-compatible functions g and h.

This section is concluded with two lemmas that will be useful in the sequel.
The first one gives an alternative characterization of f-compatible functions. The
second lemma states that the coinductive predicate defined by f is closed under
any f-compatible function.

Lemma 4.3.5. A monotone function g is f-compatible iff for all x,y: = < f(y) implies

g9(x) < f(9(y))-
Lemma 4.3.6. If g is f-compatible then g(gfp(f)) < gfp(f).

4.4 Compatibility results

We instantiate the framework of the previous section to prove soundness of bisimu-
lation up-to techniques in a modular way, using the notion of compatible functions.
To this end, recall from Section [3.2.1] that, given a coalgebra 6: X — BX, one can
define the monotone function bs(R) = (6 x §)~!(Rel(B)(R)) on the complete lat-
tice of relations on X ordered by inclusion, so that bs-invariants are precisely the
bisimulations on §. Progression and bisimulation up-to can also be stated in terms
of this function, as an easy extension of Lemma [3.2.3

Lemma 4.4.1. For any coalgebra 6: X — BX and for any relations R, S C X x X:
R C bs(S) if and only if R progresses to S. As a consequence, given any monotone
function g: P(X x X) — P(X x X) on the lattice of relations,

R is a bisimulation up to g if and only if it is a bs-invariant up to g .

Bisimilarity on ¢ coincides with the coinductive predicate defined by bs (i.e., gfp(bs)).
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Spelling out Definition |4.3.1} a monotone function g is bs-compatible if
gobs Cbsog.

As a consequence of Lemma and the fact that compatible functions are sound
(Theorem [4.3.2), if g is bs-compatible then it is sound in the sense of Defini-
tion i.e., bisimulation up to ¢ is a sound proof technique for bisimilarity.
Since compatible functions can be combined in various ways (Proposition4.3.3)), in
particular by function composition, the advantage of proving compatibility rather
than soundness is that it allows us to compositionally reason about the soundness
of bisimulation up-to.

The instances of bisimulation up-to introduced in Section[4.2|can be roughly di-
vided into three groups: (1) simple enhancements like up-to-union, (2) those that
involve relational composition, such as up-to-transitivity and up-to-bisimilarity,
and finally (3) up-to-context. Derived techniques such as up-to-congruence are
just combinations of these basic enhancements, so their compatibility follows from
proving the compatibility of their constituents.

In the remainder of this section, we show that functions (1) are compatible
for any coalgebra, functions (2) are compatible under a mild condition on the be-
haviour functor, and functions (3) are compatible in the presence of a A-bialgebra.

Theorem 4.4.2. For any B-coalgebra (X, §), the following are bs-compatible:
1. ung—union with S, where S is a bisimulation on §;
2. rfl—the reflexive closure;
3. sym—the symmetric closure.

Proof. By definition, ung is bs-compatible if ung o bs C bs o ung. Instead of proving
this directly, we first decompose ung as

ung(R) = RUS =id(R) Ucstg(R).

By Proposition [4.3.3] id is bs-compatible, and the union of compatible functions is
again compatible; so we only need to prove that the constant-to-S function cstg is
bs-compatible. Since S is a bisimulation, it is a bs-invariant, and thus by Proposi-
tion the constant function cstg is indeed bs-compatible.

For the compatibility of the reflexive closure, we use that the diagonal relation
on any coalgebra is a bisimulation [RutO0]. Since rfl = una,, where Ax is the
diagonal relation on X, rfl is bs-compatible by the first item.

Let inv(R) = R°P. The symmetric closure sym is given by sym(R) = RU R°F =
id(R) Uinv(R). Thus, by Proposition[4.3.3] we obtain bs-compatibility of sym if we
prove that inv is bs-compatible, i.e., that inv o by C by o inv. But this follows easily
from the fact that Rel(B)(R°?) = (Rel(B)(R))°? (Lemma |3.2.4). O
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4.4.1 Relational composition

Bisimilarity on coalgebras is not a transitive relation, in general. However, the mild
condition that the behaviour functor preserves weak pullbacks guarantees that it
is [Rut00]. Similarly, up-to techniques that are based on composition, such as
bisimulation up to transitivity, are not sound in general. In this section, we show
that weak pullback preservation is equivalent to the property of Section 4.3
This property implies that the composition operator e from Section (Equa-
tion (4.2) preserves compatibility. From this fact, compatibility of the transitive
closure and the bisimilarity closure can be derived.

First, we adapt an example from [[AM89] to show that bisimulation up to bisim-
ilarity is not sound in general.

Example 4.4.3. Define the functor B: Set — Set as

BX = {(,’El,l‘g,u’(}g) S )(3 | |{$1,$2,LL’3}| < 2}
B(f)(x1, 2, 23) = (f(21), f(22), f(23))

Consider the B-coalgebra with states X = {0,1,2,0, 1} and transition structure

(0,0,0) 2+ (2,2,2)
1,1,1

Then 0 4 1. To see this, note that in order for the pair (0,1) to be contained in
a bisimulation R, there must be a transition structure on this relation which maps
(0,1) to ((0,0),(1,0),(0,1)). But this triple can not be in BR, because it consists
of three different elements. However, it is easy to show that 0 ~ 2 and 1 ~ 2: the
relation {(0,2), (1,2)} is a bisimulation.

The relation S = {(0, 1), (2,2)} is not a bisimulation, since for that there should
be a function from S to BS mapping the elements as follows:

(0,1) = ((0,1),(0,1),(0,1))  (2,2) = ((2,2),(2,2),(2,2))

and ((0,1),(0,1),(0,1)) is not contained in BS. However, since 0 ~ 2 .5 2 ~ 1, the
triple ((0,1),(0,1),(0,1)) is contained in B(~ o S o ~); so S is a bisimulation up
to bisimilarity. Thus, if up-to-bisimilarity is sound, then S C ~ and consequently
0 ~ 1. It follows that 0 ~ 1, which is a contradiction.

The key to obtaining bs-compatibility of functions that involve relational com-
position, is to assume that the behaviour functor B preserves weak pullbacks. Re-
call that a functor B: Set — Set preserves weak pullbacks if and only if Rel(B)
preserves composition of relations (Theorem [3.2.5). A further equivalent condi-
tion is that bisimulations are closed under composition.

Theorem 4.4.4. A functor B: Set — Set preserves weak pullbacks if and only if the
composition of two B-bisimulations is again a B-bisimulation.
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Rutten [Rut00Q] established the implication from left to right, and the reverse
implication is due to Gumm and Schréder [GS0Q]. Using Theorem and The-
orem we show that preservation of weak pullbacks coincides with the prop-
erty of Section [4.3

Proposition 4.4.5. B preserves weak pullbacks iff for any B-coalgebra (X,J), bs
satisfies ([4.3), i.e., for all relations R, S: bs(R) o bs(S) C bs(R o S).

Proof. Suppose B preserves weak pullbacks. Let (X, ) be an B-coalgebra, R, S C
X x X relations, and (z, z) € bs(R) o bs(S), so there is some y such that (z,y) €
bs(R) and (y, z) € bs(S). Then we have (6(x),d(y)) € Rel(B)(R) and (6(y),d(z)) €
Rel(B)(S), so (6(x),d(z)) € Rel(B)(R) o Rel(B)(S). But by assumption and Theo-
rem 3.2.5|Rel(B) preserves composition, so Rel(B)(R)oRel(B)(S) = Rel(B)(RoS).
Consequently (z, z) € bs(R o S) as desired.

Conversely, suppose that holds; then by Proposition [4.3.4] bs-compatible
functions are closed under e. Let R, .S be bisimulations, so the constant-to-R func-
tion cstr and the constant-to-S function cstg are both bs-compatible by Proposi-
tion[4.3.3] By assumption cstp e csts is bs-compatible, so by Lemma we have
RoS C bs(RoS), and thus R o S is a bisimulation. From Theorem we
conclude that B preserves weak pullbacks. (In fact, we only considered bisimu-
lations on a single coalgebra, whereas the condition 2 of the theorem mentions
arbitrary bisimulations; however, it is easy to prove that, in Set, if bisimulations on
a single coalgebra compose then bisimulations on different coalgebras compose as
well [RBBT15]). O

As a consequence of Proposition 4.3.4and the above result, b-compatible func-
tions are closed under e if the behaviour functor preserves weak pullbacks.

Theorem 4.4.6. Let (X, ) be a coalgebra for a functor B that preserves weak pull-
backs. The following functions are bs-compatible:

1. tra—the transitive closure;
2. eq—the equivalence closure;
3. biss—the bisimilarity closure.

Proof. If B preserves weak pullbacks, then bs-compatible functions are closed un-
der e, by Proposition and Proposition |4.3.4]

For tra, inductively define the functions (—)*" as (—)*! = id and (—)*"! =
id e (—)*". We thus have (R)*! = R and (R)*"! = Ro R*". We prove by induction
on n that (—)*" is bs-compatible for any n € N. The base case is bs-compatibility
of id, which follows from Proposition Further, if (—)*" is compatible then
(—)*"*! =id e (—)*" is also compatible. Thus

tra = U (=)

n>1

is a union of bs-compatible functions, so by Proposition 4.3.3|it is bs-compatible.
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The equivalence closure is eq = tra o sym o rfl, which is a composition of bs-
compatible functions and therefore bs-compatible.

For the bisimilarity closure bis; we have
biss(R) = ~o Ro~ =cst. eid ecst. .

Since ~ is a bisimulation, cst.. is bs-compatible. The bs-compatibility of biss follows
since bs-compatible functions are closed under e, using the assumption. O

4.4.2 Contextual closure

The contextual closure ctx,, is defined with respect to a T-algebra a: TX — X
on the states of a coalgebra 6: X — BX, see (@.1)) in Section[4.2] A first thought
may be that for compatibility of the contextual closure, it suffices if bisimilarity is
a congruence with respect to this algebra, i.e., that bisimilarity is closed under the
algebra structure. However, this is not even enough for the soundness of bisim-
ulation up to context [PS12]. As we show below, in order to prove that ctx is
compatible, it is sufficient to assume that (X, «, §) is a A-bialgebra for a distributive
law A: TB = BT of the functor T over the functor B (thus, ) is simply a natural
transformation).

Theorem 4.4.7. Let (X, «,0) be a A-bialgebra for a distributive law \: TB = BT
of T over B. The contextual closure function ctx,, is bs-compatible.

Proof. Suppose R C bs(S) for some R and S. We prove that ctx, (R) C bs(ctxq(S);
by Lemma this implies that ctx, is bs-compatible. Consider the following
diagram:

R R
o T Ty o

X —TX TR TX X
T&l lT’y lT&
TBr} TBrj5
§ TBX TBS TBX s
BX S BTX BTt BT BT BTX S BX

The existence of v and commutativity of the upper squares follow since R C b;(5),
by Lemma[4.4.1] The lower squares commute by naturality. The (outer) rectangles
commute since (X, «, ) is a A\-bialgebra.

We show that the above argument implies that ctx, (R) progresses to ctx,(S).
Let fr: TR — ctx,(R) be the corestriction of (aoTw!¥, aoTrl): TR — X x X toits
range, so that fr(TR) = ctx,(R). Let fg: T'S — ctxo(S) be defined analogously,
and take f 1;1 to be any right inverse of fr (so we use the axiom of choice). Then
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the following diagram commutes:

et () ctxq (R) e (R)
L
o TTK'{?' Tﬂ'? o
X TX TR TX X
ié iASOT’Y ié
Ba BT‘n"lg BTTr‘QS Ba
BX BTX BTS BTX — BX
\ iB(fs) /
Brie T B(ctxy (§)) — Brge

This means that ctx, (R) progresses to ctx,(.5), and thus ctx, (R) C b, (ctx,(S)) by
Lemma [4.4.1] O

Remark 4.4.8. The greatest bisimulation on a A-bialgebra is closed under the al-
gebraic operations. This was first shown by Turi and Plotkin [TP97] under the
assumption that B preserves weak pullbacks; Bartels [Bar04]] showed that this as-
sumption is not necessary. We obtain the same result (for Set functors) as a direct
consequence of the above Theorem and Lemma [4.3.6

Under the assumption of a behaviour functor that preserves weak pullbacks
and a \-bialgebra, the congruence closure cgr,, is compatible as well, since it is a
union of (compositions of) rfl, tra, sym and ctx,, and each of these is compatible
by Theorems [4.4.2] |4.4.6|and [4.4.7|

Coalgebras for copointed functors. There are many interesting examples of \-
bialgebras of the form (X, «, (4,id)), for some \: T(B x Id) = BT x T} in par-
ticular, this is relevant when \ arises from an abstract GSOS specification (Sec-
tion [3.5). However, while Theorem gives us b; i) -compatibility of the con-
textual closure ctx,, it does not provide bs-compatibility. We recall a counterexam-
ple from [PS12].

Example 4.4.9 ([PS12]]). Consider the following specification of the prefix and the
replication operation on labelled transition systems:

a /

=

a 1z Slp|x!
a.x — T le =zl

together with the standard definition of the parallel operator x|y (Example [3.5.4)),
and the constant 0, which has no transitions. This specification is in the GSOS
format. While this is arguably not the best way to specify replication in the context
of CCS [PS12], it suffices for our purposes. This specification induces a coalgebra
on closed terms. Now abbreviate .0 and ¢.0 by b and ¢ respectively, and consider
the relations R = {(la.b,!a.c)} and S = {(la.bb, la.c|c)}. Then R progresses to S,
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but ctx(R) does not progress to ctx(S). For example, (a.la.b,a.la.c) € ctx(R) but
la.b is not related to !a.c by ctx(S). Thus, by Lemma the contextual closure
ctx is not bs-compatible.

The solution of [[PS12] is to consider invariants for a different function b/, de-
fined as bj(R) = bs(R) N R. But by = b4 (an exercise in relation lifting), so in
our framework this function arises naturally from the fact that one needs to con-
sider a coalgebra for the cofree copointed functor in order to obtain compatibility.

In terms of progressions, we have R C bj(.S) if and only if R progresses to .S
and R C S. Thus if R progresses to g(R) for a function satisfying R C g(R), then
R C bj(g(R)). But notice that for most functions g considered in Theorem [4.4.2)
and Theorem[4.4.6)we have R C g(R); an exception is the constant-to function. For
the contextual closure function it suffices to assume that the functor T is pointed,
i.e., there is a natural transformation n: Id = 7', and « is an algebra for this pointed
functor, meaning that a o n = id. This holds in particular when « is an algebra for
amonad (7,7, u).

4.4.3 Bisimulation up-to modulo bisimilarity

We investigate the situation that there are two coalgebras on a common carrier,
that behave the same up to bisimilarity. It turns out that in this case, if the functor
preserves weak pullbacks, compatibility of a function ¢ on one coalgebra can be
transferred to compatibility of bis o g o bis on the other. This rather technical result
is only applied in Chapter|[6] and does not play a further role in the current chapter.
It was presented in [RB15].

Definition 4.4.10. Let ¢, be B-coalgebras on a common carrier. We say ¢ and
¥ are equal up to bisimilarity if the bisimilarity relation ~s, between ¢ and ¥ is
reflexive.

If B preserves weak pullbacks, then an equivalent definition is that the identity
relation A is a bisimulation up to bisimilarity.

Lemma 4.4.11. Let 6,9: X — BX be coalgebras that are equal up to bisimilarity
and assume that B preserves weak pullbacks. Then ~5 = ~s 9 = ~y.

Proof. By assumption ~yg ¢ is reflexive, and by Theorem the composition of
two bisimulations is again a bisimulation. The desired equalities are now easy to
prove; for example, ~5 C ~s o ~; 4 by reflexivity of ~; 4, and ~s5 o ~59 C ~sy9
since ~; o ~; » is a bisimulation between ¢ and ¥ and therefore contained in ~y 4,
the greatest such bisimulation. Conversely, ~s54 C ~g9 0 ~g s C ~s by a similar
argument. O

Lemma 4.4.12. Let B, and ¢ be as in Lemma
1. If R C bs(S) then bis(R) C by(bis(S)).

2. If g is bs-compatible then bis o g o bis is by-compatible.
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where bis is defined w.r:t. the bisimilarity relation ~ (of both ¢ and V).

Proof. Suppose R C b;(S), and let (z,y) € R; then d(z) Rel(B)(S) d(y). Since § and
¥ are equal up to bisimilarity, we have ¢(z) Rel(B)(~) 6(x) and §(y) Rel(B)(~) ¥(y).
Hence
U(z) Rel(B)(~) 6(x) Rel(B)(5) d(y) Rel(B)(~) ¥(y)

and since B preserves weak pullbacks, this implies ¥(z) Rel(B)(~ o S o ~) ¥(y)
(Theorem[3.2.5)). Thus R C by(~ oS o~); by compatibility of bis and Lemma [4.3.5]
this implies ~o Ro~ C by(~o~0S0~on~), and by transitivity of ~ (B preserves
weak pullbacks) then bis(R) C by(bis(.59)).

For (2), suppose R C by(S). By (1) (replacing ¢ by ¢ and vice versa) then
bis(R) C bs(bis(.S)). We apply bs-compatibility of ¢ to obtain g o bis(R) C bs(g o
bis(S)). Finally, again apply (1) and get bis o g o bis(R) C by(bis o g o bis(S)). O

4.5 Behavioural equivalence up-to

Whenever the functor B does not preserve weak pullbacks (as it is the case, for
instance, with certain types of weighted transition systems [GS0T} K1i09, BBB™12])
one can consider behavioural equivalence, rather than bisimilarity. In the current
section, we instantiate the framework of Section to develop up-to techniques
for behavioural equivalence.

Recall from Section that behavioural equivalence = on a coalgebra §: X —
BX is defined as follows: z = y iff there is a homomorphism h from (X, J) into
some coalgebra such that h(x) = h(y). As we see below (Lemma |4.5.1)), be-
havioural equivalence ~ can equivalently be characterized as the greatest fixed
point of the monotone function bes: P(X x X) — P(X x X) on the lattice of
relations on X, defined as follows [AM89]:

bes(R) = {(z,y) | Bqr 0 d(x) = Bqr ©d(y)}

where gr: X — X/eq(R) is the quotient map of eq(R) (we sometimes drop the
subscript ¢ from be;s if it is clear from the context).

Lemma 4.5.1. Let = be behavioural equivalence on a coalgebra 6: X — BX. Then
x = y if and only if there is a relation R such that R C bes(R) and (z,y) € R.

Proof The quotient map ¢r from the definition of bes(R) is a coequalizer, and
therefore a coalgebra morphism [Rut00, Theorem 4.2], which gives the implication
from right to left. For the converse, we let h be a coalgebra morphism from ¢ and
we prove that the kernel ker(h) = {(x,y) | h(z) = h(y)} of h is a bes-invariant, i.e.,
we show that the following inclusion holds:

ker(h) C bes(ker(h)) = {(z,y) | Bgod(zx) = Bqod(y)}

where ¢: X — X/ker(h) is the quotient map of (the equivalence relation) ker(h).
By [Rut00, Theorem 7.1], h equals the composition of coalgebra homomorphisms
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h = m o q where ¢ is as above and m is a monomorphism. This means that ¢(z) =
q(y) for any (x,y) € ker(h), and since ¢ is a coalgebra morphism from ¢, we get
Bgod(x) = Bqod(y). Thus ker(h) C bes(ker(h)). O

The relation R of Example is a beg-invariant. Note that, intuitively, bes-
invariants are implicitly “up to equivalence”, since the next states can be related by
the equivalence closure eq(R).

We proceed to consider be-compatibility of the equivalence closure and contex-
tual closure. In the previous section, we used the property from Section
to prove b-compatibility of transitive and equivalence closure. However, this prop-
erty does not hold for be, that is, in general it does not hold that be(R) o be(S) C
be(R o S). This is shown by the following example.

Example 4.5.2. Consider the identity functor BX = X and the B-coalgebra with
states {x,y} and transitions ¢ — z and y — y. Let R = {(z,y)}. Then be(R) =

{(z,2), (y,9), (z,9), (y, )} and be(0) = {(z,z), (y,y)}. Now

be(R) o be() = {(z, z), (v,y), (z,y), (y, z)} , whereas
be(R o §) = be() = {(x,2), (y,9)} -

Indeed, be(R) o be(f) is not included in be(R o 0).
This motivates to prove be-compatibility of eq directly.
Theorem 4.5.3. Let (X, §) be any coalgebra. The following are bes-compatible:
1. rfl—the reflexive closure;
2. eq—the equivalence closure;
3. ung—union with S (for a behavioural equivalence S).

Proof. Ttems 1 and 3 are analogous to Theorem We proceed with the com-
patibility of the equivalence closure. First, notice that eq o be = be since be(R) is
an equivalence relation for any relation R. Second, since eq(R) = eq(eq(R)) for
any R, the quotient maps in the definition of be(R) and be(eq(R)) are equal, so
be(R) = be(eq(R)). Thus eq o be = be = be o eq. O

Notice that the be-compatibility of the equivalence closure does not require any
assumptions on the functor.

For the compatibility of contextual closure a \-bialgebra is required, similar to
the case of bisimulations in Theorem However, in the case of behavioural
equivalence, we require an algebra for a monad, although X is still only required
to be a distributive law between functors, that is, a plain natural transforma-
tion. Further, in the proof we need an additional assumption. A pair of functions
fyg9: X — Y is reflexive if it has a common section: a map s: ¥ — X such that
fos=id=gos. Areflexive coequalizer is a coequalizer of a reflexive pair. Reflex-
ive coequalizers are important in the theory of monads, see, e.g., [BWO5]. Below
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we need the underlying functor 7" of the monad to preserve reflexive coequalizers,
which is a non-trivial condition in Set; see [AKVO0, Example 4.3] for an example
of a functor that does not satisfy this property. We do not know if these additional
assumptions can be dropped.

Theorem 4.5.4. Let (T, n, 1) be a monad so that T preserves reflexive coequalizers,
and let (X, «, 0) be a \-bialgebra for a distributive law \: TB = BT (between func-
tors), where « is an algebra for the monad (T, n, u). Then ctx,, orfl is bes-compatible.

Proof. Suppose R C bes(S) for some relations R, S C X x X. By Theorem
rfl is bes-compatible, so rfl(R) C bes o rfl(S). Further rfl(S) C ctx, o rfl(S), using
the fact that « is an algebra for the monad (see the last part of Section [4.4.2).
Therefore

rfl(R) C bes o ctxq o rfl(.5). 4.4

Let ¢: X — X'’ be the quotient map of eq o ctx, o rfl(S) and its projections, or,
equivalently, the coequalizer of the two composite arrows o o T'm1, « o T'ws in the
bottom of the diagram below:

TTrm, TTn T
TT(fI(S)) ——Z2 77X — 2> TX ——>TX’
|
,U'rf(S)J/ lux la I o’ (4.5)
'
T(I(S)) ——— > TX — = X — = X’

Define d: X — rfl(S) by d(x) = (x,z). Then the map Tdonx: X — T(rfl(5)) is a
section of the pair a«oT'wy, aoTms, since aoTm oTdonx = aonx = aoTmyoTdonx
and o o nx = id. Thus, o o T'm, o o Ty is a reflexive pair, and ¢ a reflexive
coequalizer. The square on the left commutes (for T'r; and T'wy separately) by
naturality, and the middle since « is an algebra for the monad. Since T preserves
reflexive coequalizers, T'q is a coequalizer, and the map o’ making the right-hand
square commute arises by its universal property.
Now consider the following diagram:

T TB
T(rﬂ(R))HT] X — 2 TBX —*TBX'
o
l)\x l)\x/
BTq
o BTX —% BTX'
\LB& lBo/
X —5> BX —— BX’

The top horizontal paths commute by (4.4) and functoriality. The rectangle com-
mutes by the assumption that (X, «,d) is a A-bialgebra. The upper square com-
mutes by naturality of A, and the lower square by (4.5) and functoriality. Thus we
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have BgodoaoTm = BqodoaoTmy, and consequently
™ 5 Bq
ctx (rfl(R)) —= X —— BX —— BX'
T

commutes, which means ctx, orfl(R) C besoctx, orfl(S). By Lemmal4.3.5] ctx, orfl
is bes-compatible. O

The above result also applies to coalgebras of the form (¢,id), similar to the
situation described for bs-compatibility in Section [4.4.2]

Example 4.5.5. For an example of behavioural equivalence up-to, we consider the
general process algebra with transition costs (GPA) from [BKOI[]. GPA processes are
defined for a given set of labels A and a semiring S which, for this example, we
fix to be the semiring of reals R with the usual addition and multiplication. The
operational semantics of GPA is expressed in terms of weighted transition systems,
that is, coalgebras for the functor (M—)4 (Example .

As shown in Section 2.3 of [BBBT12], the functor (M—)“ does not preserve
weak pullbacks and therefore bisimulation up-to cannot be used in this context.
However, thanks to Theorem [4.5.3|we can use behavioural equivalence up-to.

First observe that, by instantiating the definition of be above to a coalgebra
§: X — (MX)#, one obtains the function bes: P(X x X) — P(X x X) defined
for a relation R C X x X as

bes(R) = {(x1,22) [Va€ A,ye X Y d@)(a)(y) = D d(x2)(a)(y)}
S v'Eylr

where [y|r denotes the equivalence class of y with respect to eq(R). Our notion of
behavioural equivalence coincides with the notion of bisimilarity in [BKO1]] (which
differs from coalgebraic bisimilarity).

To illustrate our example it suffices to consider a small fragment of GPA. The
set P of basic GPA processes is defined by

p=0|p+p](ar)p

where a € A, r € R. The operational semantics of basic GPA processes is given by
the coalgebra §: P — (MP)# defined for all o’ € A and p’ € P as follows:

5(0)(a")(p") 0

r ifa= a’,pzp/
5((a,r).p)(a’)(p") 0 otherwise

6(p1+p2)(@)(p") = 6(p1)(a)(p') + 6(p2)(a’) (')
As an example, the operational semantics of (a,1).0 + (a, —1).(a,0).0 is as follows.
0
a,l
(a,1).0 + (a,~1).(a,0).0 (4.6)
a,—1
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Since 0 =~ (a,0).0, we have that (a,1).0 + (a,—1).(a,0).0 ~ 0. More generally, it
holds that for alla € A, r € R, p; and p, € P:

if p1 = py then 0 = (a,r).p1 + (a, —7).pa. 4.7)

We prove (4.7) using behavioural equivalence up to union with ~ (Theorem[4.5.3)).
To this end, consider the relation

R ={(0,(a,7).p1 + (a,—7).p2) | p1 = p2}.

Note that R is not a bes-invariant. For instance, 0 does not make any transitions
whereas (a,1).0 + (a, —1).(a,0).0 makes two transitions, to processes that are not
in the same equivalence class with respect to eq(R) (see (4.6))); thus R & bes(R).

Instead, we prove that R is a bes-invariant up to un, that is, R C bes(R U =).
We must show that for any p = (a,r).p1 + (a, —r).p2 and any process g € P:

Y. d0)a)y)=0= > @)W

y'€[qlru~ Yy’ €lqlru~

The left-hand equality comes from the semantics of the process 0. For the right-
hand equality, if p; € [¢]ru~ then also py € [¢]ru~ (and vice versa), which means
that - cn0. 6)(a)(y) = r—r = 0. If p1 & [g]ru~, then ps & [g]rRu~, SO
2y elgno~ 0(P)(@)(y’) = 0. We conclude that R is a bes-invariant up to unx.

4.6 Discussion and related work

In this chapter we have proved the soundness of a range of bisimulation up-to
techniques by proving their compatibility. Compatible functions are sound, and
are closed under composition. We conclude with a technical summary of the main
compatibility results that are introduced in this chapter. In the table below we
assume an arbitrary coalgebra §: X — BX, an algebra o: TX — X (for a functor
T) and a distributive law X of the functor T over the functor B. All functions in
the table are defined in Section[4.2] Recall that if a function is bs-compatible, then
bisimulation up to g is sound (Section [4.4).

Name Notation | Condition bs-compatibility

Union with S ung S is a bisimulation

Equivalence closure | eq B preserves weak pullbacks

Bisimilarity closure | biss B preserves weak pullbacks

Contextual closure | ctx, (X, a,0) a A\-bialgebra

Congruence closure | cgr,, (X, a,d) a \-bialgebra, B pres. weak pullbacks

Further, we proved soundness of several up-to techniques for behavioural equiv-
alence, by proving that they are bes-compatible (Section [4.5). The equivalence
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closure eq is bes-compatible for any functor. The contextual closure ctx, is bes-
compatible if (X, a,d) is a A-bialgebra, « is an algebra for a monad, and T pre-
serves reflexive coequalizers. It remains open whether the latter two assumptions
are necessary.

A discussion of related work can be found in Chapter |5, which generalizes all
of the above results on the soundness of bisimulation up-to.






Chapter 5

Coinduction up-to

In the previous chapter, we have seen how up-to techniques enhance the proof
method for bisimilarity. In the current chapter, we extend these results to a coal-
gebraic framework for up-to techniques that is applicable not only to bisimilarity
but to a wide variety of coinductive predicates. For instance, this approach al-
lows us to obtain sound up-to techniques for unary predicates such as divergence
of processes and for binary predicates such as similarity, or language inclusion of
weighted automata over an ordered semiring.

We build on the observation that coinductive predicates can be viewed as final
coalgebras in a suitable category, so that the classical coinductive proof principle
amounts to finality (explained in Section[3.2)). We show that Pous’s modular frame-
work of compatible up-to techniques (Section[4.3)) has a natural counterpart at this
categorical level in terms of compatible functors, which are functors equipped with
a suitable natural transformation. The modular aspect of this framework amounts
to elementary manipulations and constructions on natural transformations. More-
over, the fact that every compatible functor yields a sound up-to technique turns
out to be a basic result on distributive laws between functors.

In Section[3.3] we recalled how coinductive predicates can be studied in a struc-
tural and systematic way using fibrations, which provide an abstract notion of pred-
icates. There, the coinductive predicate of interest is defined uniformly based on
a lifting of the behaviour functor to a category of predicates. We instantiate the
above mentioned framework of compatible functors within this fibrational setting,
and consequently obtain a modular approach for defining and reasoning about up-
to techniques for general coinductive predicates. In this setting, we introduce en-
hancements such as up-to-context, up-to-equivalence and up-to-behavioural equiv-
alence. We prove their compatibility under conditions on the functor liftings under
consideration.

By instantiating these abstract results we obtain concrete sound enhancements,
with the results of Chapter[4]on bisimulation up-to as a special case. We treat diver-
gence of processes as an example of a unary predicate, and inclusion of weighted
automata as an example based on a non-standard version of up-to-context. Further,

91
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we apply the framework to prove the soundness of up-to techniques for simulation
as introduced in [HJ04]. As a special case, we obtain that simulation up to context
is compatible (sound) for any monotone GSOS specification (instantiated to GSOS
for labelled transition systems, this means that there are no negative premises).
This includes simulation up-to for languages as introduced in Chapter [2]

Outline. In the next section, we propose the notion of compatible functor. The
(technical) heart of this chapter is Section where we introduce the main up-to
techniques and associated compatibility theorems. In Section [5.3] we show how
to instantiate these theorems, and in Section [5.4] we derive the compatibility of
simulation up-to for a mild restriction of abstract GSOS. In Section [5.5] we discuss
related and future work, and provide a short summary of the soundness results.

5.1 Compatible functors

In Chapter 4, we have used Pous’s lattice-theoretic framework of up-to techniques
as a modular approach for proving the soundness of bisimulation up-to techniques.
In the current section, we show how Pous’s framework generalizes to a categorical
setting, where complete lattices and monotone functions are replaced by categories
and functors (Section [3.2.2]).

In that categorical setting, proving a coinductive predicate determined by a
given functor F': C — C amounts to the construction of a suitable F-invariant
(F-coalgebra). In the current chapter, we introduce up-to techniques to construct
F-invariants in an easier way; hence, these techniques can be seen as enhanced
proof techniques for the coinductive predicate (final coalgebra) of F'. However, we
focus on proof techniques for constructing invariants and ignore the coinductive
predicate, and therefore we do not depend on the existence of a final F'-coalgebra.

In the definition below, the intuition is that F-invariants are the coinductive
properties of interest, and G: C — C is a potential up-to technique.

e An F-invariant up to G is an F'G-invariant, i.e., a coalgebra R — FGR.

e G is F-sound if, for every F'G-invariant, there exists a C-arrow from its carrier
into the carrier of an F-invariant.

It is easy to see that these definitions generalize the notions of invariants up-to and
soundness from Section [4.3]

Recall that compatibility is the central notion of Pous’s framework: given two
monotone functions f, g on a complete lattice, g is said to be f-compatibleif g o f C
fog. If gis f-compatible then it is sound, i.e., every f-simulation up to g is
contained in an f-simulation (Theorem[4.3.2)). This result is an instance of a more
general fact from the theory of distributive laws between functors.

Theorem 5.1.1. Suppose C is a category with countable coproducts, F,G: C — C are
functors and v: GF = FG is a natural transformation. Then for any F'G-coalgebra
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0 there is an F-coalgebra ¥ making the next diagram commute:

Ko

X GYX

| g

FGXF;'“)FG“)X

Here G“ X denotes the coproduct [ ;. G*X of all finite iterations of G applied to X,
with coproduct injections r;: G'X — G¥X.

This appears in the proof of [Bar03, Theorem 3.8], but for a complete presen-
tation we include a proof.

Proof. Define ¥;: G'X — FG'*1 X inductively as 9y = 6 and

. GY; . Ygi .
di1 = GGIX —> GFGH X 5 pPGGitl X

Postcomposing these morphisms with the coproduct injections yields a cocone
(Friy1 09;: G*X — FG*X);eny and by the universal property of G¥X we ob-
tain a coalgebra ¥: G*X — FG“X. Commutativity of the diagram amounts to the
base case 9. O

(Alternatively, we can replace the countable coproduct G¥ by the free monad
for GG, assuming it exists. In this case, the result is an instance of the construc-
tion in Section [3.5.1])

If C is a preorder, then F and G are monotone functions, and the existence of
a natural transformation amounts to compatibility as in Pous’s framework. The
fact that compatible functions are sound, is thus an instance of Theorem [5.1.1
Similarly, that f-compatible functions preserve the coinductive predicate defined
by f (Lemma [4.3.6) is an instance of the fact that, if v: GF = FG is a distributive
law, then a final F-coalgebra lifts to a final v-bialgebra (Lemma([3.5.1). When C is a
lattice, the fact that there is a G-algebra structure on the final coalgebra Z = gfp(F)
simply means that G(Z) < Z (cf. Lemma4.3.6).

The main reason for studying compatible functions is their compositionality
properties. To achieve a flexible approach to the construction of compatible func-
tors, we define them as follows.

Definition 5.1.2. Let F;: C; — C; and Fy: C; — Csy be functors. We say a func-
tor G: C; — Cy is (F1, Fy)-compatible when there exists a natural transformation
v GF, = F»G.

The pair (G, ) is a morphism between endofunctors F; and F; in the sense
of [LPWOO]. In the remainder of this chapter, we often leave ~ implicit, as the
examples involve only categories that are preorders.

An important instance of the above definition is (F", F*)-compatibility of a
functor G: C™ — C™; in this case, we simply say that G: C" — C™ is F-compatible.
For example, coproduct then becomes a compatible functor by itself, rather than a
way to compose compatible functors.
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Proposition 5.1.3. Compatible functors are closed under the following constructions:

1. composition: if G is (Fy, Fy)-compatible and G’ is (F3, F5)-compatible, then
G’ o G is (F1, F3)-compatible;

2. pairing: if (G;)ies are (F1, Fy)-compatible, then (G;);c1 is (F1, FY )-compatible.
Moreover, for any functor F': C — C:
3. the identity functor |d: C — C is F-compatible;

4. the constant functor to the carrier of an F-coalgebra is F-compatible, in partic-
ular to the coinductive predicate defined by F' (carrier of the final F-coalgebra),
if it exists;

5. the coproduct functor [],: C! — Cis (F, F)-compatible.

Proof. 1. By assumption we have natural transformations v: GF; = F>G and
~': G'F5 = F3G’, and composing them yields
G'~ ¥ G
G/GFl —— G/FQG —— F3G/G
which is a natural transformation of the desired type.

2. Given natural transformations v; : G; F} = Fy,G; for all i € I, we have

(Gi)ierFy == (GiF1)icr = (FoG,)ier == F{{(G))ier

where vx = ((7i)x )ier for any X.
Items [3] and [4] are trivial. For[5] we must find a natural transformation

v HOF I's Fo H .

I I
On a component (X;);cs it is defined using the universal property; applying F
to the coproduct injections «;: X; — [[;,c; X; yields a morphism Fr;: FX; —
F1J,c; Xiforeachic I. O

In a lattice, the pointwise join of compatible functions is again compatible
(Proposition [4.3.3). To retrieve this in the current setting, suppose (G;);c; are
(Fy, Fy)-compatible. Since the pairing of compatible functors is compatible, and
the coproduct functor is compatible, composing them yields a compatible functor
1, o(G)ier (this is the coproduct of the functors G;), which, in a lattice, is point-
wise join of monotone functions. Further, in the next section we will see how to
obtain the operator e defined in Equation of Section by combining a
functor that composes relations with the pairing constructor.

Further compositionality could be obtained by defining a pair (G, G’) of endo-
functors to be F-compatible if there exists a natural transformation v: GF = FG’.
A suitable variant of Proposition then allows to prove compatibility, modular
in the shape of the functor F. A related approach is taken in [LLYL.14]. In this chap-
ter we do not consider such constructions, instead focusing on the combination of
up-to techniques for a fixed functor F'.
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5.2 Compatibility results

In Section we have seen how fibrations can be used to speak generally about
coinductive predicates on coalgebras. In that approach, the invariants of interest
are themselves coalgebras which live in the fibre above the carrier of a coalgebra
in the base category.

In order to define both coinductive predicates and up-to techniques, we assume

e a bifibration p: £ — A (see Section for details);
e a coalgebra 0: X — BX for a functor B: A — A, and
e alifting B: £ — &£ of B.

As explained in Section the lifting B and the transition structure § determine
a functor on the fibre £x above the carrier X of the coalgebra (X,d), defined as
follows:

F[S :5*0§X: Ex —E&x.

We spell out the important definitions of invariants up-to, soundness and compati-
bility, for the functor Bs. A Bs-invariant is a coalgebra R — Bs(R), where R is an
object in £x. Given a functor G: £x — Ex, a Bs-invariant up to G is a coalgebra
R — Bs(G(R)).

Our interest is to find functors G that are sound, so that invariants up to G are
a valid proof principle for the construction of Bs-invariants. Instead of proving
soundness, we focus on proving the stronger notion of compatibility. By definition,
a functor G: £x — Ex is Bs-compatible if there exists a natural transformation

~v:GoBs= BsoG.
In the remainder of this section, we introduce three families of up-to techniques:
e behavioural equivalence (Section[5.2.1)),
e equivalence closure (Section[5.2.2) and
e contextual closure (Section|5.2.3)).

We prove their compatibility, based on conditions on the lifting B of B. As ex-
plained in the previous section, this suffices to show that they are sound, and that
they can be combined in various ways to form new sound up-to techniques.

In Section [3.2.1| we associated to each coalgebra §: X — BX for a functor
B: Set — Set a function bs, whose invariants are bisimulations. In the current
setting, this can be obtained by choosing B to be the canonical relation lifting
Rel(B) of B. Then:

Bs(R) = Rel(B)s(R) = (8 x 6)"!(Rel(B)(R)) = bs(R)

which means that Bj-invariants are bisimulations on § (Lemma [3.2.3). For all
three types of up-to techniques, we study the canonical relation lifting as a spe-
cial case, and retrieve all the bs-compatibility results from the previous chapter.
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In Section and Section [5.4, we consider examples and instances for liftings
other than Rel(B), to obtain proof techniques for other coinductive predicates than
bisimilarity.

5.2.1 Behavioural equivalence

The first technique that we introduce is up-to-behavioural equivalence. If §: X —
BX is a coalgebra for a functor B: Set — Set, then behavioural equivalence is the
relation = on its carrier given by = = y iff h(z) = h(y), where h is the coinductive
extension of 0, i.e., the unique coalgebra morphism into the final coalgebra (as-
sumed to exist), see Section Now consider the function bhvs: Relx — Relx
defined by

bhvs(R) =~ o Ro=.

To define bhvs more generally in the setting of a bifibration, observe that

bhvs(R) = {(z,y) | Ju,v. h(z) = h(u), h(y) = h(v) and (u,v) € R}
== ({(h(w), h(v)) | (u,v) € R})
=h Y h(R)).
But A~ ! oh is simply direct image followed by reindexing in the fibration Rel — Set,
ie, h ' (h(R)) = h* o], (R) (see Section(3.3.1). Therefore, we can generalize the
above function bhvs to an arbitrary bifibration p: £ — A, a functor B: A — A

with a final coalgebra, and a coalgebra 6: X — BX by defining the behavioural
equivalence closure bhvs as

th5=h*OHh:5X—>5X

where 1 is the coinductive extension of §. We sometimes write bhv instead of bhvs,
if § is clear from the context. In the predicate fibration Pred — Set, we have

bhvs(P) = h™*(h(P)) = h ' ({h(v) | u € P}) = {z | Ju € P.h(z) = h(u)}.
Our aim is to prove Bs-compatibility of bhvs. This is an instance of the following
result, which concerns a generalization of bhvs to arbitrary coalgebra morphisms

(rather than the coinductive extension h).

Theorem 5.2.1. Suppose that (B, B) is a fibration map. For any B-coalgebra mor-
phism h: (X, 6) = (Y,9), the functor h* o [ [, is Bs-compatible.

Proof. We exhibit a natural transformation

(b o[I,) 0 (0" 0 Bx) = (6" 0 Bx) o (h* o [1,,)
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obtained by pasting the 2-cells (natural transformations) (a), (b), (¢), (d) in the fol-
lowing diagram:

Ex 5 Epx &~ Ex L Ey n Ex
H\ Wy 7
4(b) ]ih Epy (1) )
e ORN
Ex if E e Ex = Epx e Ex

(a) (B, B) is a fibration map, so B o h* = (Bh)* o B.
(b) B is a lifting of B; this is an instance of Lemma [3.3.4}

(c) h is a coalgebra homomorphism, i.e., § o h = Bh o §, and consequently (¢ o
h)* = (Bh o d)*. Combining this with the natural isomorphisms h* o ¥* =
(9oh)* and (Bhod)* = §* o (Bh)* shows that the required 2-cell is a natural
isomorphism.

(d) follows from (c); see the proof of Proposition For convenience we
repeat the construction of the natural transformation:

[, 06" = 1,06 o (Bh) o]lp, = oh"od*o]lp, = V" o]lp,-

The natural transformation on the left is the unit of the adjunction [[;, -
(Bh)*, the middle is (c), and the one on the right is the counitof [], 4 A*. O

We first instantiate this to the canonical relation lifting Rel(B) of a Set functor
B. To this end, we use that (Rel(B), B) is a fibration map whenever B preserves
weak pullbacks (Lemma [3.3.3). The functor Rel(B)s coincides with bs, so from
Theorem we directly obtain:

Corollary 5.2.2. If B is a Set functor preserving weak pullbacks then the behavioural
equivalence closure functor bhvg is bs-compatible.

If (X,0) is a coalgebra for a functor B that preserves weak pullbacks, then
behavioural equivalence ~ coincides with bisimilarity ~ (Lemma [3.1.6). Hence,
in that case, the bisimilarity closure biss defined in Section |4.2| coincides with the
behavioural equivalence closure bhv;:

biss(R) = (~o Ro~) = (o Ro~r) = bhvs(R).

Thus, the fact that biss is bs-compatible if B preserves weak pullbacks (Theo-
rem follows from Corollary and hence is a special case of Theo-
rem[5.2.7]

From Theorem [5.2.1|we also derive the soundness of up-to bhv for unary pred-
icates that are defined by a modality m: B2 — 2, where B is a functor on Set.
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Modalities are in one-to-one correspondence to predicate liftings, which are natural
transformations of the form 2'¢ = 28 [Sch05| Proposition 20]. If such a predicate
lifting is monotone, then it defines a lifting B: Pred — Pred of B, which maps a
predicate X — 2 to BX — B2 % 2. Recall that with predicates viewed as func-
tions X — 2 reindexing is precomposition; then it is easy to show that the lifting
induced by a modality is a fibration map. Consequently, we have:

Corollary 5.2.3. ILE: Pred — Pred arises from a modality m: B2 — 2 as explained
above, then bhv is Bs-compatible.

5.2.2 Relational composition and equivalence

We propose a general approach for deriving the compatibility of the reflexive, sym-
metric and transitive closure. Composing these functors yields compatibility of the
equivalence closure.

For transitive closure, it suffices to show that relational composition is compati-
ble. Relational composition can be expressed in a fibrational setting by considering
the category Rel xs.: Rel obtained as a pullback (in the category Cat of categoriesEl)
of the fibration Rel — Set along itself:

Rel X et Rel — Rel

L

Rel Set

The objects of Rel xs; Rel are pairs of relations R, S C X x X on a common carrier
X. An arrow from R, S C X x X to R/, S’ CY x Y is a pair of morphisms in Rel
above a common f: X — Y; thus, itis a map f: X — Y such that f(R) C R’ and
f(S) € S’. Then relational composition can be presented as a functor

®: Rel xget Rel — Rel

mapping relations R, S C X x X to their composition.

The pullback Rel xse: Rel above is, in fact, a product in the category Fib(Set)
of fibrations over Set. Indeed, Rel xs.; Rel — Set is again a fibration. In order to
treat not only relational composition but also, e.g., symmetric and reflexive closure,
we move to a more general setting of n-fold products. Consider for an arbitrary
fibration £ — A its n-fold product in Fib(.A) (see [Jac99, Lemma 1.7.4]), denoted
by £%4 — A and defined by pullback in Cat. We have

(EXA)x = (Ex)" and E°=A.

Concretely, the objects in £* are n-tuples of objects in £ belonging to the same
fibre, and an arrow from (R,..., R,) above X to (Si,...,S5,) above Y consists

IWe assume that Cat contains large categories such as Set and Rel; see [Lan98] for various ways to
justify this at a foundational level.
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of a tuple of arrows (f1: Ry — Si,..., fn: Ry, — Sp) that sit above a common
f: X—-Y.

Hereafter, we are interested in functors G: £*4 — & that are liftings of the
identity functor on A, meaning that the following diagram commutes:

N

Given such a functor G, for each X in .4 we have functors Gx: (Ex)" — Ex.
For the relation fibration Rel — Set, we have three interesting instances of such
functors G:

£74

e (n =0): diag: Set — Rel mapping a set X to the diagonal relation Ax;
e (n=1):inv: £ — £ mapping a relation R to its converse R°?;
e (n=2): ®: & Xset £ — £ mapping relations R, S to their composition Ro S.

Next, we provide a general condition on functors G': £% — £ as above and on the
lifting B that guarantees G x to be Bjs-compatible.

Theorem 5.2.4. Let 6: X — BX be a coalgebra. Let G: £*4 — £ be a lifting of the
identity functor on A such that there exists a natural transformation

v: Gpx o (Bx)" = Bx oGx : (Ex)" — Epx .
Then Gx is Bs-compatible.
Proof. The goal is to construct a natural transformation of the form
Gxo(8*oBx)"= (6*oBx)oGx.
First, observe that there is a natural transformation
0: Gxo(6")" = 6" oGpx: (Eex)" — Ex -

by Lemma (instantiated to B = |d and B = (), using that reindexing along
an A-morphism f in £%4 is (f*)", where f* is the reindexing functor in £. (To
see this, one can use the characterization of Cartesian morphisms in fibrations
obtained by change-of-base and composition, which are the basic operations used
to construct the fibration £*4 — A [Jac99, Lemma 1.7.4].)

The desired natural transformation is now obtained as follows:

GX o (5* OE}()” E— GX o (5*)71 o (Ex)n
HG(BX)"
— & —
0*oGpx O(Bx)n:ﬂ/>(5* oBx oGy

The first equality follows from the definition of (—)™ as the mediating arrow into
the product (Ex)". O
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The use of the above theorem is that compatibility is reduced to checking the
existence of a natural transformation that does not mention the coalgebra under
consideration. We list several applications of the theorem for the fibration Rel —
Set. In this case, a natural transformation Gpx o(Bx)" = BxoGx exists precisely
if for all relations Ry, ..., R, on the carrier X:

G(B(Ry),...,B(Ry)) € BG(Ry,...,Ry).

Instantiating this, we obtain concrete compatibility results for functors Rel*s —
Rel, including relational composition.

Corollary 5.2.5. Suppose B: Rel — Rel is a lifting of B, and 6: X — BX a B-
coalgebra.

1. Let diag: Set — Rel be the functor mapping each set to the associated diagonal
relation. The functor diagy : 1 — Relx is Bs-compatible if:

Apx C B(Ax). 5.1

2. Let inv: Rel — Rel be the functor mapping each relation to its converse. The
functor invy : Relx — Rely is Bs-compatible if for all relations R C X?:

(BR)°? C B(R°P). (5.2)

3. Let @: Rel xset Rel — Rel be the relational composition functor. The functor

®x : Relx x Relx — Relx is Bs-compatible if for all R, S C X?:
B(R)® B(S) C B(R® S). (5.3)
Note that Bs-compatibility of diagy simply means that Ax C Bs(Ax), i.e., the
diagonal is a Bs-invariant.

- If relational composition is Bs-compatible, and Fi, F»: Relx — Relx are two
Bs-compatible functors, then their pointwise composition

F10F2=®XO<F17F2>

is Bs-compatible. This way of combining compatible functors corresponds to the

operator e in Section @2).

This operator e was used to prove the compatibility of transitive closure in the
more concrete setting of the previous chapter (Theorem[4.4.6). We follow the same
reasoning and define the transitive closure functor as follows:

tra = Ho((—)"}izl : Relx — Relx

where (—)*: Rel — Rel is defined inductively: (—)*! = Id and (—)*"*! = Ide(—)*".
By Proposition |5.1.3 compatibility of e implies compatibility of tra.
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The above conditions and always hold for the canonical lifting B =
Rel(B); holds for Rel(B) when B preserves weak pullbacks (Theorem [3.2.5)).
Thus, we retrieve the bs-compatibility of reflexive, symmetric and transitive closure
(and hence also the equivalence closure eq), as proved in Theorem [4.4.6 as a
special case of Corollary/[5.2.5]

When B; has a final coalgebra with carrier Z, one can define a self closure
functor sIf: Relx — Relx by

sifs(R) = (cstz oldecstz)(R) =ZQR® Z

where cstz: Rely — Rely is the constant-to-Z functor. By Proposition and
the above, the functor slf is compatible whenever ® is. If B is a Set functor and
B is instantiated to the canonical relation lifting, then Z is the bisimilarity relation
~, SO

slfs(R) = ~ o R o~ = biss(R)

where biss is the bisimilarity closure, defined in Section 4.2

5.2.3 Contextual closure

In this section, we study the compatibility of the contextual closure. To this end,
we assume an algebra o: TX — X for some functor 7': A — A. Then contextual
closure is defined using the bifibrational structure of p, parameterized by a lifting
Tof T:

Tx I

Erx Ex

Ex

If T is a Set functor, then instantiating 7' to the canonical relation lifting Rel(T')
yields the usual contextual closure, denoted ctx,, as defined in Section |4.2

However, taking different liftings of T yields different types of contextual clo-
sure, similar to the fact that taking different liftings of B to define B; yields dif-
ferent coinductive predicates. Indeed, in the next section we consider the left con-
textual closure for reasoning about divergence, and the monotone contextual closure
for weighted automata; both contextual closures differ from ctx,,.

Given liftings of T and B, compatibility of the associated contextual closure
requires a A-bialgebra, similar to the case of bisimulation up to context in The-
orem Additionally, it is required that A lifts to a natural transformation
between the lifted functors. All this is stated in Theorem below; we require
the following basic result for its proof.

Lemma 5.2.6. Let p: & — Abe a fibration, and F, G endofunctors on A with liftings
F and G respectively. Given a natural transformation \: F' = G above some \: F =
G, there exists for every object X in A a natural transformation

QZFX = (Ax)*oéx ZSX _>5FX
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Proof For any R in £x we use the universal property of the Cartesian lifting
(Ax)@p to define Op:

F(R)
Or : Ar
s _
Mk (G(R)) ———= G(R)
(AX)GR
Ax
FX GX

Naturality is straightforward using the uniqueness of the factorisation and the def-
inition of the reindexing functor on morphisms. O

Theorem 5.2.7. Suppose (X, a,d) is a A\-bialgebra for some natural transformation
A: TB = BT, and suppose there exists a natural transformation \: T B = BT
sitting above \. Then [[_, o T is Bs-compatible.

Proof. The desired natural transformation is formed by composing basic pieces:

Ex —2>Epx T Erx Lo Ex
\ u(d) %
Erex 1L,
L) / ) N e)
 &prx EpTx 11
= 1) g
Ex = Erx i Ex = Epx pe Ex

The pieces (natural transformations) are obtained as follows:

(a) This is the counit of the adjunction | | A A%

(b) Xis a lifting of ), see Lemmal5.2.6]

(c) (X,a,d) is a bialgebra, which implies that (Ba o Ax o T9)* = (§ o a)* and
thus there is a natural isomorphism

(T6)" o X o (Ba)* X a*od”. 5.4
The desired natural transformation (b) is defined from (5.4):
[1, o (T0)" =11, © (T6)" 0 Ak o (Ba)" o [, o 15
(5.4)
[[ooa"0d o]lp,ollhy ===0"oIlps oLl
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using the unit of the composite adjunction [, 0[]y, 1A% o (Ba)* and the
counitof [, 4 a*.

(d) This is an instance of Lemma 3.3.4} using that T is a lifting of 7.
(e) This is an instance of Lemma |[3.3.4} using that B is a lifting of B. O

The canonical relation lifting Rel(—) of a Set functor preserves natural transfor-
mations [Jac12, Exercise 4.4.6]. Therefore, if T and B are instantiated to Rel(T)
and Rel(B) respectively, then the condition that there exists a A above \ is satisfied.
Thus we obtain the bs-compatibility of the contextual closure (Theorem as
a special case of Theorem[5.2.7]

In order to apply Theorem for situations when either 7' or B is not the
canonical relation lifting, one has to exhibit a \ sitting above . In Rel, such a A
exists if and only if for all relations R C X?, the restriction of A\x x Ax to T BR
corestricts to BTR:

(Ax x Ax)(T B(R)) C BT(R).

A similar condition has to be checked for Pred — Set. In Section [5.3] we consider
several examples for which we check the above condition.

Abstract GSOS

Recall from Section that an abstract GSOS specification is a natural transfor-
mation of the form p: ¥ (B x|d) = BX*, where ¥* is the free monad for ¥: A — A
(the (—)* notation is used both to denote reindexing functors of morphisms in .A
and to denote free monads of endofunctors, but the distinction should be clear).
Any such specification induces a distributive law pf: £*(B x Id) = (B x Id)X*.

To prove compatibility of the contextual closure for bialgebras for a distributive
law p' generated from an abstract GSOS specification, one could exhibit a natural
transformation pf: ¥*(B x Id) = (B x I1d)X* above p! directly, and then apply
Theorem We next show how to simplify such a task by proving that, under
mild additional conditions, it suffices to show that there exists p: X(B xId) = BY*
above p. The lifting of X* here is induced by the given lifting of X; the functor Id
lifts the identity (it does not need to be the identity itself), and will be subject to a
condition involving ¥.

The construction of p' from p is similar to the construction of p from p. In
order to show that it is a lifting, we need some properties relating algebras in the
total category £ to those in the base category .A.

Lemma 5.2.8. Consider a lifting ¥ of an A-endofunctor ¥ and assume % has free
algebras.

1. The functor p: &€ — A has a right adjoint 1: A — &, and this adjunction lifts
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4.

Proof.

2.

Chapter 5.

as follows:

=1l

S-alg 1 X-alg

L

T T
5W
1

[l

The functor p preserves initial algebras.

Coinduction up-to

When P € Ex for some X in A, the functor p maps the free $-algebra for P to

the free Y-algebra for X.

The free monad & over T, exists and is a lifting of the free monad ©* over .

1. By assumption, the fibration considered here has fibred finite products,
so one can define 1(X) as the terminal object 1x in £x, and 1(f: X — Y)
as the Cartesian lifting f, : (1y)* — 1y which is well-defined since the p
preserves terminal objects by assumption; thus (1y)* = 1x.

The functor p maps an algebra a: XP — P to p(a): p(3(P)) — p(P) which

is indeed a Y-algebra since X lifts &, i.e., Xp(P) = p(X(P)). The existence of
a right adjoint 1 to p is a consequence of [[HJ98, Theorem 2.14].

Since p is a left adjoint, it preserves initial objects.

3. This follows from item 2 applied to the lifting ¥ + P of ¥ + X.

4.

This is a consequence of item 3.

O

Lemma allows us to prove the desired result on lifting distributive laws
induced by GSOS specifications. Rather than assuming that Id is itself the identity
(so that the lifted natural transformation is itself an abstract GSOS specification),
we assume that Id is a lifting that comes together with a natural transformation
v:¥1d = IdX. We shall apply this result in Section involving the relation
fibration, where Id maps any relation R C X x X to the diagonal Ax.

Theorem 5.2.9. Suppose:

X is a lifting of an A-endofunctor ¥;
X has free algebras;

Id is a lifting of the identity functor;

there is a natural transformation v: ¥ 1d = Id X that sits above the identity;

there is a natural transformation p: $(B x 1d) = BY above p: £(B x Id) =
BY*, where 3" is the lifting of ©* induced by ¥ as in Lemma
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Then there is a natural transformation pt: ¥ (B x Id) = (B x Id)X" that sits above
T
pl.

Proof. The idea of the proof is to construct pt from the given natural transformation
D, by initiality, similar to the construction of a distributive law from a GSOS law (in
this case, p is not a GSOS law in general since Id does not need to be the identity
functor in £). Using Lemmawe can then show that this resulting distributive
law (between functors) sits above pf.

For an object X in A, we know that ¥* X is the free X-algebra on X. Let

[kx,nx]: XX+ X - XX
denote the initial ¥ + X-algebra. Similarly, let
[Fp,ipl: S5 P+ P =X P

denote the initial ¥ + P-algebra, where P is in £x. By Lemma we know that
[Fp,Tp] is above [HX,UX]-

For P 6 Ex the map ﬁP is defined similarly to the construction of p| ' from px
(see (3.15) in Section[3.5.2); the difference is that it involves the natural transfor-
mation : E Id = 1d . Indeed, 5! b is the unique map arising from initiality:

S B < AP — T S(E < P
(Ps+ pEm2)
BY' S PxTTP
RBxia P idXysx p
BY' S PxWATSS P (5.5)
Biip xIdip
S (Bx1d)P- - P, (Bx )T P

(B x 1d)P

By Lemma [5.2.8 and using that v sits above the identity, we have that the ¥ +
(B xId)P- algebras in the above diagram ) sit above the ¥+ (B x Id) X -algebras

defining p' ' from px. By uniqueness of ol it follows that L sits above p} O

For a p-model (X, a,d), the existence of pf above p ensures, via the above re-
sult and Theorem [5.2.7] compatibility of the contextual closure on the bialgebra
(X, @, (4,id)) corresponding to the p-model. More precisely, it shows that [ [, oX* x
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is (B x H)<57id>—compatible. In the remainder of this section, we address two tech-
nical issues regarding this result, which arise due to the fact that we present dis-
tributive laws by abstract GSOS specifications.

First, the above results provide compatibility for a contextual closure defined
based on the free monad ¥ rather than the lifted functor ¥ itself, which is the one
supplied in concrete examples. However, it turns out that the contextual closure
defined by X is, in fibrations whose fibres are preorders, below the one defined by
¥" (shown below in Lemma , so if the latter is compatible, the former is
sound. Moreover, if the lifting 3. is given by a modality, then the lifting =" is given
in terms of the inductive extension of this modality (Lemma[5.2.11).

Second, B x Id s iq)-compatibility is not exactly Bs-compatibility (the same phe-
nomenon was discussed at a more concrete level at the end of Section[4.4.2). How-
ever, under some assumptions, any Bjs-invariant is also a (B x E)w,id)—invariant

(shown below in Lemma|5.2.12)).

Lemma 5.2.10. Let £.%, & and ¥* be as in Lemma Given an algebra
a: YA — A with induced algebra a: ¥*A — A for the monad %*, there exists a
natural transformation of type [[, o X = [[; 0 X .

Proof Letn:|ld = £* and k: ¥¥* = ¥* be the canonical natural transformations

defined by initiality; composing them yields a natural transformation ¢: ¥ = ¥*.

Similarly, we can construct a natural transformation 7: ¥ = o sitting above .
The desired natural transformation consists of two pieces:

Ex = Exx Lo Ex
U(a) [, o
Ex = Esvx i Ex

(a) Since 7 sits above ¢, by Lemma 5.2.6there is a natural transformation 6: 3 =
o* . . e
t% o X . The natural transformation for (a) is its mate:

[[,oS=1], o0tkoS =%
using the counit of [, 1 ¢%.
(b) We have a = aoux,s0 [[, = [10,, =1z 1l,,- O

Lemma 5.2.11. Suppose X: Pred — Pred is a lifting of %: Set — Set, given by a
modality n: 32 — 2 (see the end of Section 5.2.1), and suppose % has free algebras.
Then the lifting ¥* of the free monad ¥* (Lemma |5.2.8) is given by the modality
n:Y*2 — 2

Proof. The lifting ¥* of the free monad is itself a free monad T, for T (see
Lemma |5.2.8). We need to show that, for any p: X — 2: ¥ p =7 o X*p.
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First, observe that ¥ p is the initial ¥ + p-algebra. By Lemmait sits above
the initial ¥ + X-algebra [kx,nx]: ¥XX* + X — *X. Let ¢: ¥*X — 2 be the
carrier of the initial ¥ + p-algebra; then by definition of > and morphisms in Pred
it makes the following diagram commute laxly:

[kx mx]

Y X 4+ X ——¥*X

Eq-&-idi

X2+ X < q

[n,p] i

2 2

Since the initial algebra is an isomorphism, this is actually strict commutativity.
Thus, we have a Y-algebra morphism:

Sq+id
SY*X+ X ——32+ X

3% mx]l J{[nap]
WX 2

But this is the unique X-algebra morphism from the initial algebra, so if we can
prove that filling in 7 o ¥*p for ¢ makes the above diagram commute, then we are
done. Indeed, this follows from the commutativity of:

»y* id n+i
O X 4 X P g oy TP oL x

[kx mx] [k2,m20D] [n,p]

SEX . %9 - 2
X p n

The left-hand square commutes by naturality of x and the definition of ¥* on mor-

phisms, the right-hand square commutes by definition of 7. O

Lemma 5.2.12. Suppose G is an E-endofunctor such that there exists a natural trans-
formation n: 1d = Id o G that sits above the identity. If R is a Bs-invariant up to G
thenitis a (B x Id)sq)-invariant up to G.

Proof. Given R — 6* BGR and the natural transformation 7 we construct a mor-
phism A using the universal property of the product (B x Id)(GR) = BGR x |dGR:

5*(BGR) R

|
~ | MR
5§GR h

A

BGR=<—F— (Bx1d)GR—>1dGR
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The morphism h sits above (4, id) (using that » sits above the identity). Thus we
can use a Cartesian lifting of (4, id) to get the desired invariant:

R
' \

¥
(8,id)*((B x

X BX x X

If A = Rel or A = Pred, then the existence of  means that R C Id o G(R). A
special case is when Id is itself the identity and G is pointed; this holds, for instance,
if G is the (canonical) contextual closure of a monad with respect to an algebra for
that monad, see the end of Section [4.4.2

5.3 Examples

We give examples of up-to techniques for several coinductive predicates, and prove
their soundness by instantiating the results of Section

5.3.1 Weighted language inclusion

Consider the Set functor BX = S x X4, where S is a semiring. Recall that a
B-coalgebra is a Moore automaton with output in S, and that the final semantics
assigns to every state a weighted language, i.e., a function in S*~ (Example .

Suppose S carries a partial order <. This can be extended pointwise to an order
on weighted languages. For instance, if S is a two-element set of truth values then
this order corresponds to plain language inclusion.

To obtain such a notion of inclusion as a coinductive predicate on any B-
coalgebra, we define a lifting B: Rel — Rel of B that maps a relation R on X
to a relation on S x X4:

B(R) = {((p,¢),(a.¥)) | p < g and Va € A. (p(a),¥(a)) € R}. (5.6)

Given a coalgebra (0,t): X — S x X4, arelation RC X x X isa §<O}t>-invariant
iff for every pair (z,y) € R: o(z) < o(y) and for all a € A: (¢(z),t(y)) € R.
Notice that this generalizes simulation of deterministic automata (Definition [2.4.1},
Example . The coinductive predicate defined by By, ), that is, the carrier of
the final §<O’t>-coalgebra, is the largest §<O’t>-invariant. We call it inclusion, and
denote it by <. Thus, to prove that = 3 y it suffices to construct a By, ;-invariant

that contains (z,y).
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Let (0,t): X — S x (MX)# be a weighted automaton (Example [3.1.1). Deter-
minizing it yields a Moore automaton (o, t#): MX — S x (MX)#, where the final
semantics of a state x (viewed as a linear combination) is precisely the weighted
language accepted by z on the original automaton (Example [3.5.2)). Indeed, given
states = and y, we have z 3 y if the weighted language accepted by x is (pointwise)
less than the language accepted by y, and proving z < y amounts to exhibiting a
Bt 4+)-invariant that contains (z, ).

As an example, consider the following weighted automaton, where S = R is
the semiring of non-negative real numbers and A is the singleton {a}:

a,l
w ()

—_—
z]0_  “yll

a,l
Since the alphabet is a singleton, the language semantics assigns a sequence (of
zeros and ones) to each state. To show that the semantics of x is pointwise less
than that of y (i.e., the sequence generated by x is increasing) one can establish
an invariant on the states of the determinized B-coalgebra associated to the above

weighted automaton, as follows:

20— syll—2 saptyll —2 ...
| | | (5.7)

| | |
yil?x+y$1?$+2yi2?

where the solid arrows are transitions, and the dashed lines represent the relation.
It is straightforward to see that this requires an infinite relation.

Now consider the finite relation R = {(x, y), (y, z+y)}. This is not an invariant,
since z + y is not related to x + 2y. However, x + 2y is obtained from z + y by
substituting x for y and y for = + y, which means that (x + y,z + 2y) is in the
contextual closure ctx(R) as defined in Section and thus R is an invariant
up to ctx. Below, we define ctx properly and show that it is compatible. As a
consequence, the relation R suffices to prove that « < y.

Consider a determinized weighted automaton (MX, (of,¢*)). The associated
contextual closure ctx is formally defined by ctx = [], o Rel(M), where ux is
the multiplication of the monad M (Example [3.4.1)). The canonical relation lifting
Rel(M) is given on a relation R C X x X by

Rel(M)(R) = {(Zﬁxu Zriyi) | Vi. (2, i) € R} .

To prove that ctx is Bs-compatible, recall that (M X, ux, (of, %)) is a \-bialgebra
for some A (Chapter [3). Compatibility follows from Theorem [5.2.7] if we show
that there is a natural transformation \: Rel(M)B = BRel(M) sitting above .
Concretely, this amounts to proving that

(Ax % Ax)(Rel(M)(B(R))) € B(Rel(M)(R)) (5.8)
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for any relation R C X x X and any X. First, we compute Rel(M)(B(R)):

{(Z 7i(Pis P ) Zﬁ(%%)) | Vi.pi < ¢; and Va. (pi(a),vi(a)) € R}

Applying Ax x Ax yields a relation on BMX:

{((Z riepi Ay - %‘(a)) ; (Z ris g Aa. Y _mi -wi(a)))

| Vi.ps < ; and Va. (i(a), ¥i(a)) € R}

Now we compute B(Rel(M)(R)):

{((p, Aa. Zrayixa,l) , (q, Aa. Zra,iya,i)) | p <gandVa.Vi. (T4, Yai) € R}

It follows that the inclusion (5.8) holds whenever > r; - p; < > r; - ¢; given that
p; < g; for all 7. This is the case when for all ny,m1,ns, mo € S such that n; < no
and m; < mq, we have

(@) n1 +my < ng +mg, and
(b) n1-m1 <y -ma.

These two conditions are satisfied, for instance, in the Boolean semiring or in R
Thus, in these cases, the construction of invariants up to ctx is a sound proof tech-
nique for inclusion.

The above argument can possibly be reformulated by using the category Pos
of posets and monotone functions as a base category rather than Set, since the
conditions (a) and (b) assert that addition and multiplication are monotone. We
leave this for future work.

Monotone contextual closure

Condition (b) fails for the semiring R of (all) real numbers. Nevertheless, our
framework allows us to prove compatibility for a different up-to technique, based
on a variant of contextual closure. The monotone contextual closure is obtained as
the composition ][, oM involving the non-canonical lifting of the functor M (for
the semiring R) defined as follows:

W) = { (S S 1. 720 2 (et}

The rule-based inductive characterization of the monotone contextual closure dif-
fers from the standard contextual closure (presented in Example [4.2.5)) in the rule
for scalar multiplication, which now splits into two rules:

vetx(R)w r >0 vetx(R)w r <0
r-vctx(R)r-w r-wctx(R) r-v
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To prove that this is compatible, we prove the inclusion
(Ax X Ax)(M(B(R))) € B(M(R)). 5.9
We first compute M(B(R)):

.1 >0 = p; <gq;and Va.p;(a) RY;(a))
{(Z rilo £i) ZH(%%)) | Vi ri <0 = ¢; < p;and Va.y;(a) R ¢i(a)) }

Then (Ax X Ax)(M(B(R))) is:

{((ZH 'pm)\a-ZTi ‘ @i(@) ) (ZW'%‘,/\G-ZH ‘ %(a)))

r; > 0=p; < ¢; and Va.(p;(a), ¢i(a)) € R }

Vi < 0= g < ps and Va.(t(a), 91 a)) € R

Finally B(M(R)) is

{((P, Aa. Z%,ﬁ%,i) , (q, \a. ZT'aiya,i))

Ta,i > 0= (xa,ia ya,l) €R }

< ¢;Va.Vi.
| p=>q Ta,i < 0= (ya,ivxa,i) eER

The desired inclusion (5.9) holds, since r; - p; < r; - ¢; for all 4. The reason is that
p; < q; when r; > 0, whereas ¢; < p; if r; < 0.

Reflexive and transitive closure

Contextual closure can be combined with reflexive, transitive and symmetric clo-
sure to obtain the congruence closure (see Section , which is a useful technique
for bisimulation up-to. For the lifting B of B (with BX = S x X4), we
can not expect symmetric closure to be compatible, but we can nevertheless prove
compatibility of reflexive and transitive closure.

By reflexivity of < it follows that Agx C B(Ax), and thus by Corollary
the functor diagy: 1 — Rel is Bs-compatible, i.e., Ax is a Bs-invariant (this
amounts to the elementary fact that the diagonal on any Moore automaton is a
simulation). By Proposition this implies that the endofunctor on Relx that
maps any relation to A x is Bs-compatible. For the transitive closure, by transitivity
of < it follows that B(R) ® B(S) C B(R® S), where ® is relational composition.
Again by Corollary we obtain Bs-compatibility of ®x, and thus also of the
transitive closure.

5.3.2 Divergence of processes

Consider the functor BX = (P,X )4, where A is a set of labels that contains a
distinguished 7 € A. Let B: Pred — Pred be the predicate lifting for divergence
(Example [3.2.6), and recall that a process diverges if it has an infinite outgoing
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path labelled by 7-actions. In this section, we establish compatibility of the be-
havioural equivalence closure, and of a variant of the contextual closure.
As a motivating example, consider the processes p and ¢ given by

p=plp gSgq

where the parallel composition | is defined as usual (Example[3.5.4). To prove that
the process p|q diverges, one can establish an invariant containing p|q. But this
invariant should then contain all states occurring on the infinite path

pla = (plp)lg = ...

and thus it needs to contain infinitely many states.

Instead, an informal proof might go as follows: p|q makes a 7-step to the process
(plp)|g- But (p|p)|g is bisimilar to (p|q)|p, and now we would like to conclude
that this suffices, since we have already inspected p|g. Formally, this argument
corresponds to establishing an invariant up to the composition of the behavioural
equivalence closure and a particular type of contextual closure.

More precisely, recall from Section that the functor bhv closes a given
predicate under behaviourally equivalent (i.e., bisimilar) states. Further, we define
the left contextual closure as

ctx(PC X)={(plz) |pe P, z € X}.

Then P = {p|q} is a Bs-invariant up to bhv o ctx’ (where § is the model). To
conclude from this argument that p|q diverges, we need to prove the soundness of
bhv o ctx!. We do this by proving the compatibility of bhv and ctx! separately.

Observe that the lifting B is determined by a modality m: (P,2)* — 2 (as in
the end of Section [5.2.1). This modality is defined by: m(f) = 1iff 1 € f(r). It
induces a monotone predicate lifting, so by Corollary[5.2.2] bhv is Bs-compatible
on any B-coalgebra 4.

For the contextual closure, we use a functor ¥X = X x X to syntactically
represent the composition operator. Let p: ¥(B x Id) — BX* be the GSOS speci-
fication giving its semantics, and p* the induced distributive law (Example [3.5.4).
We define the left contextual closure of a Y-algebra a as the composite functor
ctx! = [], o X. The lifting ¥ is given by the modality n: X2 — 2, defined by
n(b,c) = b.

Using Theorem|[5.2.9] we prove the compatibility of the (left) contextual closure
15 oY, involving the free monad for ¥ (by Lemma 5-2-10L ctx! is contained in this
contextual closure). The main step is to show that there exists p: 3(B x|d) = B X*
that sits above p (notice that we use the identity functor on the total category Pred
as the lifting of the identity functor on Set).

The existence of p above p amounts to the inclusion

p(S(B x Id)) C BY* (5.10)

which can be proved by hand, based on a careful analysis of p and the liftings.
However, in the present situation, where both B and ¥ are given by modalities (m
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and n respectively), this condition can be proved in a neater way. Using the defi-
nition of the liftings B and ¥ in terms of modalities, the inclusion ((5.10) amounts
to (lax) commutativity of the outside of the following diagram, for any predicate
p: X = 2:

S(BX x X) 25> pyrx

3(Bpxp) BY"p

S(B2 x 2) —2 > By*9

YmoXmy Bn
2 < B2
e ———"")

(The lifting X* is given by 7; this is Lemma ) The upper square commutes by
naturality, which means that lax commutativity of the lower square suffices. To see
that this requirement is satisfied, let f,g € B2 = (P2)?. If 1 € f(r) (which is the
only situation where noYmoXm ((f, z),(g,y)) = 1) then 1|y € p2((f, ), (9,v))(T),
which implies that m o Bn o po((f, z), (9,y)) = 1 holds, as required.

More interestingly, the property that p lifts reduces to checking an inclusion
that only involves finite sets (given that the set of labels is finite). This suggest
that in general, if B and X both preserve finite sets and the liftings are presented
by modalities, then this property is decidable. We leave a general investigation for
future work.

5.4 Compositional predicates

In this section, we describe a way of defining functor liftings by composing simpler
liftings, using a generalization of relational composition. We show that proving
compatibility of the contextual closure for such a composite lifting reduces to prov-
ing compatibility for its constituents. We instantiate this to relational composition
in the fibration Rel — Set, and apply it to derive sound up-to techniques for the
notion of similarity, studied in [HJO04].

Assume a fibration p: £ — A and a functor ®: £ x 4 € — £ that lifts the identity
functor (see Section . Suppose we have two liftings B, By: £ — & of the
same functor B: A — A. One can then define a composite lifting

B; ® Ba = ®o (By, Ba) . (5.11)

Notice that By ® B, is a lifting of B. This follows from the fact that (B, B>) lifts
B and that ® lifts the identity functor.

Let T: £ — & be a lifting of a functor T: A — A. To obtain the compatibility
of the contextual closure for a composite lifting B ® B, using Theorem one
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needs to prove that a distributive law A: TB = BT under consideration lifts to
a distributive law of T over B; ® Bs. As a consequence of Theorem below,
it suffices to show that there are distributive laws for the two liftings B; and B,
separately, both sitting above .

This additionally requires a natural transformation v: T® = ®T". Here
T2 Ex 6 5 EXAE,

defined by the universal property of the pullback £ x 4 &, is simply the restriction

of the functor T°: € x & — € x &. If T is the canonical relation lifting Rel(7T") and
® is relational composition, then the existence of  in the theorem amounts to the
inclusion Rel(T)(R ® S) C Rel(T)(R) ® Rel(T")(S), which holds for any Set functor
T (Lemma|3.2.4).

Theorem 5.4.1. Suppose we have

~

. alifting T of T;
2. a natural transformation v: T® = ®T" above id: T = T;
3. two liftings B, and B, of B;

4. two natural transformations \;: T By = BT and \y: T By = BT sitting
above the same \: TB = BT.

Then there exists \: T(B1 ® By) = (B ® B)T above \.

Proof. Define \ on a component P in £ as follows:

_ _ Y(B,,B _ _ A)p(N)p — .
T(BrP @ BoP) — 22 (TB,P) & (T B P) 2L 5 Tp o B, TP

Notice that ((A1) p, (A2) p) is indeed a morphism in £ x 4 € since A; and ), sit above
a common \. Naturality of ) follows from naturality of A;, A and ~. Finally, \ sits
above ) since « sits above id: T'= T and ® is a lifting of the identity functor. O

5.4.1 Simulation up-to

We recall simulations for coalgebras as introduced in [HJO4]. An ordered functor
is a pair (B, C) consisting of a functor B: Set — Set with a factorization through
the category Pre of preorders and monotone maps:

Pre

7|

Set 5 Set
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Such an ordered functor gives rise to a constant relation lifting C of B defined by
E(R C X x X) = Cpx. Then the lax relation lifting Rel(B)E is defined composi-
tionally by

Rel(B)s =C®@Rel(B)® C

where @: £ x4 £ — €& is the relational composition functor (using the notation
of above).

Let : X — BX be a B-coalgebra. A ReI(B)(;E-invariant, where ReI(B)éE abbre-
viates 0* o ReI(B))%, is called a simulation. The coinductive predicate defined by
Rel(B)5 is called similarity.

Example 5.4.2. We list a few examples of ordered functors and their associated
notion of simulations, and refer to [HJ04] for many more.

1. Let S be a semiring equipped with a partial order <. The functor BX =
S x X4 is ordered, with Cpx defined as (p,¢) Cpx (¢,v) iff p < ¢ and
¢ = 1. Then Rel(B)= coincides with the lifting B defined in Section

2. The functor BX = (P,X)* is ordered by pointwise subset inclusion. In this
case, a simulation is the standard notion on transition systems: a relation
R C X x X such that for all (z,y) € R: if + % 2’ then there exists y’ such
that y % ¢/ and (2/,3') € R. Given a transition system, similarity is the
greatest simulation.

An ordered functor B is called stable if (Rel(B)=, B) is a fibration map [HJ04].
Since polynomial functors, as well as the one for LTSs, are stable [HJO04], the
following results hold for the coalgebras in Example[5.4.2]

Proposition 5.4.3. If B is a stable ordered functor, then the behavioural equiva-
lence closure bhv, the self closure slf and the transitive closure tra (all defined in

Section P are ReI(B)(SE-compatible.

Proof. Compatibility of bhv comes from Theorem which only requires that
(Rel(B)%, B) is a fibration map. Compatibility of sIf and tra comes from Corol-
lary[5.2.5} as shown in [HJ04, Lemma 5.3], stable functors satisfy condition (5.3),
i.e., for all relations R, S C X?: Rel(B)5(R) ® Rel(B)5(S) C Rel(B)5(R® S). O

If BX = (P,X)* then bhv maps a relation R to ~ o R o ~ where ~ is bisimi-
larity, whereas sIf maps R to < o R o <, where < is similarity.

We proceed to consider the compatibility of the contextual closure, for which we
assume an abstract GSOS specification p: X(BxIld) = BY*. Such a specification
p is monotone if, for any X, the restriction of px x px to Rel(X)(Cpx x Ax)
corestricts to Cpy«x. If ¥ is a polynomial functor representing a signature, then
this means that for any operator o (of arity n) we have

bl Cex bn CBx Cn
px(o(b,x)) Eps-x px(o(c,x))
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where b, x = (by,21),..., (bn,x,) with z; € X and similarly for ¢, x. If C is the
order on the functor for LTSs, then monotonicity corresponds to the positive GSOS
format [FS10], which is GSOS without negative premises. Monotonicity turns out
to be precisely the condition needed to apply Theorem|5.2.9

Proposition 5.4.4. Let p: (B x |d) = BX* be a monotone abstract GSOS specifi-
cation and (X, v, (6,id)) be a p'-bialgebra. Then ctx =[], o Rel(X*) is (Rel(B)E x
Id) (5,iay-compatible.

Proof. To obtain the desired compatibility from Theorem [5.2.7, we need to prove
that there exists a distributive law p' of Rel(¥*) over Rel(B)E x Id, sitting above p'.
First, observe that the lifting Rel(B)= x Id of B x Id decomposes as

(€ x Id) ® (Rel(B) x Id) ® (C x Id)

where Id is the constant functor mapping R C X x X to Ax. Notice that Id is a
lifting of the identity functor (but it is not the identity functor itself).

By Theorem proving the existence of pf above p' reduces to proving that
there exist two natural transformations

1. pf,: Rel(¥*)(Rel(B) x Id) = (Rel(B) x Id)Rel(X*), and
2. pfy: Rel(Z*)(C x Id) = (T x Id)Rel(Z*),

both sitting above p'. (Notice that since the functor T of the theorem is a canonical
relation lifting, the required ~ exists.)

For item 1, observe that the required natural transformation exists since both
functor liftings are canonical; see Section [5.2.3] (below Theorem [5.2.7).

For item 2, the task reduces by Theorem to showing that there is

7: Rel(2)(T x Id) = T o Rel(X%)

above p. But this is precisely monotonicity, as introduced above. Further, The-
orem requires that there exists a natural transformation ~: Rel(X) o Id =
Id o Rel(¥). Since Id is the functor mapping any relation to the diagonal over its
carrier, v exists if Rel(X)(Ax) € Asx, which holds for any ¥ (Lemma|[3.2.4). Thus,
as a consequence of Theorem[5.2.9] we obtain the desired natural transformation.

The existence of pf; and pf, ensures, by Theorem and Theorem ,
that ctx is (Rel(B)= x Id) 4,4y -compatible. O

A direct consequence of this result is that simulation up-to is compatible on any
model of a positive GSOS specification.

Further, Theorem [2.4.6] states that simulation up-to (precongruence) for lan-
guages is sound whenever the operations under consideration are given by mono-
tone behavioural differential equations. But any such operation can also be ex-
pressed in monotone GSOS for the ordered functor BX = 2 x X4 (see Exam-
ple[5.4.2). Thus, we obtain the compatibility of the contextual closure by Proposi-
tion [5.4.4} and since the reflexive and transitive closure are compatible as well
(Section |5.3.1)), composing them together yields an alternative proof of Theo-

rem
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5.5 Discussion and related work

We showed how up-to techniques fit into the setting of coinduction in a fibration,
yielding a general and modular theory of coinduction up-to. This goes beyond the
previous chapter in several ways: first, it allows other predicates than bisimilarity,
including other binary predicates but also, e.g., unary predicates. Second, it can be
instantiated to different base categories (in [BPPR14] an example of this is given
by up-to-congruence for nominal automata).

Bisimulation up-to at the level of coalgebras was studied by Lenisa [Len99,
LPWOQ]. The up-to-context technique for coalgebraic bisimulation was later de-
rived as a special case of so-called A-coinduction [BarO4]. Combining up-to tech-
niques remained an open problem. In [Luo06]], Sangiorgi’s framework of up-to
techniques [San98] is adapted to prove soundness of several up-to techniques for
bisimulation, based on relation lifting and thus strongly related to the develop-
ment in Chapter [4] but combinations of enhancements are not considered there.
Finally [ZLL"10] introduces bisimulation up-to where the notion of bisimulation is
based on a specification language for polynomial functors. All of the above works
focus on bisimulation, rather than general coinductive predicates.

We conclude with a short, technical summary of the main soundness results
of this chapter. The up-to techniques and soundness results are all formulated in
terms of a bifibration p: £ — A, a coalgebra §: X — BX for a functor B: A — A
(that models the system of interest) and a lifting B: £ — £ of A (that determines
the coinductive predicate of interest). By proving a functor G to be Bs-compatible,
the construction of invariants up to G is a sound proof technique for the coinductive
predicate determined by the lifting B on the coalgebra J. The table below lists
the main compatibility results, based on conditions on the functors involved. For
ctx,, we assume an algebra o: TX — X for a functor T with a lifting T, and a
distributive law of the functor T" over the functor B.

Name ‘ Notation ‘ Condition Bj-compatibility

Behavioural equivalence | bhv, (B, B) is a fibration map

Contextual closure Ctx, (X e 5).is a A-bialgebra, and there is a
distributive law of T' over B above A

If p: Rel — Set is the relation fibration, then we have the following additional
results.

Name Notation | Condition Bs-compatibility

Diagonal functor diag Apx C B(Ax)

Inverse functor inv (BR)°? C B(R°P) for all R C X?
Relational comp. ® B(R)®B(S) C B(R® S) forall R, S C X?
Self closure slfs ® is Bs-compatible

Transitive closure tra ® is Bs-compatible

Equivalence closure | eq diag, inv and ® are Bs-compatible
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While the techniques introduced in this chapter are very general, they are also
quite technical and require significant background knowledge to be understood. It
would be a worthwile effort to develop natural specification techniques for coin-
ductive predicates, in which compatibility can be established easily, or even auto-
matically. In this chapter we have suggested one approach in this direction: the use
of modalities to specify coinductive predicates, so that, under suitable assumptions,
the required condition for compatibility of the contextual closure is a decidable
property. We leave a more extensive investigation for future work.



Chapter 6

Bialgebraic semantics with
equations

In this chapter, we focus on structural operational semantics, in the setting of ab-
stract GSOS specifications as introduced by Turi and Plotkin. As explained in Sec-
tion [3.5) and the introduction, their approach provides a general perspective on
well-behaved, compositional calculi and languages, parametric in the type of be-
haviour and the type of syntax. Moreover, in the previous chapters we have seen
that bisimulation up to context is a sound (even compatible) proof technique on
models of abstract GSOS specifications.

Given a GSOS specification, the behaviour of terms is computed inductively,
which is possible since each operator is defined directly in terms of the behaviour
of its arguments. An example of a rule that does not fit the GSOS format is the
following:

| a
.x|xa—> t ©.1)
lr =t
This rule properly defines the replication operator in CCSE intuitively, !z represents
x|z|z|..., i.e., the infinite parallel composition of = with itself. In fact, the above
rule can be seen as assigning the behaviour of the term !z|x to the simpler term !z,
therefore we call it an assignment rule.

We show how to interpret assignment rules together with abstract GSOS specifi-
cations. Our approach is based on the assumption that the functor which represents
the type of coalgebra is ordered as a complete lattice; for example, for the functor
(P—)# of labelled transition systems this order is simply pointwise set inclusion.
The operational model on closed terms is then defined as the least model such that
every transition can either can be derived from a rule in the specification or from

IThe simpler rule #
le—>lx|x’
allow to derive 7-transitions from a process such as !(a.P + @.Q) [PS12][SWOTI.

is problematic in the presence of the sum operator, since it does not

119
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an assignment rule. To ensure the existence of such least models, we disallow neg-
ative premises by using monotone abstract GSOS specifications, a generalization of
the positive GSOS format for transition systems (see Section [5.4.1)).

The main result of this chapter is that the interpretation of a monotone abstract
GSOS specification together with a set of assignment rules is itself the operational
model of another (typically larger) abstract GSOS specification. Like the inter-
pretation of a GSOS specification with assignment rules, we construct this latter
specification by fixed point induction. As a direct consequence of this alternative
representation of the interpretation, we obtain that bisimilarity is a congruence and
that bisimulation up to context is sound and even compatible—properties that do
not follow from bisimilarity being a congruence [PS12]. As an example, we obtain
the compatibility of bisimulation up to context for CCS with replication, which was
shown earlier with an ad-hoc argument (see, e.g., [PS12]]).

In the second part of this chapter, we combine structural congruences with the
bialgebraic framework, using assignment rules. Structural congruences have been
widely used in concurrency theory ever since their introduction in the operational
semantics of the mw-calculus in [Mil92]]. The basic idea is that SOS specifications are
extended with equations = on terms, which are then linked by a special deduction

rule:
!

_ a /
t=u U —u U v

t 5o

This rule essentially states that if two processes are equated by the congruence
generated by the set of equations, then they can perform the same transitions.
Prototypical examples are the specification of the parallel operator by combining a
single rule with commutativity, and the specification of the replication operator by
an equation, both shown below:

x5
— x|y = ylx lx = lz|x (6.2)

zly = @'ly

Even though structural congruences are standard in concurrency theory, a system-
atic study of their properties was missing until the work of Mousavi and Reniers,
who show how to interpret SOS rules with structural congruences in various equiv-
alent ways [MRO5]]. Mousavi and Reniers exhibit very simple examples of equa-
tions and SOS rules for which bisimilarity is not a congruence, even when the SOS
rules are in the tyft (or the GSOS) format. As a solution to this problem they in-
troduce a restricted format for equations, called cfsc, for which bisimilarity is a
congruence when combined with tyft specifications.

In the current chapter, we show how to interpret structural congruences at the
general level of coalgebras, in terms of an operational model on closed terms. We
prove that when the equations are in the cfsc format then they can be encoded by
assignment rules, in such a way that their respective interpretations coincide up
to bisimilarity. Consequently, not only is bisimilarity a congruence for monotone
abstract GSOS combined with cfsc equations, but we also obtain the compatibil-
ity of bisimulation up to context and bisimilarity. From a technical point of view,
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structural congruences have not been developed outside the work of Mousavi and
Reniers, and have not at all been explored in the theory of bialgebraic seman-
tics [Bar04, K1i07]]. Here, we develop the basic theory of monotone abstract GSOS
specifications for ordered functors, and use it to obtain a bialgebraic perspective
on structural congruences (assuming an ordered behaviour functor).

Outline In Section we introduce assignment rules and their interpretation.
In Section[6.2] we show that this interpretation can be obtained as the operational
model of another abstract GSOS specification. Section [6.3| contains the integra-
tion of structural congruence with the bialgebraic framework. In Section 6.4} we
conclude and discuss related work.

6.1 Assignment rules

We consider the interpretation of abstract GSOS specifications (without negative
premises) together with assignment rules of the form

o(x1, ..., xp) =1 (6.3)

where ¢ is a term over the variables x4, . . ., x,,. Assignment rules will be interpreted
as a kind of rewriting rules: the behaviour of ¢ induces behaviour of o(x1,...,z,).
An example is the replication operator given in equation (6.1) of the introduc-
tion; this can be given by the assignment rule !z := !z|z. Notice that assignment
rules do not fit directly into the bialgebraic framework, since they are inherently
non-structural: they do not satisfy the property of GSOS specifications that the be-
haviour of terms in the operational model is computed directly from the behaviour
of their subterms.

In the case of labelled transition systems, given a GSOS specification and a set
of rules of the above form, the desired interpretation is informally as follows (this
is formalized below): every transition from a term o(¢1,...,t,) should either be
derived from the transitions of ¢4, ..., t, and a rule in the specification, or from an
assignment rule which has o on the left-hand side. However, such an interpreta-
tion is not necessarily unique, since there may be infinite inferences caused by the
assignment rules. For example, the rule o(z) := o(x) does not have a unique solu-
tion. In order to rule out infinite inferences, one is interested in the least transition
system on closed terms which is a model in the above sense. Such a least model
does not necessarily exist in general because of negative premises. Therefore, we
will restrict to GSOS specifications without negative premises.

To interpret specifications which involve assignment rules at the general level
of a functor B: Set — Set one needs a notion of order on B. In the case of
labelled transition systems, this order is clear and often left implicit: in that case
BX = (PX)4, and the order is simply the (pointwise) subset order. To allow
the desired generalization, we assume that our behaviour functor B is ordered (cf.
Section [5.4.1)). We will need the existence of fixed points of monotone functions.
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To this end, let CJSL be the category of complete (join semi-)lattices and join-
preserving functions. We define a CJSL-ordered functor to be a functor B: Set —
Set with a factorization C through CJSL:

CJSL

T

Set T> Set

where U is the forgetful functor. If B is a CJSL-ordered functor, then for any set X,
BX is a complete lattice. We denote the join of a set S C BX in this lattice by \/ S,
and we write | for \/@ and z < y if x Vy = y, for z,y € BX. Moreover, for any
function f: X — Y, Bf is join-preserving. Consequently, Bf is also monotone,
i.e., forany z,y € BX: z <y implies (Bf)(x) < (Bf)(y)-

Example 6.1.1. The functor (P—)# of labelled transition systems is CJSL-ordered,
with the order on (PX)# given by pointwise subset inclusion.

Example 6.1.2. In Chapter[3|we defined weighted transition systems for a semiring
as coalgebras for the functor (M—)#, where MX consists of (finite) linear com-
binations with coefficients in the semiring. Here, we consider weighted transition
systems for a complete monoid M, i.e., a monoid with an infinitary sum operation
consistent with the finite sum [DKO9]]. These are coalgebras for the functor (M *)A
where M~ : Set — Set is defined as follows:

e For each set X, M X is the set of functions from X to M.

e For each function h: X — Y, M": M¥X — MY is the function mapping each
¢ € M¥ into p" € MY defined, for all y € Y, by " (y) = 3o, 1cp-1(y) (&)

By taking the Boolean monoid, we retrieve infinitely branching labelled transition
systems. As another example, consider the set RT™ U {oo} of positive reals, ordered
as usual and extended with a top element co. Together with the supremum oper-
ation, R U {oo} forms a complete ordered monoid, with 0 as unit. The order on
R* U {oo} extends to an order on the functor for weighted transition systems over
this monoid, where joins are calculated pointwise.

Example 6.1.3. For a non-example: we can try to extend a functor B: Set — Set
to a CJSL-ordered functor B’ by defining B’X = BX + 2, putting the discrete
order on BX and taking the elements of 2 = {T, L} to be the top and the bottom
element respectively. Contrary to what is stated in [RB14, Example 2], such a
functor B’ is not CJSL-ordered, in general. Indeed B’X is a complete lattice, but
the functor B’ is not well-defined on morphisms: given a function f, B’f need
not be join-preserving. For instance, if we take B = Id, a set X with two distinct
elements z,y € X and a function f: X — X such that f(z) = f(y), we have

(B'N)@)V(B'f)y) = (B'f)(x) = f(x) # T whereas (B'f)(zVy) = (B'f)(T) = T.
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Given arbitrary sets X and Y, the complete lattice on BY lifts pointwise to
a complete lattice on functions of type X — BY, i.e., for a collection {f;};c; of
functions of the form f;: X — BY we define (\/{fi}icr)(z) = V,c;(fi(z)). This
induces in particular a complete lattice on the set of all coalgebras on closed terms
over a signature. Given a polynomial functor ¥X: Set — Set corresponding to a
signature (Section [3.4), we denote this set by

M= {f]|f: S*0 — BS*0}. (6.4)

The order on B lifts to an order on B x Id by defining (b1, z1) < (bo, x2) iff by < by
and zq = x5 for (by,x1), (b2, z2) € BX x X. Moreover, given 3 as above, the order
lifts componentwise to ¥ BX (and also to ¥(BX x X)) for any set X, by defining,
for any operators o, 7 of arity n and m respectively: o(ki,..., k) < 7(l1,...,lm)
iff c =7 (soalson =m) and k; <; forall: < n.

Definition 6.1.4. Using the above lifting of the order on B to (B x Id), a spec-
ification p: 3(B x Id) = BX* is said to be monotone if all its components are
monotone.

Definition [6.1.4]is a special case of monotone abstract GSOS specifications de-
fined in terms of relation lifting, as introduced in Section For the functor
BX = (PX)* of labelled transition systems, monotone specifications correspond
to specifications in (an infinitary version of) the positive GSOS format [FS10].

Assignment rules can be formalized in terms of natural transformations,
which are independent of the behaviour functor B.

Definition 6.1.5. An assignment rule is a natural transformation d: ¥ = ¥*.

If there is no intended assignment for an operator ¢ € ¥, this is modelled by
defining dx (o(z1,...,z,)) = o(x1,...,x,) for every X. For example, the assign-
ment rule for the replication operator is the natural transformation that sends !z to
lz|z for any z, and is the identity on all other operators in .

Assumption 6.1.6. In the remainder of this chapter, we assume:

1. A CJSL-ordered functor B.

2. A functor ¥ defined from a signature (see Section [3.4)), with free monad
(X%,m, 1)

3. A monotone GSOS specification p: X(B x |d) = BX*.
4. A set A of assignment rules, ranged over by d: ¥ = X*.

Throughout this chapter we denote by M (p) the operational model of p. As ex-
plained in Section [3.5.2] the operational model M (p): £*) — BX*( is the unique
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coalgebra that makes the following diagram commute:

S(M(p),id
sy — MO By x 240)

lpm

Ko BY*3*() (6.5)
iBMm
¥ M) BY*()

where x: ¥¥* = ¥* is the natural transformation such that, for a component X,
the copairing [k x, nx] is the initial ¥+ X -algebra (Equation (3:11)) in Section[3.4).
Observe that the operational model is the unique f € M (see Equation [6.4) satis-
fying the equation

fokp=DBugops-goX(fid).

The definition below extends this equation to incorporate assignment rules.

Definition 6.1.7. Let 1): Ml — M be the (unique) function such that

b(f) 0 ko = Bpg o pseg o S(f,id) v \/ fopgodse.
deA

A (p, A)-model is a coalgebra f € M such that ¢ (f) = f.

The function %) is indeed uniquely defined, since xg: XX*0 — X*() is an initial
algebra and therefore an isomorphism. As argued in the beginning of this section,
in general there may be more than one model for a fixed p and A, and we regard
the least (p, A)-model to be the intended interpretation. In order to show that a
least model exists, we need the following.

Lemma 6.1.8. The function ¢ : M — M is monotone.

Proof. Let f,g € M with f < g. By monotonicity of p, we have ps.p o Z(f,id) <
px+po2{g,id), and since By is monotone then By o ps+p o X(f,id) < Bugo ps«po
Y {g,id). It follows that ¥ (f) o kg < ¥(g) o kg and thus also ¥ (f) < 1(g) because kg
is an isomorphism. O

Since v is monotone and M is a complete lattice, by the Knaster-Tarski theorem
1) has a least fixed point.

Definition 6.1.9. The interpretation of p and A is the least (p, A)-model, i.e.,
Ifp(¢).

Example 6.1.10. For a GSOS specification together with assignment rules, the
interpretation is the least transition system on closed terms so that o (¢4, ... ,t,) —

t" if and only if:
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1. it can be obtained by instantiating a rule in the specification, or
2. there is an assignment of ¢ to o, and t = t'.

This is a recursive definition; being the least such transition system has the desired
consequence that every derivation of a transition ¢t — ¢’ is finite.

6.2 Integrating assignment rules in abstract GSOS

In the previous section, we have seen how to interpret a monotone abstract GSOS
specification p together with a set of assignment rules A as a coalgebra on closed
terms. In this section, we show that we can alternatively construct this coalge-
bra as the operational model of another specification (without assignment rules),
which is constructed as the least fixed point of a function on the complete lattice
of specifications. The consequence of this alternative representation is that the
well-behavedness properties of the operational model of a specification, such as
bisimilarity being a congruence and the compatibility of bisimulation up to con-
text, carry over to the interpretation of p and A.

Let G be the set of all monotone abstract GSOS specifications of ¥ over B
(Definition [6.1.4). We turn G into a complete lattice by defining the order com-
ponentwise, i.e., for any L C G and any set X: (\V L)x =\ ¢, px. The join is
well-defined:

Lemma 6.2.1. For any L C G: the family of functions \/ L as defined above is a
monotone specification.

Proof. Let f: X — Y be a function. For any k € X(BX x X):

BY*fo(VL)x(k) =DBX"fo(V,p(px(k))) definition of \/ L
=V e (BE* fopx(k)) BY* f is join-preserving
=V e (py o B(Bf x f)(k)) naturality of p
= (V L)y (Z(Bf x f)(k)) definition of \/ L

which proves naturality. Monotonicity is straightforward as well. O

The lattice structure of G provides a way of combining specifications. Consider,
for an assignment rule d € A and specification 7, the following natural transfor-
mation:

dpxid

S(B x 1d) 2% $%(B x Id) > BY* x % — > gy (6.6)

Recall from Section that 71 is the extension of 7 to a distributive law; in-
tuitively, it is the inductive extension of 7 to terms. Informally, the above natu-
ral transformation acts as follows. For an operator o of arity n, given behaviour
ki,...,k, € BX x X of its arguments, it first applies the assignment rule d to
obtain a term t(ki,...,k,). Subsequently 7' is used to compute the behaviour
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of ¢ given the behaviour k1, ..., k,. In short, the above transformation computes
the behaviour of an operator by using rules from 7 and a single application of the
assignment rule d.

Example 6.2.2. Suppose the signature > contains a binary operator and a unary
operator (to be interpreted as parallel composition | and replication ! respectively).
Further, let p be a GSOS specification defined as usual for | (Example [3.5.4), and
without any rules for the replication operator !z. Let d be the assignment rule
associated to the replication, i.e., the identity on all operators except !z, which is
mapped to !z|z.

Then the natural transformation in (6.6]) corresponds to a specification in which
there is a rule that concludes with !z — ¢ for some ¢ if and only if there is a
derivation of !z|z — ¢ in the GSOS specification p, from the same premises. Since
there are no rules for !z in p, the only possible derivation is

a7
x =
lz|e Llx|!

and therefore, the only rule for !z is
ag .t
T =
e Llz|a!
The natural transformation in (6.6)) is unchanged on all other operators.

As explained in the introduction of this chapter, this is not quite the correct
specification of replication yet, but it is a first step. To obtain the correct specifi-
cation, we need to apply such a construction recursively, which we will do below.
First we define a function ¢ on G which uses the above construction to build, from
an argument specification 7 (of ¥ over B), the specification containing all rules
from the fixed specification p and all rules which can be formed as in (6.6).

Definition 6.2.3. Given our fixed p and A (Assumption|6.1.6), the map p: G — G
is defined as
p(r)=pVv \/ (morlodpa).
deA

For well-definedness, we need to check that ¢ preserves monotonicity. To this
end, it is convenient to speak about monotonicity of a distributive law 7T, which
requires an order on X*. Any partial order (X, <) inductively extends to an order
on ¥* X by defining

oty ytn) <7(Ut,...,um)

iff o = 7 (so also n = m) and t; < wu; for all 7 < n. We thus get a notion of
monotonicity of distributive laws (this can be defined more generally using relation
lifting, see Section here, we provide a concrete, self-contained exposition).

Lemma 6.2.4. If T is a monotone specification, then (7) is monotone as well.
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Proof. We prove that if 7 is monotone then the induced distributive law 71 : ¥*(B x
Id) = BY* x ¥* is also monotone, by induction on pairs of terms ¢, v € £*(BX x X)
with ¢ < u (note that this order is defined inductively). The desired result that (1)
is monotone then follows, since assignment rules d are clearly monotone.

For the base case, if (b, z), (¢,y) € BX x X with (b,z) < (¢,y) (so b < ¢ and
x = y) then

T)T( onexxx(b,x) = (Bnx xnx)(b,x) < (Bnx x nx)(c,y) = T)T( onBxxx(¢Y)

where the inequality holds by monotonicity of Bnx and since x = y, and the
equalities by definition of 71 (Equation in Section [3.5.2)).

Suppose o is an operator of arity n, and t1,...,t,, u1,...,u, € I*(BX x X)
with 7§ (¢;) < 7% (u;) for all i. Then

T)T( okpxxx(o(ti, .. tn))

= (Bux X kx) o (Tg+x, Lma) © ET)T((O'(tl, cestn)) definition 77
= (Bux x kx) o (ts-x, Smo) (o (T (t1), ..., 7k (t,)))  definition X
< Yo (rh(ur), ..., 7k (u,))) see below

(Bux x kx) o (Ts=x, Ema) (0
Ty o kpxxx(o(ut,...,up))

The inequality holds by monotonicity of Bux and 7, and the induction hypothesis;
note that the induction hypothesis implies 5 o T;((ti) =m0 T}T((ui) for all i. O

Moreover, ¢ is monotone on G:

Lemma 6.2.5. The function ¢: G — G is monotone.

The main step in the proof of Lemma is to show that the extension (—)f
of abstract GSOS specifications to distributive laws is monotone.

Lemma 6.2.6. Let 11, 7 be specifications. If 7y < 1o then 7y o (7'1T )<mo (7-2T ).
Proof. We have
(r1)x o nBxxx = Bix x nx = (1)) x o npxxx
by definition of (—) (Equation in Section|[3.5.2)). Moreover
(Bux x kx) o ((T1)s+x,Xm2) < (Bux X kix) o ((T2)s+x, Xm2)

by monotonicity of By and assumption. Now using the definition of (7'1T )x, it
easily follows by induction on terms in £*(BX x X) that (r])x < (4 )x, and thus
mio(r))x <mio(r))x. O

Because ¢ is monotone, it has a least fixed point, which we denote by Ifp(y).
Further, since ¢ preserves monotonicity we obtain monotonicity of Ifp(¢) by trans-
finite induction (the base case and limit steps are rather easy). The proof technique
of transfinite induction, which we also use several times below, is justified by the
fact that the least fixed point of a monotone function in a complete lattice can
be constructed as the supremum of an ascending chain obtained by iterating the
function over the ordinals (see, e.g., [San12al]).
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Corollary 6.2.7. The abstract GSOS specification Ifp(y) is monotone.

Informally, Ifp(p) is the specification consisting of rules from p and A. We
proceed to prove that the operational model of the least fixed point of ¢ is precisely
the interpretation of p and A (the least fixed point of ) as given in Definition|[6.1.7)),
i.e., that M (Ifp(p)) = Ifp(v). First, we show that M (Ifp(y)) is a fixed point of ).

Lemma 6.2.8. The operational model M (Ifp(y)) of the specification Ifp(p) is a (p, A)-
model, i.e., (M (Ifp(p))) = M(lfp()).
Proof. Let f = M(Ifp(y)). We must show that ¢(f) = f.

fokg

= Bpg o (Ifp(¢)) g9 © X(f, id)

= Bupo (pV Vaea m 0 (fp(9))" 0 dpxia)s-p o X(f,id)

= Bpg o (ps+p 0 B(f,id) V V jep ™1 © ('fp(@));*@ odpy-pxx+p © L(f,id))

= Bug o ps-p o X(f,id) v \/deA Bugom o ('fp(@);*@ odpsrpxx+p © L(f,id)
where the first equality holds by definition of M, the second since Ifp(¢) is a fixed
point of ¢, the third holds by the definition of the join on natural transformations
and the last one holds by the fact the By preserves joins. For the right-hand part,
we have

Vaea Bug om o ('fp(@);*@ odps+pxs+p © L(f,id)
= Vaeam 0 Bpug x py o (Ifp())L.y 0 2*(f,id) o ds-p naturality of d, m;

= Vaeam o (f,id) o pp ods-p (30*, g, (f, id}? is a

= Vaea fonpodsy (Ifp())-bialg.
Thus forg = Bugops-goX(f,id)VV ea forpods-g = ¥ (f)orp and consequently
¥(f) = f, since ry is an isomorphism. 0

We proceed to show that M (Ifp(y)) < Ifp(¢)). Since (M (Ifp(p))) = M (Ifp(¢))
by the above Lemma we then have M (Ifp(p)) = Ifp(¢)) (Theorem [6.2.14).
The main step is that any fixed point of v is “closed under p”, i.e., that in such a
model, all the behaviour that we can derive by the specification is already there.
This result is the contents of Corollary [6.2.13] below; it follows by transfinite in-
duction from Lemma [6.2.11| and [6.2.12] But first, we need a few technical tools
(Lemma[6.2.9]and [6.2.10). Recall from Section that a Y-algebra a: ¥ X — X
induces an algebra a: ¥*X — X for the free monad. This construction preserves
algebra morphisms. We prove a lax version of this fact.

Lemma 6.2.9. Let a: ¥X — X and §: XY — Y be algebras, such that Y carries a
partial order < and (3 is monotone. Then for any function f: X — Y:

=f = f
YX ——=3Y X ——= 'Y

al = l’g implies al = J,B

X—Y X——Y
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Proof. Suppose SoX.f < foa. The proof is by induction on ¢ € ¥* X. For the base
case t = nx(s) € ¥*X, we have an equality, without using the assumption:

BoSrfonx(s)=Bonyof(s)=f(s)=foaonx(s).

Now suppose o € ¥ is of arity n, and for some t,...,t, € ¥*X, we have 30
(Z*f)(t;) < foal(t;) for all i with 1 <4 < n. Then

Eo S*forx(o(ty,... tn))

=Bokyo EZ*f(a(tl, ceytn) naturality «
= Boky(a(Z*f(tr),..., 5 f(tn)))  definition ©
= BoXB(o(S*f(t1),...,S*f(tn)))  definition B
= B(c(BoT*f(t1),... ,5 o X*f(t,))) definition
< Blo(foa(tr),...,fod(tn))) ind. hypothesis, monotonicity 3
=BoXfoXalo(ty,...,tn)) definition ¥
< foaoXa(o(ti,...,tn)) assumption
=foaokrx(o(ty,...,tn)) definition &
which concludes the induction step. O

We instantiate the above lemma to the definition of 7.

Lemma 6.2.10. Let 7 be a monotone abstract GSOS specification of X over B. Then
forany f: 3*0) — BX*):

> 7 (fid)

w5+ 2 5B x £+0) D yr) — 5 S (BEH) x £*0)

o > BYFY( implies > BYYH) x B8
iBM iBW%

S ———> BY*0 S — g B0 X 240

Proof. From the assumption it follows that
(Bpg X kg) © (g9, Em2) 0 X(f,id) < (f,id) 0 kg .
Let 8 = (Buy X kg) o (Ts+p, £m2), then by Lemma [6.2.9| we get

s — L s By« 50)

u@l > ia

* *
Z(Z)—W BY*) x 0
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where 3 is the %*-algebra induced by the S-algebra 3 = (Bug X Kg) o (Tsxp, 22).
Thus, it only remains to prove that 5 = (Bug X pg) o T;*@.
To this end, consider the following diagram:

ZTT*
ST (BEH0 x £0) — 2 S(BEFTH x £FTH) — ) 5 By x £40)
\Lﬁ'z*z*@l]ﬂ'z) i(ﬁ:*wvzﬂz)
BX" g XS pp
KBS* () x$*0 BYX*Y' V) x X)) ————— = BYAYF) x X0
\LBNE*(AXHE*(A iBM(BXKv)
. B
S (BEH) x £*0) ——2 > BY*N*) x DF2*( MO By x B0
NBZ*Px=*Q
BY*) x 20

The upper right rectangle commutes by naturality, the lower right rectangle com-
mutes by the multiplication law of the monad and since uy = 4. The left square
and triangle commute by definition of 7' (Equation in Section . Thus
(Bug X pg) o 7';* ¢ is an algebra homomorphism extending id, and since §3 is by def-
inition an algebra homomorphism extending id and homomorphic extensions are
unique, we have 3 = Bpug X pg o T;*w. O

Lemma 6.2.11. Let 7 be a specification, and f € M a fixed point of ¢. If Bugotg«go
S(f,id) < f 0wy then Bug o p(7)s-g 0 S(f,id) < [ o rp.

Proof.

Bug o (1) 0 X(f,id)
= Bugo(pV \/ moTtlo dpxid)s+p 0 3(f,id)

dea
= Bup o (ps-o 0 £(f,id) vV \/ mi o7l 0 dpseoxseg 0 £(f,id))
deA
= Bl},@ O Pxx( © Z<f7 Id> V \/ BM@ o © 7';*@ o dBE*@XE*@ o E<f7 |d>
deA
= By o ps+g o 2{(f,id) V \/ m o (Bug X pg) o T;L]*(D o X*(f,id) o dsxg
deA
< B o ps-p o B(f,id) v \/ 1 0 (f,id) o 119 © dx-
deA

= By o pseg o B(f,id) vV \/ f o g odsg
deA

= ¢(f) o rp = forg
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The first equality holds by definition of ¢, the second by definition of the join of
specifications, the third since By is join-preserving, and the fourth equality by
naturality of d and ;. The inequality holds by assumption and Lemma The
last equality holds by definition of . O

Lemma 6.2.12. Let f € Msuch that ¢(f) = f, and suppose we have a family {7; }icr
of specifications, for some index set I. If Bug o (7;)s+g o X(f,id) < forg foralli € I,
then Bpip o (V;er 7i)s-9 © X(f,id) < forg.

Proof. Since By preserves joins we have

By o (\/ 7i)s-0 0 S(f.id) = \/ Bug o (7i)-9 0 B, id)
iel i€l

and the result now follows by the assumption that By o (7;)s«p 0 (f,id) < fory
for each i. O

Corollary 6.2.13. For any f € M: if ¢(f) = f then

3(f,id) >

nYEX (BX*) x $*0)

J{lfp(w)zm
Ko 2 BY*¥*()

J/BM

X — BY*)

Proof. By transfinite induction. For the base case we have Bpug o L o 3(f,id) =
1 < fokp. The successor step is given by Lemma [6.2.11] and the limit step by
Lemma O

This allows to prove the main result of this chapter.

Theorem 6.2.14. The interpretation of p and A coincides with the operational model
of the abstract GSOS specification Ifp(y), i.e., M (Ifp(p)) = Ifp(¥).

Proof By Lemmal6.2.8] M (Ifp()) is a fixed point of 1. To show it is the least one,
let f be any fixed point of ¢); we proceed to prove M (Ifp(¢)) < f by structural
induction on closed terms. Suppose o € ¥ is an operator of arity n, and suppose
we have t1,...,t, € ¥*0 such that M (Ifp(¢))(t;) < f(t;) foralliwith1 < i <n
(note that this trivially holds in the base case, when n = 0). Then

M(Ifp(p)) (o (tr, - . tn)) = Bug o (Ifp(@)) o 0 B(M (Ifp(¢)), id) (o (t1, .. ., tn))
< Bpg o (Ifp(0)) s+ 0 B(f,id) (0 (t1, - - - tn))
S f(a(tI» o ;tn))

where the first inequality holds by assumption and monotonicity of By and Ifp(y)

(Corollary[6.2.7) and the second by Corollary[6.2.13 O
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As a consequence, the interpretation of p and A is well-behaved.

Corollary 6.2.15. Bisimilarity is a congruence on the interpretation Ifp(¢)) of p and
A, and bisimulation up to context is compatible (i.e., the contextual closure is bygy(y)-
compatible).

Example 6.2.16. The parallel composition can be given by a positive GSOS spec-
ification, and Equation of the introduction contains a rule for the replication
operator. Thus, by the above Corollary, bisimilarity is a congruence on the opera-
tional model of CCS with replication, and bisimulation up to context is compatible;
this is known (see, e.g., [San12al]), but here we obtain it directly from the format
and the above results.

Example 6.2.17. We revisit the general process algebra with transition costs (GPA)
(see Example [BKO1]). We consider basic GPA processes with procedures,
defined by the grammar ¢ := 0 | t + ¢ | (a,7).t | p where a ranges over the set of
actions A, r ranges over the positive real numbers R™ and p ranges over a fixed set
of procedure names PNames. We assume that each procedure name p; € PNames
has a body ¢; € P.

The operational semantics of the operators of basic GPA processes on the com-
plete monoid R* U {oo} (with supremum) is similar to the semantics in Exam-
ple The semantics corresponds to a GSOS specification; see [Klill] for
details. This specification is monotone. The (recursive) procedures can now be
interpreted by assignment rules: for each p; € PNames we add an assignment rule
p; := t;. Intuitively this means that the procedure call p; is given by the behaviour
of its body ¢;, as expected. By Theorem [6.2.14] bisimilarity is a congruence on the
interpretation.

6.3 Structural congruences

The assignment rules considered in the theory of the previous sections copy be-
haviour from a term to an operator, but this assignment goes one way only. In this
section, we consider the combination of abstract GSOS specifications with actual
equations, interpreted by the structural congruence rule. By encoding equations in
a restricted format as assignment rules, we obtain that the interpretation of any
specification with equations in this format is well-behaved.

Equations are elements of ¥*V x ¥*V, where V is an arbitrary but fixed set of
variables. A set of equations £ C ¥*V x X*V induces a congruence =p:

Definition 6.3.1. Let £ C ¥*V x X*V be a set of equations. The congruence closure
=p of F is the least relation on X*() satisfying the following rules:

tEu s:V —=X*0 u=gt t=pu U=g v
st(t) =g st(u) t=gt t=pu t=gv
t1 =g u1 tn =E Un

foreach o € ¥,n = |o|

oty tn) =g o(u,...,up)
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where st: ©*V — *( is the inductive extension of s to terms (Section [3.4).

In the context of structural operational semantics, equations are often inter-
preted by the structural congruence rule:

a
t=pu u— u v =g v

6.7)

t 5o
Informally, this rule states that we can use the specification to derive transitions
modulo the congruence generated by the equations. In fact, removing the part
u’ =g v from the premise (and writing «" instead of v in the conclusion) does not
affect the behaviour, modulo bisimilarity [MRO5]]. See [MRO5] for details on the
interpretation of structural congruences in the context of transition systems.

We denote by (2*())/ =g the set of equivalence classes, and by ¢: ¥*0 —
(3*(0)/ =g the quotient map of =g (we remark that one can equip (2*0)/ =g
with an algebra structure p/ such that ¢ is a ¥*-algebra homomorphism). Thus
q(t) = q(u) iff t =g u. Assuming the axiom of choice, we have ¢t =g w iff there is a
right inverse r: (£*0)/=g— X*0 such that 7(¢(¢)) = u. The latter fact is exploited
in the interpretation of a specification together with a set of equations.

Definition 6.3.2. Let #: M — M be the (unique) function such that
0(f) o kg = Bpg o pg-g o Z(f,id) v \/ forogory.
reR

where R is the set of right inverses of q. A (p, E)-model is a coalgebra f € M such

that 6(f) = f.

Lemma 6.3.3. The function §: M — M is monotone.

Proof. Similar to the proof of Lemma|6.1.8 O

Definition 6.3.4. The interpretation of p and F is the least (p, F')-model, i.e., Ifp(9).

Example 6.3.5. Consider the specification of the parallel composition x|y as given
in ([6.2) in the introduction of this chapter, i.e., by a single rule and commutativity.
In the interpretation, if + % ' then tju < t'|u, simply by the SOS rule. But also
ult % t'|u, since tju =p u|t. Concerning the definition of the replication operator
by the equation !z = lz|z, for a term ¢ the interpretation contains the least set of
transitions from !t which satisfy the equation, as desired.

In general, bisimilarity is not a congruence when equations are added. For
convenience we recall a counterexample on transition systems [MRO5].

Example 6.3.6. Consider rules p % p and ¢ = p and the single equation p = o(qg),
where p, g are constants, ¢ is a unary operator and « is an arbitrary label. In the
interpretation, p is bisimilar to ¢, but o(p) is not bisimilar to o(q).
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The above counterexample is based on assigning behaviour to the term o(q),
rather than defining each operator independently of its arguments. To rule out such
assignments, a restricted format of equations was introduced in [MRO5I, called
cfsc. The main result of [MRO5] is that for any specification in the tyft format
combined with cfsc equations, bisimilarity is a congruence.

Definition 6.3.7. A set of equations £ C ¥*V x ¥*V is in cfsc with respect to p if
every equation is of one of the following forms:

1. A ozx-equation: o1(z1,...,2n) = 02(y1,.-.,Yn), Where 01,04 € X are of arity
n (possibly o1 = o3), x1,...,x, are distinct variables and y,...,y, is a
permutation of z1,. .., z,.

2. A defining equation: o(zy,...,r,) = t where 0 € ¥ and ¢t is an arbitrary
term (which may involve o again); z1,...,z, are distinct variables, and all
variables that occur in ¢ are in zy,...,z,. Moreover o does not appear in
any other equation in F, and px(o(uy,...,u,)) = L for any set X and any

Uy, ..., U, € BX x X.

A ox-equation allows to assign simple algebraic properties to operators which
already have behaviour; the prototypical example here is commutativity, like in the
specification of the parallel composition in (6.2). With a defining equation, as the
name suggests, one can define the behaviour of an operator. An example is !z =
lz|x; another example is p = ¢|z|a.p where p, ¢ and z are constants. Further, the
procedure declarations of Example can be modelled by defining equations.
Associativity of | is neither a ocz-equation nor a defining one. We refer to [MRO5[
for arguments that the cfsc format cannot be trivially extended. The cfsc format
depends on an abstract GSOS specification: operators at the left hand side of a
defining equation should not get any behaviour in the specification. This restriction
ensures that one can not assign behaviour to complex terms, disallowing a situation
such as in Example

We proceed to show that the interpretation of an abstract GSOS specification p
and a set of equations F in cfsc equals the operational model of a certain other spec-
ification, up to bisimilarity (Definition[4.4.10). This is done by encoding equations
in this format as assignment rules, and using the theory of the previous section to
obtain the desired result.

First, note that for any cx-equation oy (z1,...,2,) = o2(y1,...,yn), the vari-
ables on one side are a permutation of the variables on the other, hence a oz-
equation can equivalently be represented as a triple (o1, 02, p) where p: Id" — 1d"
is the natural transformation corresponding to the permutation of variables in the
equation.

Definition 6.3.8. A set of equations E in cfsc defines a set of assignment rules A¥
as follows:

1. For every cx-equation (o1, 09, p) we define d and d’ on a component X as

oa(px(ut,...,u,)) ifo=o0;
o(ugy ... uy) otherwise

dX(a(uh...,un)) = {
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for all uy,...,u, € X, and d’ is similarly defined using the inverse permuta-
tion p~!, with and o, and o, swapped.

2. For every defining equation o4 (x1,...,2,) = t we define a corresponding
assignment rule

tlzy i=ur, .. 2 =y, ifo=o0

o(ury ... up) otherwise

dx(o(uy,. .., uy)) = {

for any set X and all uy,...,u, € X.

Remark 6.3.9. In [MRO5], cx-equations are a bit more liberal in that they do not
require the arities of o; and o5 to coincide, and do allow variables which only
occur on one side of the equation. But in the interpretation these variables are
quantified universally over closed terms; thus, we can encode this using infinitely
many assignment rules. For example, an equation o1 (z) = o2(z, y) can be encoded
by the set of assignment rules, one for each term ¢ € ¥*() mapping o4 (x) to oa(z, t).
We work with the simpler format above for technical convenience.

We prove that the encoding of equations as assignment rules is correct with
respect to the interpretation of the equations (Theorem [6.3.13). First, we show
that if o(x1,...,2,) = t is a defining equation of a set of equations in the cfsc
format, then the behaviour of o(x,...,x,) will be below that of ¢.

Lemma 6.3.10. Let E be a set of equations in cfsc format w.r.t. p, and let v be as in
Definition for (p, AF). Then for any defining equation o(z1,...,x,) = t and
any ti,...,tn, € X*0: Ifp(y) o kg(o(ta, ..., tn)) < p(¥) o pg(tlzr = t1,...,2pn =
tn])-

Proof. Given a defining equation, let d € A¥ be the natural transformation that
encodes it (see Definition (2)). We prove by transfinite induction that for
any function g € M that arises in the iterative construction of Ifp(¢’) and for any
t1,...,t, € X*(0 we have

gokp(o(ty, ... tn)) <Ifp(¢h) o g o dsp(o(ty, ..., tn)). (6.8)

The base case is when g = 1, which is trivial. Now suppose that holds for
some g < Ifp(¢)). Then

U(g)orp(o(t,. .. tn)) = (Bugops-goX(g,id)Vv \/ gompods.q)(o(ts,... tn)).
d'eAE
But since the equations are in cfsc format, we have

Bluig o ps-g 0 X(g,id)(o(t1, ..., tn)) = L. (6.9)

Moreover, again by the cfsc format, o(¢4,...,t,) does not occur in any equation
other than the defining one in E, and thus for all d' € A¥ with d’ # d we have

g o g o d’z*@(a(tl, constn)) =gokg(o(tr, ..., tn))
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which is below Ifp(¢)) o ug o ds«g(o(t1, ..., t,)) by the induction hypothesis (6.8)).
Together with the assumption that g < Ifp(¢)) this implies

\/ gopgo d/Z]*(D(U(th s atn)) < |fP(¢) O Hgp © dZ*@(J(tlv s 7tn)) :
d'eAE

By the above and (6.9), we may conclude

U(g) okg(o(tr ... tn)) <Hp(Y) 0 pg 0 ds=g(a(ty, ..., tn))

as desired. This concludes the successor step; the limit step is again trivial (i.e., if
we assume that holds for a family of functions, then it also holds for the join
of these functions). O

The following lemma is the main step for the correctness of the encoding of
equations as assignment rules.

Lemma 6.3.11. Let E and 1 be as above. If t =g u then Bq o (Ifp(¢))(t) = Bgo
(Ifp(w))(u), where q is the quotient map of =g.

Proof. The proof is by induction on =g, that is, we show that the set of pairs t =g u
that satisfy Bq o (Ifp(v))(t) = Bq o (Ifp(¢))(u) is closed under each of the defining
rules of =g. For reflexivity, transitivity and symmetry this is easy. The important
cases are the two types of cfsc equations from F, and congruence.

For a ox-equation o (ty,...,t,) =g 02(u1,. .., u,), by definition of A¥ there is
an assignment rule d such that ug o ds-¢(o1(t1,...,tn)) = oa(uq,...,u,), and by
definition of Ifp(1)) we have Ifp(¢)) o pugods-¢ < Ifp(10); so (Ifp(¥)) (o2 (u1, .- -y uyn)) <
(Ifp(¥))(o1(t1, . - -, tn)). For the converse, there is another assignment rule d’, and
thus (Ifp(¢))(o1(t1, .-, tn)) < (Ifp(¥))(o2(u1, - . -y up))-

For a defining equation o(¢y,...,t,) =g t we have a natural transformation
in d such that pp o dg-g(o(t1,...,t,)) = t. Thus (Ifp(¢))(t) = (Ifp(¥)) o ug o
dswg(o(ty,...,tn)) < (Ifp(¥))(o(t1,...,t,)). The other way around follows by
Lemma[6:3.10} So (Ifp(t))(t) = (Ifp(1)) (0 (t1, -+ £))-

Finally, for the congruence rule, suppose there are terms t1,...,t,, U1, .., Uy
such that ¢; = u; and Bq o (Ifp(¢))(t;) = Bqo (Ifp(v)))(u;) for all i < n, and o is an
operator of arity n. Notice that this implies

(Bqolfp(v),q)(ti) = (Bqolfp(¥),q)(uw;)  foralli <n (6.10)

since ¢(t;) = q(u;) for each i. Now

Bqo (Ifp(¢))(a(ty, .. ., tn))
= Bq o Bug o (Ifp(p))s+g o X{(Ifp(a),id) (o (t1, ..., tn)) Theorem [6.2.14]

id)(
= By o BY*q o (Ifp(¢))s+p o Z{lfp(¥), id) (o (1, . - .

) yerestn)) q alg. morphism
= Byp/ o (Ifp(p))s=g 0 (Bgq x q) o X{Ifp(v),id) (o (1, .. .,tn)) naturality
= Bp/ o (Ifp(p))s=g 0 Z(Bgq o lfp(¥), ¢)(c(t1, ..., ts)) functoriality
= By’ o (Ifp(¢))sp © E(Bg o Ifp(¥), q) (o (u1, ..., un)) ind. hypothesis
= Bqo Buy o (o)) -0 0 S(fo(), id) (0 (s, . 1))
= Bgo (Ifp(¢))(o(u, ..., up))



6.3. Structural congruences 137

Notice that we used the fact that the quotient map ¢ is an algebra morphism into
some Y *-algebra p’. It is worthwhile to note that we need to reason up to =g to
get (6.10). Indeed, (Ifp(x)),id)(t;) = (Ifp(s)),id)(u;) does not hold in general, since
t; is only congruent to w;, not necessary equal. O

p——4

This allows to prove that Ifp(¢) and Ifp(6) coincide “up to =g”.
Lemma 6.3.12. Let ¢ and q be as above. Then Bq o (Ifp(8)) = Bq o (Ifp(¥)).

Proof. We first prove that ¢ (Ifp(8)) < Ifp(d). The interesting part is to show that
Ifp(6) o pg o ds-p < Ifp(6) o Ky for any d € A¥, given that \/, _, Ifp(f) o r o go kg <
Ifp(0) o kp (which holds since Ifp(6) is a fixed point of #). But this is simple, given
that each d acts on an argument either as the identity or by an equation in E.
Thus ¢ (Ifp(0)) < Ifp(#), and since Ifp(v)) is the least pre-fixed point of i) we have
Ifp(v)) < Ifp(#). Hence Bq o Ifp(v) < Bg o Ifp(6).

We proceed to show Bgo lfp(f) < Bqo lfp(¢) by transfinite induction; the main
step is to prove that Bqoh < Bqolfp(v) implies Bqo8(h) < Bgolfp(). So suppose
Bqoh < Bgolfp(y). Then

Bqo6(h) o kg = Bgo (Bpg o ps-g o S(h,id) v \/ horogory)
reR
= Bg o By o pgp o X(h,id) v \/ Bgohorogory
reR

Now

Bqo Bug o ps=g o X{h,id) = Bu' o BX*q o0 ps-g o X(h,id)
= By o psp 0 X(Bg x q) o (h,id)
< By’ o ps-g 0 B(Bq x q) o X(Ifp(¢)), id)
= Bq o By o psp o X(Ifp(1)), id)
< Bgolfp(®) o kg
where p’ is the algebra structure induced by ¢. The first inequality holds by as-

sumption (Bgoh < Bqolfp(1)) and the second one by the fact that Ifp(¢)) is a fixed
point of ¢ and by monotonicity of Bq. Moreover

by
by

\/ Bgohorogory < \/ Bgolfp(t)oroqory=Bgolfp(y))ory
T€ER reR

by assumption and Lemma|6.3.11{ Thus Bq o 6(h) < Bq o Ifp(¢) as desired. O

This implies that Ifp(¢) and Ifp(v) are behaviourally equivalent up to =g. Recall
that behavioural equivalence coincides with bisimilarity whenever the functor B
preserves weak pullbacks (Lemma [3.1.6). Under this assumption one can prove
that Ifp(6) is equal to Ifp(z) up to bisimilarity, and by Theorem we then
obtain our main result of this section.
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Theorem 6.3.13. Suppose E is a set of equations which is in cfsc format w.r.t. p,
and suppose the behaviour functor B preserves weak pullbacks. Then the interpre-
tation Ifp(0) of p and E equals the operational model of a certain abstract GSOS
specification, up to bisimilarity (Definition 4.4.10). Bisimilarity is a congruence, and
bis o ctx o bis is bygy(g)-compatible.

Proof. Using the universal property of the coequalizer q: ¥*) — (X*0)/ =g, by
Lemma [6.3.11|we obtain a unique coalgebra structure on (X*()) /=g turning g into
a homomorphism:

|
Ifp(+)) I

Bgq v
BY*) —— B(X*0)/=k

Further, by Lemma q is also a homomorphism from Ifp(#) into the same
coalgebra. Now the pullback (in Set) of ¢ along itself is simply =g, and since B
preserves weak pullbacks, =p is a bisimulation between Ifp(¢)) and Ifp(¢) [RutQ0,
Theorem 4.3]. Thus, in particular, Ifp(¢)) and Ifp(#) are equal up to bisimilarity,
since =g is reflexive.

By Theorem bisimilarity is a congruence on Ifp(z). Since Ifp(z) and
Ifp(#) are equal up to bisimilarity, it follows from Lemma [4.4.11|that bisimilarity is
a congruence on Ifp(¢). Finally, again by Theorem [6.2.14}, ctx is b, (,)-compatible.
Thus, by Lemma bis o ctx o bis is big,(g)-compatible. O

6.4 Discussion and related work

We extended Turi and Plotkin’s bialgebraic approach to operational semantics with
non-structural assignment rules and structural congruence, providing a general
coalgebraic framework for monotone abstract GSOS with equations. Technically,
our results are based on the combination of bialgebraic semantics with order. Our
main result is that the interpretation of a specification involving assignment rules
is well-behaved, in the sense that bisimilarity is a congruence and bisimulation-up-
to techniques are sound. This result carries over to specifications with structural
congruence in the cfsc format proposed in [MRO5].

The main work in the literature that treats the meta-theory of rule formats with
structural congruences [MRO5] focuses on labelled transition systems, whereas our
results apply to coalgebras in general (for behaviour functors with a complete lat-
tice structure). Concerning transition systems, the basic rule format in [MRO5]
is tyft/tyxt[ﬂ which is more expressive than positive GSOS since it allows looka-
head in the premises. However, while [MRO5]] proves congruence of bisimilarity
this does not imply the compatibility (or even soundness) of bisimulation up to

2In [MRO5], it is sketched how to extend the results to the ntyft/ntyxt, which involves however a
complicated integration of the cfsc format with the notion of stable model.
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context [PS12]], which we obtain in the present work (and which is, in fact, prob-
lematic in the presence of lookahead).

Plotkin proposed to model recursion by interpreting abstract GSOS in the cate-
gory of complete partial orders [PloO1[. Klin [KIi04] showed that by moving to cat-
egories enriched in complete partial orders, one can interpret recursive constructs
which have a similar form as our assignment rules. Technically our approach is
different as it is based on an order on the behaviour functor, rather than interpret-
ing everything in an ordered setting and using an infinite unfolding of terms, as is
done in [Kli04]. Further, in [Kli04] each operator is either specified by an equa-
tion or by operational rules, disallowing a specification such as that of the parallel
composition in equation (6.2).

In [LPWO4], various constructions on distributive laws are presented. Exam-
ple 32 of that paper discusses the definition of the parallel composition as in
above, but a general theory for structural congruence is missing. Distributive laws
are applied in [Jac06b] to find solutions of guarded recursive equations. Further,
in [MMS13] recursive equations are interpreted in the context of iterative algebras,
where operations of interest are given by an abstract GSOS specification. That
work seems to focus mainly on solutions to guarded equations, but the precise
connection to the present work remains to be understood. In [BMO02| [CHMO02], it
is shown how to lift calculi with structural axioms to coalgebraic models, but under
the assumption that the equations already hold.

There are several directions for future work. First, our techniques can possi-
bly be extended to allow lookahead in premises by using cofree comonads (see,
e.g., [Klil1[]). While in general the combined use of cofree comonads and free
monads in specifications is known to be problematic [KN14], we expect that part
of these problems may be addressed by considering only positive (monotone) spec-
ifications. In fact, this could form the basis for a bialgebraic account of the tyft
format. Second, in the current work we only consider free monads. One may in-
corporate equations which already hold, for instance by using the theory of the
next chapter.

At a more fundamental level, we believe that the combination of bialgebraic
semantics with ordered structures is an exciting direction of research which is yet
to be explored. In the current chapter, we developed this theory only in a relatively
concrete manner, by focusing on Set functors and only specifications where the
syntax is given by a signature. A more abstract categorical perspective, for instance
in terms of order enriched categories, could potentially clean up and generalize
some of the technical development of this chapter. Such a generalization could be
of interest, for instance, to study structural congruences for calculi with names.






Chapter 7

Presenting distributive laws

In the current chapter, we study distributive laws of monads over functors. These
capture interaction between algebraic structure and observable behaviour in a sys-
tematic way. There are several benefits of this approach, recalled in more detail
in Section 3.5} a distributive law canonically induces an algebra on the final coal-
gebra, provides a compositional semantics, and yields solutions to recursive equa-
tions. Moreover, distributive laws play a central role in the framework of up-to
techniques introduced in the first part of this thesis.

However, concretely describing a distributive law of a monad over a functor
and proving the associated axioms can be rather complicated. Instead, one may try
to use general methods for constructing distributive laws from simpler ingredients.
An important example of this is given by abstract GSOS, where distributive laws
are represented by plain natural transformations. Further, in [HK11] it was shown
how an abstract GSOS specification for a functor B can be lifted to one for the
functor (B—)# which describes B-systems with input in A. Another method, which
works for all monads on Set but only for certain polynomial behaviour functors B,
produces a distributive law inducing a “pointwise lifting” of the algebra structure
to B-behaviours [Jac06b, [SBBR13]].

But many examples do not fit into the above mentioned settings. A motivating
example for the current chapter is that of context-free grammars, where sequential
composition is not a pointwise operation and whose formal semantics satisfies the
axioms of idempotent semirings, which is not a free monad. More generally, one
may be interested in distributive laws involving a monad that arises as the quotient
of a free monad with respect to some equations.

We give a general approach for constructing a distributive law A¢ for a monad
T¢, which is presented as a quotient of a monad 7 by some equations &, from a
distributive law X for the monad 7. In the typical application of our result, 7 is a
free monad, so that A can in turn be defined in terms of an abstract GSOS specifi-
cation. Then )¢ is obtained as a certain quotient of A by the equations £, hence we
say that \® is presented by )\ and the equations £. We show that such quotients exist
when the distributive law preserves the equations £, which roughly means that con-
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gruences generated by the equations are bisimulations. We also discuss how these
quotients of distributive laws give rise to quotients of bialgebras, thereby giving a
concrete operational interpretation. As an illustration and application, we show
the existence of a distributive law of the monad for idempotent semirings over the
deterministic automata functor. This result yields the equivalence between the rep-
resentation of context-free languages via grammars in Greibach normal form and
the coalgebraic representation via context-free expressions given in [WBR13]].

Outline. In the next section, we describe in detail how to construct the quotient
of a monad with respect to some given equations. In Section we prove our
main results on quotients of distributive laws. Then, in Section we show that
such quotients induce quotients of bialgebras. Finally, in Section we discuss
related work, and provide some directions for future work.

7.1 Quotients of monads

Let T = (T,n, 1) be a monad on a category C. For a general notion of equations
on a monad, we define T-equations or equations for T as a 3-tuple & = (E,l,r)
where F is an endofunctor on C and [,r: E = T are natural transformations. The
intuition is that £ models the arity of the equations, i.e., the (number of) variables
occurring in each equation, and ! and r give the left and right-hand side. The
advantage of using natural transformations (over, say, a subset of TV x TV for
some set of variables V, or a generalization thereof) is that this approach defines
equations on 7'X uniformly over any set X.

Example 7.1.1. Consider the Set functor X = X x X + 1, modelling a binary
operation and a constant, which we call + and 0 respectively. The (underlying
functor of the) free monad X* for ¥ sends a set X to the terms over X built from
+ and 0. The equations x+0 = z, v +y = y+x and (z+y)+2 = v+ (y+2) can be
modelled as follows. The functor E is defined as FX = X + (X x X )+ (X x X x X).
The natural transformations [, r: E = X* are given by Ix () = z+0and rx(z) =z
forall x € X; Ix(z,y) = ¢z +y and rx(x,y) = y + « for all (z,y) € X x X;
Ix(z,y,2) =x+ (y+2) and rx(z,y,2) = (x +y) + 2 forall (z,y,2) € X x X x X.
This defines [ x and rx uniformly for any set X, which makes naturality of / and r
easy to prove.

A T-algebra (X, «) is said to satisfy £ if aolx = aorx:

l «
EX =—=TX =X,

We denote the full subcategory of T -algebras that satisfy £ by (7, £)-Alg.
Throughout this chapter we need assumptions on C, 7, and £. This involves
regular epis: an epi is regular if it is the coequalizer of a pair of morphisms.
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Assumption 7.1.2. We assume that 7 = (7,7, ) isamonad on C, and E: C — C
is a functor such that:

1. T-Alg has coequalizers.
2. U maps regular epis in 7-Alg to epis in C.
3. EU and TU map regular epis in 7-Alg to epis in C.

The first condition is needed to construct quotients of free algebras modulo
equations. The second condition relates quotients of algebras (regular epis) with
quotients in the base category (epis). The last condition is satisfied if condition
(2) holds and E and T preserve epimorphisms in C. If C = Set the conditions
are satisfied for any monad 7 and endofunctor E. In that case, the first condition
holds since T-Alg is cocomplete if C = Set (see, e.g., [BWO5, Proposition 3.4]),
the second condition holds since U preserves regular epis if C = Set (see the proof
of [BWO5| Proposition 4.6]), and the third follows from the second, since any Set
functor preserves epis.

Any T-algebra (X, «) can be turned into an algebra that satisfies the equations,
by taking the coequalizer s, of a o lﬁ( and «a o rﬁ( in 7-Alg, as depicted in the
following diagram:

1% s
(TEX7/,LEX):u>>(TX,uX)#(X,a)*a>(X/€,a5). (7.1)

Tx

Since coequalizers are unique only up to isomorphism, we choose s, = id for every
algebra in (7, £)-Alg.

In the case C = Set, the definition of s, implies that ker(s,,) is the congru-
ence generated by the set E, = {(a(lx(e)),a(rx(e)) | e € EX}, i.e., it is the least
equivalence relation on X that includes E,, and is a subalgebra of (X, o) x (X, «).
In this sense, the kernel pair of a morphism always yields a congruence, and con-
versely, every congruence relation on an algebra (X, «) is the kernel of the corre-
sponding quotient homomorphism.

In general, the coequalizer in T-Alg differs from the one obtained by ap-

plying the forgetful functor U and then computing the coequalizer of « o lg( and

aor, in Set. The coequalizers in T-Alg and Set coincide if the equations are reflex-

ive in the sense that the two parallel maps aolx and aorx from EX to X have a
common section, and the forgetful functor U preserves reflexive coequalizers (sec-
tions and reflexive coequalizers are recalled in Section [4.5] above Theorem [4.5.4).
If T is finitary, then U preserves reflexive coequalizers. Moreover, if U preserves re-
flexive coequalizers then T preserves them too, but not every Set-functor preserves
reflexive coequalizers [AKV0O0, Example 4.3].

The main step to obtain the quotient monad is to show that (7, £)-Alg is a re-
flective subcategory of T-Alg, meaning that the inclusion functor has a left adjoint.
This left adjoint uses the coequalizer in to map an algebra to its quotient.
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Lemma 7.1.3. The inclusion V: (T, &)-Alg — T-Alg has a left adjoint H: T-Alg —
(T,E)-Alg with unit 7, = sq: (X, ) = (X/&,a¢) forall a: X — TX in T-Alg,
and counit €, = id the identity for all « € (T, &)-Alg.

Proof. We first show that for any (X, «) in T-Alg, (X/€, ag) is indeed an object in
(T, E)-Alg, i.e., it satisfies the equations. Consider the following diagram:

TEX %
|
Nex X
Ilx a
EX—=TX —>X

TX
Esq l iTsa J{sa
lx/e

B(X/€) ~—= T(X/€) —> X/€

The right-hand square commutes by the definition of s, as a coequalizer in 7-Alg,
see (7.1I). The left-hand squares (for [ and r respectively) commute by naturality
of [ and r. The upper two paths from TEX to X/€ commute by definition of s,,.
From the above diagram we obtain ag o lx/s 0 E(sq) = ag o rx/e 0 E(s,). Since
S« is a regular epi, by Assumption it follows that E(s,) is an epi, and thus
agolx/e =agorye.

It remains to show that if f: X — Y is an algebra homomorphism from (X, «)
to an algebra (Y, ) in (7, £)-Alg, then there is a unique algebra homomorphism
g: X/€ — Y such that go s, = f. Since (Y, 3) satisfies the equations we know
Boly = Bory, and thus the following diagram commutes:

TEX &
nEXT E\

! \VY (e @
EX —=TX %> X 2= X/¢

X ~
e | ||
ly ¥

EYT:Y;TY?Y

In particular, we have foaolx = foaory. Thus foozolIi = foaorg(, hence
the desired homomorphism g arises from the universal property of the coequalizer
Sa: (X, ) = (X/E, ag).

By defining H: T-Alg — (T,£)-Alg as H(X, ) = (X/€,ag), H is left adjoint
to V, and the unit of the adjunction is 77 = s. For the counit, we have V' (e, ) o sy, =
idya, and since sy, = idy, then V(e,) = idy, = V(id,), which implies that
€o, = id,, (V is an inclusion). O

By composition of adjoints, the functor UV': (T,&)-Alg — T-Alg — C has a
left adjoint given by X — (TX/E, (1x)¢). In what follows, we will write 7 X for
TX/E.
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Definition 7.1.4 (Quotient monad). Given a monad 7 = (7,n,u) on C and T-
equations £, we define the quotient monad T¢ = (T¢,n¢, u¢) as the monad on C
arising from the composition of the adjunction (H,V,7 = s,€ = id) of Lemma[7.1.3|
and the Eilenberg-Moore adjunction (G, U, 7, €) of T

174 U
RN
(T,€)-Alg T T-Alg T CQTs
S N

H

We define the natural transformation ¢: T = T¢ as the family of underlying
C-arrows of s for free algebras:

ax =Usgx = Usrx ux): TX = T°X (7.2)

The next result summarizes what we need to know about ¢ and the quotient
monad.

Theorem 7.1.5. Let T¢ = (T¢,n¢, u€) be the quotient monad associated to a monad
T = (T,n,u) on C with T-equations £. Define the natural transformation q as
in (7.2), so q: T = T¥¢ is defined on an object X as the coequalizer of jix o l”TX and

x0T

x
(TETX, pprx) T; (TTX, prx) —— (TX, px) — (T X, (ux)e) -

TTXx

Then

1. the components of q (as well as Tq and Eq) are epimorphisms in the underlying
category C,

2. the unit of the quotient monad is given by n° = q o n and
3. ¢ is a monad morphism from T to T¢.

Proof. The first item follows from Assumption For the second item, we have
n® = UsG on = qon. The third item is proved below in Corollary O

Next, we show that ¢ is indeed a monad morphism from 7 to 7¢. One way of
doing so is to show that ¢ is a coequalizer in the category of monads and monad
morphisms. Kelly studied colimits in categories of monads, and proved their exis-
tence in the context of a certain adjunction [Kel80, Proposition 26.4]; with a bit
of effort one can instantiate this to the adjunction constructed above. For a self-
contained presentation in this section, we do not invoke Kelly’s results but instead
prove directly the part that shows the existence of a monad morphism. This is
instantiated below to the adjunction of the quotient monad.
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Lemma 7.1.6. Let A be any subcategory of T-Alg, and suppose the forgetful functor
U: A — C has a left adjoint F, with unit and counit denoted by )/ and ¢’ respectively.
Then

1. Finduces a natural transformation k: TUF = UF sothat ko Tn/': T = UF
is a monad morphism.

2. Precomposing the functor UF-Alg — T-Alg induced by this monad morphism
with the comparison functor A — U F-Alg yields the inclusion A — T-Alg.

The relevant categories and functors are summarized in the diagram below, where
the functors in the right-hand triangle are given by 2 above (hence, this triangle
commutes).

F
c fn UF-Alg
?q:z::i //////

T-Alg

Proof. The functor F' sends any C-object X to a T-algebra structure on UFX; we
define kx to be that algebra structure. Naturality of s is immediate since F'f is
a T-algebra homomorphism for any C-arrow f. To see that x o Ty’ is a monad
morphism, we have to prove that the outside of the following diagram commutes:

TTn' Tk T™y'UF
TT ——=TTUF ——=TUF —TUFUF

HH/ H/,LLUF H,K \H,HUF
Tn' w

T TUF —=——UF UFUF

|7

IdﬁUF

Here 1/ = U€'F is the multiplication of the monad that arises from the adjunction
F 4 U. The top left square commutes by naturality and the middle square since
any component of « is a T -algebra. For the right-hand square we have

k=koTUEFoTyUF =UForxkUF oTyUF =y okUF oTn/'UF

where the first equality follows from the triangle identity idUF = Ue¢'F o /UF
(and functoriality), and the second from the fact that, for any X, ¢y is a 7-
algebra homomorphism from xyrx to kx. The bottom left square commutes by
naturality, and the triangle since « is an 7 -algebra.

For item 2 of the statement of the theorem, we first note that the composite
functor under consideration maps any 7T-algebra (A, «) in A to U e’( Aa) OKAO Tn,.
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But the following diagram commutes:

TN, KA
TA——TUFA——UFA

\ lTUE;A,Q) er;A,a)

TA———>A

by a triangle identity and the fact that e'( A 1S an algebra morphism. Hence
U 62 Ay O KA O Trn'y = o, which means that the composite functor under consid-
eration indeed coincides with the inclusion. O

Corollary 7.1.7. Item 3 of Theorem holds: q: T = T¢ is a monad morphism.

Proof. By Lemma|7.1.6, we only need to show that ¢ coincides with x o T¢, where
n® is the unit of the quotient monad. To this end, consider the following diagram:

Tt P
T —= 77¢ TE

N

TT:#>T

Commutativity of the triangle holds by Theorem For the square, notice that
the components of x are simply the quotient algebras as constructed in the proof
of Lemma|7.1.3] and ¢ is an algebra morphism by construction. O

Remark 7.1.8. The monad morphism ¢: 7' = T¢ induces a functor
T¢-Alg — T-Alg.

By Lemma (2), the comparison functor (7, £)-Alg — T¢-Alg followed by the
functor 7¢-Alg — T-Alg coincides with the inclusion (7, £)-Alg — T-Alg.

The above construction yields a monad 7¢ given a set of operations and equa-
tions. Intuitively, any monad which is isomorphic to 7¢ is presented by these same
operations and equations; this is captured by the following definition.

Definition 7.1.9. Let ¥ be an endofunctor on C, ¥* the free monad for ¥, and
T¢ the quotient monad of ¥* with respect to some X*-equations £. A monad K =
(K,0,v) is presented by ¥ and € if there is a monad isomorphism i: (X*)¢ = K.

Example 7.1.10. The idempotent semiring monad is defined by the Set endofunctor
that maps a set X to the set P, (X*) of finite languages over X and a function
[+ X =>YtoP,(f*)L)=U{f(z1) - f(zn) | 21+ - xyn € L}. The unit nx: X —
P, (X*) and the multiplication px : P, (P,(X*)*) — P, (X*) are given by

nx(z) = A{a},
NX('C) = UL1~-'Ln,€L{w1”'wn|wi€Li}~



148 Chapter 7. Presenting distributive laws

Consider the functor ¥ and equations £ for the free monad X*, where
DX =XXxX+XxX+1+1

models two binary operators (to represent addition + and multiplication -) and two
constants (to represent 0 and 1). The equations £ for ¥* are given by the idempo-
tent semiring axioms. We obtain a quotient monad (X*)¢, and by Theorem a
monad morphism:

q: X = (B¢,

Since we have chosen £ to be the idempotent semiring axioms, we have a monad
isomorphism (X*)¢ = P, (Id*) (using these equations, every term is equivalent
to a sum of products of variables). Thus, the monad P, (Id*) is presented by the
(semiring) signature ¥ and the axioms for idempotent semirings.

7.2 Quotients of distributive laws

In the previous section, we saw how equations give rise to quotients of algebras,
and we gave a construction of the resulting quotient monad. Next, we investigate
conditions under which distributive laws and equations give rise to quotients of
distributive laws.

7.2.1 Distributive laws over plain behaviour functors

Let \: TB = BT be a distributive law of a monad 7 = (7,7, 1) over a (plain)
behaviour functor B (Section [3.5). Given equations £ = (E, [, r) for 7 we provide
a condition on \ and £ that ensures that we get a distributive law \*: T¢ B = BT*¢
of the quotient monad over B. We use the notion of morphisms of distributive laws
from [PWO02), [Wat02].

Definition 7.2.1. Let 7 = (T,n, 1) and K = (K, 6,v) be monads, and let A\: TB =
BT and x: KB = BK be distributive laws of 7 and K over B. A natural trans-
formation 7: T = K is a morphism of distributive laws from X to  if 7 is a monad
morphism and the following square commutes:

TB =2+ KB

Aﬂ M (7.3)

BT?BK

There are generalizations of the above definition that allow natural transforma-
tions between behaviour functors [Wat02[]]. For our purposes, we do not need to
change the behaviour type.
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Definition 7.2.2. We say that \: T'B = BT preserves (equations in) £ if for every
object X in C:

Ax Bgx

l
EBX % TBX BTX BTEX (7.4)

commutes.

In Set, preservation of equations can be conveniently formulated in terms of
relation lifting (Section (3.2.1)).

Lemma 7.2.3. Suppose B: Set — Set preserves weak pullbacks. Denote by =x the
congruence ker(qx ) on T X generated by the equations. Then \ preserves £ if and only
if for every set X and every b € EBX:

Ax(IBx (), Ax(rex(b))) € Rel(B)(=x) - (7.5)
Proof. By Lemma|3.2.4
e Rel(B) preserves diagonal relations, i.e., Rel(B)(Ax) = Apx, and
e Rel(B) preserves inverse images, since B preserves weak pullbacks.
Hence Rel(B) preserves kernel relations (cf. [Jac12, Lemma 3.2.5()]):

Rel(B)(=x) = Rel(B)(ker(gx)) definition =x
— Rel(B)((gx % ax) " (Ax))
= (Bgx x Bgx) '(Rel(B)(Ax)) Rel(B) pres. inverse images
= (Bgx x Bgx) ' (Apx) Rel(B) pres. diagonals
= ker(Bgx)

Thus, the condition from the statement of the lemma is satisfied if and only if for
every X and every b € EBX we have

(Ax(IBx (b)), Ax (1Bx(b))) € ker(Bgx)

which coincides with preservation of equations. O

We now come to the main result of this chapter. It shows how to obtain a
distributive law for the quotient monad under the assumption of preservation of
equations. Preservation of equations can be proved by explicit calculations, as
shown in several examples below.

Theorem 7.2.4. If \: TB = BT preserves equations &£ then there is a (unique)
distributive law \¢ : T¢ B = BT¢ such that q: T = T¢ is a morphism of distributive
laws from X to A%.
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Proof. Suppose \ preserves equations £. We first prove that the top rows of the
following diagram commute:

#
! “BX Ax Bgx

TETBX —= TTBX TBX BTX BTEX (7.6)

)
NETBX
ETBX TTBRX

In order to do so, we prove that

1. Bgx o Ax is an algebra morphism from (T'BX, upx ), and
2. the bottom two paths, i.e., from ETBX to BT¢, commute.

Commutativity of the top rows then follows from the fact that homomorphic ex-
tensions are unique.
For the first item, consider the following diagram:

TX TB
TTBX — TBTX — % TBTEX

l)\TX \LATEX
BTqx

mBX BTTX — BTT®X

J/B#X \LB(l‘X)g

TBX ——> BTX —— BT°X
X ax

The rectangle (on the left) is the multiplication law for A\, which holds since X is a
distributive law of 7 over B (Section[3.5.1)). The upper right square commutes by
naturality, the lower by the fact that ¢x is an algebra morphism.

For the second item, we need to prove that the top two rows in the following
diagram commute:

lrBx WBX Ax Bgx
ETBX T—> TI'BX —TBX —— BTX BT¢X
TBX
Bux .
EXx (nat. I, 7) TAx (mult. \) (¢ monad morphism) Bu%

lpTx

EBTX ——=TBTX ——> BITTX —— BT*TX ——> BT*T®X
TBTX TX qrx BT qx

The two squares on the left (for [, r respectively) commute by naturality of [ and r.
The two other shapes commute by the multiplication law of A and the fact that ¢ is
a monad morphism (Corollary[7.1.7). The crucial point is that the two paths from
EBTX to BT®TX commute by the assumption that \ preserves £ (instantiated to
the object T'X). It follows that the top rows commute, as desired.
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Thus, we have shown that commutes. By the universal property of the
coequalizer gpx we obtain \:

T

TBX HBX 4BX
TETBX —=TTBX —>TBX —>T¢BX (7.7)
Tg“BX |
\L)\X 12

v
BTX ~% prex

Naturality of \* follows from (7.7), naturality of A and ¢, and the fact that ¢ is
componentwise epic in the underlying category C (Theorem |7.1.5). Due to the
commutativity of the square in (7.7), ¢ is a morphism of distributive laws from \
to A’ once we show that A is, in fact, a distributive law of monad over functor
(Section[3.5.1).

The unit law for A\¢ holds due to the unit law for )\, and the fact that
n¢ = qon (Theorem|[7.1.5)):

Bx

BX

BX 251X X repx
BX

lAX ) lki (7.8)
BTX —— BTtX
q

U

Bn%
Multiplication law for \®:
Ax
TBX BTX
HBX (mult. X) Bux
X A
TTBX ————=TBTX = BTTX
/ qTBX (nat. q) qBTX 7.7 Bqrx
i i
| T \x Mox ‘l
asx |  TETBX T¢BTX ———> BT*TX  Bux (7.9)
| i
| |
T¢qpx (7D T¢Bqgx (nat. \¥) BT®qx
TEAE Py

TETEBX —— = TEBTEX ———— BTETEX

#%x BH?{

A

TEBX BT¢X
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The small upper-left square commutes by naturality of q. The small lower-left
square commutes by applying T°¢ to (7.7). The outer crescents commute since g is
a monad morphism, and the outermost part does due to (7.7). Finally, we use that
by naturality of ¢, T€qpx © qrex = qrepx © Tqpx, which by Theorem is an
epi, and hence can be right-cancelled to yield commutativity of the lower rectangle
as desired. O

Remark 7.2.5. Every distributive law uniquely corresponds to a functor lifting on
T-algebras. The distributive law A¢ in Theorem exists if and only if the
lifting restricts to 7¢-algebras. A similar statement for the case when B is a monad
is made in [MMO7, Corollary 3.4.2].

As a corollary we obtain the analogue of Theorem for monads presented
by operations and equations.

Corollary 7.2.6. Suppose K = (K, 0,v) is a monad that is presented by operations
¥ and equations £ with a monad isomorphism i: T¢ = K, and suppose we have a
distributive law A: ¥X*B = BY* of ¥* over B that preserves £. Then there exists
a unique distributive law k: KB = BK of K over B such that ioq: A\ = k is a
morphism of distributive laws.

Proof. By Theorem we obtain a distributive law A* of T¢ over B. The dis-
tributive law x: K B = BK is defined as k = Bi o A\* o i~!. The proof proceeds by
checking that x indeed satisfies the defining axioms of a distributive law, which is
an easy but tedious exercise. O

Theorem states that if \ preserves the equations £, then we can present
¢ as “\ modulo equations”. We illustrate this with an example.

Example 7.2.7 (Stream calculus). Behavioural differential equations are used to
define streams and stream operations (Section [3.1.1). We define the following
system of behavioural differential equations:

(cxT)g=o00 -1 (cx7) =" x[n])+((c"xEXx7))+ ([o0] x "))
Xo=0 X =11

where the sum + and the constants [r] = (r,0,0,...) for all r € R, are as defined in
Section[3.1.1] The operation x is the convolution product, defined differently here
than in Section [3.1.1} we explain this choice at the end of the example.

Since we are defining two binary operations (+ and x ), one constant stream X
and R many streams [r], the signature under consideration is ¥X = X x X + X x
X + 1+ R. The differential equations can be modelled as a natural transformation
p: (R x Id) = R x ¥*, where ¥* is the free monad for ¥. On a component X, p
is given by:

(N ()
rx = (0,[1])
p}((a,x),(b,y)) = (a—l—b,x—l—y)
(

px((a,2),(by)) =
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This differs from Example where we considered GSOS specifications, which
are of a slightly different form, involving the copointed functor (R x Id) x Id on the
left-hand side. Similar to what is described for GSOS specifications in Section|3.5.2}
the above natural transformation p induces a distributive law p': ¥*(R x Id) =
(R x Id)X*.

Let £ be given by the following axioms where v, u, w are variables and a,b € R
(see Example for an explanation of how this corresponds to a functor with
two natural transformations):

(v+u)+w=v+(utw) 0] +v=w vtu=u+wv
vXu)Xw=uvX (uxw) 1] xv=w VXU=UXUV
vX (utw)=(vxu)+ (vxw) [0]xv=]0]

a+0b] = [a] + [0] [a-b] = [a] x [b]

& consists of the commutative semiring axioms together with axioms stating the
inclusion of the underlying semiring of the reals. We would like to apply Theo-
rem to obtain a distributive law for the quotient monad arising from ¥* and
&. To this end, we show that p' preserves €. Let (a, z), (b, y), (c, ) € Rx X for some
set X. First note that (r1,¢;) Rel(R x Id)(=x) (r2,t2) iff 1 = ro and ¢; =x to. It is
straightforward to check preservation of the axioms that only concern addition, as
well as of [1] x v = v, [0] x v = [0] and v X u = u x v. We show that [a - b] = [a] x [b]
is preserved:

P (la) x [0]) = (a-
RelR x Id)(=x) (a-

= Pi(la-b])

We check that p' preserves the distribution axiom:

Ph((a,z) x ((b,y) + (¢, 2)))

= (a-(bF ) (@ x b d) + (2 x X x (y+2)) + [a] x (v +2))
RelR x Id)(=x) (a-(b+c¢),(zx[b+¢])+(xx X xy)+ (zxX x 2)+
([a] x y) + ([a] x 2))

RelR x Id)(=x) ((a-¢)+ (b-¢),(x x[b]) + (x x X x y) + ([a] x y)+
(zx[]) + (2 x X x 2) + ([a] x 2))
= p;(((m:];) X (b7 y)) + ((a7x) x (c, Z)))

Note that we used [a + b] = [a] + [b]. Similarly, preservation of x-associativity can
be verified, and it uses the axiom [a - b] = [a] x [b]. We have thus shown that p'
preserves £, and by Theorem we obtain a distributive law of the quotient
monad over R x Id.

The derivative of the convolution product is usually given differently than we
defined it above. However, with the usual definition (Section [3.1.1)), we did not
manage to show that the commutativity of x is preserved although all other ax-
ioms remain preserved. However, the convolution product (interpreted in the final
coalgebra) is commutative. This suggests that, even if a given set of equations
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holds in (the algebra induced by the distributive law on) the final coalgebra, these
equations are not necessarily preserved (cf. Example below).

In the above example, we did not have a specific monad in mind; we simply
considered a free monad and a set of equations. In Example[7.2.11|below, we give
an example for the idempotent semiring monad.

Remark 7.2.8. The concrete proof method for preservation of equations bears a
close resemblance to bisimulation up to congruence as presented in Chapters
and |5, since one must show that for every pair in the (image of the) equations, its
derivatives are related by the least congruence =x instead of just the equivalence
relation induced by the equations.

Example 7.2.9. In this example we show that it is not always possible to show
that a given A preserves a given equation that holds in the final coalgebra. Again,
we consider stream systems, i.e., coalgebras for the functor BX = R x X. We
define the constant stream of zeros by three different constants n;,ns and n3 by
the following behavioural differential equations:

n1(0) = 0 ny = m
n2(0) = 0 ny = ng
n3(0) = 0 ny = ng

The corresponding signature functor is XX = 1+ 1+ 1, and the above specification
gives rise to a distributive law A: ¥* B = BY*. Now consider the equation n; = ns;
this clearly holds when interpreted in the final coalgebra. However, this equation
is not preserved by A. To see this, notice that A(ny) = (0,n;) and A(n2) = (0,n3),
but n; Zx ns, so A(nq) and A(ny) are not related by Rel(B)(=x).

7.2.2 Distributive laws over copointed functors

We now show that the main result of this chapter also holds for distributive laws
over copointed functors. This extends our method to deal with operations specified
in the abstract GSOS format (Section|3.5.2)).

Proposition 7.2.10. Theorem and Corollary hold as well for any dis-
tributive law of a monad over a copointed functor.

Proof. Let (B, ¢) be a copointed functor and \: TB = BT a distributive law of T
over (B,¢). Suppose \ preserves equations £. Then by Theorem there is a
distributive law A€ of T¢ over B such that q: T = T¢ is a morphism of distributive
laws. In order to show that \¢ is a distributive law of 7¢ over (B, ¢), we only need
to prove that \ satisfies the additional axiom, i.e., that the right-hand crescent in
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the following diagram commutes:

TBX 25 1epx

/b N

Tex \ BTX —"> BT X | T8 ex

\ i |,/

TX —(>T¢X

The outermost part commutes by naturality of ¢, the upper square commutes since
g is a morphism of distributive laws, the lower square commutes commute by nat-
urality of ¢, and the left crescent commutes by the fact that A is a distributive law
of T over (B, ¢). Consequently we have ;¢ y 0 A5 0 gpx = T ex o qpx, and since
¢Bx is an epi (Theorem we obtain epe x 0 Ay = T¢ex as desired. O

Example 7.2.11 (Context-free languages). A context free grammar (in Greibach
normal form) consists of a finite set A of terminal symbols, a (finite) set X of non-
terminal symbols, and a map (o,t): X — 2 x P,(X*)4, i.e., it is a coalgebra for
the behaviour functor B = 2 x I1d** composed with the idempotent semiring monad
P, (Id*) from Example Intuitively, o(z) = 1 means that the variable = can
generate the empty word, whereas w € t(z)(a) if and only if « can generate aw
(see [WBR13,Win14]).

It is a rather difficult task to describe concretely a distributive law of the monad
P, (1d*) over B x Id defining the sum + and sequential composition - of context-free
grammars (and it is impossible to use B rather than B x Id, see [Win14]). Instead,
we use Example which presents the monad P,,(I1d*) by the operations and
axioms of idempotent semirings. We proceed by defining a distributive law of the
free monad :* generated by the signature functor XX = 1+1+ (X x X)+ (X x X)
(to be interpreted as the constants 0,1 and the binary operators +, -) over the
copointed functor (B xId, 2), and show that it preserves the semiring axioms. This
distributive law arises from the abstract GSOS specification p: (B x Id) = BX*
whose components are given by:

pg{ = (0,a—0)
p%{ = (La—0)
px((z,0, 1), (y,p,9) = (max{o,p},a f(a)+ g(a))

: fla)-y ifp=0
px (@, 0, 1), (y,p,9)) (mm{om}’a — { ,
fla)-y+g(a) ifp=1
We proceed to show that the induced distributive law p' preserves the defining

equations of idempotent semirings. We only treat the case of distributivity, i.e.,
u-(v+w) =u-v+u-w To this end, let X be arbitrary and suppose that
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(0,d,x), (p,e,y), (g, f,z) € BX x X. Notice that either o = 0 or 0 = 1; we treat
both cases separately:

pT((O,d,(ﬂ) : ((pvevy) + (q7f7 Z)))
= (OvaHd<a)'(y+2)7$'(y+Z))
Rel(B)(=x) (0,a—d(a) -y+d(a) - z,x-y+z-2)
= pT((O,d,.T) ) (p7e,y) + (O>d7 .’L‘) ’ <Q7fv2>)

pi((1,d,2) - ((p.e,y) + (¢, f,2)))

= (p+qa—d(a) (y+2)+(ela) + f(a),r - (y+ 2))
Rel(B)(=x) (p+q,aw (d(a)-y+d(a)-2)+ (e
Rel(B)(=x) (p+qa~ (d(a)-y+e(a))+ (d(a)

= pi((1,d,2)- (p,e,y) + (1,d,x) - (¢, f, 2)

In a similar way, one can show that p' preserves the other idempotent semiring
equations. Thus, from Proposition and Corollary[7.2.6|we obtain a distribu-
tive law x of P, (Id*) over B xId such thatioq: p' = « is a morphism of distributive
laws, i.e., x is presented by p' (which is in turn determined by p) and the equations
of idempotent semirings.

7.2.3 Distributive laws over comonads

A further type of distributive law, which generalizes all of the above, is that of a
distributive law of a monad over a comonad. These arise from GSOS laws as well
as from coGSOS laws, which allow to model operational rules which involve look-
ahead in the premises. We refer to [Klil1] for technical details and an example of
a coGSOS format on streams. In this subsection, we prove for future reference that
when constructing the quotient distributive law as above for a distributive law over
a comonad, the axioms are preserved, i.e., the quotient is again a distributive law
over the comonad.

Proposition 7.2.12. Theorem and Corollary hold as well for any dis-
tributive law of a monad over a comonad.

Proof. Let (D,¢,6) be acomonad and \: TD = DT a distributive law of the monad

(T, n, ) over the comonad (D, ¢, ). Suppose \ preserves equations £. By Proposi-
tion [7.2.10| there is a distributive law A’ of 7¢ over the copointed functor (D, e).

To show that \¢ is a distributive law over the comonad (D, ¢, §), we need to check
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that the corresponding axiom holds.

TD DT
T6 or
A
TDD —2> pTD —22~ DDT
9D 4DD J{qu DDgq Dgq
A5 DAE
TEDD — DT¢D —— DDT*¢
TES dpe
)\S
TED DTE

The outermost part and the right-hand square both commute by the fact that ¢ is a
morphism of distributive laws. The outer crescents commute by naturality of ¢ and
0. The upper rectangle commutes by the assumption that ) is a distributive law over
the comonad. Checking that the lower rectangle commutes, which is what we need
to prove, is now an easy diagram chase, using that ¢p is epic (Theorem[7.1.5). O

7.3 Quotients of bialgebras

We show how initial and final \-bialgebras for a distributive law relate to initial
and final bialgebras for a quotiented distributive law as constructed in the previous
section. We study this in the general setting of morphisms of distributive laws, and
to this end we assume:

e monads 7 = (T,n, ) and K = (K,0,v);

e distributive laws \: TB = BT and x: KB = BK (both of monad over
functor);

e a morphism of distributive laws 7: T'= K from \ to k.

Morphisms of distributive laws are defined to be monad morphisms, and hence
respect the algebraic structure. The next proposition shows that, as one might
expect, they also respect the coalgebraic structure, and hence morphisms of dis-
tributive laws induce morphisms between bialgebras.

Proposition 7.3.1. Let T: T B-coalg — B-coalg and K: KT-coalg — K-coalg be
liftings induced by A and  as in Equation (3.14) of Section[3.5] Forallé: X — BTX,
Tx Is a B-coalgebra morphism from T'(X,§) to K(X, Brx o d).
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Proof. The following diagram commutes:

TX

TX KX
TS (nat. 7) lKé
TBTX KBrx
TBTX — > KBTX — > KBKX
Arx (morph. of distr. laws) lKTX (nat. k) l KK X
BTTX BKTX
BTTX — > BKTX — > BKKX
Bux (7 monad morphism) i Brx
BTX 5 BKX
TX
Commutativity of the outside is the desired result. O

If 7 arises from a set of preserved equations € as in Section[7.2] (with x = \),
then Proposition [7.3.1] states that, for any coalgebra 6: X — BTX, the coalge-
bra K(X,Brx o d) is a quotient of the coalgebra T'(X,¢), and in particular, the

~

congruence =y is included in behavioural equivalence on T'(X, §).

Example 7.3.2. Recall from Example that the abstract GSOS specification
for context-free grammars induces a morphism i o g: ¥* = P,,(X*) of distributive
laws, where ¥* is the free monad for the signature XX = X x X + X x X +1+1
representing a binary choice +, a binary com&si\tion -, and constants 0 and 1.
These distributive laws induce liftings £ and P,,(1d*).

By Proposition [7.3.1| we have the following commutative diagram for any coal-
gebra of the form §: X — 2 x (*X)4:

be nx S X (ioq) x ,Pw(X*) P(A*)
N lf\*(é) \L’Pj(_ld\*)(Bixquxo&) J{c (7.10)
2 x (Z*X)4A 2 x P, (X*)A 2 x P(A*)A
(57 X) e 2 X Pu(X7) (47)

where ( is the final coalgebra for BX = 2 x X4,

This gives the expected correspondence between two of the three different coal-
gebraic approaches to context-free languages introduced in [WBR13] (the third
approach is about fixed-point expressions and is outside the scope of this chapter).
These two approaches are:

1. A context-free grammar is defined as a coalgebra X — 2 x (P, (X*))* and
inductively extended to a coalgebra P, (X*) — 2 x (P, (X*))#, and the lan-
guage semantics arises by finality. This extension coincides with our lifting

Po(I1d).
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2. A context-free grammar is defined more syntactically (viewed as a system
of behavioural differential equations in [WBR13]]) as a coalgebra X — 2 x
(¥*X)4, which is inductively extended to a coalgebra ¥* X — 2 x (£*X)4 to

obtain its language semantics. This extension coincides with our lifting >*.

The situation in diagram (7.10) yields the correspondence between these two app-
proaches.

Similarly, if B has a final coalgebra (Z, {), then the algebra on ¢ induced by A
(Lemma [3.5.1) factors through the algebra on ¢ induced by .

Proposition 7.3.3. Let a: TZ — Z and o : KZ — Z be the algebras induced by A
and  respectively on the final B-coalgebra (Z, (). Then o = o/ o 7.

Proof. Consider the following diagram:

7

T7 —2>K7—2>z7<2_TZ
TCi lKC lTC
TBZ 2% KBZ ¢ TBZ
Azi \LKZ \L)\Z
BTZ ~5—> BKZ —;—~ BZ <5 — BTZ

The upper left square commutes by naturality of 7, whereas the lower left square
commutes since 7 is a morphism of distributive laws. The two rectangles commute
by definition of « and «’. Thus o’ o 7z and « are both coalgebra homomorphisms
from (T'Z, Az o T(¢) to (Z,¢) and consequently o’ o 7 = « by finality. O

Example 7.3.4. Continuing Example[7.3.2] it follows from Proposition that
the algebra a: ¥*(P(A4*)) — P(A*) induced by the distributive law for the free
monad for ¥ can be decomposed as i o g o o', where «' is the algebra on P(A*)
induced by the distributive law for P, (Id*). It can be shown by induction that « is
the algebra on languages given by union and concatenation product.

Now o’: P,(P(A*)*) — P(A*) can be given by selecting a representative term
and applying «, and it follows that

o'(L) = U {wy -+ wy |w; € L;}.

Ly---Lp,eL

We thus retrieved this algebra o’ induced by the distributive law for P,,(Id*) from
the algebra a: ¥*(P(4*)) — P(A*) on terms.

7.4 Discussion and related work

We presented a preservation condition that is sufficient for the existence of a dis-
tributive law A¢ for a monad with equations, given a distributive law \ for the
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underlying monad. This condition consists of checking that the equations are pre-
served by A\. We demonstrated the method by constructing distributive laws for
stream calculus over commutative semirings, and for context-free grammars which
use the monad of idempotent semirings. The reader is invited to compare the com-
plexity of checking that \ preserves the equations with describing and verifying the
distributive law requirements directly.

Morphisms of distributive laws are used in [Wat02] as a general approach for
studying translations between operational semantics. In the current chapter, we
investigated in detail the case of quotients of distributive laws. Distributive laws
for monad quotients and equations are also studied in [LPWO04, MMO7]. The set-
ting and motivation of [MMO7] is different as they study distributive laws of one
monad over another with the aim to compose these monads. We study distributive
laws of a monad over a plain functor, a copointed functor or a comonad. The ap-
proach in [LPWO04] (in particular Theorem 31) differs from ours in that the desired
distributive law is contingent on two given distributive laws and the existence of
the coequalizer (in the category of monads) which encodes equations. We have
given a more direct analysis which includes a concrete proof principle.

We have focused on adding equations which already hold in the final bialgebra,
whereas in Chapter [6| we introduced an approach for adding equations to a dis-
tributive law via structural congruence. The results of these chapters can possibly
be combined to give a more general account of equations and structural congru-
ences for different monads.

In the case of GSOS on labelled transition systems, proving equations to hold
at the level of a specification was considered in [ACI12], based on the notion of
rule-matching bisimulation, a refinement of De Simone’s FH-bisimulation. Rule-
matching bisimulations are based on the syntactic notion of ruloids, while our
technique is based on preservation of equations at the level of distributive laws.
It is currently not clear what the precise relation between these two approaches is;
one difference is that preserving equations naturally incorporates reasoning up to
congruence. Further, we do not know how, and to what extent, the decidability
result of [[ACI12]], which is based on identifying a finite set of ruloids, is reflected
at the more abstract level of the current chapter.
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Samenvatting

Coinductie, de duale van inductie, is een fundamenteel principe voor het definié-
ren van oneindige objecten, en het bewijzen van eigenschappen van zulke objec-
ten. Het belangrijkste voorbeeld van coinductie in de informatica is bisimulatie,
een algemene karakterisatie van equivalentie tussen systemen met oneindig of cir-
culair gedrag, met een concrete bewijsmethode. Coinductieve technieken verschaf-
fen nuttige bewijsprincipes voor verschillende onderzoeksgebieden zoals de theorie
van concurrency, de studie van oneindige datastructuren en de automatentheorie.

De brede toepasbaarheid en toenemende interesse in coinductieve technieken
zijn gebaseerd op de theorie van coalgebra’s. Dit is een wiskunde theorie waarin we
eigenschappen van toestandsgebaseerde modellen van berekening kunnen begrij-
pen en bewijzen op een hoog abstractieniveau, en deze eigenschappen vervolgens
toepassen op concrete systemen. De theorie van coalgebra’s geeft een structureel
en algemeen perspectief op bisimulatie en coinductie, met een canonieke karakte-
risatie van equivalentie en bijbehorende bewijsprincipes.

In dit proefschrift ontwikkelen we technieken die coinductief redeneren ver-
eenvoudigen en verbeteren. We gebruiken hiervoor de theorie van coalgebra’s, om
algemeen toepasbare methoden te verkrijgen. In het eerste deel van het proef-
schrift introduceren we verbeteringen van coinductieve bewijsprincipes, en in het
tweede gedeelte van coinductieve definitieprincipes.

We introduceren een coalgebraische theorie van verbeterde bewijstechnieken
voor bisimilariteit, in Hoofdstuk [4] Onze theorie generaliseert de zogeheten up-to-
technieken, die geintroduceerd zijn door Milner en Sangorgi om het rederen over
processen te vereenvoudigen, van processen naar een breed scala aan toestands-
gebaseerde systemen, zoals (niet)deterministische automaten, systemen die on-
eindige rijtjes representeren en transitiesystemen met kwantitatieve informatie. In
Hoofdstuk 2 passen we deze technieken toe om te redeneren over formele talen. In
Hoofdstuk [5|worden onze bewijsprincipes verder gegeneraliseerd, op basis van een
algemeen perspectief op coinductieve predicaten, zoals geintroduceerd door Her-
mida en Jacobs. Met deze generalisatie verkrijgen we verbeterde bewijsprincipes
voor willekeurige coinductieve predicaten, wat we toepassen om nieuwe methoden
te verkijgen voor het redeneren over simulatie van transitiesystemen, taalinclusie
van automaten met kwantitatieve informatie, en divergentie van processen.

Coinductieve definitietechnieken zijn geschikt voor het definiéren en bestude-
ren van de semantiek van talen. Turi en Plotkin hebben getoond dat men een
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compositionele semantiek kan verkrijgen door de interactie tussen syntax (gemo-
delleerd door algebra’s) en observaties (gemodelleerd door coalgebra’s) te specifi-
ceren door middel van een zogeheten distributieve wet. In Hoofdstuk [6] laten we
zien hoe zulke distributieve wetten geintegreerd kunnen worden met recursieve
vergelijkingen, om zo het specificeren van talen te vereenvoudigen. Het belang-
rijkste resultaat uit dit hoofdstuk is dat de interpretatie van een specificatie, die
recursieve gelijkheden van een bepaalde vorm kan bevatten, compositioneel is, en
dat de bewijsprincipes uit eerdere hoofdstukken gebruikt kunnen worden.

Distributieve wetten kunnen nuttig zijn om coinductief gedefinieerde talen te
bestuderen, maar ze zijn soms moeilijk te beschrijven. In Hoofdstuk|[7]laten we zien
hoe distributieve wetten gepresenteerd kunnen worden als quotient van andere
distributieve wetten, die op hun beurt makkelijk te presenteren zijn met gebruik
van bestaande technieken. We passen onze techniek toe om eenvoudig distribu-
tieve wetten af te leiden voor de semantiek van operaties op oneinidige rijtjes en
contextvrije grammatica’s.
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