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Preface

Mathematics is about the formal structures underlying counting, measuring, transforming
etc. It has developed fundamental notions like number systems, groups, vector spaces,
see e.g. [316], and has studied their properties. In more recent decades also “dynamical”
features have become a subject of research. The emergence of computers has contributed to
this development. Typically, dynamics involves a “state of affairs”, which can possibly be
observed and modified. For instance, the contents of a tape of a Turing machine contribute
to its state. Such a machine may thus have many possible states, and can move from one
state to another. Also, the combined contents of all memory cells of a computer can be
understood as the computers state. A user can observe part of this state via the screen
(or via the printer), and modify this state by typing commands. In reaction, the computer
can display certain behaviour. Describing the behaviour of such a computer system is a
non-trivial matter. However, formal descriptions of such complicated systems are needed
if we wish to reason formally about their behaviour. Such reasoning is required for the
correctness or security of these systems. It involves a specification describing the required
behaviour, together with a correctness proof demonstrating that a given implementation
satisfies the specification.

Mathematicians and computer scientists have introduced various formal structures to
capture the essence of state-based dynamics, such as automata (in various forms), transi-
tion systems, Petri nets, event systems, efc. The area of coalgebras' has emerged within
theoretical computer science with a unifying claim. It aims to be the mathematics of com-
putational dynamics. It combines notions and ideas from the mathematical theory of dy-
namical systems and from the theory of state-based computation. The area of coalgebra
is still in its infancy, but promises a perspective on uniting, say, the theory of differential
equations with automata and process theory and with biological and quantum computing,
by providing an appropriate semantical basis with associated logic. The theory of coalge-
bras may be seen as one of the original contributions stemming from the area of theoretical
computer science. The span of applications of coalgebras is still fairly limited, but may in
the future be extended to include dynamical phenomena in areas like physics, biology or
economics—based for instance on the claim of Adleman (the father of DNA-computing)
that biological life can be equated with computation [31]; or on [331] which gives a coal-
gebraic description of type spaces used in economics [197]; or on [52] describing network
dynamics that is common to all these areas; or on [433] using coalgebras in biological
modelling; or on [6, 235] where coalgebras are introduced in quantum computing.

Coalgebras are of surprising simplicity. They consist of a state space, or set of states,
say X, together with a structure map of the form X — F(X). The symbol F' describes
some expression involving X (a functor), capturing the possible outcomes of the structure
map applied to a state. The map X — F(X) captures the dynamics in the form of a
function acting on states. For instance, one can have F' as powerset in F(X) = P(X)
for non-deterministic computation X — P(X), or F(X) = {L} U X for possibly non-

'We should immediately add that coalgebras in this context are defined with respect to a functor. They are
more general than coalgebras as used in linear algebra, namely as dual of a monoid: a vector space V/, say over
K, with two linear maps V' — V ® V, V' — K satisfying appropriate equations, see e.g. [82]. Such a structure
forms an example of a coalgebra (as used in this book) for the functor X — K x (X ® X).
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terminating computations X — {1} U X. At this level of generality, algebras are de-
scribed as the duals of coalgebras (or the other way round), namely as maps of the form
F(X) — X. One of the appealing aspects of this abstract view is the duality between
structure (algebras) and behaviour (coalgebras).

Computer science is about generated behaviour

What is the essence of computing? What is the topic of the discipline of computer sci-
ence? Answers that are often heard are ‘data processing’ or ‘symbol manipulation’. Here
we follow a more behaviouristic approach and describe the subject of computer science
as generated behaviour. This is the behaviour that can be observed on the outside of a
computer, for instance via a screen or printer. It arises in interaction with the environment,
as a result of the computer executing instructions, laid down in a computer program. The
aim of computer programming is to make a computer do certain things, i.e. to generate be-
haviour. By executing a program a computer displays behaviour that is ultimately produced
by humans, as programmers.

This behaviouristic view allows us to understand the relation between computer science
and the natural sciences: biology is about “spontaneous” behaviour, and physics concen-
trates on lifeless natural phenomena, without autonomous behaviour. Behaviour of a sys-
tem in biology or physics is often described as evolution, where evolutions in physics are
transformational changes according to the laws of physics. Evolutions in biology seem to
lack inherent directionality and predictability [163]. Does this mean that behaviour is de-
terministic in (classical) physics, and non-deterministic in biology? And that coalgebras of
corresponding kinds capture the situation? At this stage the coalgebraic theory of modelling
has not yet demonstrated its usefulness in those areas. Therefore this text concentrates on
coalgebras in mathematics and computer science.

The behaviouristic view does help in answering questions like: can a computer think?
Or: does a computer feel pain? All a computer can do is display thinking behaviour, or
pain behaviour, and that is it. But it is good enough in interactions—think of the famous
Turing test—because in the end we never know for sure if other people actually feel pain.
We only see pain behaviour, and are conditioned to associate such behaviour with certain
internal states. But this association may not always work, for instance not in a different
culture: in Japan it is common to touch ones ear after burning a finger; for Europeans this
is non-standard pain behaviour. This issue of external behaviour versus internal states is
nicely demonstrated in [321] where it turns out to be surprisingly difficult for a human to
kill a “Mark III Beast” robot once it starts displaying desperate survival behaviour with
corresponding sounds, so that people easily attribute feelings to the machine and start to
feel pity.

These wide-ranging considerations form the background for a theory about computa-
tional behaviour in which the relation between observables and internal states is of central
importance.

The generated behaviour that we claim to be the subject of computer science arises by
a computer executing a program according to strict operational rules. The behaviour is
typically observed via the computer’s input & output (I/0). More technically, the program
can be understood as an element in an inductively defined set P of terms. This set forms
a suitable (initial) algebra F/(P) — P, where the expression (or functor) F' captures the
signature of the operations for forming programs. The operational rules for the behaviour of
programs are described by a coalgebra P — G(P), where the functor G captures the kind
of behaviour that can be displayed—such as deterministic, or with exceptions. In abstract
form, generated computer behaviour amounts to the repeated evaluation of an (inductively
defined) coalgebra structure on an algebra of terms. Hence the algebras (structure) and
coalgebras (behaviour) that are studied systematically in this text form the basic matter at
the heart of computer science.

One of the big challenges of computer science is to develop techniques for effectively

establishing properties of generated behaviour. Often such properties are formulated pos-
itively as wanted, functional behaviour. But these properties may also be negative, like in
computer security, where unwanted behaviour must be excluded. However, an elaborate
logical view about actual program properties within the combined algebraic/coalgebraic
setting has not been fully elaborated yet.

Algebras and coalgebras

The duality with algebras forms a source of inspiration and of opposition: there is a “hate-
love” relationship between algebra and coalgebra. First, there is a fundamental divide.
Think of the difference between an inductively defined data type in a functional program-
ming language (an algebra) and a class in an object-oriented programming language (a
coalgebra). The data type is completely determined by its “constructors”: algebraic oper-
ations of the form F'(X) — X going info the data type. The class however involves an
internal state, given by the values of all the public and private fields of the class. This state
can be observed (via the public fields) and can be modified (via the public methods). These
operations of a class act on a state (or object) and are naturally described as “destructors”
pointing out of the class: they are of the coalgebraic form X — F(X).

Next, besides these differences between algebras and coalgebras there are also many
correspondences, analogies, and dualities, for instance between bisimulations and congru-
ences, or between initiality and finality. Whenever possible, these connections will be made
explicit and will be exploited in the course of this work.

As already mentioned, ultimately, stripped to its bare minimum, a programming lan-
guage involves both a coalgebra and an algebra. A program is a structured element of the
algebra that arises (as so-called initial algebra) from the programming language that is be-
ing used. Each language construct corresponds to certain dynamics (behaviour), captured
via a coalgebra. The program’s behaviour is thus described by a coalgebra acting on the
state space of the computer. This is the view underlying the so-called structural operational
semantics. Coalgebraic behaviour is generated by an algebraically structured program.
This is a simple, clear and appealing view. It turns out that this approach requires a cer-
tain level of compatibility between the algebras and coalgebras involved. It is expressed in
terms of so-called distributive laws connecting algebra-coalgebra pairs. These laws appear
in Chapter 5.

Coalgebras have a black box state space

Coalgebra is thus the study of states and their operations and properties. The set of states
is best seen as a black box, to which one has limited access—Ilike with the states of a com-
puter mentioned above. As already mentioned, the tension between what is actually inside
and what can be observed externally is at the heart of the theory of coalgebras. Such tension
also arises for instance in quantum mechanics where the relation between observables and
states is a crucial issue [334]. Similarly, it is an essential element of cryptography that parts
of data are not observable—via encryption or hashing. In a coalgebra it may very well be
the case that two states are internally different, but are indistinguishable as far as one can
see with the available operations. In that case one calls the two states bisimilar or obser-
vationally equivalent. Bisimilarity is indeed one of the fundamental notions of the theory
of coalgebras, see Chapter 3. Also important are invariant properties of states: once such a
property holds, it continues to hold no matter which of the available operations is applied,
see Chapter 6. Safety properties of systems are typically expressed as invariants. Finally,
specifications of the behaviour of systems are conveniently expressed using assertions and
modal operators like: for all direct successor states (nexttime), for all future states (hence-
forth), for some future state (eventually), see also Chapter 6. This text describes these basic
elements of the theory of coalgebras—bisimilarity, invariants and assertions. It is meant as
an introduction to this new and fascinating field within theoretical computer science. The



text is too limited in both size and aims to justify the grand unifying claims mentioned
above. But hopefully, it does inspire and generate much further research in the area.

Brief historical perspective

Coalgebra does not come out of the blue. Below we shall sketch several, relatively in-
dependent, developments during the last few decades that appeared to have a common
coalgebraic basis, and that have contributed to the area of coalgebra as it stands today. This
short sketch is of course far from complete.

1. The categorical approach to mathematical system theory. During the 1970s Ar-
bib, Manes and Goguen, and also Addmek, analysed Kalman’s [263] work on linear
dynamical systems, in relation to automata theory. They realised that linearity does
not really play a role in Kalman’s famous results about minimal realisation and du-
ality, and that these results could be reformulated and proved more abstractly using
elementary categorical constructions. Their aim was “to place sequential machines
and control systems in a unified framework” (abstract of [39]), by developing a no-
tion of “machine in a category” (see also [12, 13]). This led to general notions of
state, behaviour, reachability, observability, and realisation of behaviour. However,
the notion of coalgebra did not emerge explicitly in this approach, probably because
the setting of modules and vector spaces from which this work arose provided too
little categorical infrastructure (especially: no cartesian closure) to express these re-
sults purely coalgebraically.

2. Non-well-founded sets. Aczel [8] formed a next crucial step with his special set
theory that allows infinitely descending €-chains, because it used coalgebraic termi-
nology right from the beginning. The development of this theory was motivated by
the desire to provide meaning to Milner’s theory CCS of concurrent processes with
potentially infinite behaviour. Therefore, the notion of bisimulation from process
theory played a crucial role. An important contribution of Aczel is that he showed
how to treat bisimulation in a coalgebraic setting, especially by establishing the first
link between proofs by bisimulations and finality of coalgebras, see also [11, 9].

3. Data types of infinite objects. The first systematic approach to data types in com-
puting [155] relied on initiality of algebras. The elements of such algebraic structures
are finitely generated objects. However, many data types of interest in computer sci-
ence (and mathematics) consist of infinite objects, like infinite lists or trees (or even
real numbers). The use of (final) coalgebras in [423, 40, 181, 347] to capture such
structures provided a next important step. Such infinite structures can be represented
in functional programming languages (typically with lazy evaluation) or in logical
programming languages [396, 178, 179].

4. Initial and final semantics. In the semantics of program and process languages it
appeared that the relevant semantical domains carry the structure of a final coalgebra
(sometimes in combination with an initial algebra structure [135, 123]). Especially
in the metric space based tradition (see e.g. [50]) this insight was combined with
Aczel’s techniques by Rutten and Turi. It culminated in the recognition that “com-
patible” algebra-coalgebra pairs (called bialgebras) are highly relevant structures, de-
scribed via distributive laws. The basic observation of [413, 412], further elaborated
in [59], is that such laws correspond to specification formats for operational rules on
(inductively defined) programs (see also [274]). These bialgebras satisfy elementary
properties like: observational equivalence (i.e. bisimulation wrt. the coalgebra) is a
congruence (wrt. the algebra).

5. Behavioural approaches in specification. Reichel [364] was the first to use so-
called behavioural validity of equations in the specification of algebraic structures

that are computationally relevant. The basic idea is to divide ones types (also called
sorts) into ‘visible” and ‘hidden’ ones. The latter are supposed to capture states, and
are not directly accessible. Equality is only used for the “observable” elements of
visible types. For elements of hidden types (or states) one uses behavioural equal-
ity instead: two elements z; and z2 of hidden type are behaviourally equivalent if
t(z1) = t(x2) for each term ¢ of visible type. This means that they are equal as far as
can be observed. The idea is further elaborated in what has become known as hidden
algebra [154], see for instance also [142, 384, 69], and has been applied to describe
classes in object-oriented programming languages, which have an encapsulated state
space. But it was later realised that behavioural equality is essentially bisimilarity in
a coalgebraic context (see e.g. [311]), and it was again Reichel [366] who first used
coalgebras for the semantics of object-oriented languages. Later on they have been
applied also to actual programming languages like Java [244].

6. Modal logic. A more recent development is the connection between coalgebras and
modal logics. In general, such logics qualify the truth conditions of statements, con-
cerning knowledge, belief and time. In computer science such logics are used to
reason about the way programs behave, and to express dynamical properties of tran-
sitions between states. Temporal logic is a part of modal logic which is particularly
suitable for reasoning about (reactive) state-based systems, as argued for example
in [356, 357], via its nexttime and lasttime operators. Since coalgebras give ab-
stract formalisations of such state-based systems one expects a connection. It was
Moss [328] who first associated a suitable modal logic to coalgebras—which in-
spired much subsequent work [370, 371, 294, 216, 229, 343, 289], see [290] for a
recent overview. The idea is that the role of equational formulas in algebra is played
by modal formulas in coalgebra.

Position of this text

There are several recent texts presenting a synthesis of several of the developments in the
area of coalgebra [246, 414, 165, 378,292, 344, 167, 15, 249]. This text is a first systematic
presentation of the subject in the form of a book. Key phrases are: coalgebras are general
dynamical systems, final coalgebras describe behaviour of such systems (often as infinite
objects) in which states and observations coincide, bisimilarity expresses observational
indistinguishability, the natural logic of coalgebras is modal logic, etc.

During the last decade a “coalgebraic community” has emerged, centered around the
workshops Coalgebraic Methods in Computer Science, see the proceedings [240, 247, 367,
100, 330, 169, 21, 141, 18, 242, 386], the conferences Coalgebra and Algebra in Computer
Science (CALCO), see [121, 332, 297, 99], and the associated special journal issues [241,
248,101, 170, 22, 19, 243]. This text is specifically not focused on that community, but tries
to reach a wider audience. This means that the emphasis lies—certainly in the beginning—
on explaining the theory via concrete examples, and on motivation rather than on generality
and (categorical) abstraction.

Coalgebra and category theory

Category theory if a modern, abstract mathematical formalism that emerged in the 1940s
and 1950s in algebraic topology. It has become the preferred formalism in the area of se-
mantics of datatypes and programming languages since it adequately captures the relevant
phenomena and makes it possible to express similarities between different structures (like
sets, domains and metric spaces). The field of coalgebra requires the theory of categories
already in the definition of the notion of coalgebra itself—since it requires the concept
of a functor. However, the reader is not assumed to know category theory: in this text
the intention is not to describe the theory of coalgebras in its highest form of generality,
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making systematic use of category theory right from the beginning. After all, this is only
an introduction. Rather, the text starts from concrete examples and introduces the basics
of category theory as it proceeds. Categories will thus be introduced gradually, without
making it a proper subject matter. Hopefully, readers unfamiliar with category theory can
thus pick up the basics along the way, seeing directly how it is used. Anyway, most of the
examples that are discussed live in the familiar standard setting of sets and functions, so
that it should be relatively easy to see the underlying categorical structures in a concrete
setting. Thus, more or less familiar set-theoretic language is used most of the time, but
with a perspective on the greater generality offered by the theory of categories. In this way
we hope to serve the readers without background in category theory, and at the same time
offer the more experienced cognoscienti an idea of what is going on at a more abstract
level—which they can find to a limited extent in the exercises, but to a greater extent in
the literature. Clearly, this is a compromise which runs the risk of satisfying no-one: the
description may be too abstract for some, and too concrete for others. The hope is that it
does have something to offer for everyone.

In the first half of the book (Chapters 1 — 3) the formalism of categories will not be
very prominent, for instance, in the restriction to so-called polynomial functors which can
be handled rather concretely. This is motivated by our wish to produce an introduction that
is accessible to non-specialists. Certainly, the general perspective is always right around
the corner, and will hopefully be appreciated once this more introductory material has been
digested. Certainly in the second half of the book, starting from Chapter 4, the language of
category theory will be inescapable.

Often the theory of categories is seen as a very abstract part of mathematics, that is not
very accessible. However, it is essential in this text, for several good reasons.

1. It greatly helps to properly organise the relevant material on coalgebras.

2. Only by using categorical language the duality between coalgebra and algebra can
be fully seen—and exploited.

3. Almost all of the literature on coalgebra uses category theory in one way or another.
Therefore, an introductory text that wishes to properly prepare the reader for further
study cannot avoid the language of categories.

4. Category helps you to structure your thinking and to ask relevant questions: ah, this
is mapping is a functor! What structure does it preserve? Does it have an adjoint?

In the end, we think that coalgebras form a very basic and natural mathematical concept,
and that their identification is real step forward. Many people seem to be using coalgebras
in various situations, without being aware of it. Hopefully this text can make them aware,
and can contribute to a better understanding and exploitation of these situations. And hope-
fully many more such application areas will be identified, further enriching the theory of
coalgebras.

Intended audience

This text is written for everyone with an interest in the mathematical aspects of compu-
tational behaviour. This probably includes primarily mathematicians, logicians and (the-
oretical) computer scientists, but hopefully also an audience with a different background
such as for instance mathematical physics or biology, or even economics. A basic level of
mathematical maturity is assumed, for instance via familiarity with elementary set theory
and logic (and its notation). The examples in the text are taken from various areas. Each
section is accompanied by a series of exercises, to facilitate teaching—typically at a late
bachelor or early master level—and for testing ones own understanding in self-study.
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Chapter 1

Motivation

This chapter tries to explain why coalgebras are interesting structures in mathematics and
computer science. It does so via several examples. The notation used for these examples
will be explained informally, as we proceed. The emphasis at this stage is not so much
on precision in explanation, but on transfer of ideas and intuitions. Therefore, for the time
being we define a coalgebra—very informally—to be a function of the form:

st a

‘What we mean is: a coalgebra is given by a set S and a function ¢ with S as domain and
with a “structured” codomain (result, output, the box [--- ]), in which the domain S may
occur again. The precise form of these codomain boxes is not of immediate concern.

Some terminology: We often call S the state space or set of states, and say that the
coalgebra acts on S. The function ¢ is sometimes called the transition function or also
transition structure. The idea that will be developed is that coalgebras describe general
“state-based systems” provided with “dynamics” given by the function c. For a state z € S,
the result ¢(z) tells us what the successor states of z are, if any. The codomain [ - is often
called the fype or interface of the coalgebra. Later we shall see that it is a functor.

A simple example of a coalgebra is the function,

n—(n—1,n+1)
ZxXZ

with state space Z occurring twice on the right hand side. Thus the box or type of this
coalgebra is

% (=) |. The transition function n — (n — 1,n + 1) may also be written
using A-notation as An. (n — 1,n+ 1) oras An € Z. (n — 1,n + 1).

Another example of a coalgebra, this time with state space the set AV of functions from
N to some given set A, is:

T o+ (0(0), An.o(n+ 1)) A AT

In this case the box is | A x . If we write o as an infinite sequence (0, ), ey We may

write this coalgebra as a pair of functions (head, tail) where

head((on)nen) = 00 and  tail((on)new) = (Ont1)nen-

Many more examples of coalgebras will occur throughout this text.
This chapter is devoted to “selling” and “promoting” coalgebras. It does so by focusing
on the following topics.



2 Chapter 1. Motivation

1. A representation as a coalgebra (1.1) is often very natural, from the perspective of
state-based computation.

2. There are powerful “coinductive” definition and proof principles for coalgebras.
3. There is a very natural (and general) temporal logic associated with coalgebras.

4. The coalgebraic notions are on a suitable level of abstraction, so that they can be
recognised and used in various settings.

Full appreciation of this last point requires some familiarity with basic category theory. It
will be provided in Section 1.4.

1.0.1. Remark. Readers with a mathematical background may be familiar with the notion
of coalgebra as comonoid in vector spaces, dual to an algebra as a monoid. In that case one
has a “counit” map V' — K, from the carrier space V' to the underlying field K, together
with a “comultiplication” V' — V ® V. These two maps can be combined into a single
map V — K x (V ® V) of the form (1.1), forming a coalgebra in the present sense. The
notion of coalgebra used here is thus much more general than the purely mathematical one.

1.1 Naturalness of coalgebraic representations

‘We turn to a first area where coalgebraic representations as in (1.1) occur naturally and may
be useful, namely programming languages—used for writing computer programs. What are
programs, and what do they do? Well, programs are lists of instructions telling a computer
what to do. Fair enough. But what are programs from a mathematical point of view? Put
differently, what do programs mean!? One view is that programs are certain functions that
take an input and use it to compute a certain result. This view does not cover all programs:
certain programs, often called processes, are meant to be running forever, like operating
systems, without really producing a result. But we shall follow the view of programs as
functions for now. The programs we have in mind do not only work on input, but also on
what is usually called a state, for example for storing intermediate results. The effect of a
program on a state is not immediately visible, and is therefore often called the side-effect
of the program. One may think of the state as given by the contents of the memory in the
computer that is executing the program. This is not directly observable.

Our programs should thus be able to modify a state, typically via an assignment like
i = 5in a so-called imperative programming language®. Such an assignment statement
is interpreted as a function that turns a state x into a new, successor state ' in which the
value of the identifier i is equal to 5. Statements in such languages are thus described via
suitable “state transformer” functions. In simplest form, ignoring input and output, they
map a state to a successor state, as in:

g stat s, (1.2)

where we have written S for the set of states. Its precise structure is not relevant. Often the
set S of states is considered to be a “black box” to which we do not have direct access, so
that we can only observe certain aspects. For instance via a function i: S — Z representing
the above integer i. The value i(z’) should be 5 in the result state 2’ after evaluating the
assignment i = 5, considered as a function S — S, like in (1.2).

This description of statements as functions S — S'is fine as first approximation, but
one quickly realises that statements do not always terminate normally and produce a suc-
cessor state. Sometimes they can “hang” and continue to compute without ever producing a

!'This question comes up frequently when confronted with two programs—one possibly as a transformation
from the other—which perform the same task in a different manner, and which could thus be seen as the same
program. But how can one make precise that they are the same?

2Thus, purely functional programming languages are not included in our investigations.
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successor state. This typically happens because of an infinite loop, for example ina while
statement, or because of a recursive call without exit.
There are two obvious ways to incorporate such non-termination.

1. Adjust the state space. In this case one extends the state space S to a space S| def

{L} U S, where L is a new “bottom” element not occurring in S that is especially
used to signal non-termination. Statements then become functions:

Si L S with the requirement stat(L) = L.

The side-condition expresses the idea that once a statement hangs it will continue to
hang.

The disadvantage of this approach is that the state space becomes more complicated,
and that we have to make sure that all statements satisfy the side-condition, namely
that they preserve the bottom element L. But the advantage is that composition of
statements is just function composition.

2. Adjust the codomain. The second approach keeps the state space S as it is, but
adapts the codomain of statements, as in:

g __ stat | Si  where, recall, S| ={L}US.

In this representation we easily see that in each state = € S the statement can either
hang, when stat(z) = L, or terminate normally, namely when stat(z) = ' for some
successor state ' € S. What is good is that there are no side-conditions anymore.
But composition of statements cannot be defined via function composition, because
the types do not match. Thus the types force us to deal explicitly with the propagation
of non-termination: for these kind of statements s1,s2: S — S the composition
$1; 82, as a function S — S, is defined via a case distinction (or pattern match) as:

15y = Az €S 1 ifsy(z) =1
so(a’)  ifsy(z) =2’

This definition is more difficult than function composition (as used in 1. above), but

it explicitly deals with the case distinction that is of interest, namely between non-

termination and normal termination. Hence being forced to make these distinctions

explicitly is maybe not so bad at all.

‘We push these same ideas a bit further. In many programming languages (like Java [43])
programs may not only hang, but may also terminate “abruptly” because of an exception.
An exception arises when some constraint is violated, such as a division by zero or an
access a [1] in an array a which is a null-reference. Abrupt termination is fundamentally
different from non-termination: non-termination is definitive and irrevocable, whereas a
program can recover from abrupt termination via a suitable exception handler that restores
normal termination. In Java this is done via a t ry—catch statement, see for instance [43,
162, 226].

Let us write F for the set of exceptions that can be thrown. Then there are again two
obvious representations of statements that can terminate normally or abruptly, or can hang.

1. Adjust the state space. Statements then remain endofunctions® on an extended state
space:

({L}USU(SXE))L({L}USU(SXE))

3 An endofunction is a function A — A from a set A to itself.
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The entire state space clearly becomes complicated now. But also the side-conditions
are becoming non-trivial: we still want stat(L) = L, and also stat(z,e) = (z,¢),
forz € S and e € E, but the latter only for non-catch statements. Keeping track of
such side-conditions may easily lead to mistakes. But on the positive side, composi-
tion of statements is still function composition in this representation.

2. Adjust the codomain. The alternative approach is again to keep the state space S as
it is, but to adapt the codomain type of statements, namely as:

SL({L}USU(SXE)) (1.3

Now we do not have side-conditions and we can clearly distinguish the three pos-
sible termination modes of statements. This structured output type in fact forces us
to make these distinctions in the definition of the composition s; ; s2 of two such
statements s1,s2: S — {L} U S U (S x E), as in:

1 ifsi(z) =L
v

s1582 = Ar € 5. S so(af)  ifsi(z) =
(2',e) ifsi(z) = (a,e).

Thus, if s; hangs or terminates abruptly, then the subsequent statement sy is not
executed. This is very clear in this second coalgebraic representation.

When such a coalgebraic representation is formalised within the typed language of a
theorem prover (like in [245]), the type checker of the theorem prover will make sure
that appropriate case distinctions are made, according to the output type as in (1.3).
See also [226] where Java’s exception mechanism is described via such case distinc-
tions, closely following the official language definition [162].

These examples illustrate that coalgebras as functions with structured codomains - - |,
like in (1.1), arise naturally, and that the structure of the codomain indicates the kind of
computations that can be performed. This idea will be developed further, and applied to
various forms of computation. For instance, non-deterministic statements may be repre-
sented via the powerset P as coalgebraic state transformers S — P(.S) with multiple result
states. But there are many more such examples, involving for instance probability distribu-
tions on states.

(Readers familiar with computational monads [326] may recognise similarities. Indeed,
in a computational setting there is a close connection between coalgebraic and monadic rep-
resentations. Briefly, the monad introduces the computational structure, like composition
and extension, whereas the coalgebraic view leads to an appropriate program logic. This is
elaborated for Java in [244].)

Exercises

1.1.1. (i) Prove that the composition operation ; as defined for coalgebras S — {L} U S is as-

sociative, i.e. satisfies s1;(s2;s3) = (s1;52) ; s3, for all statements s1, s2,s3: S —
{L}US.
Define a statement skip: S — {_L} U S which is a unit for composition ; i.e. which
satisfies (skip;s) = s = (s;skip), forall s: S — {L} U S.

(i) Do the same for ; defined on coalgebras S — {L} U S U (S x E).

[In both cases, statements with an associative composition operation and a unit element

form a monoid.]

1.1.2.  Define also a composition monoid (skip, ;) for coalgebras S — P(S).
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1.2 The power of the coinduction

In this section we shall look at sequences—or lists, or words, as they are also called. Se-
quences are basic data structures, both in mathematics and in computer science. One can
distinguish finite sequences (as, . .., a,) and infinite (a1, az, . ..) ones. The mathematical
theory of finite sequences is well-understood, and a fundamental part of computer science,
used in many programs (notably in the language LISP). Definition and reasoning with finite
lists is commonly done with induction. As we shall see, infinite lists require coinduction.
Infinite sequences can arise in computing as the observable outcomes of a program that
runs forever. Also, in functional programming, they can occur as so-called lazy lists, like
in the languages Haskell [72] or Clean [350]. Modern extensions of logical programming
languages have support for infinite sequences [396, 178].

In the remainder of this section we shall use an arbitrary but fixed set A, and wish to
look at both finite (ay,...,a,) and infinite (ay,as,...) sequences of elements a; of A.
The set A may be understood as a parameter, and our sequences are thus parametrised by
A, or, put differently, are polymorphic in A.

We shall develop a slightly unusual and abstract perspective on sequences. It does not
treat sequences as completely given at once, but as arising in a local, step-by-step manner.
This coalgebraic approach relies on the following basic fact. It turns out that the set of
both finite and infinite sequences enjoys a certain “universal” property, namely that it is a

final coalgebra (of suitable type). We shall explain what this means, and how this special

property can be exploited to define various operations on sequences and to prove properties
about them. A special feature of this universality of the final coalgebra of sequences is that
it avoids making the (global) distinction between finiteness and infiniteness for sequences.

First some notation. We write A* for the set of finite sequences (a1, ..., ay) (or lists
or words) of elements a; € A, and A" for the set of infinite ones: (a;,as, ...). The latter
may also be described as functions a(_y: N — A, which explains the exponent notation in
AN, Sometimes, the infinite sequences in A" are called streams. Finally, the set of both
finite and infinite sequences A is then the (disjoint) union A* U AY.

The set of sequences A carries a coalgebra or transition structure, which we simply
call next. It tries to decompose a sequence into its head and tail, if any. Hence one may
understand next as a partial function. But we describe it as a total function which possibly
outputs a special element L for undefined.

A% L {1} U (4 x 4%)

L if o is the empty sequence () (1.4)

(a,0’) ifo=a-o’ with“head” a € A and “tail” o’ € A>.

The type of the coalgebra is thus | { L} U (A x (—)) | like in (1.1), with A as state space

that is plugged in the hole (—) in the box. The successor of a state ¢ € A, if any, is its
tail sequence, obtained by removing the head.

The function next captures the external view on sequences: it tells what can be observed
about a sequence o, namely whether or not it is empty, and if not, what its head is. By
repeated application of the function next all observable elements of the sequence appear.
This “observational” approach is fundamental in coalgebra.

A first point to note is that this function next is an isomorphism: its inverse next~*
sends L to the empty sequence (), and a pair (a,7) € A x A™ to the sequence a - T
obtained by prefixing a to 7.

The following result describes a crucial “finality” property of sequences that can be
used to identify the set A>°. Indeed, as we shall see later in Lemma 2.3.3, final coalgebras
are unique, up-to-isomorphism.

—
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1.2.1. Proposition (Finality of sequences). The coalgebra next: A~ — {1} U A x A
from (1.4) is final among coalgebras of this type: for an arbitrary coalgebra c: S —
{L} U (A x S) on a set S there is a unique “behaviour” function beh,: S — A which
is a homomorphism of coalgebras. That is, for each x € S, both:

o ifc(z) = L, then next(beh.(z)) = L.
o ifc(z) = (a, '), then next(beh.(z)) = (a,beh.(z')).

Both these two points can be combined in a commuting diagram, namely as,

(1)U (axg) 9l behe +{L}U (A x A®)

c ETnext
______________ _) oo
s beh, 24

where the function id U (id x beh,.) on top maps L to L and (a,z) to (a, beh.(z)).

In the course of this chapter we shall see that a general notion of homomorphism be-
tween coalgebras (of the same type) can be defined by such commuting diagrams.

Proof. The idea is to obtain the required behaviour function beh.: S — A via repeated
application of the given coalgebra c as follows.

() ife(z) =1

(a) ifc(z) = (a,2") ANe(z') = L

Pehe(®) =9 0 0 ife(a) = (a,0) A (@) = (a'2") A cla) = L

Doing this formally requires some care. We define for n € N an iterated version ¢ : S —
{L}UAx Sofcas:
A(z) = cfz)
e () = € ifc"(z) = L
cy)  ife(2) = (ay)

Obviously, ¢ (z) # L implies ¢ (z) # L, for m < n. Thus we can define:

(ag,a1,as,...) if¥n e N.c"(z)# L, and ¢'(z) = (a;, 2;)

beh.(z) =
o(2) if m € Nis the least number with ¢ (z) = L,

(a0, am-1) and ¢ (z) = (a;, z;), fori <m
We check the two conditions for homomorphism from the proposition above.

o If ¢(z) = L, then the least m with ¢™(x) = L is 0, so that beh.(z) = (), and thus
also next(beh,(z)) = L.

If ¢(z) = (a, 2’), then we distinguish two cases:
- IfVn € N.c"(z) # L, then Vn € N.c*(z') # L, and ¢'*t1(x) = ci(a’). Let
c'(2') = (ai,z;), then
next(beh.(z)) = next({(a, ag,a1,...))

(a,{ag, a1, ..))
= (a,beh.(z)).
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- If m is least with ¢™(z) = L, then m > 0 and m — 1 is the least k with
ck(2') = L. Fori < m — 1 we have ¢'*!(z) = ¢'(z'), and thus by writing
c"(2') = (a;, x;), we get as before:

next(beh.(z)) = next((a,ag,ai,...,am—_2))

= (a,{ap,a1,...,am—2))
= (a,beh.(z")).

Finally, we still need to prove that this behaviour function beh, is the unique homo-
morphism from ¢ to next. Thus, assume also g: S — A is such that ¢(z) = L =
next(g(z)) = L and ¢(z) = (a,2’) = next(g(z)) = (a, g(z’)). We then distinguish:

e g(x) is infinite, say (ag, a1, ...). Then one shows by induction that for all n € N,
¢"(z) = (an, ), for some z,,. This yields beh.(z) = (ag, a1, ...) = g(x).

e g(x) is finite, say (ag,...,am—1). Then one proves that for all n < m, ¢"(z) =
(an,zn), for some x,, and ¢ (z) = L. So also now, beh.(z) = (ag, ..., am—1) =
g(x). u|

Before exploiting this finality result we illustrate the behaviour function.

1.2.2. Example (Decimal representations as behaviour). So far we have considered sequen-
ce coalgebras parametrised by an arbitrary set A. In this example we take a special choice,
namely A = {0,1,2,3,4,5,6,7,8,9}, the set of decimal digits. We wish to define a coal-
gebra (or machine) which generates decimal representations of real numbers in the unit
interval [0,1) C R. Notice that this may give rise to both finite sequences (% should
yield the sequence (1,2,5), for 0.125) and infinite ones (1 should give (3,3,3,...) for
0.333...).

The coalgebra we are looking for computes the first decimal of a real number r € [0, 1).
Hence it should be of the form,

[0,1) nextdec o1y, ({0,1,2,3,4,5,6, 78,9} x [0,1))

with state space [0, 1). How to define nextdec? Especially, when does it stop (i.e. return
L), so that a finite sequence is generated? Well, a decimal representation like 0.125 may
be identified with 0.12500000 . . . with a tail of infinitely many zeros. Clearly, we wish to
map such infinitely many zeros to L. Fair enough, but it does have as consequence that the
real number 0 € [0, 1) gets represented as the empty sequence.

A little thought brings us to the following:

€ ifr=0
nextdec(r) = . .
(d,10r —d)  otherwise, where d € A is such thatd < 10r < d + 1.
Notice that this function is well-defined, because in the second case the successor state
10r — d is within the interval [0, 1).
According to the previous proposition, this nextdec coalgebra gives rise to a behaviour
function:

behnextdec

0,1) (10.1.2.3,4,5.6,7,8,9})

In order to understand what it does, i.e. which sequences are generated by nextdec, we
consider two examples.
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Starting from 1 € [0, 1) we get:

nextdec(3) = (1,1) because 1 < L <2and & —1=1
nextdec(1) = (2,3) because2 < L < 3and L2 —2 =1
nextdec(3) = (5,0) because 5 < 3 < 6and L2 —5=0
nextdec(0) = L.

Thus the resulting nextdec-behaviour on % isindeed (1,2, 5), i.e. bchnex‘dec(é) =(1,2,5).
Indeed, in decimal notation we write % = 0.125.
Next, when we run nextdec on § € [0, 1) we see that:

nextdec(}) = (1, 3) because 1 < 2 < 2and L — 1= 1.

Thus nextdec immediately loops on %, and we get an infinite sequence (1,1,1,...) as
behaviour. This corresponds to the fact that we can identify % with the infinite decimal
representation 0.11111 - - -.

One sees in the proof of Proposition 1.2.1 that manipulating sequences via their ele-
ments is cumbersome and requires us to distinguish between finite and infinite sequences.
However, the nice thing about the finality property of A is that we do not have to work this
way anymore. This property states two important aspects, namely existence and unique-
ness of a homomorphism .S — A into the set of sequences, provided we have a coalgebra
structure on S. These two aspects give us two principles:

o A coinductive definition principle. The existence aspect tells us how to obtain
functions S — A into A>°. If ‘recursion’ is the appropriate term for definition by
induction, then the existence property at hand may be called ‘corecursion’.

e A coinductive proof principle. The uniqueness aspect tells us how to prove that
two functions f,g: S — A are equal, namely by showing that they are both ho-
momorphisms from a single coalgebra c: S — {1} U (A x S) to the final coalgebra
next: A — {1} U (A x A>).

Coinduction is thus the use of finality—just like induction is the use of initiality, as will be
illustrated in Section 2.4 in the next Chapter. We shall see several examples of the use of
these definition and proof principles for sequences in the remainder of this section.

Notation. One thing the previous proposition shows us is that coalgebras ¢: S — {1} U
(A x S) can be understood as generators of sequences, namely via the resulting behaviour
function beh.: S — A°. Alternatively, these coalgebras can be understood as certain
automata. The behaviour of a state = € S of this automaton is then the resulting sequence
beh,(z) € A*. These sequences beh.(x) only show the external behaviour, and need not
tell everything about states.

Given this behaviour-generating perspective on coalgebras, it will be convenient to use
a transition style notation. For a state z € S of an arbitrary coalgebra ¢: S — {1} U
(A x S) we shall often write

-+ ife(z)=1 and x-S ife(z) = (a,2'). (1.5)

In the first case there is no transition starting from the state x: the automaton c halts imme-
diately at . In the second case one can do a c-computation starting with z; it produces an
observable element a € A and results in a successor state x’.

This transition notation applies in particular to the final coalgebra next: A~ — {1} U
(A x A*). In that case, for o € A>, o - means that the sequence o is empty. In the
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second case ¢ — o’ expresses that the sequence o can do an a-step to ¢’, and hence that
c=a-o.

Given this new notation we can reformulate the two homomorphism requirements from
Proposition 1.2.1 as two implications:

o T - => bchc(m) -+
o © - 2’ = beh.(z) — beh.(z').
In the tradition of operational semantics, such implications can also be formulated as rules:

a ’
T T —

- _— 1.6)
behc(z) - beh,(z) == beh,(z") (

Such rules thus describe implications: (the conjunction of) what is above the line implies
what is below.

In the remainder or this section we consider examples of the use of coinductive defini-
tion and proof principles for sequences.

Evenly listed elements from a sequence

Our first aim is to take a sequence o € A and turn it into a new sequence evens(o) € A>
consisting only of the elements of ¢ at even positions. Step-by-step we will show how such
a function evens: A — A can be defined within a coalgebraic framework, using
finality.

Our informal description of evens (o) can be turned into three requirements:

e If 0 » then evens(o) -, i.e. if o is empty, then evens (o) should also be empty.

o Ifo %5 ¢’ and 0’ —, then evens(c) —= o’. Thus if o is the singleton sequence
(a), then also evens(o) = (a). Notice that by the previous point we could equiva-
lently require evens(o) —— evens(o’) in this case.

o If 0 - ¢/ and 0/ > 0", then evens(c) — evens(c”). This means that if o
has head a and tail o/, which in its turn has head a’ and tail 0", i.e. if o = a-a’ - 0",
then evens(o) should have head a and tail evens(c”), i.e. then evens(c) = a -
evens(c”). Thus, the intermediate head at odd position is skipped. And this is
repeated “coinductively”: as long as needed.

Like in (1.6) above we can write these three requirements as rules:

,
o a ! ! a ’ roa "
g —0 a - o—0 o — 0

(1.7)

evens(c) - evens(o) - evens(o”) evens(o) - evens(a”)

One could say that these rules give an “observational description” of the sequence evens(o):
they describe what we can observe about evens (o) in terms of what we can observe about
o. For example, if o = (ag, a1, az, as, a4) we can compute:

evens(o) = ag - evens((az, as, a4))
ag - as - evens({a4))

=ap-az-ag-()

= (a(),a27a4>.

Now that we have a reasonably understanding of the function evens: A® — A
we will see how it arises within a coalgebraic setting. In order to define it coinductively,
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following the finality mechanism of Proposition 1.2.1, we need to have a suitable coalgebra
structure e on the domain A of the function evens, like in a diagram:

id U (id x beh,)

{LJUAXA®) - — — = — = -~ > {L}U(Ax A®)
({ %Tnext
A®————— == — -~ + A>®

That is, for o € A,
e ife(0) = L, then evens(o)
e if e(0) = (a,0’), then evens(o) — evens(o’).
Combining these two points with the above three rules (1.7) we see that the coalgebra e
must be:
1 ifo —»
e(0) = { (a,0') ifo - o' witho' »
(a,0") ifo s d' Na' 20"
This function e thus tells what can be observed immediately, if anything, and what will be
used in the recursion (or co-recursion, if you like). It contains the same information as the
above three rules. In the terminology used earlier: the coalgebra or automaton e generates
the behaviour of evens.

1.2.3. Remark. The coalgebra e: A> — {1} U (A x A*) illustrates the difference be-
tween states and observables. Consider an arbitrary sequence o € A> and write 01 =
a-ay-oand o0y = a-ay - o, where a,a1,az € A with a; # as. These 01,09 € A™®
are clearly different states of the coalgebra e: A~ — {1} U (A x A>), but they have
the same behaviour: evens(o;) = a - evens(o) = evens(o,), where evens = beh,.
Such observational indistinguishability of the states o1, o is called bisimilarity, written as
01 £ 09, and will be studied systematically in Chapter 3.

Oddly listed elements from a sequence

Next we would like to have a similar function odds: A> — A which extracts the el-
ements at odd positions. We leave formulation of the appropriate rules to the reader, and
claim this function odds can be defined coinductively via the behaviour-generating coal-
gebrao: A — {1} U (A x A>) given by:

° ifo» oro - o' with o' -
o(o) = (1.8)

(a',0") ifo % o' Ao’ 2ot
Thus, we take odds = beh, to be the behaviour function resulting from o following the
finality principle of Proposition 1.2.1. Hence o(c) = L = odds(cs) - and o(c) =
(a,0") = odds(c) %+ odds(o”). This allows us to compute:
odds((ag, a1, az,as,as)) = ar - 0dds({(az, as, as))
since o({ao, a1, az, as, as)) = (a1, (a2, as, as))
= a1 - az - odds({a4))
since o((asz, as, as)) = (as, (as))
=aj-a3-()
since o((as)) = ()

= (a1, a3).
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At this point the reader may wonder: why not define odds via evens, using an appro-
priate tail function? We shall prove that this gives the same outcome, using coinduction.

1.2.4. Lemma. One has
odds = evens o tail,

where the function tail: A — A is given by:

tail(o) = {” fo=»

o ifo 0.

Proof. In order to prove that the two functions odds, evens o tail: A~ — A are equal
one needs to show by Proposition 1.2.1 that they are both homomorphisms for the same
coalgebra structure on A>°. Since odds arises by definition from the function o in (1.8), it
suffices to show that evens o tail is also a homomorphism from o to next. This involves
two points:

e If o(0) = L, there are two subcases, both yielding the same result:

- If 0 - then evens(tail(c)) = evens(o) .
- Ifo % ¢’ and o’ -, then evens(tail(c)) = evens(c’) - .

/
- a a
e Otherwise, if o(o) = (a’,0”), because 0 — o’ and ' — ¢”, then we have

evens(tail(o)) = evens(o”) -2 evens(tail(s”)) since:

- If " —, then evens(o’) LN evens(o”) = evens(tail(6”)).

"
a

- Andif ¢ > o', then evens(o’) -+ evens(c”’) = evens(tail(¢”)). O

Such equality proofs using uniqueness may be a bit puzzling at first. But they are

very common in category theory, and in many other areas of mathematics dealing with

universal properties. Later, in Section 3.4 we shall see that such proofs can also be done

via bisimulations. This is a common proof technique in process theory—and in coalgebra,
of course.

Merging sequences

In order to further familiarise the reader with the way the “coinductive game” is played, we
consider merging two sequences, via a binary operation merge: A> x A>® — A>®. We
want merge(o, 7) to alternatingly take one element from ¢ and from 7, starting with o. In
terms of rules:

a4 a.
g T o » T—T o—0

merge(o,7) + merge(o,7) —% merge(o,7’)  merge(o, T) — merge(r,o’)

Notice the crucial reversal of arguments in the last rule.
Thus, the function merge: A> x A — A is defined coinductively as the behaviour
beh,,, of the coalgebra

(A% x A%) T {1} U (A x (4% x 4%))

given by:
€L ifo»AT-»
m(o,7) =< (a,(0,7") ifo»AT -1

(a,(r,0")) ifo o'
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At this stage we can combine all of the coinductively defined functions so far in the
following result. It says that the merge of the evenly listed and oddly listed elements in a
sequence is equal to the original sequence. At first, this may seem obvious, but recall that
our sequences may be finite or infinite, so there is some work to do. The proof is again an
exercise in coinductive reasoning using uniqueness. It does not involve a global distinction
between finite and infinite, but proceeds by local, single step reasoning.

1.2.5. Lemma. For each sequence o € A,
merge(evens(c),0dds(c)) = o.

Proof. Letus write f: A — A as short hand for f(0) = merge(evens(c), 0dds(c)).
We need to show that f is the identity function. Since the identity function id goc : A% —
A is a homomorphisms from next to next—i.e. idg~ = behpex—it suffices to show
that also f is such a homomorphism next — next. This involves two points:

e Ifo -, thenevens(c) - and odds(c) —+, so that merge(evens(c), odds(c)) +
and thus f(o) ».

o If ¢ —% o/, then we distinguish two cases, and prove f(o) = f(o’) in both, using
Lemma 1.2.4.

- If o’ -~ then evens(c) - evens(o’) and thus

f(o) = merge(evens(o),0dds(c))

-5 merge(odds(o), evens(a’))
merge(evens(tail(c)), evens(tail(c')))
merge(evens(c’), odds(c”’))

= f(o).

- If o' - o”, then evens(c) —— evens(o”), and one can compute f(o) —
f(0”) as before.

We have seen sequences of elements of an arbitrary set A. Things become more inter-
esting when the set A has some algebraic structure, for instance addition, or (also) multipli-
cation. Such structure can then be transferred via coinductive definitions to final coalgebras
of sequences, leading to what may be called stream calculus, see [379].

This completes our introduction to coinduction for sequences. What we have empha-
sised is that the coalgebraic approach using finality does not consider sequences as a whole
via their elements, but concentrates on the local, one-step behaviour via head and tail (if
any). This makes definitions and reasoning easier—even though the reader may need to see
more examples and get more experience to fully appreciate this point. But there is already
a clear analogy with induction, which also uses single steps instead of global ones. The
formal analogy between induction and coinduction will appear in Section 2.4.

More coinductively defined functions for sequences can be found in [202].

Exercises

1.2.1.  Compute the nextdec-behaviour of £ € [0, 1) like in Example 1.2.2.
1.2.2.  Formulate appropriate rules for the function odds: A® — A in analogy with the rules (1.7)
for evens.

1.23.  Define the empty sequence () € A by coinduction as a map (): {1} — A>.
Fix an element a € A, and the define similarly the infinite sequence a: {1} — A
consisting only of a’s.
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1.2.4.  Compute the outcome of merge({ao, a1, az), (bo, b1, bz, b3)).
1.2.5.  Is merge associative, i.e. is merge(o, merge(r, p)) the same as merge(merge(o, 7), p)?
Give a proof or a counterexample. Is there is neutral element for merge?
1.2.6.  Show how to define an alternative merge function which alternatingly takes rwo elements
from its argument sequences.
1.2.7. (1) Define three functions ex;: A~ — A, fori = 0, 1, 2, which extract the elements at
positions 3n + 4.
(i) Define merge3: A x A® x A® — A™ with merge3(exo (o), ex1(0),exz(0)) =
o,forallc € A>.
1.2.8.  Consider the sequential composition function comp: A x A* — A for sequences,
described by the rules:

a a
el T =+ o T—T o—0

comp(o.7) »  comp(o,7) % comp(c, ™)  comp(c, ) - comp(a’, )

(i) Show by coinduction that the empty sequence () = next™'(L) € A> is a unit
element for comp, i.e. that comp((), o) = o = comp(c, ()).
(ii) Prove also by coinduction that comp is associative, and thus that sequences carry a
monoid structure.
1.2.9.  Consider two sets A, B with a function f: A — B between them. Use finality to define a
function f°: A* — B that applies f elementwise.
Use uniqueness to show that this mapping f — f° is “functorial” in the sense that
(ida)* =ida= and (g o f)> = g> o f=.
1.2.10.  Use finality to define amap st: A% x B — (A x B) that maps a sequence o € A* and
an element b € B to a new sequence in (A x B)*° by adding this b at every position in o.
[This is an example of a “strength” map, see Exercise 2.5.4.]

1.3 Generality of temporal logic of coalgebras

This section will illustrate the important coalgebraic notion of invariant, and use it to in-
troduce temporal operators like [J for henceforth, and <> for eventually. These operators
are useful for expressing various interesting properties about states of a coalgebra. As we
shall see later in Section 6.4, they can be defined for general coalgebras. But here we shall
introduce them in more concrete situations—although we try to suggest the more general
perspective. First, the sequences from the previous section 1.2 will be reconsidered, and
next, the statements from the first section 1.1 will be used to form a rudimentary notion
of class, with associated temporal operators [] and <) for expressing safety and liveness
properties.

1.3.1 Temporal operators for sequences

Consider a fixed set A, and an arbitrary “A-sequence” coalgebra c: S — {L} U (4 x §)
with state space S. We will be interested in properties of states, expressed via predi-
cates/subsets P C S. For a state z € S we shall often write P(z) for z € P, and
then say that the predicate P holds for z. Such a property P(z) may for instance be: “the
behaviour of z is an infinite sequence”.

For an arbitrary predicate P C S we shall define several new predicates, namely
QP C S for “nexttime” P, and O P C S for “henceforth” P, and { P C S for “even-
tually” P. These temporal operators (), [J, { are all defined with respect to an arbitrary
coalgebra c: S — {1} U (A x S) as above. In order to make this dependence on the
coalgebra c explicit we could write O, P, 0. P and . P. But usually it is clear from the
context which coalgebra is meant.

All these temporal operators (), [J, > talk about future states obtained via transitions
to successor states, i.e. via successive applications of the coalgebra. The nexttime operator
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(O is most fundamental because it talks about single transitions. The other two, [J and
{, involve multiple steps (zero or more), and are defined in terms of (). For a sequence
coalgebra c: S — {L} U (A x S) with a predicate P C S on its state space we define a
new predicate O P C S, for “nexttime P, as:

(OP)(x) <= VYa e AV2' € S.c(z) = (a,2) = P(z') 19
= Ya€ AVr' €S.x %2 = P(2'). '

In words:

The predicate O) P holds for those states z, all of whose successor states 2, if
any, satisfy P. Thus, (O P)(z) indeed means that nexttime after z;, P holds.

This simple operator ) turns out to be fundamental. For example in defining the following
notion.

1.3.1. Definition. A predicate P is a (sequence) invariant if P C O P.

An invariant P is thus a predicate such that if P holds for a state x, then also O P holds
of z. The latter means that P holds in successor states of z. Hence, if P holds for z, it
holds for successors of . This means that once P holds, P will continue to hold, no matter
which transitions are taken. Or, once inside P, one cannot get out.

In general, invariants are important predicates in the study of state-based systems. They
often express certain safety or data integrity properties which are implicit in the design
of a system, like: the pressure in a tank will not rise above a certain safety level. An
important aspect of formally establishing the safety of systems is to prove that certain
crucial predicates are actually invariants.

A concrete example of an invariant on the state space A of the final sequence coalge-
branext: A% =5 {1} U (A x A™) is the property “o is a finite sequence”. Indeed, if o
is finite, and ¢ — ¢/, then also o is finite.

Certain predicates () C S on the state space of a coalgebra are thus invariants. Given
an arbitrary predicate P C S, we can consider those subsets Q C P which are invariants.
The greatest among these subsets plays a special role.

1.3.2. Definition. Let P C S be an arbitrary predicate on the state space S of a sequence
coalgebra.

(i) We define a new predicate (J P C S, for henceforth P, to be the greatest invariant
contained in P. That is:

(OP)(z) < 3Q C S.Qisaninvariant A Q C P A Q(z).

More concretely, (0] P)(x) means that all successor states of  satisfy P.
(i) And < P C S, for eventually P, is defined as:

OP =-0-P,
where, for an arbitrary predicate U C S, the negation U C Sis {z € S | z ¢ U}. Hence:
(& P)(x) <= VQ C 5. (Qisaninvariant A Q € —P) = =Q(x).

Thus, ({ P)(z) says that some successor state of z satisfies P.
The way these temporal operators [J and {) are defined may seem somewhat compli-

cated at first, but will turn out to be at the right level of abstraction: as we shall see later
in Section 6.4, the same formulation in terms of invariants works much more generally,
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for coalgebras of different types (and not just for sequence coalgebras): the definition is
“generic” or “polytypic”.

In order to show that the abstract formulations in the definition indeed capture the in-
tended meaning of [J and > as “for all future states” and “for some future state”, we prove
the following result.

1.3.3. Lemma. For an arbitrary sequence coalgebra c: S — { L} U (A x S), consider its
iterations " : S — {L} U (AxS), forn € N, as defined in the proof of Proposition 1.2.1.
Then, for P C Sand x € S,

(OP)(z) <= P(z) A (VneNVaec A.Vy e S.c"(z) = (a,y) = P(y))
(OP)(z) <= P(x)V(3EneN3Jac AJyeS.c"(z)=(a,y) AN P(y)).

Proof. Since the second equivalence follows by purely logical manipulations from the first
one, we shall only prove the first.
(=) Assume (O P)(z), i.e. Q(x) for some invariant Q C P. By induction on n € N
one gets ¢"(z) = (a,y) = Q(y). But then also P(y), for all such y in ¢"(z) = (a,y).
(<) The predicate {x € S | P(z) A Vn € N.Va € A.Vy € S.c"(z) = (a,y) =
P(y)} is an invariant contained in P. Hence it is contained in (] P. a

1.3.4. Example. Consider an arbitrary sequence coalgebra c: S — {1} U (4 x S). We
give three illustrations of the use of temporal operators [J and < to express certain proper-
ties about states « € S of this coalgebra c.

(i) Recall the termination predicate (—) - introduced in (1.5): - means ¢(z) = L.
Now consider the predicate {((—) —» ) C S. It holds for those states which are eventually
mapped to L, i.e. for those states whose behaviour is a finite sequence in A* C A,

(ii) In a similar way we can express that an element @ € A occurs in the behaviour of a
state z € S. This is done as:

Occ(a) = O({y € S|y € S.cly) = (a,¥)})
=0({yeS|WeSy-y}).

One may wish to write a € z as a more intuitive notation for z € Occ(a). It means that
there is a future state of = which can do an a-step, i.e. that a occurs somewhere in the
behaviour sequence of the state x.

(iii) Now assume our set A carries an order <. Consider the predicate

LocOrd(z)
<= Va,a' € AV, 2" € S.c(z) = (a,2') Ne(a) = (¢, 2") = a < d

, a

< Va,d e AV, 2" € S.x L' A o’ = a<d.

Thus, LocOrd holds for z if the first two elements of the behaviour of z, if any, are related
by <. Then,

GlobOrd = [JLocOrd.

holds for those states whose behaviour is an ordered sequence: the elements appear in
increasing order.

Next we wish to illustrate how to reason with these temporal operators. We show that
an element occurs in the merge of two sequences if and only if it occurs in at least one
of the two sequences. Intuitively this is clear, but technically it is not entirely trivial. The
proof makes essential use of invariants.
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1.3.5. Lemma. Consider for an element a € A the occurrence predicate a € (—) =
Occ(a) C A> from the previous example, for the final coalgebra next: A =5 {1} U
(A x A®) from Proposition 1.2.1. Then, for sequences o, 7 € A>,

a € merge(o,7) <= ac€oVacer,
where merge: A> x A — A is the merge operator introduced in the previous section.

Proof. (=) Assume a € merge(o,7) but neither a € o nor a € 7. The latter yields
two invariants P,Q C A> with P(c), Q() and P,Q C —~{p | 3p'.p —* p'}. These
inclusions mean that sequences in P or () cannot do an a-step.

In order to derive a contradiction we form a new predicate

R = {merge(a, ) |, B € PUQ}.

Clearly, R(merge(c, 7)). Note that the only transitions a sequence merge(«, ) € R can
do are:

1. merge(a, 3) LN merge(«, #’) because o« + and 3 LN g

2. merge(a, 3) N merge(3, o) because o by

In both cases the successor state is again in R, so that R is an invariant. Also, sequences in
R cannot do an a-step. The predicate R thus disproves the assumption a € merge(o, 7).

(<) Assume, without loss of generality, a € o but not a € merge(o, 7). Thus there is
an invariant P C ={p | 3p’. p — p'} with P(merge(a,7)). We now take:

Q = {a | 3. P(merge(a, 5)) v P(merge(s.a))}.
Clearly Q(c). In order to show that () is an invariant, assume an element o € () with a
transition a — . There are then several cases.

1. If P(merge(a, 3)) for some 3, then merge(a, 3) N merge(53, ), so that o’ €
Q, because P(merge(S,«’)), and also b # a.

2. If P(merge(f3, a)) for some f3, then there are two further cases:

(a) If 8 -, then merge(f3, ) LN merge(f,a’), sothat o’ € @, and b # a.

(b) If B > B', then merge(B, a) —<» merge(a, ') — merge(a’, 8'). Thus
P(merge(a’, 3")), so that o € @, and also b # a.

These cases also show that Q is contained in ={p | 3p’.p % p'}. This contradicts the
assumption that a € o. ]

This concludes our first look at temporal operators for sequences, from a coalgebraic
perspective.

1.3.2 Temporal operators for classes

A class in an object-oriented programming language encapsulates data with associated op-
erations, called methods in this setting. They can be used to access and manipulate the data.
These data values are contained in so-called fields or attributes. Using the representation of
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methods as statements with exceptions E like in Section 1.1 we can describe the operations
of a class as a collection of attributes and methods, acting on a state space .S:

aty : S — Dy

at,: S — D,

(1.10)
meth; : S — {L}USU(SxE)

meth,, : S — {L}USU(S x E)

These attributes at; give the data value at;(z) € D, in each state x € S. Similarly,
each method meth; can produce a successor state, either normally or exceptionally, in
which the attributes have possibly different values. Objects, in the sense of object-oriented
programming (not of category theory), are thus identified with states.

For such classes, like for sequences, coalgebraic temporal logic provides a tailor-made
nexttime operator (). For a predicate P C S, we have O P C S, defined on = € S as:

(OP)(z) < VYj<m. (Vy € S.meth;(z) =y = P(y)) A
(Vy € S.Ve € E.meth;(z) = (y,e) = P(y))

Thus, (O P)(z) means that P holds in each possible successor state of z, resulting from
normal or abnormal termination.

From this point on we can follow the pattern used above for sequences. A predicate
P C Sis a class invariant if P C () P. Also: [J P is the greatest invariant contained
in P, and P = ~[J—P. Predicates of the form [J P are so-called safety properties
expressing that “nothing bad will happen”: P holds in all future states. And predicates
{ P are liveness properties saying that “something good will happen”: P holds in some
future state.

A typical example of a safety property is: this integer field i will always be non-zero
(so that it is safe to divide by 1), or: this array a will always be a non-null reference and
have length greater than 1 (so that we can safely access a[0] and a[1]).

Such temporal properties are extremely useful for reasoning about classes. As we have
tried to indicate, they arise quite naturally and uniformly in a coalgebraic setting.

Exercises

1.3.1.  The nexttime operator ) introduced in (1.9) is the so-called weak nexttime. There is an
associated strong nexttime, given by = () —. See the difference between weak and strong
nexttime for sequences.

1.3.2.  Prove that the “truth” predicate that always holds is a (sequence) invariant. And, if P; and
Ps are invariants, then so is the intersection P1 N P,. Finally, if P is an invariant, then so
isQP.

1.3.3. (i) Show that [J is an interior operator, i.e. satisfies: JP C P, 0P C OOP, and

PCQ=0PCOQ.
(ii) Prove that a predicate P is an invariant if and only if P = [J P.

1.3.4.  Prove that the finite behaviour predicate {(— - ) from Example 1.3.4 (i) is an invariant:
O(=+) CO0(=»).
[Hint. For an invariant @, consider the predicate Q' = (=(—) ») N (O Q).]

1.3.5.  Let (A, <) be a complete lattice, i.e. a poset in which each subset U C A has a join
\/ U € A. Itis well-known that each subset U C A then also has a meet A\ U € A, given
by AU=V{ac A|VbeU.a<b}
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Let f: A — A be a monotone function: a < b implies f(a) < f(b). Recall, e.g.

from [110, Chapter 4] that such a monotone f has both a least fixed point uf € A and
a greatest fixed point v f € A given by the formulas:

nf = NacAlfa) <d} vf =V{eeAla< f(a)}.

Now let ¢c: S — {L} U (A x S) be an arbitrary sequence coalgebra, with associated

nexttime operator ).

(i) Prove that O is a monotone function P(S) — P(S), i.e. that P C Q implies
OPCOQ,forall P,Q CS.

(i) Check that (] P € P(9S) is the greatest fixed point of the function P(S) — P(S)
givenby U — PN QOU.

(iii) Define for P,Q C S a new predicate P U Q C S, for “P until Q" as the least fixed
pointof U — Q U (P N = (O —U). Check that “until” is indeed a good name for
P U Q, since it can be described explicitly as:

PUQ ={zeS|IneN.Ixo,z1,...,20, €5.
zo =2 A (Vi <n.3a.2i 5 zit1) A Q(zn)
AVi < n.P(x;)}

[Hint. Don’t use the fixed point definition s, but first show that this subset is a fixed
point, and then that it is contained in an arbitrary fixed point.]
[These fixed point definitions are standard in temporal logic, see e.g. [119, 3.24-25]. What
we describe is the “strong” until. The “weak” one does not have the negations — in its fixed
point description in (iii).]

1.4 Abstractness of the coalgebraic notions

In this final section of this first chapter we wish to consider the different settings in which
coalgebras can be studied. Proper appreciation of the level of generality of coalgebras
requires a certain familiarity with the theory of categories. Category theory is a special
area that studies the fundamental structures used within mathematics. It is based on the
very simple notion of an arrow between objects. Category theory is sometimes described as
abstract nonsense, but it is often useful because it provides an abstract framework in which
similarities between seemingly different notions become apparent. It has become a standard
tool in theoretical computer science, especially in the semantics of programming languages.
In particular, the categorical description of fixed points, both of recursive functions and of
recursive types, captures the relevant “universal” properties that are used in programming
and reasoning with these constructs. This categorical approach to fixed points forms one of
the starting points for the use of category theory in the study of algebras and coalgebras.

For this reason we need to introduce the fundamental notions of category and functor,
simply because a bit of category theory helps enormously in presenting the theory of coal-
gebras, and in recognising the common structure underlying many examples. Readers who
wish to learn more about categories may consider introductory texts like [46, 36, 104, 422,
348, 57, 303], or more advanced ones such as [315, 78, 317, 225, 406].

In the beginning of this chapter we have described a coalgebra in (1.1) as a function
of the form a: S — with a structured output type in which the state space S

may occur. Here we shall describe such a result type as an expression F'(S) =
involving S. Shortly we shall see that F' is a functor. A coalgebra is then a map of the
form a: S — F(S). It can thus be described in an arrow-theoretic setting, as given by a
category.

1.4.1. Definition. A category is a mathematical structure consisting of objects with arrows
between them, that can be composed.

More formally, a category C consists of a collection Obj(C) of objects and a collection
Arr(C) of arrows (also called maps, or morphisms). Usually we write X € C for X €
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Obj(C). Each arrow in C, written as X L Y oras f: X — Y, has a domain object
X € C and a codomain object Y € C. These objects and arrows carry a composition
structure.

1. For each pair of maps f: X — Y and g: Y — Z there is a composition map
g o f: X — Z. This composition operation o is associative: if h: Z — W, then

ho(gof)=(hog)of.

2. For each object X € C there is an identity map idy : X — X, such that id is neutral
element for composition o: for f: X — Y one has f o idy = f = idy o f. Often,
the subscript X in idx is omitted when it is clear from the context. Sometimes the
object X itself is written for the identity map idx on X.

Ordinary sets with functions between them form an obvious example of a category, for
which we shall write Sets. Although Sets is a standard example, it is important to realise
that a category may be a very different structure. In particular, an arrow in a category need
not be a function.

We give several standard examples, and leave it to the reader to check that the require-
ments of a category hold for all of them.

1.4.2. Examples. (i) Consider a monoid M with composition operation + and unit ele-
ment 0 € M. This M can also be described as a category with one object, say , and
with arrows x — x given by elements m € M. The identity arrow is then 0 € M, and
composition of arrows my : * — % and mg: * — % is my + ma: * — *. The associativity
and identity requirements required for a category are precisely the associativity and identity
laws of the monoid.

(ii) Here is another degenerate example: a preorder consists of a set D with a reflexive
and transitive order relation <. It corresponds to a category in which there is at most one
arrow between each pair of object. Indeed, the preorder (D, <) can be seen as a category
with elements d € D as objects, and with an arrow d; — ds if and only if d; < d».

(iii) Many examples of categories have certain mathematical structures as objects, and
structure preserving functions between them as morphisms. Examples are:

(1) Mon, the category of monoids with monoid homomorphisms (preserving compo-
sition and unit).

(2) Grp, the category of groups with group homomorphisms (preserving composition
and unit, and thereby also inverses).

(3) PreOrd, the category of preorders with monotone functions (preserving the or-
der). Similarly, there is a category PoSets with posets as objects, and also with monotone
functions as morphisms.

(4) Dcpo, the category of directed complete partial orders (dcpos) with continuous
functions between them (preserving the order and directed joins \/).

(5) Sp, the category of topological spaces with continuous functions (whose inverse
image preserves open subsets).

(6) Met, the category of metric spaces with non-expansive functions between them.
Consider two objects (M, dy) and (Ma, ds) in Met, where d;: M; x M; — [0,00) is a
distance function on the set M;. A morphism (My,d;) — (Ma,d2) in Met is defined as a
function f: My — M, between the underlying sets satisfying da(f(z), f(y)) < di(z,y),
forall x,y € M;.

(iv) An example that we shall use now and then is the category SetsRel of sets and
relations. Its objects are ordinary sets, and its morphisms X — Y are relations R C
X x Y. Composition of R: X — Y and S: Y — Z in SetsRel is given by relational
composition:

SoR={(z,2) € X xZ|3yeY.R(z,y) A S(y,2)}. (1.11)
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The identity morphism X — X in SetsRel is the equality relation (also called diagonal
or identity relation) Eq(X) C X x X given by Eq(X) = {(z,z) | 2 € X}.

A category is thus a very general mathematical structure, with many possible instances.
In the language of categories one can discuss standard mathematical notions, like mono-
/epi-/iso-morphism, product, limit, efc. For example, an isomorphism in a category C is a
morphism f: X — Y for which there is a (necessarily unique) morphism g: ¥ — X in
the opposite direction with f o g = idy and g o f = idx. If there is such an isomorphism,
one often writes X = Y. Such general categorical definitions then have meaning in every
example of a category. For instance, it yields a notion of isomorphism for groups, posets,
topological spaces, efc.

In a category a morphism from an object to itself, that is, a morphism of the form
f+ X — X will be called an endomorphism or simply an endomap. For instance, a
relation R C X X X on a single set X—instead of a relation S C X X Y on two sets
X, Y—will be called an endorelation, since it forms an endomap X — X in the above
category SetsRel.

Categorical properties are expressed in terms of morphisms, often drawn as diagrams.
Two fundamental aspects are commutation and uniqueness.

o Commutation: An equation in category theory usually has the form f; o --- o f,, =
g1 © -+ O g, for certain morphisms f;, g;. Such an equation can be expressed in a
commuting diagram, like:

f2 fnfl
VW—/— - —V,_
f fi 1%
X Y
g
T W, I
92 Im—1

Extracting such an equation from a commuting diagram by following two paths is an
example of what is called diagram chasing.

e Uniqueness: A frequently occurring formulation is: for every +++ there is a unique

morphism f: X — Y satisfying ***. Such uniqueness is often expressed by writing
adashed arrow f: X — — » Y, especially in a diagram.
As we have already seen in Section 1.2, uniqueness is a powerful reasoning principle:
one can derive an equality f; = f> for two morphisms f1, f2: X — Y by showing
that they both satisfy *#*. Often, this property *** can be established via diagram
chasing, i.e. by following paths in a diagram (both for f; and for f5).

Both commutation and uniqueness will be frequently used in the course of this book.
For future use we mention two ways to construct new categories from old.

Given a category C, one can form what is called the opposite category C°P which
has the same objects as C, but the arrows reversed. Thus f: X — Y in C°P if and
only if f: Y — X in C. Composition g o f in C°P is then f o g in C.

Given two categories C and D, we can form the product category C x D. Its objects
are pairs of objects (X,Y) with X € Cand Y € D. A morphism (X,Y) —
(X’,Y’) in C x D consists of a pair of morphisms X — X’ inCandY — Y” in D.
Identities and compositions are obtained componentwise.

The above example categories of monoids, groups, efc. indicate that structure preserv-
ing mappings are important in category theory. There is also a notion of such a mapping
between categories, called functor. It preserves the relevant structure.
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1.4.3. Definition. Consider two categories C and D. A functor F': C — D consists of
two mappings Obj(C) — Obj(ID) and Arr(C) — Arr(ID), both written as F', such that:
(i) F preserves domains and codomains: if f: X — Y in C, then F(f): F(X) —
F(Y)inD.
(ii) F preserves identities: F'(idx) = idp(x) foreach X € C.
(iii) F preserves composition: F'(g o f) = F(g) o F(f), for all maps f: X — Y and
9:Y - ZinC.

For each category C there is a trivial “identity” functor id¢: C — C, mapping X — X
and f — f. Also, for each object A € C there are functors which map everything to A.
They can be defined as functors A: D — C, for an arbitrary category D). This constant
functor maps any object X € D to A, and any morphism f in D to the identity map
ida: A — A

Further, given two functors F': C — D and G: D — E, there is a composite functor
GoF:C— E. Itis givenby X — G(F(X)) and f — G(F(f)). Often we simply write
GF = G o F, and similarly GF(X) = G(F(X)).

1.4.4. Examples. (i) Consider two monoids (M, +,0) and (N, -, 1) as categories, like in
Example 1.4.2 (i). A functor f: M — N is then the same as a monoid homomorphism: it
preserves the composition operation and unit element.

(ii) Similarly, consider two preorders (D, <) and (F, C) as categories, like in Exam-
ple 1.4.2 (ii). A functor f: D — F is then nothing but a monotone function: < y implies
F(2) C £(y).

(iii) Frequently occurring examples of functors are so-called forgetful functors. They
forget part of the structure of their domain. For instance, there is a forgetful functor
Mon — Sets mapping a monoid (M, +,0) to its underlying set M, and mapping a
monoid homomorphism f to f, considered as a function between sets. Similarly, there is
a forgetful functor Grp — Mon mapping groups to monoids by forgetting their inverse
operation.

(iv) There is a “graph” functor Sets — SetsRel. It maps a set X to X itself, and a
function f: X — Y to the corresponding graph relation Graph(f) C X x Y given by
Graph(f) = {(z,y) | f(z) = y}.

(v) Recall from Section 1.2 that sequence coalgebras were described as functions of
the form ¢: S — {L} U (A x S). Their codomain can be described via a functor
Seq: Sets — Sets. It maps a set X to the set {_L} U (A x X). And it sends a function
f: X = Ytoafunction {L} U (A x X) — {L} U (A xY) given by:

L+— 1 and  (a,2) — (a, f(z)).

We leave it to the reader to check that Seq preserves compositions and identities. We
do note that the requirement that the behaviour function beh.: S — A> from Proposi-
tion 1.2.1 is a homomorphism of coalgebras can now be described via commutation of the
following diagram.

Seq(beh,)
Seq(S) - - - -—=--- - -+ Seq(A>)
zT %Tnext
§oo0y b, AT

In this book we shall be especially interested in endofunctors, i.e. in functors C — C
from a category C to itself. In many cases this category C will simply be Sets, the category
of sets and functions. Often we say that a mapping A — G(A) of sets to sets is functorial
if it can be extended in a more or less obvious way to a mapping f — G(f) on functions
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such that G becomes a functor G: Sets — Sets. We shall see many examples in the next
chapter.
We can now introduce coalgebras in full generality.

1.4.5. Definition. Let C be an arbitrary category, with an endofunctor F': C — C.

(i) An F'-coalgebra, or just a coalgebra when F' is understood, consists of an object
X € C together with a morphism ¢: X — F(X). As before, we often call X the state
space, or the carrier of the coalgebra, and ¢ the transition or coalgebra structure.

(i) A homomorphism of coalgebras, or a map of coalgebras, or a coalgebra map,
from one coalgebra ¢c: X — F(X) to another coalgebra d: Y — F(Y) consists of a
morphism f: X — Y in C which commutes with the structures, in the sense that the
following diagram commutes.

(iii) F'-coalgebras with homomorphisms between them form a category, which we shall
write as CoAlg(F'). It comes with a forgetful functor CoAlg(F) — C, mapping a
coalgebra X — F'(X) to its state space X, and a coalgebra homomorphism f to f.

The abstractness of the notion of coalgebra lies in the fact that it can be expressed in any
category. So we need not only talk about coalgebras in Sets, as we have done so far, but
we can also consider coalgebras in other categories. For instance, one can have coalgebras
in PreOrd, the category of preorders. In that case, the state space is a preorder, and the
coalgebra structure is a monotone function. Similarly, a coalgebra in the category Mon of
monoids has a monoid as state space, and a structure which preserves this monoid structure.
We can even have a coalgebra in a category CoAlg(F) of coalgebras. We briefly mention
some examples, without going into details.

o Real numbers (and also Baire and Cantor space) are described in [347, Theorem 5.1]
as final coalgebras (via continued fractions, see also [335]) of an endofunctor on the
category PoSets.

So-called descriptive general frames (special models of modal logic) appear in [288]
as coalgebras of the Vietoris functor on the category of Stone spaces.

At several places in this book we shall see coalgebra of endofunctors other than sets.
For instance, Exercise 1.4.6 mentions invariants as coalgebras of endofunctors on
poset categories, and Example 2.3.10 and Exercise 2.3.7 describe streams with their
topology as final coalgebra in the category of topological spaces. Section 5.3 intro-
duces traces of suitable coalgebras via coalgebra homomorphism to a final coalgebra
in the category SetsRel of sets with relations as morphisms.

In the next few chapters we shall concentrate on coalgebras in Sets, but occasionally
this more abstract perspective will be useful.

Exercises

1.4.1.  Let (M,+,0) be a monoid, considered as a category. Check that a functor F': M — Sets
can be identified with a monoid action: a set X together with a function p1: X x M — X
with p(z,0) = z and p(z, m1 + m2) = p(p(z, ma), m1).

1.4.2.  Check in detail that the opposite C°? and product C x ID are indeed categories.
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1.4.3.

1.4.4.

1.4.5.

1.4.6.

Assume an arbitrary category C with an object I € C. We form a new category C/I, the
so-called slice category over I, with:
objects maps f: X — I with codomain I in C

morphisms  from X LTtoy & Tare morphisms ~: X — Y in C for which the
following diagram commutes.

X *>h Y
Ny
I
(i) Describe identities and composition in C/, and verify that C/I is a category.
(i) Check that taking domains yields a functor dom: C/I — C.
(iii) Verify that for C = Sets, amap f: X — I may be identified with an I-indexed

family of sets (X;)ics, namely where X; = f~'(i). What do morphisms in C/I
correspond to, in terms of such indexed families?

Recall that for an arbitrary set A we write A* for the set of finite sequences (ao, . .., an)

of elements a; € A.

(i) Check that A* carries a monoid structure given by concatenation of sequences, with
the empty sequence () as neutral element.

(ii) Check that the assignment A — A* yields a functor Sets — Mon by mapping a
function f: A — B between sets to the function f*: A* — B* givenby (ao, ..., an) —
(f(ao),- - f(an))-

[Be aware of what needs to be checked: f* must be a monoid homomorphism, and
(—)* must preserve composition of functions and identity functions.]

(iii) Prove that A* is the free monoid on A: there is the singleton-sequence insertion map
n: A — A* which is universal among all mappings of A into a monoid: for each
monoid (M, 0,+) and function f: A — M there is a unique monoid homomorphism
g: A* = M withgon = f.

Recall from (1.3) the statements with exceptions of the form S — {1} U S U (SX E).

(i) Prove that the assignment X — {1} U X U (X x E) is functorial, so that statements
are coalgebras for this functor.

(ii) Show that all the operations ati, ..., at,, methy,..., meth,,, of a class as in (1.10)

can also be described as a single coalgebra, namely of the functor:

X+—Dix---Dpx {LJUXU(X XE))x---x{L}UXU(X xE))

m times

Recall the nexttime operator O for a sequence coalgebra c¢: S — Seq(S) = {L} U
(A x S) from the previous section. Exercise 1.3.5 (i) says that it forms a monotone func-
tion P(S) — P(S)—with respect to the inclusion order—and thus a functor. Check that
invariants are precisely the ()-coalgebras!
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Chapter 1. Motivation

Chapter 2

Coalgebras of Polynomial
Functors

The previous chapter has introduced several examples of coalgebras, and has illustrated
basic coalgebraic notions like behaviour and invariance (for those examples). This chap-
ter will go deeper into the study of the area of coalgebra, introducing some basic notions,
definitions, and terminology. It will first discuss several fundamental set theoretic construc-
tions, like products, coproducts, exponents and powerset in a suitably abstract (categorical)
language. These constructs are used to define a collection of elementary functors, the so-
called polynomial functors. As will be shown in Section 2.2, this class of functors is rich
enough to capture many examples of interesting coalgebras, including deterministic and
non-deterministic automata. One of the attractive features of polynomial functors is that
almost all of them have a final coalgebra—except when the (non-finite) powerset occurs.
The unique map into a final coalgebra will appear as behaviour morphism, mapping a state
to its behaviour. The two last sections of this chapter, 2.4 and 2.5, provide additional back-
ground information, namely on algebras (as duals of coalgebras) and on adjunctions. The
latter form a fundamental categorical notion describing back-and-forth translations that oc-
cur throughout mathematics.

2.1 Constructions on sets

This section describes familiar constructions on sets, like products, coproducts (disjoint
unions), exponents and powersets. It does so in order to fix notation, and also to show that
these operations are functorial, i.e. give rise to functors. This latter aspect is maybe not
so familiar. Functoriality is essential for properly developing the theory of coalgebras, see
Definition 1.4.5.

These basic constructions on sets are instances of more general constructions in cate-
gories. We shall give a perspective on these categorical formulations, but we do not overem-
phasise this point. Readers without much familiarity with the theory of categories may then
still follow the development, and readers who are quite comfortable with categories will
recognise this wider perspective anyway.

Products
‘We recall that for two arbitrary sets X, Y the product X x Y is the set of pairs
XxY ={(z,y)|reXAyeY}

There are then obvious projection functions m1: X XY — X and m: X xY — Y by
m1(z,y) = x and ma(z,y) = y. Also, for functions f: Z — X and g: Z — Y there is a

25
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tuple (or pairing) function (f, g): Z — X x Y givenby (f, 9)(z) = (f(2),9(2)) € X xY
for z € Z. Here are some basic equations which are useful in computations.

mo(f.g) = f
mo(f.g) =g

(m1,m2) = idxxy
(frg)oh = (foh,goh).

The latter equation holds for functions h: W — Z.

Given these equations it is not hard to see that the product operation gives rise to a
bijective correspondence between pairs of functions Z — X, Z — Y on the one hand,
and functions Z — X X Y into the product on the other. Indeed, given two functions
Z — X, Z — Y one can form their pair Z — X X Y. And in the reverse direction, given
a function Z — X x Y, one can post-compose with the two projections 7 and 73 to get
two functions Z — X, Z — Y. The above equations help to see that these operations
are each other’s inverses. Such a bijective correspondence is conveniently expressed by a
“double rule”, working in two directions:

@.1

Z— X Z—Y

2.2)
Z—— X XY

Interestingly, the product operation (X,Y) — X x Y does not only apply to sets, but
also to functions: for functions f: X — X’ and g: Y — Y’ we can define a function f x g
namely:

Xxy T2 Xy givenby (@y) o (F@)ol) @D

Notice that the symbol x is overloaded: it is used both on sets and on functions. This
product function f X g can also be described in terms of projections and pairing as f X g =
(f o m1,g o o). Itis easily verified that the operation x on functions satisfies

idy xidy = idxxy and (foh)x(gok) = (fxg)o(hxk).

These equations express that the product x is functorial: it does not only apply to sets,
but also to functions; and it does so in such a way that identity maps and compositions are
preserved (see Definition 1.4.3). The product operation X is a functor Sets x Sets —
Sets, from the product category Sets x Sets of Sets with itself, to Sets.

Products of sets form an instance of the following general notion of product in a cate-
gory.

2.1.1. Definition. Let C be a category. The product of two objects X,Y € C is a new
object X x Y € C with two projection morphisms

T 2
X XxY Y

which are universal: for each pair of maps f: Z — X and g: Z — Y in C there is a
unique tuple morphism (f, g): Z — X x Y in C, making the following diagram commute.

X X xY Y
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The first two equations from (2.1) clearly hold for this abstract definition of product.
The other two equations in (2.1)follow by using the uniqueness property of the tuple.

Products need not exist in a category, but if they exist they are determined up-to-
isomorphism: if there is another object with projections X L Xxeoy By satisfying
the above universal property, then there is a unique isomorphism X x Y =+ X ® Y com-
muting with the projections. Similar results can be proven for the other constructs in this
section.

What we have described is the product X x Y of two sets / objects X, Y". For a given
X, we shall write X" = X X --- x X for the n-fold product (also known as power). The
special case where n = 0 involves the empty product X, called a final or terminal object.

2.1.2. Definition. A final object in a category C is an object, usually written as 1 € C,
such that for each object X € C there is a unique morphism !x: X — 1in C.

Not every category needs to have a final object, but Sets does. Any singleton set is
final. We choose one, and write it as 1 = {x}. Notice then that elements of a set X can
be identified with functions 1 — X. Hence we could forget about membership € and talk
only about arrows.

When a category has binary products x and a final object 1, one says that the category
has finite products: for each finite list X, ..., X,, of objects one can form the product
X1 x --- x X,,. The precise bracketing in this expression is not relevant, because products
are associative (up-to-isomorphism), see Exercise 2.1.8 below.

One can generalise these finite products to arbitrary, set-indexed products. For an
index set I, and a collection (X;);cr of I-indexed objects there is a notion of I-indexed
product. It is an object X = [[;.; X; with projections m;: X — X;, fori € I, which
are universal like in Definition 2.1.1: for an arbitrary object Y and an /-indexed collection
fit Y — X, of morphisms there is a unique map f = (fi)ies: ¥ — X withm; o f = f;,
for each 7 € I. In the category Sets such products exist and may be described as:

[ier Xi = {t: T = Use, Xi | Vi € L1(5) € X}, 24

Coproducts

The next construction we consider is the coproduct (or disjoint union, or sum) +. For sets
X, Y we write their coproduct as X + Y. It is defined as:

X+Y ={(z,1) |z e X} U{(y,2) |y Y}.

The components 1 and 2 serve to force this union to be disjoint. These “tags” enables us
to recognise the elements of X and of Y inside X + Y. Instead of projections as above
we now have “coprojections” xk1: X — X + Y and ko: Y — X + Y going in the
other direction. One puts k1(z) = (z,1) and k2(y) = (v, 2). And instead of tupling we
now have “cotupling” (sometimes called “source tupling”): for functions f: X — Z and
g:Y — Z there is a cotuple function [f,g]: X +Y — Z going out of the coproduct,
defined by case distinction:

flx) ifw=(z1)
9(y) ifw=(y,2).

There are standard equations for coproducts, similar to those (2.1) for products:

[f: g)(w) = {

[figlor = f
[f.glore =g 2.5
[I{l,lig] = idx+y ’

holf,g]l =[hofhog].
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Earlier we described the essence of products in a bijective correspondence (2.2). There
is a similar correspondence for coproducts, but with all arrows reversed:

X—7Z Y—Z

2.6)
X+Y—Z

This duality between products and coproducts can be made precise in categorical language,
see Exercise 2.1.3 below.

So far we have described the coproduct X 4 Y on sets. We can extend it to functions in
the following way. For f: X — X’ and g: Y — Y” there is a function f + ¢g: X +Y —
X'+Y' by

(F+9w) =

{ (f(z),1)  ifw=(z,1) 7

(9(y),2)  ifw=(y,2).

Equivalently, we could have defined: f + g = [k1 o f,k2 o g]. This operation + on
functions preserves identities and composition:

idx +idy =idxsy and  (foh)+(gok)=(f+g)o (h+k).

Thus, coproducts yield a functor +: Sets x Sets — Sets, like products.

Coproducts in Sets satisfy some additional properties. For example, the coproduct is
disjoint, in the sense that r;(z) # r2(y), for all z,y. Also, the coprojections cover the
coproduct: every element of a coproduct is either of the form ry(z) or %1 (y). Further,
products distribute over coproducts, see Exercise 2.1.7 below.

We should emphasise that a coproduct + is very different from ordinary union U. For
example, U is idempotent: X U X = X, but there is not even an isomorphism between
X + X and X (if X # (). Union is an operation on subsets, whereas coproduct is an
operation on sets.

Also the coproduct + in Sets is an instance of a more general categorical notion of
coproduct.

2.1.3. Definition. The coproduct of two objects X, Y in a category C is a new object
X +Y € C with two coprojection morphisms

K1 K2
X X+Y Y

satisfying a universal property: for each pair of maps f: X — Zandg: Y — Z in C there
is a unique cotuple morphism [f,g]: X + Y — Z in C, making the following diagram
commute.

K K9
X ! X+Y 2 Y
|

(9]
1

Like for products, the equation (2.5) can be derived. Also, there is a notion of empty
coproduct.

2.1.4. Definition. An initial object 0 in a category C has the property that for each object
X € C there a unique morphism !x: 0 — X in C.

The exclamation mark ! is often used to describe uniqueness, like in unique existence
3!. Hence we use it both to describe maps 0 — X out of initial objects and maps X — 1
into final objects (see Definition 2.1.2). Usually this does not lead to confusion.
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In Sets the empty set 0 is initial: for each set X there is precisely one function 0 —
X, namely the empty function (the function with the empty graph). In Sets one has the
additional property that each function X — 0 is an isomorphism. This makes 0 € Sets a
so-called strict initial object.

Like for products, one says that a category has finite coproducts when it has binary
coproducts + together with an initial object 0. In that case one can form coproducts X; +
-+ 4+ X, for any finite list of objects X;. Taking the n-fold coproduct of the same object
X yields what is called the copower, written as n- X = X +---+ X. Also, a set-indexed
coproduct, for a set I and a collection (X;);c; of I-indexed objects may exist. If so, it is
an object X = ]_L.U X, with coprojections «;: X; — X, for i € I, which are universal:
for an arbitrary object Y and a collection of maps f;: X; — Y there is a unique morphism
f = [filiecr: X = Y with f o k; = f;, for each i € I. In the category Sets such
coproducts are disjoint unions, like finite coproducts, but with tags from 1, as in:

e, Xi = {G2) [ie I Az e X} 2.8)

Whereas products are very familiar, coproducts are relatively unknown. From a purely
categorical perspective, they are not more difficult than products, because they are their
duals (see Exercise 2.1.3 below). But in a non-categorical setting the cotuple [f, g] is a bit
complicated, because it involves variable binding and pattern matching: in a term calculus
one can write [f, g](z) for instance as:

CASES = OF
k1(z) — f(z)
r2(y) — g(y)

Notice that the variables  and y are bound: they are mere place-holders, and their names
are not relevant. Functional programmers are quite used to such cotuple definitions by
pattern matching.

Another reason why coproducts are not so standard in mathematics is probably that
in many algebraic structures coproducts coincide with products; in that case one speaks
of biproducts. This is for instance the case for (commutative) monoids/groups and vector
spaces and complete lattices, see Exercise 2.1.6. Additionally, in many continuous struc-
tures coproducts do not exist (like in categories of domains).

However, within the theory of coalgebras coproducts play an important role. They
occur in many functors F’ used to describe coalgebras (namely as F'-coalgebras, see Defi-
nition 1.4.5), in order to capture different output options, like normal and abnormal termi-
nation in Section 1.1. But additionally, one can form new coalgebras from existing ones via
coproducts. This will be illustrated next. It will be our first purely categorical construction.
Therefore, it is elaborated in some detail.

2.1.5. Proposition. Ler C be a category with finite coproducts (0,+), and let F be an
arbitrary endofunctor C — C. The category CoAlg(F) of F-coalgebras then also has
finite coproducts, given by:

F(0) F(X+Y)
initial coalgebra: T! coproduct coalgebra: T (2.9)
0 X+Y

where the map X +Y — F(X +Y) on the right is the cotuple [F (k1) o ¢, F(k2) o d,
assuming coalgebras X < F(X) and Y 4, F(Y).

This result generalises to arbitrary (set-indexed) coproducts ] [, ; X, see Exercise 2.1.13,
and also to coequalisers, see Exercise 2.1.14 (and thus to all colimits).



30 Chapter 2. Coalgebras of Polynomial Functors

Proof. It is important to distinguish between reasoning in the two different categories at
hand, namely C and CoAlg(F'). For the above map 0 — F(0) to be an initial object
in CoAlg(F) we have to show that there is a unique map to any object in CoAlg(F).
This means, for an arbitrary coalgebra c: X — F(X) there must be a unique map f in
CoAlg(F) of the form:

F(f)

FO)——  p(x)

.
0——X
f
Since this map f must also be a map 0 — X in C, by initiality of 0 € C, it can only
be the unique map f = !: 0 — X. We still have to show that for f = ! the above
diagram commutes. But this follows again by initiality of 0: there can only be a single map
0 — F(X) in C. Hence both composites ¢ o f and F'(f) o ! must be the same.
Next, in order to see that the coalgebra on the right in (2.9) is a coproduct in CoAlg(F)

we precisely follow Definition 2.1.3. We have to have two coprojections in CoAlg(F),
for which we take:

F F(k1) F(r2)

(X) —————— F(X+Y)«——F(Y)
(:T [F (k1) o C:‘FF(KQ) od] d
X " X+Y = Y

It is almost immediately clear that these 1, k2 are indeed homomorphisms of coalgebras.
Next, according to Definition 2.1.3 we must show that one can do cotupling in CoAlg(F).
So assume two homomorphisms f, g of coalgebras:

F(X) F(f) FOV) F(g) FOY)
A
X 7 w g Y

These f, g are by definition also morphisms W — X, W — Y in C. Hence we can take
their cotuple [f, g]: X +Y — W in C, since by assumption C has coproducts. What we
need to show is that this cotuple [f, g] is also a map in CoAlg(F), in:

Fox sy LW

[F(k1) 0 ¢, F(i2) 0 dﬂ Te

X+Y —7——W

[f,9]

This follows by using the coproduct equations (2.5):

F([f,9]) o [F(k1) o ¢, F(r2) o d]
= [E(f,9]) o F(r1) o ¢, F([f,g]) o F(r2) 0 d] see (2.5)

= [F([f,g] o k1) o ¢, F([f,g] 0 K2) o d] since F is a functor
= [F(f)oc, F(g) o d] by (2.5)
= [e of,eo g} since ¢, d are coalgebra maps

=ceo|fg| see (2.5).
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Now we know that [f, g] is a map in CoAlg(F). Clearly it satisfies [f, g] o k1 = f and
[f,g] o ko = g in CoAlg(F) because composition in CoAlg(F) is the same as in C.
Finally, Definition 2.1.3 requires that this [f, g| is the unique map in CoAlg(F) with this
property. But this follows because [f, g] is the unique such map in C. a

Thus, coproducts form an important construct in the setting of coalgebras.

Exponents

Given two sets X and Y one can consider the set YX = {f | f is a total function X — Y'}.
This set Y is sometimes called the function space, or exponent of X and Y. Like products
and coproducts, it comes equipped with some basic operations. There is an evaluation
function ev: YX x X — Y, which sends the pair (f,z) to the function application f(z).
And for a function f: Z x X — Y there is an abstraction function A(f): Z — YX, which
maps z € Z to the function z — f(z,z) that maps z € X to f(z,z) € Y. Some basic
equations are:

evo (A(f) xidx) = f
Aev) = idyx (2.10)
A(f) o h = A(f o (h x idy)).

Again, the essence of this construction can be summarised concisely in the form of a
bijective correspondence, sometimes called Currying.

ZIx X —Y
—— 2.11)
Z——YX

We have seen that both the product x and the coproduct + give rise to functors Sets x
Sets — Sets. The situation for exponents is more subtle, because of the so-called con-
travariance in the first argument. This leads to an exponent functor Sets°” x Sets — Sets,
involving an opposite category for its first argument. We will show how this works.

For two maps k: X — U in Sets®® and h: Y — V in Sets we need to define a
function h¥: YX — VU between exponents. The fact that k: X — U is a morphism in
Sets®? means that it really is a function k: U — X. Therefore we can define h* on a
function f € YX as

hE(f)y = ho fok. (2.12)

This yields indeed a function in V'V Functoriality also means that identities and composi-
tions must be preserved. For identities this is easy:

(id)(f) =ido foid = f.

But for preservation of composition we have to remember that composition in an opposite
category is reversed:

h;ﬂ (}1,1 ofo kl)
haohyofokyoky

= (hg o hy)F1ok2)(f)

— (h2 o¢ hl)(k‘zoxop ’“)(f)4

(e o 1) () = Bl (1 (1)

‘We conclude this discussion of exponents with the categorical formulation.
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2.1.6. Definition. Let C be a category with products x. The exponent of two objects
X,Y € Cisanew object YX € C with an evaluation morphism

YXx X —X vy

such that: for each map f: Z x X — Y in C there is a unique abstraction morphism
A(f): Z — Y¥ in C, making the following diagram commute.

yXxx — Ly
+
A(f) x idx | f
|
ZxX

The following notions are often useful. A cartesian closed category, or CCC for short,
is a category with finite products and exponents. And a bicartesian closed category, or
BiCCC is a CCC with finite coproducts. As we have seen, Sets is a BiCCC.

Powersets

For a set X we write P(X) = {U | U C X} for the set of (all) subsets of X. In more
categorical style we shall also write U < X or U — X for U C X. These subsets will
also be called predicates. Therefore, we sometimes write U(z) for z € U, and say in that
case that U holds for 2. The powerset P(X) is naturally ordered by inclusion: U C V iff
Vo € X.2 € U = x € V. This yields a poset (P(X), C), with (arbitrary) meets given by
intersection ();c; U; = {x € X | Vi € I.x € U,}, (arbitrary) joins by unions (J;.; U; =
{x € X | 3i € I.z € U;}, and negation by complement -U = {z € X | 2 ¢ U}. In
brief, (P(X), ) is a complete Boolean algebra. Of special interest is the truth predicate
Tx = (X C X) which always holds, and the falsity predicate Ly = () C X) which
never holds. The 2-element set {_L, T} of Booleans is thus the powerset (1) of the final
object 1.

Relations may be seen as special cases of predicates. For example, a (binary) relation R
on sets X and Y is a subset R C X x Y of the product set, i.e. an element of the powerset
P(X x Y'). We shall use the following notations interchangeably:

R(z,y), (z,y) € R, zRy.

Relations, like predicates, can be ordered by inclusion. The resulting poset (P (X xY'), C)
is again a complete Boolean algebra. It also contains a truth relation Txxy € X x Y
which always holds, and a falsity relation Ly xy € X x Y which never holds.

Reversal and composition are two basic constructions on relations. For a relation R C
X x Y we shall write Rt C'Y x X for the reverse relation given by yR'z iff zRy. If we
have another relation S C Y x Z we can describe the composition of relations S o R as a
new relation (S o R) C X x Z, via: (S o R)ziff 3y € Y. R(z,y) A S(y, 2), as already
described in (1.11).

Often we are interested in relations R C X x X on a single set X. Of special interest
then is the equality relation Eq(X) C X x X givenby Eq(X) = {(z,y) e X x X |z =
y} = {(z,z) | * € X}. As we saw in Example 1.4.2 (iv), sets and relations form a category
SetsRel, with equality relations as identity maps. The reversal operation (—)' yields a
functor SetsRel®® — SetsRel that is the identity on objects and satisfies Rff = R.
It makes SetsRel into what is called a dagger category. Such categories are used for
reversible computations, like in quantum computing, see e.g. [7].
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The powerset operation X +— P(X) is also functorial. For a function f: X — Y there
is a function P(f): P(X) — P(Y) given by so-called direct image: for U C X,

PUNO) = /(@) | v €U} ot
={yeY|TeX. flz)=yAnzeU}. o
Alternative notation for this direct image is f[U] or [];(U). In this way we may describe
the powerset as a functor P(—): Sets — Sets.
It turns out that one can also describe powerset as a functor P(—): Sets®® — Sets
with the opposite of the category of sets as domain. In that case a function f: X — Y
yields amap f~1: P(Y) — P(X), which is commonly called inverse image: for U C Y,

FU) = {o | f@) € U @14)

The powerset operation with this inverse image action on morphisms is sometimes called
the contravariant powerset. But standardly we shall consider the “covariant”’powersets with
direct images, as functor Sets — Sets. We shall frequently encounter these direct ]_[f
and inverse f~! images. They are related by a Galois connection:

;W) cv

(2.15)
U Cf (V)

See also in Exercise 2.1.12 below.
‘We have seen bijective correspondences characterising products, coproducts, exponents
and images. There is also such a correspondence for powersets:

X—PY)

- & (2.16)
relations C Y x X

This leads to a more systematic description of a powerset as a so-called relation classi-
fier. There is a special inhabitation € C Y x P(Y), given by € (y,U) < y € U. For
any relation R C Y x X there is then a relation classifier, or characteristic function,
char(R): X — P(Y) mapping z € X to {y € Y | R(y,)}. This map char(R) is the
unique function f: X — P(Y) with € (y, f(z)) & R(y,z),i.e. with (id x f)~1(€) = R.

This formalisation of this special property in categorical language yields so-called
power objects. The presence of such objects is a key feature of “toposes”. The latter
are categorical set-like universes, with constructive logic. They form a topic that goes be-
yond the introductory material covered in this text. The interested reader is referred to the
extensive literature on toposes [255, 257, 156, 56, 317, 78].

Finally, we shall often need the finite powerset Pg,(X) = {U € P(X) | U is finite}.
It also forms a functor Sets — Sets.

Injections and surjections (in Sets)

A function f: X — Y is called injective (or an injection, or monomorphism, or just
mono, for short) if f(x) = f(a') implies x = 2’. In that case we often write f: X —
Y,or f: X < Y in case X is a subset of Y. A surjection, (or surjective function, or
epimorphism, or just epi) is a map written as f: X — Y such that for each y € Y there
isan z € X with f(x) = y. Injectivity and surjectivity can be formulated categorically,
see Exercise 2.5.8 later on, and then appear as dual notions. In the category Sets these
functions have some special “splitting” properties that we shall describe explicitly because
they are used from time to time.

The standard formulation of the axiom of choice (AC) say that for each collection

(Xi)ier of non-empty sets there is a choice function c: I — J;; X; with ¢(i) € X; for
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each i € I. It is used for instance to see that the set-theoretic product [ ]
is a non-empty set in case each X; is non-empty.

An equivalent, more categorical, formulation of the axiom of choice is: every surjection
f: X — Y has a section (also called splitting): a function s: ¥ — X in the reverse
direction with f o s = id. This s thus chooses an element s(y) in the non-empty set
f~Yy) ={z € X | f(z) = y}. Notice that such a section is an injection.

For injections there is a comparable splitting result. Assume f: X — Y in Sets,
where X # (). Then there is a function g: Y — X with g o f = id. This g is obtained as
follows. Since X # () we may assume an element 2o € X, and use it in:

ier Xi from (2.4)

W) { x if there is a (necessarily unique) element x with f(z) =y
9\y) =

xo  otherwise.

Notice that this g is a surjection Y — X.
These observations will often be used in the following form.

2.1.7. Lemma. Let F': Sets — Sets be an arbitrary functor.
() If f: X — Y is surjective, then so is F(f): F(X) — F(Y).
(ii) If f: X = Y is injective and X is non-empty, then F(f) is also injective.

Proof. (i) If f: X — Y is surjective, then, by the axiom of choice, there is a splitting
s:Y — X with f o s = idy. Hence F(f) o F(s) = F(f o s) = F(idy) = idpy)-
Thus F'(f) has a splitting (right inverse), and is thus surjective.

(ii) In the same way, as we have seen, for injective functions f: X — Y with X # 0,
thereisa g: Y — X with g o f = idx. Thus F(g) o F(f) = idp(x), so that F'(f) is
injective. a

Exercises

2.1.1. Verify in detail the bijective correspondences (2.2), (2.6), (2.11) and (2.16).

2.1.2.  Consider a poset (D, <) as a category. Check that the product of two elements d, e € D, if
it exists, is the meet d A e. And a coproduct of d, e, if it exists, is the join d V e.
Similarly, show that a final object is a top element T (with d < T, for all d € D), and that
an initial object is a bottom element L (with L. < d, forall d € D).

2.1.3.  Check that a product in a category C is the same as a coproduct in C°P.

2.1.4.  Fix aset A and prove that assignments X — A x X, X +> A+ X and X ~— X are
functorial, and give rise to functors Sets — Sets.

2.1.5.  Prove that the category PoSets of partially ordered sets and monotone functions is a
BiCCC. The definitions on the underlying sets X of a poset (X, <) are like for ordinary
sets, but should be equipped with appropriate orders.

2.1.6.  Consider the category Mon of monoids with monoid homomorphisms between them.

(i)  Check that the singleton monoid 1 is both an initial and a final object in Mon; this is
called a zero object.

(i) Given two monoids (M1, +1,01) and (M2, +2,02), define a product monoid M; X
My with componentwise addition (z,y) + (2',3') = (x +1 2’,y 42 %) and unit
(01, 02). Prove that M; x M is again a monoid, which forms a product in the category
Mon with the standard projection maps M1 ELMy x My =2 Mo,

(iii) Note that there are also coprojections M1 % My x My <2 Mo, given by 1(z) =
(,02) and k2(y) = (01,y) which are monoid homomorphisms, and which make
My x M, at the same time the coproduct of M; and M3 in Mon (and hence a
biproduct).

[Hint. Define the cotuple [f, g] as x — f(x) + g(z).]
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2.1.7.

2.1.8.

2.1.9.

2.1.10.
2.1.11.

2.1.12.

2.1.13.

2.1.14.

Show that in Sets products distribute over coproducts, in the sense that the canonical maps
idx X K1,idx X k:
(X xY)+ (X x 2) lidx xm,idx x ] X x (Y +2)

|
0 - X x0

are isomorphisms. Categories in which this is the case are called distributive, see [93] for
more information on distributive categories in general, and see [171] for an investigation of
such distributivities in categories of coalgebras.

(i) Consider a category with finite products (x, 1). Prove that there are isomorphisms:
XXY2YxX XxY)xZ2Xx (Y xZ2) 1x X=X,

(ii) Similarly, show that in a category with finite coproducts (+,0) one has:
X+Y=2Y+X (X+Y)+Z=2X+(Y+2) 0+X=X.

[This means that both the finite product and coproduct structure in a category yields so-
called symmetric monoidal structure. See [315, 78] for more information. ]
(iii) Next, assume that our category also has exponents. Prove that:

X°~1 X'=x 1¥xp
And also that:
75X 27X 57" 29 2 (2)Y (X xY)P=XZxY?.

Check that:

P0) =1 PX+Y)2P(X)xP(Y).
And similarly for the finite powerset Py, (—) instead of P(—). This property says that P()
and Piin () are “additive”, see [102].

Show that the finite powerset also forms a functor Ps,(—): Sets — Sets.

Notice that a powerset P(X) can also be understood as exponent 2%, where 2 = {0, 1}.
Check that the exponent functoriality gives rise to the contravariant powerset Sets®” —
Sets.

Consider a function f: X — Y. Prove that:

(@) thedirectimage P(f) = [];: P(X) — P(Y) preserves all joins, and that the inverse
image f~'(—): P(Y) — P(X) preserves not only joins but also meets and negation
(i.e. all the Boolean structure);

(ii) there is a Galois connection Hf(U) CV <= U C f}(V), as claimed in (2.15);

(iii) there is a product function [];: P(X) — P(Y) givenby [],(U) ={y € Y | Vz €
X. f(z) =y = x € U}, with a Galois connection f (V) CU +=V C [1;U).

Assume a category C has arbitrary, set-indexed coproducts ]_Lel X;. Show, like in the
proof of Proposition 2.1.5, that the category CoAlg(F') of coalgebras of a functor F': C —
C then also has such coproducts.

For two parallel maps f,g: X — Y between objects X, Y in an arbitrary category C a
coequaliser ¢: Y — () is a map in a diagram,

f
-
b'e y—2%4 Q
g

with ¢ o f = g o g in a “universal way”: for an arbitrary map h: Y — Z withh o f =

h o g there is a unique map k: @ — Z withk o ¢ = h.

(1) An equaliser in a category C is a coequaliser in C°P. Formulate explicitly what an
equaliser of two parallel maps is.

(i) Check that in the category Sets the set Q) can be defined as the quotient Y/ R, where
R C Y X Y is the least equivalence relation containing all pairs (f(z),g(z)) for
e X.
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(iii) Returning to the general case, assume a category C has coequalisers. Prove that for an
arbitrary functor F': C — C the associated category of coalgebras CoAlg(F) also
has coequalisers, as in C: for two parallel homomorphisms f,g: X — Y between
coalgebras c: X — F(X) and d: Y — F(Y) there is by universality an induced
coalgebra structure Q — F(Q) on the coequaliser Q of the underlying maps f, g,
yielding a diagram of coalgebras

F(X) ! F(Y) . Q)
te | —_— X td ) ———— 1
X 9 Y Q
with the appropriate universal property in CoAlg(F): for each coalgebra ¢: Z —

F(Z) with homomorphism h: Y — Z satisfying h o f = h o g there is a unique
homomorphism of coalgebras k: @ — Z with k o ¢ = h.

2.2 Polynomial functors and their coalgebras

Earlier in Definition 1.4.5 we have seen the general notion of a coalgebra as a map X —
F(X) inacategory C, where F is a functor C — C. Here, in this section and in much of the
rest of this text we shall concentrate on a more restricted situation: as category C we use the
category Sets of ordinary sets and functions. And as functors F': Sets — Sets we shall
use so-called polynomial functors, like F(X) = A + (B x X)©. These are functors built
up inductively from certain simple basic functors, using products, coproducts, exponents
and powersets for forming new functors. There are three reasons for this restriction to
polynomial functors.

1. Polynomial functors are concrete and easy to grasp.

2. Coalgebras of polynomial functors include many of the basic examples; they suffice
for the time being.

3. Polynomial functors allow definitions by induction, for many of the notions that we
shall be interested in—notably relation lifting and predicate lifting in the next two
chapters. These inductive definitions are easy to use, and can be introduced without
any categorical machinery.

This section contains the definition of polynomial functor, and also many examples of
such functors and of their coalgebras.

2.2.1. Definition. We define three collections of functors Sets — Sets, namely SPF,
EPF, and KPF, for simple, exponent and Kripke polynomial functors, as in:

SPF EPF KPF
functors Sets — Sets additionally: additionally:
built with identity, constants (—)4 with powerset P
finite products, arbitrary coproducts infinite A (or Pfin)
Simple Exponent Kripke
polynomial polynomial polynomial

(i) The collection SPF of simple polynomial functors is the least class of functors Sets —
Sets satisfying the following four clauses.

(1) The identity functor Sets — Sets is in SPF.

(2) For each set A, the constant functor A: Sets — Sets is in SPF. Recall that it maps
every set X to A, and every function f to the identity id4 on A.
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(3) If both F and G are in SPF, then so is the product functor F' x G, defined as X
F(X) x G(X). On functions it is defined as f +— F(f) x G(f), see (2.3).

(4) If we have a non-empty set I and an /-indexed collection of functors F; in SPF, then
the set-indexed coproduct [ ], F; is also in SPF. This new functor maps a set X to
the I-indexed coproduct [[;c; Fi(X) = {(i,u) | i € I A u € Fy(X)}. It maps a
function f: X — Y to the mapping (¢, u) — (i, F;(f)(u)).

(ii) The collection EPF of exponent polynomial functors has the following four clauses,
and additionally:

(5) For each set A, if F' in SPF, then so is the “constant” exponent F* defined as X —
F(X)". It sends a function f: X — Y to the function F(f)* = F(f)44 which
maps h: A — F(X)to F(f)oh: A— F(Y), see (2.12).

(iii) The class KPF of Kripke polynomial functors is the superset of SPF defined by
the above clauses (1)—(5), with ‘SPF’ replaced by ‘KPF’, plus one additional rule:

(6) If F'is in KPF, then so is the powerset P(F'), defined as X — P(F(X)) on sets, and
as f +— P(F(f)) on functions, see (2.13).

Occasionally, we shall say that a functor F is a finite KPF. This means that all the powersets
P(—) occurring in F are actually finite powersets P (—).

We notice that exponents (—)* for finite sets A are already included in simple polyno-
mial functors via iterated products F; x --- x F),. The collection EPF is typically used to
capture coalgebras (or automata) with infinite sets of inputs, given as exponents, see Sub-
section 2.2.3 below. The collection KPF is used for non-deterministic computations via
powersets, see Subsection 2.2.4.

The above clauses yield a reasonable collection of functors to start from, but we could
of course have included some more constructions in our definition of polynomial functor—
like iterations via initial and final (co)algebras, see Exercise 2.3.8 and e.g. [201, 369, 253],
as used in the experimental programming language Charity [97, 95, 94]. There are thus
interesting functors which are out of the “polynomial scope”, see for instance the multiset
or probability distribution functors from Section 4.1, or ‘dependent’ polynomial functors in
Exercise 2.2.6. However, the above clauses suffice for many examples, for the time being.

The coproducts that are used to construct simple polynomial functors are arbitrary, set-
indexed coproducts. Frequently we shall use binary versions F; + Fb, for an index set
I = {1,2}. But we like to go beyond such finite coproducts, for instance in defining the
list functor F'*, given as infinite coproduct of products:

F* = Il,en F™ where F* = F x---xF

n times

(2.17)

Thus, if F is the identity functor, then F* maps a set X to the set of lists:
X =14+4X4+XxX)+ (X xXxX)+---

The collection SPF of simple polynomial functors is reasonably stable in the sense
that it can be characterised in various ways. Below we give one such alternative charac-
terisation; the other one is formulated later on, in Theorem 4.7.8, in terms of preservation
properties. The characterisation below uses “arities” as commonly used in universal algebra
to capture the number of arguments in a primitive function symbol. For instance, addition
+ has arity 2, and minus — has arity 1. These arities will be used more systematically in
Section 6.6 to associate a term calculus with a simple polynomial functor.

2.2.2. Definition. An arity is given by a set I and a function #: I — N. It determines a
simple polynomial functor Fly : Sets — Sets, namely:
def i
F#(X) = Hig] X#

2.18
= {(i,) |i € T and & € X#}. e
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We often call such an Fl an arity functor.

In the style of universal algebra one describes the operations of a group via an index
set [ = {s,m,z}, with symbols for sum, minus and zero, with obvious arities #(s) = 2,
#(m) = 1, #(z) = 0. The associated functor Fig sends X to (X x X) + X + 1. In
general, these arity functors have a form that clearly ‘polynomial’.

2.2.3. Proposition. The collections of simple polynomial functors and arity functors coin-
cide.

Proof. By construction an arity functor Fy = ],;(—)#(® is a simple polynomial func-
tor, so we concentrate on the converse. We show that each simple polynomial functor F is
an arity functor, with index set F'(1), by induction on the structure of F.

o If F is the identity functor X — X wetake ] = F(1) = land # =1:1 — N.
Then Fy(X) = [, X#1 2 [[,o, X! = X = F(X).

If F is a constant functor X — A, then we choose as arity the map #: A — N
which is constantly 0. Then Fiy(X) = [[,c 4 X#a = Haca X0 = Hoeal=A=
F(X).

o If Fis a product X — F;(X) x F5(X) we may assume arities #;: [; — N for
j € {1,2}. We now define #: I x Iy — Nas #(i1,i2) = #1141 + #2i>. Then:
F#(X) = H(h.mell xIa X (#intaia)
= lier, Hiper, X x X#222
I~ Hilell X#i LI1,2€12 X #2(i2)
since Y x (—) preserves coproducts, see also Exercise 2.1.7
(IH)
~ [1(X) x Fy(X)
= F(X).

e If F'is a coproduct X > J[;.; F;(X) we may assume arities #;: I; — N by the
induction hypothesis. The cotuple # = [#;]jcs: [[;c; Z; — N then does the job:
— #(4,
Fp(X) = gaer,., 1, X*0
H;e] HiEIj x#:0

ey B(X)
= F(X). Q

[¢

IRE IR

The arities #: I — N that we use here are single-sorted arities. The can be used to
capture operations of the form n — 1, with n inputs, all of the same sort, and a single
output, of this same sort. But multi-sorted (or multi-typed) operations like even: N —
Bool = {true, false} are out of scope. More generally, given a set of sorts/types .S, one
can also consider multi-sorted arities as functions #: I — ST = S* x S. A value #(i) =
((s1,-..5n),t) then captures a function symbol with type s; x --- x s,, — ¢, taking n
inputs of sort s1,. .., s, to an output sort ¢. Notice that the (single-sorted) arities that we
use here are a special case, when the set of sorts S is a singleton 1 = {0}, since 1* = N.

In the remainder of this section we shall see several instances of (simple, exponent
and Kripke) polynomial functors. This includes examples of fundamental mathematical
structures that arise as coalgebras of such functors.
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221 S ts and e

4

In the previous chapter we have used program statements (in Section 1.1) and sequences (in
Section 1.2) as motivating examples for the study of coalgebras. We briefly review these
examples using the latest terminology and notation.

Recall that statements were introduced as functions acting on a state space S, with dif-
ferent output types depending on whether these statements could hang or terminate abruptly
because of an exception. These two representations were written as:

§——{L}us S—— = {L}USU(SxE)
Using the notation from the previous section we now write these as:
S§—1+8 S——1+S+(SXE)
And so we recognise these statements as coalgebras
§—— F(S) S ——G(9)

of the simple polynomial functors:

F=1+id G = 1+id + (id x E)
and
(x_>1+x) :(X—>1+X+(XXE)).

Thus, these functors determine the kind of computations.
Sequence coalgebras, for a fixed set A, were described in Section 1.2 as functions:

S——— s {1}U(AxS)

i.e. as coalgebras:
§—— 14+ (AxS)

of the simple polynomial functor 1 + (A x id). This functor was called Seq in Exam-
ple 1.4.4 (v). Again, the functor determines the kind of computations: either fail, or pro-
duce an element in A together with a successor state. We could change this a bit and drop
the fail-option. In that case, each state yields an element in A with a successor state. This
different kind of computation is captured by a different polynomial functor, namely by
A x id. A coalgebra of this functor is a function:

S——AxS

as briefly mentioned in the introduction to Chapter 1 (before Section 1.1). Its behaviour
will be an infinite sequence of elements of A: since there is no fail-option, these behaviour
sequences do not terminate. In the next section we shall see how to formalise this as:
infinite sequences A" form the final coalgebra of this functor A x id.

2.2.2 Trees

‘We shall continue this game of capturing different kinds of computation via different poly-
nomial functors. Trees form a good illustration because they occur in various forms. Recall
that in computer science trees are usually written up-side-down.

Let us start by fixing an arbitrary set A, elements of which will be used as labels in
our trees. Binary trees are most common. They arise as outcomes of computations of
coalgebras:

§————AXxSxS
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of the simple polynomial functor A x id x id. Indeed, given a state z € S, a one-step
computation yields a triple (ag,z1,z2) of an element ay € A and two successor states
1,22 € S. Continuing the computation with both z; and x5 yields two more elements in
A, and four successor states, efc. This yields for each € .S an infinite binary tree with
one label from A at each node:

al/ao\ag
VRS VRS

In a next step we could consider fernary trees as behaviours of coalgebras:
S—————AXxSxSxS

of the simple polynomial functor A x id x id x id. By a similar extension one can get
quaternary trees, efc. These are all instances of finitely branching trees, arising from coal-
gebras:

S—— AxS§*

of the Kripke polynomial functor A x id*. Each state # € S is now mapped to an element
in A with a finite sequence (1, ...x,) of successor states—with which one continues to
observe the behaviour of x.

We can ask if the behaviour trees should always be infinitely deep. Finiteness must
come from the possibility that a computation fails and yields no successor state. This can
be incorporated by considering coalgebras

§———1+(AxSxS)

of the simple polynomial functor 1 + (A X id x id). Notice that the resulting behaviour

trees may be finite in one branch, but infinite in the other. There is nothing in the shape of

the polynomial functor that will guarantee that the whole behaviour will actually be finite.
A minor variation is in replacing the set 1 for non-termination by another set B, in:

S——— B+ (AxSxS)

The resulting behaviour trees will have elements from A at their nodes and from B at the
leaves.

2.2.3 Deterministic automata

Automata are very basic structures in computing, used in various areas: language the-
ory, text processing, complexity theory, parallel and distributed computing, circuit theory,
etc. Their state-based, dynamical nature makes them canonical examples of coalgebras.
There are many versions of automata, but here we shall concentrate on the two most basic
ones: deterministic and non-deterministic. For more information on the extensive the-
ory of automata, see for example [42, 118, 382, 29], and on coalgebras and automata see
e.g. [379, 418,291, 184].

A deterministic automaton is usually defined as consisting of a set .S of states, a set A
of labels (or actions, or letters of an alphabet), a transition function 6: S x A — S, and
aset F' C S of final states. Sometimes, also an initial state o € S is considered part of
the structure, but here it is not. Such an automaton is called deterministic because for each
state z € S, and input a € A, there is precisely one successor state 2’ = §(x,a) € S.

First, we shall massage these ingredients into coalgebraic shape. Via the bijective corre-
spondence (2.11) for exponents, the transition function S x A — S can also be understood
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as amap S — S*. And the subset F' C S of final states corresponds to a characteristic
function S — {0, 1}. These two functions S — S4 and S — {0, 1} can be combined to a
single function,

s—29 L gaqo 219

using the product correspondences (2.2). Thus, deterministic automata with A as set of

labels are coalgebras of the exponent polynomial functor id? x {0,1}. An example of
such an automaton with input set A = {0, 1} is:

A

000 o) 1) 1)
RN

The states are the numbers 0, 1, . .., 7 in binary notation, giving as state space:

(2.20)

5 = {000,001,010,011,100,101,110,111}.

Using the standard convention, final states are doubly encircled. In our coalgebraic repre-
sentation (2.19) this is captured by the function e: S — {0, 1} defined by:

€(111) = €(100) = ¢(101) = ¢(110)

1
€(000) = €(001) = €(011) = ¢(010) = 0.

The transition function §: § — {01} js:

5(000)(0) =000  §(001)(0) =010  5(011)(0)=110  &(111)(0) =110
6(000)(1) =001  §(001)(1) =011 §(011)(1)=111 S(111)(1) =111
5(100)(0) =000  §(010)(0) =100 5(101)(0)=010  &(110)(0) =111
5(100)(1) =001  §(010)(1) =101 5(101)(1)=011  §(110)(1) = 101.

It is clear that the graphical representation (2.20) is more pleasant to read than these listings.
Shortly we discuss what this automaton does.

First we shall stretch the representation (2.19) a little bit, and replace the set {0, 1} of
observable values by an arbitrary set B of outputs. Thus, what shall call a deterministic
automaton is a coalgebra:

s— 09 Lgap @20

of the exponent polynomial functor id? x B. We recall that if the set A of inputs is finite,
we have a simple polynomial functor.

This kind of coalgebra, or deterministic automaton, (J,¢): S — S4 x B thus consists
of a transition function §: S — S4, and an observation function ¢: S — B. For such an
automaton, we shall frequently use a transition notation = —% ' for 2’ = §(z)(a). Also,
we introduce a notation for observation: x | b stands for €(z) = b. Finally, a combined
notation is sometimes useful: (x| b) —*+ (z']b') means three things at the same time:
zlbandz - 2/ and 2’ L V.



42 Chapter 2. Coalgebras of Polynomial Functors

Often one considers automata with a finite state space. This is not natural in a coal-
gebraic setting, because the state space is considered to be a black box, about which es-
sentially nothing is known—except what can be observed via the operations. Hence, in
general, we shall work with arbitrary state spaces, without assuming finiteness. But Sub-
section 2.2.6 illustrates how to model n-state systems, when the number of states is a known
number 7.

Assume we have a state 2 € .S of such a coalgebra / deterministic automaton (4, €): S —
S4 x B. Applying the output function e: S — B to z yields an immediate observation
€(z) € B. For each element a; € A we can produce a successor state d(z)(a1) € S; italso
gives rise to an immediate observation €(6(x)(a;)) € B, and for each a; € A a successor
state 6(6(x)(ay1))(az) € S, etc. Thus, for each finite sequence (a1, ...,a,) € A* we can
observe an element €(0(- - - 6(x)(a1) - - - )(an)) € B. Everything we can possibly observe
about the state x is obtained in this way, namely as a function A* — B. Such behaviours
will form the states of the final coalgebra, see Proposition 2.3.5 in the next section.

For future reference we shall be a bit more precise about lists of inputs. Behaviours can
best be described via an iterated transition function

@, () ==
(z,a-0) = 6*(0(x)(a),0)

J

S x A* ;> S defined as { 5 (2.22)

This iterated transition function §* gives rise to the multiple-step transition notation: z —~+*
y stands for y = §*(z, o), and means that y is the (non-immediate) successor state of x
obtained by applying the inputs from the sequent o € A*, from left to right.

The behaviour beh(z): A* — B of a state z € S is then obtained as the function that
maps a finite sequence o € A* of inputs to the observable output

beh(z) & €(6*(x,0)) € B (2.23)

An element of the set BA™ of all such behaviours can be depicted as a rooted tree with
elements from the set A of inputs as labels, and elements from the set B of outputs at
nodes. For example, a function ¢ € B4" can be described as an infinite tree:

@(()) = bo
bo o((a)) = b
N, el =
« a 0 ")) = 5
by / ljz ~ by --- where etc.
//(‘/ ! I I W<<a7a>) =b
AN \ \ ella.a)) =V
b b ... o((a,a"”)) ="
etc.

If the behaviour beh(x) of a state x looks like this, then one can immediately observe
by = €(x), observe by = €(d(x)(a)) after input a, observe b = €(6(d(x)(a))(a)) =
€(6*(, (a,a))) after inputing a twice, etc. Thus, there is an edge b —— b’ in the tree
if and only if there are successor states y,3’ of z with (y|b) —— (3’ b’). In the next
section we shall see (in Proposition 2.3.5) that these behaviours in B4" themselves carry
the structure of a deterministic automaton.

In the illustration (2.20) one has, for a list of inputs o € {0, 1}*:

beh(000)(c) =1 <= o contains a 1 in the third position from its end.

In order to see this notice that the names of the states are chosen in such a way that their
bits represent the last three bits that have been consumed so far from the input string 0. In
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Corollary 2.3.6 (ii) we shall see more generally that these behaviour maps beh capture the
language accepted by the automaton.

Here is a very special way to obtain deterministic automata. A standard result (see
e.g. [208, 8.7]) in the theory of differential equations says that unique solutions to such
equations give rise to monoid actions, see Exercises 1.4.1 and 2.2.9. Such a monoid action
may be of the form X x R>o — X, where X is the set of states and R is the set of non-
negative reals with monoid structure (+, 0) describing the input (which may be understood
as time). In this context monoid actions are sometimes called flows, motions, solutions or
trajectories, see Exercise 2.2.11 for an example.

Exercise 2.2.12 below contains an account of linear dynamical systems which is very
similar to the above approach to deterministic automata. It is based on the categorical
analysis by Arbib and Manes [34, 35, 38, 37, 39] of Kalman’s [263] module-theoretic
approach to linear systems.

Lemma 2.2.4 contains a description of what coalgebra homomorphisms are for au-
tomata as in (2.21).

2.2.4 Non-deterministic aut ta and transition systems

Deterministic automata have a transition function 6: S x A — S. For non-deterministic
automata one replaces this function by a relation. A state can then have multiple successor
states—which is the key aspect of non-determinism. There are several, equivalent, ways
to represent this. For example, one can replace the transition function S x A — S by a
function S x A — P(S), yielding for each state € S and input a € A a set of successor
states. Of course, this function can also be written as S — P(S)4, using Currying. This is
the same as using a transition relation, commonly written as an arrow: — C S x A x S. Or
alternatively, one can use a function S — P(A x S). All this amounts to the same, because
of the bijective correspondences from Section 2.1:

S — P(S)4
_— (2.1])
SxA— P(S)

_— . (2.16)
relations C (S x A) x S

relations C S x (A x S)
S —PAxS)

(2.16)

We have a preference for the first representation, and will thus use functions §: S —
P(S)* as non-deterministic transition structures.

(It should be noted that if we use the finite powerset P, (—) instead of the ordinary one
P(—), then there are no such bijective correspondences, and there is then a real choice of
representation.)

Standardly, non-deterministic automata are also considered with a subset ' C S of
final states. As for deterministic automata, we like to generalise this subset to an obser-
vation function S — B. This leads us to the following definition. A non-deterministic
automaton is a coalgebra:

s— 9 peaxn @24

of a Kripke polynomial functor P(id)# x B, where A is the set of its inputs, and B the set
of its outputs or observations. Like before, the coalgebra consists of a transition function
§: S — P(S)4, and an observation function ¢: S — B.

As illustration we give a non-deterministic version of the (deterministic) automaton
in (2.20) trying to find a 1 in the third position from the end of the input string. As is often
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the case, the non-deterministic version is much simpler. We use as inputs A = {0, 1} and
outputs B = {0, 1}, for observing final states, in:

0,1
) o) >
— — —

More formally, the state space is 5 = {wait, try, step, stop} and e: .5 — {0, 1} outputs 1
only on the state stop. The transition function §: S — P(S)101} is:
&(wait) (0) = {wait} o(try)(0) = {step} d(step)(0) = {stop} d(stop)(0)=0
d(wait)(1) = {wait, try} d(try)(1) = {step} d(step)(1) = {stop} 4(stop)(1)=40.
Clearly, we need sets of states to properly describe this automaton coalgebraically.

For non-deterministic automata (2.24) we shall use the same notation as for determin-
istic ones: & —— 2’ stands for 2/ € §(x)(a), and x | b means e(x) = b. New notation is
x -, which means §(z)(a) = 0, i.e. there is no successor state =’ such that « can do an
a-step © — a2’ to x’. In general, for a given x and a there may be multiple (many or no)
2/ with z —%+ 2/, but there is precisely one b with z | b. Also in the non-deterministic case
we use the combined notation (z |.b) — (2 [b') for: « | band x — 2’ and =’ b/

Like for deterministic automata we wish to define the behaviour of a state from transi-
tions (2 .b) —%+ (2/ | ') by omitting the states and keeping the inputs and outputs. But in
the non-deterministic case things are not so easy because there may be multiple successor
states. More technically, there are no final coalgebras for functors P(id)* x B describ-
ing non-deterministic automata, see Proposition 2.3.8 and the discussion in the preceding
paragraph. However, if we restrict ourselves to the finite powerset Pjy, final coalgebras do
exist. For general non-deterministic automata (2.24), with the proper (non-finite) powerset,
one can consider other forms of behaviour, such as traces, see Section 5.3.

Now that we have some idea of what a non-deterministic automaton is, namely a coal-
gebra S — P(S)4 x B, we can introduce various transition systems as special cases.

(2.25)

e An unlabelled transition system (UTS) is a non-deterministic automaton with triv-
ial inputs and outputs: A = 1 and B = 1. It is thus nothing else but a relation
— C S x S on a set of states. UTSs are very basic dynamical systems, but they are
important for instance as a basis for model checking: automatic state exploration for
proving or disproving properties about systems, see for instance [318, 119].

A labelled transition system, (LTS) introduced in [352], is a non-deterministic
automaton with trivial output: B = 1. It can be identified with a relation — C
S x A x S. Labelled transition systems play an important role in the theory of
processes, see e.g. [68].

A Kripke structure is a non-deterministic automaton S — P(S) x P(AtProp)
with trivial input (A = 1), and special output: B = P(AtProp), for a set AtProp
of atomic propositions. The transition function §: S — P(S) thus corresponds
to an unlabelled transition system. And the observation function function e: S —
P(AtProp) tells for each state which of the atomic propositions are true (in that
state). Such a function, when written as AtProp — P(S) is often called a valua-
tion. Kripke structures are fundamental in the semantics of modal logic, see e.g. [74]
or [120]. The latter reference describes Kripke structures for “multiple agents”, that
is, as coalgebras S — P(S5) x --- x P(S) x P(AtProp) with multiple transition
functions.

When we consider (non-)deterministic automata as coalgebras, we automatically get
an associated notion of (coalgebra) homomorphism. As we shall see next, such a homo-
morphism both preserves and reflects the transitions. The proofs are easy, and left to the
reader.
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2.2.4. Lemma. (i) Consider two deterministic automata X — X*xBandY — Y xB
as coalgebras. A function f: X — 'Y is then a homomorphism of coalgebras if and only if

(1) b= f(z)lb;
2) -5 o' = f(z) = f2).

(i) Similarly, for two non-deterministic automata X — P(X)*xBandY — P(Y)" x
B afunction f: X — Y is a homomorphism of coalgebras if and only if

(1) zlb= f(z)]b;
(2) x5 2" = f(z) - f(2');
(3) flo) By= T e X. f(a') =y Az 2.

Such a function f is sometimes called a zig-zag morphism, see [64]. o

Note that the analogue of point (3) in (ii) trivially holds for deterministic automata.

2.2.5 Context-free grammars

A context free grammar is a basic tool in computer science to describe the syntax of pro-
gramming languages via so-called production rules. These rules are of the form v — o,
where v is a non-terminal symbol and o is a finite list of both terminal and non-terminal
symbols. If we write V' for the set of non-terminals, and A for the terminals, then a context-
free grammar (CFG) is a coalgebra

v—2 i p(v+Ay)

of the polynomial functor X — P((X + A)*). It sends each non-terminal v to a set
g(v) € (V + A)* of right-hand-sides o € g(v) in productions v — 0.

A word 7 € A*—with terminals only—can be generated by a context-free grammar
g if there is a non-terminal v € V' from which 7 arises by applying rules repeatedly. The
collection of all such strings is the language that is generated by the grammar.

A simple example is the grammar with V = {v}, A = {a,b} and g(v) = {(), avb}. It
thus involves two productions v — () and v — a - v - b. This grammar generates the
language of words a™b™ consisting of a number of a’s followed by an equal number of b’s.
Such a grammar is often written in “Backus Naur Form” (BNF) as v ::= () | avb.

A derivation of a word imposes a structure on the word that is generated. This structure
may be recognised in an arbitrary word in a process called parsing. This is one of the very
first things a compiler does (after lexical analysis), see for instance [32]. Example 5.3.2
describes the parsed language associated with a CFG via a trace semantics defined by
coinduction.

2.2.6 Turing-style machines

Turing machines are paradigmatic models of computation that are of fundamental impor-
tance in the theory of computation (see e.g. [336]). Turing machines are special automata
involving a head moving over a type that can read and write symbols, following certain
rules determined by a finite state machine. Turing machines come in different flavours,
with different kinds of tapes or different kinds of computation (e.g. (non)deterministic or
probabilistic, or even of quantum kind). Here we give a sketch of how to describe them
coalgebraically, following [235].

The coalgebraic representation requires some care because a Turing machines involves
two kinds of states, namely “register” states given by the contents of the tape, and “steer-
ing” states in the finite state machine that controls the head. The register states may be
represented as an infinite list DY of data cells, on which certain operations (reading and
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writing) may be performed. We abstract from all this and represent it simply as a coalgebra
S — F(S), where S is the set of register states. In case we know that there are n steering
states, the resulting Turing-style machine can be represented as a coalgebra:

s (F(n : S))" (2.26)

Recall that X = X x --- x X is the n-fold power and n - X = X + --- + X is the n-
fold coproduct. This representation (2.26) gives for each steering state a separate coalgebra
S — F(n - S) telling how the machine moves to successor states (both of register and
steering kind).

We consider a concrete example of a non-deterministic Turing machine that accepts all
strings o € {a, b, c}* where o contains a c that is preceded or followed by ab. It can be
described diagrammatically as:

9 aaR 4

aaR ccR bbR
81 / \ )
R e )

bbL

As usual, the label zyL means: if you read symbol x at the current location then write y
and move left. Similarly, zy R involves a move to the right.

We model such a machine with a tape with symbols from the alphabet ¥ = {a, b, c}.
The tape stretches in 2 dimension, and so we use the integers Z (like in walks) as index.
Thus the type T of tapes is given by T = %% x Z, consisting of pairs (¢, p) where ¢: Z —
3 = {a,b,c} is the tape itself and p € Z the current position of the head.

Following the description (2.26) we represent the above non-deterministic Turing ma-
chine with six states as a coalgebra:

T—— (P 'JI‘))G @27

Below we describe this coalgebra explicitly by enumerating the input cases, where the six
coprojections k;: T — 6-T =T + T + T + T + T + T describe the successor states.

1+— {k1(t,p+1) | t(p) =aort(p) =b} U
{ra(t.p+1) | t(p) = c} U {rs(t,p — 1) [ t(p) = c}
2 — {ra(t,p+1) | t(p) = a}
(t.p) —> 4 3 +— {rs(t,p — 1) | t(p) = b} (2.28)
4 — {re(t,p+1) | t(p) = b}
5 +— {re(t,p— 1) | t(p) = a}
6 — 0.

Notice that we need the powerset P to capture the non-determinism (especially at state 1).

Later on, in Exercise 5.1.6, we shall see that the functor X — (P(6 - X))() used
in (2.27) carries a monad structure that makes it possible to compose this Turing coalgebra
with itself, like in Exercise 1.1.2, so that transitions can be iterated.

2.2.7 Non-well-founded sets

Non-well-founded sets form a source of examples of coalgebras which has been of histori-
cal importance in the development of the area. Recall that in ordinary set theory there is a
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foundation axiom (see e.g. [132, Chapter II, §5]) stating that there are no infinite descend-
ing €-chains - - - € x5 € 1 € x. This foundation axiom is replaced by an anti-foundation
axiom in [131], and also in [8], allowing for non-well-founded sets. The second refer-
ence [8] received much attention; it formulated an anti-foundation axiom as: every graph
has a unique decoration. This can be reformulated easily in coalgebraic terms, stating that
the universe of non-well-founded sets is a final coalgebra for the (special) powerset functor
§ on the category of classes and functions:

P(X) = {U C X | U is asmall set}.

Incidentally, the “initial algebra” (see Section 2.4) of this functor is the ordinary universe
of well-founded sets, see [414, 412] for details.

Aczel developed his non-well-founded set theory in order to provide a semantics for
Milner’s theory CCS [323] of concurrent processes. An important contribution of this work
is the link it established between the proof principle in process theory based on bisim-
ulations (going back to [323, 341]), and coinduction as proof principle in the theory of
coalgebras—which will be described here in Section 3.4. This work formed a source of
much inspiration in the semantics of programming languages [414] and also in logic [62].

Exercises

2.2.1. Check that a polynomial functor which does not contain the identity functor is constant.

2.2.2.  Describe the kind of trees that can arise as behaviours of coalgebras:
i S— A+ (AxS)
(i) S— A+ (AxS)+(AxSxS9)

2.2.3. Check, using Exercise 2.1.9, that non-deterministic automata X — P(X)A X 2 can equiv-
alently be described as transition systems X — P (14 (A x X)). Work out the correspon-
dence in detail.

2.2.4.  Describe the arity # for the functors
(i) X+—= B+ (XxAxX)
(i) X — Ag x X1 x (X x X)“2, for finite sets A1, Ao.

2.2.5.  Check that finite arity functors correspond to simple polynomial functors in the construction
of which all constant functors X +— A and exponents X have finite sets A.

2.2.6. Consider an indexed collection of sets (A;)ie 1, and define the associated “dependent™ poly-
nomial functor Sets — Sets by
X — L, XY ={Gf)|i€Inf: A= X}
(i) Prove that we get a functor in this way; obviously, by Proposition 2.2.3, each polyno-
mial functor is of this form, for a finite set A;.
(ii) Check that all simple polynomial functors are dependent—by finding suitable collec-
tions (A;)ier for each of them.
[These functors are studied as “containers” in the context of so-called W-types in dependent
type theory for well-founded trees, see for instance [2, 1, 338].]

2.2.7. Recall from (2.13) and (2.14) that the powerset functor PP can be described both as a covari-
ant functor Sets — Sets and as a contravariant one 207 : Sets°? — Sets. In the defini-
tion of Kripke polynomial functors we use the powerset P covariantly. An interesting—not
Kripke polynomial—functor N = PP: Sets — Sets is obtained by using the con-
travariant powerset functor twice (yielding a covariant functor). Coalgebras of this so-
called neighbourhood functor are used in [389, 327] as models of a special modal logic
(see also [182] for the explicitly coalgebraic view).

(i) Describe the action N'(f): N'(X) — N(Y) of a function f: X — Y.

(ii) Try to see a coalgebra c: X — N(X) as the setting of a two-player game, with the
first player’s move in state z € X given by a choice of a subset U € ¢(z) and the
second player’s reply by a choice of successor state 2’ € U.
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2.2.8.

2.209.

2.2.10.

22.11.

2.2.12.

(i) Notice that the behaviour function beh: S — BA" from (2.23) for a deterministic
automaton satisfies:

beh(z)(()) = e(x)

I
S

where z | b
beh(é(z)(a))(0)
= beh(z')(0), where x —=» 2’

beh(z)(a- o)

(ii) Consider a homomorphism f: X — Y of coalgebras / deterministic automata from
X —» X4 x BandY — Y x B, and prove that for all z € X,

beha(f(z)) = behi(x).

Check that the iterated transition function §*: S x A* — S of a deterministic automaton
is a monoid action—see Exercise 1.4.1—for the free monoid structure on A* from Exer-
cise 1.4.4.

Note that the function spaces S carries a monoid structure given by composition. Show
that the iterated transition function §* for a deterministic automaton, considered as a monoid
homomorphism A* — S, is actually obtained from § by freeness of A*—as described in
Exercise 1.4.4.

Consider a very simple differential equation of the form % = —Cf, where C € Risa
fixed positive constant. The solution is usually described as f(y) = f(0) - e~ Y. Check

that it can be described as a monoid action R x R>¢ — R, namely (z,y) — ze~ Y.

Let Vect be the category with finite-dimensional vector spaces over the real numbers R (or

some other field) as objects, and with linear transformations between them as morphisms.

This exercise describes the basics of linear dynamical systems, in analogy with determinis-

tic automata. It does require some basic knowledge of vector spaces.

(i) Prove that the product V' x W of (the underlying sets of) two vector spaces V and W
is at the same time a product and a coproduct in Vect—the same phenomenon as in
the category of monoids, see Exercise 2.1.6. Show also that the singleton space 1 is
both an initial and a final object. And notice that an element z in a vector space V'
may be identified with a linear map R — V.

(ii) A linear dynamical system [263] consists of three vector spaces: S for the state space,
A for input, and B for output, together with three linear transformations: an input map
G: A — S, adynamics F: S — S, and an output map H: S — B. Note how the
first two maps can be combined via cotupling into one transition function S x A — S,
as used for deterministic automata. Because of the possibility of decomposing the
transition function in this linear case into two maps A — S and S — S, these systems
are called decomposable by Arbib and Manes [34].
[But this transition function S x A — S is not bilinear (i.e. linear in each argument
separately), so it does not give rise to a map S — S to the vector space S of linear
transformations from A to S. Hence we do not have a purely coalgebraic description
S — S4 x B in this linear setting.]

(iii) For a vector space A, consider, in the notation of [34], the subset of infinite sequences:

A% = {a € AV | only finitely many a(n) are non-zero}.

Equip the set A with a vector space structure, such that the insertion map in: A —
A8, defined as in(a) = (a,0,0,0,...), and shift map sh: A5 — A%, given as
sh(a) = (0,a(0),a(1),...), are linear transformations.

[This vector space A® may be understood as the space of polynomials over A in one
variable. It can be defined as the infinite coproduct [ [, .y A of N-copies of A—which
is also called a copower, and written as N - A, see [315, III, 3]. It is the analogue in
Vect of the set of finite sequences B* for B € Sets. This will be made precise in
Exercise 2.4.8.]
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(iv) Consider a linear dynamical system A 5595 Bas above, and show that the
analogue of the behaviour A* — B for deterministic automata (see also [36, 6.3]) is
the linear map A% — B defined as

(ao,az,...,an,0,0,...) — ZHF’Gaz

i<n

This is the standard behaviour formula for linear dynamical systems, see e.g. [263, 37].
[This behaviour map can be understood as starting from the “default” initial state 0 €
S. If one wishes to start from an arbitrary initial state x € S, one gets the formula

(a0, a2,...,an,0,0,...) — HF"e N~ HF Ga,. ]
i<n

It is obtained by consecutively modifying « with inputs an, Gn—1,. .., ao.

2.3 Final coalgebras

In the previous chapter we have seen the special role that is played by the final coalgebra
A>® — 1+ (A x A®) of sequences, both for defining functions into sequences and for
reasoning about them—with “coinduction”. Here we shall define finality in general for
coalgebras, and investigate this notion more closely—which leads for example to language
acceptance by automata, see Corollary 2.3.6 (ii). This general definition will allow us to
use coinductive techniques for arbitrary final coalgebras. The underlying theme is that in
final coalgebras there is no difference between states and their behaviours.

In system-theoretic terms, final coalgebras are of interest because they form so-called
minimal representations: they are canonical realisations containing all the possible be-
haviours of a system. It is this idea that we have already tried to suggest in the previous
section when discussing various examples of coalgebras of polynomial functors.

Once we have a final coalgebra (for a certain functor), we can map a state from an
arbitrary coalgebra (of the same functor) to its behaviour. This induces a useful notion of
equivalence between states, namely equality of the associated behaviours. As we shall see
later (in Section 3.4), this is bisimilarity.

We shall start in full categorical generality—building on Definition 1.4.5—but we
quickly turn to concrete examples in the category of sets. Examples of final coalgebras in
other categories—like categories of domains or of metric spaces—may be found in many
places, like [134, 135, 136, 398, 4, 414, 124, 123, 205, 79], but also in Section 5.3.

2.3.1. Definition. Let C be an arbitrary category with an endofunctor F': C — C. A
final F'-coalgebra is simply a final object in the associated category CoAlg(F) of F-
coalgebras. Thus, it is a coalgebra (: Z — F(Z) such that for any coalgebra c: X —
F(X) there is a unique homomorphism beh.: X — Z of coalgebras, as in:

F(X F(beh) F(Z
F%X) beh F}(TZC) ( ) 77777 - ( )
c |-=-=-—-- - L.e. c
X Z T TC
X qa, ~ 77

The dashed notation is often used for uniqueness. What we call a behaviour map beh,, is
sometimes called an unfold or a coreduce of c.

A common mistake is to read in this definition “for any other coalgebrac: X — F(X)”
instead of “for any coalgebra ¢: X — F(X)”. It is important that we can take ¢ for this c;
the resulting map beh¢ is then the identity, by uniqueness. This will for instance be used
in the proof of Lemma 2.3.3 below.
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Recall from Section 1.2 the discussion (after Example 1.2.2) about the two aspects
of unique existence of the homomorphism into the final coalgebra, namely (1) existence
(used as coinductive/corecursive definition principle), and (2) uniqueness (used as coin-
ductive proof principle). In the next section we shall see that ordinary induction—from a
categorical perspective—also involves such a unique existence property. At this level of
abstraction there is thus a perfect duality between induction and coinduction.

This unique existence is in fact all we need about final coalgebras. What these coalge-
bras precisely look like—what their elements are in Sets—is usually not relevant. Nev-
ertheless, in order to become more familiar with this topic of final coalgebras, we shall
describe several examples concretely. More general theory about the existence of final
coalgebras is developed in Section 4.6.

But first we shall look at two general properties of final coalgebras.

2.3.2. Lemma. A final coalgebra, if it exists, is determined up to isomorphism.

Proof. This is in fact a general property of final objects in a category: if 1 and 1" are both
a final object in the same category, then there are unique maps f: 1 — 1’ and g: 1’ — 1
by finality. Thus we have two maps 1 — 1, namely the composition g o f and of course
the identity id;. But then they must be equal by finality of 1. Similarly, by finality of 1’ we
get f o g =idy. Therefore 1 2 1'. a

In view of this result we often talk about the final coalgebra of a functor, if it exists.

Earlier, in the beginning of Section 1.2 we have seen that the final coalgebra map
A>® — 14 (A x A™) for sequences is an isomorphism. This turns out to be a gen-
eral phenomenon, as observed by Lambek [298]: a final F'-coalgebra is a fixed point for
the functor F'. The proof of this result is a nice exercise in diagrammatic reasoning.

2.3.3. Lemma. A final coalgebra (: Z — F(Z) is necessarily an isomorphism ¢: Z =
F(Z).

Proof. The first step towards constructing an inverse of (: Z — F(Z) is to apply the
functor F': C — C to the final coalgebra (: Z — F(Z), which yields again a coalgebra,
namely F(¢): F(Z) — F(F(Z)). By finality we get a homomorphism f: F(Z) — Z as
in:

Frzy - -2 p)
nﬁ %
F(Z)———?——»Z

The aim is to show that this f is the inverse of (. We first consider the composite f o
(: Z — Z, and show that it is the identity. We do so by first observing that the identity
7 — Z is the unique homomorphism ¢ — (. Therefore, it suffices to show that f o ( is
also a homomorphism ¢ — (. This follows from an easy diagram chase:

F(C) F(f)

F(Z)———————F(F(Z2)—————F(2)

CT ) F(C)T ; TC

beh< = idz

The rectangle on the right is the one defining f, and thus commutes by definition. And the
one on the left obviously commutes. Therefore the outer rectangle commutes. This says
that f o ¢ is a homomorphism ¢ — ¢, and thus allows us to conclude that f o ¢ = idz.
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But now we are done since the reverse equation ¢ o f = idp(z) follows from a simple
computation:
(o f = F(f)o F(¢) by definition of f
=F(fo() by functoriality of F'
F(idy) as we just proved

idp(z) because F' is a functor. a

An immediate negative consequence of this fixed point property of final coalgebras is
the following. It clearly shows that categories of coalgebras need not have a final object.

2.3.4. Corollary. The powerset functor P: Sets — Sets does not have a final coalgebra.

Proof. A standard result of Cantor (proved by so-called diagonalisation, see e.g. [107,
Theorem 15.10] or [86, Theorem 1.10]) says that there cannot be an injection P(X) — X,
for any set X. This excludes a final coalgebra X — P(X). ]

As we shall see later in this section, the finite powerset functor does have a final coal-
gebra. But first we shall look at some easier examples. The following result, occurring for
example in [41, 366, 223], is simple but often useful. It will be used in Section 4.6 to prove
more general existence results for final coalgebras.

2.3.5. Proposition. Fix two sets A and B, and consider the polynomial functor id* x B
whose coalgebras are deterministic automata. The final coalgebra of this functor is given
by the set of behaviour functions B, with structure:

pa* <:<<1=<2> (BA«)AXB

given by:
Glp)(a) = Ao € A% p(a-0)  and  G(p) = @(())-

Proof. We have to show that for an arbitrary coalgebra / deterministic automaton (9, €) : X —
X4 % B there is a unique homomorphism of coalgebras X — B4”. For this we take of
course the behaviour function beh: X — B4 from the previous section, defined in (2.23)
by beh(z) = Ao € A*.€(6*(x, 0)). We have to prove that it is the unique function making
the following diagram commute.

beh'd4 x idg X
XAxB——————— (BA)' x B

(8, eﬁ Té =(G1,¢2)

X A
beh B

‘We prove commutation first. It amounts to two points, see also Lemma 2.2.4 (i).

(¢1 o beh) () @) = Gi(beh(x))(@)
= Mo.beh(z)(a- o)
= Ao.beh(§(z)(a)) (o) see Exercise 2.2.8 (i)
beh (5(z)(a))
= beh'd4 (6(x))(a)
(beh'™ o 6) (z)(a)
beh(z)(())
— €(6"(, )
e(z).

(C2 o beh)(x)
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Next we have to prove uniqueness. Assume that f: X — B is also a homomorphism
of coalgebras. Then one can show, by induction on o € A*, that for all # € X one has

f(x)(0) = beh(z)(0):
f@)(0) = G(f(x)

= ¢(x) since f is a homomorphism
— beh(@)(()
f@)(a-0) = GF@)a) o)
= f(6(z)(a))(c) since f is a homomorphism
= beh (5(z)(a))(c) by induction hypothesis
= beh(z)(a-0)  see Exercise 2.2.8 (i). ]

There are two special cases of this general result that are worth mentioning explicitly.

2.3.6. Corollary. Consider the above final coalgebra BA" = (BA’)A X B of the deter-
ministic automata functor id* x B.

(1) When A = 1, so that A* = N, the resulting functor id x B captures stream coal-
gebras X — X x B. Its final coalgebra is the set BY of infinite sequences (streams) of
elements of B, with (tail, head) structure,

BN————BYx B given by pr— (M eNpn+1), 0))

as described briefly towards the end of the introduction to Chapter 1.
(ii) When B = 2 = {0, 1} describing final states of the automaton, the final coalgebra
BA" s the set ‘P(A*) of languages over the alphabet A, with structure

P(A) —— (A4 x {0, 1}

given by:
L+— (Ma€A. Ly, if()c Lthenlelse0),

where L, is the so-called a-derivative, introduced by Brzozowski [83], and defined as:
L, ={ce€A*|a-0ceL}

Given an arbitrary automaton (5,€): X — X4 x {0,1} of this type, the resulting
behaviour map behs o : X — P(A*) thus describes the language behs oy (x) C A*
accepted by this automaton with x € X considered as initial state.

Both these final coalgebras A™ and PP(A*) are studied extensively by Rutten, see [377,
379, 380], see also Example 3.4.5 later on.

2.3.7. Example. The special case of (i) in the previous result is worth mentioning, where B
is the set R of real numbers (and A = 1). We then get a final coalgebra RN =5 (RN)N x R
of streams of real numbers. Recall that a function f: R — R is called analytic if it
possesses derivatives of all orders and agrees with its Taylor series in the neighbourhood
of every point. Let us write .4 for the set of such analytic functions. It carries a coalgebra
structure:

d

A——AXR

[ (", £0).
Here we write f” for the derivative of f. The induced coalgebra homomorphism behy: A —
RY maps an analytic function f to the stream of derivatives at 0, i.e. to Taylor(f) =

2.3. Final coalgebras 53

behg(f) = (£(0), £(0), £7(0), ..., f™(0),...). The output values (in R) in this stream
are of course the coefficients in the Taylor series expansion of f in:

> f(n)
o) = 32100,
n=0 :

This shows that behg is an isomorphism—and thus that A can also be considered as the
final coalgebra of the functor (—) x R.

The source of this “coinductive view on calculus™ is [345]. It contains a further elab-
oration of these ideas. Other coalgebraic “next” or “tail” operations are also studied as
derivatives in [379, 380], with the familiar derivative notation (—)’ to describe for instance
the tail of streams. We may then write Taylor(f)’ = Taylor(f’), so that taking Taylor series
commutes with derivatives.

Corollary 2.3.4 implies that there is no final coalgebra for the non-deterministic au-
tomata functor P(id)4 x B. However if we restrict ourselves to the finite powerset functor
Prin(—) there is a final coalgebra. At this stage we shall be very brief, basically limiting
ourselves to the relevant statement. It is a special case of Theorem 2.3.9, the proof of which
will be given later, in Section 4.6.

2.3.8. Proposition (After [55]). Let A and B be arbitrary sets. Consider the finite Kripke
polynomial functor Pﬁ,,(id)A X B whose coalgebras are image finite non-deterministic
automata. This functor has a final coalgebra.

So far in this section we have seen several examples of final coalgebras. One might
wonder which polynomial functors possess a coalgebra. The following result gives an
answer. Its proof will be postponed until later in Section 4.6, because it requires some
notions that have not been introduced yet.

2.3.9. Theorem. Each finite Kripke polynomial functor Sets — Sets has a final coalge-
bra.

As argued before, one does not need to know what a final coalgebra looks like in order
to work with it. Its states coincide with its behaviours, so a purely behaviouristic view is
justified: unique existence properties are sufficiently strong to use it as a black box. See for
instance Exercise 2.3.4 below.

A good question raised explicitly in [378] is: which kind of functions can be defined
with coinduction? Put another way: is there, in analogy with the collection of recursively
defined functions (on the natural numbers), a reasonable collection of corecursively defined
functions? This question is still largely open.

2.3.1 Beyond sets

So far we have concentrated on functors F': Sets — Sets on the category of sets and
functions. Indeed, most of the examples in this book will arise from such functors. It is
important however to keep the broader (categorical) perspective in mind, and realise that
coalgebras are also of interest in other universes. Good examples appear in Section 5.3
where traces of suitable coalgebras are described via coalgebras in the category SetsRel
of sets with relations as morphisms. At this stage we shall consider a single example in the
category Sp of topological spaces and continuous functions between them.

2.3.10. Example. The set 2 = P(N), for 2 = {0,1}, of infinite sequences of bits (or
subsets of N) carries a topology yielding the well-known “Cantor space”, see [397, Sub-
section 2.3]. Alternatively, this space can be represented as the intersection of a descending
chain of intervals (2"*! separate pieces at stage n) of the real interval [0, 1], see below, (or
any textbook on topology, for instance [80]).
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Starting from the unit interval [0, 1] one keeps in step one the left and right thirds, given by
the closed subintervals [0, 3] and [2, 1]. These can be described as ‘left’ and ‘right’, or as
‘0” and ‘1’. In a next step one again keeps the left and right thirds, giving us four closed
intervals [0, §], [2, 3], [2, 7] and [§, 1]; they can be referred to via the two-bit words 00, 01,
10, 11 respectively. Etcetera. The Cantor set is then defined as the (countable) intersection
of all these intervals. It is a closed subspace of [0, 1], obtained as intersection of closed
subspaces. It is also totally disconnected.

Elements of the Cantor set can be identified with infinite streams 2V, seen as consecu-
tive ‘left’ or ‘right’ choices. The basic opens of 2 are the subsets o = {0 - 7 | 7 € 2V}
of infinite sequences starting with o, for o € 2* a finite sequence.

Recall that Sp is the category of topological spaces with continuous maps between
them. This category has coproducts, give as in Sets, with topology induced by the copro-
jections. In particular, for an arbitrary topological space X the coproduct X + X carries a
topology in which subsets U C X + X are open if and only if both £; *(U) and x5 *(U)
are open in X. The Cantor space can then be characterised as the final coalgebra of the
endofunctor X — X + X on Sp.

A brief argument goes as follows. Corollary 2.3.6 (i) tells that the set of streams 28
is the final coalgebra of the endofunctor X + X x 2 on Sets. There is an obvious
isomorphism X x 2 = X 4 X of sets (see Exercise 2.1.7), which is actually also an
isomorphism of topological spaces if one considers the set 2 with the discrete topology (in
which every subset is open), see Exercise 2.3.7 for more details.

But one can of course also check the finality property explicitly in the category Sp of
topological spaces. The final coalgebra ¢: 2N =+ 2N 1 2V is given on o € 2V by:

(o) = rtail(o)  ifhead(s) =0
| kotail(e) ifhead(s) =1

It is not hard to see that both ¢ and (" are continuous. For an arbitrary coalgebra c: X —
X + X in Sp we can describe the unique homomorphism of coalgebra beh,.: X — 2" on
x € Xandn € Nas:

if Jy. ¢(([id, id] o ¢)™ =
bel (e)n) = {0 2 Ubd o ) =
1 if 3y.c(([id,id] 0 ¢)"(x)) = Kay.
Again, this map is continuous. More examples and theory about coalgebras and such
fractal-like structure may be found in [304] and [192].

Exercises

2.3.1.  Check that a final coalgebra of a monotone endofunction f: X — X on a poset X, con-
sidered as a functor, is nothing but a greatest fixed point. (See also Exercise 1.3.5).
23.2.  For arbitrary sets A, B, consider the (simple polynomial) functor X — (X x B)™. Coal-
gebras X — (X x B)A of this functor are often called Mealy machines.
(i) Check that Mealy machines can equivalently be described as deterministic automata
X — X* x B4, and that the final Mealy machine is BA> , by Proposition 2.3.5,
where AT < A* is the subset of non-empty finite sequences. Describe the final
coalgebra structure BAT (]JAJr X B)A explicitly.
(ii) Consider the set Z of so-called causal stream functions, given by:

Z = {y: A" > B"| ¥n € N.va,a’ € A",
(Vi < n.a(i) = o/ (1)) = ¥(a)(n)

a’)(n) }
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2.3.3.

2.3.4.

2.3.5.

2.3.6.

For such a causal stream function v, the output ¢)(a)(n) € B is thus determined
by the first n + 1 elements (0), a(n) € A. Prove that Z yields an alternative
description of the final Mealy automaton, via the structure map ¢: Z — (Z x B)A
given by:

C)(a) = (Aa € AV an.(a-a)(n+1), p(An € N.a)(0) )

where a - a is prefixing, to @ € A", considered as infinite sequence.
For more information on Mealy machines, see [77, 183].
Assume a category C with a final object 1 € C. Call a functor F': C — C affine if it
preserves the final object: the map F'(1) — 1 is an isomorphism. Prove that the inverse of
this map is the final F-coalgebra, i.e. the final object in the category CoAlg(F).
[Only a few of the functors F’ that we consider are affine; examples are the identity functor,
the non-empty powerset functor, or the distribution functor D from Section 4.1.]
Let Z be the (state space of the) final coalgebra of the binary tree functor X — 1 + (A x
X x X). Define by coinduction a mirror function mir: Z — Z which (deeply) exchanges
the subtrees. Prove, again by coinduction that mir o mir = idz.
Can you tell what the elements of Z are?
Recall the decimal representation coalgebra nextdec: [0,1) — 1+ ({0, 1,...,9} x[0,1))
from Example 1.2.2, with its behaviour map behpexgec: [0,1) — {0,1,...,9}°°. Prove
that this behaviour map is a split mono: there is a map e in the reverse direction with
e o behnextgec = id[o,1)-
[The behaviour map is not an isomorphism, because both 5 and 49999 - - -, considered as
sequences in {0,1,...,9}°, represent 2 € [0,1). See other representations as continued
fractions in [347] or [335] which do yield isomorphisms.]
This exercise is based on [223, Lemma 5.4].
(i) Fix three sets A, B, C, and consider the simple polynomial functor

X +— (C+ (X x B)™.
Show that its final coalgebra can be described as the set of functions:

Z ={pec(C+ B)AJr Vo € At Ve e C.p(0) = ki(c) =
V1 e A" p(o-7) = ri(c)}.
Once such functions ¢ € Z hit C, they keep this value in C. Here we write A™ for

the subset of A* of non-empty finite sequences. The associated coalgebra structure
(: Z =5 (C+ (Z x B))" is given by:

k(e ife((a) = rie)

Se)la) = { r2(b, ') if ({a)) = ka(b) where ¢’ = Ao € AT.p(a-0)

(ii) Check that the fact that the set B> of both finite and infinite sequences is the final
coalgebra of the functor X +— 1+ (X x B) is a special case of this.
(iii) Generalise the result in (i) to functors of the form:

X (Cr+ (X x B1))™ x -+ x (Co 4 (X x Ba))™"

using this time as state space of the final coalgebra the set

{pe(C+B)" |Voe A" Vi< n.

Va € Ai (o ri(a) € ka[m[Cl] V p(o - Kila)) € malil Bil]
AVe € Ci.o # ) A (o) = k1 (ki(c))
=Vr e A" . p(o-7) = ki(ki(c))}

where A=Ay +--+A,,B=B1+---+Bp,andC=C1 +---+Cp.
(iv) Show how classes like in (1.10) fit into this last result.



56 Chapter 2. Coalgebras of Polynomial Functors

[Hint. Use that S+ (S x E) 2 (S x 1)+ (S x E) & S x (14 E), using distributivity
from Exercise 2.1.7.]

2.3.7.  For a topological space A consider the set AM of streams with the product topology (the
least one that makes the projections 7, : A — A continuous).
(i) Check that the head A" — A and tail A — A" operations are continuous.
(ii) Prove that the functor A x (—): Sp — Sp has A" as final coalgebra.
(iii) Show that in the special case where A carries the discrete topology (in which every
subset is open) the product topology on A™ is given by basic opens 1 o = {o-7|7€
AM}, for o € A* like in Example 2.3.10.

23.8. (i) Note that the assignment A — A" yields a functor Sets — Sets.
(ii) Prove the general result: consider a category C with a functor F': C x C — C in two
variables. Assume that for each object A € C, the functor F(A,—): C — C has a
final coalgebra Z4 —=+ F(A, Z4). Prove that the mapping A + Z4 extends to a
functor C — C.

2.4 Algebras

So far we have talked much about coalgebras. One way to introduce coalgebras is as duals
of algebras. We shall do this the other way around, and introduce algebras (in categorical
formulation) as duals of coalgebras. This reflects of course the emphasis in this text.

There are many similarities (or dualities) between algebras and coalgebras which are of-
ten useful as guiding principles. But one should keep in mind that there are also significant
differences between algebra and coalgebra. For example, in a computer science setting,
algebra is mainly of interest for dealing with finite data elements—such as finite lists or
trees—using induction as main definition and proof principle. A key feature of coalge-
bra is that it deals with potentially infinite data elements, and with appropriate state-based
notions and techniques for handling these objects. Thus, algebra is about construction,
whereas coalgebra is about deconstruction—understood as observation and modification.

This section will introduce the categorical definition of algebras for a functor, in anal-
ogy with coalgebras of a functor in Definition 1.4.5. It will briefly discuss initiality for
algebras, as dual of finality, and will illustrate that it amounts to ordinary induction. Also,
it will mention several possible ways of combining algebras and coalgebras. A systematic
approach to such combinations using distributive laws will appear in Chapter 5.

We start with the abstract categorical definition of algebras, which is completely dual
(i.e. with reversed arrows) to what we have seen for coalgebras.

2.4.1. Definition. Let C be an arbitrary category, with an endofunctor F': C — C.

(i) An F-algebra, or just algebra for F, consists of a “carrier” object X € C together
with a morphism a: F((X) — X, often called the constructor, or operation.

(ii) A homomorphism of algebras, or a map of algebras, or an algebra map, from
one algebra a: F'(X) — X to another coalgebra b: F(Y) — Y consists of a morphism
f: X — Y in C which preserves the operations:

This yields a category, for which we shall write Alg(F).
(iii) An initial F-algebra is an initial object in Alg(F): itis an algebra a: F(A) — A
such that for any F-algebra b: F(X) — X there is a unique homomorphism of algebras
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inty, from o to b in:

Fay - FE0) L ey
77777 >
F(4) inty, F(X)
Ja | -———=- - 1o ie. al b
A X
X-——-—-——--X
inty,

We call this map int, an interpretation map for the algebra b; sometimes it is also called a
fold or a reduce of b.

Certain maps can be seen both as algebra and as coalgebra. For example, a map S x
A — S is an algebra—of the functor X — X x A—but can also be regarded as a coalgebra
S — S4, after Currying (2.11). But for other maps there is more clarity: maps A — S
are algebras, which can be used to construct elements in S from elements in A. And maps
S — A are coalgebras, which provide observations in A about elements in S.

The functor F' in the above definition corresponds to what is traditionally called a sig-
nature. In simple form a (single-sorted) signature consists of a number of operations op;,
say for 1 < i < n, each with their own arity k; € N. An algebra for such a signature is then
a set S with interpretations [op; ]: S** — S. Using the coproduct correspondence (2.6),
they may be combined to a single cotuple operation,

Skt ot g [Top;],-...[op;]] s (2.29)

forming an algebra of the simple polynomial functor X + X*1 4 ...+ X*n_ This functor
thus captures the number and types of the operations—that is, the signature. In fact, we
have already seen the more general description of signatures via arities #: I — N and the
associated simple polynomial functor F, namely in Definition 2.2.2.

A rule of thumb is: data types are algebras, and state-based systems are coalgebras.
But this does not always give a clear-cut distinction. For instance, is a stack a data type or
does it have a state? In many cases however, this rule of thumb works: natural numbers are
algebras (as we are about to see), and machines are coalgebras. Indeed, the latter have a
state that can be observed and modified.

Initial algebras are special, just like final coalgebras. Initial algebras (in Sets) can be
built as so-called term models: they contain everything that can be built from the operations
themselves, and nothing more. Similarly, we saw that final coalgebras consist of observa-
tions only. The importance of initial algebras in computer science was first emphasised
in [155]. For example, if F' is the signature functor for some programming language, the
initial algebra F'(P) — P may be considered as the set of programs, and arbitrary algebras
F (D) — D may be seen as denotational models. Indeed, the resulting unique homomor-
phism int = [—]: P — D is the semantical interpretation function. It is compositional
by construction, because it commutes with the operations of the programming language.

2.4.2. Example. In mathematics many algebraic structure are single-sorted (or single-
typed). Examples are monoids, groups, rings, efc. In these structures there is only one
carrier set involved. Some structures, like vector spaces, involve two sorts, namely scalars
and vectors. In this case one speaks of a multi-sorted or typed algebra. Still, in mathematics
vector spaces are often described as single-sorted, by keeping the field involved fixed.

In computer science most of the examples are multi-sorted. For instance, a specification
of some data structure, say a queue, involves several sorts (or types): the type D of data
on the queue, the type () of the queue itself, and possibly some other types like N for the
length of the queue. Type theory has developed into an area of its own, studying various
calculi for types and terms.
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Most programming languages are typed, involving various types like nat, int, float,
bool, and possibly also additional user-definable types. We shall describe a toy typed
programming language and show how its signature can be described via a functor. Interest-
ingly, this will not be a functor on the standard category Sets, but a functor on the product
category Sets® = Sets x Sets x Sets. The 3-fold product Sets® is used because our
toy language contains only three types, namely N for numbers, B for booleans (true and
false), and S for program statements.

We assume that our programming language involves the following operations on num-
bers and booleans.

N for0 < 916 true,false: B  truth values
n: or)<n<

v: N for variables v € V
+: N x N — N foraddition
x: N x N — N for multiplication

A: B x B — B for conjunction
—: B — B for negation

: N x N — B forequality

IN

: N x N — B for comparison.

Here we use a (fixed) set V' of variables. Note that the two operations = and < involve
both types N and B. Also statements involve multiple types:

skip: S the program that does nothing
;8 xS — S sequential program composition
- 1= —: VxN— S forassignment
if - then - else - fi: B xS xS — S forthe conditional statement

while - do - od: Bx S — S forrepetition.

Following the (single-sorted) signature description as in (2.29) we could capture the con-
stants n, sum + and product * via a functor X ~ 216+ (X x X)+ (X x X). But we need
to capture all operations at the same time. Thus we use a functor F': Sets® — Sets® in
three variables, where the first one, written as X, will be used for the type of naturals, the
second one Y for booleans, and the third one Z for program statements. The functor F' is
then given by the following expression.

d&xz):@w+v+mxxyuXxxy
(X xX)+(XxX)+2+ (Y xY)+Y,
1+MXZ%HVXX%HYXZXZH%YXE)

An algebra F(A, B,C) — (A, B,C) in Sets® for this functor is given by a triple of sets
(A,B,C) e Sets? interpreting naturals, booleans and statements, and a triple of functions
(a,b,¢): F(A,B,C) — (A, B,C) giving interpretations of the operations. For instance
the function b in the middle is given by a 5-cotuple of the form:

b= [bl,bz,b:37b4-bs]
(AxA)+(AxA)+2+(BxB)+B—————— B

where bs: 2 — B interprets the two booleans (since 2 =1+ 1= {0,1})and b5: B — B
interprets negation. Similarly for the maps a, ¢ in this algebra.

The initial F-algebra is given by three sets containing all syntactically constructed ex-
pressions for naturals, booleans and statements, using the above operations. This will not
be proven, but the examples below illustrate how initial algebras consist of terms.

In this context of program language semantics, a final coalgebra is also understood
as a canonical operational model of behaviours. The unique homomorphism to the final
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coalgebra may be seen as an operational interpretation function which is fully abstract, in
the sense that objects have the same interpretation if and only if they are observationally
indistinguishable. This relies on Theorem 3.4.1, see [414, 412, 413] for more information.
Compositionality for such models in final coalgebras is an important issue, see Section 5.5.

Because of the duality in the definitions of algebras and coalgebras, certain results
can be dualised as well. For example, Lambek’s fixed point result for final coalgebras
(Lemma 2.3.3) also holds for initial algebras. The proof is the same, but with arrows
reversed.

2.4.3. Lemma. An initial algebra F(A) — A of a functor F': C — C is an isomorphism
F(4) = AinC. a

The unique existence in the definition of initiality (again) has two aspects, namely exis-
tence corresponding to recursion, or definition by induction, and uniqueness, corresponding
to proof by induction. This will be illustrated in two examples.

The natural numbers N form a trivial, but important example of an initial algebra. We
shall consider it in some detail, relating the familiar description of induction to the categor-
ical one based on initiality.

2.4.4. Example (Natural numbers). According to Peano, the most basic operations on the
natural numbers N are zero 0 € N and successor S: N — N. Using that an element of N
can be described as an arrow 1 — N, together with the coproduct correspondence (2.6),
these two maps can be combined into an algebra

[0, 8]

1+N———

of the simple polynomial function F'(X) = 1 + X. This functor adds a new point * € 1 to
an arbitrary set X. It is easy to see that the algebra [0, S] is an isomorphism, because each
natural number is either zero or a successor. The isomorphism [0,S]: 1+ N =5 N is in
fact the initial algebra of the functor F'(X) = 1 4+ X. Indeed, for an arbitrary F-algebra
la,g]: 1+ X — X with carrier X, consisting of functions a: 1 — X and g: X — X,
there is a unique homomorphism of algebras f = int(, g: N — X with:

pen- MLy
[O,S]l’é J[a,g] i.e. with { ;:2 i Z of.
N--- N - X

In ordinary mathematical language, this says that f is the unique function with f(0) = a,
and f(n + 1) = g(f(n)). This indeed determines f completely, by induction. Thus, ordi-
nary natural number induction implies initiality. We shall illustrate the reverse implication.

The initiality property of [0,S]: 1+ N =5 N is strong enough to prove all of Peano’s
axioms. This was first shown in [133], see also [316], or [156], where the initiality is
formulated as “natural numbers object”. As an example, we shall consider the familiar
induction rule: for a predicate P C N,

P(0) VYn eN.P(n) = P(n+1)
Vn € N. P(n)

In order to show how the validity of this induction rule follows from initiality, let us write ¢
for the inclusion function P — N. We then note that the assumptions of the induction rule
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state that the zero and successor functions restrict to P, as in:

1--% 5p p--S _,p
xf? i i
N NTN

Thus, the subset P itself carries an algebra structure [0,S]: 1 + P — P. Therefore, by
initiality of N we get a unique homomorphism j: N — P. Then we can show ¢ o j = idy,
by uniqueness:

idy +j id; +1
4N o p A N

[O,S]J ; J[O,S] [0, S]J

The rectangle on the left commutes by definition of j, and the one of the right by the
previous two diagrams. The fact that i o j = idy now yields P(n), forall n € N.

2.4.5. Example (Binary trees). Fix a set A of labels. A signature for A-labelled binary
trees may be given with two operations:

nil for the empty tree,

node(by, a, by) for the tree constructed from subtrees by, by and label a € A.

Thus, the associated signature functor is T(X) = 1 4+ (X x A x X). The initial algebra
will be written as BinTree(A), with operation:

. . [nil, node] .
1+ (BinTree(A4) x A x BinTree(A)) — BinTree(A)
This carrier set BinTree(A) can be obtained by considering all terms that can be formed
from the constructor nil via repeated application of the node operation node(nil, a, nil),
node(nil, a’, node(nil, a, nil)), efc. We do not describe it in too much detail because we
wish to use it abstractly. Our aim is to traverse such binary trees, and collect their labels
in a list. We consider two obvious ways to do this—commonly called inorder traversal
and preorder traversal—resulting in two functions iotrv, potrv: BinTree(A) — A*. These
functions can be defined inductively as:

iotrv(nil) = ()
iotrv(node(by,a,by)) = iotrv(by) - a - iotrv(bs)
potrv(nil) = ()
potrv(node(by,a, b)) = a - potrv(by) - potrv(by).

They can be defined formally via initiality, by putting two different 7-algebra structures on
the set A* of sequences: the inorder transversal function arises in:

id; + (iotrv x id4 x iotr
1+ (BinTree(A) x A x BinTree(A)) ~ T 0NV Ida X0 | e 4 e o)
| |
[nil, node] [0, 9]
- 1
BinTree(4) - - - - - - -~ - —— - — — — — — — — — - A*

iotrv = intyg) 4
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where the function g: A* x A x A* — A* is defined by g(0,a,7) = 0 - a - 7. Similarly,
the function h(o, a,7) = a - o - 7 is used in the definition of preorder traversal:

idy + (potrv x id4 x potrv

1+ (BinTree(A) x A x BinTree(4)) - — == — = - = — = — $14 (A" x Ax A¥)
‘ |
il, nod h
[nil, node] [0y
BinTreg(4) — — — — — — — = — — — — — — — — — — — — S A*

potrv = int‘[(),h]

‘What we see is that the familiar pattern matching in inductive definitions fits perfectly in
the initiality scheme, where the way the various patterns are handled corresponds to the
algebra structure on the codomain of the function that is being defined.

It turns out that many such functional programs can be defined elegantly via initiality
(and also finality); this style that is called “Origami Programming” in [143]. Moreover, via
uniqueness one can establish various properties about these programs. This has developed
into an area of its own which is usually referred to as the Bird-Meertens formalism—with
its own peculiar notation and terminology, see [73] for an overview.

In Example 2.4.2 we have seen how functors on different categories than Sets can
be useful, namely for describing multi-sorted signatures. The next example is another
illustration of the usefulness of descriptions in terms of functors.

2.4.6. Example (Refinement types). For a fixed set A we can form the functor F/(X) =
14 (A x X). The initial algebra of this functor is the set A* of finite lists of elements of
A, with algebra structure given by the empty list nil and the prefix operation cons in:

L+ (Ax AY) [ml.,ions]
Via this initiality one can define for instance the length function len: A* — Z. For some
special reasons we take the integers Z, instead of the natural numbers N, as codomain type
(as is common in computer science); the reasons will become clear later on. A definition
of length by initiality requires that the set Z be equipped with an appropriate F'-coalgebra
structure:

id; +id4 x len

14 AXA - — = —=—— 1+ AXZ
[nil,cons]lg l[O,S o o]
A — == == - == - — = +Z
len

Commutation of this diagram corresponds to the expected defining equations for list-length:
len(nil) =0 and len(cons(a,o0)) = S(len(o)) = 1+ len(o).

One can also define an append map app: A* x A* — A* that concatenates two lists
producing a new one, but this requires some care: by initiality one can define only maps of
the form A* — X, when X carries an F-algebra structure. The easiest way out is to fix a
list 7 € A* and to define app(—, 7): A* — A* by initiality in:

I+ Ax A ——— -2 22— S14 Ax A
[nil, cons]Jz [r, cons]
A= = — = — = — = — — + A*
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Alternatively, one can define the append map app via Currying, namely as map A* —
(A*)AkA This will be left to the interested reader. But one can also use the stronger princi-
ple of “induction with parameters”, see Exercise 2.5.5.

Now assume the set A carries a binary operation +: A x A — A. We would like to
use it to define an operation sum on lists, namely as:

sum({at, ..., an), (bi,...,bn)) = (a1 +b1,...,a, +by).

But this works only for lists of the same length!
Hence what we would like to have is a special type of lists of a certain length n. It can
be formed as inverse image:

A" ifn>0

len'({n}) = {0 € A* |len(o) =n} = {
0 otherwise.

The type of the function sum can now be described accurately as A™ x A" — A™. We
now consider the map len: A* — Z as a map in a slice category Sets/Z. Recall from
Exercise 1.4.3 that this map len: A* — Z can be identified with the indexed collection
(Ienfl({n}))nEZ given by inverse images. An interesting question is: can we also define
such maps like sum on dependent types like len ™' ({n}) by initiality? This is relevant for
dependently typed programming languages like Agda'.

In [45] a solution is given. We sketch the essentials, in quite general terms. Let F': C —
C be an arbitrary functor on a category C. Assume an F-algebra b: F(B) — B; it plays
the role of Z above and the elements x € B are used to form a refinement of F”s initial
algebra. But first we transform F' from an endofunctor on C into an endofunctor on the
slice category C/B. Intuitively this slice category contains objects of C indexed by B, see
Exercise 1.4.3. Recall that objects of C/B are arrows with codomain B, and morphisms
are commuting triangles.

We now define a functor F*: C/B — C/B by:

x-LB) — Fx) ™M FB) - B)
F(h)

ey MXL ;«m

f\/B\/y — | " Fm-rm

NV
b b
B

Next we assume an initial F-algebra a: F'(A) = A. The algebra b gives rise to a homo-
morphism int,: A — B by initiality. This map is an object in the slice category C/B. It
can be understood as what is called a refinement type since it corresponds to an indexed
family (A;)zep, where A, = int; ' ({z}) = {a € A | int,(a) = «}. In fact, this type is
also an initial algebra, but in a slice category, as observed in [45].

Claim. The refinement type int,: A — B in C/B carries the initial algebra of the functor
F’: C/B — C/B defined above.

The truth of this claim is not hard to see but requires that we carefully keep track of the
category that we work in (namely C or C/B). We first have to produce an algebra structure
F’(int,) — inty in the slice category C/B. When we work out what it can be we see that

ISee http://wiki.portal.chalmers.se/agda
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the map a: F(A) 5 A is the obvious candidate, on the left in:

F(A) —2 4 F(A) - Finty,) F(X)
o =
F(inty) F(B) %ﬁb alg Jh
’ B Aiiimithii»X

Next, if we have an arbitrary F’-coalgebra, say given by a map h: F?(X EN B) —
(X EN B) in the slice category C/B, then this h is a map h: F(X) — X in C satisfying
f o h=1bo F(h). By initiality we get an algebra homomorphism intj,: A — X as on the
right above. We claim that the resulting interpretation map intj,: A — X is a morphism
int, — fin C/B. This means that f o int;, = int,, which follows by a uniqueness
argument in:

F(inty)

- inf Y
FlA) F(intp,) FX) F(f) F(B)
o= Jh lb

i inty, e f 5

\ J

inty,

What we finally need to show is that we have a commuting diagram in C/B of the form:

Finta) —— ) gy

alg |

intp ————— f
inty,

Commutation of this square in C/B amounts to commutation of the corresponding diagram
in C, which is the case by definition of int;. The proof of uniqueness of this homomor-
phism of F-algebras int, — f is left to the reader.

At this stage we return to the length map len: A* — Z defined in the beginning of
this example. We now use initiality in the slice category Sets/Z to define a ‘reverse cons’
operation snoc: A” x A — A"*! that adds an element at the end of a list. We do so,
like before, by fixing a parameter a € A and defining snoc(—,a): A" — A"*1. In order
to do so we need to come up with an algebra of the endofunctor F'®" on Sets/Z, where
F =1+ (A x —). The claim above says that len: A* — Z is the initial F'®"-algebra.

As carrier of the algebra we take the object len’: A* — Z in Sets/Z given by
len’(c) = len — 1. It is at this point that we benefit from using the integers instead of
the naturals. The algebra map F'®"(len’) — len’ we use is:

a),cons
1+ Ax A* @ | A*

L+ Axlen ™

1+AXZ

len
0.8 0 m) ™ .
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Here we use (a) = cons(a, nil) for the singleton list. The triangle commutes because:

len’((a)) = len((a)) -1 =1-1 =10
len’(cons(a, o)) = len(cons(a,o)) —1 = len(c) +1—1
=len(o) —1+1 = S(len’(0)) = (Som o (4 xlen))(a,o0).
Hence by initiality of the map len: A* — Z there is unique algebra homomorphism

snoc(—,a): len — len” in Sets/Z. This means: len’ o snoc(—,a) = len. Thus, for
each o € A*,

len(o) = len’(snoc(a, o)) = len(snoc(a, o)) — 1
ie. len(snoc(c,a)) = len(o) + 1.

Alternatively, for each n € N one has a typing:

A =len ' ({n}) —22C s jen~'({n + 1}) = A

This concludes our refinement types example.

As we have seen in Example 2.4.4, an inductive definition of a function f: N — X
on the natural numbers requires two functions a: 1 — X and g: X — X. A recursive
definition allows for an additional parameter, via a function 2: X x N — X, determining
f(n+1) = h(f(n),n). The next result shows that recursion can be obtained via induction.
A more general approach via comonads may be found in [416]. An alternative way to add
parameters to induction occurs in Exercise 2.5.5.

2.4.7. Proposition (Recursion). An arbitrary initial algebra o: F(A) = A satisfies the
following recursion property: for each map h: F(X x A) — X there is a unique map
[+ A — X making the following diagram commute.

F(f,id)
F(A) ———— F(X x A)
o= h
Af)X

Proof. We first turn h: F'(X x A) — X into an algebra on X x A, namely by taking
W = (h,a o F(m3)): F(X x A) — X x A. It gives by initiality rise to a unique map
k:A— X x Awithk o o« = W/ o F(k). Then my o k = id by uniqueness of algebra
maps a — a:

mokoa =myoh o F(k)
a o F(my) o F(k)
ao F(myok).
Hence we take f = 71 o k. ]

Adding parameters to the formulation of induction gives another strengthening, see
Exercise 2.5.5.

So far we have only seen algebras of functors describing fairly elementary datatypes.
We briefly mention some other less trivial applications.

o Joyal and Moerdijk [262] introduce the notion of a Zermelo-Fraenkel algebra, or ZF-
algebra, with two operations for union and singleton. The usual system of Zermelo-
Fraenkel set theory can then be characterised as the free ZF-algebra. Such a charac-
terisation can be extended to ordinals.

2.4. Algebras 65

e Fiore, Plotkin and Turi [127] describe how variable binding—such as Az. M in the
lambda calculus—can also be captured via initial algebras, namely of suitable func-
tors on categories of presheaves. An alternative approach, also via initiality, is de-
scribed by Gabbay and Pitts [139], using set theory with atoms (or urelements).

e r-calculus models by Fiore and Turi [128] and others [89, 320, 400]. Such “name-
passing” systems like the 7-calculus are also modelled as coalgebras for endofunc-
tors on categories of presheaves.

In the remainder of this section we shall survey several ways to combine algebras and
coalgebras. Such combinations are needed in descriptions of more complicated systems
involving data as well as behaviour. Later on, in Section 5.5, we shall study bialgebras
more systematically, for operational semantics.

Additionally, so-called “binary methods” are problematic in a coalgebraic setting. These
are (algebraic) operations like X x X — X in which the state space X occurs multiple
times (positively) in the domain. The name “binary method” comes from object-oriented
programming, where the status of such methods is controversial, due to the typing prob-
lems they can cause, see [81]. They are also problematic in coalgebra, because they cannot
be described as a coalgebra X — F'(X). However, one may ask whether it makes sense in
system theory to have an operation acting on two states, so that the problematic character
of their representation need not worry us very much. But see Exercise 2.4.10 for a possible
way to handle binary methods in a coalgebraic manner.

2.4.1 Bialgebras

A bialgebra consists of an algebra-coalgebra pair F(X) — X — G(X) on a common
state space X, where F, G: C — C are two endofunctors on the same category C. We shall
investigate them more closely in Section 5.5 using so-called distributive laws, following the
approach of [413, 412, 59, 274].

Such structures are used in [70] to distinguish certain observer operations as coalgebraic
operations within algebraic specification, and to use these in a duality between reachability
and observability (following the result of Kalman, see Exercise 2.5.15).

2.4.2 Bialgebras

A bialgebra consist of a mapping F'(X) — G(X) where F and G are two functors C —
C. This notion generalises both algebras (for G = id) and coalgebras (for F' = id). It
was introduced in [180], and further studied for example in [129] in combination with
“laws” as a general concept of equation. In [359] a collection of such bialgebras F;(X) —
G;(X) is studied, in order to investigate the commonalities between algebra and coalgebra,
especially related to invariants and bisimulations.

2.4.3 Hidden algebras

Hidden algebra is introduced in [154] as the “theory of everything” in software engineer-
ing, combining the paradigms of object-oriented, logic, constraint and functional program-
ming. A hidden algebra does not formally combine algebras and coalgebras, like in bi-
/di-algebras, but it uses an algebraic syntax to handle essentially coalgebraic concepts, like
behaviour and observational equivalence. A key feature of the syntax is the partition of
sorts (or types) into visible and hidden ones. Typically, data structures are visible, and
states are hidden. Elements of the visible sorts are directly observable and comparable,
but observations about elements of the hidden sorts can only be made via the visible ones.
This yields a notion of behavioural equivalence—first introduced by Reichel—expressed in
terms of equality of contexts of visible sort. This is in fact bisimilarity, from a coalgebraic
perspective, see [311, 90].
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Because of the algebraic syntax of hidden algebras one cannot represent typically coal-
gebraic operations. But one can mimic them via subsorts. For instance, a coalgebraic
operation X — 1 + X can be represented as a “partial” function S — X for a subsort
S C X. Similarly, an operation X — X + X can be represented via two operations
S — X and Sy — X for subsorts S1, S € X with S; U So = X and S; N Sy = (.
This quickly gets out of hand for more complicated operations, like the methods meth;
from (1.10), so that the naturality of coalgebraic representations is entirely lost. On the
positive side, hidden algebras can handle binary methods without problems—see also Ex-
ercise 2.4.10.

2.4.4 Coalgebras as algebras

In general, there is reasonable familiarity with algebra, but not (yet) with coalgebra. There-
fore, people like to understand coalgebras as if they were algebras. Indeed, there are
many connections. For example, in [55] it is shown that quite often the final coalgebra
Z =5 F(Z) of a functor F can be understood as a suitable form of completion of the ini-
tial algebra F((A) =+ A of the same functor. Examples are the extended natural numbers
N U {oo} from Exercise 2.4.1 below, as completion of the initial algebra N of the functor
X +— 1+ X. And the set A of finite and infinite sequences as completion of the initial
algebra A* with finite sequences only, of the functor X + 1+ (A x X).

Also, since a final coalgebra ¢: Z =+ F(Z) is an isomorphism, one can consider its
inverse (~': F(Z) =5 Z as an algebra. This happens for example in the formalisation of
“coinductive types” (final coalgebras) in the theorem prover Coq [58] (and used for instance
in [103, 211]). However, this may lead to rather complicated formulations of coinduction,
distracting from the coalgebraic essentials. Therefore we like to treat coalgebra as a field
of its own, and not in an artificial way as part of algebra.

Exercises

2.4.1.  Check that the set N U {oo} of extended natural numbers is the final coalgebra of the
functor X — 1+ X, as a special case of finality of A> for X — 1+ (A x X). Use
this fact to define appropriate addition and multiplication operations (N U {oc0}) x (N U
{00}) = N U {0}, see [378].

2.4.2.  Define an appropriate size function BinTree(A) — N by initiality.

2.4.3.  Consider the obvious functions even,odd: N — 2 = {0, 1}.
(i) Describe the two algebra structures 1 4+ 2 — 2 for the functor F/(X) = 1+ X that
define even and odd by initiality.
(ii) Define a single algebra 1 + (2 x 2) — 2 x 2 that defines the pair (even,odd) by
mutual recursion, that is via even(n + 1) = odd(n).

2.4.4.  Show, dually to Proposition 2.1.5, that finite products (1, x) in a category C give rise to
finite products in a category Alg(F) of algebras of a functor F': C — C.

2.4.5. Define addition +: N x N — N, multiplication -: N x N — N and exponentiation
(=) N x N — N by initiality.
[Hint. Use the correspondence (2.11) and define these operations as function N — N,
Alternatively, one can use Exercise 2.5.5 from the next section.]

2.4.6.  Complete the proof of Proposition 2.4.7.

2.4.7.  (“Rolling Lemma™) Assume two endofunctors F, G: C — C on the same category. Let the
composite F'G: C — C have an initial algebra a.: FG(A) = A.
(i) Prove that also the functor GF': C — C has an initial algebra, with G(A) as carrier.
(ii) Formulate and prove a dual result, for final coalgebras.

2.4.8.  This exercise illustrates the analogy between the set A* of finite sequences in Sets and the

vector space A® in Vect, following Exercise 2.2.12. Recall from Example 2.4.6 that the
set A* of finite lists of elements of A is the initial algebra of the functor X — 1+ (A x X).
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(i)  For an arbitrary vector space A, this same functor 1 + (A X id), but considered as an
endofunctor on Vect, can be rewritten as:

14 (Ax X) = Ax X because 1 € Vect is initial object

A+ X because x and + are the same in Vect

IR

Prove that the initial algebra of the resulting functor A 4 id: Vect — Vect is the
vector space A% with insertion and shift mapsin: A — A% andsh: A% — A% defined
in Exercise 2.2.12 (iii).

(ii) Check that the behaviour formula from Exercise 2.2.12 (iv) for a system A K x4
X 2 Bis obtained as H o intrg: A% — B using initiality.

(iii) Show that the assignment A — A? yields a functor Vect — Vect.
[Hint. Actually, this is a special case of the dual of Exercise 2.3.8.]

2.49.  Use Exercise 2.1.9 to show that there is a commuting diagram of isomorphisms:

A*)“‘x24>77 1+ (A x AY)
\ /P[nﬁons

where the coalgebra (D, E) is the final Brzozowski deterministic automaton structure from
Corollary 2.3.6 (ii), and [nil, cons] is the initial list algebra (from Example 2.4.6).

2.4.10. Suppose we have a “binary method”, say of the formm: X x X x A — 1+ (X x B).
There is a well-known trick from [134] to use a functorial description also in such cases,
namely by separating positive and negative occurrences. This leads to a functor of the form
F: C° x C — C, which in this case would be (Y, X) — (1 + (X x B))Y*4,

In general, for a functor F': C°? x C — C define an F'-coalgebra to be a map of the form
¢: X — F(X,X). Ahomomorphism fromc¢: X — F(X,X)tod: Y — F(Y,Y) is
thenamap f: X — Y in C making the following pentagon commute.

i F(X)Y) i
F(d)ﬂ) % dy)
F(X, X) FYY)
(JT Td
X 7 Y

(i) Elaborate what this means for the above example (Y, X) = (1 + (X x B))Y*“.
(ii) Prove that these coalgebras and their homomorphisms form a category.
[Such generalised coalgebras are studied systematically in [407].]

2.5 Adjunctions, cofree coalgebras, behaviour-realisation

The concept of an adjunction may be considered as one of the basic contributions of the
theory of categories. It consists of a pair of functors going in opposite direction,

satisfying certain properties. An adjunction is a fundamental notion, occurring in many,
many situations. Identifying an adjunction is useful, because it captures much information,
and yields additional insights such as: the “left” adjoint functor preserves coproducts, and
the “right” adjoint preserves products. This is the good news. The bad news is that the



68 Chapter 2. Coalgebras of Polynomial Functors

notion of adjunction is considered to be a difficult one. It certainly requires some work
and experience to fully appreciate its usefulness. Much of this text can be read without
knowledge of adjunctions. However, there are certain results which can best be organised
in terms of adjunctions. Therefore we include an introduction to adjunctions, and apply
it to three standard examples in the theory of coalgebras and algebras, namely behaviour-
realisation, cofree coalgebras, and liftings of adjunctions to categories of (co)algebras.

We start with “baby-adjunctions”, namely Galois connections. Consider two posets
C and D as categories, with monotone functions f: C — D and g: D — C between
them, in opposite direction. They can be regarded as functors by Example 1.4.4 (ii). These
functions form a Galoeis connection if for each € C'and y € D one has f(z) < y in D
if and only if z < g(y) in C. We like to write this as a bijective correspondence:

fl@) <y

z < g(y)
In this situation one calls f the left or lower adjoint, and g the right or upper adjoint.
With these correspondences it is easy to show that the left adjoint f preserves joins
V that exist in C, i.e. that f(z1 V 23) = f(z1) V f(x2). This is done by showing that
f(z1 V z2) is the least upperbound in D of f(x1) and f(x2): forany y € D,
fl@va) <y
21V < g(y)

z1 < g(y) w2 < g(y)
fle) <y flz2) <y

This says that f(z1 V 22) < y if and only if both f(x1) < y and f(z2) < y, and thus that
f(x1 V @2) is the join of f(zy) and f(z2).

The notion of adjunction is defined more generally for functors between categories. It
involves a bijective correspondence like above, together with certain technical naturality
conditions. These side-conditions make the definition a bit complicated, but are usually
trivial in concrete examples. Therefore, the bijective correspondence is what should be
kept in mind.

2.5.1. Definition. Consider two categories C and D with functors F': C - Dand G: D —
C between them. These functors form an adjunction, written as F' - G, if for all objects
X € Cand Y € D there are bijective correspondences between morphisms:

F(X)——Y inD
X——G(Y) inC

which are “natural” in X and Y. In this case one says that F' is the left adjoint, and G
the right adjoint. The map X — G(Y') corresponding to F'(X) — Y (and vice-versa) is
sometimes called the transpose.

Let us write this correspondences as functions ¢: D(F(X),Y) = C(X,G(Y)). The
naturality requirement then says that for morphisms f: X’ — X inCandg: Y — Y’ in
D one has, for h: F(X) =Y,

G(g) op(h) o f = (goho F(f)).

Since morphisms in poset categories are so trivial, the naturality requirement disappears
in the definition of a Galois connection.

There are several equivalent ways to formulate the concept of an adjunction, using for
example unit and counit natural transformations, or freeness (for left adjoints) or cofree-
ness (for right adjoints). We shall describe one alternative, namely the unit-and-counit
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formulation, in Exercise 2.5.7, and refer the interested reader to [315, Chapter IV] for more
information. At this stage we are mainly interested in a workable formulation.

‘We continue with an elementary example. It illustrates that adjunctions involve canon-
ical translations back and forth, which can be understood as minimal (or, more technically:
free) constructions, for left adjoints, and as maximal (or cofree) for right adjoints. Earlier,
Exercise 1.4.4 described the set of finite sequences A* as free monoid on a set A. Below in
Exercise 2.5.1 this will be rephrased in terms of an adjunction; it gives a similar minimality
phenomenon.

2.5.2. Example (From sets to preorders). Recall from Example 1.4.2 (iii) the definition of
the category PreOrd with preorders (X, <) as objects—where < is a reflexive and tran-
sitive order on X—and monotone functions between them as morphisms. There is then
an obvious forgetful functor U: PreOrd — Sets, given by (X,<) + X. It maps a
preorder to its underlying set and forgets about the order. This example shows that the
forgetful functor U has both a left and a right adjoint.

The left adjoint D: Sets — PreOrd sends an arbitrary set A to the “discrete” pre-
order D(A) = (A, Eq(A)) obtained by equipping A with the equality relation Eq(A4) =
{(a,a) | a € A}. A key observation is that for a preorder (X, <) any function f: A — X
is automatically a monotone function (A, Eq(A)) — (X, <). This means that there is a
trivial (identity) bijective correspondence:

D(A) = (A, Eq(A)) — (X,<)  inPreOrd

A?X:U(X,ﬁ) in Sets

This yields an adjunction D 4 U.

The forgetful functor U : PreOrd — Sets not only has a left adjoint, via the discrete,
minimal order =, but also a right adjoint, involving the indiscrete, maximal order: there
is a functor I: Sets — PreOrd that equips a set A with the indiscrete preorder [(A) =
(A, T axa) with “truth” relation Taxa = {(a,d’) | a,a’ € A} = (Ax A C AxA),
in which all elements of A are related. Then, for a preorder (X, <), any function X — A
is automatically a monotone function (X, <) — (A, T axa). Hence we again have trivial
correspondences:

(X, <)~ 5 (A, Taxa) =I(A) inSets

U(X,<) :XT>A in PreOrd

yielding an adjunction U - I.
This situation “discrete 4 forgetful 4 indiscrete” is typical, see Exercise 2.5.6 below.

Next we shall consider examples of adjunctions in the context of coalgebras. The first
result describes “cofree” coalgebras: it gives a canonical construction of a coalgebra from
an arbitrary set. Its proof relies on Theorem 2.3.9, which is as yet unproven. The proof
shows that actually checking that one has an adjunction can be quite a bit of work. Indeed,
the notion of adjunction combines much information.

2.5.3. Proposition. For a finite Kripke polynomial functor F': Sets — Sets, the forgetful
Sfunctor U: CoAlg(F') — Sets has a right adjoint. It is sends a set A to the carrier of the
final coalgebra of the functor A x F(—).

Proof. Given F, consider the functor F’': Sets — Sets given by A — A x F(—).
Then F” is also a finite Kripke polynomial functor. Hence, by Theorem 2.3.9 it has a final
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coalgebra (4 = (¢, ¢£): A =5 A x F(A), which we use to define an F-coalgebra:

G (A _% F(A))

We first show that G extends to a functor Sets — CoAlg(F). Let f: A — B
therefore be an arbitrary function. We define G on f as a function G(f): A — B by
finality, in:

BxFA)-—-—--——-~-"2-- + B x F(B)
fxidp(gﬁ
A x F(A) ~|¢B
M=
ATy %

Clearly, (¥ o G(f) = F(G(f)) o 3, so that G(f) is a homomorphism of coalgebras
G(A) — G(B), as required. By uniqueness one shows that G preserves identities and
compositions. This requires a bit of work but is not really difficult.

The adjunction U | G that we want requires a (natural) bijective correspondence:

(F(X)> 9 <
Ul ¢t =X—"A4 in Sets
X
F(X) F(A)
et — +¢ | =G(A)  inCoAlg(F)
X ' A

That is:

F(X) F—h)> F(E)A
q h Te
X— A

It is obtained as follows.

e Given a function g: X — A, we can defineg: X — A by finality:

AxFx) - - WXEE e
<g,cﬁ et =it
Xommmmmmooo - A

Then ¢3! 0§ = F(g) o ¢, so that g is a homomorphism of coalgebras ¢ — G(A).
o Conversely, given a homomorphism h: ¢ — G(A), take b = ¢{* o h: X — A.

In order to complete the proof we still have to show bijectivity (i.e. g = g and b= h) and
naturality. The latter is left to the interested reader, but:

g=('cg=mo('og = mo(idax F(g)olgec) = molgc) =
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The second equation & = h follows by uniqueness: % is by construction the unique homo-
morphism k with (4 o k = (ida x F(k)) o (h,c), i.e. with ¢4 o k = (ida x F(k)) o
(¢{* o h,c). Since h is by assumption a homomorphism of coalgebras ¢ — G/(A), it also
satisfies this condition. a

Dual to this result it makes sense to consider for algebras the left adjoint to a forgetful
functor Alg(F) — Sets. This gives so-called free algebras. They can be understood as
term algebras built on top of a given collection of variables.

Since an adjunction F' 4 G involves two translations X +— F(X) and Y — G(Y) in
opposite directions, one can translate objects “forth-and-back”, namely as X — GF(X)
and Y +— FG(Y). There are then canonical “comparison” maps n: X — GF(X), called
unit, and e: FG(Y) — Y called counit.

In the context of the adjunction from the previous theorem, the unit 7 is a homomor-
phism from a coalgebra X — F'(X) to the cofree coalgebra X — F(X) on its carrier. It
is obtained by finality. And the counit € maps the carrier A of a cofree coalgebra back to
the original set A. It is ({* in the notation of the proof.

Using the notation ¢: D(F(X),Y) = C(X,G(Y)) from Definition 2.5.1, the unit
nx: X - GF(X)andey: FG(Y) — Y maps can be defined as:

nx = Y(idpx)) ey = ¢~ (idg(y))-

Using the naturality of ¢ one easily checks that for arbitrary f: X — X’inCandg: Y —
Y in D, the following diagrams commute.

x— ™ Grx) FGY)— Ly
fl |er) Fa)| Jg
X/ T) GF(X") FG(Y") T} Yy’

This leads to the following fundamental notion in category theory: a natural transformation.
It is a mapping between functors.

2.5.4. Definition. Let C, D be two categories, with two (parallel) functors H, K: C — D
between them. A natural transformation o from H to K consists of a collection of
morphisms ax : H(X) — K(X) in D, indexed by objects X € C satisfying the naturality
requirement: for each morphism f: X — Y in C, the following rectangle commutes.

HX)— 2% k(X))

()| |5

H(Y) ——— K(Y)

In this case one often write a.: H = K with double arrow.

The next basic result illustrates the relevance of natural transformations in the theory of
algebras and coalgebras.

2.5.5. Proposition. Consider a natural transformation o: H = K as defined above, for
two endofunctors H, K : C — C. This « induces translation functors between the corre-
sponding categories of algebras and coalgebras, in commuting triangles:

Alg(K) —— Alg(H) CoAlg(H) —— CoAlg(K)

N N
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These (horizontal) functors are given on objects by pre- and post-composition:

K(X) H(X) H(X) K(X)
o — lboax Te — T axoc| -
X X X X

On morphisms these functors are simply f — f.

Proof. We shall write ': Alg(K) — Alg(H) for the mapping defined above. It is a
well-defined functor, since if f: X — X is a map of K-algebras b — b, then f is also a
map of H-algebras F'(b) — F(b), since:

F(b) o H(f) = boax o H(f)
=bo K(f)oax by naturality
= foboax since f is a map of K-algebras
= fo F(b). ]

For each set X there is an obvious map px: X* — Pg,(X) mapping a sequence
(@1,...,2,) to the set {z1,...,z,} of elements involved—which may have size less than
n in case duplicate elements occur. This operation is “natural”, also in a technical sense:
for a function f: X — Y one has Ps,(f) o px = py o f*, since:

(v o ) (21, s 2n)) = py((f(@1), .-, f(zn))
= {f(@1),.... f(zn)}
= Pun(f){z1,-. ., 2n})
= (Pin(f) 0 px) (21, Tn)).

In the reverse direction Ps,(X) — X* one can always choose a way to turn a finite set
into a list, but there is no natural way to do this. More examples and non-examples are de-
scribed at the end of Section 4.1. The idea is that natural transformations describe uniform
mappings, such given for instance by terms, see Exercise 2.5.17.

With this definition and notation we can write the unit and counit of an adjunction as
natural transformations 7: idc = GF and €: FG = idp. The closely related notion of
equivalence of categories is sometimes useful. It is an adjunction in which both the unit
and counit are isomorphisms. This is a weaker notion than isomorphism of categories.

We shall consider another example of an adjunction which is typical in a coalgebraic
setting, namely a so-called behaviour-realisation adjunction. Such adjunctions were first
recognised in the categorical analysis of mathematical system theory, see [150, 151, 152].
Here we give a simple version using the deterministic automata introduced in Section 2.2.
This requires two extensions of what we have already seen: (1) homomorphisms between
these automata which allow variation in the input and output sets, and (2) automata with
initial states.

2.5.6. Definition. We write DA for a category of deterministic automata. It has:

objects deterministic automata (6, ¢): X — X4 x B with an initial state 29 €
X
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morphisms  from (X L9, x4« B,zg € X) to (Y D yo D,y €Y)

consist of a triple of functions:

acl ¢ 5-2%p x—"loy

with forallz € X andc € C,

&'(M(x))(c) = h(6(z)(f (<))
¢(h(x)) = g(e(z))
h(ﬂfu) = Yo-

The identity morphisms in DA are of the form (id, id, id). The composition of (f1, g1, h1)
followed by (fa, g2, ha) is (f1 © f2,92 © g1, ha © hy). Note the reversed order in the first
component.

The first two equations express that h is a coalgebra homomorphism from the automa-
ton (id% 0 6,9 0 €): X — XC x D, translated via (f, ), to the automaton (&', ¢'): X —
XC x D. Here we use the exponent notation idf( for functions from (2.12). The third
equation simply says that the initial state is preserved.

We also introduce a category of deterministic behaviours. Its objects are elements of
the final coalgebras for deterministic automata, see Proposition 2.3.5.

2.5.7. Definition. Form the category DB with

objects functions of the form ¢: A* — B

morphisms  from A* % B to C* 2y Dare pairs of functions

f 9

As——C B——D

with for o € C*,
g(e(f*(0))) = ¥(0)
That is, for all (c1,...,¢,) € C*,

glp((fler), s flen)))) = P({ers s en))

The maps (id, id) are identities in DB. And composition in DB is given by: (f2,92) ©
(fig1) = (f1 0 fa, 92 0 91).

The behaviour-realisation adjunction for deterministic automata gives a canonical way
to translate back-and-forth between deterministic automata and behaviours. It looks as
follows.

2.5.8. Proposition. There are a behaviour functor B and a realisation functor R in an
adjunction:
DA
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Proof. We sketch the main lines, and leave many details to the interested reader. The be-
haviour functor B: DA — DB maps an automaton (J,¢): X — X4 x B with initial state
zo € X to the behaviour beh s .y (z0) € BA" of this initial state, see Proposition 2.3.5.
On morphisms, it is B(f, g, h) = (f, g). This is well-defined because g o beh(x) o f* =
beh’(h(z)), as is checked easily by induction.

Conversely, the realisation functor R: DB — DA sends a behaviour ¢: C* — D to
the final deterministic automaton ¢ : D" —= (D)€ x D described in Proposition 2.3.5,
with 1 as initial state. The associated behaviour function beh, is then given by beh¢ () =
. On morphisms, R it is defined as R(f, g) = (f, 9,97 ).

The adjunction B - R is established by the bijective correspondence:

(0,¢) (f:9)

B(X—)XA x B,z eX) EECALLN (C*L)D)

(XM)XA x B,z eX) WR(C*LD)

This correspondence exists because the function / below the double line is uniquely deter-
mined by finality in the following diagram.

hide x id .
X¢xD : D (DY) x D
idf x ,ﬁ
XA xB ~¢
.97
o
X h D
It satisfies i(xo) = 4 if and only if g o behs ¢y (z0) o f* = 9. )

Several alternative versions of this behaviour-realisation adjunction for deterministic
automata are described in the exercises below. Such adjunctions have also been studied in
more abstract settings, see for example [48] and [265].

One interesting aspect of the behaviour-realisation adjunction is that it provides a set-
ting in which to (categorically) study various process operators. For instance, one can
consider several ways to put deterministic automata in parallel. For automata M; =
(x; 2,

XiA’ x By, xz; € X), one can define new automata:

(51.¢1)
My | My = (X; x Xo — (X1 x Xp)M1+42 5 (By x By), (zo, 1))

where 0|(y1,42)(k1(a)) = (61(y1)(a), y2)
3 (y1,y2)(K2(a)) = (y1,02(y2)(a))
€/(y1,y2) = (e1(y1), e2(y2))
My @ My = (X1 x Xa 222 (X1 % Xp)A1 42 x (By x By), (x0,21))
where g (y1,y2)(a1,a2) = (01(y1)(a), 62(y2)(a))
o1, 42) = (e1(y1); e2(v2))
The first composition of automata involves transitions in each component automaton sepa-
rately, whereas the second composition combines transitions.
Both these definitions yield a so-called symmetric monoidal structure on the category

DA of deterministic automata. Similar structure can be defined on the associated category
DB of behaviours, in such a way that the behaviour functor B: DA — DB preserves
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this structure. Thus, complex behaviour can be obtained from more elementary building
blocks.

There is a line of research studying such “process categories” with operations that
are commonly used in process calculi as appropriate categorical structure, see for in-
stance [203, 266, 199, 383, 286, 428, 53, 194, 189, 191].

This section concludes with a result about lifting adjunctions to categories of algebras,
see [205, Theorem 2.14]. It is purely categorical abstract nonsense, and does not talk about
concrete categories or functors. In dual form it yields a lifting to categories of coalgebras.

2.5.9. Theorem. Consider a natural transformation o: SF = FT in a situation:

Fl N r 2.30)

It induces a lifting of F' to a functor Alg(F) in:

Alg(T) Alg(F) Alg(S)

(T(X) 5 X) ———— (SF(X) 25 FT(X) 29 F(X))

If o is an isomorphism, then a right adjoint G to F induces a right adjoint Alg(G) to
Alg(F) in:

P C—\ P

F ( 4) G Alg(F) ( 4) Alg(G)

— Alg(T
B i g(T)

where the U’s are forgetful functors. The functor Alg(G) arises from 3: TG = GS, the
adjoint transpose of FTG = SFG 25 .

Proof. Of course the functor Alg(F) is defined on morphisms as f — F(f). We check
that this well-defined: for a homomorphism (T'(X) % X) N (T(Y) A Y) of T-
algebras we obtain that F'(f) is a homomorphism between the corresponding S-algebras
in:

SF SE(f)
(X) ———— SF(Y)

ax Qy

The upper square commutes by naturality of «, and the lower square because f is a homo-
morphism of T-algebras.

Next we assume that « is an isomorphism, and write 3y, where Y € A, for the follow-
ing map in BB.

Glask
By = (TCW) SO, array) M)Gsmm GS(e) Gs(v))
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Following the construction of the functor Alg(F'), this natural transformation 3 induces a
functor Alg(G): Alg(S) — Alg(S) by:

(S5 v) — () B csr) W ar)).

Now we have to establish the bijective correspondence for Alg(F) -+ Alg(G). It takes the
form:

(X SF(X S(Y
wan () (o) —— (V)
(Tff >) S (TGf”) e (SW)
X 9 G(Y) Y

This correspondence is the one of the adjunction F' < G. We only need to check that the
transposes are again homomorphisms of algebras. We shall do so for the map f above the
lines, and leave the other case (for g) to the interested reader.

Assume therefore that f is a homomorphism of S-algebras as indicated above the lines.
This means that b o Sf = f o F(a) o ax. The transpose f = G(f) onx: X — G(Y) is
then a homomorphism of 7'-algebras:

(G(b) o By) o T(f)
= G(b) ° GS(ey) o Glagy)) o nra) ° TG(f) o T(nx)
= G(b) 0 GS(ev) o Glag(y,) o GFTG(f) o GFT(nx) © nr(x)
by naturality of n
= G(b) 0 GS(ey) o GSFG(f) o GSF(nx) o G(ay") o nr(x)
by naturality of « (and thus also of a™ ')
= G(b) o GSf o GS(ep(x)) © GSF(nx) o G(u}l) ° Nr(x)
by naturality of &
= G(b) o GSf o Glay') o n7(X)
by one of the triangular identities, see Exercise 2.5.7
= G(f) o GF(a) o nr(x)
by assumption about f
=G(f)onxoa
by naturality of n
= ? oa. ]
Those readers in search of even more abstraction may want to check that the above pair
of functors (S, 7)) with the natural transformations (a, 3) forms a “map of adjunctions”
(F 4 G) = (F - G), see [315, IV,7] for the definition of this notion. The construction
Alg(F) 4 Alg(G) may then be understood as algebra of this endomorphism (of adjunc-
tions), in a suitably abstract sense.
This section concludes with a relatively long series of exercises, mostly because ad-

junctions offer a perspective that leads to many more results. In a particular situation they
can concisely capture the essentials of back-and-forth translations.

Exercises

2.5.1.  Recall from Exercise 1.4.4 that the assignment A — A* gives a functor (—)*: Sets —
Mon from sets to monoids. Show that this functor is left adjoint to the forgetful functor
Mon — Sets which maps a monoid (M, +,0) to its underlying set M and forgets the
monoid structure.
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2.5.2.

253,

2.5.4.

2.5.5.

2.5.6.

2.5.7.

Check that the bijective correspondences
X —P(Y)
eCX XY
e CY XX
Y — P(X)
induced by the correspondence (2.16) gives rise to an adjunction Sets°”? <= Sets.

The intention of this exercise is to show that the mapping # +— Fl from arities to functors
is functorial. This requires some notation and terminology. Let Endo(Sets) be the category
with endofunctors F': Sets — Sets as objects and natural transformations between them
as morphisms. One writes Sets /N for the slice category over N, see Exercise 1.4.3.

Prove that mapping # — Fi from (2.18) yields a functor Sets/N — Endo(Sets).

[In [3, Theorem 3.4] it is shown how the functor Sets/N — Endo(Sets) restricts to a “full
and faithful” functor via a suitable restriction of the category Endo(Sets). This means that
morphisms Fu, — Fy, in this restricted category are in one-to-one correspondence with
morphisms of arities #1 — #2.]

This exercise describes “strength” for endofunctors on Sets. In general, this is a useful
notion in the theory of datatypes [96, 97] and of computations [326], see Section 5.2 for a
systematic description.

Let F': Sets — Sets be an arbitrary functor. Consider for sets X, Y the strength map

FOOx v 225 p(X < v) givenby (u,) > FOA € X. (z,9))(u) 23D

(i) Prove that this yields a natural transformation F(—) x (—) =% F((—) x (—)), where
both the domain and codomain are functors Sets x Sets — Sets.
(ii) Describe this strength map for the list functor (—)* and for the powerset functor P.

The following strengthening of induction is sometimes called “induction with parameters”.
It is different from recursion, which also involves an additional parameter, see Proposi-
tion 2.4.7.

Assume a functor F' with a strength natural transformation as in the previous exercise, and
with initial algebra a: F((A) = A. Let P be a set (or object) for parameters. Prove that
for each map h: F(X) x P — X there is a unique f: A X P — X making the following
diagram commute.

payx p LD Oshm) p e b

a X idl’é lh

AxP X
f

[Hint. First turn h into a suitable algebra h’: F(XF) — X7 ]
Use this mechanism to define the append map app: A* x A* — A* from Example 2.4.6.

Show that the forgetful functor U: Sp — Sets from topological spaces to sets has both
a left adjoint (via the discrete topology on a set, in which every subset is open) and a right
adjoint (via the indiscrete topology, with only the empty set and the whole set itself as
opens).

Assume two functors F': C — D and G: D — C in opposite directions, with natural
transformations n: ide = GF and e: FG = idp. Define functions ¢): D(F(X),Y) —
C(X,G(Y) by ¥(f) = G(f) o nx.

(i) Check that such 1’s are natural.

(ii) Prove that these v’s are isomorphisms if and only if the following triangular identi-

ties hold.
G(e)onG =id eF o F(n) = id.
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2.5.8.

2.5.10.

2.5.11.

2.5.12.

2.5.13.

2.5.14.

A morphismm: X’ — X in a category D is called a monomorphism, (or mono, for short)
written as m: X’ ~— X, if for each parallel pair of arrows f,g: Y — X',mo f=mog
implies f = g.
(i) Prove that the monomorphisms in Sets are precisely the injective functions.
(ii) Let G: D — C be a right adjoint. Show that if m is a monomorphism in I, then so is
G(m)inC.
Dually, an epimorphism (or epi, for short) in C is an arrow written as e: X’ — X such
that for all maps f,g: X = Y,ifeo f=eog,then f =g.
(iii) Show that the epimorphism in Sets are the surjective functions.
[Hint. For an epi X — Y, choose two appropriate maps Y — 1 + Y]
(iv) Prove that left adjoints preserve epimorphism.

Notice that the existence of final coalgebras for finite polynomial functors (Theorem 2.3.9)
that is used in the proof of Proposition 2.5.3 is actually a special case of this proposition.
[Hint. Consider the right adjoint at the final set 1.]

Assume an endofunctor F': C — C. Prove that there are natural transformations:

U FU
U DEU
CoAl
oAlg(F) | cC and Alg(F) | jc
FU U

where U is the forgetful functor.

[In 2-categorical terminology these maps form inserters, see e.g. [205, Appendix].]
(Hughes) Let C be an arbitrary category with products x, and let F, H: C — C be two
endofunctors on C. Assume that cofree F'-coalgebras exist, i.e. that the forgetful functor
U: CoAlg(F) — C has aright adjoint G—Tlike in Proposition 2.5.3. Prove then that there
is an isomorphism of categories of coalgebras:

CoAlg(F x H) ———s CoAlg(GHU)

where CoAlg(GHU) is a category of coalgebras on coalgebras, for the functor composi-
tion GHU : CoAlg(F) — C — C — CoAlg(F).

Consider two adjoint endofunctors as in:

FCCDG with FAa

Prove that we then get an isomorphism of categories:

Alg(F) = . CoAlg(G)

between the associated categories of algebras and coalgebras.
[Remark: as noted in [35, Theorem 5.7], when C = Sets the only such adjunctions F' 4 G
are product-exponent adjunctions X x (—) - (7)X as in (2.11). The argument goes as
follows. In Sets, each object A can be written as coproduct [ [, , 1 of singletons. A left
adjoint F' must preserve such coproducts, so that F'(A) 2 [, , F(1) = F(1) x A. But
then G(—) = F(1) = (—), by uniqueness of adjoints.]
Theorem 2.5.9 deals with lifting adjunctions to categories of algebras. Check that its “dual”
version for coalgebras is (see [205]):
For functors T: B — B, G: B — A, S: A — A, a natural transformation
a: GS = TG induces a functor CoAlg(G): CoAlg(S) — CoAlg(T).
Furthermore, if « is an isomorphism, then, a left adjoint F' + G induces a left
adjoint CoAlg(F) + CoAlg(G).
Does it require a new proof?

A deterministic automaton (5,¢): X — X“ x B is called observable if its behaviour
function beh = Az. Ao (6" (z,0)): X — B4 from Proposition 2.3.5 is injective. Later,
in Corollary 3.4.3 we shall see that this means that bisimilar states are equal.
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2.5.15.

If this automaton comes equipped with an initial state o € X one calls the automaton
reachable if the function 6" (xo, —): A* — X from Section 2.2 is surjective. This means
that every state can be reached from the initial state zo via a suitable sequence of inputs.
The automaton is called minimal if it is both observable and reachable.

The realisation construction R: DB — DA from Proposition 2.5.8 clearly yields an
observable automaton since the resulting behaviour function is the identity. An alter-
native construction, the so-called Nerode realisation, gives a minimal automaton. It is
obtained from a behaviour 1: C* — D as follows. Consider the equivalence relation
=4 C C* x C* defined by:

o=yp0 = VreC Yo -7)=1(" 7).
We take the quotient C* / =y, as state space; it is defined as factorisation:
ocr— Ao T)
——— D
\) /

C*/=y

c* X

It carries an automaton structure with transition function dy,: (C*/ =y) — (C*/ =y
)€ given by 8, ([0])(c) = [o - ¢], observation function €y : (C*/ =,) — D defined as
ey ([o]) = ¢(0), and initial state [()] € C*/=,.

(i) Check that this Nerode realisation N'(C* RS D) is indeed a minimal automaton,
forming a subautomaton (or subcoalgebra) C*/ = — DY of the final coalgebra.

Write RDA for the “subcategory” of DA with reachable automata as objects, and mor-

phisms (f, g, k) like in DA but with f a surjective function between the input sets. Simi-

larly, let RDB be the subcategory of DB with the same objects but with morphisms ( f, g)

where f is surjective.

(ii) Check that the behaviour functor B: DA — DB from Proposition 2.5.8 restricts to
a functor B: RDA — RDB, and show that it has Nerode realisation A yields a
functor RDA — RDB in the opposite direction.

(iii) Prove that there is an adjunction B 4 N.

(iv) Let MDA be the “subcategory” of RDA with minimal automata as objects. Check

that the adjunction in the previous point restricts to an equivalence of categories MDA ~

RDB. Thus, (states of) minimal automata are in fact (elements of) final coalgebras.
[This result comes from [151, 152], see also [13].]

This exercise and the next one continue the description of linear dynamical systems from
Exercise 2.2.12. Here we look at the duality between reachability and observability. First a
preliminary result.

(i) Let B be an arbitrary vector space. Prove that the final coalgebra in Vect of the
functor X — B x X is the set of infinite sequences B, with obvious vector space
structure, and with coalgebra structure (hd, tl): BY =5 B x B" given by head and
tail.

Call a linear dynamical system A 5 x & X X B reachable if the induced function

int(rq: A% — X in the diagram on the left below, is surjective (or equivalently, an

epimorphism in Vect).

ida + int(F e idp x behx,ay

A+Aé—>]A+X Bx X ——BxB"
[in,sh]lé lm G) (H, G)T ET(hd,tl)
§ — e —
A int{p g X X behx ) B

Similarly, call this system observable if the induced map beh g cy: X — B" on the right

is injective (equivalently, a monomorphism in Vect). And call the system minimal if it is

both reachable and observable.

(ii) Prove that A £ x & x 2 Bisreachable in Vect if and only if B Hyxdxh
A is observable in Vect®P.
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2.5.16.

2.5.17.

[Kalman’s duality result [263, Chapter 2] is now an easy consequence in finite dimensional
vector spaces, where the adjoint operator (—)* makes Vect isomorphic to Vect®®—where
V* is of course the “dual” vector space of linear maps to the underlying field. This result
says that A 55 X S X & B is reachable if and only if B* %5 x* & x* 5 A* is
observable. See also [35]. There is also a duality result for bialgebras in [70].]

This exercise sketches an adjunction capturing Kalman’s minimal realisation [263, Chap-
ter 10] for linear dynamical systems, in analogy with the Nerode realisation, described in
Exercise 2.5.14. This categorical version is based on [34, 35].

Form the category RLDS of reachable linear dynamical systems. Its objects are such
reachable systems A 5 xS x & Bin Vect. Andits morphisms from A Ex 8

/

X% BwcC 5; Y g; y % D are triples of functions C' EA AB%DadX By
£ X G X i B

lh J{h J{H

Y Y D

with
A
d
¢ F el H'

Note that f is required to be a surjection/epimorphism.

Also, there is a category RLB with linear maps ¢: A® — B as objects. A morphism

(A§ 4 B) — (C§ RN D) is a pair of linear maps f: C'— Aand g: B — D withg o

@ o f¥ = y—where f9 results from the functoriality of (—)®, see Exercise 2.4.8 (iv).

(i) Show that the behaviour formula from Exercises 2.2.12 (iv) and 2.4.8 (iii) yields a
behaviour functor B: RLDS — RLB, given by (F, G, H) — H o int(pqj.

(ii) Construct a functor £: RLB — RLDS in the reverse direction in the following way.
Assume a behaviour ¢o: C% — D, and form the behaviour map b = beh y, gy : C% —
D" below, using the finality from the previous exercise:

idp x b
Dxci-~2XL 5 pypy
Wshﬁ %T(hd tl)
o e 0

The image Im(b) of this behaviour map can be written as:

(62 ) (et 2

It is not hard to see that the tail function tl: BY — B" restricts to tI': Tm(b) — Tm(b)
via diagonal fill-in:

ot —C Im(b)

-
-

eoshl Ll ltlom
g

Im(b) > D"

Hence one can define a linear dynamical system as:

K(C§ ¥ D) def (C eoin Tm(b) 1l Im(b)hdomD)

Prove that this gives a minimal realisation, in an adjunction B — K.

This exercise describes the so-called “terms-as-natural-transformations” view which origi-
nally stems from [302]. It is elaborated in a coalgebraic context in [296].

Let H: Sets — Sets be a (not necessarily polynomial) functor, with free algebras, given
by a left adjoint F' to the forgetful functor U: Alg(H) — Sets. Let X be an arbitrary
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set, whose elements are considered as variables. Elements of the carrier U F'(X) of the free
algebra on X can then be seen as terms containing free variables from X. Show that there
is a bijective correspondence:

terms t € UF(X)

natural transformations 7: U~ = U

[Hint. The component of the natural transformation at a specific algebra HA — A is the
mapping which takes a valuation p: X — A of the variables in A to an interpretation [[ ¢ ]];‘
of the term ¢ in the algebra A. Naturality then says that for a homomorphism f: A — B
of algebras, one has the familiar equation f([t]5) = [t]]?op‘]
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Chapter 3

Bisimulations

The operation of a coalgebra gives us information about its states. It may allow us to
observe certain things, and it may allow us to “modify states”, or to “move to successor
states”. Typically for coalgebras, we can observe and modify, but we have no means for
constructing new states. The behaviour of a state x is all that we can observe about z, either
directly or indirectly (via its successor states). This behaviour is written as beh(z), where
beh is the unique map to the final coalgebra (if any), as introduced in Definition 2.3.1.

In this situation it may happen that two states have the same behaviour. In that case we
cannot distinguish them with the operations (of the coalgebras) that we have at our disposal.
The two states need not be equal then, since the operations may only give limited access to
the state space, and certain aspects that may not be observable. When two states x, y are
observationally indistinguishable, they are called bisimilar. This is written as z < y.

The bisimilarity relation, for a given coalgebra (or pair of coalgebras), is introduced
as the union of all bisimulations. A bisimulation is a relation on state spaces, which is
maintained by coalgebra transitions and leads to equal observations. Bisimulations were
first introduced by Park [341] for automata, as mutual simulations—building on an earlier
notion of simulation between programs [322]. Park proved that if the initial states of two
deterministic automata are related by a bisimulation, then they accept the same sets of in-
puts (see also Corollary 3.4.4 below). Indeed, bisimulations form a crucial tool for stepwise
reasoning—Tlike in induction arguments.

Bisimilarity is the main topic of the present chapter, but only for coalgebras of Kripke
polynomial functors. In the next chapter more general functors will be considered, but
for reasons of simplicity we prefer to first study the more concrete situation for polyno-
mial functors. Bisimulation will be introduced—Iike congruence—via a technique called
relation lifting. These liftings can be defined by induction on the structure of polynomial
functors. In a related manner the notion of invariance will arise in the Chapter 6 via predi-
cate lifting. The first part of this chapter concentrates on some basic properties of relation
lifting and of bisimulation relations; these properties will be used frequently. The coin-
duction proof principle in Section 3.4 is a basic result in the theory of coalgebras. It says
that two states have the same behaviour if and only if they are contained in a bisimula-
tion relation. Coinduction via bisimulations is illustrated in a simple process calculus in
Section 3.5.

3.1 Relation lifting, bisimulations and congruences

This section will introduce the technique of relation lifting from [204, 205] and use it
to define the notions of bisimulation for coalgebras, and congruence for algebras. Many
elementary results about relation lifting are provided. Alternative ways for introducing

bisimulations will be discussed later in Section 3.3.

83
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We start by motivating the need for relation lifting. Consider a sequence coalgebra
c: X = 1+ (A x X), like in Section 1.2. A bisimulation for this coalgebra is a relation
R C X x X onits state space which is “closed under ¢”’. What this means is that if R holds
for states x, y, then either both x and y have no successor states (i.e. c¢(x) = k1(x) = c(y)),
or they both have successor states which are again related by R and their observations are
the same: ¢(z) = ka2(a, 2'), c(y) = k2(b,y'), with a = band R(2’,y/').

One way to express such closure properties uniformly is via a “lifting” of R from a
relation on X to a relation R’ on 1+ (A x X)) so that this closure can be expressed simply
as:

R(z,y) = R'(c(x), c(y))-

This idea works if we take R’ C (14 (A x X)) x (14 (A x X)) to be

R = {r1(%), s1(x)} U {(r2(a, 2), 52(b,9)) | a = b A R(z,9)}.

The general idea of relation lifting applies to a polynomial functor F'. It is a transfor-
mation of a relation R C X x X to arelation R C F(X) x F(X), which will be defined
by induction on the structure of . We shall use the notation Rel(F')(R) for R’ above.
Briefly, the lifted relation Rel(F')(R) uses equality on occurrences of constants A in F,
and R on occurrences of the state space X, as suggested in:

F(X):‘ X - A e X e ‘
S
F(X):\ X . A X . ‘

Actually, it will be convenient to define relation lifting slightly more generally, and to
allow different state spaces. Thus, it applies to relations R C X x Y, and yields a relation
Rel(F)(R) C F(X) x F(Y).

3.1.1. Definition (Relation lifting). Let F': Sets — Sets be a polynomial functor, and let
X, Y be arbitrary sets. The mapping Rel(F) which sends a relation R C X x Y to a

“lifted” relation Rel(F)(R) C F(X) x F(Y') is defined by induction on the structure of
the functor F', following the points in Definition 2.2.1.

(1) If F is the identity functor, then
Rel(F)(R) = R.
(2) If Fis a constant functor X — A, then
Rel(F)(R) = Eq(A4) = {(a,a) | a € A}.
(3) If Fis a product F; x F5, then

Rel(F)(R) = {((u1,u2), (v1,v2)) [Rel(F1)(R)(u1,v1) A
Rel(F2)(R)(u2,v2)}.

(4) If F is a set-indexed coproduct [ [, F; then:

i€l

Rel(F)(R) = |J,_ {(si(), :(0)) | RE(F)(R) ()}

3.1. Relation lifting, bisimulations and congruences 85

(5) If F is an exponent G4, then
Rel(F)(R) = {(f.9) | Va € A.Rel(G)(R)(f(a), g(a))}.
(6) If F is a powerset P(G), then

Rel(F)(R) = {(U,V)|Vu € U.Jv € V.Rel(G)(R)(u,v) A
Vv € V.3u € U.Rel(G)(R)(u,v)}.

This same formula will be used in case F is a finite powerset P (G).

In the beginning of Section 3.3 we shall see that relation lifting can also be defined
directly via images. The above inductive definition may seem more cumbersome, but gives
us a better handle on the different cases. Also, it better emphasises the relational aspects
of lifting, and the underlying logical infrastructure (such as finite conjunctions and dis-
junctions, and universal and existential quantification). This is especially relevant in more
general settings, such as in [205, 45, 140].

Relation lifting w.r.t. a functor is closely related to so-called logical relations. These
are collections of relations (R, ), indexed by types o, in such a way that R,_,, and Ry,
are determined by R, and R,. Similarly, we use collections of relations (Rel(F)(R))p in-
dexed by polynomial functors F', which are also structurally determined. Logical relations
were originally introduced in the context of semantics of (simply) typed lambda calculus
([405, 138, 351]), see [325, Chapter 8] for an overview. They are used for instance for
definability, observational equivalence and data refinement.

In the next section we shall see various elementary properties of relation lifting. But
first we show what it is used for: bisimulation for coalgebras, and congruence for algebras.
The definitions we use are generic or polytypic, in the sense that they apply uniformly to
(co)algebras of an arbitrary polynomial functor.

3.1.2. Definition. Let F': Sets — Sets be a polynomial functor.
(i) A bisimulation for coalgebras ¢: X — F(X) and d: Y — F(Y) is a relation
R C X x Y which is “closed under c and d”:
(z,y) € R = (c(),d(y)) € Rel(F)(R).
forall 2z € X and y € Y. Equivalently:
R C (e x d)"YRel(F)(R)),
or, by (2.15),
[Lexa(R) € Rel(F)(R).
(i) A congruence for algebras a: F(X) — X and b: F(Y) — Y is a relation R C
X x Y which is also “closed under a and b”:
(u,v) € Rel(F)(R) = (a(u),b(v)) € R.
That is:
Rel(F)(R) C (axb)7'(R) or [],.Rel(F)(R)) C R.

Often we are interested in bisimulations R C X x X on a single coalgebra c: X —
F(X). We then use the definition with d = c. Similarly for congruences.

Notice that we only require that a congruence is closed under the (algebraic) operations,
and not that it is an equivalence relation. This minor deviation from standard terminology
is justified by the duality we obtain between bisimulations and congruences. We shall use
the following explicit terminology.
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3.1.3. Definition. A bisimulation equivalence is a bisimulation on a single coalgebra
which is an equivalence relation. Similarly, a congruence equivalence is a congruence
on a single algebra which is an equivalence relation.

We continue with several examples of the notions of bisimulation and congruence for
specific functors.
Bisimulations for deterministic automata

Consider a deterministic automaton (d, 52 : X — X4 x B. As we have seen in Section 2.2,
it is a coalgebra for the functor /' = id” x B. Relation lifting for this functor yields for a
relation R C X x X anew relation Rel(F)(R) C (X4 x B) x (X4 x B), given by:

Rel(F)(R)((f1.b1), (f2,b2)) <= Va € A.R(fi(a). fol@) A by = bo.

Thus, a relation R C X x X is a bisimulation w.r.t. the (single) coalgebra (d,€): X —
XA x Bif, forall z,y € X,

R(@,y) = Rel(F)(R)((6(z).e(a)). (0(u) e(v)) ).

Le.
R(z,y) = Va € A. R(3(x)(a),d(y)(a)) A e(z) = e(y).

That is, in transition notation:

a. a . '
r — o' Ay — v implies R(2’, 1

Rz, 1) v al Ay =y imp (@9
b Aylcimpliesb = c.

Thus, once two states are in a bisimulation R, they remain in R and give rise to the same
direct observations. This makes them observationally indistinguishable.
Bisimulations for non-deterministic automata

Next, consider a non-deterministic automaton (4, €): X — P(X)? x B, as coalgebra for
the functor F = P(id)“ x B. Relation lifting for this functor is slightly more complicated:
it sends arelation R C X x X to the relation Rel(F)(R) C (P(X)4 x B) x (P(X)" x B)
given by:

Rel(F)(R)((f1,b1), (f2,b2)) <= Va € A. Vz € fi(a). Iy € fala). R(z,y) A
vy € f2(a). 3z € fi(a). R(z,y)
A by = ba.

Thus, R C X x X is a bisimulation if for all z,y € X with R(x,y),
o o —% o’ implies there is a ¢/ with y —— ' and R(z',y/);
o y —% 4/ implies there is an 2’ with = % 2/ and R(2',3');
e zlbandy|cimpliesb = c.

This corresponds to the standard notion of bisimulation used in the theory of automata /
transition systems.
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Congruences for monoids

Recall that a monoid is a set M carrying an associative operation +: M x M — M witha
unit element 0 € M. These two operations + and 0, but not the relevant monoid equations,
can be captured as an algebra:

[0,+]
1+ (M x M) ——"——— M

of the functor F/(X) =1+ (X x X). Relation lifting for F' is described by
Rel(F)(R) = {(k1(x), k1(x))} U {(s2(z,2"), 52(y,9")) | R(z,9) A R(2',9")}-
Hence a relation R C M x M on the carrier of the monoid is a congruence if:
Rel(F)(R)(u,v) = R([0, +](u), [0, +](v))
This amounts to:
R(0,0) and  R(z,y) A R(2',y) = Rz + 2",y + )

Thus a congruence, like a bisimulation, is closed under the operations.

Congruences in a binary induction proof principle

‘We have already discussed the usual “unary” induction proof principle for natural numbers
in Example 2.4.4, expressed in terms of predicates, which are assumed to be closed under
the operations. Later, in Section 6.1 we shall encounter it in full generality, stating that
every invariant on an initial algebra is the truth predicate.

There is also a less well-known binary version of the induction proof principle, ex-
pressed in terms of congruences. It was first formulated as such for the natural numbers
in [381], and further generalised in [205]. It also appeared in the derivations of induction
and coinduction principles in [354] in the context of a formal logic for parametric polymor-
phism.

At this stage we only formulate this binary version, and postpone the proof. It can
be given in various ways, see Exercises 3.3.2 and 6.2.2, but requires some properties of
relation lifting which are still to come.

3.1.4. Theorem (Binary induction proof principle). Every congruence on an initial alge-
bra contains the equality relation.

This binary version of induction is the dual of a coinduction principle, see Corol-
lary 3.4.2.

Bisimulations as congruences

The so-called structural operational semantics (SOS) introduced by Plotkin is a standard
technique in the semantics of programming languages to define the operational behaviour
of programs. The latter are seen as elements of the initial algebra F'(Prog) =+ Prog of
a suitable functor F describing the signature of operations of the programming language.
A transition relation is then defined on top of the set of programs Prog, as the least rela-
tion closed under certain rules. This transition structure may be understood as coalgebra
Prog — G(Prog), for an appropriate functor G—which is often the functor P (id)* for la-
belled transition systems, see [413, 412]; the transition structure is then given by transitions
p —%+ ¢ describing an a-step between programs p, ¢ € Prog.

The transition structure gives rise to certain equivalences for programs, like bisimilar-
ity (see below), trace equivalence or other equivalences, see [148]. These equivalences are
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typically bisimulation equivalences. An important issue in this setting is: are these bisim-
ulation equivalences also congruences for the given algebra structure F'(Prog) =+ Prog.
This is a basic requirement to make the equivalence a reasonable one for the kind of pro-
grams under consideration, because congruence properties are essential in reasoning with
the equivalence. In this setting given by a bialgebra F'(Prog) — Prog — G(Prog), the
two fundamental notions of this section (bisimulation and congruence) are thus intimately
related. This situation will be investigated further in Section 5.5 in relation to distributive
laws.

It is a whole area of research to establish suitable syntactic formats for SOS-rules guar-
anteeing that certain bisimulation equivalences are congruences. See [164] for a basic
reference. We shall use a more categorical perspective, first in Section 3.5, and later in Sec-
tion 5.5, following [413, 412, 59]; see [274] for an overview of the coalgebraic approach.

3.1.5. Definition. Let X % F(X) and Y A F(Y) be two coalgebras of a polynomial
functor F. The bisimilarity relation < is the union of all bisimulations:

z £y <= IR C X x Y. Ris abisimulation for ¢ and d, and R(z,y)

As a result of Proposition 3.2.6 (iii) in the next section, this union is a bisimulation itself,
so that > can be characterised as the greatest bisimulation.

Sometimes we write ,<> , for <> to make the dependence on the coalgebras ¢ and d
explicit.

Bisimilarity formalises the idea of observational indistinguishability. It will be an im-
portant topic in the remainder of this chapter.

Exercises

3.1.1.  Use the description (2.17) of a list functor F’* to show that:

Rel(F*)(R) = {({u1,...,un), (v1,...,vn)) | Vi < n.Rel(F)(R)(ui,vi)}.

3.1.2. Unfold the definition of bisimulation for various kind of tree coalgebras, like X — 1 +
(Ax X x X)and X — (A x X)*.

3.1.3. Do the same for classes in object-oriented languages, see (1.10), described as coalgebras of
a functor in Exercise 2.3.6 (iii).

3.1.4. Note that the operations of a vector space V' (over R), namely zero, addition, inverse, and
scalar multiplication, can be captured as an algebral +(V x V) +V + (Rx V) — V.
Investigate then what the associated notion of congruence is.

3.1.5.  We have described relation lifting on a coproduct functor F' = Fy + F5 in Definition 3.1.1
as:

Rel(F1 + F2)(R) = [, x,, Rel(F1)(R)) UL, x ., (Rel(F2)(R)).
Prove that it can also be defined in terms of products [] and intersection N as:

Rel(F1 + F2)(R) = [],, x,, Rel(F1)(R)) N1, x ., (Rel(F2)(R)),
where for a function f: X — Y the map [];: P(X) — P(Y) is described in Exer-
cise 2.1.12.

3.1.6. In this text we concentrate on bi-simulations. There is also the notion of simulation, that
can be defined via an order on a functor, see [409, 218]. For a functor F': Sets — Sets
such an order consists of a functor C as in the diagram below.

PreOrd
C
= forget
Sets T Sets
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Given such an order we define “lax” relation lifting Relc (F') as R — C o Rel(F)(R) oC.

A relation R C X x Y is then a simulation on coalgebras X % F(X),Y ES F(Y)if

R C (c x d)~"(Relg (F)(R)). Similarity is then the union of all simulations.

(i) Investigate what it means to have an order as described in the above diagram.

(i) Describe on the functor L = 1 + (A x (—)) a “flat” order, and on the powerset
functor P the inclusion order, as in the diagram. Check what the associated notions of
simulation are.

(iii) Prove that similarity on the final coalgebra A> of the functor L with order as in (ii) is
the prefix order given by o < 7 iff o-p = 7 for some p € A, see [218, Example 5.7].

3.2 Properties of bisimulations

This section is slightly technical, and possibly also slightly boring. It starts by listing
various elementary properties of relation lifting, and subsequently uses these properties to
prove standard results about bisimulations and bisimilarity.

First there are three lemmas about relation lifting.

3.2.1. Lemma. Ler F': Sets — Sets be a polynomial functor. Relation lifting Rel(F)
w.r.t. F satisfies the following basic properties.
(i) It preserves the equality relation:

Rel(F)(Eq(X)) = Eq(F(X)).
(ii) It commutes with reversal of relations:
Rel(F)(R') = Rel(F)(R).
(i) It is monotone:
R C S = Rel(F)(R) C Rel(F)(S).
(iv) It preserves relation composition
Rel(F)(R o S) = Rel(F)(R) o Rel(F)(S).

(v) It preserves reflexivity, symmetry and transitivity; and thus, if R is an equivalence
relation, then so is Rel(F)(R).

Proof. The first four statement (i)—(iv) are proved by induction on the structure of F', fol-
lowing the cases in Definition 3.1.1. The case in (iv) where F is an exponent G* requires
the axiom of choice (AC), as will be illustrated: assume, as induction hypothesis (IH), that
the functor G preserves composition of relations, then so does the exponent G4, since:

Rel(GA)(R o $)(f,9)

<= Va € A.Rel(G)(R o S)(f(a),g(a))

LU v € A (Rel(G)(R) o Rel(G)(S))(f(a), g(a))

<= Va € A.3z.Rel(G)(R)(f(a), z) A Rel(G)(S)(z,g(a))
L9 9 va € Rel(G)(R)(f(a), h(a)) A Rel(G)(S)(h(a), g(a)).
<= 3h.Rel(GA)(R)(f,h) A Rel(G*)(S)(h, g)

<= (Rel(G*)(R) o Rel(G)(9))(f, 9)-
The last statement (v) follows from the previous ones:

o If Risreflexive, i.e. Eq(X) C R, then Eq(F (X)) = Rel(F)(Eq(X)) C Rel(F)(R),
so that Rel(F')(R) is also reflexive.
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o If Ris symmetric, i.e. R C R™!, then Rel(F)(R) C Rel(F)(R™!) = Rel(F)(R)™!,
so that Rel(F)(R) is symmetric as well.

o If R is transitive, .e. R o R C R, then Rel(F)(R) o Rel(F)(R) = Rel(F)(R o
R) C Rel(F)(R), so that Rel(F)(R) is also transitive.

We proceed with a similar lemma, about relation lifting and (inverse and direct) images.

3.2.2. Lemma. Let F': Sets — Sets be a Kripke polynomial functor again, and let
f: X — Zand g: Y — W be arbitrary functions.
(i) Relation lifting commutes with inverse images: for R C Z x W,

Rel(F)((f x )71 (R)) = (F(f) x F(9)) ™" (Rel(F)(R)).

(ii) Relation lifting also commutes with direct images: for R C X x Y,

R‘el(F)<L[f><g(R)) = HF(f)xF(g)(Rel(F>(R>)'

Proof. Both equations are proved by induction on the structure of F'. We leave (i) to the
reader. Once (i) is established, it can be used to prove the direction (2) of (ii), using the
Galois connection relating direct and inverse images in (2.15):

U r sy (ReUF)R)) © Rel(F) (I, (R))
= Rel(F)(R) € (F(f) x F(9)"'Rel(F)(I,,(R))
= Rel(F)((f x 9)"! LIy (R)-

But this latter inclusion holds by monotonicity of relation lifting from Lemma 3.2.1 (iii),
using that R C (f x ¢)~" [, (R).

The inclusion (C) of (ii) is proved by induction on the structure of the functor F.
This requires the axiom of choice to handle the exponent functor case, like in the proof of
point (iv) in the previous lemma. The powerset case F' = PG is most complicated, and
will be described in detail.

Rel(PG) (I, (R, V)
= Vo € U.3y € V.Rel(G) (14, (R))(z,y)
AVy e V. 3z e U. R,CI(G)(]_[fX”(R))(I,y)
(IH
£ vr e U.3y € V. gy wo(g) RUG) (R) (2. y)
Ay € V.3z € U Tlg(pyxa(q) ReUG) (R) (2, y)
< Vz e U JyeV.Iu,v.G(f)(u) =z AG(g)(v) =y A Rel(G)(R)(u, v)
AVy € V.3z € U.Ju,v. G(f)(u) =z A G(g)(v) =y A Rel(G)(R)(u, v)
= Yu € U'.3v € V'.Rel(G)(R)(u,v)
AVv e V' 3ue U .Rel(G)(R)(u,v), where
U' = {u|G(f)(u) € UAFv.G(g)(v) € V ARel(G)(R)(u,v)}
V' ={v|G(9)(v) € VAJu.G(f)(u) € U ARel(G)(R)(u,v)}
<« JU V. P(G(NH)U')=UAPG(f) (V") =V ARel(P(G))(R)(U', V")
= ]_[P<G<f>>x7,(c(g)>(Rel(’PG)(R))(U, V). a

Below we show in a diagram why Rel(F) is called relation lifting. The term “relator”
is often used in this context for the lifting of F, see for instance [409] (and Definition 4.4.5,
where a more general description of the situation is given). Additionally, the next result
shows that bisimulations are coalgebras themselves. It involves a category Rel with re-

lations as objects. This Rel should not be confused with the category SetsRel, from
Example 1.4.2 (iv), which has relations as morphisms.
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3.2.3. Definition. We write Rel for the category with binary relations R C X x Y as
objects. A morphism (R C X xY) — (S C U x V) consists of two functions f: X — U
andg: Y — Vwith R(z,y) = S(f(z),9(y)) forallz € X,y € Y. The latter amounts
to the existence of the necessarily unique dashed map in:

XxYﬁUxV
J g9

f
Equivalently, R C (f x g)~'(S), or [1;,,(R) € S, by the correspondence (2.15).

3.2.4. Lemma. Consider a Kripke polynomial functor F.
(i) Relation lifting forms a functor:

Rel(F)
Rel —— Rel

Sets x Sets W Sets x Sets
where the vertical arrows are the obvious forgetful functors.
(ii) A bisimulation is a Rel(F')-coalgebra in this category Rel. Similarly, a congruence
is a Rel(F)-algebra in Rel.

Proof. (i) We show that if (f,g): R — S is a morphism in Rel—where f: X — U and
g: Y — V—then (F(f),F(g)): Rel(F)(R) — Rel(F)(S) is also a morphism in Rel.
From the inclusion R C (f x g)~1(S) we obtain by monotony and preservation of inverse
images by relation lifting:

Rel(F)(R) € Rel(F)((f x 9)"1(8)) = (F(f) x F(g))*Rel(F)(S).

This means that (F'(f), F'(g)) is a morphism Rel(F")(R) — Rel(F)(S) in Rel.
(i) A Rel(F)-coalgebra R — Rel(F)(R) in Rel, for R C X x Y, consists of two
underlying maps ¢: X — F(X)andd: Y — F(Y) with:

R-——————— < Rel(F)(R)

[ Y

XXYTF(X)XF(Y)
C

This says that R is a relation which is closed under the [’-coalgebras c, d, i.e. that R is a
bisimulation for ¢, d.
In the same way congruences are Rel(F')-algebras in the category Rel. a

The next result lists several useful preservation properties of relation lifting.

3.2.5. Lemma. Relation lifting Rel(F') for a Kripke polynomial functor F: Sets — Sets
preserves:
(i) kernel relations, given for an arbitrary function f: X —'Y by:
Ker(f) = {(z1,22) € X x X | f(a1) = f(22)}
= (fx )M (Ea(Y))

Rel(F)(Ker(f)) = Ker(F()).
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(ii) graph relations given for f: X —'Y by:

Graph(f) = {(z,y) € X xY | f(z) = y}
= (f xidy) " (Eq(Y))

Rel(F)(Graph(f)) = Graph(F(f)).
(iii) images of mples: for X <~ 72 25 v,

n((f,9)) = {(x.y) € X x ¥ | Iz € Z.f(z) =2 A g(2) = 4}
= 1}, (Ea(2)

Rel(F)(Im((f,9))) = Im((F'(f), F(9)))-

(iv) pullback relations of spans: for X Tz Y,

Eq(f,9) = {(z,y) € X xY | f(z) = g(y)}
= (fxg9)""(Ea(2))

Rel(F)(Ea(f,9)) = Ea(F(f), F(g))-

Proof. (i) By the results from the previous two lemmas:

Rel(F)(Ker(f)) = Rel(F)((f x f)""(Eq(Y)))
= (F(f) x F(f) 7" (Rel(F)(Eq(Y)))
= (F(f) x F(f)) " (Eq(F(Y)))
= Ker(F(f)).

(i) Similarly:

Rel(F)(Graph(f)) = Rel(F)((f  idy)~ (Ba(¥))
= (F(f) x idpy)) " (Rel(F)(Eq(Y)))
= (F(f) xidpy)) " (Ba(F(Y)))
= Graph(F(f)).
(iii) And:

Rel(F)(Im((f,9))) = Rel(F)(I1;,,(Ea(2)))
= HF(f)xp(g)(R51(F)(EQ<Z>))
= HF(f)xF(g)(Eq(F(Z)))
= Im((F(f), F(9)))

(iv) Finally:

Rel(F)(Eq(f, 9)) = Rel(F)((f x 9)"*(Eq(Z2)))
= (F(f) x F(9))~" (Rel(F)(Eq(Z)))
= (F(f) x F(9)) " (Eq(F(2)))
= Eq(F(f), F(9))- Q
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Once these auxiliary results are in place, the next two propositions establish a series
of standard facts about bisimulations and bisimilarity, see [378, Section 5]. We begin with
closure properties.

3.2.6. Proposition. Assume coalgebras X % F(X), X' LN F(X'), and Y A F(Y),
y' 4 F(Y") of a Kripke polynomial functor F. Bisimulations are closed under:

(i) reversal: if R C X XY is a bisimulation, then so is RFCY x X.

(ii) composition: if R C X x X' and S C X' x Y are bisimulations, then so is
(SoR)C X xY.

(iii) arbitrary unions: if R; C X x Y is a bisimulation for each i € I, then so is
Ui ReC X x Y.

(iv) inverse images: for homomorphisms f: X — Y and f': X' - Y, if RCY xY’
is a bisimulation, then so is (f x /)71 (R) C X x X'.

(v) direct images: for homomorphisms f: X — Y and f': X' - Y/, if RC X x X’
is a bisimulation, then so is ], ;/(R) €Y x Y.

Proof. (i) If the relation R is a bisimulation, i.e. if R C (¢ x d)~!(Rel(F)(R)), then

Rt C ((c x d)*l(Rel(F)(R))y
= (dx o) Rel(F)(R)T)
= (d x ¢)"Y(Rel(F)(R')) by Lemma 3.2.1 (ii).

(ii) Assume R C (c x e)"}(Rel(F)(R)) and S C (e x d) "} (Rel(F)(9)). If (z,y) €
(S o R), say with R(z,w) and S(w,y), then by assumption (c(z),e(w)) € Rel(F)(R)
and (e(w),d(y)) € Rel(F)(S). Hence (c(z),d(y)) € (Rel(F)(S) o Rel(F)(R)) =
Rel(F)(S o R), by Lemma 3.2.1 (iv). We have thus proved the inclusion (S o R) C

(e x d)~'(Rel(F)(S o R), and thus that S o R is a bisimulation.
(i) Assume R; C (¢ x d)~'(Rel(F)(R;)), foreach i € I. Then

Uier Bi € Uses(e x )™ (Rel(F)(Ry))
= (exd)™! (U;e; Rel(F)(R;)) since inverse image preserves unions
C (e x d)~! (Rel(F)(U;¢; Ri)) by monotony of relation lifting

(and of inverse images).
(iv) If R C (d x d')"'(Rel(F)(R)), then:

(f % ) \(R)

C (f % )71 x &) (Rel(F)(R)

= (ex )HUF(f) x F(f") " (Rel(F)(R)) because f, f’ are homomorphisms
= (e x )Y Rel(F)((f x f)"1(R))) by Lemma 3.2.2 (i).

) ¥], o (R) € Rel(F)(R), then:
Haxar Lpspr (B)
= Hrysrp Hexe () since f, f” are homomorphisms

C Hrpysr(sn Rel(F)(R)) by assumption
= Rel(F)(I ;5 (R)) by Lemma 3.2.2 (ii). a

3.2.7. Proposition. Let X > F(X), Y 4 F(Y)and Z % F(Z) be three coalgebras of
a Kripke polynomial functor F.
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(i) An arbitrary function f: X — Y is a homomorphism of coalgebras if and only if
its graph relation Graph(f) is a bisimulation.
(ii) The equality relation Eq(X) on X is a bisimulation equivalence. More generally,
for a homomorphism f: X — 'Y, the kernel relation Ker(f) is a bisimulation equivalence.
(iii) For two homomorphisms X L Z2%Y the image of the tuple Im({f, g)) C X XY
is a bisimulation.
(iv) For two homomorphisms X L 7 &Y in the opposite direction, the pullback
relation Eq(f, g) € X x Y is a bisimulation.

Proof. By using Lemma 3.2.1.
(i) Because:

Graph(f) is a bisimulation
<= Graph(f) C (c x d)~*(Rel(F)(Graph(f)))
= (¢ x d)~}(Graph(F(f))) by Lemma 3.2.5 (ii)
= Va,y. f@) =y = F(f)(e() = d(y)
= Va. F(f)(c(@)) = d(f())

<= [ is a homomorphism of coalgebras from c to d.

(ii) The fact that equality is a bisimulation follows directly from Lemma 3.2.1 (i).
Further, the kernel Ker(f) is a bisimulation because it can be written as Graph(f) o
Graph(f)~!, which is a bisimulation by (i) and by Proposition 3.2.6 (i), (ii).

(iii) We wish to prove an inclusion:

m((f,9)) € (cxd)""(Rel(F)(Im({f,9)))) = (¢ x d)"(Im((F(f). F(9)))),

where we used Lemma 3.2.5 (iii) for the last equation. This means that we have to prove:
for each z € Z there is a w € F(Z) with ¢(f(2)) = F(f)(w) and d(f(2)) = F(g)(w).
But clearly we can take w = e(z).

(iv) We now seek an inclusion:

Eq(f,9) € (¢ x d)~H(Rel(F)(Eq(f, 9))) = (¢ x d)" (Ba(F(f), F(9))),

via Lemma 3.2.5 (iv). But this amounts to: f(z) = g(y) = F(f)(c(z)) = G(f)(d(y)),
forall z € X,y € Y. The implication holds because both f and g are homomorphisms. ]

We can now also establish some elementary properties of bisimilarity.

3.2.8. Proposition. Ler F': Sets — Sets be a Kripke polynomial functor, with coalgebras
X S F(X), X' S F(X), andY % F(Y), Y 4 F(Y).
(i) The bisimilarity relation ;<> ; C X x Y is a bisimulation; it is the greatest among

all bisimulations between c and d.

(i) (24) Sy and 2 0 ,C &,

(iii) The bisimilarity relation ;> ,C X x X for a single coalgebra is a bisimulation
equivalence.

(iv) For homomorphisms of coalgebras f: X — Y and f': X' — Y’ one has, for
reX, 2 e X,

flx) 20 f@) =z o 2

Proof. (i) By Proposition 3.2.6 (iii).

(i) The first inclusion follows from Proposition 3.2.6 (i) and the second one from
Proposition 3.2.6 (ii).
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(iii) The bisimilarity relation <> C X x X is reflexive, because the equality relation
Eq(X) € X x X is a bisimulation, see Proposition 3.2.6 (ii). Symmetry and transitivity
of & follow from (ii).

(iv) Since ;4 C Y x Y’ is a bisimulation, so is (f x f/)7!(;&24) € X x X/,
by Proposition 3.2.6 (iv). Hence (f x f')~'(,& ) C .£ ., which corresponds to the
implication (=).

Similarly we obtain an inclusion ], (.2 ) C ;% , from Proposition 3.2.6 (v),

2

which yields («<=). a

Exercises

32.1. (i) Prove that relation lifting Rel(F’) for an exponent polynomial functor F' (hence with-
out powersets P) preserves non-empty intersections of relations: for I # (),

Rel(F)(Miey Ri) = Mies Rel(F)(Ri)

(ii) Assume now that F'is now a simple polynomial functor (also without exponents (7)/‘,
for A infinite). Prove that relation lifting Rel(F') preserves unions of ascending chains
of relations: if Sop € S1 C So C -+ then:

Rel(F)(Upen Sn) = Unen Rel(F)(Sy).

Which additional closure properties hold for bisimulations for coalgebras of such functors?

322. (i) Check thatif <is a preorder on a set X, then Rel(F)(<) is also a preorder on F'(X).
(ii) Prove the same with ‘poset” instead of ‘preorder’, for an exponent polynomial functor
F (without powerset).
(iii) Prove that a Galois connection f - g in:

f
(X, <x) Ny A (Y, <y)
g9

yields a “lifted” Galois connection F'(f) - F'(g) in:

F(f)
(FX)R(F)(<x)_ (F(Y),Rel(F)(<y))
F(g)

3.2.3.  Check that, in analogy with Proposition 3.2.6, congruences are closed under inverses, com-
position, arbitrary intersections, and under inverse and direct images.

3.2.4.  Prove the following analogue of Propositions 3.2.7 for algebras F(X) % X, F(Y) by

and F(Z) < Z of a polynomial functor F'.

(i) Afunction f: X — Y is ahomomorphism of algebras if and only if its graph relation
Graph(f) C X x Y is a congruence.

(i) The kernel relation Ker(f) of an algebra homomorphism f: X — Y is always a
congruence equivalence.

(iii) The image Im({f, g)) C X x Y of a pair of algebra homomorphisms X Lz4y
is a congruence.

(iv) The pullback relation Eq(f,g) € X x Y of a span of algebra homomorphisms X i>
Z& Yisa congruence.

32.5. Let R C X x X be an arbitrary relation on the state space of a coalgebra, and let R be

the least equivalence relation containing R. Prove that if R is a bisimulation, then R is a
bisimulation equivalence.

[Hint. Write R as union of iterated compositions R" for n € N.]
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3.2.6.  Check that lax relation lifting as introduced in Exercise 3.1.6 forms a functor in:

Relc (F)
Rel —— Rel

| |

Sets x Sets —————— Sets x Sets
FxF

and that simulations are coalgebras of this functor Relc (F')—like in Lemma 3.2.4.

3.2.7. This exercise describes a simple characterisation from [144] of when a function is definable
by induction. The analogue for coinduction is in Exercise 6.2.4.
Consider an initial algebra F'(A) =+ A of a polynomial functor F', where A # () Prove
that a function f: A — X is defined by initiality (i.e. f = int, for some algebra
a: T(X) — X on its codomain) if and only its kernel Ker( f) is a congruence.
[Hint. Extend the induced map F(A)/Ker(F(f)) — X along F(A)/Ker(F(f)) —
F(X) by using an arbitrary element in F'(A)/Ker(F(f)) obtained from A # 0.]

3.3 Bisimulations as spans and cospans

This section continues the investigation of bisimulations, and focusses specifically, on the
relation between the definition of bisimulation used here, given in terms of relation lifting,
and an earlier definition given by Aczel and Mendler [8, 11]. One of the main results is that
these definitions are equivalent, see Theorem 3.3.2.

The first lemma below establishes an important technical relationship which forms the
basis for the subsequent theorem. The lemma uses that relations can be considered as
sets themselves. From a logical perspective this involves a form of comprehension, see
e.g. [225, Chapter 4, Section 6] or [205, 45, 140].

3.3.1. Lemma. Let F: Sets — Sets be a Kripke polynomial functor, and R C X x
Y be an arbitrary relation, written via explicit functions (r1,r2): R — X x Y. The
lifted relation Rel(F)(R), considered as a set, is a retract of F'(R): there are functions
a: Rel(F)(R) — F(R) and B: F(R) — Rel(F)(R) with 3 o a = idRei(r)(r). More-
over, these v and 3 make the following triangle commute.

mem:::f:iiiﬂm

AL);F(Tz»

F(X)x F(Y)
This means that Rel(F)(R) — F(X) x F(Y) is the image of F(R) — F(X) x F(Y).

Proof. The functions « and /3 are constructed by induction on the structure of F'. In the
two base cases where F is the identity functor or a constant functor, « and 3 are each
other’s inverses. We shall consider two induction steps, for product and powerset.

If F is a product 'y x F,, we may assume appropriate functions o : Rel(F;)(R) —
F;(R) and §3;: F;(R) — Rel(F;)(R), for i = 1,2. The aim is to construct functions «,

GWNﬁmmmmwwmmmm>;uﬂmxﬂm

Rel(Fy)(R)(uz, v2) } T

The definitions are obvious:

a((u1, u2), (v1,v2)) = (ai(u1,v1), az(uz,v2))

=(
Blwy,we) = ((m1P1(wr), m1P2(w2)), (m2f1(wr), m2f2(w2)) ).
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If F is a powerset P(F}), we may assume functions o : Rel(Fy)(R) — Fi(R) and
B1: F1(R) — Rel(F1)(R) as in the lemma. We have to construct:

{(U,V)|Vu € U.3v € V.Rel(F})(R)(u,v) A
Yo € V.3u € U.Rel(Fy)(R)(u,v)}

>§;Mmm

In this case we define:
a(U, V) = {ar(u,v) |[ue UANv eV ARel(F1)(R)(u,v)}
BW) = ({mpBi(w) | we W} {mpbi(w) |we W})

Then, using that 5 o a; = id holds by assumption, we compute:

(Boa)(U,V)
= ({mprai(u,v) |[ue U AveV ARel(F)(R)(u,v)},
{mafra1(u,v) |[ue U AveV ARel(F)(R)(u,v)})

= ({ueU|3ve V.Rel(F1)(R)(u,v)},{v €V |Ju € URel(Fy)(R)(u,v)})

= (U, V). o

The formulation of bisimulation that we are using here relies on relation lifting, see
Definition 3.1.2 and Lemma 3.2.4 (ii), where bisimulations for coalgebras of a functor F'
are described as Rel(F')-coalgebras. This comes from [205]. An earlier definition was

introduced by Aczel and Mendler, see [8, 11]. With the last lemma we can prove the
equivalence of these definitions.

3.3.2. Theorem. Let X 5 F(X) and Y 4 F(Y) be two coalgebras of a polynomial

functor F. A relation (r1,r2): R — X xY is a bisimulation for c and d if and only if R is

an Aczel-Mendler bisimulation: R itself is the carrier of some coalgebra e: R — F(R),
making the the legs r; homomorphisms of coalgebras, as in:

P et gy FU2 Ly
| I Jo
X > R B Y

Thus, briefly: R carries a Rel(F)-coalgebra in the category Rel if and only if R carries
an F-coalgebra in Sets making the diagram commute.

Proof. In Lemma 3.2.4 (ii) we already saw that R C X x Y is a bisimulation according
to Definition 3.1.2 if and only it carries a Rel(F')-coalgebra; that is, if and only if the
function ¢ x d: X xY — F(X)x F(Y) restricts to a necessarily unique function f: R —
Rel(F')(R), making the square on the left below commute.

R-———— — — 5 Rel(F)(R) «&F(R>

B
(r1, 7‘2{
I //QMFm»

X XYTF(X) x F(Y)
The functions «, 3 in the triangle on the right form the retract from the previous lemma.
Then, if R is a bisimulation according to Definition 3.1.2, there is a function f as indicated,
sothatwo f: R — F(R) yields an F-coalgebra on R making the legs r; homomorphisms
of coalgebras. Conversely, if there is a coalgebra e: R — F'(R) making the r; homomor-
phisms, then 3 o e: R — Rel(F)(R) shows that R C (c x d) ™} (Rel(F)(R)). a
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This result gives rise to another two alternative characterisations of bisimilarity. For
non-polynomial functors on other categories than Sets these different descriptions may
diverge, see [401] for more information.

3.3.3. Theorem. Assume two elements * € X and y € Y of coalgebras X % F(X) and

y 4 F(Y) of a Kripke polynomial functor F: Sets — Sets. The following statements
are equivalent.

(i) @,y are bisimilar: x & ; y;

(ii) there is a span of coalgebra homomorphisms:

F(X)
Tc
X
(iii) x,y are behaviourally equivalent: there is a cospan of coalgebra homomorphisms:
F(X) E(Y)
Te +d
X Y
with h(z) = k(y).
N
L]

For the proof we recall from Exercise 2.1.14 that the category Sets has coequalisers,
and that categories of coalgebras CoAlg(F) of endofunctors of Sets then also have such
coequalisers.

f g
withx = f(z) and y = g(z),

F(Y) for some element z;
Td
Y

Proof. (i) = (ii). If z and y are bisimilar, then they are contained in some bisimulation
R C X x Y. By the previous result, this relation carries a coalgebra structure making the
two legs X <= R — Y homomorphisms, and thus a span of coalgebras.

(ii) = (iii). Assume there is a span of coalgebra homomorphisms f: W — X,
g: W — Y as described above in item (ii), with z = f(z) and y = g(z), for some
z € W. One obtains a cospan as in (iii) by taking the pushout of f, g in the category
CoAlg(F'). This notion of pushout has not been discussed yet, but it can be described in
terms of notions that we have seen. We form the coequaliser in CoAlg(F) in:

F(W) k1o f F(X+Y) ¢ [F@
T [ il — | 1
w K2 0 g X+Y Q
where the coalgebra in the middle on X + Y is [F(k1) o ¢, F(k2) o d], as in Proposi-
tion 2.1.5. Then we take h = ¢q o k1 and k = q o Ko, so that:

Mz) = q(riz) = q(r1f(2))
= q(kag(2)) since ¢ is coequaliser

q(k2y) = k(y).

(ii) = (iii). Assuming a cospan h, k of coalgebra homomorphisms with h(z) = k(y)
we take the pullback relation Eq(h, k) C X X Y. It is a bisimulation by Proposition 3.2.7
and it contains x, y by assumption. Hence = ,<> ; y. a

We postpone a discussion of the different formulations of the notion of bisimulation
to the end of this section. At this stage we shall use the new “Aczel-Mendler” bisimula-
tions in the following standard result—specifically in point (ii)—about monos and epis in
categories of coalgebras.
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3.3.4. Theorem. Let F': Sets — Sets be a Kripke polynomial functor.

(i) For a coalgebra c: X — F(X) and a bisimulation equivalence R C X x X, the
quotient set X/ R carries a unique quotient coalgebra structure, written as ¢c/R: X/R —
F(X/R), making the canonical quotient map [—|r: X — X/R a homomorphism of coal-
gebras, as in:

F([-]r)

FX)——" , F(X/R)

I [erm

X—»X/R

(-Ir

(i) A homomorphism of coalgebras f: X — Y from X % F(X)toY < F(Y)isa
monomorphism / epimorphism in the category CoAlg(F') if and only if f is an injective /
surjective function between the underlying sets.

(iii) Every homomorphism of coalgebras factors as an epimorphism followed by a mono-
morphism in CoAlg(F). This factorisation is essentially unique because of the following
“diagonal-fill-in” property. For each commuting square of coalgebra homomorphisms as
below, there is a unique diagonal homomorphism making both triangles commute.

This means that monomorphisms and epimorphisms in the category CoAlg(F') form a
so-called factorisation system, see [56, 35, 137], and Section 4.3.

As an aside, the result (ii) that a monomorphism between coalgebras is an injective
function holds for Kripke polynomial functors, but not for arbitrary functors, as shown
in [173].

Proof. (i) It suffices to prove that F'([—]) o c is constant on R. But this is obvious:

R C (cx )" (Rel(F)(R)) since R is a bisimulation
= (e x ) (Rel(F)(Kex([] )
= (e x o) Y Ker(F([-]r))) by Lemma 3.2.5 (i)
= Ker(F([-]r) © ¢).

(ii) It is standard that if a coalgebra homomorphism f is injective / surjective, then it
is a monomorphism / epimorphism in Sets—see also Exercise 2.5.8—and hence also in
CoAlg(F). Conversely, assume first that f is a monomorphism in CoAlg(F'). The kernel
(r1,72): Ker(f) — X x X is a bisimulation by Proposition 3.2.7 (ii). Hence it carries
an F'-coalgebra structure by the previous theorem, making the r; homomorphisms. From
f ori = fory, wecanconclude that 71 = ro, since f is a monomorphism in CoAlg(F).
But 7y = 73 yields that f is injective:

fla1) = f(z2) = (w1, 22) € Ker(f)
= 1 = 11(21,22) = r2(21,22) = 220
Next, assume that f is an epimorphism in CoAlg(F). There is a short categorical

argument that tells that f is then an epi in Sets, and thus surjective: the forgetful functor
CoAlg(F) — Sets creates colimits, see [378, Proposition 4.7]. However, we spell out
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the argument. That f is epi in CoAlg(F') can be reformulated as: the following diagram
is a coequaliser in CoAlg(F):

F(X) K10 f F(Y +7Y) lid, id] F(Y)
() === (51) ()

where the coalgebra in the middle is [F'(k1) o d, F/(k2) o d], as in Proposition 2.1.5. Since
in Sets a function is surjective if and only if it is an epimorphism—see Exercise 2.5.8 or
any basic textbook in category theory—it suffices to show that f is an epimorphism in Sets.
Thus we construct the coequaliser ¢: Y +Y — QinSetsof ki o f,re 0 f: X - Y +Y.
By Exercise 2.1.14 this quotient set Q) carries a unique coalgebra Q@ — F'(Q) making ¢ not
only a homomorphism in CoAlg(F) but also a coequaliser of the homomorphisms x o
f, K2 o f. Since coequalisers are determined up-to-isomorphism there is an isomorphism
©: Y 3 Qin CoAlg(F) with ¢ o [id,id] = g. This means that the codiagonal [id, id] is
also the coequaliser of k1 o f, k2 o f in Sets, and thus that f is an epimorphism in Sets
(and hence surjective).

(iii) Given a homomorphism of coalgebras f: X — Y, we know by Proposition 3.2.7 (ii)
that the kernel Ker(f) is a bisimulation equivalence. Hence by (i) the quotient X /Ker(f)
carries a coalgebra structure, and yields a standard factorisation (in Sets):

(x AN Y) = (X =5 X/Ker(f) 25 V).

The map e: X — X/Ker(f) is by definition of the unique coalgebra structure ¢’ on
X/Ker(f)—see point (i)—a homomorphism of coalgebras in:

F(e) F(m)
F(X) ————— F(X/Ker(f)) ————— F(Y)

+
CT 1d = c/Ker(f)

|
X ———»X/Ker(f) m—————Y

U

Not only the square on the left, but also the one on the right commutes, using that e is an
epimorphism: d o m = F(m) o ¢’ follows from:

domoe=4do f
= F(f)oc
F(m)o F(e)oc

F(m)ocd oe.

Thus, m: X/Ker(f) ~— Y is also a homomorphism of coalgebras. Hence we have a
factorisation X — X /Ker(f) — Y of f in the category CoAlg(F).

Regarding the diagonal-fill-in property, the diagonal is defined via the surjectivity of
the top arrow. Hence this diagonal is a homomorphism of coalgebras. a

3.3.1 Comparing definitions of bisimulation

We started this chapter by introducing bisimulations via the logical technique of relation
lifting, and later showed equivalence to quite different formulations in terms of (co)spans
(Theorems 3.3.2 and 3.3.3). We shall discuss some differences between these “logical” and
“span-based” approaches.
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1. The logical approach describes bisimulation as relations with a special property,
whereas the (co)span-based approaches rely on the existence of certain (coalgebra)
structure. This aspect of the logical approach is more appropriate, because it is in
line with the idea that bisimulations are special kinds of relations. If, in the Aczel-
Mendler approach, the coalgebra structure is necessarily unique, existence of this
structure also becomes a property. But uniqueness is neither required nor guaran-
teed. This is slightly unsatisfactory.

2. Relation lifting has been defined by induction on the structure of Kripke polynomial
functors. Therefore, the logical approach (so far) only applies to such a limited
collection of functors. Later, in Section 4.4 we will extend such lifting to functors
on categories equipped with a factorisation system. But (co)span-based approaches
apply more generally, without such factorisation structure. However, the dependence
on such structure may also be seen as an advantage, as will be argued next.

3. Relation lifting is a logical technique which is not restricted to the standard classical
logic of sets, but may be defined for more general (categorical) logics, in terms of
factorisation systems (see Section 4.4 below) or in terms of “indexed” or “fibred”
preorders, see [205, 225]. For instance, one may wish to consider topological spaces
with different logics, for instance with predicates given by the subsets which are
closed, or open, or both (clopen). Each of those preorders of predicates has different
algebraic / logical properties. Thus, the logical approach is more general (or flexible)
in another, logical dimension.

4. The cospan formulation (or behavioural equivalence) is essentially equivalent to
equality on the final coalgebra. But the convenient aspect of behavioural equivalence
is that it makes also makes sense in contexts where there is no final coalgebra.

5. Bisimulation relations can be constructed iteratively, by adding pairs until the relation
is appropriately closed. This is done for instance in tools like CIRC [310]. Such
techniques are not available for behavioural equivalence.

There is no clear answer as to which approach is “the best”. In more general situations—
other functors than the polynomial ones, on other categories than Sets—the various no-
tions may diverge (see [401]) and one may be better than the other. For instance, in coal-
gebraic modal logic the cospan based approach, using behavioural equivalence, see Theo-
rem 3.3.3 (iii), seems to work best. We have chosen to start from the logical approach be-
cause we consider it to be more intuitive and easier to use in concrete examples. However,
from now on we shall freely switch between the different approaches, and use whatever is
most convenient in a particular situation.

In Chapter 6 on invariants we shall encounter the same situation. There is a logical def-
inition based on “predicate lifting”. It leads to a notion of invariant, which, in the classical
logic of sets, is equivalent to the notion of subcoalgebra, see Theorem 6.2.5. The latter is
again defined in terms of structure, and applies to more general functors.

3.3.2 Congruences and spans

We conclude this section with two basic results for algebra. The first one is an analogue
of the Aczel-Mendler formulation of bisimulations (see Theorem 3.3.2) for congruences
on algebras. The second one involves quotient algebras; it requires an auxiliary technical
result about quotients in Sets.

3.3.5. Theorem. Assume two algebras a: F(X) — X and b: F(Y) — Y of a Kripke
polynomial functor F. A relation R C X X Y is a congruence relation if and only it
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carries a (necessarily unique) algebra structure F(R) — R itself, making the two legs
(r1,m2): R — X x Y of the inclusion homomorphisms of algebras, as in:

Fx) B0 oy F0D
| | |
X K R - Y

Proof. Recall the retract (v, 3), with 8 o a = id, from Lemma 3.3.1 in:

F(R)li Rel(F)(R) - - —— — — - 5B

<F(Tl)7F(Tz)N (r1,72)

F(X) xF(Y)TXXY
a
Assume R is a congruence, say via f: Rel(F)(R) — Rasabove. Then f o a: F(R) — R
is an algebra such that the r; are homomorphisms. Conversely, if an algebra c¢: F(R) — R
making the 7; morphisms of algebras exist, then ¢ o 3 ensures Rel(()(F))R < (a x
b)~"Y(R). ]
Theorem 3.3.4 describes coalgebras on quotients in the category Sets. Below we use

some special properties of sets, like the axiom of choice and the fact that each equivalence
relation is “effective™: it is equal to the kernel of its quotient map.

3.3.6. Lemma. Ler F': Sets — Sets be an arbitrary endofunctor. If ¢: X — X /R is the
quotient map of an equivalence relation (r1,72): R — X x X, then we have a coequaliser
diagram:

- EAGVEN F(q)
(R) e F(X) ————% F(X/R)
F(ry

Proof. The quotient map ¢: X — X/R sends an element € X to its equivalence class
q(z) = [z]r = {2’ € X | R(x,2')} wrt. the relation R. It is surjective, so by the
axiom of choice we may assume a section s: X/R — X with ¢ o s = id—as noted at
the end of Section 2.1. This section s chooses a representative in each equivalence class.
Since ¢(x) = q(s(q(z))) we get R(z, s(q(x))), for each z € X. Thus we can define a
function d: X — R by d(x) = (x,s(g(z))); by construction it satisfies ry o d = id and
rood=so0q.

We now turn to the diagram in the lemma. First, we know that the map F'(e) is surjec-
tive, because it has F'(s) as a section: F(q) o F(s) = F(q o s) = id. Next, assume we
have amap f: F(X) — Y with f o F(ry) = f o F(r2). Then:

[ = foidpix)y = foF(r1)o F(d)
= fo F(ry) o F(d) by assumption about f
= fo F(s)o F(q).
This shows that f/ = f o F(s): F(X/R) — Y is the required mediating map: f’ o
F(q) = f o F(s)o F(q) = f. Clearly, f is unique with this property, because F'(¢) is an
epimorphism (i.e. is surjective). ]
3.3.7. Proposition. Let R C X x X be a congruence equivalence relation (i.e. both
a congruence and an equivalence relation) on an algebra F(X) — X. The quotient

X/R carries a unique algebra structure a/R: F(X/R) — X /R making the quotient map
q: X — X/R a homomorphism of algebras.
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Proof. Since R is a quotient we may assume by Theorem 3.3.5 an algebra c¢: F(R) — R,
as on the left in:

oo —) F(g)

(R)__— {F(X)———» F(X/R)

(:J F(rz) al :(L/R
. h

R

X—»X/R
T2 q

The algebra structure a/ R exists because the top row is a coequaliser by Lemma 3.3.6, and:

goaoF(r1) =qgorioc
=gqoryoc since ¢ is coequaliser
=goaoF(ry). a

Such a result is of course well-known in universal algebra. Here we obtain it in a
uniform manner, for many functors (seen as signatures).

Exercises

3.3.1.  Assume a homomorphism of coalgebras f: X — Y has two factorisations X — U — Y
and X — V — Y. Prove that the diagonal-fill-in property of Theorem 3.3.4 (iii) yields a
unique isomorphism U = V' commuting with the mono- and epi-morphisms and with the
coalgebra structures.

3.3.2.  Use Theorem 3.3.5 to prove the binary induction proof principle in Theorem 3.1.4: every
congruence on an initial algebra is reflexive.

3.3.3.  Assume f: X — Y is an epimorphism in a category CoAlg(F), for a Kripke polynomial
functor F' on Sets. Prove that f is the coequaliser in CoAlg(F) of its own kernel pair
p1,p2: Ker(f) = X.
[Hint. Use that this property holds in Sets, and lift it to CoAlg(F).]

3.3.4.  Formally, a quotient of an object X in a category is an equivalence class of epimorphisms
X — o. Twoepise: X — U and d: X — V are equivalent when there is a necessarily
unique isomorphism h: U — V with h o e = d. Like for subobjects—which are equiva-
lence classes of monomorphisms—we often confuse a quotient with an epi that represents
it.

‘We now concentrate on the category Sets, and form a category Quot with:
objects quotients X — U

morphisms  from (X > U) to (Y 5 V') are maps f: X — Y for which there is a
necessarily unique map:

Use that quotients are effective in Sets to prove that there is an isomorphism of categories:

Quot — EqRel

~

Sets

where EqRel < Rel is the subcategory of equivalence relations R — X x X.
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3.4 Bisimulations and the coinduction proof principle

We have already seen that states of final coalgebras coincide with behaviours, and that
bisimilarity captures observational indistinguishability. Hence the following fundamental
result does not come as a surprise: states are bisimilar if and only if they have the same
behaviour, i.e. become equal when mapped to the final coalgebra. This insight has been
important in the development of the field of coalgebra.

3.4.1. Theorem ([414, 378]). Let F': Sets — Sets be a (finite) polynomial functor which
has a final coalgebra ¢: Z =+ F(Z). Letc: X — F(X)andd: Y — F(Y) be arbitrary
coalgebras, with associated homomorphisms beh.: X — Z and behy: Y — Z given by
finality. Two states x € X and y € Y are then bisimilar if and only if they have the same
behaviour:

x &,y <= beh.(z) = behy(y).

In particular, bisimilarity & Z x Z on the final coalgebra is equality.

Proof. (<) This is easy since we know by Proposition 3.2.7 (iv) that the pullback relation
Eq(beh,, behy) = {(z,y) | behc(xz) = behg(y)} € X X Y of two homomorphisms is a
bisimulation. Hence it is included in the greatest bisimulation < .

(=) The bisimilarity relation <> , is itself a bisimulation, so it carries by Theorem 3.3.2
a coalgebra structure e: (& ;) — F(, % ;) making the two legs ; of the relation (ry,72)
¢ (£, — X x Y homomorphisms. By finality we then get beh, o r; = behg o 7,
yielding the required result. Q.

This result gives rise to an important proof method for establishing that two states have
the same behaviour. This method is often referred to as the coinduction proof principle, and
goes back to [323]. It corresponds to the uniqueness part of the unique existence property
of behaviour maps in Definition 2.3.1.

3.4.2. Corollary (Coinduction proof principle). Two states have the same behaviour if and
only if there is a bisimulation that contains them.

Consequently: every bisimulation on a final coalgebra is contained in the equality
relation. a

The second formulation in this corollary is sometimes called ‘internal full abstractness’.
It is the dual of the binary induction principle from Theorem 3.1.4, stating that on an initial
algebra each congruence contains the equality relation (i.e. is reflexive).

As we shall see in Example 3.4.5 below, it may sometimes require a bit of ingenuity
to produce an appropriate bisimulation. The standard way to find such a bisimulation is
to start with the given equation as relation, and close it off with successor states until no
new elements appear. In that case one has only “circularities”. Formalising this approach
led to what is sometimes called circular rewriting, see e.g. [153], implemented in the tool
CIRC [310].

3.4.3. Corollary. Call a coalgebra c: X — F(X) observable if its bisimilarity relation
2 is equality on X. This is equivalent to a generalisation of the formulation used in
Exercise 2.5.14 for deterministic automata: the associated behaviour map beh.: X — Z
to the final coalgebra Z =+ F(Z), if any, is injective. a

Observable coalgebras are called simple in [378]. Coalgebras can always be forced to
be observable via quotienting, see Exercise 3.4.1 below.

Bisimilarity is closely related to equivalence of automata, expressed in terms of equal-
ity of accepted languages (see Corollary 2.3.6). This result, going back to [341], will be
illustrated next.
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3.4.4. Corollary. Consider two deterministic automata {(3;,¢;): S; — S{* x {0,1} with
initial states s; € S;, for i = 1,2. These states sy, sy are called equivalent if they accept
the same language. The states s, and s are then equivalent if and only if they are bisimilar.

Proof. Because the accepted languages are given by the behaviours beh s, .y (s;) € P(A*)
of the initial states, see Corollary 2.3.6 (ii). O

Early on in Section 1.2 we already saw examples of coinductive reasoning for se-
quences. Here we continue to illustrate coinduction with (regular) languages.

3.4.5. Example (Equality of regular languages [375]). In Corollary 2.3.6 (ii) we have seen
that the set £L(A) = P(A*) of languages over an alphabet A forms a final coalgebra,
namely for the deterministic automaton functor X ~ X4 x {0,1}. We recall that the
relevant coalgebra structure on £(A) is given on a language L C A* by:

L% L, where L, = {0 € A* | a- o € L} is the a-derivative of L
L |1 <= () € L which may simply be written as L |..

The subset R(A) C L(A) of so-called regular languages is built up inductively from
constants

0=0, 1={(}, {a}, for a € A, usually written simply as a,
and the three operations of union, concatenation and Kleene star:

K+L=KUL
KL={c-7|ce KAT€L}
K* = UneNKnv where K0 = 1 and K"*! = KK™.

See also Exercise 3.4.4 below. For example, the regular language a(a + b)*b consists of all
(finite) words consisting of letters a, b only, that start with an @ and end with a b. Regular
languages can be introduced in various other ways, for example as the languages accepted
by deterministic and non-deterministic automata with a finite state space (via what is called
Kleene’s theorem [270], or [395] for coalgebraic versions), or as the languages generated
by regular grammars. Regular languages (or expressions) are used in many situations, such
lexical analysis (as patterns for tokens), or text editing and retrieval (for context searches).
Regular expressions, see Exercise 3.4.4, are often used as search strings in a Unix/Linux
environment; for example in the command grep, for “general regular expression parser”.

An important topic is proving equality of regular languages. There are several ap-
proaches, namely via unpacking the definitions, via algebraic reasoning using a complete
set of laws (see [282] and also [231]), or via minimalisation of associated automata. A
fourth, coinductive approach is introduced in [375] using bisimulations. It is convenient,
and will be illustrated here.

Recall from Section 3.1 that a relation R C £(A) x L(A) is a bisimulation if for all
languages L, K,
R(Lq, K,) foralla € A

R(L,K) =
LLiff K|
The coinduction proof principle then says, for L, K € L£(A),
L = K <> there is a bisimulation R C £(A) x L(A) with R(L, K). 3.1)

We will use this same principle for the subset R(A) C L(A) of regular languages. This is
justified by the fact that the inclusion map R(A) < L£(A) is the unique homomorphism of
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coalgebras obtained by finality in:

R(AAx2————— + L(A)A x 2
R(A) - — = — — - - 5 L(4) = P(4*)

This works because the coalgebra structure on £(A) restricts to R(A). This coalgebra on
R(A) is given by the following rules for (Brzozowski) derivatives L, and termination L |.

0, =0 -(04)
1a =0 1l
1 ifb=a
by = - (b
{O otherwise ( i)
(K+L)g = Ko+ Lq K+L|iff KlorL|
K.,L+L, ifK .
(KL)o = * TEL kLl KIALL
K,L otherwise
(K*), = KoK~ K*|.

We shall illustrate the use of the coinduction proof principle (3.1) for establishing equal-
ity of regular languages via two examples.

1. For an arbitrary element a in the alphabet A one has
(1+a)* =a*.
As candidate bisimulation R in (3.1) we take:
R = {((14+a)*,a*)} U{(0,0)}.

The termination requirement obviously holds, so we concentrate on derivatives. First,
for a itself:

(1+a)*), = A+a)a (1+a)" = (lat+aa) (1+a)" = (0+1) (1+a)" = (1+a)*

and similarly:

*

(a*)a =a,a* =1a" =a*.

Hence the pair of a-derivatives (((1+a)*)q, (a*)a ) = ((1+a)*, a*) is again in the
relation R. Likewise, (0q,0,) = (0,0) € R. And for an element b 75 a we similarly
have (((1+a)*),, (a*),) = (0,0) € R. This shows that R is a bisimulation, and
completes the proof. The reader may wish to compare it to an alternative proof of
equality, using the definition of Kleene star (—)*.

2. Next we restrict ourselves to an alphabet A = {a, b} consisting of two (different)
letters only. Consider the two languages
E(b) = {0 € A* | o contains an even number of b’s}
O(b) = {o € A* | o contains an odd number of b’s}.

(We consider 0 € N to be even.) Using the definitions of derivative and termination,
it is not hard to see that:

E(b)a = E(b) E(b), = O(b) E@®) 4
O(b)a = O(b) o), = E(b) —~0(b) .
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Our aim is to prove the equality:
E(b) = a* 4+ a*b(a + ba*b)*ba*

via coinduction. This requires by (3.1) a bisimulation R containing both sides of the
equation. We take:

R = {(E(b),K)} U{(O(b),L)} where
K = a* +a*b(a+ ba*b)*ba*  (the right-hand side of the equation)
L = (a+ ba*b)*ba*.

The computations that show that R is a bisimulation use the above computation rules
for derivatives plus some obvious properties of the regular operations (like associa-
tivity, commutativity, X +0 = X and 1X = X):

K, = (a*)u + (a*)ub(a + ba*b)*ba* + (b(a + ba*b)*ba*)u
= a* + a*b(a + ba*b)*ba* + be(a + ba*b)*ba*
= K +0(a+ ba*b)*ba*
=K

Ky, = ((L*)b + (u*)bb(a + ba*b)*ba* + (b(a + ba*b)*ba*)b
= 0+ 0b(a + ba*b)*ba* + by(a + ba*b)*ba*
=040+ 1(a+ ba*b)*ba*
=1L

Lo = ((a+ba*b)*) ba* + (ba*),
= (a+ ba*b) a+ ba*b)*ba* + bga*
= (aq + bea*b)(a + ba*b)*ba* + Oa*
= (14 0a*b)(a+ ba*b)*ba* + 0
=1L
Ly = ((a+ ba*b)* )bba* + (ba*)b

= (a+ba*d),(a+ ba*b)*ba* + bya*
(ap + bpa*d)(a + ba*b)*ba* + 1a*

= a*b(a + ba*b)*ba* + a*

=K.

This shows that (U, V') € R implies both (U,, V,) € R and (U, V;) € R.
Further:
K| < a*| V a*bla+ ba*b)*ba* |
< true
L| < (a+0ba*b)*] A ba*|
<~ true A bl A a*]
<= true A false A true
<= false.

This shows that R is a bisimulation. As a result we obtain E(b) = K, as required,
but also, O(b) =

This concludes the example. For more information, see [375, 377, 379].
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There are many more examples of coinductive reasoning in the literature, in vari-
ous areas: non-well-founded sets [8, 62], processes [324], functional programs [161],
streams [379, 202] (with analytic functions as special case [345]), datatypes [201], do-
mains [124, 349], erc.

Exercises

34.1.  Check that for an arbitrary coalgebra ¢: X — F(X) of a Kripke polynomial functor,
the induced quotient coalgebra ¢/ <> : X/ — F(X/%) is observable—using Theo-
rem 3.3.4 (i) and Proposition 3.2.8 (iii). Is the mapping ¢ — ¢/<> functorial?

Note that since the canonical map [—|: X — X/ is a homomorphism, its graph is a
bisimulation. Hence a state = € X is bisimilar to its equivalence class [z] € X/<>. This
means that making a coalgebra observable does not change the behaviour.

34.2. (i) ([378, Theorem 8.1]) Prove that a coalgebra c is observable (or simple) if and only if

it has no proper quotients: every epimorphism ¢ — d is an isomorphism.
[Hint. Consider the kernel of such a map.]
(ii) Conclude that there is at most one homomorphism to an observable coalgebra.

3.4.3.  Prove the following analogue of Theorem 3.4.1 for algebras a: F(X) — X andb: F(Y) —
Y of a Kripke polynomial functor £, with an initial algebra F'(4) = A.

Two elements © € X and y € Y are interpretations = int,(¢) and y =
inty(t) of the same element ¢ € A if and only if the pair (z,y) is in each
congruence relation R C X x Y.

Conclude that for coalgebras ¢, d and algebras a, b:

Eq(beh,, behy) £ (beh, x behy) ™! (Eq)

= U{R | Ris abisimulation on the carriers of ¢, d}
v def
Im((intq, inty)) = ine., xine, (BQ)

= N{R | Ris a congruence on the carriers of a, b}.

3.4.4.  Fix an alphabet A and consider the simple polynomial functor
R(X)=14+14+A+ (X xX)+ (X xX)+X.
(i)  Show that the initial algebra RE of R is the set of regular expressions, given by the
BNF syntax:
E:=0|1|a|E+E|EE|E"
where a € A.
(ii) Define an interpretation map int: RE — P(A*) = L(A) by initiality, whose image

contains precisely the regular languages. In order to do so one needs an R-algebra
structure on the final coalgebra £(A), see also [231].

3.4.5.  Use coinduction to prove the equation:
(a+b)* = (a*b)*a” for alphabet A = {a, b, c}.
3.4.6.  (From [375]) Prove the following equality of regular languages (over the alphabet {a, b})
by coinduction.
((b*a)"ab™)* = 1+a(a+0b)" + (a +b)"aa(a +b)".

3.4.7.  Prove that the language K = a* + a*b(a + ba*b)*ba™ of words with an even numbers of
b’s from Example 3.4.5 is the language that is accepted by the following finite deterministic
automaton:

b

(O @D
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L]
Figure 3.1: Transition diagram of a machine for changing 5 and 10 Euro notes into coins.

with 1 both as initial and as final state. More formally, this automaton is (d,€): {0,1} —
{0,1}{* x {0, 1} with

3.5 Process semantics

This section will introduce a semantics for processes using final coalgebras for the finite
powerset functor Pg,. They capture the behaviour of so-called finitely branching transition
systems. This section forms an illustration of many of the ideas we have seen so far,
like behavioural interpretations via finality and compositional interpretations via initiality.
Also, we shall see how the coalgebraic notion of bisimilarity forms a congruence—an
algebraic notion. The material in this section builds on [414, 383], going back to [374]. It
will be put in a broader context via distributive laws in Section 5.5.

A first, non-trivial question is: what is a process? Usually one understands it as a run-
ning program. Thus, a sequential program, transforming input to output, when in operation
forms a process. But typical examples of processes are programs that are meant to be run-
ning ‘forever’, like operating systems or controllers. Often they consist of several processes
that run in parallel, with appropriate synchronisation between them. The proper way to de-
scribe such processes is not via input-output relations, like for sequential programs. Rather,
one looks at their behaviour, represented as suitable (infinite) trees.

Let us start with the kind of example that is often used to introduced processes. Sup-
pose we wish to describe a machine that can change €5 and €10 notes into €1 and €2
coins. We shall simply use ‘5" and ‘10’ as input labels. And as output labels we use pairs
(4,7) to describe the return of i 2-€ coins and j 1-€ coins. Also there is a special output
action empty that indicates that the machine does not have enough coins left. Our abstract
description will not determine which combination of coins is returned, but only gives the
various options as a non-deterministic choice. Pictorially this yields a “state-transition”
diagram like in Figure 3.5. Notice that the machine can only make a ‘5 or ‘10’ transition
if it can return a corresponding change. Otherwise, it can only do an ‘empty’ step.

In this section we shall describe such transition systems as coalgebras, namely as coal-
gebras of the functor X — P, (X )A, for various sets A of “labels” or “actions”. As
usual, for states s, s’ € S and actions a € A we write s — s’ for s’ € c(s)(a), where
c: S — Pun(S)? is our coalgebra. Note that for each state s € S and input @ € A there
are only finitely many successor states s’ with s — s’. Therefore, such transition systems
are often called finitely branching.
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In the example of Figure 3.5, the set of labels is:
E = {5,10,(2,1),(1,3),(0,5),(5,0), (4,2),(3,4), (2,6), (1,8), (0,10), empty}.
And the set of states is:
S = {Sn- S1, 82, 83, 54, S5, 56, 57, S8, 59, 510},

with “change” coalgebra structure ch: S — Pg,(S)” given by:

{s1, 82,83} ifa=5

ch(so) = MacE {s4, 85, 86, 57,588,580} ifa=10

0) = .

{810} if a = empty
0 otherwise

ch(si) = M€k, {so} ifa=(21) 32)
0 otherwise

ch(sz) = Xa€E {so} ifa=(13)
0 otherwise

etc.

Since the functor X + P;,(X) is a finite Kripke polynomial functor, we know by The-
orem 2.3.9 that it has a final coalgebra. In this section we shall write this final coalgebra
as:

Ca

ZA ————— Pan(Za)4, 3.3)
where the set of inputs A is a parameter. We do not really care what these sets Z 4 actually
look like, because we shall only use their universal properties, and do not wish to depend
on a concrete representation. However, concrete descriptions in terms of certain finitely
branching trees modulo bisimilarity may be given, see [414, Section 4.3] (following [55]).
In this context we shall call the elements of carrier Z4 of the final coalgebra processes.

Our change machine coalgebra ch from Figure 3.5 with its set of actions E thus gives
rise to a behaviour map:

Pun($)P - — == - == - + Pin(Z)"
chT %’TC o) 34
S———==-=-—-=-—-= +Z,
behgn s
The behaviour function behgy, turns the concrete states s, . . . , s19 of our change machine

into abstract states of the final coalgebra Zg—i.e. into processes—with the same behaviour.

3.5.1 Process descriptions

Several languages have been proposed in the literature to capture processes, such as Alge-
bra of Communicating Processes (ACP) [68, 130], Calculus of Communicating Systems
(CCS) [323, 324] or Communicating Sequential Processes (CSP) [209]. The goal of such
languages is to study processes via axiom systems in which notions like sequential and
parallel execution, alternative choice, communication, efc. are formalised by means of al-
gebraic operations and equations. It is not our aim to go into precise syntax and into the
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various differences between these formalisms. Instead we concentrate on the semantics and
describe only a few basic operations on processes, showing how they can be interpreted in
a final coalgebra of the form (3.3). As an example, the above change machine could be
described via a (recursive) process equation:
CH=5-(2,1)-CH+5-(1,3)-CH+5-(0,5)- CH+
10-(5,0)-CH+10-(4,2)-CH+10-(3,4) -CH+
10-(2,6)-CH+10-(1,8)-CH+10-(0,10) - CH+
empty - 0.

(3.5)

Process algebras can be understood more generally as providing a convenient syntax for
describing various kinds of transition systems, see also Example 3.5.1 below.

In the following we fix an arbitrary set A of actions, and we consider the associated
final coalgebra Z 4 =, Pﬁn(ZA)A as in (3.3). We shall describe a collection of operations
(such as + and - above) on processes, understood as elements of Z 4.

The null process

One can define a trivial process which does nothing. It is commonly denoted as 0, and is
defined as: )
0% (M (ac A.0).

This means that there are no successor states of the process 0 € Z 4—since by construction
the set of successors (4 (0)(a) is empty, for each label @ € A.

Sum of two processes

Given two processes 21, 22 € Z 4, one can define a sum process 21 + 22 € Z 4 via the union
operation U on subsets:

PR ¢a'(Ma € A.Ca(z1)(a) U Ca(22)(a)).

Then:
(21 + 22) > w = w € (alz1 + 22)(a)
<> w € (a(21)(a) U Ca(22)(a)
< w € Ca(z1)(a) or w € a(22)(a)
=z S w or 2z~ w.
This means that there is an a-transition out of the sum process z; + 2 if and only if there is

an a-transition either out of z; or out of z5. In the process literature one usually encounters
the following two rules:

a a
z1 —rw 29 — W
(3.6)

2 a
2tz w 21+ 22 —w

It is not hard to see that the structure (Z4, +,0) is a commutative monoid with idempotent
operation: z + z = z forall z € Z4.

Prefixing of actions
Given a process z € Z4 and an action b € A there is a process b - z which first performs b
and then continues with z. It can be defined as:

bz ¢2'(Ma € A.if a = bthen {z} else 0)

=('(NaeA{z|a=0b}).
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We then have, forw € Z4 and b € A,

(b-2) 5w <= weCalb-2)(a)
= we{z|a=0}
= a=bAw=z

This gives the standard rule:

b 3.7

3.5.1. Example (Change machine, continued). Having defined prefixing and sum we can
verify the validity of the change machine equation (3.5), for the interpretation CH =
behen(so) € Zg from (3.2). First we note that:

(2,1)-CH = (5" (Aa € B (ifa = (2,1) then {behen(s0)} else 0))
= (5" (Aa € B. Pr(behen) (if a = (2, 1) then {sp} else w))
= (5 (M€ E. Pﬁn(behch)(ch(sl)(a)))
= CETI Xa € E. CE(behch(sl))(a))
since behgp is a map of coalgebras in (3.4)
= G (¢o(behen(s)))
= behen(s1)

Similar equations can be derived for the states ss, ..., Sg. And for s19 we have:

behen(s10) = C5' (M € E.Cx (behch(sl()))(a))
= ¢z (M€ E. Pﬁn(behch)(ch(slo)(a)))
= 5" (A € E. Pra(behn) (0))
= Gg'(hac £.0)
=o0.

Finally we can check that the equation (3.5) holds for the behaviour CH = behgn(sp),
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since for each action a € E we have:
(o(CH)(@)
= (r(behen(s10))(a)
"Pﬁn(behch)(ch(s(])(a)) by (3.4)
{behgn(s1), behen(s2), behen(s3)} ifa=5
{behen(s4), behen(ss), behen(se),
behen(s7), behen(ss), behen(sg)}  if a =10
{behen(s10)} if a = empty
{behen(s1), behen(s2), behen(ss) [ a =5} U
{ beheh(s4), behen(s5), behen(s6), behen(s7), behen(ss), behen(sg) | a = 10}
U {ch(sio) | a = empty}
= {behen(s1) | @ =5} U {behen(s2) | @ =5} U {behen(ss) [a =5} U
{behen(s4) | @ =10} U { behen(ss) | a = 10} U { behen(se) | a = 10} U
{behenh(s7) | a =10} U {behen(ss) | a = 10} U { behgn(sg) | a = 10} U
{ch(s10) | a = empty}
=(p(5-(2,1) - CH)(a) U C(5- (1,3) - CH)(a) U Cp(5- (0,5) - CH)(a) U
Ce(10-(5,0) - CH)(a) U C(10- (4,2) - CH)(a) U (£(10- (3,4) - CH)(a) U
Ce(10-(2,6) - CH)(a) U ¢(10- (1,8) - CH)(a) U (£ (10 - (0,10) - CH)(a) U
Ce(empty - 0)(a)
= gE(5-(2,1)-CH+5-(1,3)-CH+5-(0,5)-CH+
10 (5,0)-CH+10- (4,2)-CH+10-(3,4) - CH+
10-(2,6)-CH + 10 - (1,8) - CH + 10 - (0,10) - CH + empty - 0) ().

This example illustrates an approach for verifying that a transition system on an arbitrary
state space satisfies a certain process equation:

1. Map the transition system to the final coalgebra via the behaviour map beh;

2. Check the equation for beh(s), where s is a suitable (initial) state, using the above
interpretations of the process combinators +, O, - etc. on the final coalgebra.

3.5.2 A simple process algebra

In the previous subsection we have seen several process combinators, described as func-
tions on a terminal coalgebra Z4 =, Pin(Z. A)A. Next we shall consider these basic
combinators as constructors of a very simple process language, often called Basic Process
Algebra (BPA), see [130, 412]. In the spirit of this text, the language of finite terms will be
described as an initial algebra.

For an arbitrary set A of actions, consider the simple polynomial functor ¥ 4 : Sets —
Sets given by

YaAX) =1+ AxX)+ (X x X)

An algebra ¥ 4(X) — X for this functor thus consists of three operations which we call
0: 1 — X for null-process, -: A x X — X for prefixing, and +: X x X — X for sum.
‘We have seen that the final coalgebra Z4 = Pﬁn(ZA)A carries a X 4-algebra structure
which we shall write as £4: 3 4(Z4) — Za. Itis given by the structure described earlier
(before Example 3.5.1). Thus we have a bialgebra of processes:

Sa(Za) — 2 7, Z‘

Pﬁn(ZA)A
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The free 3 4-algebra on a set V' consists the terms build up from the elements from V" as
variables. An interesting algebra is given by the free X 4-algebra on the final coalgebra Z 4.
It consists of terms built out of processes, as studied in [374] under the phrase “processes
as terms”. Here we shall write P4 for the initial ¥ 4-algebra, i.e. the free algebra on the
empty set. The set P4 contains the “closed” process terms, without free variables. They
are built up from 0 and a € A. We shall write this algebraas a: X 4(Pa) =5 Py, Itis not
hard to see that the set P4 of process terms also carries a bialgebra structure:

Sa(Pa) Py—" Pin(Pa)

(e
=Y

The coalgebra (3 is defined by induction, following the transition rules (3.6), (3.7). For each
a€A,

B(0)(a) = 0
Bb-s)(a) = {s|b=a}
B(s +)(a) = B(s)(a) U B(1) @)

These definitions form a very simple example of a structural operations semantics (SOS):
operational behaviour defined by induction on the structure of terms.

The next result shows that the denotational semantics given by initiality and operational
semantics given by finality for process terms coincide.

3.5.2. Proposition. In the above situation we obtain two maps Py — Z 4, one by initiality
and one by finality:

4 (int, Pjin(behg)

Ya(Pa) - *A*( - i) Ya(Za) Ppn(Pa)? R Pn(Za)*
O
Piom o z Py z

A intq 7oA A behg 7

These two maps are equal, so that int, = behg: Py — Z4 is a “map of bialgebras”
commuting both with the algebra and coalgebra structures. This proves in particular that
the behavioural semantics behg of processes is compositional: it commutes with the term
forming operations.

Proof. By induction on the structure of a term s € P4 we prove that behg(s) = int, (s),
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or equivalently, ¢(behg(s))(a) = ¢((inta(s))(a), forall a € A.

((behg(0))(a) = Pra(behp)?(8(0))(a)
= Prn(behg)(8(0)(a))
= Pin(behs) (@)
=10
= ¢(0)(a)
= ((int4(0))(a).
((behg(b-s))(a) = Prn(behg)(B(b-s)(a))
= Pan(behg)({s | b= a})
= {behg(s) | b=a})
= {inta(s) | b=1a})
= ((b-inty(s))(a)
= ((inta (b s))(a)
C(behg(s+1))(a) = Pun(behg)(B(s +t)(a))
= Pan(behg)(B(s)(a) U B(t)(a))
= Phn(behs)(B(s)(a)) U Pin(behg)(B(t)(a))
= ((behy(s)(a) U ¢(behs(t))(a)
W (inta(s))(@) U C(inta(t)(@)
= ((into(s) +inta(t))(a)
= ((intals +1)(). o

3.5.3. Proposition. Still in the above situation, the bisimilarity relation < on the set Py
of process terms is a congruence.

Proof. Consider the following diagram, where we abbreviate f = behg = int,,.

d Ya(fom)
Ta(2) ——————3a(Pa) x Ba(Pa) Ya(Za)
| l Ya(fom) J
| axa ¢
1 fom
G Pax P4 Za
) fom

The map e is the equaliser of f o 71 and f o 7o, using Theorem 3.4.1. The map d is the pair
(X a(m 0 e),X(ms 0 €)). We show that (o X «) o d equalises f o 7y, f o ma. The dashed
arrow then exists by the universal property of the equaliser e, making <> a congruence (see
Theorem 3.3.5). Thus, what remains is:
fomo(axa)od

=int,oaomod

= £ oY (inty) o X4(m 0€)

= £oXy(inty) o Xa(me 0€) since e is equaliser and behg = int,
int,oaomod

fomo(axa)od. a

This result shows that s <> s’ and ¢t <> ' impliesa - s £ a-s and s+t & s +
t’. Such congruence results are fundamental in process algebra, because they show that
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the algebraic operations for process formation preserve indistinguishability of behaviour.
Later, in Section 5.5, this topic will be studied in greater generality (following [413, 412,
59, 274]). A more abstract view on the structure we find on the final coalgebra Z4 is
elaborated in [194, 189, 191], where it is shown that “outer” structure that can be formulated
on coalgebras is mimicked by “inner” structure on the final coalgebra.

The toy example (3.5) of this section illustrates the close connection between final coal-
gebras and process languages. This connection is further elaborated in [395] (and [394])
where locally final coalgebras of polynomial functors are described syntactically.

Exercises

3.5.1.  Complete the definition of the coalgebrach: S — P (S)¥ in the beginning of this section.
3.52.  Provethat (Za,+,0) is indeed a commutative monoid, as claimed above.

3.5.3.  One can consider each action a € A as a process

. def

a=a-0€2Zy

It can do only an a-transition. Prove that this yields an injection A < Z4.

3.5.4.  Consider the following alternative process equation for a Euro change machine.

CH =5- ((2, 1) - CH +(1,3) - CH + (0,5) ~CH')
110- ((s, 0)-CH' + (4,2) - CH + (3,4) - CH' +
(2,6) - CH' + (1,8) - CH' + (0, 10) - CH‘)
+ empty.
Understand the difference between CH in (3.5) and this CH’, for instance by describing a

suitable transition system which forms a model of this equation.
Are CH and CH’ bisimilar?

Chapter 4
Logic, Lifting, and Finality

The previous three chapters have introduced some basic elements of the theory of coal-
gebras, focusing on coalgebraic system descriptions, homomorphisms, behaviour, finality
and bisimilarity. So far, only relatively simple coalgebras have been used, for inductively
defined classes of polynomial functors, on the category Sets of sets and functions. This
chapter will go beyond these polynomial functors, and will consider other examples. But
more importantly, it will follow a different, more systematic approach, not relying on the
way functors are constructed, but on the properties they satisfy—and work from there.
Inevitably, this chapter will technically be more challenging, requiring more categorical
maturity from the reader. However, the chapter can also be skipped and consulted later, on
a call-by-need basis.

The chapter starts with a concrete description of two new functors, namely the multiset
and distribution functors, written as M and D respectively. As we shall see, on the one
hand, from an abstract point of view, they are much like powerset P, but on the other hand
they capture different kinds of computation: D is used for probabilistic computation and
M for resource-sensitive computation.

Subsequently, Sections 4.2-4.5 will take a systematic look at relation lifting—used in
the previous chapter to define bisimulation relations. Relation lifting will be described as a
certain logical operation, which will be developed on the basis of a moderate amount of cat-
egorical logic, in terms of so-called factorisation systems. This will give rise to the notion
of ‘logical bisimulation’ in Section 4.5. It is compared to several alternative formulations.
For weak pullback preserving functors on Sets these different formulations coincide. With
this theory in place Section 4.6 concentrates on the existence of final coalgebras. Recall
that earlier we skipped the proof of Theorem 2.3.9, claiming the existence of final coalge-
bras for finite Kripke polynomial functors. Here we present general existence results, for
‘bounded’ endofunctors on Sets. Finally, Section 4.7 contains another characterisation of
simple polynomial functors in terms of size and preservation properties. It also contains
a characterisation of more general “analytical” functors, which includes for instance the
multiset functor M.

4.1 Multiset and distribution functors

A set is a collection of elements. Such an element, if it occurs in the set, occurs only
once. This sounds completely trivial. But one can imagine situations in which multiple
occurrences of the same element can be relevant. For instance, in a list it is quite natural
that one and the same element occurs multiple times—but at different places in the list. A
multiset—or what computer scientists usually call a bag—is a ‘set” in which an element
2 may occur multiple times. One can write this for instance as 2z, 10z, 1z, or even Ox,
where the n in na describes that - occurs n times.

117
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operator order relevant | multiplicities relevant
list (—)* Yes Yes
powerset P No No
multiset M No Yes
distribution D No Yes

Figure 4.1: Various collection types described as functors

Thus once can distinguish different operators for collecting elements according to wheth-
er the order of occurrence of elements matters, or whether multiplicities of elements are
relevant. The table in Figure 4.1 describes some of these collection types.

An important question is how to count occurrences of elements in a multiset. The
obvious choice is to use natural numbers nz, like above. But it turns out to be convenient
to allow also negative occurrences (—2)z, describing for instance a ‘lack’ or ‘deficit’ of
two elements z. But also one may want to allow %z so that the number in front of  may
be interpreted as the probability of having x in a set. This is precisely what happens in the
distribution functor D, see below.

It thus makes sense to allow a quite general form of counting elements. We shall use
an arbitrary commutative monoid M = (M, +,0) for this purpose, and write occurrences
of an element x as ma or sometimes m - x, for m € M. The expression Oz is then used for
non-occurrence of x. Later on, in Section 5.1 we shall see that it makes sense to assume
more than an additive monoid structure on multiplicities, namely also multiplication (giving
a semiring). But for now a monoid structure suffices.

The operation of forming (finite) multisets of a given set is functorial. The resulting
functor will be called the multiset functor, and written as M. It is called the “monoidal
exponentiation functor” in [394] (see also [174, 168]).

4.1.1. Definition. For a commutative monoid M = (M, +,0) we define the multiset
functor M, : Sets — Sets on a set X as:

M (X) = {¢: X = M | supp(p) is finite},

where supp(¢) = {z € X | p(z) # 0} is called the support of ¢.
On a function f: X — Y one has M (f): Mp(X) = My (Y) via:

Mu(D)@W) = > wl@) =Y {p() |z € supp(yp) with f(x) = y}.

zef~(y)

This definition requires some explanation. A multiset ¢ € M/ (X) is a function
¢: X — M which is non-zero on only finitely many elements, say ¢(z1) # 0, ---,
@(z,,) # 0. The support of  is then the subset supp(p) = {z1,...,2,} € X of those
elements that occur in the multiset, with certain multiplicities. The multiplicity of x; €
supp(y) is ¢(z;) € M. One conveniently writes such a multiset as formal sum m;x, +
+++ 4 Mpxy, where m; = @(x;) € M is the multiplicity of the element z;. By convention,
the + in these formal sums is commutative and associative; mz + m’z is the same as
(m +m')x, and mz + Oy is ma.

With this formal sum notation we can write the action of the functor M ; on functions
as:

M (f) (mmt] 4+ 4 m,b:r,,,) =myf(z1) + -+ mpf(an).
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This works by the above mentioned conventions about formal sums. Preservation of com-
position holds simply by:

Mar(g)(Mar(F) (2 mazi)) = Mar(g) (2 mif (i) = 325 mag(f(x:))
= Mu(g o f)X,; mixi).

Thus, M /(X)) contains finite multisets, with elements from the set X and multiplicities
in the monoid M. We restrict ourselves to finite multiset, to make sure that the sums _ in
the definition of M/ (f) in Definition 4.1.1 exist.

Before describing examples, we mention some obvious properties.

4.1.2. Lemma. The empty multiset and the join of multisets make the sets M (X ) from
Definition 4.1.1 commutative monoids; the functions M (f): M (X) — My (Y) pre-
serve this monoid structure.

Further, for the initial (empty) set 0, for the final (singleton) set 1, and for a finite set
V, there are isomorphisms:

M (0) 21 My(1) = M My (V) = MY
(which are all isomorphisms of monoids).

Proof. The monoid structure on M (X)) can be described pointwise:
o+ = e X o) +(x) withzero Are X.0

Alternatively, it may be described in terms of the formal sums: the operations represent the
join of multisets and the empty multiset. The isomorphisms are obvious. a

4.1.3. Examples. For some specific examples of monoids M we describe the multiset
M(X) in some more detail. The characterisations we give as free structures can be
checked per case, but turn out to be instances of a more general result, see Example 5.4.3 (ii)
later on.

(1) We start with M = N, the commutative monoid of natural numbers with addition
(0,4). The set My(X) contains ‘traditional’ multisets (or bags), with natural numbers as
multiplicities. This set My (X) is the free commutative monoid on the set X.

(ii) For M = Z we can additionally have negative occurrences of elements in Mz (X).
This Mz(X) is the free commutative (Abelian) group on X.

(iii) For the two-element monoid M = 2 = {0, 1}, with join V (logical or) and unit 0
as monoid structure, there are no multiplicities except 0 and 1. Hence multisets over 2 are
finite subsets: Mo (X) = Py (X).

(iv) For M = R we get real numbers as multiplicities and Mg (X) is free vector space
over R on X. Scalar multiplication is given by r ® o = Az. r-¢(z), where - is multiplication
of real numbers.

The general description of multisets, over an arbitrary monoid, thus covers various
mathematical structures. Next we illustrate how repeated multisets are of interest, namely
in order to describe (multivariate) polynomials.

4.1.4. Example. Above we have used formal sums m;xz; +- - -+m,,x,, as convenient nota-
tion for multisets. For monoids and groups one sometimes uses additive notation (0, +) and
sometimes multiplicative notation (1,-). Similarly, one may choose to use multiplicative
notation for multisets, as in:

2T i
Ty Tn "

Now let’s consider the repeated multiset functor application:

M (Mu(X)) (@.1)
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where M is an arbitrary monoid. An element ® € M, (MN(X )) is described as a formal
sum of multisets:

@ =Y, mip;  where  @; € My(X).

Now it is convenient to use multiplicative notation for the inner multisets ¢;, so that we
get:
O =3 mry! 7?,;: for ki,nij € N.

Thus, elements of the double-multiset (4.1) are polynomials (as in algebra), with coeffi-
cients m,; from M. They are so-called multivariate polynomials, involving multiple vari-
ables x;;, taken from a set of variables X. The univariate polynomials, with only one
variable—say x—are obtained as special case of (4.1), namely by taking the singleton set
X = 1. The element of My, (MN(I)) = M (N) are formal sums ), m;n;, commonly
written as ), m;x™, where x is a chosen variable.

This concludes, for the time being, our investigation of multiset functors. In Section 5.1
we shall return to them and see that they carry a monad structure, provided the set of
multiplicities is not only a monoid but also a semiring (with additionally multiplication,
see Definition 5.1.4 and Lemma 5.1.5). In the remainder of this section we investigate the
distribution functor D, which involves probabilities as multiplicities.

4.1.5. Definition. The (discrete probability) distribution functor D: Sets — Sets is
defined as:

D(X) = {¢: X = [0,1] | supp(p) is finite and ) o(z) =1},

where [0,1] C R be the unit interval of real numbers, and supp(¢) C X is the subset
of x € X where p(x) # 0, like in Definition 4.1.1. For a function f: X — Y the map
D(f): D(X) — D(Y) is defined as for multisets, namely by:

D))y = Y. ¢@) =D {p@) |z e supp(p) with f(z) = y}.

zef~1(y)

A discrete probability distribution ¢ € D(X) may be identified with a formal convex
sum rizy + - -+ + rp@y,, where supp(p) = {z1,...,2,} and r; = p(z;) € [0,1] is the
probability associated with the element 2; € X. These probabilities are required to add up
toone: ), r; = 1. With this formal sum notation we can again describe the functor applied
to a function f succinctly as D(f)(3°, rixi) = Y, 7:.f (), like for multiset functors. This
shows that the map D(f) is well-defined, in the sense 3>, D(f)(¢)(y) = 1.

For distributions ), r;z; € D(X) the probabilities 7; € [0, 1] add up to 1. In some
situations one wishes to be more flexible and allow >~ 7; < 1. Such “sub” probability dis-
tributions give rise to a “sub” probability functor D<; : Sets — Sets. These sets D<1(X)
have more structure than sets D(X) of (proper) probabilities. For instance D<1(X) is a
depo (used in [193]) and carries an action [0, 1] x D<1(X) — D<;(X).

Multiset functors My, are parametrised by a monoid M. In contrast, distributions in
D(X) take their values in the (fixed) set [0, 1] of probabilities. It is also possible to replace
[0, 1] by a parameterised structure, namely a so-called effect monoid, see [236]. Such effect
monoids are used in the probability theory developed in the context of quantum mechanics
(see e.g. [363]). However, such generality is not needed here.

In analogy with Lemma 4.1.2 we have the following results for distribution functors.

4.1.6. Lemma. For the distribution functor D there are the following isomorphisms.

D(0) = 0 D(1) =1 D(2) = [0,1]. Q
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We saw that sets M (X)) are commutative monoids. Sets D(X) also carry algebraic
structure in the form of convex sums, see [232]. Further investigation of the categorical
structure of distribution functors will be postponed until Section 5.1 on monads. We con-
clude by briefly describing what coalgebras of the functors M, and D introduced in this
section.

Coalgebras c¢: X — D(X) of the distribution functor map a state x to a probability
distribution ¢(X) € D(X) over successor states. Such a distribution may be written as
c(x) = ray + - + rpxy, where >, 7; = 1. A transition + — a; takes place with
probability r; € [0, 1]. Sometimes this written as 2 — ;. Such a probabilistic transition
system X — D(X) is also known as Markov chain. This basic form may be extended in
various ways, for instance with labels, as in X — D(A x X), or with non-determinism, as
in X — P(AxD(X)), see [391]. A classification of various such systems is given in [61].

Here is a very simple example of a Markov chain. Assume an abstract political land-
scape where only lefties (L) and righties (R) are distinguished. It appears that with each
cycle (of one year, say) 80% of lefties remain lefties and 20% become righties. The righties
are more stable: 90% of them remains loyal, and 10% become lefties. This may be written
as a Markov chain, or probabilistic automaton, with two states L and R.

0.8 0.2 0.9

%C ®/D 4.2)
0.1

This Markov chain can equivalently be described as a coalgebra c: {L, R} — D({L, R})
of the distribution functor. The function ¢ maps each state to a distribution, written as
formal convex sum:

o(L) = 0.8L + 0.2R ¢(R) = 0.1L + 0.9R.

Conventionally, such a system is described via a transition matrix:

0.8 0.2
0.1 0.9

and the analysis of the system proceeds via an analysis of the matrix (see [269, 213] for
more information).

So far we have seen non-deterministic systems as coalgebras of the powerset functor
‘P and probabilistic systems as coalgebras of the distribution functor D. Many systems
display both non-deterministic and probabilistic behaviour, in many combinations. Via a
description in terms of coalgebras the differences can be seen clearly. Figure 4.2 gives
an overview of the various systems that have been studied in the literature. The table is
copied from [60, 399], to which we refer for more information. Here we focus on discrete
probabilistic systems, in contrast to continuous ones, taking measurable spaces as state
spaces. Such continuous systems can also be described as coalgebras, namely of the “Giry”
functor (or monad), see [147] and [339, 115] for more information.

Coalgebras ¢: X — M ;(X) of a multiset functor are known as multigraphs [106].
They can be understood more generally in terms of resources or costs m € M associated
with a transition, as in 2 — &’ when ¢(z)(z') = m. This is characteristic of a weighted
automaton, see [387, 116, 84].

4.1.1 Mappings between collection functors

In Figure 4.1 we have seen various functors, like list (—)*, powerset P, multiset M and
distribution D that collect elements in a certain way. An obvious question that comes up
is if we can relate these functors, via suitable mappings. This can be done via natural
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Figure 4.2: An overview of (discrete) probabilistic system types, taken from [60, 399]

Functor F' Name for X — F(X) | Reference
D Markov chain
P(Ax —)=pA labelled transition system
(1+D(-)4 reactive system [301, 149]
1+D(Ax—) generative systems [149]
1+ (Ax—=)+D(-) stratified system [149]
D(-)+PAx-) alternating system [185]
D(Ax =)+ P(Ax—) Vardi system [417]
P(A xD(-)) simple Segala system [392, 391]
PD(A x —) Segala system [392, 391]
DP(Ax —) bundle system [109]
PDP(Ax —) Pnueli-Zuck system [358]

PDP(A X (—)+(-))

most general systems
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transformations. Recall from Definition 2.5.4 that they are mappings between functors.
Below it will be shown that naturality is quite a subtle matter in this setting.

Consider first the probability distribution functor D: Sets — Sets. Each distribution
¢ € D(X) is a function ¢: X — [0,1] with finite support supp(¢) C X, given by
supp(p) = {z € X | p(x) # 0}, and probabilities adding up to 1: >~ ¢(x) = 1. Thus,
we have supp(yp) € P(X), or even supp(¢) € Pin(X). In order to emphasise that we
take supports of distributions on X we label the support supp(¢) with this set X, as in
suppx (¢). Thus we have a collection of mappings:

(D(X) % p(X)) XeSets

This collection of functions is “natural in X for each function f: X — Y we have a
commuting square:

X Dx) —PX L by
fJ D(f)l me
v DY) g P(Y)

We check in detail that this diagram commutes. For a multiset o = (3>, rizi) €
D(X), with r; € (0, 1], going east-south in the rectangle yields: T

(P(f) o suppx)(9) = P(f)({z1,-- -, 2n}) = {f (1), f(2a)}-

Notice that this result is a set, in which elements f(x;) = f(x;) for i # j are not distin-
guished. Similarly, going south-east in the rectangle above gives:

(suppy 0 D())(¥) = suppy (X 1cicy mif (1)) = {F(21), .-, f@n)}-

A subtle point is that when f(z;) = f(2;) = . say, then this element occurs as (r; +7;)y
in the distribution D(f)(p). This y appears in the resulting support suppy (D(f)(¢))
because r; + r; # 0. This is obvious for (non-zero) probabilities 7;,7; € [0, 1], but needs
to be required explicitly for multiset functors.

Call amonoid M zerosumfree if z+y = 0in M implies « = y = 0. For a zerosumfree
commutative monoid M, the multiset functor M), comes with a natural transformation
supp: Mas = Phn.

If we take the non-zerosumfree monoid M = 7Z we can show that the support maps
suppy : Mz(X) — Pgn(X) are not natural. Take as example A = {a, b} with multiset
¢ =1la+ (—1)b € Mz(A). The unique function !: A — 1 = {x} then provides a counter
example to naturality. On the one hand we have

(Pan(!) 0 supp,) (¢) = Pan(1)({a,0}) = {1(a),(0)} = {x}.

But by applying My first and then support we get a different result:

(suppy 0 Mz(f))() = supp; (11(a) + (=1)!(b))
supp; (1 %+ (—=1)%) = sup,(0) = 0.

In Section 2.5 we have already seen that turning a list into the set of its elements yields
a natural transformation (—)* = Pg,, and also that there are no “natural” mappings in the
other direction, turning finite sets into lists (by choosing some order). Here we show that



124 Chapter 4. Logic, Lifting, and Finality

the obvious mappings vy : Psn(X) — D(X), choosing the uniform distribution on a finite
subset is also not natural. To be more specific, this mapping wx is given by:

vx({z1,...,zn}) = %11 +e %zn.

Take for instance A = {a,b,c} and 2 = {T, L} with function f: A — 2 given by
f(a) = f(b) = T and f(c) = L. Then, for the subset {a,b,c} € Ppn(A) we have on
the one hand:

(P() o ) (fa.b.ch) = D) (Ra+ 30+ L)
= 3f(a) +5(0) + 5£(0)

=3iT4+1T+31

=2T+1L.

On the other hand:

(uz o Pan(f)) ({a,b,c}) = uz({f(a), f(b), f(c)})
= u(T,L1})
=1T+4L

We conclude with a diagram describing some natural transformations between collec-
tion functors.
=)

D —— Mp —— Ppin —
R fi P @3)

(M zerosumfree)

The map D = Mg has not been discussed explicitly, but is the obvious inclusion, forget-
ting that probabilities add up to 1.

Exercises

4.1.1. Verify that the construction M 7 (X)) from Definition 4.1.1 is not only functorial in X but
also in M: for a homomorphism of monoids g: M — L there is a natural transformation

My = M.

4.1.2. (i) Prove that the multiset functor maps coproducts to products, in the sense that there is
an isomorphism:

Mar(X) x Mar(Y) = Mar(X +Y).

(ii) Prove that this isomorphism is natural in X and Y.

(iii) Recall from Exercise 2.1.6 that the product M x L of (commutative) monoids M, L
is at the same time a coproduct (a biproduct). Check that the isomorphism in (i) is the
cotuple:

M M (K1), Mar(k2)]
MX) X My (YY) ————————— Mu (X +Y)

in the category of commutative monoids.
[This property will be re-described as additivity for monads in Exercise 5.1.15.]

4.1.3. Interpret, like in Example 4.1.4, what double-multisets in M s (MZ(X)) are. They are
usually called Laurent polynomials.

4.1.4.  The Dirac distribution nx : X — Dis n(z) = lo = (Ay.if y = = then 1 else 0). Prove
that it forms a natural transformation id = D.

4.2. Weak pullbacks 125

4.1.5.  Prove that Markov chains X — D(X) on a fixed set X form a monoid—in analogy with
the situation for powersets in Exercise 1.1.2—with the Dirac distribution from the previous
exercise as unit (or ‘skip’).

4.1.6.  Consider the political Markov chain (2.20), as coalgebra.

(i) Describe the coalgebra composed with itself, using composition from the previous
exercise.

(ii) Check that this corresponds to matrix composition, for the corresponding transition
matrix.

4.1.7.  The distribution functor D as introduced in Definition 4.1.5 involves distributions ¢: X —
[0, 1] with finite support only. This finiteness restriction is not strictly needed. One can
define:

D¥(X) = {p: X = [0,1] | X, cx ®(x) exists and equals 1}.
(i) Prove that in this case the support supp(p) = {z € X | ¢ # 0} is necessarily a
countable set.
(ii) Check that D™ is a functor Sets — Sets.
[This generalisation involves the existence of sums over non-finite sets; they exist in the
special case of the unit interval [0, 1]. This infinite generalisation is less natural for multiset
functors M s.]

4.2 Weak pullbacks

If one starts to develop the theory of coalgebras in full categorical generality, for endo-
functors F': C — C on an arbitrary category C (and not just on Sets), so-called weak-
pullback-preserving functors become relevant, for at least two reasons:
1. for weak-pullback-preserving functors Aczel-Mendler bisimilarity coincides with
equality on the final coalgebra—Ilike in Theorem 3.3.2;

2. for such functors there is a well-behaved categorical version of relation lifting, giving
us another way to define bisimulations, namely as coalgebras of these liftings.

The current section concentrates on this first point, and the subsequent sections 4.3—4.5 on
the second one. Hence we start by describing what (weak) pullbacks are.
4.2.1. Definition. Let C be an arbitrary category.

(i) For two morphisms X Lz ¥Yin C with a common codomain, a pullback
is a commuting square as on the left:

v’
v W
h/h v kk/
Y 7N
X Y

Z
N

&N _n

which is universal in the sense that for an arbitrary span X (L v’ }‘—,> Y with f o b/ =
g o k' there is a unique “mediating” map £: V' — V withh o { = h’andk o £ = K/, as
on the right. In diagrams a pullback is often indicated via a small angle, like in:

|

Y

X

g

h
—
_
—

g
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A weak pullback is like a pullback except that only existence and not unique existence of
£ is required.

(ii) A functor F': C — D is called (weak) pullback preserving if it maps (weak)
pullback squares to (weak) pullback squares: that is, if F* applied a (weak) pullback square
in the category C forms a (weak) pullback square in .

The pullback of two maps X 27 Yinthe category of sets can be described by
the set:

Eq(f.9) = {(z,y) € X xY | f(z) = g(y)},

that we used earlier in Lemma 3.2.5. It comes with obvious projections p; to X and Y as
in:

P2
{(z,y) e X xY | f(z) =g9(y)} ————Y

nl” Jg

X 7 A

Also, inverse images of predicates and relations can be described via pullbacks, as in:

(hxk)"Y(R) ——— R
I |
_—
X xU Xk Y xV

h‘l(lj)—>
|

It is a general fact that a pullback of a mono yields a mono, see Exercise 4.2.2 below.

A pullback is a generalisation of a cartesian product of objects (like in Definition 2.1.1):
in the presence of a final object 1 € C, the product of two objects X,Y € C is the same as
the pullback:

<"

_—
h

T2
XxY——Y

_
Wll l! 4.4)

X*'H

Similarly, the following result exploits that being a monomorphism can be expressed via
pullbacks.

4.2.2. Lemma. An arbitrary map m in a category C is a monomorphism if and only if the

square:
°
l'ﬂl
.

]

is a (weak) pullback.
A (weak) pullback preserving functor F: C — D thus preserves monomorphisms: if m
is mono, then so is F'(m). a

4.2.3. Remark. In category theory it is quite common that structures, like products and
coproducts in Definitions 2.1.1 and 2.1.3, are described via the “unique existence” of a
certain map. The version with only existence, not necessarily unique existence, is typically
called “weak”. For instance, one can have a weak final object Z, such that for each object
X there is a map X — Z. Each non-empty set is a weak final object in the category
Sets. There is a third notion in between, denoted by “semi”, involving “natural existence”,
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see [195, 212]. For instance, an object Z is semi-final if for each object X there is a map
sx: X — Z,and foreach f: X — Y onehas sy o f = sx.

Even though “weak” versions are not standard, weak pullbacks are quite natural in
the theory of coalgebras. Especially, preservation of weak pullbacks is a common (and
useful) property. It can often be characterised in different ways, like for instance in Propo-
sition 4.2.9 below, or in Theorem 4.4.6 later on. Also it plays a crucial role in the distinction
between polynomial and analytical functors in Section 4.7.

As mentioned in the introduction to this section, the following result is one of the
reasons why weak-pullback-preservation is important. It generalises Theorem 3.3.2.

4.2.4. Theorem. Assume a category C with pullbacks, and a weak-pullback-preserving

functor F': C — C with a final coalgebra Z =+ F(Z). Letc: X — F(X) andd: Y —

F(Y) be coalgebras. The pullback relation on XY in:

Eq(beh,, behy) ————— 7
4

I I(id,ifb 4.5)

XxY—— s 7xZ
x behy, % behy x

is then the greatest Aczel-Mendler bisimulation on coalgebras c, d.

Proof. First, if a relation (ry,72): R — X x Y is an Aczel-Mendler bisimulation, that is,
if R carries a coalgebra R — F(R) in C making the legs r; homomorphisms in:

P 20 gy FD gy
| | Jo
b 3 R - Y

then by finality beh, o r; = behy o 73 R — Z. Hence there is a factorisation through
the equality relation on Z, as in:

<T17T2>I I(id,id)

XY o xbehy 27
This may be read as: pairs in R are equal when mapped to the final coalgebra. It means
that R factors through the pullback Eq(beh,, beh,) from (4.5).
Next, we are done if we can show that the pullback relation Eq(beh., behy) — X x Y’
from (4.5) is an Aczel-Mendler bisimulation. Here we use that F preserves weak pullbacks
(and Exercise 4.2.3) to obtain a coalgebra structure in:

Eq(beh,, behg) ——— vV

~
~
~

X F(Eq(bchc, behy)) ———— F(Y)

l JF(behd)

F(X)————— 3 F(Z)
F(beh,)

d

By construction, the maps X <— Eq(beh., behg) — Y are maps of coalgebras. a
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We add another general result, this time involving preservation of ordinary (proper)
pullbacks. Recall that a category of coalgebras inherits colimits (coproducts and coequalis-
ers) from the underlying category (see Proposition 2.1.5 and Exercise 2.1.14). The situation
for the dual notion of limit—including products, pullbacks and equalisers—is different. In
general, they need not exist in categories of coalgebras, even if they exist in the under-
lying category—see also Section 6.3. The next result shows that pullbacks of coalgebras
exist if the functor preserves ordinary pullbacks. As we shall see subsequently, in Proposi-
tion 4.2.6, this applies to simple polynomial functors.

4.2.5. Proposition. Assume a functor F': C — C that preserves (ordinary) pullbacks. If
the category C has pullbacks, then so has the category of coalgebras CoAlg(F).

Proof. Assume we have span of coalgebras as on the left below. Then we take the pullback
in C of the underlying maps f, g, as on the right.

F(Y) »
1e PJ*“ Y
lg PlJ JS]
F(X F(W -
() (29) X
X ! w

We need a coalgebra structure on the object P. Here we use that I preserves pullbacks and
obtain this structure in:

N
~ b

N

P dop;
\
\

NF(Pj ) F(Y)
cop
[Fon |

F(X) —— F(W)

F(f)
The outer maps in this diagram commute:
F(f)ocop, =eo fopy since f is a map of coalgebras
=eogopy since the pullback square in C commutes

= F(g) odopy because g is a map of coalgebras too.

Hence the dashed map (coalgebra) b: P — F(P) exists. Thus we have constructed a
commuting square of coalgebra maps:

(%)=(%)
Th | — Td
P Y
P]l ly
F(X) F(W)
te | — Te
(%)= (%)

In order to obtain this square preservation of weak pullbacks would have been enough. But
in order to show that it is a pullback we do need preservation of proper pullbacks. Suppose
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we have two coalgebra homomorphisms:

Ta | — Te and Ta | — Td
U X U Y

with f o h = g o k. Then there is a unique mediating map £: U — P in C withp; ol =h
and py o £ = k. What remains is showing that ¢ is a homomorphism of coalgebras. Here
we use that £ properly preserves pullbacks. There are two parallel maps in:

namely b o ¢ and F(¢) o a. Thus, by uniqueness, b o { = F({) o a, making { a
homomorphism of coalgebras. Uniqueness of £ in CoAlg(F) is left to the reader. ]

The remainder of this section concentrates on preservation of (weak) pullbacks for spe-
cific functors. It is not hard to see that preservation of ordinary pullbacks implies preser-
vation of weak pullbacks. This is left as exercise below. In Section 4.7 we shall see that
preservation of (countably indexed) weak pullbacks and pullbacks is a key property of sim-
ple polynomial and analytical functors.

4.2.6. Proposition. (i) Every exponent polynomial functor Sets — Sets preserves pull-
backs (and also weak ones).

(ii) The powerset functors P and Py, preserve weak pullbacks.
In particular, Kripke polynomial functors, finite or not, preserve weak pullbacks.

Proof. (i) Trivially, identity and constant functors preserve pullbacks, so we only look at
(set-indexed) coproducts and exponents. So assume for an index set / we have pullbacks
in Sets as on the left below.

“ 8
ki \
Wi b Hz€] ki
l - l [Lie; Wi ————— L ¥
hy gi o
X; T Z; J(Hie[ hi luiel 9i
. Hy’,EI X" — LL,EI Z’

[ic, fi

‘We have to show that the square on the right is again a pullback. So assume we have a set
U withmaps o: U — [[;¢; Xiand B: U — [[;¢; Vi, as indicated, satisfying ([[;¢; fi) o
a = ([1;c; 9i) © 8. We can decompose each of the maps «v, 3 into two parts: o = (1, cva)
and 3 = (1, B2) where

a2(u> € Xﬂl(“)

ap,f1:U— 1  andforeachu € U,
Ba(u) € Vg, (u)
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Because the diagram on the right commutes we have:

a; =41 andforeachu € U, fo,(u)(@2(u)) = ga, (u)(B2(u)).

Since the diagram on the left is a pullback there is for each v € U a unique element
Y(u) € We, () With hy, () (7(1)) = aa(u) and kg, () (v(w)) = Ba2(u). Thus we get a
map (oy,7): U — []; W; on the right. It is the unique mediating map.

For exponents assume again a pullback on the left in:

v B
k
W——Y )
- VVA k4) YA
h 9 a
X — Z JhA L‘?A

XA——— 274

f A

We need to find a mediating map on the right. This is straightforward by a pointwise
construction: for each u € U and a € A we have:

fla(w)(a)) = (f* o a)(u)(a) = (9" o B)(u)(a) = g(B(u)(a)).
Hence there is a unique y(u)(a) € W with h(y(u)(a)) = a(u)(a) and k(y(u)(a)) =

B(u)(a). Thus we getv: U — W4, as required.
(i) We first consider the powerset functor, assuming a weak pullback as on the left

below.
v 8
. p \
P(k)

PW)——— 5 P(Y

~

X ’ F(h) |P@

P(X) —5 P(2)

For the diagram on the right we assume P(f) o a = P(g) o (. This means for each
uweU,

=
('
S

N

{f@) |z €a(uw)} = {g9y) |y € Bu)}.
Thus, for each z € a(u) there is an y, € S(u) with f(z) = g(y,), and thus there is
aw, € W with h(w,) = x and k(w,) = y,. Similarly, for each y € B(u) there is a
zy € a(u) with f(z,) = g(y) and so a w, € W with h(w,) = z, and k(w,) = y. Now
take V(u) = {w, | z € a(u)} U {wy | y € B(u)}. Then:
PRV (w) = {h(w) | 2 € a(u)} U {h(wy) |y € B(u)}
={zleeaw} Uiz, |yeb(u}
= a(u),

and similarly P(k)(V (u)) = B(u). ]

The multiset functors M, from Definition 4.1.1 do not preserve weak pullbacks in
general. In [174] it is shown that this holds if and only if the commutative monoid M is
both positive and a so-called refinement monoid (introduced in [114]).

4.2.7. Definition. A commutative monoid M = (M, 0, +) is called:
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(i) positive if m +m’ = 0 implies m = m’ = 0;
(ii) a refinement monoid if for each equation:

ri+ry =c+c2

there is a 2 X 2 “matrix” m;; with:

i = Mip +m; . .
{ ' " 2 as depicted in

cj = mij + maj

The natural numbers N with addition are obviously a positive monoid. They are also a
refinement monoid: assume r; + rp = ¢ + ¢y for 74, ¢; € N. The numbers m,; that we
need to find are written below the relevant segment of N in:

T1 T2
0 f 1

miy miz m22 ma1

r+re =
c1+c2

s
Clearly there are ways to shift this c, left or right, in such a way that the m;;; are fixed.

It is not hard to see that each Abelian group is a refinement monoid: if 1 +72 = ¢1+ca,
then we can take for example as matrix:

T —c C1 1

2c;, — 1y ca—cy | To

c1 Cc2 ‘
using (for the second row) that: (2¢1 —r1)+(ca—c¢1) =c1+ca—11 =r1+r20—11 =19

4.2.8. Lemma (From [114]; also in [174]). A commutative monoid is a positive refinement
monoid if and only if the refinement property holds for each pair of numbers (n, k) € N2
That is, if:

Pl =

then there is n X k matrix (m,;j)i<77 i<k with:

T = 0 M and  c¢; = Y, mj.

Proof. For pairs (0, k) and (n,0) positivity is used. For pairs (1, k) and (n, 1) the result
trivially holds. For the other cases it suffices to see how (2, 3)-refinement follows from
(2,2)-refinement. So assume we have 71 + ro = ¢1 + ¢2 + c3. We obtain the following
successive refinements:

! ! ! !
mi miz r1 mi; miy | mi2 mir my miy | T
! ! ’ !
may Maa ro My, My | Mo Ma1 My, Mhy | T2
c1 co+c3 Co c3 c1 co cs a

Now we can address preservation of weak pullbacks for the multiset functors M, : Sets —

Sets from Definition 4.1.1.

4.2.9. Proposition (From [174]). A multiset functor My preserves weak pullbacks if and
only if the commutative monoid M is both positive and a refinement monoid.
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Proof. First, assume M, preserves weak pullbacks. We show that M is a refined monoid.
So assume we have 71 + r2 = ¢1 + co. For the set 2 = {0, 1} we consider the pullback in
Sets on the left, and the resulting weak pullback on the right.

2x2—"2 49 MA,,(sz)AMMA,,(Q)
-
Wll J! MM(WI)J( lMM(!)
22— 1 MM(2)WMM(1);M

We use the numbers r;,¢; € M in multisets ¢, € My,(2), namely via ¢(i) = r;
and (i) = ¢;, for i € 2 = {0,1}. The equation ry + 72 = ¢; + ¢ yields My (1) () =
M (!)(1)). The weak pullback property gives a multiset x € M (2x2) with My (m1)(x) =
@ and My (m2)(x) = t. Writing x (i, j) = m;; we get the required matrix, since, for in-
stance:
1= ¢(0) = Mas(m1)(x)(0) = Z] X(0,7) = moo + mo1.

Next we show that M is positive. If we have m, m’ € M with m+m’ = 0 we consider

the pullback in Sets on the left, and the resulting weak pullback on the right.

Ui*d)o MM(O)L)MM(O)%I

J
!J J{! MAM(!)J lM}L{(!) =0
Zﬁl MI\/I(Z)mMM(l)gl\/I

The pair m,m’ gives rise to the multiset ¢ € M s(2) given by p(0) = m and p(1) =
m’. Tt satisfies Mp;(1)(p) = m +m/ = 0 = Mp(!)(0), for the empty multiset 0 €
M(0). The weak pullback property now yields an element in M (0), necessarily the
empty multiset 0, with M7 (!)(0) = ¢. Thus ¢ = 0 and so m = m/ = 0.

Conversely, assume M is a positive refinement monoid. If we have a weak pullback as
on the left, we need to show that the square on the right is also a weak pullback.

Wty M (W) Mu® M (Y)
hl L‘] Mz\,{(h)l J/MM (9)
XTZ MM(X>W>MM(Z>

So suppose we have multisets ¢ € My (X) and ¢p € My (Y) with Mu(f)(p) =
M(g) (). This means:

D@ = > )
z€f~1(2) y€g~1(2)

for each z € Z. We can limit these sums to the finite subset Z’ C Z, given by:

Z' = {f(z) | » € supp(p)} U {g(y) | y € supp(¥)}.

For each 2 € Z' we now have 35, -1,y () = 35, )~1(,) ¥ (y). This has the shape of
a general refinement problem, like in Lemma 4.2.8. Thus there is a matrix (mj,, ), where
z € f~1(z) Nsupp(p) and y € g~*(z) N supp(y)) with:

(@) =3, m;, and P(y) =3, m3,.
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For each pair z € f~1(2) N supp(p),y € g~*(z) N supp(¢)) we use the weak pullback
on the left and choose an element w?, € W with h(w,) = x and k(w},) = y. This yields
amultiset x = >, mi,w;, € Ma(W).

By doing this for each z € Z’ we can form x = 3~ ;. x. € Mar(W). Notice that if
21 # 22, then supp(x:, ) N supp(x=,) = 0. Indeed, if w € supp(xz, ) U supp(xz,), then
z1 = (f o h)(w) = 22, which is impossible. Finally,

Mo (h)(x)
= Deez Mu(h)(x=)
=Y em SAmz h(wE,) | € f71(2) Nsupp(p),y € g7 (2) N supp(¥)}
= Zzesupp(sa) Y Ami h(wi,) | 2= f(z),y € g7 (2) Nsupp(¥)}
= Zl‘@upp(w) p(a)e
= .
Similarly one gets M (k)(x) = . o

For the distribution functor the situation is simpler.

4.2.10. Proposition. The distribution functor D: Sets — Sets from Definition 4.1.5 pre-
serves weak pullbacks.

Proof. This result can be obtained in several ways. One can mimick the proof for the mul-
tiset functor My, after observing that the unit interval [0, 1] of probabilities is a “partial
commutative monoid” that is positive and satisfies the refinement property (in a suitably
generalised sense). This approach is followed (implicitly) in [328]. Alternatively, one can
follow the appendix of [420] which contains a proof using the max-flow min-cut theorem
from graph theory. a

The “continuous” analogue of the (discrete) distribution functor D on Sets is the
“Giry” functor G on the category of measurable spaces, see e.g. [147, 108, 251, 339, 115].
In [419] it is shown that this functor G does not preserve weak pullbacks. Another such
example occurs in Exercise 4.2.11 below.

Exercises

4.2.1.  Describe the graph Graph(f) of a function via a pullback in Sets.

4.2.3.  Verify that taking a pullback as on the left is the same as taking a pullback on the right.

4.2.2.  Consider in an arbitrary category a pullback:

m’

e—— o

—_—
J
—
Prove: if m is a mono, then so is m’.

p:
Py P— 7
|
p1
—_—

Jg (p1, P2>I I(idq id)
A

XXY——ZxZ
fxg

e

!

4.2.4.  Assume a category C with pullbacks. Prove that if a functor F': C — C preserves pull-
backs, then it also preserves weak pullbacks.

4.2.5.  Let F be a weak pullback preserving functor C — C.



134

Chapter 4. Logic, Lifting, and Finality

4.2.6.

4.27.

4.28.

4.29.

4.2.10.

(i) Prove that F preserves (ordinary) pullbacks of monos: if the diagram below on the left
is a pullback, then so is the one on the right.

! F(f)
o ——e *«—

mI In F(m)I IF(n)

e ——— e *e——— e
9 F(g)

This result can be written as: F(g~"(n)) = F(g) ™' (F(n)).

(ii) Conclude that F" also preserves intersections A of monos, given as diagonal in a pull-
back square:

—e

Sele

— e
m

oei—— e

The following two results are known as the Pullback Lemmas. Prove them yourself.

¢ ———e ——— 0
l (B) J (4) J
e — ‘Se— e

(i) If (A) and (B) are pullback squares, then the outer rectangle is also a pullback square.

(ii) If the outer rectangle and (A) are pullback squares, then (B) is a pullback square as
well.

Let /: C — C be an endofunctor on a category C with pullbacks. Prove that the category

Alg(F) of algebras also has pullbacks, constructed as in C.

Assume a category C with pullbacks. Prove that each slice category C/I, see Exercise 1.4.3
then has

(i) products (and trivially also a final object);

(ii) pullbacks.

Prove, using the axiom of choice, that in the category Sets a diagram

.

lg is a weak pullback iff Eq(f,9) C Im((h,k))
.

Consider the following pullback in Sets.

{0,1,2,3,4,5} =6 # {u,v,w}

i s

{a,b,c,d} #) 2={0,1}

where:

=
I

=

=
I
o

k(0) = k(1) = u, k(2) = k(4) = v,k(3) = k(5) = w.
Assume multisets p € Mn({a,b, ¢, d}) and 1) € Mn({u,v,w}) given by:

@ = 2a+3b+4c+5d Y = 5u+ 3v + 6w.
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(i)  Check that Mn(f)(¢) = Mn(g)(®).
(ii) Find a multiset x € M (6) with My(h)(x) = ¢ and Mn(k)(x) = 9.
(iii) There are four such x; describe them all.

4.2.11.  ([378]) Consider the neighbourhood functor N': Sets — Sets from Exercise 2.2.7, given
by the contravariant powerset functor composed with itself. That is, N'(X) = P(P(X)).
and for f: X — Y we have N'(f): P(P(X)) — P(P(Y)) by:

NHACSPE) = (F7)71(A) = (Ve PY) | £7(V) € A}.

Later on, in Example 5.1.3 (vii) we shall recognise N = 2(2(7)> as an example of a con-
tinuation monad.

Prove that A" does not preserve weak pullbacks.

[Hint. Consider the pullback of the following functions f, g (as in [378]):

f g
X = {21, 22,23} X—Z X—Z
{ - WnE T1, T2 — Y1 T1—— I
Z = {z, 22} T3 ——— Y2 T2, T3 —— Y2

4.3 Predicates and relations

Recall from Section 3.1 that the notion of bisimulation (and hence of bisimilarity) is in-
troduced via the lifting of a polynomial functor F': Sets — Sets to an endofunctor
Rel(F): Rel — Rel on a category of relations. Bisimulations R are then coalgebras
R — Rel(F)(R) of this functor, and congruences are Rel(F’)-algebras. In the next few
sections we generalise this situation from Sets to more general categories C. But first
we need to better understand what predicates and relations are, in an arbitrary category C.
That is the topic of the present section. We shall describe these predicates and relations via
“logical” structure in C, expressed in the form of a suitable factorisation system. As we
shall see in Example 4.3.8 this factorisation structure corresponds to a predicate logic with
finite conjunctions T, A, existential quantification 3 and comprehension {z: o | ¢}.

First we need to establish some basic notions and terminology—some of which has
already been used (implicitly). We start by ordering monomorphisms. Given two monos
m: U — X and n: V — X one writes m < n if there is a necessarily unique, dashed
map ¢ in:

u- - +v
n

S n
X

This order < is reflexive (m < m) and transitive (m < n and n < k implies m < k), and
is thus a preorder. If we write m = n for m < n and n < m, then = is an equivalence
relation. An equivalence class [m] = {n | n = m} of such monos is called a subobject.
These subobjects are seen as predicates on the object X. They are partially ordered, via <
as described above.

In practice one often writes m for the corresponding equivalence class [m]. Thus, we
often say things like: consider a subobject m: U »— X with ...

In the category Sets, monos U ~— X are injections and subobjects U — X are subsets
U C X. Thus, arelation R C X x Y is a subobject R — X X Y in Sets. More generally,
in a category C, a relation is a subobject R — X x Y. Such relations carry a partial order
<, as subobjects of X x Y.

In practical situations it is sometimes more appropriate to consider certain subsets of
monos as predicates. This will be illustrated in the case of directed complete partial orders
(dcpos).

with nop=m.
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4.3.1. Example. Recall the category Dcpo of directed complete partial orders from Ex-
ample 1.4.2 (iii) (4). These orders play an important role in the semantics of many pro-
gramming constructs (see e.g. [177, 325, 33]). Here we take a closer look at predicates in
Dcpo.

For a dcpo D a subset U C D is called admissible if, with the order inherited from D,
it is closed under directed joins—and thus a sub-dcpo. These admissible subsets look like
subobjects (equivalence classes of monos) in Dcpo, but they are not. They correspond to
a special class of monos, namely those monos that reflect the order. Thus, an admissible
subset U C D can be identified with an equivalence class of maps m: £ — D in Dcpo
that reflect the order: m(x) < m(z’) in D iff z < 2’ in E. Such a map m is automatically
injective: m(x) = m(a’) implies m(z) < m(z') and m(2’) < m(z), and thus z < 2’ and
o' <z sox=2a'.

The appropriate notion to capture such situations where one only wants to consider
particular subsets of monos is a factorisation system, see [56, 35, 137]. In general, such
a factorisation system is given by two collections of morphisms, 91 for “abstract monos”
and € for “abstract epis” satisfying certain properties. In the present “logical” context we
add three special requirements, in points (iv)—(vi) below, to the standard properties; so we
will speak of a “logical factorisation system”.

4.3.2. Definition. In an arbitrary category C, a logical factorisation system is given by
two collections of maps 9t and € satisfying the following properties.
(i) Both 9t and € contain all isomorphisms from C and are closed under composition.
(ii) Bach map f: X — Y in C can be factored as a map ¢(f) € € followed by a map
m(f) € M, as in:

X L& Im(f)
; Imm

Y

In such diagrams we standardly write special arrows +— for maps from 2t and — for
maps from €. Maps in 9t and € are sometimes called abstract monos and abstract epis,
respectively.

(iii) The diagonal-fill-in property holds: in a commuting square as indicated below, there
is a unique diagonal map as indicated, making the two triangles commute.

.mG.

7/
L]
7
1’4

oh——e
(iv) All maps in 9t are monos.
(v) The collection 971 is closed under pullback: if . € 90t then the pullback f~*(m)

along an arbitrary map f in C exists, and f~!(m) € 9, like in:

V) ——v

]’ In 46

X——Y

f

Notice that we have overloaded the notation f~! by writing both f~*(V) and f~1(n).
This is often convenient.

(vi) For each m € 9 and e € € we have m~'(e) € €&; this pullback exists by the
previous point.
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The standard example of a logical factorisation system is is given by 901 = (injections)
and & = (surjections) in Sets. But there are many other examples, for instance with the
abstract monos 9t given by admissible subsets on dcpos (Example 4.3.1), closed subsets
of metric or topological spaces, or linearly closed subsets of vector spaces. The maps in &
are those whose “obvious” factorisation has an isomorphism as monic part. Examples will
be discussed explicitly in Example 4.3.7 below.

It can be shown that the collections 90t and € determine each other, see Exercise 4.3.5.

The above definition requires that the collection 91 of abstract monos is closed under
pullbacks. Sometimes it also happens that € is closed under pullback, but such stability
may fail (for a counter example involving admissible subsets of dcpos, see [104, Chapter 1,
Exercise (7)]). It does hold in Sets, where surjections are indeed closed under pullback.

‘We now define categories of predicates and relations with respect to a logical factorisa-
tion system.

4.3.3. Definition. For a category C with a logical factorisation system (901, €) we define:
e the category Pred(C) of predicates in C;
o the category Rel(C) of relations in C—provided C has products x.

Notice that in these notations Pred(C) and Rel(C) we leave (91, €) implicit. Usually it
clear for a given category what the relevant factorisation system is.

Objects of the category Pred(C) are subobjects/predicates (m: U — X) of maps m €
. Morphisms from (m: Ut X) to (n: V+—=Y) in Pred(C) are maps f: X — Y in C
for which there is a necessarily unique dashed map as on the left below.

U-—-—--- >V R———————~— -8
mI In <T1¢T2>I I<51 s52)
/ fi % fa
X—Y Xix Xy ——Y1 xYs

Intuitively, this says Vo € X.U(x) = V(f(z)).

Objects of the category Rel(C) are relations/subobjects (r1,72): R+ X; x X5 where
(r1,72) € M. And morphisms from (ry,72): R+ X1 X Xato (s1,82): S+ Y) x Yain
Rel(C) are pairs of morphisms fi: X7 — Y, fo: Xo — Y5 in C for which there is a
necessarily unique morphism R — S making the diagram on the right commute. It says:
R(z1,22) = S(fi(z1), f2(22)).

For an object X € C we sometimes write Pred(X) for the partial order of subob-
jects U+ X of an object X, coming from 91; it may be considered as the subcategory
Pred(X) < Pred(C) with morphisms given by the identity map in C. Similarly, we
write Rel(X1, X2) < Rel(C) for the subcategory of relations R+ X; x X, with pairs
of identities as morphisms. Thus Rel(X7, X5) = Pred(X; x X3).

Applying this construction for C = Sets yields the category Rel(Sets) which is the
category Rel as described earlier in Definition 3.2.3.

4.3.4. Lemma. Assume a category C with a logical factorisation system (I, €). There
are obvious forgetful functors that map predicates and relations to their carriers:

Pred(C) Ur—X Rel(C) R+—X; x X,
l ] l 1
C X CxC (X1, X2)

(i) Each map f: X — Y in C gives rise to a pullback functor f~': Pred(Y) —
Pred(X), using diagram (4.6). Similarly, each pair of maps f1: X1 — Y1, fo: Xo = Vs
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gives rise to a pullback functor (f1 x f2)~1: Rel(Y1,Ya) — Rel(X1, X»). In this way we
get two functors:

ed(-) op _ Rel(-)
C°P —————— PoSets and (C x C)* ————— PoSets

Such functors are also known as indexed categories, see e.g. [225].
(ii) These posets Pred(X) and Rel(X1, X») have finite meets T, A, given by the iden-
tity predicate and pullbacks of predicates:

P—V

- _<X_> I&\ I
x = | JTid m/\{‘
X UPTX

and similarly for relations. These meets are preserved by pullback functors f~' so the
above indexed categories can be restricted to:

Pred(—) op  Rel(—)
Co» ——— - MSL and (€xC)™” ———MSL

where MSL is the category of meet semilattices (and monotone functions preserving T, A\
as homomorphisms).

(iii) The mapping X — T x yields a ‘truth’ functor T: C — Pred(C) that is a right
adjoint to the forgetful functor in:

Pred(C)

g) T

(iv) This truth functor T: C — Pred(C) itself also has a right adjoint, mapping a
predicate (U= X) to its domain U. This functor provides comprehension and will thus
be written as {—} in:

Pred(C)
l%@ {-}
C

Since subobjects are equivalence classes, this domain functor {—} involves a choice of
objects, from an isomorphism class.

Proof. (i) We first have to check that the pullback operations f~! preserve the order be-
tween predicates. This is obvious. Further, we have id ™' = id and also (g o f)~! =
£~ o g~1; the latter holds by the “Pullback Lemma”, see Exercise 4.2.6. Notice that we
get equalities (instead of isomorphisms) because predicates are subobjects and thus equiv-
alence classes of maps.

(ii) The identity predicate T x = (id: X=X ) is obviously the top element in the
poset Pred(X). Also, the above square defining m A n: P+ X satisfies k& < m and
k < niff k < m A nin Pred(X). The top element (identity map) is clearly preserved
under pullback. The same holds for the meet m A n, but this requires some low-level
reasoning with pullbacks (using Exercise 4.2.6 again). In a similar manner finite meets for
relations exist; they are preserved by pullback.
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(iii) We check the adjunction forgetful = truth. For a predicate U/ 4 X and an object
Y € C this involves a bijective correspondence:

m id y--—-xr
(U5 X) — (YP5Y)  in Pred(C) m] Ju
X namely X——Y
X—y inC A
X—v

Clearly, the dashed map is uniquely determined as f o m.
(iv) We now prove the adjunction truth - comprehension. For an object X € C and a
predicate n: VV b— Y we have to prove bijective correspondences:

id n X-=-V
(X=X) — (VYY) in Pred(C) ] o In
namel n
X—v inC Y X—v
X ﬁ Y
Clearly the maps above and under the double lines determine each other. |

‘We continue the investigation of the logical structure provided by factorisation systems.
The next result shows that existential quantifier 3, written categorically as [ [, exists for the
predicates and relations defined in terms of a logical factorisation structure.

4.3.5. Proposition. Let C be a category with a logical factorisation system (9, €).
(1) Each map f: X — Y and each pair of maps f1: X1 — Y1, fa: Xo = Y2 in C
give rise to functors (monotone functions) between posets:

11 Ly«
Pred(X) — 2 Pred(Y) Rel(X1, X2) — 2% Rel(v7, Ya)

which are defined via the factorisations: [ ] ;(m) = m(f om) and [, . ;,(r) = m((f1 x
f2) or)in:

U‘PHAU) ?4°Hf]xfz(R>
n{ Lo = JJire
X—Y XixXg———Y1 xYs
f fix fa

Here we have used the same overloading for | | that we used for f~" in (4.6).
(ii) These functors | are left (Galois) adjoints to the pullback functors from Lemma 4.3.4:

Hf Hfl X f2
Pred(X) T  Pred(Y) Rel(X;,X2) T  Rel(Yy,Y))
— —_—
! (fi x fa)7!
They satisfy:
iay = idpreacxy and  Ilyop = 1, o ;- 4.7
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(iii) For each object X € C the equality relation Eq(X) € Rel(X, X) is defined by
factoring the diagonal A = (id,id): X — X x X, in:

X ——Eq(X)

Ba(X) = (1) = m6did) e S (i i) = Ba(x)
T X xX

Here we deliberately overload the notation Eq(X ). This equality forms a functor in:
Rel(C)
o]
C CxC
(ide, idc)

If diagonals A = (id,id): X ~— X X X are in the set M of abstract monos, then
Eq(X) is equal to this diagonal and “internal” equality in our predicate logic and “exter-
nal” equality coincide, in the sense that for two parallel maps f,g: Y — X one has:

f, g are internally equal ENE < Eq(f,9) = (f,9) " H(Eq(X))
= f=9
M <= f, g are externally equal.
(The direction (<=) of the equivalence in the middle always hold; only for (=) one
needs that diagonals are in O.)
(iv) The inequalities ]_[f(f’l(n) A m) < n A [1;(m) are isomorphism, because the
collection € is closed under pullback along m € M—see Definition 4.3.2 (vi).

Having an equality like in the last point is usually referred to as the “Frobenius” con-
dition. Logically, it corresponds to the equivalence of Jz.¢ A 1 and ¢ A Fx. 1) if the
variable  does not occur freely in the formula ¢.

Proof. We do the proofs for predicates since they subsume relations.
(i) Assume m < m’ in Pred(X), say via a map ¢, then we get [[;(m) < [;(m’) in
Pred(Y) via the diagonal-fill-in property:
’ b U’
ug— Hf (U gp U _a Hf( )
ol < ILW)

U’ ) 2 - Hf m) ie. Hf(m/>
Uf‘(LU’K)b—> Y Hf(f;\
L (m)

X—>Y

(ii) For predicates m: U — X and n: V +—Y we have to produce a bijective corre-
spondence:

Hf(U) - sy

11 (m) n
m) < n Y
m < f~!(n) U‘—\‘— E}rl(v)
y¥ITm
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This works as follows. Given ¢ as indicated, we obtain v on the left below. The converse
is sketched on the right.

v —— 10, U;oufw
Td)y \ wl b}
%]
(V) —v f*l(V) / Ly (m)
(nIJ n l
Xfy Vb—)Y

The functoriality equations (4.7) for | | follow from the functoriality equations for pull-
back, via Galois connection (adjunction) ]| 7 Sl
(iii) For amap f: X — Y in C we have to show that the pair (f, f) is a morphism
Eq(X) — Eq(Y) in Rel(C). This follows from diagonal-fill-in:

X40Eq(X)
fl 7
// XxX

J,k LFxs

EqY)b——— Y xY

The outer rectangle commutes because (id,id) o f = (f x f) o (id,id).
Clearly, external equality f = ¢ implies internal equality, since the unit of the adjunc-
tion [ 34 5qy - (id,id) " gives:

T < (id,id) ™ [T 5,0y (T) = {id,id) " "Eq(X).
Hence by applying f~! we get:

1

T = f7NT) < f71id,id) " BEq(X) = ((id,id) o f) " Eq(X) = (f, ) "Eq(X).

For the other direction, assume the diagonal A = (id, id) is in 9. Equality Eq(X) is then
equal to this diagonal, and so (f, g) = (Eq(X)) is the pullback:

P2
E—— X
pi] - Tid,id) = Eq(X)
Y ——— X x X

(f,9)

where the map p; is in fact the equaliser of f,g. Internal equality of f, g amounts to an
inequality T < (f,9)"*(Eq(X)) = p1. It expresses that the map p; is an isomorphism,
and so:
f=mo(f,g)=mo(id,id)opsop;"
=mo(id,id)opopt = mo(f.g) = g
(iv) Assumeamap f: X — Y with predicates m: U+ X and n: V +— Y. The unit of
the adjunction [, 71 gives and inequality m < f’l(]_[f(m)), from which we obtain:

S0 Am < ) A ST m) = £ A T (m).

The adjunction ]_[f - f~! now yields the required inequality ]_[f(f’l(n,) Am) <nA
]_[f(m). The second part of the statement requires more work and uses requirement (vi) in
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Definition 4.3.2, which says that & is closed under pullback along each k € 91. Consider
the following diagram, below on the left.

bty Ly — ¢ L)

P U
PZIS\ If_l(n) In 77{ Hf(m>
U

_
m X 7 Y X 7 Y
The diagonal is the conjunction f~%(n) A m. In order to get ]_[f(f’l(n) A m) we need

to factorise the composite f o (f~!(n) A m) = f o m o p,. This factorisation appears if
we consider the other conjunct . A ]_[f(m), arising as diagonal on the left below.

P d Qv
_
Pz[ 421 In,
b U)y
(= O ¥

fom

The outer rectangle is a pullback because f o m =[] f(m) o e, as described above. Thus,
by the Pullback Lemma (see Exercise 4.2.6), the rectangle on the left is a pullback. But
then the map d arises as pullback of e € € along g2 € 9. Hence, by assumption, d € €.
But this means that [ [ ,(f~*(n) A m), which is by definition the 9t-part of f o m o pa, is
the diagonal map n A f(m). Thus we are done. a

4.3.6. Remark. The third point of Proposition 4.3.5 deals with equality relations Eq(X),
as M-part of the diagonal A = (id,id): X — X x X. This diagonal A need not be
in M. Its presence in M is a non-trivial property, and therefore we have not made it part
of the requirements for a ‘logical factorisation system’ in Definition 4.3.2. Recall, for
instance, that one formulation of the Hausdorff property for topological spaces says: the
diagonal relation A is closed. Closed subsets of topological spaces may indeed be used
as abstract monos for a factorisation system. An alternative example will be elaborated in
Examples 4.3.7 (i) below: in the category SetsRel of sets and relations diagonals A are
not abstract monos.

The requirement that diagonals are in 91 is equivalent to the requirement that all maps
in € are epis. This is left as an exercise below.

But if diagonals are in 97 the resulting logic in the category satisfies the special property
that internal and external equality coincide. This is for instance the case in every topos
whose logic is described via all monos/subobjects (see e.g. [317]).

4.3.7. Examples. (i) The category SetsRel of sets and relations is defined in Exam-
ple 1.4.2. Eachrelation (r1,7r2): R < X x Y, seen as morphism R: X — Y in SetsRel,
can be factored as:

(x

where Y/ = {y | 3x. R(z,y)} is the image of r: R — Y and

e<R):<"‘zR>« > m(R):( /Y/‘\ )
X Y’ Y’ Y

A factorisation system (901, &) exists on the category SetsRel: the collection 91 consists
of injections Y’ »— Y, forming a relation as on the right above. And € contains relations
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(r1,72): R — X x Y with the right leg 75 forming a surjection. These maps in 9t and &
are characterised in [207] as “dagger kernels” and “zero-epis” respectively.

The category SetsRel has products (actually biproducts) given by coproducts + on
sets. The diagonal (relation) A = (id,id): Y »— Y + Y in SetsRel is given by the
subset:

A={(yrmy) lyeY}IU{(y.roy) [y €Y} CY x (Y +Y).
Thus, in span form it can be written as:

N s Y Y
| g ~
Y/ Y+Y

with image given by the equality relation on Y + Y, obtained as:

Y+Y
Eq(Y) = m(A) = N
Y+Y Y+Y

For parallel relations R, S: X — Y in SetsRel we then have:
(R,S)"Y(Eq(Y)) = {z € X |Vy,¢. R(z,y) A S(z,y) =y =y}

Hence internal equality T < (R, S)"*(Eq(Y)) is in SetsRel not the same as external
equality.

(ii) Recall the category Vect of vector spaces (over the real numbers R, or some other
field). It carries a factorisation system (91, &) where 9t = (injective linear maps) and € =
(surjective linear maps). The subobjects associated with 91 are linearly closed subspaces.
The product (actually biproduct) for two vector spaces is given by the product of the under-
lying sets, with coordinatewise structure. Hence the diagonal A = (id,id): V — V x V'
is the usual (set-theoretic) diagonal. Since these diagonals are in 91, internal and external
equality coincide in Vect.

(iii) We write Hilb for the category of Hilbert spaces (over the real, or possibly also
over the complex numbers). Morphisms are linear maps which are continuous (or equiva-
lently bounded). The category Hilb also carries a factorisation system, where maps in 9t
correspond to subspaces which are both linearly and metrically closed. Also in this case
diagonals are in 9)t. More details can be found in [207].

We close this section with a special example of a category with a logical factorisation
system. It is obtained from an ordinary logical calculus, by suitably organising the syntactic
material into a category. Itillustrates what kind of logical structure is relevant in this setting.
Categories like these are described as Lindenbaum-Tarski (or term model) constructions
in [225]. These categories may also be described via an initiality property, but that goes
beyond the current setting.

4.3.8. Example. We sketch a (multi-sorted, typed) logic, whose types, terms and formulas
are given by the following BNF syntax.

Types o :=B|1l|oxo|{z:0]|p} (B is primitive type)
Terms M := x| f(M,...,M)|mM | moM | (M,M) (f is function symbol)
Formulas ¢ :=P|T|pA@o|M=,M|Jz:0¢ (P is atomic predicate)

A type is thus either a primitive type B, a singleton (or unit) type 1, a product type o x o’
or a comprehension type {z: o |¢} for a formula ¢. A term is either a variable z, a
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function application f(Mj, ..., M,) for a function symbol f with appropriate arity and
type, a projection term 7; M, or a tuple (M, M’). Finally, a formula is either an atomic
predicate P, a truth formula T, a conjunction ¢ A ¢', an equation M =, M’ for two
terms M, M’ both of type o, or a (typed) existential formula 3z : 0. ¢. Here we assume
that the function symbols f and atomic predicates P are somehow given, via an appropriate
signature. Notice, by the way, that negation is not part of this logical language.

A proper account of our predicate logic now lists the typing rules for sequents of the

form zy: 01,...,2,: 0, = M: 7, expressing that term M, (possibly) containing typed
variables 1, . .., x,, has type 7, and also the deduction rules for logical sequents written as
T1:01,...,%n: Op | P1,..., ¢, b 1. Sometimes we write a term M as M (z1,...,%,)

to make the variables occurring in M explicit (and similarly for formulas). We write [M /]
for the (postfix) operation of substituting the term M for all (free) occurrences of the vari-
able = (where M and x have the same type). We assume the reader is reasonably familiar
with these rules, and refer to [225] for further information. The exception we make is for
the rules of the comprehension type, see below, because they are not so standard.

But first we show that we may restrict ourselves to terms and formulas containing at
most one variable. Suppose a term M (z,y) has two variables a: o, y: 7. Then we may
replace x,y by a single variable z: o X 7 in a product type. This z is placed in M via
substitution: M2/, 72 /y]. This can of course be repeated for multiple variables. Sim-
ilarly, we may replace entailments ¢1, - - , ¢, F % by an entailment o1 A --- A @, =
between only two formulas (using T as antecedent if n = 0). If we keep track of the
variable involved we write such sequents as z: o | ¢ F 1.

Now we can be more explicit about comprehension types. If we have a formula ¢(z),
involving a variable z: o, we can form the type {z: o | ¢}. It comes with introduction and
elimination rules, involving tags i for ‘in” and o for ‘out’.

y:tkEM:o y:7| T Fo[M/x]
y: 7 Fig(M): {z: 0|y}

y:7 EN:{z:0|p} zio |y
S0p ()] F xlog@)/7]

y: 7 FOo,(N): o 2 {z: o]}

with associated conversions 0, (i, (M)) = M and i,,(0,(N)) = N. In the sequel we omit
these subscripts ¢ for convenience.
We now form a category L, for logic, with:

objects types o

morphisms ¢ — 7 are equivalence classes [M] of terms z: + M: 7. Two terms
M, M’ are equivalent when one can deduce z: o | T = M =, M'.
Via these equivalence classes we force “internal” (provable) equality and
“external’” equality (of maps) to coincide.

The identity map o — o is [z,], where z,: o is a particular (chosen) variable of type
o. The composition of maps [M(z)]: 0 — 7 and [N(y)]: 7 — p is given by the term
z: 0 = N[M(x)/y|]: p obtained by substitution. This category L has finite (categorical)
products, via the type-theoretic products 1,0 x 7.

The category L also carries a logical factorisation system (90, ). The set 91 contains
the “0-maps”, given by a formula ¢ in:

u: {z: 0|} Fo(u): o.

(Actually, we take in 91 all these 0-maps composed with isomorphisms.)
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These 0-maps are clearly monic: if 0(N') = o(N’), then N = i(o(N)) = i(o(N")) =
N'. Also, they are closed under composition. This can be seen in the following diagram.

[o]

{y: {z: ol g} [P} —————{2: 0|9}
7| ]o}

{z:olen v[i(w)/y]}bTU

The term P(v) is i(0(0(v))) and is obtained in the following derivation.

o, T ko yif{z:olo} |9, T e
y:{z:o|o} | T Folo(y)/a] vi{y:{z: oo} Y} T Fylo(v)/y]
vi{y: {z: ol |v} | T F plo(o(v)/z] Aplo(v)/y]
= (¢ A9[i(z)/y])[o(0(v)) /]
v: {y: {z: 0| @} |0} F P(v) Ei(o(o(v)): {z: 0| p A vli(z)/y]}

Notice that the i and 0’s in P(v) = i(0(0(v))) are associated with different formulas. In a
similar manner one obtains the inverse term P! of P as P~} (u) = i(i(0(u))).
The set 91 is also closed under pullback, via substitution in formulas:

Tr.o

fu: ol (y)/afy OOy

MI %}

! M ()] ’

The map on top is well-typed since:
y: 7| pM(y)/x], T - p[M(y)/a]
v {y: Tle[M(y)/2]} | T Fo[M(y)/z][o(v)/y] = ¢[M]o(v)/y]/x]
v:{y: 7le[M(y)/z]} Fi(M[o(v)/y]): {w: o|¢}

We leave it to the reader to check that it forms a pullback in L.
The set 91 also contains the equality relations via the following isomorphism.

li({z,2))]
O —————>

= {zi0x0|mz=4 mz}

(id,id) = [(mﬂk A\

o X o

The inverse in this diagram is given by [m,0(v)] = [m20(v)], where the variable v has type
{z: 0 xo|mz=, mz}.

We define € so that it contains those maps of the form [M]: o — {y: 7|4} that satisfy
y: 7| ¢ F 3z o.0(M(z)) = y. We leave it to the reader to show that these maps are
closed under composition and also closed under pullback along 0-maps (from 91).

We come to factorisation. For an arbitrary map [M]: o — 7 in L we can consider the
following predicate on the codomain type 7.

Im([M]) = (y: 7+ 3z: 0. M(z) = y).
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Thus we can factorise the map [M] as:

[i(M)] L o me
o ————{Im([M])} = {y: 7|3z: 0. M(2) = y}

(] Im

Finally, we check the diagonal-fill-in condition. Assume we have a commuting square:

[M]

o————{y: 7|V}
[P]J l[@] (4.8)

z: b p
{z:p| ¥} 5

(0]

Commutation says 0(P) =, Q[M/y'], where y/': {y: 7|+ }. It may be clear that the only
choice as diagonal {y: 7|9} — {z: p| ¢} is the term i(Q), since:

0(i(@) = Q
(@MY = i(QIM/y')
=i(o(P))
=P

The challenge is to show that the term i(Q) is appropriately typed. This is achieved via the
derivation in Figure 4.3.

Exercises

4.3.1.

4.3.2.

4.33.

Let (M, €) be a logical factorisation system.

(i) Show thatamap f € M N € is an isomorphism.

(i) Prove that if we can factor a map g both as g = m o eand as g = m’ o ¢/, where
m,m’ € Mand e,e’ € &, then there is a unique isomorphism ¢ with m’ o p = m
andpoe=e.

(iii) Show form € Mande € Ethatm(m o f) =mom(f)ande(f oe) =m(f) oe,
where m(—) and e(—) take the 9-part and €-part like in Definition 4.3.2 (ii).

Let F': C — C be an endofunctor on a category C with a logical factorisation system

(om, ¢).

(i) Assume that F' preserves abstract epis, i.e. ¢ € &€ = F(e) € €. Prove that the
category Alg(F') of algebras also carries a logical factorisation system. Use that
pullbacks in Alg(F') are constructed as in C, see Exercise 4.2.7.

(ii) Check that every endofunctor F': Sets — Sets satisfies this assumption, i.e. pre-
serves surjections—if the axiom of choice holds.

[Hint. Recall that the axiom of choice can be formulated as: each surjection has a
section, see Section 2.1.]

Define the category EnRel(C) of endorelations in a category C (with a logical factorisation
system) via the following pullback of functors.

EnRel(C) ————— Rel(C)
| |
C—— > CxC

(idc, idc)

(i) Describe this category EnRel(C) in detail.
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Figure 4.3: Well-typedness of the diagonal map for the rectangle (4.8).

Y {y: 7|9} Fi@Q): {z: plo}
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(i) Show that equality relations form a functor Eq(—): C — EnRel(C).

4.3.4.  Let C be a category with a logical factorisation system and finite coproducts (0, +).
(i) Show that the image of the unique map !: 0 — X is the least element L in the poset
Pred(X) of predicates on X.
(ii) Similarly, show that the join m V n in Pred(X) of predicates m: U b— X and
n: V=Y is the image of the cotuple [m,n]: U +V — X.

4.3.5.  Two morphisms f, g in an arbitrary category C may be called orthogonal, written as f L g,
if in each commuting square as below there is a unique diagonal making everything in sight

commute.
f
R,
/
Ll
¥
Rl
9

The diagonal-fill-in property for a factorisation system (901, €) in Definition 4.3.2 thus says
that e 1 m foreachm € M and e € €.

Now assume that a category C is equipped with a factorisation system (901, €), not neces-
sarily ‘logical’. This means that only properties (i)—(iii) in Definition 4.3.2 hold.

(i) Prove that f € €if and only if f L m for all m € 9.

(ii) Similarly, prove that g € 9t if and only if e L g forall e € €.

(iii) Prove: e,doe € € = d € €.

(iv) Similarly (or dually): m,mon € M = n € M.

(v) Prove alsom,n € M = m X n € M, assuming products exist in C.

(vi) Show that diagonals A = (id, id) are in 90 if and only if all maps in € are epis.

4.3.6.  Prove that the converse of Proposition 4.3.5 (iv) also holds: if ]_[f(f’l(n) Am)=mnA
]_[f (m) holds for all appropriate f,m, n, then € is closed under pullback along maps m €
m.

4.3.7.  Assume a factorisation system (901, €) on a category C with finite products 1, x. Prove that
the category of predicates Pred(C) also has finite products, via the following constructions.

o The identity (14— 1) on the final object 1 € C is final in Pred(C).
o The product of predicates (m: U b— X) and (n: V +— Y) is the conjunction of the
pullbacks 77 (m) A 75 *(n), as predicate on X x Y.
Show that also the category of relations Rel(C) has finite products.
4.3.8. Let (9, €) be a logical factorisation system on a category C with pullbacks. Prove that &

is closed under pullbacks along arbitrary maps if and only if the so-called Beck-Chevalley
condition holds: for a pullback as on the left, the inequality on the right is an isomorphism:

fl - lk ;a7 m) < g7 [1(m)

4.4 Relation lifting, categorically

The previous section introduced predicates and relations in a category via a factorisation
system, corresponding to conjunctions T, A, equality, existential quantification 3, and com-
prehension {—}. In this section we use such factorisation systems to describe relation lift-
ing for an arbitrary functor—not just for a polynomial one, like in Section 3.1. Predicate
lifting wrt. such a factorisation system will be described later, in Subsection 6.1.2.

4.4.1. Definition. Assume a category C with a logical factorisation system (90, €), and an
arbitrary endofunctor F': C — C. Then we define a functor Rel(F): Rel(C) — Rel(C)
in the following way.
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e Given a relation 7 = (ry,72): R+ X1 x X5 in Rel(C) we introduce a new rela-
tion Rel(F)(r): Rel(F)(R)+ F(X1) x F(X3) via the following factorisation, de-
scribing the lifted relation as the right-hand-side leg of the triangle:

F(R)— 4 Rel(F)(R)

(F(r1), F(rz)N /R:l(F)(r)

F(X1) x F(X5)

e Assume a morphism (f1, f2): R — S in Rel(C), as in:

r= <r1aT2>I IS = <81782>
fi X fo

XixXo—————>YVi x Y,

The pair of maps (F(f1), F(f2)) then forms a morphism Rel(F')(r) — Rel(F)(s)
in Rel(C) by the diagonal-fill-in property from Definition 4.3.2 (iii):

(F(r1), F(r2))

-
F(R) v Rel(F)(R)
F(w)l s .
F(S) Rel(F)(f1, f2) F(X1) x F(X3)
- LR x F(s2)

Rel(F>(s§>—> F(Y1) x F(Yz)

(F(s1), F(s2))

By uniqueness of such diagonals one verifies that Rel(F')(—) preserves identities
and composition.

This definition of relation lifting generalises the situation found in Lemma 3.3.1 for
Kripke polynomial functors on Sets. We first establish some general properties of this
relation lifting, much like in Section 3.2. But before we can do so we need to describe
composition of relations.

For two relations (r1,72): R+ X x Y and (s1, s2): S+ Y x Z we define their re-
lational composition S o R+ X x Z via pullback and image: first form the object P by
pullback in:

P L S——Z .
l - J/ P——(SoR)
1 S1
R——Y and take the image: 4.9)
"2 (r1 01,82 0pa)
“l X%z

It is possible to turn objects with such relations between them into a category, say C-Rel
like in SetsRel, but this requires additional properties of logical factorisation systems
(namely: diagonals are in 90t and € is closed under pullbacks, like in Exercise 4.3.8).
See [271] for details.
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4.4.2. Proposition. Relation lifting as defined above forms a functor in a commuting dia-
gram:

Rel(F)

Rel(C) ——————— Rel(C)

| |

_
CxC X F CxC

Then:
(i) The functor Rel(F) preserves the order < between relations (on the same objects):

R < S = Rel(F)(R) < Rel(F)(()S).

(ii) This Rel(F) also preserves reversal (also called daggers) (—)! of relations, where:

(r1,r2) (r2,r1)
(m—> xxv)' = R™EXy x X).

Moreover, there are inequalities:

(iii) Eq(F (X)) < Rel(F)(Eq(X)), and Eq(F (X)) = Rel(F)(Eq(X)) in case either:

e diagonals are in M, or

o [ preserves abstract epis, i.e. ¢ € € = F(e) € €.

(@iv) Rel(F)(S o R) < Rel(F)(R) o Rel(F)(S), if F preserves abstract epis.

Proof. (i) Assume two relations R — X7 x X3 and S — X; X X5 on the same objects.
Then R < S means that the pair of identities (idx,,idx,) is a morphism R — S in
Rel(C). By applying Rel(F) we get amap (idp(x, ), idp(x,)): Rel(F)(R) = Rel(F)(S)
in Rel(C). This means Rel(F)(R) < Rel(F)(S).

(ii) Let us write v = (mo, ) for the twist map. For a relation (ri,r2): R— X x Y,
the reversed relation R is v o (ry,73) = (ro,m1): R+—=Y x X. We write the image of
F(R) as (s1,82): Rel(F)(R) — F(X1) x F(Xz). The reversal Rel(F)(R)T of the lifted
relation is (s2, s1). Thus we need to prove that the image of (F(r2), F(r1)) is (s2,s1).
This is done via Exercise 4.3.1 (iii):

wm((F(r), F(r1))) = m(y o (F (7“) F(r)))

= yom((F(r1), F(rs))) since +y is an iso and thus in Mt
=70° <51782>
= (s2,81).

(iii) The equality relation Eq(X) on an object X is given by the image of the diagonal,
below on the left, giving rise to the relation lifting on the right:

X X4 Bq(X) FEq(X)) —— & 4 Rel(F)(Eq(X))
Ax = <idx,i(k }m“m” (F(my), F(m)) A
X x X F(X) x F(X)

The inequality Eq(F (X)) < Rel(F)(Eq(X)) is obtained via diagonal-fill-in:

CF(X)

() ——mg(E (X))
F(EX)l - -
F(Eq(X)) -

-
~

q -

Rel(F)(Eq(X)) o F(X) x F(X)
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In case F(ex) € € we have two factorisations of the diagonal F(X) — F(X) x F(X),
making the dashed map an isomorphism.

If diagonals Ax = (idx,idx): X — X x X are in 91, then the equality relation
Eq(X) on X is this diagonal Ay and its lifting Rel(F)(Eq(X)) is the image of the tuple
(F(idx), F(idx)) = (idpx),idpx)): F(X) — F(X) x F(X). This image is the
diagonal A (x itself, which is the equality relation Eq(F (X)) on F(X).

(iv) Assume two relations (r1,72): R X x Y and (s1,s2): S+ Y x Z with com-
position S o Rasin (4.9). We write their liftings as (], r5) : Rel(F)(R)+— F(X) x F(Y)
and (s}, s4): Rel(F)(S)+— F(Y) x F(Z), with composition:

Q —2 L Rel(F)(5) % F(Z)

q{ - ls, Q —L 4 Rel(F)(S) o Rel(F)(R)
Rel(F)(R )—)F(Y) and image: o qhs%)

% P(X) x F(Z)

P(X)

Consider the map ¢ obtained in:

F
F(p) P2, F(S)
oo \
F(R) Q2 L Rel(F)(S)

\ ‘hl - l"ll
Rel(F)(R) —— F(Y)
)

Since F(e) € €, by assumption, we obtain the required inequality < as diagonal in:

F(e)
F(P)——— 3 F(S o R) —Rel(F)(S o R)
wl e -
Q -7 u

a -
Rel(F)(S) o Rel?F)(S)b—) F(X)x F(Z)

Stronger preservation results for lifted functors Rel(F') can be obtained if we assume
that all abstract epis are split epis, i.e. that & C SplitEpis. This assumption in Sets is
equivalent to the axiom of choice, see before Lemma 2.1.7. Also in the category Vect of
vector spaces surjective (linear) maps are split: if f: V' — W in Vect is surjective, then
there are isomorphisms V' = ker(f) @ Im(f) and Im(f) = W. The resulting map

=~ K =~
W —— Im(f) —2>kcr(f) SIm(f) —V
is a section of f.
4.4.3. Proposition. Assume a logical factorisation system (9, €) on a category C where

& C SplitEpis. In this case the lifting of a functor Rel(F'): Rel(C) — Rel(C) preserves
reversals ()T, equality and coproducts ] .
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Moreover, if F preserves weak pullbacks, then Rel(F') preserves composition of rela-
tions and inverse images:

Rel(F)(S o R) = Rel(F)(S) o Rel(F)(R)
Rel(F)((f1 x f2)71(S)) = (F(f1) x F(f2))~" (Rel(F)(S)).

In particular relation lifting preserves graph relations: Rel(F)(Graph(f)) = Graph(F(f)),

since Graph(f) = (f xid)"Y(Eq(Y))=» X x Y for f: X - Y.

Proof. Split epis are “absolute™: they are preserved by any functor F', see Lemma 2.1.7.
As aresult, equality and coproducts are preserved, see Proposition 4.4.2 and Exercise 4.4.3.
Hence we concentrate on the second part of the proposition and assume that the functor F’
preserves weak pullbacks. We shall write sections ¢ in a factorisation:

lr
/L\
F(R) ————+Rel(F)(R) .
€R ., where epotp = id.
(F(r1), F(ra)) I<T1s7"2>
F(X) x F(Y)

We then get (F'(r1), F(r2)) o tg = (r},r53), and thus F(r;) o tg = r}, because ep is a
(split) epi:

(F(r1),F(r2)) otroep = (r{,rj) oegp o tr o ep = (r{,13) o ex.

We first show that Rel(F') preserves composition of relations. We use pullbacks P and
@ as in the proof of Proposition 4.4.2. Because I’ preserves weak pullbacks we obtain a
map ¢ in:

— 2 L Rel(F)(S)

Rel(F)(R) F(P) 0, B
V}ml JF(sn
tr F(R) ——— F(Y)

F(rq)
Thus we obtain a diagonal:

Q—"1 L Rel(F)(S) o Rel(F)(R)

e| I
F(P) .7
F(e)l e

s

F(SoR) ~

s
s
s

Rel(F)(S o R) —— F(X) x F(Z)

Preservation of inverse images is obtained as follows. Consider the pullback (F(fl) x
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F(f)) - (Rel(F)(S)) written simply as e in:

F((fi x f)7}(8)) ———— F(9)
g1 n
f ! Rel(F)(S)
’ [
F(X1) x F(X2) m F(Y1) x F(Y2)

The map g is obtained because the lower square is a pullback. And h arises because F' pre-
serves weak pullbacks (and the map F'(S) — Rel(F)(S) is a split epi). Then g o h = id,
because the lower square is a (proper) pullback, so that g is split epi. From Exercise 4.4.2
we can conclude that we have an appropriate factorisation giving e = Rel(F )((f 1 X

f2)71(9)), as required. a

4.4.4. Corollary. Assume I is a weak-pullback-preserving functor on a category with a
logical factorisation system (M, €) satisfying € C SplitEpis. Then:

R is an equivalence relation = Rel(F)(R) is an equivalence relation.

Writing EqRel(R) for the category of equivalence relations Ry— X x X, we get an obvi-
ous restriction of the relation lifting functor Rel(F') to EqRel(F) in:

EqRel(F)
EqRel(C) ———— EqRel(C)

| |

) IR 4
C ) C

Proof. The fact that R+ X x X is an equivalence relation can be expressed via three
inequalities A = Eq(X) < Rand Rf < Rand R o R < R. By the previous result
relation lifting Rel(F) preserves equality, reversal and composition, making Rel(F)(R)
and equivalence relation.

The next definition captures some essential properties of the lifted functor Rel(F).
Subsequently, a close connection with weak-pullback-preserving functors is established.

4.4.5. Definition. Let C be a category with a logical factorisation system (901, €). A re-
lator for a functor F: C — C, also known as an F-relator, is a functor H: Rel(C) —
Rel(C) that makes the following diagram commute

Rel(©) — 2, Rel(C)

1 !

CXCWCXC

and preserves equality relations, relation reversal, relation composition, and graph rela-
tions. (The latter means H(Graph(f)) = Graph(F(f)) and thus links A and F.)

There is some disagreement in the literature about the precise definition of an F-relator,
see for instance [409, 376], but the most reasonable requirements seem to be precisely
those that yield the equivalence with weak-pullback-preservation by F' in the next result.
Often these relators are defined with respect to a category with relations as morphisms, like
SetsRel in Example 1.4.2 (vii). But the category Rel(C) with relations as objects (that we
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use) seems more natural in this context, for instance, because it contains bisimulations as
coalgebras (see below). The situation is compared, in the set-theoretic case, more explicitly
in Corollary 5.2.8 later on.

The essence of the following result comes from [411] and [88]. It applies in particu-
lar for C = Sets. A generalisation in enriched categories may be found in [71] (using
preservation of exact squares instead of preservation of weak pullbacks).

4.4.6. Theorem. Assume a functor F': C — C, where the category C carries a logical
factorisation system (N, €) with € C SplitEpis. Then: F has a relator if and only if F
preserves weak pullbacks.

Moreover; this relator, if it exists, is uniquely determined.

Proof. Proposition 4.4.3 tells us that Rel(F) is a relator if F' preserves weak pullbacks.
Conversely, assume H is an F-relator. We use make extensive use of the equations in
Exercise 4.4.4 for showing that F' preserves weak pullbacks. So assume we have a weak
pullback on the left below, and a pair of maps a, b making the outer diagram on the right
commute.

A b
vty
hJ Jg F(V) 0 F(Y)
X——7Z ’ |# [F
I F(X) ik F(Z)

Commutation of this diagram means:

T < (F(f) 0 a,F(g) o b)~(Eq(F(Z)))
a, b~ (F(f) x Flg)) ™" (Eq(F(2)))
b~ (Ba(F(f), F(9)))

b

a,b) "' (H(Eq(/, 9))),
where the latter equation holds because in Exercise 4.4.4 equality is formulated in terms of

graphs, composition and reversal, namely as: Eq(f, g) = Graph(g)’ o Graph(f). The
two graph relations involved are obtained via pullbacks in:

()

a7

Graph(f) L BN Z Graph(g) - Z
- J
(maq, mz)I IA (ﬂl,ﬂq)I IA
XXZL————7Zx7Z YXZ——F—7Zx%x 7
[ xid g xid

And the relation composition Graph(g)™ o Graph(f) = Eq(f, g) results from the follow-
ing pullback and image.

P L Graph(g) g Y

_ _° B :
pll JM P a(f, 9)
Graph(f) —— 2 m o prumn o pay N |
"“l XxY

X
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We then have:
fomiop =maop =nzops =goniops.

This line of reasoning started with a weak pullback. It yields a map ¢: P — V, not
necessarily unique, with h o ¢ = my o p; and k o ¢ = ny o py. The image factorisation
on the left below then gives a diagonal on the right:

d P————Eq(f,9)
Vv ——— (M) CJ e
T= i({ P v 7 (ri,m2)
Ve X XY dJ, e
(o) H(/l.k)(T)>—>€ XxY

Thus we have an inequality Eq(f,g) < [l 4 (T). Using the equation [, ,,(T) =
Graph(k) o Graph(h)T from Exercise 4.4.4 we can continue the reasoning from () in

a,b)"'(H(Eq(f,9)))

T < (
< (a,b)” (H(Hhk)(T )

= (a,b)~' (H(Graph(k) o Graph(h)?))

= (a,b)~" (Graph(F(k)) o Graph(F(h))")
= (a,b)~ (H(F(h),F(k))(T))‘

This inequality can be described diagrammatically as:

s J
F(V) — ry,rap (T ¢ = == = -

A
. d .
T= 1(1] Ié’ id=T
FV)——— = FX)xFY)+— A
(F(h), F(k)) (a,b)
where s satisfies d’ o s = id, using that d’ is a split epi. The resulting map s o j: A —
F (V) is the mediating map that proves that F' preserves weak pullbacks:

(F(h),F(k))osoj=0odosoj=1{oj=(ab).
Finally, via the equations in Exercise 4.4.4 and the preservation properties of relators
we can prove uniqueness: one gets H = Rel(F) from:
H(R) = H(Graph(rz) o Graph(rl)“)
H(Graph(rz)) o H(Graph(rl)T)
= H(Graph(ry)) o H(Graph(rl))f
= Graph(F(r3)) o Graph(F(r))"
= Rel(F)(Graph(rs)) o RCI(F)(GI‘H.})II(Tl))f

= .-+ = Rel(F)(R). O
Exercises
4.4.1.  Verify that composition of relations as defined categorically in (4.9) is in the set-theoretic
case, with 9 = (injections) and € = (surjections), the same as ordinary composition of
relations.
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4.4.2.  Prove that split epis are orthogonal to all monos (where orthogonality is defined in Exer-

cise 4.3.5).
Conclude that € C SplitEpis, for a logical factorisation system (90, €), implies € =
SplitEpis.
4.43.  Use functoriality of relation lifting to obtain:
@ Loy e (Re(F)(R) < Re(F)(I T, (B))
(i) Rel(F)((f x 9)" (R)) < (F(f) x F(9))”* (Rel(F)(R)).
Prove that the inequality < in (i) is an equality = if the functor F' preserves abstract epis.

44.4.  Assume a category C with a logical factorisation system (9, ). Show that graph relations,
composition and reversal are fundamental, in the sense that:

@ Ea(f.9) & (£,9)" (Ba(2)) = Graph(g)! o Graph(f). for f: X — Z and
g:Y —Z.

And if € C SplitEpis, show that:

(i) R = Graph(r2) o Graph(r1)', for (ri,72): Rb—= X x Y}

(iii) Im((h,k)) & sk (T) = Graph(k) o Graph(h)f, forh: V — X and k: V —
Y.

4.4.5.  Use the pullback in Exercise 4.3.3 to define a lifting EnRel(F) : EnRel(C) — EnRel(C)
of an endofunctor on C to an endofunctor on endorelations in C. Describe in detail how
this functor works.

4.4.6.  Let C be a category with a logical factorisation system (91, €).

(i) Show that a natural transformation o: F' = G gives rise to a “lifted” natural transfor-
mation Rel(c): Rel(F) = Rel(G) in:

Rel(F)
Rel(©) " JRel(o) 2 Rel(C)

N o S
Rel(G)
FxF
C= boxo
GxG

(ii) Prove that relation lifting is functorial, in the sense that it preserves identity natural
transformations Rel(idr) = idrei(r) and composition of natural transformations:
Rel(7 o o) = Rel(o) o Rel(7).

(iii) Show that for two arbitrary endofunctors F, G: C — C, there is a natural transforma-
tion Rel(FG) = Rel(F)Rel(G).

4.5 Logical bisimulations

In the preceding sections we have first developed a general form of categorical logic us-
ing factorisation systems, and subsequently used this logic to introduce liftings Rel(F') of
functors F to relations. This enables us to describe F-bisimulations as Rel(F')-coalgebras,
like Lemma 3.2.4, in but at a much more general level (not only for polynomial functors,
not only on Sets).

4.5.1. Definition. Consider a functor F': C — C on a category C with a logical factorisa-
tion system, together with the resulting lifting Rel(F'): Rel(C) — Rel(C) as described in
Definition 4.4.1.

In this setting a logical F-bisimulation is a Rel(F)-coalgebra. It thus consists of a
relation R+— X x Y with a pair of morphisms (coalgebras) ¢c: X — F(X), d: Y —
F(Y) in C forming a morphism in the category Rel(C):

Jf 7777777 S Rel(F)(R)
XXYTF(X) x F(Y)
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For the record we add that a logical F-congruence is a Rel(F)-algebra.
As a special case a coalgebra of the functor EnRel(F): EnRel(C) — EnRel(C) from
Exercise 4.4.5 is a bisimulation on a single coalgebra. It is an endorelation itself.

The notion of Rel(F)-coalgebra thus already contains the two underlying coalgebras.
It is more common that these two coalgebras c¢, d are already given and that a bisimulation
is a relation R on their state spaces so that the pair (c, d) is a morphism R — Rel(F)(R)
in Rel(C). This is just a matter of presentation.

As is to be expected, equality relations are bisimulations. This can be formulated more
abstractly as a lifting property, using the category EnRel(C) of endorelations from Exer-
cise 4.3.3.

4.5.2. Lemma. Assume an endofunctor F': C — C on a category C with a logical factori-
sation system. For each coalgebra c: X — F(X) the equality relation Eq(X )+ X x X
on its state is a bisimulation.

As a result there is a lifting of the equality functor in:

CoAl Ea(*)
0Alg(F) ———— CoAlg(EnRel(F))

| |

C o) EnRel(C)
) ! |
F EnRel(F)

This lifting sends:

Eq(X) ———— Eq(I'(X)) < Ry)(EQOf))
(xSrx))—| T N
Xx X —XC 5 p(X) x F(X)

where we use that the functor Rel(F') and EnRel(F) coincide on endorelations. a

A similar lifting for algebras is more complicated, because in general, there is only
an inequality Eq(F (X)) < Rel(F)(Eq(X)), see Proposition 4.4.2 (iii). But under addi-
tional assumptions guaranteeing Eq(F (X)) = Rel(F)(Eq(X)) there is also a lifted func-
tor Eq(—): Alg(F) — Alg(EnRel(F)). These additional assumptions are for instance
that diagonals are abstract monos, or F' preserves abstract epis.

In a next step we wish to compare notions of bisimulation (like in [401]):

e the above logical one involving a coalgebra R — Rel(F')(R) in Rel(C);

e the span-based formulation, with the Aczel-Mendler notion involving a coalgebra
R — F(R) in C as special case;

o the cospan-based formulation, also known as behavioural equivalence.
Earlier, in Theorems 3.3.2 and 3.3.3 it was shown that these notions coincide in the more

restricted context of polynomial functors on Sets. In the present general setting they
diverge—but they still coincide in Sets, for weak-pullback-preserving functors.

4.5.3. Theorem. In the setting of Definition 4.5.1, with a logical factorisation system
(9N, &) on a category C, there are the following implication arrows between notions of
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bisimulation.
Aczel-
@/> Mendler \
cospan of X logical

coalgebra maps . .
8 P bisimulation

(behavioural equivalence)

% span of /

coalgebra maps

With additional side-conditions:
@D abstract epis are split, i.e. € C SplitEpis
Q) the category C has pushouts

(@ the functor F preserves weak pullbacks and diagonals A = (id,id) are in M—or
equivalently, € C Epis, see Exercise 4.3.5 (vi).

Proof. Clearly an Aczel-Mendler bisimulation R — F(R) on coalgebras c: X — F(X)
and d: Y — F(Y') forms a span of coalgebra maps X < R — Y. This implication is the
(vertical) downarrow in the middle.

For the other unlabelled (unconditional) implication starting from an Aczel-Mendler
bisimulation, assume the relation is <7"1,T2>: Rt X x Y, carrying a coalgebra R —
F(R) as on the left below. It gives rise to a Rel(F)-coalgebra on the right via the fac-
torisation that defines Rel(F)(R).

TR;) F(R) R F(R) L Rel(F)(R)
| |
<71f2> (F(ry )lF(,2)> (F(TI)LFW))

XxY—FX)xF®Y) XxY—F(X)x F(Y)
cxd cxd

(Here we assume that the relation R is already in 90t; if not, we have to consider it as a
proper span and factorise it first, see below.)

In the other direction, for the implication with label/condition (D, assume a coalgebra
(c,d): R — Rel(F)(R) in Rel(C) as in the outer diagram on the right above. If the
abstract epi F(R) — Rel(F)(R) is split, we obtain a map R — Rel(F)(R) — F(R)
yielding a commuting diagram as on the left.

Next assume a general span of coalgebra maps:

F(X) f F(W) g F(Y)
Te | +— b —_— Td
X w Y
Clearly if the category C has pushouts, then so has the category CoAlg(F'). The pushout
of this diagram forms a cospan of coalgebras. This establishes the implication (2).
For the span above we consider the two factorisations of (f, g) and (F'(r1), F(r2)) in
the diagram below. They make the image Im((f, g)) a logical bisimulation via diagonal-
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fill-in:
W /F;Im f g)
(f.9) Im((ﬁ g)-—--- + Rcl(F)(Im(<f1 9))) (F(r1), F(r2))
<7‘1! r2>
X xY % d F(X)x F(Y)

Finally, for the implication with condition (3) assume we have a cospan of coalgebra

maps:
(F(X)) f <F(W)> g (F(Y))
Tte | — b | +— Td
X w Y

‘We claim that the pullback below on the left gives rise to a coalgebra map on the right.

R———————W R—— S F(R)
T4 T |
<P1-,p2> A= <id, 1d> (pll‘ﬂz) (F(Pl)lF(m))
XXY ———WxW XxY—FX)xFY)
fxg cexd

By construction the pair X LR 2 Yisthe pullback of f, g. Hence because I preserves
weak pullbacks there is a (not necessarily unique) map ¢: R — F(R) in:

If e X
X NF(R) _ e iy

\\ 7o |r@

F(X) ——— 5 F(W)

E(f)
It is precisely the map we seek. o

After this analysis of the abstract situation we become more concrete and characterise
(logical) bisimulation for the two endofunctors from Section 4.1, namely multiset M s
(for a commutative monoid M) and distribution D, both on Sets. We follow [420] where
it was first shown that bisimulation equivalence for the distribution functor coincides with
the (non-coalgebraic) formulation developed by Larsen and Skou [301].

For a relation (ry,m2): R < X x Y the relation lifting Rel(M ) (R) € M (X) x
M (Y) is the image in Sets in the diagram:

Mpr(R) ———————» Rel(Myp)(R)

(Mar(r1), Mas(r2))
Mar(X) x My (Y)
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We can describe this image concretely as:

Rel(Mar)(R) = {(,0) € Mar(X) x Mar(Y) | Iy € Mas(R).
Mar(r1)(x) = ¢ A Mar(r2)(x) = ¥}
= {Mu(r1) (), M (r2)(X)) | x € Mur(R)}
= {(Cimaws, 32, mayi) | 22 mawi, i) € M (R)}.

Thus, this relation R is a (logical) bisimulation for two M y;-coalgebras c¢: X — M (X)
and d: Y — M (Y) if for each pair (2,%) € R there is multiset 3, m;(x;, y;) over R
with ¢(z) = Y, miz; and d(x) = -, msy;.

It is not hard to see that bisimulations for the distribution functor D take precisely
the same form, except that the multiplicities rn; must be in in the unit interval [0, 1] and
add up to 1. For the distribution functor there is an alternative description of bisimulation
equivalences (i.e. for relations that are at the same time bisimulations and equivalence
relations).

4.5.4. Proposition (From [420]). Assume two coalgebras ¢,d: X — D(X) of the distri-
bution functor, with the same state space X. An equivalence relation R C X x X isthen a
logical bisimulation for D-coalgebras ¢, d if and only if R is a “probabilistic bisimulation”
(as defined in [301]): forall x,y € X,

R(z,y) = c(x)[Q] = d(y)[Q], for each R-equivalence class Q C X
(where for o € D(X) and U C X we write p[U] = Y1, o(2)).

Proof. First, assume R is a bisimulation equivalence with R(z,y). As described above,
there is then a formal distribution x = Y, r;(,%:) € D(X x X) with R(z;, y;) for each
i,and c(x) = Y, and d(y) = >, riy:. Now let @ C X be an R-equivalence class.
Then z; € Qiff y; € Q, since R(z;, y;), and thus:

c(@)[Q] = Xseqri = Lyeqri = d)Q)-

Conversely, assume R is a probabilistic bisimulation with R(z,y). We write ¢(z) =
>oirizg and d(y) = 37, s;y;. For each x; and y; in this sum, for which R(x;, y;) holds,
there is an equivalence class:

Qi & [wlr = k.

By assumption, ¢(z)[Q;,;] = d(y)[Qi;]. These sums, say t; ; € [0,1], are non-zero
because by definition of ; € supp(c(x)) and y; € supp(d(y)). We now define x €
D(X x X) by:

c(z)(x:) - d(y)(y;)
x(u,v) = tij
0 otherwise.

if (u,v) = (i, 9;) and R(zi,y;)

We then have for z; € supp(c(z))

D)W@) = Y x(@y;)
i R(wisy;)
ti,.]

J.R(zi,y;)
c(x)(@:) -
- @)@
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Similarly, D(72)(x) = d(y). Finally, the probabilities in x add up to 1 since:

S o x@ay) => > XLy
ERUCIED) i JR(i,y;)
Z o(x)(x;) as just shown

i

= 1. O

4.5.1 Logical formulations of induction and coinduction

Earlier, in Theorem 3.1.4 we have stated that the familiar induction principle for initial
algebras can be formulated in “binary” form as: every congruence on the initial algebra is
reflexive (i.e. contains the equality relation). In the present setting we can formulate this
induction principle in far more general logical form, as preservation properties.

For the validity of these logical formulations we need the assumption that relation lift-
ing preserves equality: Eq(F(X)) = Rel(F)(Eq(X)). Recall from Proposition 4.4.2 (iii)
that in general only the inequality < holds. This property is used in the algebraic case to
guarantee that equality lifts to a functor Eq(—): Alg(F') — Alg(EnRel(F’)), analogously
to Lemma 4.5.2, turning equality relations on carriers of algebras into logical congruences.

But first we have a quite general result.

4.5.5. Theorem. Assume an endofunctor F: C — C, on a category C with a logical
factorisation system, which has an initial algebra a: F(A) 5 A. Then each logical
congruence is reflexive.

More precisely, suppose we have two arbitrary algebras a: F(X) — X andb: F(Y) —
Y and a relation (r1,72): R X x Y. Assume this R is a logical congruence, in the
sense that the pair (a,b) forms an algebra Rel(F)(R) — R in the category Rel(C) of
relations. Then there is a map Eq(A) — R in Rel(C), namely:

I T

AXA——F X xY
int, X inty

where int,: A — X and inty,: A — Y are the algebra homomorphisms obtained by
initiality.

Proof. Exercise 4.5.1 says that the fact that R is a logical congruence may be described
via a (necessarily unique) algebra structure ¢: F'(R) — R with (ry,72) o ¢ = (a X b) o

(F(r1), F(r2)), as in the rectangle on the right, below. It yields an algebra map int.: A —
R on the left, in:

Flay— - SO pgy LDy
= cl la, xb
A————l—nt—r———»}%T)XxY

By uniqueness we then get r; o int. = int, and 7 o int. = inty in:

int, X

\\TL¢
inty Y



162 Chapter 4. Logic, Lifting, and Finality

But then we obtain the map of relations Eq(A) — R via diagonal-fill-in:

A——Eq(A)
p s
s

int, - Ax A O

e
e . .
- lmta X inty,
1’4

R————=X XY
<T1,7'2>

If we restrict ourselves to endorelations (on the same object) then we can formulate this
binary induction principle more abstractly as a preservation property (like in [205]).

4.5.6. Corollary. Assuming relation lifting preserves equality, the lifted equality functor
Eq(—): Alg(F) — Alg(EnRel(F)) preserves initial objects.

Thus: if F(A) 5 A is initial in the category Alg(F), then the logical congruence
Eq(A) = A x Ais initial in Alg(EnRel(F)), i.e. is the initial logical congruence.

Proof. Assume an EnRel(F)-algebra b: EnRel(F)(R) — R, given by an F-algebra
b: F(X) — X and a logical congruence relation (ry,r2): R+ X x X. Theorem 4.5.5
gives the unique map of relations int, : Eq(A) — R in the category EnRel(C) of endorela-
tions. This makes Eq(A) initial in Alg(EnRel(F)). Hence the functor Eq(—): Alg(F) —
Alg(EnRel(F)) preserves initial objects. a

The formulation “Eq(—): Alg(F) — Alg(EnRel(F)) preserves initial objects” is
used as definition in [205]; it expresses that the logic involved satisfies the induction princi-
ple. The above result says that under mild assumptions (relation lifting preserves equality)
the logic given by a logical factorisation system indeed satisfies the induction principle.
In [205] logics are described more generally in terms of fibrations. Then it is shown that
the crucial structure for this result is comprehension {—}. It is built into the kind of logics
we consider here, see Section 4.3.

A bit more concretely, suppose we have a relation R C A* x A* on the initial algebra
A* of lists over a set A. Assume R(nil, nil) and R(o,0’) = R(cons(a,o),cons(a,c’))
hold. These two assumptions express that R is a logical congruence, for the (initial) al-
gebra [nil,cons]: 1+ A x A* =5 A*. The previous corollary then says that R must be
reflexive, i.e. that R(c, o) holds for all 0 € A*.

We turn to a similar logical formulation of coinduction. We can say, still following
the approach of [205], that the coinduction principle is satisfied if the equality functor
Eq(—): CoAlg(F) — CoAlg(EnRel(F)) from Lemma 4.5.2 preserves final objects.
This is not automatically the case. The crucial structure we now need are quotients (instead
of comprehension). We briefly explain how this works.

4.5.7. Definition. Assume a category C with a logical factorisation system. We say that
it admits quotients if the equality functor Eq(—): C — EnRel(C) has a left adjoint,
typically written as Q.

Intuitively, the above functor Q sends an endorelation R+ X x X to the quotient
X/R, where R is the least equivalence relation containing R. Exercise 4.5.5 will describe
some conditions guaranteeing the existence of such quotients Q.

4.5.8. Theorem. Assume a logical factorisation system with quotients on a category C,
and an endofunctor F': C — C whose relation lifting Rel(F) preserves equality. Then
the coinduction principle holds: the functor Eq(—): CoAlg(F) — CoAlg(EnRel(F))
from Lemma 4.5.2 preserves final objects.
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Proof. Assume a final F-coalgebra ¢: Z = F(Z). We have to prove that equality Eq(Z)
on its carrier is the final logical bisimulation. So let R+ X x X be an arbitrary logical
bisimulation on a coalgebra ¢: X — F(X). We have to produce a unique map of Rel(F)-
coalgebras:

(R N Rcl(F)(R)) - (Eq(Z) N Rcl(F)(Eq(Z)))

Since such a map is by definition also a map in ¢ — ¢ in the category CoAlg(F) it
can only be the unique map beh.: X — Z to the final coalgebra. Hence our task is
reduced to showing that beh, is a map of relations R — Eq(Z). But since Eq(—) is right
adjoint to quotients Q we need to find a map Q(R) — Z. It arises by finality as soon
as the object Q(R) carries an F-coalgebra structure Q(R) — F(Q(R)). Again we use
the adjunction Q@ - Eq(—) to obtain such a coalgebra map. It suffices to have a map of
relations R — Eq(F(Q(R))). The latter is obtained as from the unit n: R — Eq(Q(R))
of the adjunction, using that relation lifting preserves equality:

c Rel(F)(n)
R —— Rel(F)(R) —————— Rel(F)(Eq(Q(R))) = Eq(F(Q(R))). 1
Exercises
4.5.1.  Let F be an endofunctor an a category C with a logical factorisation system. Assume

algebras a: F(X) — X and b: F(Y) — Y and arelation (r1,r2): R X x Y. Prove
(a, b) is a Rel(F')-algebra Rel(F)(R) — R in Rel(C)—making R a logical congruence—
if and only if the object R € C carries an F-algebra c: F(R) — R making the r; algebra
homomorphisms in:

FOO) ) gy F0D
] | s
X - R = X

Check that this algebra c, if it exists, is unique.

4.52.  Generalise Lemma 4.5.2 in the following manner. Assume an endofunctor F': C — C on
a category C with a logical factorisation system. Consider two coalgebra homomorphisms
fg with the same domain. Prove that the image Im((f,g)) = Il ;,,(T) is a logical
bisimulation.

4.53.  Assume two coalgebras X > F(X),Y 4 F(Y) of an endofunctor F': C — C on a cat-
egory C with a logical factorisation system.

(i) Prove that a relation R+ X x Y is a logical bisimulation for ¢, d if and only if
[Lexa(R) < Rel(F)(R).

(ii) Assume that posets of relations have arbitrary joins \/. Prove that logical bisimulations
are closed under \/ in the sense that if each R; is a logical bisimulation, then so \/z R;.
[Hint. Use that [,

This shows that bisimilarity 2, as join of all bisimulations, is a bisimulation itself.

oxq» s left adjoint, preserves joins.]

4.5.4.  Use Exercise 4.4.3 (i) to prove that for coalgebra homomorphisms f, g one has: if R is a
bisimulation, then sois [,  (R).

4.5.5.  Consider a category C with a logical factorisation system (9, &) with diagonals A =
(id, id) contained in 9. Prove that if C has coequalisers, then its logic admits quotients—
in the sense of Definition 4.5.7.

[Hint. Define the functor Q: EnRel(C) — C via the coequaliser of the two legs of a
relation.]
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4.5.6.  Assume a logical factorisation system with quotients on a category C, and an endofunctor
F: C — C whose relation lifting Rel(F') preserves equality. Prove that a bisimulation
R+ X x X on acoalgebra c: X — F(X) yields a quotient coalgebra ¢/R: Q(R) —
F(Q(R)) and a map of coalgebras:

F(q)

F(X) ———— F(Q(R))

CT TC/R

N W

This construction makes explicit what is used in the proof of Theorem 4.5.8; it generalises
Theorem 3.3.4 (i).

4.6 Existence of final coalgebras

Final coalgebras have already been used at various places in this text. They have been
described explicitly for a number of special functors, like for functors (—)4 x B for de-
terministic automata in Proposition 2.3.5. Often it is interesting to see what the elements
of such final coalgebras are, but in actually using final coalgebras their universal property
(i.e. finality) is most relevant. Hence what is most important to know is whether or not a
final coalgebra exists. Theorem 2.3.9 has mentioned, without proof, that a final coalgebra
exists for each finite Kripke polynomial functor. It is the main aim in this section to prove
a general result about the existence of final coalgebras in Sets, which implies the earlier
mentioned Theorem 2.3.9. This general result says: bounded endofunctors on Sets have
final coalgebras.

In this section we only consider final coalgebras for endofunctors on sets. There are
more general results, applying to other categories. For instance, [430] shows that any
accessible endofunctor on a locally presentable category admits a final coalgebra. Such
results go beyond this introductory text. There is an extensive literature on final coalge-
bras [398, 11, 55, 267, 14, 17, 23, 430, 378, 165, 371, 160] that can be consulted for further
information. The last two references [371, 160] describe a “logical” construction of final
coalgebras, via modal formulas (known as canonical models, in modal logic).

The section starts with a generalisation of the familiar construction of obtaining least
fixed points of continuous endofunctions on directed complete posets (dcpo). It serves as
suitable introduction to the topic.

First we recall the basic fixed point constructions for directed complete partial orders
(dcpos). Assume D is a dcpo with a least element L. € D, and f: D — D is a continuous
function—that is an endo map in Dcpo, so f is not required to preserve L. The least fixed
point pf € D can then be defined as join of an ascending w-chain of elements in D:

Ly < A < LU < <uf =V W),

where fO(z) = x and f"*!(z) = f(f"(z)). By continuity one obtains f(pf) =
Vo, F(FH(L) =V, fPHH(L) = pf. Itis easy to see that uf is the least fixed point,
or, better, the least pre-fixed point: if f(x) < z, then u(f) < x. By induction one obtains
fM(L) <z, and thus pf =/, f*(L) < a.

Aside: the Greek letter w is often used in mathematical logic for the set N of natural
numbers (considered as ordinal). It is standard in this context.

Since each poset is a category and a monotone function between posets is a functor,
we can see f: D — D as a functor. The element xf is then the initial algebra. This
construction can be generalised to categories (as in [398, Lemma 2]), once the relevant
notions have been suitably extended, both for algebras and for coalgebras.

4.6.1. Proposition. Let F': C — C be an arbitrary endofunctor.
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(i) Suppose the following w-chain starting from the initial object 0 € C has a colimit
AeC

0—— o) ZY, F20) 70 F3(0) — - —— 4 .10

If the functor F is co-continuous, in the sense that it preserves colimits of w-chains, then
there is an initial algebra structure F(A) =5 A.
(ii) Dually, assume there is a limit Z € C of the chain starting at the final object 1 € C.

| F(Y

2
1<'—F(1)%F2(1)<L<!)F3(1)<;...<;Z @.11)

If F is continuous (preserves w-limits), then we get a final coalgebra Z =+ F(Z).

Proof. The two statements are each other’s duals and we choose to prove only the second
one; Exercise 4.6.1 elaborates on the first point. We shall make explicit what it means when
an object X is a limit of a diagram:

fi fa f3 fa

Xp+— Xj+— Xo+— Xg¢— - +— X

It requires the presence of a ‘universal cone’: a collection of arrows (X i) X )nen
satisfying fr+1 0 (ut1 = G, With the following universal property. For each cone, given
by an object Y € C with arrows g,,: Y — X, such that f,,11 © gh41 = gn, there is a
unique map h: Y — Z with (,, o h = gy, for each n € N. In a diagram:

2z
Z
|
|
|
|
|

h

Y

‘We now return to the situation in the proposition. Assume a limit (4.11) with maps

i Z — F™(1) satisfying F™(!) o (p41 = Cn. Applying F to the chain (4.11) and

its limit Z yields another chain (F((,): F(Z) — F™*1(1)) with limit F(Z). Using the

latter’s universal property yields an isomorphism ¢: Z —= F(Z) with F((,) 0 ¢ = Gt

It is a final coalgebra, since for an arbitrary coalgebra c: Y — F(Y) we can form a
collection of maps ¢,,: Y — F"(1) via:

o= (Y 1)
o= -5 Fr) 2 F1) = Fle)oc
o= - Fy) 9 o) T Fa)) = Fla)oc

3,

oyt = Flep) oc.

The maps ¢,, commute with the arrows in the chain (4.11), which is easily seen by induc-
tion. This yields a unique map h: Y — Z with {,, o h = ¢, It forms a homomorphism of
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coalgebras, i.e. satisfies ¢ o h = F'(h) o ¢, by uniqueness of maps Y — F(Z) to the limit
F(Z):
F(Ga)oCoh = Cuuroh
Cnt1
F(cp)oc
= F(¢,) o F(h) oc. ]

In order to make this w-limit construction more concrete we consider some examples
in Sets. The following result is then useful.

4.6.2. Lemma. (i) In Sets limits of w-chains exist, and are computed as follows. For a

chain (Xn+1 ELN Xn) the limit Z is a subset of the infinite product ||
by:

neN nen Xn given

Z = {(zo,x1,22,...) |Vn € N.wy, € Xy A fo(Tps1) = 0}

(ii) Each exponent polynomial functor F: Sets — Sets—without powerset—is con-
tinuous.

Proof. (i) The maps (,: Z — X, are the n-th projections. The universal property
is easily established: given a set Y with functions g,,: ¥ — X,, satisfying f,4+1 o
gn+1 = Gn, the unique map h: Y — Z with (,, o h = g, is given by the w-tuple
h(y) = (90(v), 91(y): 92(9), - - )-

(ii) By induction on the structure of F', using that products, coproducts and (constant)
exponents preserve the relevant constructions. a

4.6.3. Corollary. Each exponent polynomial functor F : Sets — Sets has a final coalge-
bra, which can be computed as limit of an w-chain like in (4.11). a

We show how to actually (re)calculate one such final coalgebra.

4.6.4. Example. In Corollary 2.3.6 (ii) we have seen that the final coalgebra for a (simple

polynomial) functor F(X) = X x 2 can be described as the set 24" = P(A*) = L(A) of

languages with alphabet A. Here we shall reconstruct this coalgebra as limit of an w-chain.
Therefore we start by investigating what the chain (4.11) looks like for this functor F'.

FO(1) =1 = P(0)

Fil)=14x2=1x2=2=7P(1)

F2(1) = 24 x 2 = 2441 =~ P(1 4 A)

F3(1) 2 (2411)% x 2 2 2AX(AHD) 5 9 o 9AHAT = D14 A4+ A2 erc.

One sees that:

Fr(1) = P AY).

The maps F™(!): F**1(1) — F"(1) in (4.11) are given by the inverse image ' of the
obvious coprojection function i, : 1+ A+ 4+ A" — 1+ A4+ A" 1+ A" An
element U € Z of the limit Z as described in Lemma 4.6.2 (i) consists of elements U,, C
1+A+- 4+ A" — 14+ A+ -+ A"~ with the requirement that 1, (Up41) = U,.
The latter means that these Uy, 1 C 14+ A+ -+ A" 5 1+ A4+ AL 4 A
can be identified with the set A™ of words of length n. Together they form a set of words,
or language, U C A*, like in the original description in Corollary 2.3.6 (ii).
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What we have done so far applies only to (co-)continuous endofunctors. But for in-
stance, the finite powerset is not continuous. Hence we shall need more powerful tech-
niques to cover a larger class of functors. This is done via the notion of a bounded func-
tor. It goes back to [267] and occurs regularly in the theory of coalgebras, see for in-
stance [378, 176]. Here we shall use it for the description of final coalgebras. We first
introduce the standard formulation, and then immediately introduce an equivalent alterna-
tive that is easier to work with in the current setting.

4.6.5. Definition. A functor I': Sets — Sets is called bounded if there is a set M such
that for each coalgebra X — F(X) and state € X there is a subcoalgebra on S — X
with 2 € S, where S is strictly smaller than M, i.e. |S| < |M]|.

We use the notation | X| for the cardinality of a set X. The notion of subcoalgebra
S — X will be investigated more systematically in the next chapter in terms of invariants.
Here the meaning should be obvious, namely a coalgebra S — F(.S) making the inclusion
S — X a homomorphism of coalgebras.

4.6.6. Example. Here is an example of a bounded functor that will play an important role.
Deterministic automata are described as coalgebras of the functor D(X) = X4 x B, for
suitable sets A, B. This functor is bounded by the set P(A*). Indeed, given an arbitrary
D-coalgebra (5,¢): X — X x B with a state v € X we can take as subset S — X the
set of successor states of x, given by:

S = {0"(z,a) | a € A*},

where the iterated transition function 6* is introduced in (2.22). Clearly, = € S for a = ().
Also, S is closed under transitions and thus carries a subcoalgebra structure. Finally, |.S| <
[A%] < [P(A%].

The following alternative description of bounded functors is a combination of results
from [410, 176, 27].

4.6.7. Proposition. For a functor F': Sets — Sets the following three statements are
equivalent.

(i) F is bounded;

(ii) F is accessible: there is a set M such that for each set X,

F(X) = U(F(U) | U € X and |U] < |M]};
(iii) There are sets A, B with a natural transformation:
(-4 xB=2>F
where for each set X # () the component ox : X4 x B — F(X) is surjective.

The equation in (ii) is intuitively clear but a bit sloppy, since we have omitted inclusion
functions i: U < X, which turn elements u € F(U) into elements F'(i)(u) € F(X).

A functor that is bounded by the set N of natural numbers is called w-accessible or fini-
tary These w-accessible/finitary functors are thus entirely determined by their behaviour
on finite sets. They preserve w-colimits, see Exercise 4.6.7, and thus have initial algebras.
As we shall see, they also have final coalgebras.

Proof. (i) = (ii) Assume that F' is bounded, say via the set M (as in Definition 4.6.5). This
same set can be used in the description of accessibility. The inclusion (2) in (ii) clearly
holds, so we concentrate on (C). If X = () the result is obvious, so we may assume an
element o € X. Letw € F(X); it yields a constant coalgebra c = Az € X.w: X —
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F(X). Since F is bounded by assumption, for the element zy € X there is a subcoalgebra
cg: S — F(S) of ¢, on asubset i: S < X with |S| < |M], and an element yy € S
with i(yo) = xo. We claim that v = ¢g(yo) € U{F(U) | U C X and |U| < |M|} is the
required element that is mapped to w € F/(X):

F(i)(v) = F(i)(cs(yo))
= c(i(yo)) since cg is a subcoalgebra
= w.
(ii) = (iii) Assume that F' is accessible, say via the set M. We take A = M and
B = F(M), and define o : XM x F(M) — F(X)asox(f,b) = F(f)(b). It is easy to
see that o is natural, so we concentrate on showing that o x is surjective for X # (.
Assume w € F(X). By accessibility of F' there is a subseti: U < X with |U| < | M|
and an element v € F(U) with w = F(i)(v). Since |U| < |M]| there is, by definition of
the cardinal order, an injection j: U — M. We distinguish two cases.

o U = (). In that case i: U ~ X is the unique map !x: ) — X, since () is initial
in Sets. Thus w = F(!x)(v) € F(X). We take b = F(!5r)(v) € F(M) and
f=2Mn € M.xog: M — X, where zyp € X is an arbitrary element. This pair
(f,b) € XM x F(M) is mapped by ox to the element w € F(X) that we started
from:

ox(f,b) = F(f)(0) = F(f)(F(a)@)) = F(f o lar)(v)
= F(lx)(v) = w.
e U # (. Since j: U — M is injective there is a map k: M — S in the reverse

direction with k o j = id—as noted at the end of Section 2.1. We now take f =i o
k: M — X and b= F(j)(v) € F(M). Then:

ox(f,b) = F(f)(b) = F(iok)(F(j)(v)) = F(iokoj)(v)
= F(i)(v) = w.
(iii) = (i) This implication is easy using the previous example and Exercise 4.6.8. [
4.6.8. Lemma. Each finite Kripke polynomial functor is bounded.

Proof. We shall use the third formulation from Proposition 4.6.7 and show by induction on
the structure of a finite Kripke polynomial functor F that there are sets A, B with a suitable
natural transformation o': (—)4 x B = F. We leave details to the interested reader.

e If F'is the identity functor we simply take A = 1 and B = 0.
e If F' is the constant functor X — C we take A =0and B = C.

e In case F'is a product F; x F, for which we have suitable natural transformations
0;: ()4 x B; = Fj, fori = 1,2, we take A = A; + Ay and B = B; x By and
define ox: X4 x B — F(X) by:

ox(f,(b1,b2)) = (a1(Xa € A;. f(K1a),b1), 02(Ma € Aa. f(k2a),b2)).

It is clearly natural, and surjective for X # 0.

o Similarly, if F/ = [[,; F; with 0;: (—)* x B; = F}, we take A =[]
B =]1;c; Bi and define oy : X x B — F(X) by:

ier Ai and

ox(f.r;0) = Kjoj(Aa € A;. f(k;a),b).
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e Next consider F = G©, and assume we have a suitable natural transformation
7: (=) x B = G. We then define o : X(©*4) x B¢ - G(X)® as:

ox(f,9)(¢) = 7x(Xa € A. f(c,a),9(c))-

Proving that o x is surjective, for X # (), involves the axiom of choice.

e Finally, assume F' = Pj;,G, where G already comes with a natural transformation
7: (=)* x B = G. Then we can define ox : XN*4) x B* — P4, (GX) as the
n-element set:

ax (f, (b, ..., ba))
= {rx(Ma € A. f(1,a),b1),...,7x(A\a € A. f(n,a),b,)}. a

4.6.9. Theorem. Each bounded functor Sets — Sets has a final coalgebra. In particular,
each

e finite Kripke polynomial functor, like P, (A x —),
e finitary functor, like multiset M s or distribution D,
has a final coalgebra.

The existence of final coalgebras of finitary functors occurs already in [55].

Proof. Let F' be this bounded functor. The third formulation of Proposition 4.6.7 yields
a natural transformation o : (7)A x B = F, for suitable sets A and B, with surjective
components ox for X # (). Recall from Proposition 2.3.5 that the functor (—)* x B
has carrier Z = BA" of the final coalgebra ¢: Z -+ Z4 x B. We define an F-coalgebra
E=o0z0(: Z — F(Z). We claim that it is “weakly” final: for each F-coalgebrac: X —
F(X) there is a (not necessarily unique) homomorphism of F-coalgebras f: X — Z.

If X is the empty (initial) set (), there is obviously such a homomorphism f: X — Z.
Otherwise, we know that ox : X# x B — F(X) is surjective, and thus, using the axiom
of choice, has a section s: F(X) — X4 x B with 0x o s = idp(x). The coalgebra
so0c: X — XA x B yields a homomorphism f: X — Z of (—)4 x B-coalgebra by
finality. It is then also a homomorphism of F-coalgebras:

F(f)oc=F(f)ooxosoc because ox o s = id
=o0y0(f4xidg)osoc by naturality of &
=ozo0(Cof since f is a homomorphism
=¢of.

We now force the weakly final coalgebra {: Z — F(Z) to be truly final. The general
theory of bisimulation from Section 4.4 will be used, for the standard logical factorisation
system on Sets, with its quotients. Bisimilarity 2 is a join of bisimulations, and thus a
bisimulation itself by Exercise 4.5.3. Hence we can form a quotient coalgebra £ /<>: W —
F(W)onW = Q() = Z/<> by Exercise 4.5.6. This coalgebra £/< is final: for each
coalgebra ¢c: X — F(X) there is a homomorphism X — TV, namely the composition
of the map X — Z obtained by weak finality and the quotient map ¢: Z — W. This is
the only one, since if we have two such homomorphisms f, g: X — W, then the image
Im((f,g))— W x W is a bisimulation by Exercise 4.5.2. Hence Im((f, g)) < £, so that
f=g a
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Weakly final (co)algebras, as used in this proof, may also be constructed in (second
order) polymorphic type theory, see [180, 432]. Under suitable parametricity conditions,
these constructions yield proper final coalgebras, see [187, 354, 49].

In the end one may ask if there is a link between the final coalgebra constructions based
on limits of chains and on boundedness. It is provided in [431], via transfinite induction,
going beyond w: for instance, for a finitary (w-accessible) functor F' the final coalgebra can
be reached in w + w steps as limit of the chain F*+™(1) = F™(F“ (1)), where F*(1) is
the limit of the chain F(1).

Exercises

4.6.1. (i) Spell out the notions of colimit of w-chain and of co-continuity.

(i) Check that the colimit of an w-chain Xo ﬂ» X4 L) X2 -+ in Sets can be de-
scribed as quotient of the disjoint union:

aen Xn/~={(n,2) IneENANz € Xn}/~

where
(n,2) ~ (m,y) == Ip = n,m. fop(x) = frmp(y),
with fop = fp-10 fp—20---0 fg: Xqg = X, forqg < p.
(iii) Prove Proposition 4.6.1 (i) in detail: the initial algebra of a co-continuous functor
F: C — C on acategory C with initial object 0 € C can be obtained as colimit A of

the w-chain:
! F() F2()
0=—— F(0) —= F?(0) — -+~
il a2
[eT0)
A

with the induced initial algebra a: F(A) == A satisfying o o Fl(an) = 1.

4.6.2.  Recall from Example 2.4.4 that the lift functor £ = 1 4+ (—) on Sets has the natural
numbers N as initial algebra. If we consider the functor 1 + (—) not on Sets but on
PoSets, there are two obvious ways to add and element, namely at the bottom or at the
top.

(i) Check that N is the colimit of the chain (4.10) for the lift functor on Sets.

(ii) Write £ for the functor which adds a bottom element L to a poset X; prove that
the natural numbers with the usual order < form an initial algebra of the functor
L, : PoSets — PoSets, for instance via the chain construction (4.10).

(iii) Now write L1 : PoSets — PoSets for the functor that adds an element T as top
element. Check that the initial £+ -algebra is (N, >)—which has 0 as top element.

4.6.3.  Prove that a left adjoint preserves colimits of w-chains, and dually, that a right adjoint
preserves limits of such chains.

4.6.4.  Consider an initial algebra a: F((A) =+ A constructed as colimit (4.10) for a functor F'
that preserves monomorphisms (like any weak-pullback-preserving, and hence any Kripke
polynomial functor, see Lemma 4.2.2). Assume F also has a final coalgebra ¢: Z —=»
F(Z), and let t: A — Z be the unique (algebra and coalgebra) homomorphism with
Cou=F(t) o a™!. Prove that ¢ is injective.

[Hint. Define suitable ¢,,: Z — F™ (1) and use that F"(!): F"(0) — F™(1) is mono.]

4.6.5. Check that the list (—)*, multiset M, distribution D and finite powerset Py, functors are
finitary (w-accessible), but the ordinary powerset functor P is not.

4.6.6.  Check that Lemma 4.6.8 specialises to: every simple polynomial functor is finitary.
[Hint. The easiest way is to use Proposition 2.2.3.]

4.6.7.  Prove that each finitary functor F': Sets — Sets preserves colimits of w-chains (described
explicitly in Exercise 4.6.1).
Conclude that such a functor has both an initial algebra, by Proposition 4.6.1, and a final
coalgebra, by Theorem 4.6.9.
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4.6.8. (Seee.g. [176]) Let F, G: Sets — Sets be functors with a natural transformation o : G =
F between them for which o x surjective for each X # (). Prove that F is bounded in case
G is.

4.6.9. Show that if both F, G: Sets — Sets are bounded, then so is the composition GF'.

4.7 Polynomial and analytical functors

This section will present another characterisation of simple polynomial endofunctors (on
Sets), and also of the related class of analytical functors (introduced in [261]). The charac-
terisation involves properties that we have seen earlier in this chapter—notably finitariness
and (weak) pullbacks. Recall from Proposition 2.2.3 that simple polynomial functors are of
the form F(X) = [[,c; X#', where #: I — N s an ‘arity’. Analytical functors are sim-
ilar, and have the form F'(X) = [[,; Xi/G involving an additional quotient (see below
for details). The main result of this section (Theorem 4.7.8) says that a functor is simple
polynomial if and only if it is finitary and preserves (countable) pullbacks. Similarly, a
functor is analytical if and only if it is finitary and preserves (countable) weak pullbacks.

These characterisation results will not be used elsewhere in this book but provide back-
ground theory about endofunctors. These results go back to [261] and have been digested
and reformulated several times, notably in [188] and [30], but see also [125]. The present
section contains another minor re-digest, leaning heavily on [188]. Although the main
result is relatively easy to formulate, its proof requires quite a bit of work.

First of all we need to generalise the notion of (weak) pullback, as introduced in Sec-
tion 4.2. There, the binary (weak) pullback is defined, for two maps fi1: X; — Y and
f2: X9 — Y with common codomain. Here we generalise it to an arbitrary number of
maps f;: X; — Y, for indices ¢ in an arbitrary index set /. In fact, we only need I to be
countable, so we restrict ourselves to index set / = N. The formulation for arbitrary sets /
is then an obvious generalisation.

So assume we have a countable collection (f;: X; — Y');en with common codomain
(in an arbitrary category). The pullback of this collection is given by an object P together
with maps p;: P — X such that f; o p; = f; o pj, forall i, j € N, as in:

P

A
Po 1 2 3
. e

AN .
fo_f1 2%
N)\g

This diagram is a (countable) pullback if it is universal in the obvious way: for each object
Q with maps g;: Q — X satisfying f; o g; = f; o g;, there is a unique map g: Q — P
satisfying p; o g = g;. It is a weak pullback if such a g exists, without the uniqueness
requirement. A functor F preserves such a (weak) pullback if the maps F(p;): F(P) —
F(X;) are a (weak) pullback of the collection (F(f;): F(X;) — F(Y));en. These preser-
vation properties play a crucial role in Theorem 4.7.8 below.

The present proof of this sections main result, Theorem 4.7.8, exploits the idea, like
in [30], that each functor F' can be written as coproduct F' = ]_L. G, of affine functors G;
(preserving the terminal object: G;(1) = 1). This observation goes back to [410] and will
be described first. We will use it only for the category Sets, but the construction involved
can be performed more generally and so we describe it first in a separate lemma. This
construction is important, and may be understood as a form of reindexing/substitution—
whence the (—)~! notation. This construction is used for instance in [254, 252] to define
the notion of ‘shapely’ functor, see Proposition 4.7.9.
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4.7.1. Lemma. Assume C is a category with finite limits (binary pullbacks and terminal
object 1 € C). Let F': C — C be an arbitrary endofunctor, with a map u: A — F(1) in
C. Form for each X € C the pullback:

u (F)(X) s F(X)
_
WXJ F(lx) 4.12)
A—————F(Q)
(i) The mapping X + u~'(F)(X) extends to a functor u='(F): C — C, with a

natural transformation o: w1 (F) = F.
(ii) For X = 1the map 71 : u=*(F)(1) — A is an isomorphism.

Proof. (i) For f: X — Y in C define u=(F)(f) in

u (F)(X) ——— 5 F(X)

The outer diagram commutes since !y o f = lx. By construction this yields a natural
transformation oz u~}(F) = F.

(ii) For X =1 we have F'(!;) = id: F(1) — F(1) as vertical map on the right-hand-
side in (4.12). Hence its pullback 7y : w=(F)(1) — A is an isomorphism. ]

4.7.2. Proposition. Consider the previous lemma for C = Sets and A = 1.
(i) For each functor F: Sets — Sets one obtains a natural isomorphism:

v =rF
u€F (1)

describing the functor F' as coproduct of affine functors u=1 (F')—since u=(F)(1) = 1 by
Lemma 4.7.1 (ii).

(i) If F preserves (weak) pullbacks, then so does each u™'(F).

(ili) If F is finitary, then so is u=*(F).

Proof. (i) In the previous lemma we found a natural transformation o: u=1(F) = F.
We left the dependence on the map w« implicit. But if we make it explicit by writing o
instead of o, then the above map [[,cpryu™ ' (F) = F is the cotuple [0"]ucp(r) It
is an isomorphism since for each w € F(X) we get u = F(!)(w) € F(1) with v’ €
u~(F)(X) obtained via the following pullback.

1 'UJ
F)(X) 4>F(X)
JF(!)
u = F(')(u') FQ)
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This shows surjectivity. Injectivity is obvious by the uniqueness of maps into the pullback
u”HF)(X).

(ii) Fix u € F(1); for convenience we abbreviate F’ = u~!(F). Assume a non-empty
collection of maps f;: X; — Y in C with weak pullback p;: P — X,. If we have map
gi: Q@ = F'(X;) with F'(f;) o gi = F'(f;) o g;, then we get maps ox, o g;: Q —
F(X;) with:

F(fi)oox, 0gi =0y o F'(fi)og
oy o F'(fj) o g; = F(f;) o ox; o gj-.

Since F preserves weak pullbacks this yields a map g: Q — F(P) with F(p;) o g =
ox, o gi. Then we obtain a unique map h: Q — F'(P) in:

Q g
\ Sk
TP — Ep)
’Q _
{ F(r)
1—— F(1)
u

In order to see that the outer diagram commutes, we pick an arbitrary index io; it exists
because we assumed our collection of maps f; is non-empty. Then:

F(lp)og = F(x,) o F(pi,)og
F(lx,)) o 0x,, © gi

io

u o !p(xm) ° iy
=wuolg.

The resulting map h: Q — F’(P) satisfies F'(p;) o h = g; by uniqueness of mediating
maps for the pullback defining F'(X) = u~1(F):

o F'(p;))oh =1

=log
ox, 0 F'(p;))oh = F(p;)oopoh

F(pi)og
= (TXL O gi.

In case P is a proper (non-weak) pullback, uniqueness of / is obtained from uniqueness
ofg=opoh.

(iii) Assume F': Sets — Sets is finitary. We need to show that F’ = u~!(F') is finitary
too. So assume an element w € F'(X). Then ox(w) € F(X). Hence there is a finite
subset p: Y < X with v € F(Y') such that ox (w) = F(¢)(v). We obtain v’ € F'(Y)
via the pullback defining F’(Y) = u=}(F)(Y):

v

Py — Ry

{ - JF“”

11— F(1)

By uniqueness one obtains F’(p)(v') = w, as required. ]
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If we wish to show that a functor is simple polynomial or analytical, we need to describe
it as coproduct of elementary functors. The previous result is important for that goal.
Another important ingredient will be described next.

Recall that a finitary functor F': Sets — Sets is determined by its behaviour on finite
subsets. In fact, since each finite set Y is isomorphic to a natural number Y = n, we
can say that such a finitary functor F' is determined by the outcomes F'(n), forn € N
considered as n-element set. We shall make this a bit more precise via the operations:

aj
Fln) x Xm — P pex) @13
(u, t) ————— F(t)(u).

The n-tuple t € X" is identified with a function ¢: n — X, to which the functor F' is
applied. The following result again relates a functor to a coproduct of simpler functors.

4.7.3. Lemma. For an arbitrary functor F': Sets — Sets, the cotuple of the ap,, maps
in (4.13) yields a natural transformation:

F (4.14)

(HF(n) x(=)"

neN

) ap = [ap,Jnen
e N

all of whose components | [,, F(n) x X™ = F(X) are surjective if and only if F is finitary.
This functor [ [,y () x (=)™ on the left hand side is isomorphic to an arity functor
Fy ., where the arity #p associated with F is defined as #p = m1: ([ ,en F(n)) = N.

Proof. First, assume F is finitary and u is an element of F(X). Hence there is a finite
subset i: Y < X and v € F(Y) with F(i)(v) = u. Let n = |Y| be the size of ¥ and
choose an isomorphism j: n = Y. Taket =i o j: n — X andw = F(j~1)(v) € F(n).
Then:

ap,(w,t) = F(t)(w) = (F(ioj) o F(j71))(v) = F(i)(v) = u.

Conversely, assume the map [ [, F'(n) x X™ = F(X) is surjective for each set X, and let
u € F(X). Thenthereis ann € Nand (v,t) € F(n)x X™ withap,,(v,t) = F(t)(v) = u.
Consider the image factorisation (in Sets):

n— sy ={tl) e X|ien}
m

X

t

Now take w = F(e)(v) € F(Y). It satisfies F(m)(w) = F(m o e)(v) = F(t)(v) = u.
The arity functor Fy,. for the arity # is given by Fiu(X) = 1,,en yer(n) X" This
is obviously isomorphic to [ [, .y F'(n) x X", as used above.

A finitary functor F is thus a quotient, via the map ap in the lemma, of a simple poly-
nomial functor [, F/(n) x (—)™. We shall see that further (preservation) conditions on the
functor F' allow us to say more about this map ap. To this end the following category of
elements is useful.

4.7.4. Definition. For a functor F': Sets — Sets let Elt(F) be the category of “ele-
ments” of F in the following manner. Objects of Elt(F) are pairs X € Sets,u € F(X).
A morphism (v € F(X)) — (v € F(Y))isamap f: X — Y in Sets satisfying
F(f)(u) = v. Composition and identities are inherited from Sets. There is thus an obvi-
ous forgetful functor Elt(F) — Sets.
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This category Elt(F') of elements is relevant in the current setting since an equation
ap,,(u,t) = v € F(X), foru € F(n) and t € X", means that ¢ is a morphism ¢: (u €
F(n)) — (v € F(X)) in Elt(F). We are interested in getting appropriately minimal
versions of such maps.

4.7.5. Lemma. Assume F': Sets — Sets is a finitary functor.

(i) Foreachw € F(X),

o thereisamap (w' € F(n)) — (w € F(X)) in Elt(F), where n € N,

o such that for each f: (v € F(Y) — (w' € F(n)) in EIt(F), the function f: Y — n

is surjective.

(i) If the functor F preserves countable weak pullbacks, then the previous point can be
strengthened to: for eachw € F(X),

o there is amap (w' € F(n)) — (w € F(X)) in E1t(F),

o such that each f: (v € F(Y) — (w' € F(n)) is a split epi in E1t(F).

If we write:
F°(n) = {w € F(n) | each (v e F(Y)) = (w € F(n)) is a split epi},

then this last result says: for each w € F(X) there is a map (w' € F°(n)) — (w €
F(X)).

Proof. (i) Assume w € F'(X). Because the component at X of the map ap in (4.14) is
surjective, the set {(n,u,t) | n € N,u € F(n),t € X™ with ap,,(u,t) = w} is non-
empty. Among all these elements we take the one with the least number n and call it
(n,w’,t). Thus ap, (w',t) = w, so that t: (v’ € F(n)) — (w € F(X)) in Elt(F);
additionally, for each m € N with ap,, (u,s) = w we have n < m. Next, assume a map
f:(ve F(Y)— (w € F(n)) in Elt(F). Factorise f: Y — nin Setsas f =i o f’
where f': Y — mand i: m — n (so that m < n). We then have v’ = F(f’)(v) € F(m)
andt' =t o4 € X™ satisfying:

ap,, (v, t') = F(t')(v') = F(toio f)(v) = F(to f)(v) = F(t)(w') = w.

But then n < m and thus m = n. Hence i: m »— n is an isomorphism, and f =i o f’ is
surjective.

(ii) Assume towards a contradiction that for each w € F(X) and forall (w’ € F(n)) —
(w e F(X)) thereisamap f: (v € F(Y)) — (w' € F(n)) that is not a split epi. We
proceed in a number of steps.

(1) By (i) we do have a map t: (w; € F(ny)) — (w € F(X)) such that for each
f:(ve F(Y))— (w € F(ny)) the function f is surjective. But, by assumption,
there is a map f: (v € F(Y1)) = (w1 € F(ny)) which is not a split epi.

(2) We now apply the assumption to v; € F(Y7). It yields, as before a map t: (wy €
F(ns)) — (v1 € F(Y1)) as in (i), together with fo: (v € F(Y2)) — (w2 € F(ns))
that is not a split epi.

(3) Continuing in this manner we obtain a chain of maps in Elt(F'):

(w € F(X)) (v1 € F(11)) (v € F(Y2))

tl (fl/ to] f/ ts7 / (4.15)

(w1 € F(n1)) (wg € F(n2)) (w3 € F(n3))

(4) By (i), for each of the resulting maps f; o t;41: (wit1 € F(ni41)) = (w; € F(n;))
in Elt(F) the underlying function f; o t;41: n;11 — n; is surjective. Hence n;41 >
n;. We also have n; 1 # n;: if n;41 = n; then the map f; o ¢;4; is an isomorphism,
say with inverse s: n; — n;41. As a result:
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e sisamap (w; € F(n;)) = (wiy1 € F(niy1)) in Elt(F) since F(s)(w;) =
(F(s) o F(fi 0 tiy1))(wi1) = wita.
o tiy1 0s: (w; € F(n;)) — (v; € F(Y;)) is a splitting for f;, since f; o t;41 o
s =id;
Thus, an equality n,; = n; makes f; a split epi in Elt(F")—which we know is not
the case. Hence n; 1 > n;.

(5) Now write g, for the resulting maps g;: (w; € F(n;)) = (w € F(X)), obtained
as chain of ¢’s and f’s in (4.15). We take the (countable) pullback P = []y n; of
these g;: n; — X in Sets, with projections p;: P — n; satistying g; o p; = g; o p;.
Since F preserves weak pullbacks and F'(g;)(w;) = w, there is an element u € F'(P)
with F(p;)(u) = w;. Hence p;: (u € F(P)) = (w; € F(n;)) in E1t(F).

(6) Since F is finitary and u € F(P) we getamap ¢: (v’ € F(k)) — (u € F(P)), for
some k € N. Recall we have an ascending sequence n; < ng < ng < ..., so there is
an index ¢ with k < n;. At the same time we have a map:

(v € F(k)) AN (u € F(P)) LN (w; € F(n;))
whose underlying function p; o t: k — n; must be surjective—by construction of
the (w; € F(n;)), using (i). But surjectivity of this map implies k£ > n;, which is
impossible.
Hence our original assumption is wrong. ]

If we apply these results to affine functors, things are beginning to fall into place.

4.7.6. Proposition. Let a countable weak pullback preserving functor I': Sets — Sets
be finitary and affine.

(i) There is a unique n € N for which ap,,: F°(n) x (=)™ = F is surjective.

(ii) This yields a (natural) isomorphism:

[T X"/~ | — Fx),
u€F° (n)
where ~,, is the equivalence relation on X" given by:
Ly s <= Jp:n s n.top=sand F(p)(u) = u.
(iii) In case F preserves (proper) pullbacks, we get an isomorphism:
I x| — FX),

u€F°(n)
making F a simple polynomial functor.
Proof. (i) Assume we have two elements v € F(X) and v € F(Y). We pick two maps
t: (v € F°(n)) = (u € F(X))and s: (v' € F°(m)) — (v € F(Y)) with the properties
of Lemma 4.7.5 (ii). The aim is to show n = m. The product n x m is a pullback over

1; applying F' yields a weak pullback, as on the left below. Because F' is affine we get
F(t)(uw') = F(s)(v'); hence there is an element w € F(n x m) with F(m)(w) = v’ and
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F(ms)(w) = v'. The maps 7; are then split epis, by Lemma 4.7.5 (ii), so we get a diagram
in Elt(F') as on the right, with r; splitting ;.

F(ms) /”\
F(n xm) —= F(m) (w e F(nxm)) 7 (v € F(m))
F(wl)l JF(S) 1 < lﬂ'l Js
Fl) o P =1 (W' € Pn) —— (x € F(1))

Since v' € F°(m) and v’ € F°(n) we obtain that the two resulting diagonal maps:
1 2
(v € F(n)) —— (w € F(n x m)) —» (v' € F(m))
(v € F(m)) BRLIN (w e F(nxm)) LIV (u" € F(n))
are both split epis. Hence n < m and m < n, and son = m.
(ii) For u € F°(n) we need to show:

ap, (u,t) = ap, (u,s) <= t ~y s.
The implication (<) is trivial: if ¢ 0 ¢ = s and F()(u) = u, then:

ap, (u,t) = F(t)(u) = F(t)(F(p)(w)) = F(to 9)(u) = F(s)(u) = ap,(u,s).

For the direction (=), assume ap,, (u, t) = ap,,(u, s) in F'(X). We form the pullback:

P2
nXxn——n

m| " |s

nﬁX

Applying F yields a weak pullback, and thus an element w € F(n X x n) with maps
p1,p2: (w € F(n xx n)) — (u € F(n)) in Elt(F). These maps p; are both split epis,
since u € F°(n), say with splittings ;. Then ¢ = p; o ro: n — n is a split epi, and thus
an isomorphism. It satisfies:

top =topiory = sopyory = s
F(e)(u) = F(pror)(u) = Flp)(w) = u.

(iii) Assume now that F' preserves pullbacks. Since F is affine, ie. F(1) = 1, F
preserves all finite limits, and in particular products and equalisers. We first show that
there is at most one map (u € F°(n)) — (v € F(X)). If we have two of them, say ¢, s,
we can form the equaliser in Sets:

t
BEr—tsnT 23X
S

This equaliser is preserved by F. Since F(t)(u) = v = F(s)(u), there is a unique element
w € F(E) with F(e)(w) = u. This map e: (w € F(E)) — (u € F(n)) is then a split
epi, and thus an isomorphism. Hence ¢ = s.

With this observation we see that ap,, (u,t) = ap,,(u,s) implies s = ¢. Thus the
equivalence relation ~,, on X™ used in (ii) is the equality relation. a
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The equivalence relation ~,, used in point (ii) involves a set of isomorphisms:
Gy = {p:n 0| F(p)(u) = ul, (4.16)
that is a subgroup of the symmetric group .5,, of permutations on n. It induces an action:
Gy x X" —— X" by (p,t)——toqp.
The set of equivalence classes X"/ ~,, can then also be described as the set of orbits:
X"/G, = {[t]|te X"} with [t] ={top|pecGy,}.
This is used below.

4.7.7. Definition ([261]). A functor F': Sets — Sets is called analytical if it can be

written as:
F= <HX#’/Gi> )

iel
where #: I — Nis an arity and G; C Sy; is a subgroup of the symmetric group of
permutations on #i € N.

An example of an analytical functor is the multiset (or bag) functor My, since one can
write:
My(X) =14 X +X2/Sy+ X3/S5 + -+~

since each finite multiset, say with n elements in total, can be identified with an n-tuple in
X™ up-to-the-order, that is, with an element of the quotient X™ /S, that destroys the order.
Intriguingly this formulation of My (X) looks very similar to the Taylor expansion of the
exponential function:

=14+ +5 o

(Recall that the order of the symmetric group S,, is n!). In [261] the concept of derivative
of a functor (see also [3]) is defined, in such a way that My is its own derivative, see
Exercise 4.7.3 for a glimpse.

We finally come to the main characterisation result. The second point dealing with
analytical functors comes from [261]. The first point is in a sense a restriction of the
second and can be found in [188] (where simple polynomial functors are called normal,
after [146]).

4.7.8. Theorem. Let F': Sets — Sets be an arbitrary functor.
(i) F'is simple polynomial if and only if it is finitary and preserves countable pullbacks.
(ii) F is analytical if and only if it is finitary and preserves countable weak pullbacks.

Proof. (i) We already know that a simple polynomial functor is finitary (Exercise 4.6.6)
and preserves binary pullbacks (Proposition 4.2.6); it is not hard to see that the latter gen-
eralises to preservation of arbitrary pullbacks.

For the converse, assume F' is finitary and preserves countable pullbacks. In order to
see that F' is simple polynomial we have to combine two results.

(1) First, use Proposition 4.7.2 to write F' = [, ¢ p() u~1(F) as coproduct of affine
functors u~'(F), each of which is finitary and preserves countable pullbacks.
(2) Next, use Proposition 4.7.6 to write these affine functors as u~'(F) = [],¢; X™,

where I, = u=1(F)°(n,) and n,, € N is the unique number for which I,, x X"« —
u”L(F)(X) is surjective.
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Hence by taking I = [1,c (1) Lu and #(u,v) = n, we obtain F* = [[,c; X#/, make F
simple polynomial.

(ii) Following the same steps one shows that a finitary functor preserving countable
weak pullbacks is of the form [],c; X#1/G,;, where the subgroup G; of the symmetric
group on #i € N arises as in (4.16).

In the reverse direction, an analytical functor F = [],.; X #1 /@, is obviously finitary.
It is not hard to see that it preserves countable weak pullbacks. This is left to the interested

reader. a

iel

We conclude this section with yet another characterisation of simple polynomial func-
tors, namely as the ‘shapely’ functors from [254, 252] (see also [3, Theorem 8.3]). For this
result we need to know that a natural transformation is called (weak) cartesian if all its
naturality squares are (weak) pullbacks. This terminology will also be used in the exercises
below.

4.7.9. Proposition. A functor F': Sets — Sets is simple polynomial if and only if it is
shapely: it preserves binary pullbacks and comes with a cartesian natural transformation
F = (—)* to the list functor.

Proof. Assume F is polynomial: F(X) = [[;c; X#/ via an arity #: I — N. We already
know that it preserves pullbacks. Each tuple ¢ € X7 can be seen as an #i element list
t = (to,t1,...,tx;—1) € X*. Thus we obtain a natural transformation o: F' = (—)* as
cotuple. We check that its naturality squares form pullbacks. So assume we have a function
f: X — Y and a naturality square:

F(x)U—X>X*

F(p)] |7

F(Y) — Y Y

If we have an element v € F(Y) and a list & = (x1,...,2,) € X* with oy (v) =
@1, @) = (F@1),..., f(@n)), then v € F(Y) = [[;c; Y#* must be of the
form (i, \k < n. f(zy)), where #i = n. Hence there is precisely one mediating element
u € F(X), namely u = (i, \k < n.xy).

Conversely, assume that I preserves pullbacks and that we have a cartesian natural
transformation o: F' = (—)*. We take I = F'(1) with arity:

def

#E(1=r1) 2517 =N).

Since o is cartesian, the following naturality square is a pullback.

F(X)— X x+

F(!)l - J!* = length

I=F(1) ——1*=N

oy =#

This means that F'(X) is the set of pairs ¢ € I and t € X* with length(t) = #i. Hence
such an element is a pair i € I,t € X#. Thus F(X) = [[,c; X#', making F simple
polynomial. ]

In the end we recall the description of a ‘container’ or ‘dependent polynomial functor’
from Exercise 2.2.6, as a functor of the form F(X) = [[,c; X, for an indexed col-
lection (A;);cr of not necessarily finite sets A;. These containers are more general than
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simple polynomial functors. They capture the idea that many data types are given by a tem-
plate that determines how data is stored. Their theory is developed, from a programming
perspective, in [2, 1]. In particular, the idea of keeping track of a specific position within
such datatypes (as one-hole contexts) can be formalised via derivatives of such functors,
see [3]. Such a derivative of a functor goes back to [261]; it is described in Exercise 4.7.3
below, for simple polynomial functors.

Exercises

4.7.1.  Assume two arities #: [ — Nand #: J — N. Prove that there are bijective correspon-
dences:
@

e (O* = 1, (0%
I T) J with #£(i) I #i

(ii) This correspondence restricts to:

(weak) cartesian ]_[161(7)#‘ 2. U;eJ(*)#J

I— J with #£(i) % #i
i
4.7.2.  Forafunctor F': Sets — Sets and a set X consider the coequaliser:
4, e s
F(m) xn™ x X" 1 F) x X" | =% F(x)
n,meN da neN
The two maps d1, d2 are given by (u, t,s) — (F'(¢)(u), s) and (u,t,s) — (u,s o t).
(i) Describe a natural transformation F° = F, via the map ap: [len F(n) x X™ —
F(X) from (4.14).
(ii) Show that this F' = F' consists of monos if I’ preserves (binary) weak pullbacks.
(iii) And also that it consists of epis if F is finitary.

4.7.3. (From [261]) For an arbitrary functor F': C — C define the derivative, if it exists, to the
functor F': C — C with a universal weak cartesian natural transformation p: F’ x idc =
F. Universality means that for an arbitrary functor G with a weak cartesian 7: G x idc =
F there is a unique weak cartesian 7" making the following diagram commute.
P
F’ x idc F
+
7' xid |
|
G x ide

Prove that for a simple polynomial functor F'(X) = [],; X7 the derivative is:

F(X) = [ #xx®

i€l #i>0

[Hint. Use Exercise 4.7.1.]

Chapter 5

Monads, comonads and
distributive laws

Monads and comonads—the duals of monads—form one of the basic notions in category
theory, like adjunction. A monad is a special kind of endofunctor with some additional
structure (unit and multiplication), a bit like for a monoid. Various computationally relevant
functors are actually monads: lift, list, powerset, multiset, distribution. Associated with a
(co)monad two categories are of interest.

e The Kleisli category captures the computations associated with a (co)monad. Coal-
gebras can be described within such Kleisli categories, namely as endomaps, and
the Kleisli structure can be used for sequential composition of coalgebras. A promi-
nent application involves final coalgebra inside such Kleisli categories. It gives a
systematic description of so-called trace semantics, see Section 5.3.

The Eilenberg-Moore category contains (co)algebras for a (co)monad. These are
the mathematical structures associated with the (co)monad. Where (co)algebras of
a functor only describe operations, (co)algebras of a (co)monad additionally capture
constraints, in the form of equations or other assertions. Many standard mathematical
structures, like monoids, vector spaces and complete lattices are algebras of a monad.
A systematic, uniform description of such structures is convenient, since it gives
many results at once, like the existence of limit and colimits.

Most of the material in this chapter is standard (basic) category theory. It is presented
here with a special focus on the context of coalgebras as dynamical state-based systems.
Section 5.1 introduces the basic definitions, together with the main examples. Kleisli cate-
gories will be discussed in Section 5.2, with an emphasis on the lifting of functors to such
categories. These liftings play an important role in Section 5.3 on trace semantics. Sec-
tion 5.4 describes Eilenberg-Moore categories, together with their basic properties. Sec-
tion 5.5 concludes this chapter with bialgebras, combining both algebras (structure) and
coalgebras (behaviour), for the operational semantics of programming languages.

The topic of algebras and coalgebras in combination with assertions is postponed until
the next Chapter. Assertions require the notion of invariant, in the coalgebraic case. Once
this concept is in place, (co)algebraic specifications can be introduced, as descriptions of
(co)algebras satisfying certain logical properties.

5.1 Monads and comonads: definition and examples

Monads are special endofunctors with some additional structure. Our prime example is the
powerset functor P which comes equipped with a singleton map {—}: X — P(X) and a
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(big) union | J: P?(X) — P(X). These operations are natural in X and satisfy some basic
equations. This is axiomatised in the notion of monad, see Definition 5.1.1 below. It turns
out that the “collection” functors (list, powerset, multiset, distribution) from Figure 4.1 all
have such monad structure.

As we shall see, monads have two distinct roles.

1. Monads capturing types of computations. In this sense monads are similar to
the endofunctors F' whose coalgebras X — F(X) we have been studying so far:
a distinction is made between values/states in X and computations in F'(X), re-
turning values in X. But the additional structure that monads have give rise to the
basic operation of sequential composition. We have already seen such composition,
for instance in Exercise 1.1.2, without identifying the underlying monad structure.
This composition is captured in what is called the Kleisli category associated with a
monad. It will be the main focus of the next section.

2. Monads capturing algebraic theories. Monads also form an abstraction that de-
scribes the essentials of an algebraic theory, given by operations and equations be-
tween them. Here one associates a different category with a monad, namely its cat-
egory of so-called Eilenberg-Moore algebras. These categories will be introduced
in Section 5.4, but the aspect of monads as algebraic theories will be postponed to
Section 6.7 in the next chapter.

Historically, the algebraic view on monads preceded the computational view. This
computational view, using Kleisli categories, has been introduced by Moggi [326]. It has
been widely adopted in functional programming—notably in the programming language
Haskell—in order to deal with special kinds of computational effects (see e.g. [260], and for
combinations with initial algebras / final coalgebras, see [340, 44]). In fact, in this second
computational approach to monads an alternative formulation of the notion of monad has
emerged, in terms of so-called Kleisli extensions. Here we stick to the standard formulation
in the next definition, and formulate the Kleisli version separately (in Proposition 5.2.3 in
the next section).

From the computational perspective monads are thus used for structuring the outputs of
computations. At the end of this section we briefly discuss comonads, which can be used
to structure inputs of computations. As an aside, a combined structuring can be achieved
via so-called arrows, generalising both monads and comonads. They will not be discussed
here, but the interested reader is referred to [215, 342, 206, 237].

This section will introduce the notion of (co)monad and focus mostly on examples—of
which there are plenty, contributing to the relevance of the notion. The next section will
define the associated concept of a Kleisli category.

We are now ready to see the definition of monad. It is an endofunctor, typically written
as T, with additional structure given by two natural transformations that play the role of
“singleton” and “flattening”. This will be illustrated in the subsequent examples.

5.1.1. Definition. A monad on an arbitrary category C consists of an endofunctor 7': C —
C together with two natural transformations: a unit 7: idc = 7' and multiplication
p: T? = T. These are required to make the following diagrams commute, for X € C.

(%) n7(x) 0x) T(nx) 7(X) T3(X) b, T%(X)
lltx/ T(/"X)l lll}(
(%) 2 — T(X)

Often we simply write 7" for a monad (7', 7, i) since we standardly use 1) and . for the unit
and multiplication involved.
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Before seeing examples of monads we immediately illustrate their usefulness in the the-
ory of coalgebras: they introduce (sequential) composition of coalgebras. This composition
will be presented in slightly more general form later on, via Kleisli categories.

5.1.2. Lemma. For a monad T, coalgebras X — T(X) form a monoid—where X is a
fixed object.

Proof. For two coalgebras ¢,d: X — T(X) we define a “c then d” coalgebra c;d: X —
T(X) as composite:

cd & (X%T(X)MTZ(X)&

T(X)) .
The associated neutral element ‘skip’ is the unit nx : X — 7'(X) of the monad. The fact
that (7, ;) forms a monoid follows almost immediately from the monad equations. [m}

The notion of monad, like most of the concepts in category theory, is best understood
via concrete examples. In order to see the common structure it may help to fill in some of
the missing verifications of the monad requirements in the series of examples below.

5.1.3. Examples. (i) As mentioned in the beginning, the powerset functor P, is a monad
with unit and multiplication given by singleton and union:

x X, p(x) P(P(X)) L5 P(x)
z s {a} A——JA={2e X |V € A.z € U}.

The first two of the monad equations are easy: for V € P(X),

(x onpx)(V) = UV} =V
(ux o P(nx))(V) = U{{a} |z eV} = V.
The ji-equation requires more care. For A € P3(X) = P(P(P(X))) one has:
(nx o P(ux))(A) = UUB | B € A}
={zeX|3Bc AU eB.xecU}
={reX|WecJAzecU}
=uUuA
= (pux o ppx)) (A).

Also the non-empty powerset P#? is a monad, and so are their finitary versions Ps, and
’P;]m (taking only finite subsets).

We recall that coalgebras X — P(X) of this monad—or of non-empty/finite variations
thereof—are used to model non-deterministic programs. Composition as in Lemma 5.1.2
corresponds to relational composition: for coalgebras ¢, d: X — P(X) we have:

(e;d)(z) = W{d(@) | 2" € c(z)}

= {2" |32 2 - 2’ and 2’ N x''}.

(ii) The non-empty powerset takes subsets with at least one element. The “lift” or
“maybe” functor £(X) = 1+ X adds a base point to a set X; it may be understood as
a “collection” functor that takes subsets of X with at most one element (also known as
subsingletons). Lift £ = 1+ (—): Sets — Sets is a monad with unit and multiplication:

1

0= o = [k, 1d]
X—1+X 1+(1+X) —1

+X
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This lift monad may be defined on other categories than Sets, see Exercise 5.1.1 (or [279]).
Coalgebras X — L£(X) of the lift monad are partial (endo)functions on X; their sequential
composition ; from Lemma 5.1.2 is the usual composition of partial functions.

(iii) Recall the list functor (—)*: Sets — Sets that sends a set X to the set X* =

{(®1,...,2n) | &; € X} of finite sequences of elements of X. It forms a monad via:
n n
X — X* X — X
T — (z) (T, Ty —— T -+ Ty

The multiplication y flattens a list of lists to a single list, by removing inner brackets.
(iv) The distribution functor D from Definition 4.1.5 forms a monad with singleton
“Dirac” distribution as unit, and matrix multiplication as (monad) multiplication.

x—"1 LX) PD(X) —F s D(X)
r—— lz = \y. { ! ?fy:;r: U Y. ngp(x)‘l’(iﬂ) “p(y).
0 ify#z

This unit was already described as Dirac distribution in Exercise 4.1.4. The multiplication
applied to a multiset of multisets ¥ = " r;¢; yields a distribution (%) € D(X) that
assigns to y € X the probability u(¥)(y) = >, 7: - @i(y). For instance, if we have
distributions:
o=12v+3y and o =3iy+ 2z
Then:
3 L) — (3.1 3.1 1.1 1.2
p(e+iv) = G-+ G-y + G v+ (3-3)
=3z+ Ly+ iz

As discussed in Section 4.1, coalgebras of the distribution monad are Markov chains.
Their composition, occurring already in Exercise 4.1.5, corresponds to standard composi-
tion of such chains—usually given by matrix multiplication, see Exercise 5.1.3.

It is not hard to see that subdistributions—with sum of probabilities at most 1, instead
of equal to 1—also form a monad, written as D<;.

(v) If M is a monoid, say with multiplicative structure (1,-), then the functor M x
(—): Sets — Sets is a monad. The multiplication map n: X — M x X is n(z) = (1,z)
and multiplication p: M x (M x X) — M x X is simply p(mq, (mz,x)) = (mq -mg, x).
The monad laws follow directly from the monoid laws.

There are close connections between monoids and monads, see for instance the adjunc-
tion in Exercise 5.2.16. On a more abstract level one can describe monads C as “monoids
in the category of endofunctors” on C, see [315, VII.3] for more information.

(vi) The first few examples of monads all involve collections (subsets, lists, distribu-
tions) of some sort. The remaining examples are also relevant in computing, but are of a dif-
ferent kind. We start with the state monad. It involves a fixed set S, elements of which are
seen as states that are passed around in a computation. The state monad S: Sets — Sets
is given by:

S(X) = (5 x x)°.

It comes equipped with unit and multiplication operations:

X 1 (5% x)° (Sx(SxX)b')S#(SXX)S
T——As € S.(s,x) (h1, ho) ——— As € S. hy(s)(ha(s)).
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(vii) Our next example, the continuation monad, is also motivated by programming se-
mantics. It starts from a fixed set C' and takes the “double dual” of a set, where C'is used as
dualising object (see [276] for a more general setting). This is the pure form of the monad,
that we shall describe first; some variations will be discussed subsequently. To start, we
define a functor C: Sets — Sets by:

C(X)=CC) and (X LY)=aeC©) AgeCY higof)

Earlier, in Exercise 2.2.7, we have seen the neighbourhood functor as special case N'(X) =
22 for €' = 2.
This functor C forms a monad via:

n VX ceX) M X
— , -
X ) C((‘( )) Al

T \g € CX.g(z) H>—>)\g€CXAH()\kEC(CX)Ak(_(])).

It requires a bit of elementary bookkeeping to check that these 7 and y are natural and
satisfy the three monad equations.

Coalgebras X — C(©™) of the continuation monad capture an indirect way of com-
puting a result in C. The computation involves an explicit argument function X — C that
is usually called a continuation. This may be useful to get a better handle on intermediate
values and argument evaluation, see e.g. [421] for more information.

The monad C describes what may be called the “pure” version of the continuation
monad. There are some variations which restrict the kind of functions involved (and form
submonads). This will be illustrated via a several examples.

o For an arbitrary set X an ultrafilter on X is a subset 7 C P(X) which is a filter
(F is closed under finite intersections and upclosed) satisfying () ¢ F and for each
U € P(X) either U € F or =U € F. Such an ultrafilter can be identified with a
morphism of Boolean algebras P(X) — {0, 1}. The set of ultrafilters on X may thus
be defined as homset in the category BA of Boolean algebras:

UF(X) = BA(P(X),{0,1})
= BA({0,1}%,{0,1})
= {f € {0,130 | £ is a morphism of Boolean algebras}.

This is a subset of C(X) = C(€™), with set C = {0,1}. In this case IfF is still a
monad (see e.g. [256] for more information).

Next we take the unit interval [0,1] C R as constant C. It is a complete lattice and
hence certainly a depo. Also, for each set X, the function space [0, 1] is a dcpo.
In [268] the following monad is defined.

G(X) = {f €[0,1)1%) | fis continuous and sublinear}.
Sublinearity means that f(r - g) = 7 - f(g) and f(g1 + g2) < f(g1) + f(g2), if

g1(z) + g2(x) < 1forall z € X. This monad G is used for a semantics and logic of
a “probabilistic-nondeterministic” programming language in [268].

A variation on the previous point is the expectation monad given by:
E(X) = {f €[0,1]DU) | fis amap of effect modules}.
These requirements are slightly different and amount to f(r-g) = r- f(g), f(Az.1) =

1and f(g1 + g2) = f(g1) + f(g2), if g1(x) + g2(x) < 1 forall z € X. More
information can be found in [239].
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(viii) In [244] a monad J: Sets — Sets is introduced for the semantics of Java pro-
grams that combines several of the monads mentioned earlier. We recall that statements
(and expressions) in Java can either:

e fail to terminate, typically because of an infinite (‘for’ or ‘while’) loop; this is mod-
elled via the lift monad £ = 1+ (—);

e terminate normally, producing a successor state (for statements), and a successor state
together with a result (for an expression);

e terminal exceptionally, yielding an exception, say of type E, together with a successor
state.

When we put these ingredients together we obtain a monad:
s
T(X) = (1+(SxX)+(5xE)) .

The unit n: X — J(X) is given by n(z) = As € S.ka(s, x) like for the state monad.
The second coprojection k2, used for the middle option, corresponds to normal/successful
termination. The multiplication operation z: J2(X) — J(X) is:

K% if h(s) = ki*
u(h)(s) = ¢ k(s') if h(s) = ko(s', k) where k € J(X)
r3(s,e) if h(s) = k3(s,e).

Thus, in the first case (non-termination) and the third case (abrupt termination) the outcome
of h is returned, and no subsequent evaluation takes place. This is what happens in Java.
But exceptions in Java have more substructure, that is ignored here. A more complete
formalisation occurs in [226].
Producing new monads from existing ones, as we have done here, may be described

more systematically in terms of so-called monad transformers, see [308, 66, 219].

(ix) Let I,0 be two arbitrary but fixed sets, used as sets of “inputs” and “outputs”.
Consider for each set X the initial algebra F*(X') of the functor:

Y — X+F(Y) where  F(Y) =Y +(0xY),

with initial algebra map:
X + F*(X)T + (0 x F*(X)) ——— F*(X).

The mapping X +— F*(X) is then a monad. Later on, with Proposition 5.1.8, we shall
recognise this as an instance of a more general construction of free monads on a functor.
The above special case is called the I/O monad, see [326, 66].

One may expect that the multiset functor M, from Definition 4.1.1 also forms a
monad (like distribution above). This is indeed the case if one assumes that the multiplic-
ities in M used for counting elements not only form an (additive) commutative monoid,
but also carry a multiplication operation. In short, multiplicities must form a semiring, that
is, a “ring without additive inverses”, sometimes also called a “rig”. For convenience, we
define it explicitly.

(As one can see in the description of distribution D as a monad in point (iv) of the above
examples, multiplication is used, on the unit interval. The construction can be generalised
from the unit interval to a so-called effect monoid, see [236].)

5.1.4. Definition. A semiring is a set S carrying:

e a commutative monoid structure, written additively as (0, +);
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o another monoid structure, written multiplicatively as (1, -),

in such a way that multiplication distributes over addition:

0-2=0 z-0=0
(z+y)-z=z-24+y-y z-(x4y) =z-x+z2-y.

The semiring is called commutative if its multiplication operation - is commutative.

A morphisms of semirings f: S — R is a function between the underlying sets which
is both additively and a multiplicatively a homomorphism of monoids. We write SRng for
the category of semirings and their homomorphisms. The full subcategory of commutative
semirings is written as CSRng — SRng.

Recall that a ring is a semiring with additive inverses, so the additive monoid involved
is an (Abelian) group. The natural numbers N form a semiring, but not a ring. Similarly,
the non-negative natural numbers R> = {r € R | r > 0} form a semiring but not a ring.

5.1.5. Lemma. If S is a semiring, then the multiset functor Ms: Sets — Sets, taking
multiplicities in S, is a monad, with unit and multiplication like for the distribution monad:

W) = le and p(Sisien) @) = Sise pile),
where p; € Mg(X) = {y: X — S| supp(v) is finite}. a

The proof involves some routine calculations and is left to the reader. In essence the
multiplication 4 is given by matrix multiplication, see Exercise 5.1.3 below.

We turn to some more categorical aspects of monads. The following basic result (see
e.g. [315, VI 1]) shows that adjunctions form a source of monads.

5.1.6. Lemma. For each adjunction ' - G the endofunctor GF is a monad, as depicted
in:

D
F Gla
C
2T = GF monad
Proof. Write the unit and counit of the adjunction F' 4 G as : idc = GF ande: FG =
idp. They satisfy the triangular identities G(ey') o ngy = idgy and epx o F(nx) =
idpx described in Exercise 2.5.7. We write 7' = GI": C — C. The unit ) of the adjunction

forms the unit 7: ide = T for the monad T'. The multiplication p: T2 = T is defined
with component at X € C:

TT(X) = px 2 Glerx) _ G
(X) = GFGF(X) X =75, ap(x) = T(X).

It is easy to see that this is a natural transformation satisfying the monad requirements from
Definition 5.1.1. For instance,

nx o T(nx) = G(erx) o GF(nx)
= G(EFX o F(r]x))
= G(idpx)
idrx. a

Of course, in category theory one does not introduce a notion without saying what the
associated morphism is.
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5.1.7. Definition. Let 7, S: C — C be two monads on the same category. A map of
monads o: T' = S is a natural transformation that commutes with the respective units and
multiplications, as in:

X=X T?(X)%S(T(X))SMSZ(X)
nxl lnx “Xl lﬂx
T(X) > S(X) T(X) ——————— 8(X)

In this way one obtains a category Mnd(C) of monads on C with maps between them.

Maps of monads arise naturally, see for instance Exercises 5.1.7 and 5.1.8 describing
the functoriality of some monad constructions from Example 5.1.3. Also, the earlier exam-
ples (4.3) of natural transformations between collection functors are all maps of monads.

We also use maps of monads in the following result. It described how every endofunctor
can be turned into a monad, in a free manner, assuming that certain initial algebras exist.

5.1.8. Proposition. Let F': C — C be an endofunctor on a category C with coproducts +.
Assume for each object X, the functor X + F(—): C — C has an initial algebra, written
as:

X+ P(FA(X)) —2X pr(X).

IR

The mapping X — F*(X) forms a monad, that is the free one on the functor F, via a
universal natural transformation 6: F = F*.

Proof. We first show that X +— F*(X) is functorial. Foramap f: X — Y in C write
F*(f): F*(X) — F*(Y) for the unique algebra homomorphism obtained by initiality in:

X+F(F*(X))—. 777777 > X + F(F*(Y))
lf +id
ax | Y + F(F*(Y)) (5.2
2iay
F*(X)- - - - - Oy + F*(Y)

It is easy to see that F'* preserves identities and composition. We get a unit natural trans-
formation 7: id = F* with components:

. (X S X+ F(P(0) 25 F*(X)),

It is natural since for f: X — Y,
F*(f)onx = ay o (f+id) o (id + F(F*(f))) o ax' o ax o k1
=ayokrjof =mnyof

The multiplication map p: F*F* = F* arises as unique map in:

F*(X) + F(F*F*(X)) M P, ) + F(F*(X))
O‘F*(X)l%’ l[id,a’x o Ka)
PR (X))o m e 5 F(X)
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The first of the monad equations is easy:

Bx OMNEx(Xx) = HX O Qp+(X) O K1
= [id,ax o ka] o (id + F(px)) © K1
= [id, ax o k2] 0 K1
= id.

The other two equations can be obtained via (the uniqueness part of) initiality—which we
leave to the reader. W continue with the universal property. There is a natural transforma-
tion §: F' = F™* with components:

F
('IX)F

ox & (F(x) (F*(X)) 5 X + F(F*(X)) -2 F*(X)).

If T = (T,n", u7) is an arbitrary monad with a natural transformation o : F = T, then
there is a unique map of monads : F'* = T with @ o § = o. This 7 is obtained by
initiality in:

X + F(F*(X)) MFFEx) o, F(T(X))
leE J{[n}},y@ o op(x))
F(X)=— - —=————3T(X)
Tx

Then indeed:

Gxofx =Tx oax ok o F(ny)
= [k, 1nk o or(x)) o (id + F(ox)) 0 k2 0 F(1x)
= p% o orx) © F(7x)) o Flnx)
= p% oT(ox) o T(nx) o ox

uk oT(Gx oax oK) oox

u% o T(In%, pk% o op(xy] o (id + F(5x)) 0 k1) 0 ox
ko T(nk) o ox

=o0x.

Uniqueness of & is left to the interested reader. a

Free monads will be used to give a systematic description of terms in algebraic specifi-
cation, see Sections 6.6 and 6.7. There we shall see further properties of such free monads
(on Sets), such as F™* is finitary (or weak pullback preserving) if F' is, see Lemma 6.6.4
and Exercise 6.7.4.

5.1.1 Comonads

A comonad is the dual of a monad, in the sense that a comonad on category C is a monad
on the opposite category C°P. Basically, we can now use what we have already learned
about monads. However, it is convenient to make a few things explicit.

5.1.9. Definition. A comonad on a category C is given by a functor S: C — C together
with two natural transformations, namely a counit ¢: .S = id and a comultiplication
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§: S = S? making for each object X € C the following diagrams commute.

S0 5(X>64X>S‘2(X)
/ de\ 6;{ J{s((sx)
5(X) ) §2(X) g5 5X) 52<X)WS3(X)

A map of comonads is a natural transformation o: S = S’ that commutes appropri-
ately with the counit ¢ and comultiplication ¢.

Comonads are not so common as monads. We conclude by listing some examples. They
can all be understood as providing structure to the context of computations (like in [415]).
Further examples can be obtained as cofree comonads on a functor, via final coalgebras
(see Exercise 5.1.14). In Section 6.8 we will see how to obtain comonads from coalgebraic
specifications.

5.1.10. Examples. Probably the clearest example of a comonad is given by streams, i.e.
by the functor X ~ X" sending a set to the set of infinite sequences of its elements.

¥ € XN ) (XN)N

a(0) fat An. Am. a(n +m).

The counit ¢ thus selects the head of the stream. The comultiplication § maps a stream to a
stream of streams, where the i-th stream of 6(cv) is the substream o (), (i +1), a(i+2), . ..
of « starting at . It is not hard to see that this forms a comonad.

One way of understanding this stream comonad X" is as providing infinitely many
copies of X as input for a computation. This is also the idea of the exponential ! in linear
logic [145]—which is standardly modeled via a comonad, see e.g. [390, 65]. There are
some variations on the stream comonad, with additional structure keeping track of a posi-
tion in the sequence. We shall describe them in concrete form, for both discrete time and
real time inputs. Exercise 5.1.10 describes some of these comonads in more abstract form.

The diagram below presents the discrete time comonads, together with comonad maps
between them.

no past
X*x X ¢ nofuwre oy g MO ey

(5.3)
({(a(0),...,a(n =1)),a(n)) +—— (a,n) ——— Am.a(n +m)

The comonad structure for X™ x N in the middle is:

J

X XN %N (XN x M) XN

a(n) (o, m)t (Am. (a,m),n).

The intuition for a pair (a,n) € X™ x N is that the number n represents the present stage
in the stream @ = («(0), (1), ..., (n—1),a(n),a(n+1),...), where everything before
n is past input, and everything after n is future input.

The comonad structure for X* x X on the left in (5.3) is:

X £ X*x X g (X*xX) ' x X

x { (o, )+ ((Qsz1), -5 ({21, -y 1), @), (@, ),
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where @ = (21, ...,x,). The comultiplication ¢ thus turns a pair (o, z) into another pair
(8, (a, z)), where 3 is a list of pairs (a<;, ;), in which ; is the i-th element in o and cv;
is the sublist of « of elements up to 7.

The two arrows in the diagram (5.3) are homomorphisms of comonads, commuting
with the relevant comonad/context structure.

The real-time analogue uses the (semiring of) non-negative real numbers R> = {r €
R | 7> 0} to represent time. One obtains a diagram like (5.3):

(i, X100) % X e XR20 X Rog ————— X% (54)

The leftmost comonad may also be described as: HtER>(, X101,

The notion of ‘arrow’ developed in [215] forms a generalisation of both monads and
comonads, see also [361, 237, 309].

Exercises

5.1.1.  Assume C is a category with coproducts +. Fix an arbitrary object A € C and prove that
the functor X +— A + X forms a monad on C.

5.1.2.  Describe sequential composition ; for Java programs, modelled as coalgebras X — 7 (X),
using the Java monad J from Example 5.1.3 (viii).

5.1.3. Let S be a semiring and X a finite set, say X = {z1,..., Tn}.
(i) Check that coalgebras c: X — Mg (X) can be identified with n x n matrices, with
entries in .S write M. for the matrix corresponding to c.
(ii) Prove that M., 4 = M.Mg, where the left-hand-side uses sequential composition ; for
coalgebras (from Lemma 5.1.2) and the right-hand-side involves matrix composition.
(iii) Check that the same works for finite Markov chains, as coalgebras X — D(X), where

X is finite.
5.1.4.  Fixaset C and consider the contravariant functor X +— C. Prove that there is an adjunc-
tion:

o)

- T

Sets? T Sets

—_

o)

Check that the monad induced by this adjunction on Sets, like in Lemma 5.1.6, is the
continuation monad from Example 5.1.3 (vii).

5.1.5.  Consider the continuation monad C(X) = € from Example 5.1.3 (vii). Assume the
set C carries an operation f: C™ — C, for some n € N. Prove that it gives rise to a natural
transformation:

(X)) = c(X).

5.1.6.  Recall from Subsection 2.2.6 that Turing machines can be modelled as coalgebras X —

T(n-X)", where n is the number of (control) states.

(1) ([235]) Show that the mapping X — T'(n - X)" is a monad if 7" is a monad.

(ii) Describe the 2-step composite ¢ ; ¢ for the Turing-machine-as-coalgebra example monad
¢ described in (2.27) and (2.28).

5.1.7.  Show that sending a monoid M to the monad M x (—), as in Example 5.1.3 (v), yields a
functor Mon — Mnd(Sets).

[This functor has a right adjoint, see Exercise 5.2.16.]

5.1.8.  Prove that mapping a semiring S to the corresponding multiset monad M s yields a functor
SRng — Mnd(Sets).

5.1.9.  Prove that the support natural transformation D = P from (4.3) is a map of monads.

5.1.10.  Show that for each monoid M and set E the following functors are comonads on Sets.
i) X XM,
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(i) X~ X" xE.
Show also that there is a map of comonads (—)™ x M = (=)™, as used twice in Exam-
ple 5.1.10.
5.1.11.  Prove that the arrows X" x N — X* x X in Diagram (5.3) form a map of comonads.
5.1.12.  Define the comonad structure on (]_[,E[{>0 (7)[0'”) x X and the comonad map (—)%20 x
Rz0 = (e, (—)*") x X in Diagram (5.4).

5.1.13.  Let T be a monad on a category C, and let A, B be arbitrary categories. Prove that pre- and
post-composition with T yields monads (—) o T: A — A%and T' o (—): C® — C® on
categories of functors C — A and B — C.

5.1.14.  Prove the dual of Proposition 5.1.8: the cofree comonad on a functor F': C — C can be
constructed as the mapping F*°: C — C that sends X € C to the carrier of the final
coalgebra of the functor X x F'(—), assuming this final coalgebra exists. Check that
(i)  this comonad arises from the cofree coalgebra construction in Proposition 2.5.3;

(ii) the stream comonad X — X" is the cofree comonad on the identity functor.

5.1.15.  Prove that the multiset monad Mg from Lemma 5.1.5 is “additive”, in the sense that it
sends finite coproducts to products:

Ms(0) =21 and Mg(X +Y) = Mg(X) x Ms(Y).

The same property holds for the (finite) powerset monad, see Exercise 2.1.9.

5.2 Kleisli categories and distributive laws

This section shows how to associate with a monad 7" a category of “computations of type
T”. This category is called the Kleisli category of 7" and is written as KZ(T"). Compo-
sition of morphisms in Kleisli categories generalises composition ; of coalgebras from
Lemma 5.1.2. Dually, for comonads S there is a also a Kleisli category, for which we
use the same notation: K¥(.S). In general, it will be clear from the context whether this is a
Kleisli category of a monad, or of a comonad.

The basics of the theory of Kleisli categories is described in this section. Included is
the notion of distributive law that will be used to lift functors to Kleisli categories. Such
liftings play a crucial role in the description of trace semantics for coalgebras in the next
section.

5.2.1. Definition. Assume a monad T on a category C. The Kleisli category K¢(T') of T'
has the same objects as C; but morphisms X — Y in K¥(T") are maps X — T'(Y) in C.

The identity map X — X in K/(T) is the unit nx: X — T'(X). Composition of
f: X —=Yandg:Y — ZinK(T), thatis,of f: X - T(Y)andg: Y - T(Z)inC,is
written as ; and defined like in Lemma 5.1.2:

fm(g(XAiATOUzgg]WZ)JZ»TwD,

Notice that we use a reversed order in the notation for composition in a Kleisli cate-
gory. This is motivated by the fact that program statements are standardly interpreted as
morphisms in a Kleisli category. Hence we like to use the notation ; that is commonly
used for sequential composition of program statements also for composition in a Kleisli
category, together with the convention used in programming that f ; g means: first execute
f, and then g. Hopefully this does not lead to too much confusion. In fact, having a sep-
arate notation for composition in Kleisli categories may help to distinguish composition
in C from composition in K¥(T"). The only thing that remains special is then the order of
composition.
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Kleisli maps X — Y may be seen as generalised coalgebras X — T'(Y"), with different
domain and codomain. The composition monoid described in Lemma 5.1.2 is the monoid
of endomorphisms X — X in the Kleisli category K/(T').

The Kleisli construction captures many well-known categories. For instance, the Kleisli
category KZ(P) of the powerset monad is the category SetsRel of sets with relations
between them—using the correspondence (2.16). The Kleisli category K¥(L) of the lift
monad is the category of sets and partial functions. Alternatively, the morphisms can be
described as total functions that preserve the bottom elements in sets £(X ); such functions
are sometimes called strict. The Kleisli category K¥(D) of the distribution monad is the
category of sets with “stochastic relations” between them.

There are some general observations about Kleisli categories.

5.2.2. Proposition. Let T be a monad on an arbitrary category C.
(1) There is an adjunction:

J Kja(;) where uly) =1T(Y) and JX) = X
<£ U(f) = poT(f) J(f) =mof.

(ii) If the monad T comes as T'= H L from an adjunction L 4 H, like in Lemma 5.1.6,
then there is a “comparison” functor K in:

ki —E  p

v / K(Y) = L(Y
x - H where ¥) ¥)
S—c K(f) = =0 L(f)

()r=nL
This functor comparison functor K satisfies K o J = Land H o K =U.

(iii) The Kleisli category inherits coproducts and coequalisers from C—if any—and
J: C — KI(T) preserves them.

~

Proof. (i) Itis not hard to see that J and U as defined above are functors, using some care
wrt. the order of compositions. For instance:

U(fi;9) = poT(noT(g)o f)
= popoT?(g)oT(f) usingthe u-law from Definition 5.1.1
=poT(g)opoT(f) by naturality of
=U(g) o U(Y)
J(gof)=nogof
=T(g)onof

=poT(nog)onof
(nof)imog)
= J(f);J(9)-

The adjunction .JJ - U follows directly by unravelling the structure.

Jx)=x 2.y in KU(T)

X —=T(Y)=U(Y) inC
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(i) Letn:id = HL =T and e: LH = id be the unit and counit of the adjunction
L + H. Foramorphism f: X — Y in KI(T), thatis for f: X — HLY in C, its transpose
K(f) = ery o L(f): LX — LY yields a map in D. This K preserves identities and
composition, since:

K(idx) K<7]X)

=erx o L(nx)

= idpx by the triangular identities
K(f;9) = K(uoT(g) o f)

=erzoL(H(epLz) o HL(g) o f) by (5.1)

=¢erz o L(g) oery o L(f) by naturality

= K(g) o K(f).

(iii) We shall do the (simple) case of binary coproducts + in C. They also form coprod-
ucts in K¥(T") with coprojections J(k;) =1 o k;: X; — X1+ Xo. Fortwomap f;: X; —
Y in K¥(T), that is for f;: X; — T(Y') in C, their cotuple [f1, f2]: X1 + X2 — T(Y) in
C forms the cotuple in K¥(T"). Alternatively, one can use the bijective correspondences:

X+Y —Z
X+Y —T(2)
X —T(2) Y —T(2)
X —Z Y —Z

where the arrows at the top and bottom are in K¥(T'). a
This Kleisli construction inspires an alternative formulation of the notion of monad that
is popular in the (functional) programming community. It avoids functoriality and natural-
ity and only speaks about a type constructor with operations satisfying some equations.
5.2.3. Proposition. Assume an arbitrary category C with:
o amapping C> X — T(X) € C, on objects only;
o amapnx: X — T(X), foreach X € C.
The following are then equivalent.

1. the mapping X — T(X) is functorial, n is a natural transformation, and there is a
natural transformation y: T? = T making (T,n, 1) a monad;

2. there is a “Kleisli extension” operation (—)® sending

x—torey w10 AN T(Y) (CR)

in such a way that the following equations hold.
fPon=f n® =id g o f5 = (gsof)$.
Proof. First assume we have a monad (7', 7, ). Then define extension (—)® as:

£ (T U, oy 7, (V).
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It is not hard to check that it satisfies the above three equations.

Conversely, assume a Kleisli extension operation (—)® as in (5.5). We first turn the
mapping X +— T'(X) into a functor by defining for amap f: X — Y anew map T'(f) =
(ny o f)¥: T(X) — T(Y). Then T'(id) = id obviously holds, and:

Tg) o T(f) = (no9)* o (nof)’
= ((7/ og)s ono f)$
= (7]ogof)$
=T(gof).

This also makes the maps 77x : X — T'(X) natural: for f: X =Y,
T(f)onx = (ny o f)¥onx =nyof.

The multiplication yy : T?(X) — T(X) can then be defined as px = (idrx)®. Remain-
ing details are left to the interested reader. a

With this Kleisli extension (—)® one can define composition f ; g in a Kleisli category
as g o f.

For the record we mention that the Kleisli category category K¥(.S) of a comonad S
has the same objects as C and its morphisms X — Y are maps S(X) — Y in C. Like
in Lemma 5.1.6, an adjunction F' - G gives rise to a comonad F'G. And the obvious
functor K¥(S) — C from the Kleisli category of a comonad has a right adjoint. Further,
Kleisli categories of comonads inherit limits (products and equalisers) from the underlying
category.

‘We come to the next big topic of this section.

5.2.4. Definition. Assume we have a monad 7": C — C and an ordinary functor F': C —
C on the same category C. A distributive law or also a K/-law of F" over T is a natural
transformation \: F'T' = T'F that is compatible with 7”s monad structure:

o) A AT(X) T(\x),_,
F(X) F(X) FT2(X) —S TFT(X) — T?F(X)
F(nx)J JWNX) F(#X)J lﬂmm (5.6)
FT(X) — TF(X) FT(X)—— L TF(X)
)\X )\X

Distributive laws F'T' = T'F' as described here corresponds to liftings to Kleisli cate-
gories KZ(T'). That is why we also refer to these distributive law as KZ-laws. Such liftings
play an important role in the next section. Later on, we shall also see distributive laws
TG = GT that correspond to liftings to Eilenberg-Moore categories EM(T). We shall
call such distributive laws EM-laws.

5.2.5. Proposition. Assume a monad T: C — C and a functor F': C — C. Then there is
a bijective correspondence between:

1. adistributive K¢-laws \: FT = TF;
2. alifting of F: C — Cto afunctor K{(F): K{(T) — KU(T') in a commuting diagram:

JT TJ (5.7)
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The notation KZ(F) for this lifting is convenient, but a bit dangerous: not only does it
leave the dependence on \ implicit—so KZ» (F') would be better—but it may also give the
wrong impression that the Kleisli construction as such is functorial. Bearing that caveat in
mind, we continue to write KZ(F') for the lifting.

Proof. Assuming a distributive law \: FT = TF we can define K¥/(F'): K{(T) — KU(T)
as:

KU(F)(X) = F(X) k(P (x Ly) = (P(x) £ pr(v) 25 TR(Y)).

The above two requirements in (5.6) for X precisely say that K¥(F') is a functor. For in-
stance:

KU(F)(f39) = Ao F(uoT(g)o f)
=poT(N) oXo FT(g)o F(f)
= poT(N)oTF(g)o Ao F(f)
= no T(KU(F)(g)) o KI(f)
= KU(F)(f); KE(F)(g)-

Conversely, assume there is a functor G: K¢(T)) — KZ(T') in a commuting square like
in (5.7). Then, on objects, G(X) = F(X). Further, foramap f: X — T(Y) in C we get
G(f): F(X) = TF(Y) in C. This suggests how to define a distributive law: the identity
map idrx: T(X) — T(X) in C forms a map T'(X) — X in K/(T), so that we can
define A\x = G(idrx): FT(X) — TF(X) in C. We check that these A’s form a natural

transformation, again using commutation of the diagram: for an arbitrary f: X — Y inC
we have G(n o f) =n o F(f). Then we getin C:

TF(f)oAx = TF(f) o G(idrx)
= poT(no F(f)) o Glidrx)
= G(idrx);G(no f)
= G(idrx ;o f))
= G(# oT(no f)o ide)
- Gr(p)
= G(poT(idry) onoTf)
= G((noT(f))sidry)
G(noT(f));Glidry)
po T(G(idry)) o no FT(f)
pomnoG(dry) o FT(f)
~ Glidry) o FT(f)
= Ay o FT(J).

Similarly one verifies that A interacts appropriately with 7 and . a

The commuting diagram (5.7) in this result yields an identity as isomorphism in dia-
gram (2.30) in Theorem 2.5.9, needed to lift an adjunction to categories of algebras. Thus
we obtain the following result as immediate consequence. At this stage it may look like a
formality, but it turns out to be very useful in the next section.

5.2.6. Corollary. Assume an endofunctor F' and a monad T on a category C, together
with a distributive K¥-law FT = TF of F over T. The adjunction J 4 U between the
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Kleisli category KU(T') and C lifts to an adjunction Alg(J) - Alg(U) by Theorem 2.5.9:

Alg(J)
Alg(F) 7 1T Alg(KU(F))
J Alg(U) a
J

Ce__ 1 T2 KT
e U 2 kp(F)

Explicitly, the functor Alg(.J): Alg(F) — Alg(KY(F')) maps an algebraa: F(X) —
X to the composite:

KI(F)(X) = F(X) —% x — 1 7(X).

It is an algebra K¥(F)(X) — X in the Kleisli category K/(T'). Conversely, the functor
Alg(U): Alg(KV(F)) — Alg(F) sends an algebrab: F(Y) — T(Y) to the F-algebra:

T A TM) . ow
Y)—=TFY)—>12——T().

‘We now concentrate on distributive K7-laws where the monad involved is powerset P.
The next result from [230] derives a distributive laws with respect to the powerset monad
from preservation of weak pullbacks. It is described as V, following [418], because of its
role in Moss’ coalgebraic modal logic, with its V operator, see Subsection 6.5.2. This V
should not be confused with the codiagonal notation V = [id,id]: X + X — X.

5.2.7. Lemma. For each weak-pullback-preserving functor F: Sets — Sets there is a
distributive Kl-law V: FP = PF obtained by applying relation lifting to the reverse
inhabitation relation 5 C P(X) x X.

This V may be used to describe relation lifting: if, for an arbitrary relation R C X XY
we write R: X — P(Y) for the corresponding function, as in (2.16), then the following
triangle commutes.

F(}%) FP(Y)

F(X) lv (5.8)

=

Rel(F)(R) * PF(Y)

At this stage we use relation lifting as described in Definition 4.4.1, for arbitrary endo-
functors on Sets, using the standard logical factorisation system of injections and surjec-
tions.

Proof. Applying relation lifting to 5x C P(X) x X yields a relation Rel(F)(3x) C
F(P(X)) x F(X), which can be reformulated, via (2.16), as:

F(P(X)) Vx PF(X))

ur———— {v e F(X) | (u,v) € Rel(F)(3x)}

(5.9)

In order to show that the V’s behave appropriately we need the basic properties of relation
lifting from Proposition 4.4.3—which all apply because epis are split in Sets—together
with basic connections between inhabitation and the unit 7 = {—} and multiplication
= | of the powerset monad (see Example 5.1.3 (i)).

@ (P(f) xid) "' (oy) = [Tiax s (Gx);
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(b) (nx xid)"(5x) = Eq(X);
(© (px xid)"H(3x) = 3x 0 3p(x)-

For naturality of V we use that relation lifting preserves inverse and direct images. For
f: X =Yandu e F(P(X)),

(Vy o FP(f)(w) = {w e F(Y) | (FP(f)(u),w) € Rel(F)(3y)}
= {w| (u,w) € (F(P(f)) x id) " (Rel(F)(3v))}
= {w| (u,w) € RAF)((P(f) x id) " (5v))}
@ 1w | (u,w) € Rel(F)(]_[ide(Sx))}
= {w] (w,w) € Hpgayxr(s) (Rel(F)(3x))}
= {w |3, v). v =uAF(f)(v) =wA («,v) € Rel(F)(2x)}
= (F()O) | (u,v) € Rel(F)(3x)}
= (PF(f) o Vx)(u).

This V also interacts appropriately with the unit » = {—} and multiplication ¢ = J of the
powerset monad, because relation lifting preserves equality and composition, and because
of the above points (b) and (c):

(Vx o F(nx)) (w)

— {v] (F@)(w),v) € Rel(F)(3x)}

= {v] (u,0) € (F() x F(id)) " (Rel(F)(3x))}
(j) {v](u,v) € Rel(F)((n X id)*l(ax))}

= {v] (u,v) € Rel(F)(Eq(X))}

= {v| (u,v) € Eq(F(X))}

= {u}

= 1r(x) (1)

(1rex) © P(Vx) © Vip(x)) (u)

= UVx () | (uv) € Rel(F) (3p(x))}

= {w | . (v,w) € Rel(F)(3x) A (u,v) € Rel(F)(3p(x))}
= {w | (u,w) € Rel(F)(3x) o Rel(F)(3p(x))}

= {w | (u,w) € Rel(F)(3x 03p(x))}

9 {w | (u,w) € Rel(F)((ux x i)~ (3x))}

= {w | (w,w) € (Flux) x F(id)) ™ (Rel(F)(3x))}
= {w | (F(px)(u),w) € Rel(F)(3x)}

= (Vx o F(px))(u).

Commutation of the triangle (5.8) follows from an easy calculation. For u € F(X) and
v € F(Y) we have:

ve (VoF(R)(u) < (F(R)(u),v) € Rel(F)(3)
= (wv) € (F(R) x id) ' (Rel(F)(() 2))
< (u,v) € Rel(F)((R x id)~1(3))
< (u,v) € Rel(F)(R)

e

= v € Rel(F)(R)(u). w}
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For a weak-pullback-preserving functor on Sets there are thus rwo liftings to two cat-
egories of relations: once with relations as morphisms and once as objects. Since they are
easily confused, we describe them explicitly.

5.2.8. Corollary. A weak-pullback-preserving functor F': Sets — Sets has two liftings:

1. a “computational” one, to SetsRel — SetsRel via Proposition 5.2.5, using the
distributive Kl-law V: FP = PF from the previous lemma and the fact that the
category SetsRel of sets and relations as morphisms is the Kleisli category K{(P)
of the powerset monad;

2. a “logical” one, to a relator Rel — Rel via Theorem 4.4.6, where Rel = Rel(Sets)
is the category with relations as objects and morphisms preserving relation inclusion.

The action (X EiN P(Y)) — (F(X) Nortm), P(F(Y))) of the functor in point 1 on

morphisms is the same as the action (R — X x Y) — (Rel(F)(R) — F(X) x F(Y))
of the functor in point 2 on objects, via the triangle (5.8). |

We close this section by extending the notion of strength from functors to monads,
together with the associated property of commutativity for monads. Commutativity allows
us to define some more distributive laws, and also to define a tensor on Kleisli categories.

In Exercise 2.5.4 we have already briefly seen strength for functors on Sets. In general,
for a functors £': C — C on a category C with finite products, a functor is called strong if
it comes with a strength natural transformation st with components:

stxy
F(X)xY ————F(X xY)

that commute appropriately with trivial projections and associativity isomorphisms. Here
are the diagrams, starting with naturality.

FX)xY S F(X x Y) F(X) x 135 F(X x 1)
F = ~ T
nxs| o |FUxg) ISETAC
F(Z) x W= Bz x W) F(X)
(5.10)

(FX) x V) x 2 5299 px wv) x 2 =S p((x < V) x 2)

gl lg

F(X)x (Y x Z) o F(X x (Y x2))

As an aside: cartesian products are not really needed in order to define strength; monoidal
(tensor) products suffice, since we not really need projections or diagonals.

A monad T is called strong if it has a strength st: T'(X) x Y — T(X x Y), as above,
that commutes with the unit and multiplication of the monad:

T(st)

XxY=—=XxY  TXX)xY4TTX)xY)ST(X xY)
n % idl Lr; 1 x idl M 5.11)
TX) XY ST(XxY)  T(X)xY —————— T(X x V)

Given such a strength st: F(X) x Y — F(X x Y) one can also form a “swapped”
strength in the second argument, written as:

swap

o~

LSSP)F(X xY))

(5.12)

st (X x F(Y) F(Y)x X F(Y x X)
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where, of course, swap = (w2, 71).
With both st and st’ there are for a monad T" two ways of going T'(X) x T(Y) —
T(X x Y'), namely via first st and then st’ or the other way around, in:

T(st’)

T(X x T(Y)) —5 T%(X x Y)

sty £
T(X) x T(Y) T(X xY) (513)
/

s’ T(T(X) x Y) T (X xv) #

The monad 7' is called commutative if this diagram commutes. We wrap up the foregoing
in a definition.

5.2.9. Definition. Let C be a category with finite products.
(i) A functor F': C — C is called strong if if there is strength natural transformation

st satisfying (5.10).

(ii)) AmonadT: C — Cisstrong if it is has a strength satisfying both (5.10) and (5.11).

(iii) A strong monad is called commutative if its strength makes the diagram (5.13)
commute. In that case we sometimes write dst: T(X) x T(Y) — T(X x Y)) for the
resulting “double strength” map.

(iv) If we have two strong monads 7" and S, then a map of monads o: 7' = S is called
a strong map if it commutes with strengths, as in:

X)) x Y~ ey vy

stTl lsts (5.14)

T(XxY)——— S(X xY)
OXxY

We shall writt CMnd(C) < StMnd(C) — Mnd(C) for the subcategories of commu-
tative and strong monads, with strong monad maps between them.

Commutativity of monads can also be formulated by saying that the monad is monoidal
(see e.g. [275]) but this requires the machinery of monoidal categories which is out of
scope. Alternative formulations using exponents occur in Exercise 5.2.15.

In Exercise 2.5.4 we have seen that every endofunctor on Sets is strong, via a uniform
strength. The same holds for monads—and also for comonads, see Exercise 5.2.13.

5.2.10. Lemma. StMnd(Sets) = Mnd(Sets). That is, each monad on Sets, and each
monad map between them, is strong.

Proof. Recall from Exercise 2.5.4 the definition of st: T(X) x Y — T(X x Y):
st(u,y) = T(Ax € X. (z,y))(u)

It is not hard to see that it commutes with 7”s unit 7 and multiplication y, using their
naturality. For instance:

(st o (nx id))(z,y) = T()\z e X. (z,y))(n(z))
= (T(A\x € X.(2,y)) o n) (2)
= (no (w e X.(2,9)))(2)
=n(z,y)-
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And for a map of monads o: T' = S the relevant diagram (5.14) automatically com-
mutes, by naturality:

(stT o (o xid))(u,y) = stT(o(u),y) = T(Az € X. (z,9))(c(v))
=o(S(\z € X. (x, y))(u))
= (Josts)(u.y). a

The next result shows that commutativity of monads is a reasonable notion.

5.2.11. Lemma. (i) A monoid M is commutative if and only if the associated monad M x
(—): Sets — Sets is commutative.

(ii) A semiring S is commutative if and only if the multiset monad Mg : Sets — Sets
is commutative.

Proof. By the previous lemma both monads are strong. For the monad M x (—) the
strength map st: (M x X) x Y — M x (X x Y) is associativity: st((m,z),y) =
(m, (@, y)). The swapped strength map st’: X x (M xY) — M x (X x Y) is similar:
st’(x, (m,y)) = (m, (z,y)). The upper and lower path in (5.13) are:

((m, ), (k,y)) = (m -k, (z,9))

(M xX)x (MxY) M x (X xY)
\—/7

((m, ), (k,y)) = (k- m, (z,))

Hence they are equal if and only if M is commutative.
The strength st: Mg(X) x Y — Mg(X x Y) and the swapped strength st’ for the
multiset monad are given by:

st(Y; sixi, y) = 2, si(2i,y) st’(:z:‘zj ty;) = Z] ti(x,y;).

The resulting two paths in (5.13) are:
(32 siwi, 225 t55) = 224 si - (i, y5)
Ms(X) x Ms(Y) Ms(X xY)

v
(32 siwi, 205 t5) = 2045t - si(wi, y5)

Thus, commutativity of the (multiplication of the) semiring S implies commutativity of the
monad M g. For the converse, it suffices to choose X =Y = 1 and use that Mg(1) = S.

]}

Commutativity of monads is not only a reasonable but also a useful notion because it
gives us distributive laws, and thus liftings to Kleisli categories. The following result comes
from [193] and defines a distributive law of a simple polynomial functor—with identity,
constants, products X, and coproducts [] only, see Definition 2.2.1—over an arbitrary
commutative monad.

5.2.12. Lemma. LetT': Sets — Sets be a commutative monad, and F : Sets — Sets a
simple polynomial functor. Then there is a distributive Kl-law \: FT = TF.

Proof. The construction of the distributive law \ proceeds by induction on the structure of
the functor F'.
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o If F'is the identity functor, then A is the identity natural transformation 7" = T'.
o If F'is a constant functor, say X — A, then X is the unit map ns: A — T(A).

e If F' = F| x F» we use induction and assume distributive laws \;: F;T" = TF; for
i € {1,2}. Then we can form a new distributive law, using that 7" is commutative.

RAT(X) x BT(X) 2222, 0 (x) x TRy () 58 T(Fi(X) x Fa(X)).

o If I is a coproduct [ |
and define:

icr Fi then we may assume laws A;: F;T = TF; fori € I,

[T(ki) o Ai] s
Hze[ FiT(X) I T(Hi,el Fz(X))'

It is straightforward to check that these A’s are natural and compatible with the monad
structure. ]

We conclude by remarking that the Kleisli category of a commutative monad car-
ries a tensor ®. Formally, this is expressed in terms of a symmetric monoidal structure
(see [315]). Here we describe it more concretely.

5.2.13. Proposition. Ler C be a category with finite products and T': C — C a commuta-
tive monoid. The cartesian product then becomes a functor x : K{(T) x K{(T') — KI(T).

Proof. For f: X — Y andg: Z — W in K{(T') we have to defineamap X xZ — Y xW.
Using double strength we take:

X x 72—y x 7w 55 7y < W),

Using the properties of Exercise 5.2.14 it easy to see that identities and composition are
preserved. ]

Exercises

5.2.1.  Show that a map of monads o: T' = S induces a functor K¥(T") — KZ(5).

5.2.2.  Prove the three properties (a)—(c) in the proof of Lemma 5.2.7.

5.2.3.  Prove in detail that if a category C has coequalisers, then so has the Kleisli category K¥(T")
for a monad 7" on C—as claimed in Proposition 5.2.2.

5.2.4.  Assume a monad 7 on a category C with an initial object 0 € C. Prove that the following
two statements are equivalent.
(i) The object 7'(0) € Cis final;
(i) The object 0 € K¥(T") is a zero object, i.e. 0 is both initial and final in KZ(T").

5.2.5.  Prove that there is a bijective correspondence:
X—Y in KZ(P) = SetsRel
PY)——P(X) in CLp

where CLy, is the category of complete lattices and arbitrary meet preserving functions.
[This is the heart of the correspondence between (non-deterministic) state transformers
X — Y and predicate transformers P(Y) — P(X) that forms the basis for the weakest
precondition condition calculus in program verification, see [113, 313].]
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5.2.6.

5.2.7.

5.2.8.

5.29.

5.2.10.

5.2.11.

5.2.12.

5.2.13.

5.2.14.

Recall that non-deterministic automata can be turned into deterministic ones by changing
the state space. If we consider the state transition map only, this can be described as trans-
forming a coalgebra X — P(X)* into a coalgebra P(X) — P(X)4.

(i) Describe this transformation concretely.

(ii) Describe this transformation via (pointwise) Kleisli extension.

(iii) Show that it leads to a functor CoAlg (P(f)A) — CoAlg((f)A).

In Definition 5.2.4 we have seen a distributive K¥-law FT' = TF of a functor F over

a monad 7. There is also a notion of distributive law when F' is a monad too (going

back to [63]). In that case the natural transformation should commute will all units and

multiplications.

(i)  Write down the relevant diagrams.

(ii) Assume such a distributive law ST = T'S, where S and 7" are monads, and prove
that 'S is then also a monad.

(iii) Prove that the units yield maps of monads S = T'S and T' = T'S.

(iv) Check that the lifted functor K¥(S): K¥(T') — K¥(T') is again a monad.

Let 7': C — C be an arbitrary monad on a category C with coproducts. Fix an object

A € C, recall from Exercise 5.1.1 that A + (—) is a monad on C, and prove that the maps:

A+ T(X) Ax = [T'(k1) 0 na, T(k2)] T(A+X)

form a KZ-law of monads (as defined in the previous exercise). Conclude that T'(A + (—))
is also a monad on C.

Consider the mapping 7"+ E(T') &f T(A+ (—)) from the previous exercise.

(i) Prove that it gives rise to a functor £ : Mnd(C) — Mnd(C).

(ii) Show that £ is even a monad, on the category Mnd(C) of monads on C.

[This mapping & is often called the exception monad transformer. It is investigated more
systematically in [307] together with associated operations for handling exceptions in pro-
grams. The proof that £ is a monad requires a certain level of categorical fearlessness, but
is in essence not difficult.]

Let 7" be a strong monad. Check that strength gives for each object Y a K¥-law of the
functor (—) x Y over T

([219, Proposition 1]) Let F' be an endofunctor and T" = (7', 7, 1) be a monad, both on the
same category. Show that the maps Ax = npr(x) © F(ux): FTT(X) —» FT(X) —
TFT(X) form a distributive K¥-law of the functor F'T" over the monad 7.

Show that the powerset 7 and distribution D monad are commutative, with double strengths:

P(X) x P(Y) -5 p(x x v) D(X) x DY) —BL L, pix xv)

(U, V) b———UxV (0, ¥) ———— A(z,y). () - Y(x).
Check that the list monad (—)* is nor commutative.

Prove the following analogue of Lemma 5.2.10 for comonads: for each comonad S': Sets —
Sets, the associated strength map st makes the following diagrams commute.

5(X) x Y -5 5(x x Y) SX)xYy —— St L gxxY)
& X idl le & % idl l&
X xY XxY SQ(X)XY?S(S(X)XY)SWSQ(XXY)
S

Show that the double strength map dst of a commutative monad 7" is a natural transforma-
tion and makes the following diagrams commute.

XXY——XxY

nx ﬂl l’l

T(X) X T(Y) = T(X x )
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T2(x) % T2(V) 55 1) x 7)) 29 12 (x v

uXul lu

T(X)xT(Y) T(X xY)
dst
5.2.15. This exercise involves an alternative formulation of strength st, both for functors and for
monads, using exponents. Assume C is a cartesian closed category with an endofunctor
F:C—C.
(i) Prove that F is strong if and only if there are maps 7,y : F(XY) — F(X)Y which
are natural in X and Y and make the following diagrams commute.

F(X)?) —— F(X))"
[ [
F(A(foevo(id x g)) = F(f’) F(f)gz A(F(f) oevo (id x g))

F(X)t) —— F(Xa)"

4

F(X) == F(X) F((XY)?) =5 F(x)? —— (F(X)¥)”
F(A(m))J{% %Am) gl lg
F(Xl) T>F(X)l F(XZXV) %)F(X)ZXY

where the isomorphisms on the right are A(ev o (evxid) o (,y), with associativity
isomorphism v = ((id x m1),m2 0 m2): A x (B x C) =5 (A x B) x C.

(ii) Prove also thatamonad 7': C — Cis strong if and only if there are suchr: T(XY) —
T(X)Y satisfying:

T(r)

P T2 (XY) —5 T(T(X)¥) —— T3(X)¥
| e I
T(XY) —— T(X)¥ T(XY) e T(X)”

5.2.16.  Show that there are adjunctions between (commutative) monoids and (commutative) mon-

ads:
Mon CMon
M — M x (—) (4,>T»—>T(1) M — M x (—) (%BTHT(U
Mnd(Sets) CMnd(Sets)

The adjunction on the left comes from [427] where it is described in the more general
setting of monoidal categories. See also [102] for more such adjunctions, also involving the
multiset monad.
[Hint. Define a monoid structure on 7°(1) via strength, as (1) x (1) — T(1 x T(1)) =
T2(1) - T(1).]

5.3 Trace semantics via finality in Kleisli categories

This section describes how finite traces of observables of computations can be described
via finality, not in the familiar category Sets but in the Kleisli category KZ(T") of a monad
T on Sets. We shall be considering coalgebras of the form X — TF(X), where T is
our monad capturing the kind of computation involved (non-deterministic, probabilistic,
...) and F'is a functor that describes the branching structure. The main examples that will
be elaborated here involve non-deterministic and probabilistic automata and context-free
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grammars. The use of Kleisli categories for trace semantics goes back to [362, 230]. (The
latter reference [230] does not deal with finite trace semantics—as in this section—but with
the infinite version. It involves only weak finality, i.e. it lacks uniqueness of the trace map.)

We begin with an illustration that uses the powerset monad P on Sets. Recall that
its Kleisli category K¥(P) is the category SetsRel of sets and relations between them,
since a relation R C X x Y may equivalently be described as a characteristic function
R: X — P(Y). We shall often switch back-and-forth between these two notations. For
convenience we recall that the identity map X — X in SetsRel is the equality relation
Eq(X) € X x X. And (Kleisli) composition of R: X — Y and S: Y — Z is the usual
relational composition: R;S = {(z,z) € X x Z | 3y € Y. R(z,y) A S(y, z)}. There is
an obvious “graph” functor Sets — SetsRel as already described in Example 1.4.4 (iv).
It maps a set to itself, and a function f: X — Y toits graph relation Graph(f) = {(z,y) €
X xY | f(x) = y}. This graph functor is the standard map J: C — KI(T') associated
with a Kleisli category, see Proposition 5.2.2.

Let us now fix a set L of “labels”, and write F' for the “list” functor Sets — Sets given
by X + 1+ (L x X). We shall consider transition systems of the form c¢: X — PF(X) =
P(1+ (L x X)). As noticed in Exercise 2.2.3, such transition systems correspond to non-
deterministic automata X — P (X )% x 2. Here we prefer the formulation with the powerset
on the outside, because it allows us to describe such automata as maps X — F(X) in the
Kleisli category KI/(P) = SetsRel.

These transition systems X — P(1 + (L x X)) describe besides usual transitions
x — ', as shorthand for (a, z’) € c(x), also terminating transitions x — * for * € ().
A trace for such a coalgebra starting at an element = € X consists of a list of elements
(a1,...,a,) € L* for which there is a list of states zo, ..., x, € X where:

o 1y =u;

a; )
o v; — x4 foralli < n;
o X, — .

Thus, traces are sequences of labels appearing in terminating sequences of computations.

One can then define a function trace.: X — P(L*) that maps a state to the set of
traces starting in that state. We shall show how to define this function by finality. It turns
out not to be a coincidence that the set L* of lists is the initial algebra of the functor F.

First we need to move from sets to relations as morphisms. We shall lift the func-
tor F': Sets — Sets to K/(F): SetsRel — SetsRel. Essentially, this lifting to Kleisli
categories happens as in Proposition 5.2.5—using the distributive law from Lemma 5.2.7—
but at this moment we wish to proceed more concretely. The lifting K/(F): SetsRel —
SetsRel maps an object (or set) X to F(X), and a morphism R: X — Y in SetsRel
to the morphism Rel(F)(R): F(X) — F(Y) obtained by relation lifting, see Corol-
lary 5.2.8. Explicitly, according to Definition 3.1.1, the lifted relation Rel(F)(R) C
F(X) x F(Y) is described by:

Rel(F)(R) = {(*,%)} U{{(a,),(a,2’)) | a € L and R(z,z")}.
‘We now have three important observations.
1. The first one is simple: a transition system, or PF-coalgebra, c: X — PF(X) as
considered above is an K¥(F')-coalgebra X — KI(F')(X) in SetsRel, for the lifted
functor KZ(F): SetsRel — SetsRel.

2. Further, the above trace map trace.: X — P(L*), considered as a homomorphism
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X — L* in SetsRel, is a homomorphism of K¥(F')-coalgebras in SetsRel:

Rel(F)(trace.)
F(X) —————— F(L*)

CT %IGraph(a’l) (5.15)
X

- L*
trace.

where o = [nil,cons]: F(L*) = L* is the initial algebra map, and the graph
functor Graph(—): Sets — SetsRel is the canonical map J: Sets — KI(P)
described in Proposition 5.2.2. Commutation of the diagram (5.15) amounts to:

o € trace.(r) <= Ju € (). (u,a~(0)) € Rel(F)(trace,).
This may be split in two cases, depending on whether the list o € L* is empty or
not:
nil € trace.(z) <= Ju € c(z). (u, *) € Rel(F)(trace.)
— x € c(z)
= T —>*
cons(a, o) € trace.(x) <= Ju € c¢(x). (u, (a,0)) € Rel(F)(trace.)

<= I’ € X.(a,2') € c(z) A (2',0) € trace.
= ' € X.x -5 2/ Ao € traceq(z').

This shows that the trace map trace. in (5.15) indeed makes the diagram commute.

. Finally, this trace map trace, is obtained by coinduction since the graph of the initial

F-algebra Graph(a—1): L* = F(L*) is a final KZ(F)-coalgebra in SetsRel.
We have already seen that there is a homomorphism trace, for an arbitrary KZ(F)-
coalgebra c in SetsRel. Here we check that it is unique: if a relation S C X x
L* also satisfies S; Graph(a™') = c;Rel(F)(S), then S = trace.. Recall that
we write ; for composition in the Kleisli category K¥(P), which we identify with
relational composition. Uniqueness holds, since for z € X one obtains o € S(z) <
o € trace.(z) by induction on o € L*:

nile S(z) <= Ire L*.x=a" (1) AT€ S(x)

<= 3r € L*.% € Graph(a™')(7) A T € S(z)

(x,%) € S; Graph(a™)
(z, %) € ¢;Rel(F)(S)
Ju € ¢(z).* € Rel(F)(S)(u)
* € c(x)
nil € trace.(x)
3re L*.(a,0) =a" Y1) AT € S(z)
3r € L*.(a,0) € Graph(a™1)(1) A 7 € S(2)
(z,(a,0)) € S; Graph(a™!)
(z, (a,0)) € ¢;Rel(F)(S)
Ju € ¢(z). (a,0) € Rel(F)(S)(u)
Jz' € X.o € S(2) A (a,2') € c(x)
32’ € X.0 € trace.(z') A x —> 2

cons(a,o) € S(x)

L A A A A

cons(a, o) € trace.(z).
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In the next result we shall describe this situation for the powerset monad in greater
generality, following [190]. Later on we shall describe the situation in still more general
form, for other monads, like in [193]. But we prefer to stick to the powerset monad first,
because it involves a very common situation and because it has a snappy proof that avoids
domain-theoretic complications.

5.3.1. Theorem. Let F': Sets — Sets be a weak-pullback-preserving functor with an
initial algebra o:: F(A) =+ A. Lemma 5.2.7 then yields a distributive Kl-law FP = PF
and thus a lifting of F to an endofunctor K¥(F) on the Kleisli category K¥(P) = SetsRel.

The map Graph(a~'): A = KU(F)(A) is then a final coalgebra in SetsRel, for the
lifted functor KI(F'): SetsRel — SetsRel.

Proof. Our first observation is that reversal of relations, sending R C X X Y to Rf C
Y x X, makes the (Kleisli) category SetsRel = K/(P) self-dual: SetsRel = SetsRel”.
‘When we combine this duality with the lifting of Corollary 5.2.6 we obtain the following
situation:

Alg(J)
Alg(F) 71 Alg(KU(F)) = Alg(KI(F)°P) = CoAlg(KL(F))*
LT )
J
Sets7___ | 7 SetsRel == SetsRel”
) U (@) ()
F KU(F) KL(F)op

First we consider the bottom row. By composing the adjunction J < U from Proposi-
tion 5.2.2 with the isomorphism SetsRel 2 SetsRel°” we obtain an adjunction between
the categories Sets and SetsRel®?, say JT - UT, where JT: Sets — SetsRel is given
by JI(X) = X and JI(f: X = Y) = Graph(f)! = {(y,2) | f(z) =y} CY x X. In
the reverse direction we have: UT(Y) = P(Y) and UT(R: X - V) = U € P(Y).{z €
X |3y e U R(z,y)}

The resulting lifted adjunction in the top row, between the categories of algebra Alg(F')
and Alg(KZ(F)°P) = CoAlg(K/(F))P, say Alg(JT) - Alg(UT), allows us to finish
the argument, since left adjoints preserve initial objects. Hence Alg(JT) sends the ini-
tial F-algebra F(A) = A to the initial object in Alg(KZ(F)°P), i.e. to the final object
in CoAlg(KY(F)), i.e. to the final coalgebra of the lifted functor K¥(F'): SetsRel —
SetsRel. a

This theorem captures traces for transition systems as described in the beginning of this
section. The main application of [190] is the parsed language associated with a context free
grammar, see Example 5.3.2.

5.3.2. Example. Recall from Subsection 2.2.5 that a context-free grammar (CFG) is de-
scribed coalgebraically as a function g: X — P((X + L)*) where X is the state space of
nonterminals, and L is the alphabet of terminals (or tokens). Such a CFG is thus a coalge-
bra in SetsRel of the lifting of the functor F/(X) = (X + L)* on Sets. Let us write its
initial F'-algebra as:

(LA 4Ly —2 g

Notice that F(X) = (X + L)* = [L,en(X + L)" = [L,e41)» X7l where [l € Nis
the number of * € 1 occurring in o € (14 L)*. Hence an F-algebra F((X) — X involves

an n-ary operation X — X for each o € (1 + L)* with n = ||¢||. An example of such a
o is (if, x, then, x, else, x, fi). It may be understood as a ternary operation X3 — X. The
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initial algebra L then consists of terms built with such operations. Hence it contains all
structured or parsed words over L (according to the grammar g).

Theorem 5.3.1 gives for each CFG g: X — P((X + L)*) a unique homomorphism
traceg: X — P(L#). Tt maps a nonterminal z € X to the collection of parsed words
that can be produced from x. Coalgebraic trace semantics was first used to describe the
language of a context-free grammar in [190]; see also [425]. The situation is elaborated
further in Exercise 5.3.2.

At this stage we wish to generalise the result of Theorem 5.3.1 to other monads than
powerset P. The theorem itself says that an initial algebra F/(A) = A yields a final coal-
gebra A 5 F(A) = KU(F)(A) of the lifting KZ(F) of the functor F to a Kleisli category.
One aspect that we ignored is that the initial algebra F((A) = A also yields an initial alge-
bra in the Kleisli category, since the canonical functor J: Sets — K¥(P) is a left adjoint
(see Proposition 5.2.2) and thus preserves colimits of w-chains (Exercise 4.6.3). Thus A
carries both an initial algebra and a final coalgebra structure in the Kleisli category. Such
coincidence has been a topic of extensive study, see notably [398, 135, 136, 123]. Here we
concentrate on the essentials and refer to these original sources for further information.

There is one more concept that we need. A category C is called dcpo-enrichedif each
homset C(X,Y’) of map X — Y in C forms a directed complete partial order (dcpo)
and the dcpo structure is preserved under composition: both pre- and post-composition
h o (—)and (—) o g are maps in the category Dcpo. Again, the Kleisli category kKZ(P)
is an example: for a collection of maps f;: X — P(Y') we can form the pointwise join
V. fir X = P(Y), namely (\/, f;)(z) = U, fi(z). Itis not hard to see that h o (/, f;) =
Vi(h o f;) and similarly (V, £) o g = V,(f; © 9).

In such a dcpo-enriched category the homsets C(X,Y) carry a partial order < for
which directed joins exist. An arbitrary map f: X — Y is called an embedding if there is
a ‘projection’ map fP: Y — X in the other direction with:

fPof=idy and fofP <idy.

This map f?, if it exists, is uniquely determined. As a consequence, (g o f)? = f? o
gP. The pair (f, fP) is sometimes called an embedding-projection pair. More formally,
we have an adjunction (Galois connection) with an isomorphism as unit (also known as
coreflection).

The heart of the matter is the following limit-colimit coincidence result from [398].

5.3.3. Proposition. Let C be a dcpo-enriched category. Assume an w-chain:

Xo fo X fi X f2
with colimit A € C. If the maps f; are embeddings, then the colimit A is also a limit in C,
namely of the w-chain of associated projections f¥: X;11 — X.
This will be proven via the following useful intermediate results.
(i) The coprojection maps k,,: X,, — A associated with the colimit A are embeddings,
and their projections m, = k! : A — X,, form a cone, i.e. satisfy f£ o w41 = Ty
(ii) These (co)projections satisfy \/neN Ky © T, = id 4.
(iii) The projections m,: A — X, are jointly monic: if h,h': Y — A satisfy 7, o h =
T 0 I foralln € N, then h = h'.
(iv) Foracone g,:Y — X, where fF o g,11 = gy, there is a unique mediating map
9:Y — A, givenby g =\/, kn © gn.

Proof. (i) For each n € N we first show that the object X,, forms a cone: for m € N there
isamap frn: X;m — X, namely:

f foc1o o fmt Xpp = X1 — -2 X,y ifm<n
mn — .
fPovioff 1t Xy = X1 o= X, ifm>n.
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These maps fr,,, commute with the maps f;: X; — X,y in the chain: fi, 1) © fm =
fmn, and thus form a cone. Since A is the colimit, there is a unique map 7,: A — X,
with 70, © Ky, = fimn. In particular, for m = n we get m,, © K, = frnn = id. We postpone
the proof that x,, o m,, < id, for a moment.

(ii) The maps Kk, o m,: A — A form an ascending chain, since: k,, © T, = Kp41 ©
fno fP o mpi1 < Kpt1 © mpe1. Hence their join exists, which we abbreviate as f =
\/, Kn 0 T A — A. Then foreach i € N,

fori=V,enhn©mnok;
= Vysifin 0 T 0 Ky
= Vnzl Kn O T © K © fin
= VnZz Kn O fin
= \/"21 Ki
= Ki.

Hence f: A — A must be the identity, by uniqueness of mediating maps out of colimits.
At this stage we see:

Ki 0T <V penbin © Ty = ida.

Now we can conclude that x;: X; — A is an embedding, with associated projection )4,5’ =
m;. Further, these projections m; form a cone for the w-chain f?: X, 1, — X, since:
fRomppr=fFo ”ﬁ,+1 = (Fnt1 0 fu)P = Kb = mp.

(iii) Assume h,h': Y — A satisfy m,, o h = m, o b/, for all n € N. Then by (ii):

h =idgoh = (\/HHTLO‘I\'TL)Oh:\/nKLnOW”Oh

=V, knom ol = (\/n Kp O ﬂn) oh' = h.

(iv) Assume g,: Y — X, satisfying f? o g,41 = g5,. The maps k, 0 g,: Y — A
then form an ascending chain, since K, © g, = Kny1 © frn © f2 0 gny1 < Kng1 © Gni.
Hence their join g = \/,, kn © g: ¥ — A exists. It is a mediating map since:

Tiog = VneNﬂl © Kn © gn
= V5 i © Kn © gn
= \/n,>1', fni © T © Kn 0 gn
= vn>l f”'[‘ ° g"/
= \/n>1, 9i
= Gi-

Moreover, this g is unique by the previous point. a

We now wish to obtain a fixed point F/(A) = A which is an initial algebra and its
inverse A = F(A) is a final coalgebra. The idea is to combine the previous result about
limit-colimit coincidence with the chain-based approach from Proposition 4.6.1, where
one uses a colimit of F*(0) to obtain the initial algebra and the limit of F"(1) for the final
coalgebra. But if we are in a situation where we have a zero object 0—which is both initial
and final—then we obtain the same chain with coinciding limit and colimit.

Our next assumption is thus that the category at hand has a zero object, commonly
written as 0. The singleton monoid is an example of a zero object in the category of
monoids, see Exercise 2.1.6. Interestingly, the empty set 0 is also a zero object in the
Kleisli category K¥(P) = SetsRel of the powerset monad: for each set X there is a
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unique arrow 0 — P(X) in Sets, because 0 is initial in Sets, and there is a unique arrow
X — P(0), since P(0) = 1is final in Sets.

Given such a zero object 0 in a category C, there is for each pair of objects X,Y € C
an arrow X — Y, which we write as:

Lxy = (X —50—y), (5.16)

using that 0 is both initial and final. Such a map L x y is sometimes called a zero map; it is
typical in an algebraic setting, for instance in a category of groups, or of vector or Hilbert
spaces. The subscripts X, Y are often omitted. Notice that L o f = L = g o L, for all

maps f,g.
We use Propositions 5.3.3 and 4.6.1 to generalise Theorem 5.3.1 to more general mon-
ads, as in [193].

5.3.4. Theorem. Assume we have the following data on a category C.
e Both an initial and a final object 0,1 € C.
e Amonad T: C — C for which

— the Kleisli category KY(T') is dcpo-enriched;
— the map T(0) — 1 is an isomorphism, so that 0 € KE(T') is a zero object (see
Exercise 5.2.4);

— the resulting zero maps (5.16) in KE(T) are least elements in the homset dcpo’s.
o A functor F': C — C for which:

— there is a distributive KI-law FT = TF, or equivalently by Proposition 5.2.5,
a lifting KU(F): KU(T) — KU(T);

— this lifting K{(F): KI(T) — KU(T) is ‘locally monotone’: f < g implies
KUT)(f) < KUT)(g):

— there is an initial algebra o: F(A) = A in C, obtained as colimit of the chain
F"(0) as in (4.10).

The map J(a='): A =5 F(A) = KU(F)(A) is then a final coalgebra in the Kleisli
category KU(T'), for the lifted functor K{(F): K¥(T) — KU(T).

Proof. By assumption, the initial algebra structure a: F(A) = A is obtained on the col-
imit A of the w-chain F™(0), like in (4.10). The functor J: C — K¥(T') is a left adjoint, and
thus preserves this colimit, see Exercise 4.6.3. Hence in the Kleisli category KZ(T") we ob-
tain A = J(A) as colimit of the chain J(F™(0)) = KZ(F)"(J(0)) = KZ(F)™(0) = F"(0).
This w-chain in K¥(7") thus starts from the zero object 0 and can be described explicitly as:

1 KE(F)(L) KE(F)?(L)

O O (5.17)
—~—— T ~— Y — 7
1 KE(F)(L) KE(F)?(L)

The two maps written as L are the unique map 0 — F(0) obtained by initiality and the
unique map F'(0) — 0 obtained by finality, like in (5.16). The maps KZ(F)"(L): F™(0) —
F"1(0) are embeddings, since 0 is zero object (on the left below) and L is least (on the
right):

0 ;) F(0) F(0) ;) 0
\ll_ > 1 lj_
5 id F(0)
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After applying K¥(F')™ we obtain a chain of embeddings, by local monotonicity.

Thus, Proposition 5.3.3 applies and the colimit A € K¥(T') of the w-chain of embed-
dings KZ(F)™(L): F™(0) — F™*1(0) in (5.17) is also the limit of the chain of associated
projections KZ(F)™(L): F"*1(0) — F™(0). Hence it carries a final coalgebra structure
J(a™Y): AS F(A).

The finality of J(a~'): A5 F(A) in KI(T) can also be proven directly, using the
points (i)—(iv) listed in Proposition 5.3.3. For a coalgebra ¢: X — TF(X) in C, that is,
for a coalgebra X — KV(F)(X) in K¥(T') we obtain a map trace.: X — A in K{(T') as
join:

trace, = \/ ¢nikin

{ o= L: X —=0=F0)
where
neN

Cnr1 = ¢ KUF)(cn): X — F(X) = F"L(0),

and k,: F"(0) — A form the colimit cone. This map satisfies trace.;m, = cp, by
construction, see Proposition 5.3.3 (iv). We then get a commuting diagram in K¥(7):

r KL(F)(trace.)

X) —————F(4)
(’T %T.I(a’l)
X trace, A

Commutation is obtained by using that the projections 7, = k2: A — F"(0) are jointly
monic, see Proposition 5.3.3 (iii):

¢ KE(F)(tracee) ; J(a) ; m = ¢ KE(F) (trace,) s KECF) (1)
¢; KU(F)(trace, ; Tr—1)
c; KE(F)(en-1)

=y

= trace. ;.

In a similar way one obtains uniqueness: assume a map g: X — A in KI(T) satisfies
c;KU(F)(g) = g;J(a™!). Then g = trace,. follows if g ; 7, = trace. ; T, holds for each
n. This is shown by induction on n, using that trace. ; 7, = ¢,. The case n = 0 is trivial,
and:

95 Tnyr = ¢;KUF)(g) 5 () Tnia
= ¢; KU(F)(9); KU(F)(mn)
= ¢;KU(F)(g;mn)
(IH)

D o KUF) (en)

= Cn+41- Q

This result requires that the lifted functor X¥(F’) is only locally monotone, instead of
locally continuous. The latter is a more common assumption in this setting; it leads to a
slightly simpler proof, see Exercise 5.3.4.

5.3.5. Example. The powerset monad P satisfies the assumptions of Theorem 5.3.4. An-
other example is the lift monad £ = 1 + (—) on Sets, where maps f,g: X — L(Y) are
ordered via the so-called flat order: f < giff f(z) = y € Y implies g(z) = y. A more
interesting example is obtained via the infinite subdistribution monad D2 on Sets. It in-
volves ¢ € D, (X) given by ¢: X — [0,1] satisfying >~ ¢(z) < 1. Notice that there
is no finiteness requirement for the support (but supports have at most countably elements,
like in Exercise 4.1.7). Clearly, D2, (0) 2 1. The resulting zero maps L: X — DX (Y)
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in the Kleisli category are given by L ()(y) = 0. Subdistributions ¢, € D=, (X) can be
ordered pointwise: ¢ < 1 iff p(z) < ¥(z) for all z € X. This yields a dcpo, with L as
least element.

As functor F': Sets — Sets we take F'(X) = 1+ (L x X), like before, with ini-
tial algebra [nil,cons]: F(L*) 5 L* given by lists of labels. There is a distributive law
A: F(D2 (X)) — DX, (F(X)) by Lemma 5.2.12, since the monad D2, is commutative.
Explicitly, this \ is given by: B

1 ifu==x ifu=(a,z)

A()(u) = {

The resulting lifting KE(£): K{(DZ,) — KU(DZ) sends amap f: X — DX (Y) to the
map KZ(F)(f): 1+ L x X = D (14 L x Y) given by:

and  A(a,¢)(u) = {99(1:)

0 otherwise 0 otherwise.

1 ifu==x

f@) () ifu=(ay)

0 otherwise.

KE(f)(¥)(u) = { and  KU(F)(f)(a,z)(u) = {

0 otherwise
Theorem 5.3.4 now says that we have a final coalgebra 7 o [nil,cons]~!: L* 5 F(L*) in
KZ(D2)). This will be illustrated via an example.

Assume our state space X consists of an urn containing black, white and red balls. Thus
X can be described as the set of multisets My(3) = {¢: 3 — N | supp(yp) is finite} =
N®, where 3 = {B, W, R} is the three-element set of balls. A typical state ¢ € My(3) has
the multiset form ¢ = ngB+nwW+ngR, where np = ¢(B),nw = p(W),ng = ¢(R)
describe the number of balls of each colour. We write ||¢|| = ¢(B) + ¢(W) + ¢(R) for the
total number of balls, and ¢ — B € My(3) for the multiset with one black ball remove (if
any). Formally,

_JeB) =1 ife(B)>0 (p—B)(W) = ¢(W)
(e -B)B) = {0 otherwise (p—B)(R) = (R)

The multisets ¢ — W and ¢ — R are defined similarly.

Taking out a ball constitutes a transition. The probability that you take a certain colour
is determined by the relative multiplicities: the balls are taken blindly; they cannot be
chosen. If a black or white ball is taken out, a next ball may be picked, but the process
stops with a red ball. All this is formalised via a coalgebra:

X ¢ D (143 x X)

. eB) g gy Py s 2R,

Il Il llell
where ¢ € X = Mp(3) is a multiset of coloured balls, representing the contents of the
urn. Notice that in order to describe this coalgebra we could have use the monad D of
ordinary distributions instead of D27 . However, a finite system may have infinitely many
traces, which can be modelled only via DS,

Theorem 5.3.4 now gives a coalgebra map trace.: X — DX (3*) in the Kleisli cate-
gory KI(D,). For a filled urn ¢ € X, this map trace.(¢) gives a probability distribution
over sequences of (consecutive) balls, described as elements of the set 3* = {B, W, R}*.
For a specific sequence o of (white and black) balls trace.(¢)(c) gives the probability
of consecutively taking the balls in o, until a red ball appears. The finality diagram in
Ki(D2)) precisely captures how to compute these probabilities. This diagram in K¥(D2,)
is:

KL(F)(trace.)
14+3x X ——————1+3x3"
(;T g]}([nn, cons] 1)
X 3*

trace.
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Commutation says:

tracec(p)(0) = (c; KE(F)(trace.) ; J(a)) () (o)

Z Z c(p)(u) - K(F)(trace.) (u)(v) - J(a)(v)(o)
uElF3x X vEl+3X3*
{ clp)(x) i o = nil

() (C, o = C) - trace.(p — C)(0”)  if o = cons(C, o)

Tl if o = nil

0 trace,(p ~ B)(o')  if o = cons(B, o)
ﬁg\ﬁ) -trace. (¢ — W)(o’)  if ¢ = cons(W, ")
0 if o = cons(R, o).

Thus, for instance, if we start with a state/urn ¢ = 3B + 2W + 1R, then the probability of
atrace (B, W, B, B) can be calculated as:

trd(ec(3B +2W + IR) ((B W, B, B))

. traco, (2B +2W + 1R) ((W, B, B))
-trace. (2B + 1W + 1R) ((B, B))
2.2 . trace (1B + 1W + 1R) ((B))

N B W B Bl
ISR

51
=3.2.2. 1 trace.(1IW + 1R) (())
=3.2.,2,1.1
6°5°1°3°2

5.3.6. Example. Our next illustration again uses the subdistribution monad D2 . It shows
how an unfair coin can be simulated by two fair ones. This is based on [283, 284]. Consider
the coalgebra c: 2 — D, ({H, T}+2), with two-element state space 2 = {0, 1}, described
in the following diagram:

1
2
0 1
~_

1 1 1
il
H T

Explicitly, this coalgebra ¢ can be described on the state space 2 via convex sums:
c0) = H+ 51 and (1) = 3T+ Lo

The coalgebra is of the form 2 — D, (F(X)) for the functor F(X) = {H, T} + X. The
initial F-algebra is N x {H, T}, with structure map:

{HT}+Nx {H T} =25 N x {H,T} givenby {a(z’(iz::i)l’m

where A € {H,T}.
The theory described above now yields a trace map by finality in the Kleisli category.
It is of the form:

g " pe (N x {H,T}),
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given by the infinite convex sums:
tracec(0) = (0,H) + (1L, T)+ 2 H) + (B, T+

L 1
- Z W(?n, H) + W(zn +1,T)

neN
trace.(1) = (0, T) + (L,H) + (2, T) + &G, H) + -+
1 1
=> 55t (2 T) + oz (2n+ 1 H)
neN

A summand like 5(2, H) in trace.(0) represents the probability of % of getting outcome H
via 2 transitions, starting in state 0.

We can add all this summands with the same coin together, by applying the second
projection mo: N x {H, T} — {H, T} to these sums. The resulting composite map:

trace. D (m2)
unfair-coin = (2 race D (N x {H,T}) i D ({H,T}))
is given by:
- 1 1 2 1

unfair-coin(0) = Z Sontt H+ Z Sz T=3H+3T

neN neN
1 1

unfair-coin(1) = E W) T+ (Z San¥2 H=2T+1H.

nen neN

For these last step we use the familiar equation ), a™ = ﬁ if |a| < 1, for instance in:

2n n
e =3, () =18, = dr=1i=%

The initial algebra Nx {H, T} can be described more abstractly as a copower N-{H, T}.
The second projection 75 used above then becomes a codiagonal V: N-{H, T} — {H, T}.
This description is used in [233], where a “monoidal trace operator” in a Kleisli category
is constructed from coalgebraic traces. This monoidal trace can thus be used to compute
the outcome of the unfair coin directly. Alternatively, like in [284] one can use recursive
coalgebras, see [87, 20].

Finally, we briefly return to the transition system example that we used in the beginning
of this section.

5.3.7. Remarks. For the special case of transition systems X — PF(X) = P(1+ (L x
X)) involving the powerset monad, there are two alternative ways to obtain its trace seman-
tics: one via determinisation, and one via logical interpretation. We briefly review these
constructions.

(i) As already noted—for instance in Exercise 2.2.3—a transition system X — P(1+
(L x X)) can also be viewed as a non-deterministic automaton (J,¢): X — P(X)% x 2.
As such it may be “determinised” into an automaton (&', &’): P(X) — P(X)* x 2 via the
standard definitions:

§(U)(a) = U{d(x)(a) | = € U} JU) =1+ FreU.clz)=1,

See also [393] and Exercise 5.2.6. Since P(L*) is the final deterministic automaton, see
Corollary 2.3.6 (ii), we obtain a unique coalgebra homomorphism h: P(X) — P(L*).
The trace map X — P(L*) is then h o {—}. This approach is elaborated in Exam-
ple 5.4.12 (i), and also in [250].
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(ii) The logically oriented approach uses the fact that the set P(X) of predicates on the
state space of our non-deterministic automaton (5,€): X — P(X)¥ x 2 carries elementary
logical structure, in the form of an algebra for the functor F' = 1+ (L x —). Indeed, there
is an algebra [e,~ O —|: F(P(X)) — P(X) given by e: 1 — P(X) as a subset of final
states, and by a labelled (strong) nexttime - () —: L x P(X) — P(X) operator. It maps a
pair (a, P) € L x P(X) to the predicate = O —(a, P), commonly written as = O, —(P),
given by:

0 (P) ={zeX|F' € X.a-%a' AP(a)}.

By initiality of L* we then obtain an algebra homomorphism ¢: L* — P(X). The adjunc-
tion Sets°® <= Sets from Exercise 2.5.2 now yields the trace map X — P(L*). This
second approach fits in the “testing” framework of [346] and uses coalgebraic modal logic,
see Section 6.5 for a more general account.

The trace semantics that we have described in this section induces a new type of equiv-
alence on states (of suitable coalgebras), namely trace equivalence, given by the relation
{(z,y) | trace(x) = trace(y)}. Exercise 5.3.5 below shows that bisimilarity implies trace
equivalence, but not the other way around.

Exercises

5.3.1.  Suppose we have a monad 7': C — C that satisfies 7°(0) = 0 and 7'(1) = 1. Use
Exercise 5.2.8 to transform 7" into a monad 7" = T'(1 + (—)) that satisfies 7"(0) = 1, as
needed in Theorem 5.3.4.
[This transformation trick applies for instance to the ordinary distribution monad D; a non-
trivial depo structure on these discrete distributions in D(X) is described in [98].]
5.3.2.  Consider the alphabet {a, b} with two non-terminals V, W and productions:
V—aV V—Ww W-—b-W-a W — ().

(i) Describe this CFG as a coalgebra X — P(FX) with state space X = {V, W} and
functor F = ((—) + {a,b})".

(i) Check that the unparsed language generated by V' is the set {a"b™a™ | n,m € N}.

(iii) Consider the parsed language map trace,: X — {a,b}* from Example 5.3.2 and
show that a term ¢ € trace, (V') can be drawn as a tree:

—e—2

|
a

|
Y
R

I
N

53.3. (i) Define a function L — L* that maps parsed words to “flat” words by initiality.

Prove that this function is a split epi.

(ii) Prove that the assignment L ~ L is functorial, and that the mapping L> — L*
from (i) form a natural transformation.

(iii) Let L" be the final coalgebra of the functor X + (X + L)* from Example 5.3.2.
It consists of both the finite and infinite parsed words. Define a map L> — L” and
show that it is injective.

[This gives the following fundamental span of languages L* « L® ~— L". The three

operations involved L ~ L*,L®,L" are all monads and the mappings between them

preserve the monad structure, see [190].]
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5.3.4.  Consider the situation as described in Theorem 5.3.4, but with the stronger assumption that
the lifted functor K¥(F): K¥(T") — K¥(T) is locally continuous. This means that directed
joins in homsets are preserved: KZ(F)(\/, fi) = \/; KL(F)(fi). Check that under this
assumption the proof of Theorem 5.3.4 can be simplified in the following manner. For
an initial F-algebra a: F(A) = A and a coalgebra c: X — K/(F)(X), consider the
following two operators on Kleisli homsets:

KU(T) (4, A) — 2 k(T (4, 4) Ke(T) (X, A) —Ls K2(T) (X, A)
g——— J(a™ 1) KU(F)(9); I () ht————c; KU(F)(h); J(a).

(i) Prove that both ® and W are continuous.

(i) Prove that the least fixed point g = fix(®) = V, ¢ ®"(L) is a map of algebras
J(a) = J (). Conclude g = id from Proposition 5.2.6.

(iii) Check that the least fixed point h = fix(¥) = \/, . ¥" (L) is a map of coalgebras
c— Ja™t).

(iv) Prove that this h is the unique such map.
[Hint. Use that if b’ is also such a coalgebra map, then b ; ®" (L) = ¥™(L).]

5.3.5.  Assume two coalgebras ¢c: X — PF(X)andd: Y — PF(Y), where F': Sets — Sets
preserves weak pullbacks and has an initial algebra F'(A4) = A (like in Theorem 5.3.1).
(i) Assume f: X — Y is ahomomorphisms (of P F'-coalgebras). Prove that f ; traceq =
tracec: X — Ain KI(P).
(ii) Conclude that bisimilarity is included in trace equivalence:

x &2,y = trace.(z) = tracea(y).

(iii) Check that the reverse implication (<=) in (ii) does not hold, for instance via the
following two pictures.

5.4 Eilenberg-Moore categories and distributive laws

This section introduces the category EM(T'), called the Eilenberg-Moore category, for a
monad or comonad 7". Its objects are algebras or coalgebras of 7', but with some additional
requirements. These requirements make them different from coalgebras of a functor.

5.4.1. Definition. Given amonad T' = (T',7), 1) on a category C, see Definition 5.1.1, one
defines an algebra of this monad as an algebra : T'(X) — X of the functor T satisfying
two additional requirements, expressed via the diagrams:

x—2 1) 2(x) — X 7(x)

\ J T(a) Ja (5.18)
X

_

T(X) a X

We shall write EM(T) = EM(T,n, p) for the category with such monad-algebras as
objects. The morphisms are the same as homomorphisms of functor-algebras: a morphism
froma: T(X) - XtoB: T(Y) = Yisamap f: X - Y inCwithBo T(f) = foa.
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Similarly, for a comonad S = (S,¢,d) a coalgebra is a coalgebra a: X — S(X) of
the functor S satisfying:

Sx)—X S x S —% | s2xy
(IT / (IT TS((Y) (5.19)
X X ——(—S(X)

We write EM(S) = EM(S, e, d) for this category of comonad coalgebras, with homomor-
phisms given by ordinary coalgebra homomorphisms.

There is ample room for confusion at this stage. First of all the same notation EM(T')
is used for both a category of algebras, if 7" is a monad, and for a category of coalgebras,
if T is a comonad. The context should make clear which option is intended. What might
help a bit is that we generally use the letter 7" for a monad and S for a comonad. Notice,
by the way, that for Kleisli categories we have the same overloading of notation.

Next, ‘algebra’ or ‘coalgebra’ may be used both for a functor—in which case it is just
a map of a certain form—and for a (co)monad; in the latter case such a map should satisty
additional equations, as described in (5.18) and (5.19) above. In order to emphasise what
is intended we sometimes explicitly speak of a functor algebra or of a monad algebra /
Eilenberg-Moore algebra—and similarly, we can have a functor coalgebra and a comonad
coalgebra | Eilenberg-Moore coalgebra.

Recall that we use the notation Alg(F') and CoAlg(F) for the categories of algebras
and coalgebras of a functor F'. They are related to categories EM(—) of Eilenberg-Moore
algebras and coalgebras via two full and faithful (horizontal) functors in commuting trian-
gles:

EM(T, n, p) — Alg(T) EM(S,¢e,0) —— CoAlg(S)

N N

Here, T is a monad and S is a comonad. In writing Alg(7T) and CoAlg(S) we consider
them as ordinary functors, forgetting about their (co)unit and (co)multiplication.

5.4.2. Lemma. Assume a monad T and a comonad S on a category C. The obvious for-
getful functors have left and right adjoints:

EM(T) EM(S
74 4} g
C
given by multiplication and comultiplication:
T*(X) S(Y)
F(X) = ( lﬂx) and Gg(y) = ( T5y>.
T(X) S(Y)

These adjunctions give rise to a comonad on the category EM(T) of algebras, and to a
monad on the category EM(S) of coalgebras, see Exercise 5.4.8.

Also the Kleisli categories can be embedded full and faithfully in Eilenberg-Moore
categories, via commuting triangles:

KU(T) —— EM(T) — EM(S)

v 7
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Recall that maps in Kleisli categories are used to represent computations. Through the
full and faithful embeddings into Eilenberg-Moore these computations can also be stud-
ied, between free algebras or cofree coalgebras, in richer universes, with more categorical
structure, see Lemma 5.4.5 and Proposition 5.4.6 below.

Proof. We shall sketch the proof for the comonad case. The monad case is dual. For an ar-
bitrary comonad coalgebra o.: X — S(X) we have to produce a bijective correspondence:

() —— ()
OzT —_— T(sy
X S(Y)

XTY

It is given as follows.
e For a map of coalgebras f: X — S(Y)take f =co f: X =Y.

e For an ordinary map g: X — Y in C take g = S(g) o a: X — S(Y). Itis a map
of coalgebras since:

S(g)oa = 5*(g)oS(a)oa
= Sz(g) odoa see (5.19)
=doS(g)oa by naturality of &
=dog.

These transformations are each other’s inverse—i.e. f = f and § = g—via the coalgebra
laws (5.19).

The functor KZ(S) — EM(S) is on objects Y — G(Y). AKleislimap f: Y — Z,
where f: S(Y) — Z in Cyields S(f) o 6: S(Y') — S(Z). We skip the proof that this is
a map of coalgebras, and show that each coalgebra map g: G(Y') — G(Z) is of this form.
Take f =co0g: S(Y) — Z. Then:

S(f)od =S()oS(g)od =S(E)odog=g. a

We turn to examples of Eilenberg-Moore categories. It may happen that quite a few
details have to be checked to verify that a certain category is (isomorphic to) an Eilenberg-
Moore category. We sketch only the essentials of the various constructions. In Theo-
rem 6.7.11 in the next chapter we describe a general way to obtain Eilenberg-Moore cat-
egories via specifications (algebras or coalgebras with assertions). In general, one calls a
category algebraic or monadic if it is isomorphic to a category of Eilenberg-Moore alge-
bras.

5.4.3. Examples. (i) For a monoid M = (M, 1,-) there is an associated monad M x
(—): Sets — Sets, see Example 5.1.3 (v) and also Exercise 5.1.7. Recall that the unit is
n(z) = (1, z) and the multiplication s1(m, k, z) = (m -k, z). An Eilenberg-Moore algebra
a: M x X — X is given by a set X with this operation a. It corresponds to a monoid
action, since the equations (5.18) amount to:

a(l,z) == a(m,a(k,z)) = a(m-k,z).
Usually such an action is written as a dot, like in a scalar multiplication:
lex =z me(kex) = (m-k)ex,

where m e x = o(m, ). It is easy to see that homomorphisms of algebras, that is, maps in
EM(M x —), correspond to scalar product preserving functions f, satisfying f(mex) =

me f(z).
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(ii) For a semiring S we have the multiset monad Mg, see Lemma 5.1.5. An algebra
a: Mg(X) — X forms a clever encoding of both a scalar multiplication e and a commu-
tative monoid structure (0, +) on X. This structure can be extracted from « as follows.

0 = a(0) where 0 € Mg(X) on the right hand side is the empty multiset
z+y = o(le + 1y) where 1o = n(z) € Mg(X) is the singleton multiset

sex = a(sz).

These operations turn X into a module over the semiring S. As illustration, we check the
zero law for the monoid structure. It involves translating the required equality into one of
the algebra laws (5.18):

2+0 = a(lz +10) "2Y a(la(1z) + 16(0))
a(Ms(a)(1(1z) + 10))

649 a(p(l(lz) +10)) = a(lz) = =

Conversely, if Y is a module over S, then we can define an algebra structure 3: Mg(Y) —
Y by:

B(syr+ -+ Snln) = s10Y1+ -+ + Sp O Yn.

Notice that the sum on the left is a formal sum (multiset) in Mg(Y"), whereas the sum
on the right is an actual sum, in the module Y. It is not hard to see that algebra maps
correspond to module maps, preserving scalar multiplication and sums. Thus we have:

EM(Ms) = Modg, where Modg is the category of modules over the semiring S.

Some special cases are worth mentioning:

Mody = CMon the category of commutative monoids
Modz = Ab the category of commutative/Abelian groups
Modg = Vecty the category of vector spaces over a field K.

We see that monads and their algebras give a uniform description of these mathematical
structures.

The distribution monad D is similar to the multiset monad, but its algebras are quite
different. They are convex sets, where each formal convex combination Zz r;xi, with
r; € [0, 1] satisfying °, r; = 1, has an actual sum, see [403, 404, 232].

(iii) Algebras o: P(X) — X of the powerset monad encode complete lattice structure
on the set X. For an arbitrary subset U C X one defines:

VU = a(U) € X.

This is the join wrt. an order on X definedas z < yiffy =z V y = V{z,y} = a({z,y}).
This is a partial order. Reflexivity z < z holds because a({z, 2}) = a({z}) = z, since the
singleton map is the unit of the powerset monad, see Example 5.1.3 (i). Antisymmetry is
trivial, and for transitivity one proceeds as follows. If z < y and y < z, thatis o({z, y}) =
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yand a({y, z}) = z, then z < z since:

a({z,z})

ry({(y({ 1), af y,7}))
(P(@)({{z}. {y,2}}))
(U{a} {y: 21})

a({z,y.2})
(
o
(
(

= «a

|
o

Ut{=, 9}, {=}})
Ple)({{z.y}, {=}}))
{a({z,y}),e({z}))

= a({y,2})

e 2

= «

Similarly one can prove Vo € U.z < yiff \/ U < y. Conversely, each complete lattice L
forms a P-algebra P(L) — L via U +— \/ U. Algebra maps correspond to \/-preserving
(aka. linear) maps. Thus we have an isomorphism:

EM(P) = CL, the category of complete lattices and linear maps.
In a similar manner one can show that:
EM(Pysn) = JSL, the category of join semi-lattices and join-preserving maps.

In such join semilattices one only has finite joins (_L, V). The situation for meet semilattices
is described in Exercise 5.4.6.

(iv) On the category PoSets one can define the ideal monad Idl. An ideal in a poset
X = (X, <) is adirected downset I C X; thus, ] is non-empty and satisfies:

e ifr<yelthenzel;

e if y,y’ € I, then there is an element x € I withy < z and y’ < z.
We write Id1(X) for the poset of ideals in X, ordered by inclusion. The mapping X —
1d1(X') forms a monad on PoSets, with unitn: X — Idl(X) givenby n(z) = la = {y €
X | y < z}. Union is multiplication. Like in the previous point, algebras Idl(X) — X for
this monad are supremum maps. Since they are defined for directed (down)sets only, they
turn the set X into a directed complete partial order (dcpo). Thus:

EM(1d]) = Dcpo, the category of dcpos and continuous maps.

(v) Most of our examples of comonad coalgebras appear in the next chapter, as coal-
gebras satisfying certain assertions. We shall consider one example here. A coalgebra
X — XN of the stream comonad from Example 5.1.10 can be identified with an endomap
f: X — X. The coalgebra is then given by c(z) = (x, f(x), f?(z), f3(x),...). The rea-
son is that such a coalgebra can be identified with a map of monoids ¢/: N — X~ . Hence
it is determined by the function f = ¢/(1): X — X.

More generally, for a monoid M we know that the functor M X (—) is a monad, by
Example 5.1.3 (v), and also that (—)* is a comonad, by Exercise 5.1.10. In that case it can
be shown that there is a bijective correspondence:

coalgebras X —— xM

algebras M x X —— X

monoid maps M —— xX

The structure of categories of Eilenberg-Moore coalgebras is investigated systematically
in [258, 259].
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We continue with some basic categorical facts. Eilenberg-Moore categories inherit
limits (for algebras) and colimits (for coalgebras) from the underlying categories. This is
the same as for functor (co)algebras.

5.4.4. Lemma. The Eilenberg-Moore category EM(T') for a monad T: C — C has the
same kind of limits as the underlying category C. These limits are constructed elementwise,

asin:
T(X) T(Y) T(X x Y)
al x s | = 1 (aoT(m1), BT (72))
X Y XxY
The same holds for colimits in EM(S), for a comonad S. ]

The following useful result due to Linton depends on some special properties of the
category Sets. For a proof we refer to [56, § 9.3, Prop. 4]. A consequence is that a category
EM(T) of algebras for a monad T on Sets is always both complete and cocomplete.

5.4.5. Lemma. For a monad T on Sets, the category EM(T) of algebras is cocomplete
(and complete). O

There are some more pleasant properties of such Eilenberg-Moore categories of monads
on Sets. For instance, they always carry a logical factorisation system, see Exercise 5.4.3,
given by injective and surjective algebra homomorphisms.

Additionally, in [102] it is shown that Eilenberg-Moore EM(T') and Kleisli categories
K/(T') have biproducts if and only if the monad 7" is “additive”, i.e. maps coproducts to
products, like in Exercise 2.1.9 for the (finite) powerset monad P and in Exercise 5.1.15
for the multiset monads M.

We mention a related result, also without proof, for monads on Sets. It describes
monoidal closed structure (see [315]) in categories of algebras, like in Proposition 5.2.13
for Kleisli categories. It explains why categories of Abelian groups or vector spaces have
tensors ® and associated function spaces. The result can be generalised to other categories,
provided suitable coequalisers of algebras exist.

5.4.6. Proposition (From [278, 277]). Let T be a commutative monad on Sets. The as-
sociated Eilenberg-Moore category EM(T) is then symmetric monoidal closed. The free
functor F: Sets — EM(T') sends cartesian products (1, x) to monoidal products (I,®),
in the sense that F (1) = I is the tensor unit, and F(X xY) = F(X) @ F(Y). a

Assume algebras T'(X) % X, T(Y) 2y, and T(Z) 2 Z. The tensors ® for algebras
are constructed in such a way that there is a bijective correspondence:

homomorphisms of algebras o ® 5 —— 7

bihomomorphisms X xY —— 7

Intuitively, a bihomomorphism f: X x Y — Z is a homomorphism in each coordinate
separately: f(z,—): Y — Z and f(—,y): X — Z are algebra maps, for each z € X and
y € Y. More formally this is described via a commuting diagram, involving the “double
strength” map dst of a commutative monad (see Definition 5.2.9):

T(X) % Tv) 355 7(x < v) LU 72)

] L

X xY . Z
)

Under suitable circumstances one can construct for a functor F' the free monad or the
cofree comonad on F'. The Eilenberg-Moore categories of these (co)free extensions turn
out to be the same as the categories of (co)algebras of the original functor F. This is the
content of the next result.
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5.4.7. Proposition. Let F': C — C be an arbitrary functor. Recall the free monad F* : C —
C on F from Proposition 5.1.8, and the cofree comonad the cofree comonad F>°: C — C
on F from Exercise 5.1.14, described via the initial algebras and final coalgebras:

X+ F(F*(X)) 25 (X)) and  F¥(X) % X x F(F=(X)).
Assuming these constructions exist in C, there are isomorphisms of categories of monad
(co)algebras and functor (co)algebras:

EM(F*) =2 Alg(F) and EM(F™) = CoAlg(F).

Proof. We do the proof in the coalgebra case only. We first list the relevant structure. The
counitex : F*°(X) — X is givenbyex = m o (x. The comultiplication dx : F'*°(X) —
F>°F*°(X) is obtained by finality in:

Foe(x) x (P () A b F(X) x F(F®F=(X))
(id, ms Oéxﬁ ngFoo(x)
FR(X)= === s === = 4 FXF=(X)
Ox

There is a universal natural transformation : F>° = F by:

Fex)

Ox = (F°°(X) %X x P(F=(X)) — 2 F(F=(X)) —% F(X))

‘We now define two functors:
L
EM(F>) T CoAlg(F)
K

The functor L is easy: it takes a comonad coalgebra 3: X — F°°(X) and sends it to
fx o 8: X — F(X). Naturality of # makes L a functor.

In the other direction, the functor K sends a functor coalgebra ¢: X — F(X) to the
map K (c) defined by finality in:

id x F(K(c))

XXF(X)--—--=-=-"= + X x F(F*(X))
.0 =[x
X-—---- [}@————»F'x(x)

Then:
ex 0 K(6) = m o Cx 0 K(e) = m o (id x F(K(e))) o (id, )
=mo(id,c) =
Using uniqueness of maps to final coalgebras one can prove that § o K(c) = F*(K(c)) o
K(c). Hence K(c): X — F>°(X) is a comonad coalgebra. Also by uniqueness one can

show that maps of functor coalgebras are also maps of monad coalgebras.
We have LK = id since:

K(c) = 0x o K(c) = F(ex) om o(x o K(c)

= F(ex) om o (id x F(K(c))) o (id, c)
= F(ex) o F(K(c)) om0 (id, c)

= F(id)oc

= C.
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We get KL(3) = 3 because $: X — F>(X) is a map of coalgebras in the diagram
defining K L(f3), namely:

id x F(B3)

X xF(X) ——————— X x F(F>*(X))
0.6)| =[x
X 3 F>(X)

This diagram commutes since:

(id x F(B)) o (id, L(B)) = (id, F(B) o 0 0 j3)
id, 0 o F*() o B)
id,f 0§ 0 B3)

(
(
=
(id, F(e) oma 0o dof)
(
=

id, F(g) o mg o (id x F(d)) o (id,m2 o ¢) o B)
co0fB,F(c) o F(8) om o (id,m 0 () o )

= (mo(op,moloph)

=(op. o
In Definition 5.2.4 we have seen distributive “K¥” laws F'T' = T'F that correspond to

liftings K¥(F): K¥(T) — K/(T') of the functor F': C — C to Kleisli categories of a monad
T'. There is an analogous result for Eilenberg-Moore categories.

5.4.8. Definition. Let 7: C — C be a monad and G: C — C an ordinary functor. A
distributive law or an EM-law of T over G is a natural transformation p: TG = GT that
commutes appropriately with the unit and multiplication of the monad 7', as in:

G(X) G(X) T°G(X )L) TeT(X) 2% a2 (x)
7]cxl Gnx) ﬂcxl lG(“X) (520)
TG(X) 5 GT(X) TG(X) ——— e GT(X)

‘We now show that these EM-laws correspond to liftings to Eilenberg-Moore categories.
We repeat the lifting result for Kleisli categories from Proposition 5.2.5 in order to get a
clear picture of the whole situation. A more abstract account in terms of 2-categories may
be found in [305].

5.4.9. Proposition (“laws and liftings”). Assume a monad T and endofunctors F, G on the
same category C, as above. There are bijective correspondences between K¥ | EM-laws and
liftings of F to KV /|EM-categories, in:

Kt-law FT :)\> TF EM-law TG :p> GT
KTy —2— Ke(1) EM(T) —2— em(T)
+ F + + e +
c—"—c c—=—cC

We standardly write K/(F') = L and EM(G) = R for these liftings, if confusion is
unlikely. Thus we leave the laws A and p implicit.
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Proof. The proof of first part about KZ-liftings has already been given in Proposition 5.2.5,
so we concentrate on the second part. Thus, assume we have an EM-law p: TG = GT.
It gives rise to a functor R: EM(T) — EM(T) by:

T(X) T(X)
( la > — < lG(a)°ﬂ> and [ — G(f).
X X

The equations (5.20) guarantee that this yields a new T-algebra.

In the reverse direction, assume a lifting R: EM(T) — EM(T'). Applying it to the
multiplication px yields an algebra R(ux): TGT(X) — GT(X). We then define px =
R(pux) o TG(nx): TG(X) — GT(X). Remaining details are left to the reader. a

The previous section illustrated how distributive KZ-laws are used to obtain final coal-
gebras in Kleisli categories. This requires non-trivial side-conditions, like enrichment in
dcpo’s, see Theorem 5.3.4. For EM-laws the situation is much easier, see below; instances
of this result have been studied in [393], see also [51].

5.4.10. Proposition. Assume a monad T and endofunctor G on a category C, with an

EM-law p: TG = GT between them. If G has a final coalgebra (: Z = G(Z) inC,
then Z carries an Eilenberg-Moore algebra structure obtained by finality, as in:

G
GT(Z) - -1 5 6(2)

poT©)] =[¢ 521)
T(Z) - - y A

The map ( then forms a map of algebras as below, which is the final coalgebra for the lifted
Sfunctor EM(G): EM(T) — EM(T).

T(2) ¢ T(2) TG(Z)
( ¢ﬁ)T>€M(G)< iﬁ)z( iG(ﬁ)op).
Z = Z G(Z)

Proof. We leave it to the reader to verify that the map 3 defined in (5.21) is a T-algebra.
By construction of 3, the map ¢ is a homomorphism of algebras 3 — EM(G)(/3). Suppose
for an arbitrary algebray: T(Y) — Y we have a EM(G)-coalgebra c: v — EM(G) (7).
Then ¢: Y — G(Y) satisfies G(7) o p o T'(c) = ¢ o ~. By finality in CoAlg(G) there is
aunique map f: Y — Z with ( o f = G(f) o c. This f is then the unique map v — /3 in
EM(T). Q

In Section 5.5 we shall see that this result does not only describe a final coalgebra in a
category of algebras, but a final bialgebra.

These EM-laws are used for “state extension”. This involves turning a coalgebra of
the form X — GT'(X) into a coalgebra in the category of Eilenberg-Moore algebras, with
the free algebra T'(X) as state space. This state extension is functorial, in the following
manner.

5.4.11. Lemma. Given an EM-law TG = GT the free algebra functor F : C — EM(T)
can be lifted, as in:

CoAlg(GT) —T24, CoAlg(EM(G))

| |

("¢ z EM(T)
U O EM(G)
T
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The functor Fepg: CoAlg(GT) — CoAlg(EM(G)) gives an abstract description of
what is called the generalised powerset construction in [393]. A similar functor exists for
Kleisli categories, see Exercise 5.4.13 below.

Proof. Assuming an EM-law p: TG = GT one defines the functor Fgpq: CoAlg(GT) —
CoAlg(EM(G)) by:

( T(c) PT(X) G(p)

Fem (X N GT(X)) = (T =S T16T(X) 26T (X) “H6T(X) ). (522)

This Feaq(c) is a well-defined coalgebra py — EM(G)(p1x) on the free algebra F(X) =
fux since it is a map of algebras:

EM(G)(nx) o T(Fem(c)) = G(n) 0 p o TG(n) 0 T(p) 0 T*(c)
1) o GT(n) o poT(p) o T(c)
1) o G(u) o poT(p) o T?(c)
wepouoT?(c)
()opoT(c)op

= Fem(c) o p.

(
(
(
(

On morphisms one simply has Feaq(f) = T(f).

Further, if f: X — Y is amap of GT-algebras, fromc: X — GTX tod: Y — GTY,
then Fepq(c)(f) = T(f) is obviously a map of algebras yx — 1y, and also a map of
EM(G)-coalgebras:

EM(G)(Fem(f)) © Fem(e) = GT(f) o G(p) o po T(c)

= G(w) o GT2(f) 0 po T(0)

= G(p)opoTGT(f) o T(c)

= G(4) o po T(d) o T(f)

= Fem(d) o Fem(f). a
5.4.12. Examples. (i) A non-deterministic automaton can be described as a coalgebra
(6,€): X — (PX)? x 2, which is of the form X — G(TX), where G is the functor
(—)* x 2 and T is the powerset monad P on Sets. Since 2 = {0,1} is the (carrier of

the) free algebra P(1) on the singleton set 1 = {x}, there is an EM-law TG = GT by
Exercise 5.4.4. Itis p = (p1, p2): P(2 x X4) — P(X)* x 2, given by:

z € p1(U)(a) <= 3(b,h) € U.h(a) =z
p(U)=1<+= 3he XA (1,h) €U

Lemma 5.4.11 yields a coalgebra Fepq((0,€)) = (denm, €em): P(X) — P(X)? x 2in
the category EM(P) = CL of complete lattices, see Example 5.4.3 (iii). This coalgebra is
given by:

dem(U)(a) = Uyey 0(2)(a)

eem(U)=1s JzeUce(z)=1.

By Proposition 5.4.10 the final G-coalgebra 24" = P(A*) of languages is also final for
the lifted functor EM(G) on CL = EM(P). Hence we get a map P(X) — P(A*) of
EM(G)-coalgebras by finality. Applying this map to the singleton set {z} € P(X) yields
the set of words that are accepted in the state z € X. This yields the trace semantics for
a non-deterministic automaton X — 2 x P(X)", via determinisation in the Eilenberg-
Moore category. This was first described in [393], and elaborated in terms of EM-laws
in [250].



226 Chapter 5. Monads, comonads and distributive laws

(ii) Recall from Figure 4.2 that a “simple Segala” system is a coalgebra of the form
X — P(AxD(X)), combining non-deterministic and probabilistic computation. It can be
turned into a non-deterministic transition system D(X) — P(AxD(X)) with distributions
as states. Like before this is done via a EM-law, namely of the form DP(A x —) =
P(A x —)D, of the monad D over the functor P(A x —).

In [250] it is shown that such EM-laws exist more generally, as soon as we have a map
of monads. More concretely, each map of monads o: T' = S induces an EM-law

0
TS(A x —) == §(4 x T(-))
of the monad T over the functor S(A x —). The components of p are given by:

$2(id x n)
—_—

px = (TS(Ax X) % 52(A x X) §2(A x TX) £ S(A x TX) ).

Verifications are left to the interested reader. For simple Segala systems we can apply this
general construction with 7 = D and S = P, and the map of monads D = P from
Exercise 5.1.9.

We conclude with another result about the free monads F'* on a functor F’ from Propo-
sition 5.1.8.

5.4.13. Lemma. For two endofunctor F,G: C — C, there is a bijective correspondence:

distributive EM-laws F*G :,0> GF*
natural transformations FG ? GF*

where F™* is the free monad from Proposition 5.1.8.

Proof. The correspondence is given as follows.

e Starting from an EM-law p: F*G = GF* we take py = px o Ogx: FG(X) —
F*G(X) — GF*(X), where §: ' = F* is the universal map.

e Conversely, given a natural transformation 7: FG = GF* weobtainamap7x: F*G(X) —

GF*(X) by initiality in:

G(X) + F(F*G(X)) i+ F(rx), G(X) + F(GF*(X))
aG(X)F J[G(r]), Guyor] (523
FG(X)— - — — - N S GF*(X)
TX

We leave it to the reader to verify that this map 7 is natural and commutes with the
F™*’s unit and multiplication, as required in (5.20).

Proving that p = p and 7 = 7 is elementary. ]

Exercises

5.4.1.  Prove that the product of Eilenberg-Moore algebras described in Lemma 5.4.4 forms an
Eilenberg-Moore algebra. Formulate and prove a dual result for coalgebras.
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5.4.2.

5.4.3.

5.4.4.

54.5.

5.4.6.

5.4.7.

5.4.8.

5.4.9.

Let a: T(X) — X be an algebra of a monad 7". Prove that « is a coequaliser in the
category EM(T) of algebras, in a diagram:

Til(X) T(a) T%(X) o T(X)
(rz(;’?)) u (T&L)) ( %fa)

Assume a monad 7 on a category C with a logical factorisation system (901, €). Prove, like
in Exercise 4.3.2, that if 7" preserves abstract epis, EM(T') also carries a logical factorisa-
tion system. Check that this is the case for monads on Sets, using the axiom of choice, see
Lemma 2.1.7.

Let T': C — C be an arbitrary monad. Show that for the various functors G: C — C

described below an EM-law T'G = GT exists.

(i) If G is the identity functor C — C;

(ii) If G = Kp, the constant functor mapping X ~ B, where B carries an algebra
B:T(B) — B;

(iii) If G = G1 x G2 and there are EM-laws p;: TG; = G;T}

(iv) If G = H*, provided: C is cartesian closed, there is an EM-law TH = HT, and T
is a strong monad;

(v) If G = G1 o G3 and there are EM-laws p;: TG; = GiT)

(vi) Finally, assuming that T preserves coproducts we also have: if G = ][, G; and there
are EM-laws p;: TG = GiT.

For each set X, the function space [0, 1
(i) Check that [0, 1]% is a convex set.
(i) Produce an algebra D([0, 1]%) — [0, 1] of the distribution monad D.

Let MSL be the category of meet semilattices.

(i) Prove that the forgetful functor MSL — Sets has a left adjoint X > Pg(X)°P,
where Pjn(X)°P is the poset of finite subsets of X, with reverse inclusion U D V as
order.

(ii) Describe the unit and multiplication of the monad Pgy : Sets — Sets induced by
this adjunction.

(i) Prove MSL 22 EM(PLP).

fin

1% is the set of fuzzy predicates.

(1) Prove in detail that taking ideals leads to a monad Idl: PoSets — PoSets, as
claimed in Example 5.4.3 (iv), and also that EM(Idl) = Dcpo.

(ii) Define along the same lines a downset monad Dwn on PoSets, which sends a poset
to the set of all its downclosed subsets, ordered by inclusion.

(iii) Prove that EM(Dwn) = CL.

(i)  For an arbitrary monad 7" on a category C, the free algebra adjunction EM(T') & C
induces a comonad T': EM(T) — EM(T). Describe the counit and comultiplication
of this comonad in detail.

(ii) Write Idl: Dcpo — Dcpo for the comonad induced in this way by Dcpo =
PoSets, see the previous exercise. Prove that the category XM(IEI) of Eilenberg-
Moore coalgebras of this comonad is the category of continuous posets.

(iii) Write M = My, for the multiset monad over the real numbers R, vector spaces over
R as algebras, see Example 5.4.3 (ii). Prove that a coalgebra of the induced comonad
M on a vector space corresponds to a basis for this space. N

For a more systematic study of coalgebras of the induced comonad 7, see [234] and the

references given there.

Consider the distributive K¢-law V: (—)*P = P(—)* from Lemma 5.2.7, for the list

functor (—)*.

(i) Prove that this V is in fact a distributive law between two monads, as in Exercise 5.2.7.

(i) As aresult, there is a language monad X + P(X™); describe its unit and multiplica-
tion in detail.

(iii) Verify that the Eilenberg-Moore algebras of this monad P ((—)*) are complete lat-
tices with a monoid structure where multiplication preserves joins in both arguments
separately. They are known as unital quantales (see [368]) or as Kleene algebras with
arbitrary joins.
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5.4.10. For a semiring S consider the category Mods = EM(Ms) of modules over S, as in
Example 5.4.3 (ii).
(i)  Show that the (covariant) powerset functor can be lifted to modules as in:

Mods N Mods

1 1

Sets L) Sets

and similarly for the finite powerset functor Py
(ii) Check that P: Mods — Mods is also a monad—with unit and multiplication as
on Sets.
(iii) Describe the EM-law MsP = P.Ms corresponding to this lifting P: Mods —
Modss, as in Proposition 5.4.9.
54.11. LetT: Sets — Sets be amonad, and a: T(A) — A an arbitrary (but fixed) Eilenberg-
Moore algebra. Show that there is an adjunction:

—
Sets®® . T TEM(T)
Hom(—,a)

The canonical choice is to take A = T°(1), the free monad on the singleton set 1. Elaborate
what the resulting adjoint functors are in the cases Sets®” < JSL and Sets®” = Mods,
involving the finite powerset functor P, and the multiset functor M s.

5.4.12.  (From [51, 250]) Let A\: F'T" = T'F be a Ki-law and p: TG = GT an EM-law. Show
that the standard adjunctions C = K¥(T') from Proposition 5.2.2 and C = EM(T') from
Lemma 5.4.2 lift to adjunctions between categories of, respectively, (functor) algebras and
coalgebras, as described below.

Alg(F) CoAlg(F)

Alg(F)zAlg(KZ(F)) CoAlg(G) | 1 CoAlg(EM(G))

P
Alg(U) CoAlg(U)
J/ F J’ J/ F l

—T —
(C\E/KZ(T) C\?SM(T)
P & u ’Q K(F) G & u

EM(G)

[Hint. Use Theorem 2.5.9 and its dual.]

5.4.13.  Prove, in analogy with Lemma 5.4.11, that in presence of a Ki-law F'T" = T'F the free
functor F: C — KE(T') can be lifted, as in:

CoAlg(TF) 22 CoAlg(KI(F))

| |

r( 7 C z KU(T)
CU D K(F)

T

5.4.14.  Recall that for two sets A, B, the deterministic automaton functor G(X) = X4 x B has
final coalgebra B4 see Proposition 2.3.5. Let T': Sets — Sets be an arbitrary monad,

which is automatically strong by Lemma 5.2.10. Assume an algebra 8: T'(B) — B.

(i) Give an explicit description of the EM-law T(X* x B) — T(X)* x B, follow-
ing Exercise 5.4.4. The “exponent” version r of strength, from Exercise 5.2.15, is
convenient here.

(ii) Given an explicit description of the resulting lifted functor EM(G): EM(T) —
EM(T).

(iii) Prove that the T-algebra (5.21) induced on the final G-coalgebra B4 s given by:

. .Y
T(BY") —— T(B)" —— BA".
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5.4.15.

5.4.16.

5.4.17.

5.4.18.

5.4.19.

Leto: T' = S be a map of monads.

(i)  Show that it induces a functor (—) o o: EM(S) — EM(T') that commutes with the
forgetful functors.

(ii) Assume that the category EM(S) has coequalisers. Consider the mapping that sends
aT-algebra ov: T(X) — X to the following coequaliser in EM(S):

S*T(X)\ KeS(o) /s*x 5(Xq
()22 ()~ ()
ST(X) S(a) S(X) Xo
Prove that a — a. is the left adjoint to the functor (—) o o from (i).

(iii) Use Lemma 5.4.5 to conclude that if 7',.S are monad on Sets, such a a left adjoint
(=)o always exists. As a result, for instance, the forgetful functor Vectr — Ab
from vector spaces to Abelian groups has a left adjoint.

(iv) Assume still that the category EM(S) of S-algebras has coequalisers. Prove that the

coproduct of two Eilenberg-Moore algebras a: S(X) — X and 8: S(Y) — Y is
given by the following coequaliser in EM(S).

S2(S(X) + S(Y))\ ko S([S(k1), S(k2)]) 7 82(X +Y) S(U)
_
L Lu —> 4
S(S(X) +5(Y)) S(a+p) S(X+Y)
Use Proposition 5.4.13 to see that there is an EM-law F*F = FF*. Check that it can be
described explicitly as:

"‘ZX) F(X) + F(F*F(X)) [F(nx), F(px o F7(0x))] FF(X)

F*F(X)

where 0: F' = F* is the universal map as in the proof of Proposition 5.1.8.

Assuming the relevant coproducts + and free monads (—)* exist, prove:
(F+G)" = F +G",

where the + on the right-hand-side denotes the coproduct in the category of monads.

[In [219, Theorem 4] it is shown that the coproduct of monads F* +7°, where 7" is a monad,

is the composite T'(FT)*.]

Let C be a category with a logical factorisation system (9, &), and let F: C — Cbe a

functor with free monad F*: C — C.

(i) Deduce from Lemma 4.4.6 that there is a natural transformation Rel(F) = Rel(F™),
that the relation lifting functor Rel(F*): Rel(C) — Rel(C) is a monad, and thus that
there is a map of monads Rel(F)* = Rel(F™).

(ii) Use Exercise 4.5.1 and Proposition 5.4.7 to show that F'-congruences are the same
as F*-congruences. More formally, show that there is an isomorphism between cate-
gories of algebras:

Alg(Rel(F)) = EM(Rel(F*))

Rel(C)
Rel(F) Co 1 D Rel(F*)
C
Nt
This exercise deals with an analogon of Proposition 5.2.2 for Eilenberg-Moore categories.
Let 7" be a monad on an arbitrary category C, and let functor L: C — D have a right
adjoint H, so that T" = H L is the induced monad. Define a “comparison” functor K: D —
EM(T) in:

p— s emr)

HC/
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(i) Check that the functor K(T) — EM(T) in Lemma 5.4.2 arises in this manner.
(i) What is the dual statement for comonads?
5.4.20. (See [306, Proposition 26]) Let T': C — C be an arbitrary strong monad on a cartesian
(or monoidal) closed category C. For an object C' € C there is the continuation monad
~ X
X+ C©7) from Example 5.1.3 (vii). Prove that there is a bijective correspondence be-

tween monad maps 7' = C(C(i)) commuting with strength, and Eilenberg-Moore algebras
T(C)—C.

5.5 Bialgebras and operational semantics

We continue our investigation of distributive laws. The new perspective that will be ex-
plored is that an EM-law T'G = GT induces algebraic structure on the final G-coalgebra,
of the kind we have seen before on streams and on processes, namely in Section 1.2 and
Subsection 3.5.2. The connection between distributive laws and specification formats for
algebraic operations was first made in [413], see also [412], with preliminary ideas stem-
ming from [374]. This connection forms one of the main achievements of the discipline
of coalgebras. Traditionally in process algebras these formats are described as “structured
operational semantics” rules (SOS rules), following [352]. A subtle matter is which rule
formats correspond precisely to which rules. This is investigated for instance in [59] and
in [306]. An overview of this material may be found in [274].

We start this section with some categorical results, first on liftings of monads and
comonads, and then on bialgebras wrt. a distributive law. A slightly smoother version
of these results, involving comonads instead of functors, is described in Exercise 5.5.1.
The liftings may also be described for “copointed” functors, see e.g. [306]. Such a co-
pointed functor F' comes with a counit (or copoint) € : F' = id. This notion sits in between
ordinary functors and comonads.

5.5.1. Proposition. Assume a monad T and two endofunctors F and G, all on the same
category C. Distributive KI- and EM-laws give rise to liftings of the monad T to new
monads Alg(T) and CoAlg(T) in:

K-law FT =2 TF EM-aw TG =2= GT
Alg(F) 220, Alg(F) CoAlg(@) M) coAlg(G)
+ T + pa T ha
c—=> ¢ c—= ¢

Explicitly, these liftings are given by:
F(X)\  Alg(r) (FT(X) G(X)\ CoAlg(T) (GT(X)
ba |F——— | T(aor| and te | —% 1 poT(c)
X T(X) X T(X)

On morphisms both functors are given by f v+ T(f). The unit and multiplication of T are
also unit and multiplication of Alg(T) and CoAlg(T), in the appropriate categories.

Notice that the rules in this proposition only have a single line, indicating a passage
from top to bottom, and not a bidirectional correspondence like in Proposition 5.4.9.

Proof. It is easy to see that Alg(T") and CoAlg(T) are functors. The functor Alg(T) is a
monad, because the unit and multiplication 7, y of 7" also form maps of F-algebras:

(F(X)> n <F(X)> I (F(X)>
la | ——=Alg(T)| la |«—Alg(D)?| la |.
X X X
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This is checked via the properties of KZ-laws from (5.6):

Alg(T)(a) o F(n) = T(@) o Ao F(z)
T(a) o T(n)

id

T(a)o Ao F(u)
T(a)opuoT(N) oA
=poT(T(a)o X) oA
= po Alg(T)?(a).

Alg(T)(a) o F(u)

Similarly one shows that CoAlg(T') is a monad. a

In the remainder of this section we concentrate on EM-laws. First we define bialgebras
for such laws. They are combinations of algebras and coalgebras which interact appro-
priately via the distributive law. This turns out to be a useful notion. Intuitively one can
think of the algebra as describing some programming language, and of the coalgebra as its
operational semantics, in the form of transition steps that the various program constructs
can make.

5.5.2. Definition. Let p: TG = GT be an EM-law, for a monad 7" and an endofunctor
G. We write BiAlg (TG £ GT) for the category of p-bialgebras. Its objects are algebra-
coalgebra pairs T(X) % X % G(X) on the same carrier, where « is an Eilenberg-Moore
algebra, and the following diagram commutes.
T(X)—2 5 x —£ 5 G(X)
T(C)l TG(@) (5.24)

TG(X) ———— GT(X)

A map of bialgebras, from 7(X) % X - G(X) to T(Y) Ly 4 G(Y)isamap f: X —
Y in the underlying category which is both a map of algebras and coalgebras, as in:

Thus, by construction, there are two forgetful functors:
EM(T) «+—— BiAlg(TG £ GT) —— CoAlg(G).

The next result comes from [413] and forms the basis for categorical operational se-
mantics.

5.5.3. Theorem. For an EM-law p: TG = GT consider the associated liftings EM(G)

from Proposition 5.4.9 and CoAlg(T) from Proposition 5.5.1 in:

EM(T) «+—— BiAlg(TG £ GT) —— CoAlg(G)

) OJ

EM(G) CoAlg(T)
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Then there are isomorphism and adjoints as in:

CoAlg(EM(G)) = BiAlg (TG £ GT) = EM(CoAlg(T))
16 FH] (5.25)
EM(T) CoAlg(G)

The left adjoint F is the lifting of the free algebra functor F : C — EM(T) from Lemma 5.4.2.

The right adjoint G exists if we assume cofree G-coalgebras.
Proof. Diagram (5.24) can be read at the same time as:

e ¢: X — G(X) is a map of T-algebras:

T(X) T(X) TG(X)
( ) %SM(G)( 1 ) = < ¢c((,>o,)>
X X)

=]

Vo
X

T

e a: T(X) — X is a map of G-coalgebras:

GT(X) G(X) G(X)
(,,mm ) :CoAlg(T)( Te ) A ( Te >
T(X) X X

This is the essence of the isomorphisms in (5.25). )

We als@o need to check that f: X — Y is a map of bialgebras from T'(X) % X % G(X)
T(Y) 5y 4 Gy)if:

e fis both a map of T-algebras o — /3 and a map of EM(G)-coalgebras ¢ — d;

e [ is both a map of G-coalgebras ¢ — d and a map of CoAlg(T)-algebras o — f3.

This is easy and so we turn to the left adjoint F: CoAlg(G) — BiAlg(TG £ GT).
Assume we have a coalgebra c: X — G(X). We take the free algebra yu: T2(X) — T(X)
and change c into a coalgebra CoAlg(T)(c) = p o T(c): T(X) — TG(X) — GT(X).
Together they form a bialgebra, since the next rectangle commutes:

5 w poT(c)
T*(X) —— T(X) —— GT(X)

T(po T(c))J/ TG(M

TCT(X) 5 GT*(X)

Since: (5.20)
G(p)opoT(poT(c)) "= pouoT?(c)=poT(c)op
Moreover, we have an adjoint correspondence between f and h in:

2(x) — 1)

Hl . Lﬁ
TX)———Y

poT(e)| . Ja
or(x) —Y oy

ax) —2" )

T,

X—Y

5.5. Bialgebras and operational semantics 233

This the usual free algebra adjoint correspondence, givenby f = f o pand h = 3 o T'(h).

Next we assume the existence of cofree coalgebras, in the form of a right adjoint
G: C — CoAlg(G) to the forgetful functor. We show how it can be adapted to a func-
tor G: C — BiAlg(TG £ GT)A For an arbitrary object Y € C, we write the cofree
coalgebra as ¢y : G(Y) = G(G(Y)), with counite: G(Y) = Y.

For an Eilenberg-Moore algebra : T(Y') — Y consider themap 3 o T'(¢): T(G(Y)) —
T(Y) — Y. Its carrier can be equipped with a G-coalgebra p o T'(y ), and yields a unique
coalgebra map 3 T(G(Y)) = G(Y) withey o B=8o T(e) in:

or G(B)
G(Y) —— " GG(Y)

ol

TGG(Y) 6% (5.26)
T(¢)T
TG(Y) —>§ G(v)

We leave it to the reader to check that B is an Eilenberg-Moore algebra. By construction,
the pair (3, (y) is a bialgebra. Further, for an arbitrary bialgebra («, ¢) there is a bijective
correspondence between f and h in:

7x) — L 1g(v)

o] ; 13
X ———G(Y)
) G Lo

G(X) ————— GG(Y)

T(x) — 7y

Bl Ik
X—2" sy
This correspondence arises as follows.

o Given a map of bialgebras f: X — G(Y) wetake f = c o f: X — Y. It forms a
map of algebras:

[joT(?):ﬁOT(E)OT(f):EOEOT(f):EO'foa:?Oa.

In the other direction, assume a map of algebras h: X — Y. By cofreeness we
obtain a unique map of coalgebras 2: X — G(Y), with {y o h = G(h) o ¢ and
€0 o = h. This & is a map of bialgebras. The missing equation 3 o T(h) = h o «
can be obtained as follows. Both sides form a map of coalgebras in:
GT'(X) — GG(Y)
po T(C)T TCY

TX) —46()

And both side are equal when post-composed with the counit :

c0BoT(h) =BoT(e)oT(h) = BoT(h) =hoa=cohoa.
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By construction we have h = € o h = h. And ? = f holds by uniqueness. a

5.5.4. Corollary. Assume an EM-law p: TG = GT for a monad T and an endofunctor
G on a category C.

(1) If C has an initial object 0, then the category BiAlg(TG £ GT) of bialgebras
has an initial object, namely:

poT()

72(0) 2 7(0) — 22 61 (0).

It is given by the initial T-algebra T?(0) — T(0) and the initial G-coalgebra 0 — G(0).
(ii) If the functor G has a final coalgebras Z —> G(Z) then there is also a final bial-

gebra:

72— 72— 02,

where the Eilenberg-Moore algebra 3: T(Z) — Z is obtained by finality from the coalge-
brapoT((): T(Z) = GT(Z), as in (5.21).

Proof. The left adjoint F in (5.25) preserves initial objects, so applying it to the initial
G-algebra ! : 0 — G(0) yields the initial bialgebra.

Similarly, a final G-coalgebra ¢: Z = G(Z) is the cofree coalgebra G(1) at the final
object 1 € C. Hence the final T-algebra ! : T'(1) — 1 yields an algebra T(Z) — Z as
in (5.26)—or, equivalently, as in (5.21). ]

5.5.5. Theorem. Assume the presence of both the initial and final bialgebra as described
in Corollary 5.5.4.

(i) The algebraic semantics obtained by initiality and the coalgebraic semantics by
finality coincide with the unique bialgebra map:

T2(0)——————— - S T(2)

3k o B
T(0)— - mt=beh »% (5.27)

poT(| =[¢

GT(0)— - — — — — - 4 G(2)

(ii) As a result, bisimilarity / observational equivalence on T'(0) is a congruence.

Proof. (i) The algebra morphism int: 7°(0) — Z is obtained by initiality of the algebra
w: T2(0) — T(0) in EM(T). We wish to show that it is also a coalgebra map, i.e. that it
satisfies ¢ o int = G(int) o p o T'(!) in (5.27). Then, by uniqueness, int = beh. Define:

T(Z) Z

=
|~

g = (r6(2) a G(2)).

It is not hard to see that 3’ is an Eilenberg-Moore algebra. Hence we are done, by initiality,
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if both ¢ o int and G(int) o p o T'(!) are algebra maps y« — (3’. This is easy:

B oT(Coint) = CoBoT((") oT(C)o T(int)
¢ o BoT(int)
Cointop
CoBoT((Y) oTG(int) o T(p
G(B)opoT(Q)oT(() o TG
= G(B)opoTG(int) o T(p) o T%(!)
= G(B)o GT(mt) opoT(p)oT?(!)
G(l t) o G(u) o poT(p) o T?(!)
(
(

B o T(G(int) o po T(!)) o T2()

) int) o T(p) o T2(1)

)
(

=
|5n

Hm Il
3

e int) o popoT?(!)
G

int) o po T() o .

(ii) Consider the following diagram, where the arrow e is an equaliser, describing the
kernel of the (co)algebra map int = beh: T'(0) — Z to the final coalgebra.

o o T(int) o
T(&) MT%O) x T2(0) —)m o T(2)
I T(int) o my
Vi X Ml . J{g
om
S 94
int o o

The existence of the map ~y follows from an easy diagram chase. It is an Eilenberg-Moore
algebra and shows that bisimilarity <> on the initial algebra 7'(0) is a congruence. a

In the remainder of this section we show how distributive laws can be used to define
operations on final coalgebras, in the form of an Eilenberg-Moore algebra T'(Z) — Z as
above. Such an algebra exists as soon as we have an EM-law TG = GT. In fact, this law
forms a specification format for the algebra. Hence it is important to have a specification
format that is as general as possible. Here we shall not give the most general format, but
the most common format. Such laws are called GSOS rules, because they correspond to
the ‘General Structured Operational Semantics’ (GSOS) specification format introduced
in [75]. Here we we do not go into the syntactic formulation of these rules, but only
consider their categorical counterparts. For more information about the connection, see [59,
274].

5.5.6. Definition. Let 7" be a monad and G and endofunctor on a category C. A GSOS-law
is an EM-law

T(G xid) =% (G xid)T  satisfying ~ m 00 = T(m).

For such a law we define a category BiAlg(T(G x id) £ (G x id)T’) whose objects are
bialgebras given by a pair of an Eilenberg-Moore algebra a: T(X) — X and a coalgebra
¢: X — G(X) making the following diagram commute.

T(X) @ X ¢ G(X)

(e, id)l TG(a)

T(G(X) x X) 5 GT(X) x T(X) —— GT(X)

Morphisms of bialgebras are, as before, pairs of algebra maps and coalgebra maps.
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A GSOS-law is thus a distributive law of the monad T" over the functor G xid: C — C,
given by X — G(X) x X. The formulation used here (following [231]) generalises the
original one from [413] for a free monad F™.

5.5.7. Lemma. For two endofunctor F,G: C — C, there is a bijective correspondence:

GSOS-laws F*(G x id) =Z= (G x id)F*

natural transformations F(G x id) = GF*

Thus this GSOS format involves maps F/(G(X) x X) — GF*(X). These are more
useful than the maps F'G(X) — GF*(X) from Lemma 5.4.13. The additional occurrence
of the X on the input side increases the expressive power, as will be illustrated below.
In view of this result we shall also call natural transformations 7: F(G x id) = GF*
GSOS-laws.

Proof. We have the following correspondences:

nat. transf. F(G x id) == GF*

nat. transf. F(G x id) == (G x id)F* with 73 0 7 = 6 0 F(m,)
EM-aws F*(G x id) ==> (G x id)F* with m 0 0 = F*(m2)

The first correspondence is easy and the second one is a minor adaptation of Lemma 5.4.13.

]

For GSOS-laws we do not elaborate analogues of Theorem 5.5.3 and Corollary 5.5.4,
but concentrate on the essentials for what is needed below.

5.5.8. Theorem. Let o: T(G x id) = (G x id)T be a GSOS-law. If the underlying
category has an initial object 0, then the initial bialgebra exists with carrier T(0) and
algebra-coalgebra structure:

72(0) — 7(0) IO, 76(0) % 0) ~2% GT(0) x T(0) —™s GT(0).

If there is a final coalgebra ¢: Z = G(Z), then there is also a final bialgebra with carrier
Z, and structure maps:

rz2)L 2 % a(2),

where the Eilenberg-Moore algebra structure 3: T(Z) — Z is obtained by finality in:

GT(Z) - _¢B_ +G(2)
T ogo T((C,id)ﬁ ~|¢ (5.28)
T(Z)———B——»Z

The analogue of Theorem 5.5.5 holds in this situation: the map T(0) — Z obtained by
initiality is the same as the map T'(0) — Z by finality, and is the unique map of bialgebras
T(0) — Z. And also: bisimilarity <> on T'(0) is a congruence.

Proof. Assume we have an arbitrary bialgebra T(X) % X 5 G(X). Put f = «a o
T(Y): T(0) — T(X) — X. This is a map of bialgebras. Similarly, the unique coalge-
bra map X — Z is a map of bialgebras. a
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Suppose we have a final coalgebra ¢: Z — G(Z) and we wish to define function
interpretations f;: Z#' — Z on Z, for some arity #: I — N. That is, we wish to define
a (functor) algebra Fiu(Z) — Z, or equivalently, by Proposition 5.4.7, a monad algebra
F3(Z) — Z, where Fy is the arity functor Fy(X) = [[;c; X#* associated with #. The
associated free monad [, is characterised as the initial algebra:

X+][Fpx)# __ox | F3(X),

~
el =

see Proposition 5.1.8. The unit of the free monad F is thenn = a0 1: X — F(X).

Theorem 5.5.8 says that in order to define such an interpretation F},(Z) — Z it suffices
to define a natural transformation 7: Fi (G x id) = (G x id) F,. This means that for each
i € I we need (natural) maps

(G(X) x X)# = G(x)# x X# ———s GFL(X),

one for each operation f;. This 7; describes the relevant behaviour associated with the
operation f;: it sends the appropriate number of behaviours-and-states (ug, zx) € G(X) %
X, for k below the arity #i € N of f;, to a behaviour over terms, in GF; (X).

Now assume we have such 7; as described above. Together they correspond to a co-
tuple natural transformation 7 = [7;];er: Fp(G x id) = GF,, which corresponds by
Lemma 5.5.7 to a GSOS-law 7: F (G x id) = (G x id)F;. By Theorem 5.5.8 we have
a final bialgebra:

¢

T R SN

where the map [ is obtained by finality as in (5.28). The interpretation f;: Z" — Z of
each operation f; with arity #¢ € N can then be described as the composite:

n#i e . QoK
gt — s FL(2)# L, Fu(2)# 22 Fy(2) AN

We claim that these maps f;: Z#* — Z are determined by the following equation.

Cofi=G(Bou) oo (G oCnH. (5.29)

It follows from a diagram chase:

i
Z#i - F;;(Z>#i QO Kg O Ky F;;(Z) _ VA i G(Z)
e \ | -
Ady# @D Fa(cid)* @  Fi((Gid)) ® ]G(B)
(e J,> #e # i

#i —
i M « i M T N
(G(Z) X Z)# %F#(G(Z) X Z)jomnlj#(G(Z) x Z) %GF#(Z)

@ J?#" ® % (1)

(G(n) x n)# GFyF}(2)

(GF3(2) x Fy(2))™

‘We list why the various subdiagrams commute:

(D by naturality of 7;
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@ by definition of F;; on maps, see (5.2);

(® because the pair (8, ¢) is a bialgebra, by construction of 3 in (5.28);

@ and® by definition of 7 in (5.23), using that n = @ 0 K.
Bisimilarity on the set /7, (0) of closed terms is then a congruence.

5.5.9. Examples. We briefly review several ways of employing the above uniform ap-
proach to obtain algebraic operations on final coalgebras and coalgebraic structure on
closed terms.
(i) Recall from Section 1.2 the final coalgebra of finite and infinite sequences:
Ao — M4 (AxAx),

o

for the functor G(X) = 1+ A x X on Sets. Suppose we wish to define a sequential
composition operation on such sequences, as a function comp: A>® x A® — A>®. We
expect the following rules for composition comp(s, t) of two sequences s,t € A>.

Einad t— s [ s

comp(s,t) = comp(s,t) — comp(s,#’)  comp(s,t) — comp(s’, )

where we recall from (1.5) that s —+ means next(s) = * and s — s’ means next(s) =
(a, s"). Hence comp(s, t) is s if s is infinite, otherwise it is s - ¢, where - is prefixing.

The arity functor for this single, binary composition operation is F'(X) = X x X. The
associated free monad on F' is written as F™*, like in Proposition 5.1.8, and determined as
the initial algebra:

X+ F*(X) x F*(X) — 2%, p(X)

o~

We now define a GSOS-law 7: F(G x id) = GF* for sequential composition as follows.

((1+A><X) ><X) x ((1+A><X) ><X) — X 1+ A FAX)
((2), () x

(¢, 2), (b, y), ) (b, a(n(z),n(y")))

(((a,2"), z), (u,y))t (0, an(@"),n(y)))-

The three cases of this GSOS law clearly resemble the above three rules for comp.
Like above we now get an algebra 3: F*(A>) — A, via (5.28). The actual function
comp: A x A* — A is the composite:

o Ky B

X
nxn Fr(A%) e

4% x Ave T peq0y ¢ Fr(A%0)

It satisfies, like in (5.29):
next o comp = G(8 o p) o 7 o ({(G(n) o next,n) x (G(n) o next,n)).

It allows use to check that if next(s) = next(t) = *, then:

next(comp(s,t)) = (G(8 o ) o 7 o ((G(n) o next, ) x (G(n) o next, n)))(s,t)
(8 0 ) o 7) ({G(n)(next(s)), 1(s)), (G(n)(next(t)),n()))
(B o) o) ({Gm)(x),n(s)), (G(m)(+),n(t))
= G(B o p)(T((+,1(s)), (x,n(1))))
= G(Bop)(x)

= .

G
G
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In a similar manner one can prove:

(a,comp(s,t’)) if next(s) = *, next(t) = (a,t’)

next(comp(s, 1)) = {(a. comp(s’,1))  if next(s) = (a, ).

Hence we have obtained a sequential composition function, described informally via the
above three rules, and defined precisely via the GSOS-law / natural transformation 7.
(ii) In Subsection 3.5.2 we have seen a final coalgebra of processes:

Za L;H Pan(Za)"

for the functor G(X) = Pga(X)* on Sets, where A is a (fixed) set of labels. A simple
process language was defined via an arity functor:

SAX) = 1+ (A x X) + (X x X)

with initial algebra £4: X4 (Pa) 2 Py Alternatively, we can describe this set P4 of
process terms as initial monad algebra X% (0). Here we shall describe the situation in terms
of bialgebras and distributive laws.

To start, there is an EM-law 5 4 Pgn(—)* = Phn(—)AE%, via Lemma 5.4.13, namely:

-
1 (A X Paa(X)A) + (Pan(X)A x Pa(X)4) —2 Py (5, (X)) *
given by the following three clauses:

x* — Abe A.D
(b) ifa=b
(a,h) —s Ab € A. {g(b) fra=0

(h,k) — Ab € A. h(b) U k(D).

Corollary 5.5.4 now tells us that there is a unique map P4 — Z4 that is both a map of
algebras and a map of coalgebras. This map that sends a process term to its interpretation
as a process is thus compositional. Moreover, by Theorem 5.5.5 bisimilarity on P4 is a
congruence. Earlier in this book, in Propositions 3.5.2 and 3.5.3, we had to prove these
results by hand.
(iii) In [231] it is described how regular languages and automata can be understood in
terms of bialgebras and distributive laws. The arity functor for regular languages is:
R(X) 7\1/+\1/+ (X xX) + (XxX)+ \X/

zero - one sum + product - star (=)

*

For an arbitrary set A, the free monad R*(A) captures the regular expressions with ele-
ments a € A as atomic expressions. There is the familiar interpretation R*(A) — P(A*)
of regular expressions as languages. This set of languages P(A*) is the final coalgebra
of the deterministic automaton functor G(X) = X4 x 2, see Corollary 2.3.6 (ii). This
interpretation R*(A) — P(A*) can then be described as a bialgebra for the GSOS-law:

R(XA x2x X) R*(X)A x 2

0 zr (Aa € A.0,0)

11 one (Aa € A.0,1)
((ha, b1, 1), (has oy 2)) — s (Aa € A hy(a) + ha(a), by V ba)

product

((h1,b1, 1), (ha, by, ©2)) ——— (Aa € A. hi(a) - 22 + by - ha(a), by A b2)
(h,b,z) star (Aa € A h(a)-x*,1).
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More details can be found in [231].

We conclude this section with a strengthened form of coinduction for distributive EM-
laws. We shall refer to this generalised form as “£M-coinduction”. An even stronger
“corecursive” version that builds on it is described in Exercise 5.5.4.

5.5.10. Proposition. Assume we have:
o afunctor G: C — C with a final coalgebra ¢: Z = G(Z);
e amonad T: C — C, on the same category, with an EM-law p: TG = GT.

Then the following “EM-coinduction” principle holds: for each map e: X — GT(X)
there is a unique map s: X — Z making the following diagram commute.

GT(s)
arx)——Y L qr(z)
G(B)
e G(Z)

Te

X———7

where B: T(Z) — Z is the induced Eilenberg-Moore algebra as in (5.21).

Proof. There is a direct way to prove the result, and an indirect way via bialgebras. We
shall present both proofs.
For the direct proof, first transform e into a G-coalgebra € as in:

T(e) PT(X)

€= Femle) = (T(X) — TGT(X) —— GT2(X) Glix)

aT(X)),

where Fepg: CoAlg(GT) — CoAlg(EM(G)) is the state extension functor defined
in (5.22). This coalgebra satisfies € o = e. By finality we get a unique coalgebra map
f:T(X)— Zwith ¢ o f = G(f) o €. One can then show that s = f o n: X — Z is the
required map.

G(B)oGT(s)oe = G(B) o GT(f)oGT(n)oe
G(f) o G(n) o GT(n) o e

= G(f)oe

— G(f)ozon

=(ofon

=(os

()

1= 1l

The marked equation holds because 8 o T'(f) = f o p by uniqueness of coalgebra maps
(poT(€)—C.
The indirect proof uses the following bijective correspondence.

maps X —<— GT(X)

bialgebras 72(X) - T(X) - GT(X)

(5.30)

This correspondence sends e to € as defined above. In the reverse direction d is mapped to
d=don.
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Corollary 5.5.4 says that the pair (3, ) is a final bialgebra. Hence we get a unique map
of bialgebras (y,€) — (8,¢). It involves a map f: T'(X) — Z which is both a map of
algebras and of coalgebras. Then s = f o 7 is the desired map, since:

G(B)oGT(s)oe =G(B)oGT(fon)oeon
=G(f)oG(u) oGT(n)oeon
= G(f)oron
=(ofon
=(os. ]

In this result we have used letters ‘e’ and ‘s’ for ‘equation’ and ‘solution’. Indeed, maps
of the form X — GT(X) can be understood as abstract recursive equations, with maps
s: X — Z as solutions in a final coalgebra. This view is elaborated in a series of papers,
see e.g. [329, 10, 24, 25, 26], formalising and extending in coalgebraic terms earlier work
of especially Elgot, Bloom and Esik (see [76]). Of particular interest in this setting is the
so-called free iterative monad F*>° on a functor F, where F">°(X) is the final coalgebra
of the functor X + F(—). The connections between this monad, distributive laws and
EM-coinduction are elaborated in [231].

Exercises

5.5.1.  This exercise gives a more symmetric version of the situation described in the beginning
of this section, not dealing with a monad and a functor, but with a monad and a comonad.
So assume a monad T' = (7T',n, ;1) and a comonad S = (S, ¢,d), on the same category
C. A distributive law of the monad 7" over the comonad S is a natural transformation
p: TS = ST which commutes both with the monad and with the comonad structure, as
in:

S S 25 M LN ST?

’Il ls(n) “l ls(“)
TS —— ST T8 —————— 5T
7()| E ol Js
T T TS? 5 STS W ST

(1) Define a suitable category of bialgebras BiAlg (TS £ ST), together with two for-
getful functors EM(T) + BiAlg (TS £ ST) — EM(S)

(ii) Define liftings of the monad 7" to a monad EM(T') and of the comonad S to a comonad
EM(S) in diagrams:

EM(T) EM(S)
EM(S) ———— 4 EM(S) EM(T) ———22 5 eM(T)
C—————¢C C—————¢C

(iii) Strengthen the previous point by proving that there are bijective correspondences be-
tween distributive laws and liftings of (co)monads to (co)monads in:

distributive laws TS :/)> ST distributive laws T'S :ﬂ> ST
EM(S) —E— eM(S) EM(T) —E— eM(T)
4 r 4 4 B 4
C—C C—C
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5.5.3.

5.5.4.

5.5.5.

(iv) Show that there are isomorphisms of categories:
EM(EM(T)) = BiAlg(TS & ST) = EM(EM(S)).
(v) Prove that the (downward-pointing) forgetful functors have adjoints in:

BiAlg(TS £ ST)

SN
EM(T) EM(S)

(vi) Conclude that if the category C has a final object 1 and a initial object 0, then, in the
category of bialgebra one has both:

o P S 5 e
final object: ~ T'S(1) —— ST(1) —— S(1) —— S*(1)

("

initial object:  T2(0) —s T(0) —s TS(0) —2— ST(0).

(vii) Let G: C — C be an arbitrary functor, with cofree comonad G*°. Show that each
EM-law T'G = GT gives rise to a distributive law 7G> = G>=T.

Recall the operation merge: A* x A> — A on sequences from Subsection 1.2. Define
a GSOS-law corresponding to the three rules describing the behaviour of merge, like for
sequential composition in Example 5.5.9 (i).

Elaborate the details of the bijective correspondence (5.30). Show it can be used to construct
a functor CoAlg(GT) — BiAlg(TG £ GT).

Let G: C — C be a functor with final coalgebra ¢: Z = G(Z),andlet T: C — Cbe a

monad with an EM-law p: TG = GT.

(i) Recall from Exercise 5.2.8 that 7% = T(Z + (—)) is also a monad. Transform p into
an EM-law p?: T?G = GTZ.
(This works for any G-coalgebra on Z, not necessarily the final one.)

(i) Let 8: T(Z) — Z be the Eilenberg-Moore algebra induced by p, as in (5.21). Check
that the algebra induced by pZ is 8 o T([id,id]): T(Z + Z) — Z.

(iii) Deduce the following “EM-corecursion” principle: for eachmape: X — T(Z + X)
there is a unique map s: X — Z in:

A a1 (lid, s])
(Z4X) ————=GT(2Z)

(iv) Conclude that this yields the dual of recursion, as described in Proposition 2.4.7, when
T is the identity monad.

(v) Is there also a strengthened form of “£M-induction”, dual to point (iii), involving a
comonad and a suitable distributive law?

Let A be a set and L a complete lattice, and consider the deterministic automaton functor

G(X) = X" x L. What follows comes essentially from [59].

(i) Use Exercise 5.4.4 to construct an EM-law p: PG = G'P, where P is the powerset
monad.

(ii) Recall from Proposition 2.3.5 that the final G-coalgebra is LA". Describe the induced
‘P-algebra 3: P(LA') — LA according to (5.21).

(iii) Prove that via this EM-law and the £M-coinduction principle from Proposition 5.5.10
one can obtain trace semantics for non-deterministic automata, when L is the two-
element lattice 2.

Chapter 6

Invariants and Assertions

The second important notion in the logic of coalgebras, beside bisimulation, is invariance.
Whereas a bisimulation is a binary relation on state spaces that is closed under transitions,
an invariant is a predicate, or unary relation if you like, on a state space which is closed
under transitions. This means, once an invariant holds, it will continue to hold no matter
which state transition operations are applied. That is: coalgebras maintain their invariants.

Invariants are important in the description of systems, because they often express cer-
tain implicit assumptions, like: this integer value will always be non-zero (so that dividing
by this integer is safe), or: the contents of this tank will never be below a given minimum
value. Thus, invariants are “safety properties”, which express that something bad will never
happen.

This chapter will introduce a general notion of invariant for a coalgebra, via predicate
lifting. Predicate lifting is the unary analogue of relation lifting. First it will be introduced
for polynomial functors on sets, but later also for more general functors, using the cate-
gorical logic introduced in Section 4.3. Various properties of invariants are established, in
particular their intimate relation to subcoalgebras. An important application of invariants
lies in a generic temporal logic for coalgebras, involving henceforth [(J and eventually <>
operators on predicates (on a state space for a coalgebra), that will be introduced in Sec-
tion 6.4. It uses [J P as the greatest invariant that is contained in the predicate P. Further,
invariants play a role in the construction of equalisers and products for coalgebras.

The operator [J P involves closure of the predicate P under all operations of a coal-
gebra. In many situations one also likes to express closure under specific operations only.
This can be done via the modal logic for coalgebras introduced in Section 6.5. The modal
operators are themselves described via a functor as signature, and the meaning of the oper-
ators is given by a suitable natural transformation. In examples it is shown how to use such
operations to describe coalgebras satisfying certain logical assertions.

The semantics of such assertions—in a set-theoretic context—is the topic of the second
part of this chapter, starting in Section 6.6. First, the relatively familiar situation of alge-
bras satisfying assertions is reviewed. In the style of Lawvere’s functorial semantics it is
shown that monad/functor algebras correspond to finite product preserving functors from
a Kleisli category to Sets. Subsequently, Section 6.7 describes assertions as axioms for
a monad (or functor). This leads to an important conceptual result, namely that functor
algebras satisfying certain assertions correspond to Eilenberg-Moore algebras of an asso-
ciated (quotient) monad. A dual result for coalgebras is described in Section 6.8: functor
coalgebras satisfying assertions correspond to Eilenberg-Moore coalgebras of an associated
(subset) comonad. This will be illustrated by actually determining these subset comonads
in concrete cases. In order to obtain these results we use earlier work on congruences and
invariants, in order to turn the given axioms into suitable least congruences and greatest in-
variants, so that quotient and subset constructions can be applied. The chapter (and book)
closes with Section 6.9, illustrating coalgebras and assertions in the context of specification
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of classes, like in object-oriented programming languages.

6.1 Predicate lifting

This section will introduce the technique of predicate lifting. It will be used in the next
section in the definition of invariance for (co)algebras. Here we will first establish various
elementary, useful properties of predicate lifting. Special attention will be paid to the left
adjoint to predicate lifting, called predicate lowering.

Predicate lifting for a Kripke polynomial functor F': Sets — Sets is an operation
Pred(F) which sends a predicate P C X onaset X to a “lifted” predicate Pred(F)(P) C
F(X) on the result of applying the functor F' to X. The idea is that P should hold on all
occurrences of X inside F'(X), as suggested in:

F(X):\ o X - A e X . ‘

©.1)
Pred(F)(P) =
P P

The formal definition proceeds by induction on the structure of the functor F, just like for
relation lifting in Definition 3.1.1.

6.1.1. Definition (Predicate lifting). Let F': Sets — Sets be a Kripke polynomial func-
tor, and let X be an arbitrary set. The mapping Pred(F) which sends a predicate P C X
to a “lifted” predicate Pred(F)(P) C F(X) is defined by induction on the structure of F,
in accordance with the steps in Definition 2.2.1.

(1) For the identity functor id: Sets — Sets we have:
Pred(id)(P) = P
(2) For a constant functor K 4: Sets — Sets, given by K4(Y) = A,
Pred(K4)(P) = T4 = (AC A).
(3) For a product functor,

Pred(F, x F»)(P)
= {(u,v) € F1(X) x F5(X) | Pred(Fy)(P)(u) A Pred(F»)(P)(v)}.

(4) For a set-indexed coproduct,
Pred([1;e; Fi)(P) = Uje {r;(w) € Lie; Fi(X) | Pred(F;)(P)(u)}-
(5) For an exponent functor,
Pred(FA)(P) = {f € F(X)A | Va € A.Pred(F)(P)(f(a))}.
(6) For powerset functor
Pred(P(F))(P) = {U C X | Yu € U. Pred(F)(P)(u)}.

This same formula will be used for a finite powerset Py, (F).

6.1. Predicate lifting 245

First we show that predicate and relation lifting are closely related.

6.1.2. Lemma. (i) Relation lifting Rel(F') and predicate lifting Pred(F) for a polynomial
functor F': Sets — Sets are related in the following way.

Rel(F) (I (P)) = 11a,,,, (Pred(F)(P)).

where Ax = (id,id): X — X x X is the diagonal, and so [ {5 (P) = {Ax(z) | z €
P} ={(z,x) |z € P}. ‘
(1) Similarly,
Pred(F)(I1,(R)) = 1L, (Rel(F)(R)),

where ]_[7rl (R) = {x1 | Jzo. R(x1,22)} is the domain of the relation R, and Hm (R) =
{z2 | Fx1. R(x1, 22)} is its codomain.
(iii) As a result, predicate lifting can be expressed in terms of relation lifting:

Pred(F)(P) = 1, (Rel(F)(I1a(P)))
forbothi=1andi=2.

Proof. (i) + (ii) By induction on the structure of F.
@iii) Since ][, o [Ta = [1,,0a = [1;q = id we use the previous point to get:

Pred(F)(P) = [1,, 11 Pred(F)(P) = [I,, Rel(F)(I P). o

Despite this last result, it is useful to study predicate lifting on its own, because it has
some special properties that relation lifting does not enjoy—like preservation of intersec-
tions, see the next result, and thus existence of a left adjoint, see Subsection 6.1.1.

6.1.3. Lemma. Predicate lifting Pred(F') w.r.t. a Kripke polynomial functor F: Sets —
Sets satisfies the following properties.
(i) It preserves arbitrary intersections: for every collection of predicates (P; C X);er,

Pred(F)(Mie; P) = Mies Pred(F)(P).
A special case (intersection over I = ()) worth mentioning is preservation of truth:
Pred(F)(Tx) = Trx)-
Another consequence is that predicate lifting is monotone:
P C Q = Pred(F)(P) C Pred(F)(Q).
(ii) It preserves inverse images: for a function f: X — 'Y and predicate Q CY,
Pred(F)(f71(Q)) = F(f)~" (Pred(F)(Q)).
(iii) Relation lifting also preserves direct images: for f: X — Y and P C X,
Pred(F)(I1;(P)) = [Lp((Pred(F)(P)).

Proof. (i) + (ii) By induction on the structure of F.
(iii) This is easily seen via the link with relation lifting:

Pred(F)(LI; P) = L1, Rel(F)(LIs L1; P) by Lemma 6.1.2 (iii)
= Hm Rel(F)(fof HaP)
= I, Hrep)xrep Rel(F) (s P) by Lemma 3.2.2 (i)

= rs) Lx, Rel(F) (L P)
= [y (Pred(F)(P)) again by Lemma 6.1.2 (iii). O
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6.1.4. Corollary. Predicate lifting Pred(F) may be described as a natural transformation,
both with the contra- and co-variant powerset functor: by Lemma 6.1.3 (ii) it forms a map:

Pred(F) P
————PF  forthe contravariant ~ Sets’® ——— Sets (6.2)

and also, by Lemma 6.1.3 (iii),

Pred(F) . P
PF for the covariant Sets —— Sets. (6.3)

Predicate liftings are described as natural transformations (6.2) wrt. the contravariant
powerset functor in [343], as starting point for temporal logics, like in Section 6.4.

Relation lifting for polynomial functors is functorial, on the category Rel = Rel(Sets)
of relations (see Definition 3.2.3, and more generally Definition 4.3.3). Similarly, predi-
cate lifting yields a functor on the category Pred = Pred(Sets) of predicates on sets.
Explicitly, the category Pred has subsets P C X as objects. A morphism (P C X) —
(Q CY) consists of a function f: X — Y with P(z) = Q(f(x)) forall z € X. This
amounts to the existence of the necessarily unique dashed map in:

! \f

X——Y

f

Equivalently, P C f~1(Q), or [T;(P) C @, by the correspondence (2.15). There is a
forgetful functor Pred — Sets which is so obvious that it does not get its own name.

6.1.5. Corollary. Predicate lifting for a polynomial functor F: Sets — Sets yields a
functor Pred(F) in a commuting square:

Pred(F)
Pred —— Pred

| J

Sets ——— Sets

Proof. Givenamap f: (P C X) — (Q CY) in Pred we get F(f): (Pred(F)(P) C
F(X)) — (Pred(F)(Q) C F(Y)). This works as follows, using Lemma 6.1.3.
P C f7H(Q) = Pred(F)(P) C Pred(F)(f~1(Q))

since predicate lifting is monotone

= Pred(F)(P) C F(f)~! (Pred(F)(Q))
since predicate lifting commutes with substitution. a
The next result is the analogue for predicate lifting of Lemma 3.3.1 for relation lifting.
It relies on considering predicates as sets themselves, and may be understood as: predicate
lifting commutes with comprehension, see Lemma 6.3.9. This is described in a more gen-
eral logical setting in Subsection 6.1.2 below, and in [205]. But in the current set-theoretic

context the connection between predicate lifting and functor application is extremely sim-
ple.

6.1.6. Lemma. For a Kripke polynomial functor F, predicate lifting Pred(F)(P) for a
predicate m: P — X is the same as functor application in:

Pred(F)(P) =————— F(P)

FX) F(m)
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Note that from the fact that Kripke polynomial functors preserve weak pullbacks (Proposi-
tion 4.2.6) we can already conclude that F'(m) is a mono, see Lemma 4.2.2.

Proof. Formally, one proves for z € F(X),
z € Pred(F)(P) <= 32/ € F(P).F(m)(2') = =.

This is obtained by induction on the structure of the polynomial functor F'. a

6.1.1 Predicate lowering as liftings left adjoint

We continue this section with a Galois connection involving predicate lifting. In the next
section we shall use predicate lifting for a nexttime operator () in a temporal logic of
coalgebras. There is also a lasttime operator (O (see Subsection 6.4.1), for which we
shall need this left adjoint (or lower Galois adjoint) to predicate lifting Pred(F'). We shall
write this left (or lower) adjoint as M(F ), and shall call it “predicate lowering”. By
Lemma 6.1.3 (i), predicate lifting preserves arbitrary intersections, and thus has such a left
adjoint for abstract reasons, see e.g. [319] or [256, I, Theorem 4.2]. But the adjoint can also
be defined concretely, by induction on the structure of the functor. This is what we shall
do.

6.1.7. Proposition (From [224, 229)). Predicate lifting for a Kripke polynomial functor
F': Sets — Sets forms a monotone function Pred(F): P(X) — P(F(X)) between
powerset posets. In the opposite direction there is also an operation M(F) : P(F(X)) —
P(X) satisfying

Pred(F)(Q) € P <= @ C Pred(F)(P)

Hence Ered(F) is the left adjoint of Pred(F') in a Galois connection Ered(F) —+ Pred(F).

Proof. One can define Pred(F)(Q) € X for @ C F(X) by induction on the structure of
the functor F'.

(1) For the identity functor id : Sets — Sets,
Pred(id) (Q) = Q.
(2) For a constant functor K 4(Y) = A,
Pred(KA)(Q) = La = (0.C A).
(3) For a product functor,

Pred(Fy x F)(Q) = Pred(Fy)(L,, (@) U Pred(F) (1, (Q))
= Pred(F)({u € A(X) | 3o € Fa(X). Qu,v)))
U Pred(F)({v € Fo(X) | 3u € Fi(X). Q(u,v)}).

(4) For a set-indexed coproduct functor,

Pred(ILier F)(Q) = User Pred(F) (57 (Q))
= Uier Pred(F)({u | Q(ri(u))})-

(5) For an exponent functor,

Pred(F*)(Q) = Pred(F)({f(a) | a € Aand [ € F(X)* with Q(f)}).
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(6) For a powerset functor,
Pred(P(F))(Q) = Pred(F)(UQ).
This same formula will be used for a finite powerset Py, (F). 3
Being a left adjoint means that functions lj‘ril(F) preserve certain “colimit” structures.

6.1.8. Lemma. Ler F be a polynomial functor. lts operations M(F): P(F(X)) —
P(X) preserve:

(i) unions | of predicates;

(ii) direct images ||, in the sense that for f: X =Y,

Pred(F) (L) (@)) = 11, Pred(F)(Q).

This means that IZer(F) forms a natural transformation:

Pred(F)

PF——=P for the covariant Sets L Sets
like in Corollary 6.1.4.

Proof. (i) This is a general property of left (Galois) adjoints, as illustrated in the beginning
of Section 2.5.

(ii) One can use a “composition of adjoints” argument, or reason directly with the ad-
junctions:

Ered(F)(HF(f)(Q» cr
= pH(@) S Pred(F)(P)
<= Q C F(f)"'Pred(F)(P) = Pred(F)(f~*(P)) by Lemma 6.1.3 (ii)
= Pred(F)(Q) € /71(Q)
— TI,Pred(F)(Q) € P. O
This left adjoint to predicate lifting gives rise to a special kind of mapping sts from an
arbitrary Kripke polynomial functor F' to the powerset functor P. The maps stsx : F(X) —

‘P(X) collect the states insides F'(X )—as suggested in the picture (6.1). With this mapping
each coalgebra can be turned into an unlabelled transition system.

6.1.9. Proposition. For a polynomial functor F and a set X, write stsx : F(X) — P(X)
for the following composite.

_ red(F')
stsx 2 (F(X) SR fred P(X))

These sts maps form a natural transformation F = P: for each function f: X —'Y the
following diagram commutes.

FOx) —X L px)

F(f) lp(f) -1,

)
FY) —5— PO
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Proof. We only need to prove naturality. For u € F(X):

I1, (stsx (w)) = I, Pred(F)({u})

= M(F)(]_[F(f) {u}) by Lemma 6.1.8 (ii)
Pred(F)({F(f)()})
stsy (F(f)(u)) |

6.1.10. Example. Consider the deterministic automaton functor (—)# x B. The states
contained in (h,b) € X“ x B can be computed by following the inductive clauses in the
proof of Proposition 6.1.7:

sts(h,b) = Pred(—)* x B)({(h,5)})
— Pred(-)*)(h) U Pred(B)(b)
= Pred(id)({i(a) [a € A}) U D
= {h(a)|a€ A} C X.

By combining Propositions 6.1.9 and 2.5.5 we obtain a functor:

Coalg(F) —2° ) otg(p) 64

from coalgebras of a polynomial functor to unlabelled transition systems. This translation
will be further investigated in Section 6.4. As can be seen in Exercise 6.1.3, the translation
removes much of the structure of the coalgebra. However, it makes the intuitive idea precise
that states of a coalgebra can make transitions.

6.1.2 Predicate lifting, categorically

We have defined relation lifting concretely for polynomial functors, and more abstractly
for functors on a category C carrying a logical factorisation system, see Definition 4.4.1.
Here we shall now give a similarly abstract definition of predicate lifting. It involves the
category Pred(C) of predicates wrt. such a logical factorisation system (9, €) on C, see
Definition 4.3.3.

6.1.11. Definition. Let F': C — C be an endofunctor on a category C with a logical
factorisation system (90, €). For a predicate (m: U b X) € Pred(C), where m € 9, we
define a new predicate Pred(F)(P)+ F(X) on F(X) via factorisation in:

F(U) MoProd(F)(U)

F(wﬁ K@(w))
F(X)

This yields a functor

Pred(F)
Pred(C) ——————— Pred(C)

|

C——C
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since for a map of predicates f: (m: Ut X) — (n: V+— X) the map F(f) is a map
Pred(F)(U) — Pred(F)(V') via diagonal-fill-in:

P ¢(F(m))
(U) —————Pred(F)(U)

-7 Imeom))
TR

g |7

F(V)———— 5 F(Y)

m(F(n))

where the vertical map F(U) — F(V') on the left is obtained by applying F' to the map
U — V that exists since f is a map of predicates (see in Definition 4.3.3).

Some of the properties we have seen earlier on in this section also hold for the abstract
form of predicate lifting, under additional assumptions.

6.1.12. Proposition. Assume F': C — C, where C is a category with a logical factorisa-
tion system (9N, €).

(i) Predicate lifting is monotone and preserves truth T.

(ii) Ifdiagonals A = (id,id): X — X x X are in M—that is, if internal and external
equality coincide, see Remark 4.3.6—then [] , Pred(F) = Rel(F) ][, as in the square
on the left below.

Pred(X) L Rel(X) Pred(X) <L Rel(X)
Prcd(F)J JR,CI(F) Prcd(F)J JROI(F)
Pred(F(X)) H—) Rel(F (X)) Pred(F(X)) <—— Rel(F (X))

A i

(iii) If the functor F preserves abstract epis, then the rectangle on the right also com-
mutes, fori € {1,2}.

(iv) If F preserves abstract epis predicate lifting commutes with sums (direct images)
1L as in:

Pred(F)(I1,(U) = [Lp(s) Pred(F)(U).

(v) If € C SplitEpis and I preserves weak pullbacks, then predicate lifting commutes

with inverse images:
Pred(F)(f~1(V)) = F(f)! (Pred(F)(V)).

Additionally, predicate lifting preserves meets N\ of predicates.

Proof. (i) Obvious.
(ii) We use some properties of images m(—): for a predicate (m: U+ X),
Rel(F)([5(U)) = Rel(F)(m(A o m))
= Rel(F)(A om) since A, m € M
= Rel(F)((m,m))
m((E'(m), F(m)))
m(A o F(m))
A om(F(m)) by Exercise 4.3.1 (iii)
= [1a(Pred(F)(P)).
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(iii) We recall the basic constructions involved: for a relation (ry,r2): R+— X x X,

F(R) ——————Rel(F)(R) —+]1, Rel(£)(OR) R—11,.(R)

N T
(F(r). E(ra)) / <T1,fz>

FX)x F(X)——— 4 F(X) XxX——X

T

By assumption F' preserves abstract epis. Thus F'(e;) € €&, which yields two dashed
diagonals in the following rectangle—and thus the required equality of subobjects—since
the south-east diagonal equals F'(r;).

F(R) ———Rel(F)(R) —— 1., Rel(F)(R)
Fle) |
F(L,(R)

Pred(F)(I1,, (R) F(X)

(iv) One first forms the sum by factorisation:

E

U%Hf

m I
S

The required equality follows since F'(e) € €, using:

FU) e  F(LL(0)

Pred(F)(U) 49]_[”” Pred(F)(U) ¢ =3 Pred(F)(I_[I(U))

]

F(X) ~ F(Y)

One sees that the south-east map F'(f o m): F(U) — F(Y) is factorised in two ways.

(v) Preservation of inverse images is proven as in Proposition 4.4.3. Preservation of
meets works as follows. Assume we have predicates (m: U+ X) and (n: V +— X) with
meet given by:

L

Feh

e
UbTX

We show that Pred(F)(W) is the pullback of Pred(F)(U) and Pred(F)(V'), using that
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abstract epis split, via the maps s in:

A

‘J, >Sv

!
Pred(F)(P) —— Pred(F)(V)
p/l mp Imv
F(V) —22 Pred(F)(U) e F(X)
e~ — o
Su
We assume that my o f = my o g. The two maps f' = sy o f: A — F(U) and
g = sy og: A— F(V)satisfy F(m) o f' = F(n) o ¢, since ey o sy = id (and
similarly for V). Since F' preserves weak pullbacks, there is a map h: A — F(P) with
F(p) oh= f"and F(q) o h = ¢g’. We claim that »’ = ep o h: A — Pred(F)(P) is the
required mediating map. The equation p’ o b’ = f holds, since my is monic:
myop oh) =mpoepoh
=F(mAn)oh
= F(m) o F(p) o h
= F(m)o f

my oeyosyof

=my o f.

Analogously one shows ¢’ o b/ = g. Uniqueness of 1’ is obvious, since mp is monic. [

Exercises
6.1.1. Show for a list functor F*—using the description (2.17)—that for P C X,
Pred(F*)(P) = {(u1,...,un) € F(X)* | Vi < n.Pred(F)(P)(ui)}.
And also that for @ C Y,
Pred(F*)(Q)
= U%NM(F)({U,, li<n,(ur,...,un) € F(Y)" with Q({us, ..., un))}).

6.1.2.  Use Lemmas 6.1.6 and 3.3.1 to check that relation lifting can also be expressed via predicate
lifting. For a relation (ry,r2): R X x Y,

Rel(F)(R) = H<F(r1),1~“(r2)> Pred(F)(R).
6.1.3.  Let X @_s; X“ x B be a deterministic automaton. Prove that the associated unlabelled
transition system, according to (6.4), is described by:
z —r 2’ <= Ja € A.§(z)(a) =1'.

6.1.4. Recall the multiset M 57 and distribution D functors from Section 4.1. Use Definition 6.1.11,
with the standard factorisation system on Sets of injections and surjections, to prove that
the associated predicate liftings are:

Pred(Mun)(P C X) = {p € Mu(X) | V. p(z) # 0= P(z)}
Pred(D)(P C X) = {9 € D(X) | Vz.p(z) # 0= P(x)}.
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[Hint. Recall from Propositions 4.2.9 and 4.2.10 that the functors M and D preserve
weak pullbacks, and thus injections, by Lemma 4.2.2.]

6.1.5. (From [385, Proposition 16]) Let F': Sets — Sets be an arbitrary functor. Prove that
there is a bijective correspondence between natural transformations P = PF’ like in (6.2)
and subsets of F'(2)—where 2 = {0, 1}.
[Hint. Use that predicates P C X can be identified with their characteristic functions
X —2]

6.1.6.  Prove functoriality of predicate lifting—Ilike in Exercise 4.4.6 for relation lifting: a natural
transformation o : F' = G gives a lifting as in:

Pred(F)
Pred(C) @ Pred(C)

Pred(G)
F

G

Prove also the existence of a natural transformation Rel(F'G) = Rel(F)Rel(G), for arbi-
trary functors F,G: C — C.

6.2 Invariants

Invariants are predicates on the state space of a coalgebra with the special property that
they are closed under transitions: once they are true, they remain true no matter which
steps are taken (using the coalgebra). This section will introduce invariants via predicate
lifting (from the previous section). It will first concentrate on invariants for coalgebras
of polynomial functors, and later deal with more general functors. Invariants are closely
related to subcoalgebras. Many of the results we describe for invariants occur in [378,
Section 6], but with subcoalgebra terminology, and thus with slightly different proofs.

We shall define the notion of invariant, both for coalgebras and for algebras, as coal-
gebra or algebra of a predicate lifting functor Pred(F'). In both cases an invariant is a
predicate which is closed under the state transition operations. There does not seem to be
an established (separate) terminology in algebra, so we simply use the phrase ‘invariant’
both for algebras and for coalgebras.

6.2.1. Definition. Let F': Sets — Sets be a Kripke polynomial functor, with predicate
lifting functor Pred(F'): Pred — Pred as in Corollary 6.1.5. Abstractly, an invariant is
either a Pred(F)-coalgebra P — Pred(F)(P), or a Pred(F)-algebra Pred(F)(P) — P,
as in:

P----- - Pred(F)(P) Pred(F)(P)- - — — — > P
l I [ |
X — F(X) F(X)— X

More concretely, this means the following.
(i) An invariant for a coalgebra ¢c: X — F(X) is a predicate P C X satisfying for
allz € X,
x € P = c¢(x) € Pred(F)(P).

Equivalently,

P C ¢ Y(Pred(F)(P)) or [[.(P)C Pred(F)(P).
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(ii) An invariant for an algebra a: F'(X) — X is a predicate P C X satisfying for all
ue F(X),

u € Pred(F)(P) = a(u) € P.

That is,
Pred(F)(P) C a='(P) or [[,(Pred(F)(P)) C P.

This section concentrates on invariants for coalgebras, but occasionally invariants for
algebras are also considered. We first relate invariants to bisimulations. There are similar
results for congruences, see Exercise 6.2.1.

6.2.2. Lemma. Consider two coalgebras c: X — F(X)and d: Y — F(Y) of a Kripke
polynomial functor F'. Then:

@) if R C X x Y is a bisimulation, then both its domain [], R = {z | 3y. R(z,y)}
and codomain |1, R = {y | 3. R(z,y)} are invariants.

(ii) an invariant P C X yields a bisimulation [ [ P = {(z,z) |z € P} C X x X.

Proof. (i) If the relation R is a bisimulation, then the predicate ]_["] R C X is an invariant,
since:
LI, R = I, Hexa B
C I, Rel(F)(R)  because R is a bisimulation
Pred(F)([[,, ) byLemma 6.1.2 (ii).

Similarly, ]_[7(2 R C Y is an invariant for the coalgebra d.
(ii) Suppose now that P C X is an invariant. Then:

Hexe s P = A Il P
C [, Pred(F)(P) since P is an invariant
= Rel(F)(Io P) by Lemma 6.1.2 (i). ]

N

6.2.3. Example. We consider invariants for both deterministic and non-deterministic au-
tomata.

(i) As is well-known by now, a deterministic automaton (5, ¢): X — X* x Bisa
coalgebra for the functor F' = id® x B. Predicate lifting for this functor yields for a
predicate P C X a new predicate Pred(F)(P) C (X4 x B), given by:

Pred(F)(P)(f,b) <= Va € A. P(f(a)).

A predicate P C X is thus an invariant w.r.t. the coalgebra (J,¢): X — X4 x Bif, for all
reX,

P(z) = Pred(F)(P)((4(x), e(x)))

<= Va € A. P(6(x)(a))

<= Vac AVa' € X.2 % 2’ = P(z').
Thus, once a state « is in an invariant P, all its—immediate and non-immediate—successor
states are also in P. Once an invariant holds, it will continue to hold.

(i) A non-deterministic automaton (6,¢): X — P(X)“4 x B is a coalgebra for the

functor F' = P(id)# x B. Predicate lifting for this functor sends a predicate P C X to the
predicate Pred(F)(P) C (P(X)“ x B) given by:

Pred(F)(P)(f,b) <= Va € A.Va' € f(a). P(z')
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This P C X is then an invariant for the non-deterministic automaton (5, ¢) : X — P(X)?x
Bifforallz € X,

P(z) = Pred(F)(P)((é(z),e(z)))
<= Va € A.V2' € §(x)(a). P(z)
<= Va€ AVa' € X.x % 2’ = P(2').

6.2.4. Proposition. Let X % F(X) and Y LS F(Y) be two coalgebras of a polynomial
functor F': Sets — Sets.

(1) Invariants are closed under arbitrary unions and intersections: if predicates P; C
X are invariants for i € I, then their union J;c; P; and intersection (", P; are invari-
ants.

In particular, falsity | (union over I = ()) and truth T (intersection over I = ()) are
invariants.

(i) Invariants are closed under direct and inverse images along homomorphisms: if
f: X = Y is a homomorphism of coalgebras, and P C X and Q C 'Y are invariants,
then so are [1(P) CY and f~1(Q) C X.

In particular, the image Im(f) = ]_[f(T) of a coalgebra homomorphism is an invari-
ant.

Proof. (i) First we note that inverse images preserve both unions and intersections. Clo-
sure of invariants under unions then follows from monotonicity of predicate lifting: P; C
¢ H(Pred(F)(P;)) C C_l(Pred(F)(UzeI P;) for each i € I, so that we may conclude
Uier P € ¢ 'Pred(F)(U;¢; Pi)- Similarly, closure under intersection follows because
predicate lifting preserves intersections, see Lemma 6.1.3 (i).

(ii) For preservation of direct images assume that P C X is an invariant. Then:

LI P =Upp L. P because f is a homomorphism
C [p(s) Pred(F)(P)  since P is an invariant
= Pred(F)(]_[f pP) by Lemma 6.1.3 (iii).

N

Similarly, if @ C Y is an invariant, then:

F7HQ) € frd T (Pred(F)(Q)) because Q is an invariant
= ¢ 1F(f)"Y(Pred(F)(Q)) because f is a homomorphism
= ¢ Y(Pred(F)(f~4(Q)) by Lemma 6.1.3 (ii). o

The next result readily follows from Lemma 6.1.6. It is the analogue of Theorem 3.3.2,
and has important consequences.

6.2.5. Theorem. Let F': Sets — Sets be a Kripke polynomial functor.

(i) A predicate m: P — X on the state space of a coalgebra c: X — F(X) is
an invariant if and only if P — X is a subcoalgebra: there is a (necessarily unique)
coalgebra structure P — F(P) making m: P — X a homomorphism of coalgebras:

P F(m)
(P) —————— F(X)

—_—
P " X

Uniqueness of this coalgebra P — F(P) follows because F(m) is injective by Lemma 4.2.2.
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(ii) Similarly, a predicate m: P — X is an invariant for an algebra a: F(X) — X if
P carries a (necessarily unique) subalgebra structure F(P) — P making m: P — X a
homomorphism of algebras. ]

Earlier we have seen a generic “binary” induction principle in Theorem 3.1.4. At this
stage we can prove the familiar “unary” induction principle for initial algebras.

6.2.6. Theorem (Unary induction proof principle). An invariant on an initial algebra is al-
ways true.

Equivalently, the truth predicate is the only invariant on an initial algebra. The proof is
a generalisation of the argument we have used in Example 2.4.4 to derive induction for the
natural numbers from initiality.

Proof. Assume m: P — A is an invariant on the initial algebra F(A) = A. This means
by the previous theorem that P itself carries a subalgebra structure F'(P) — P, making the
square below on the right commute. This subalgebra yields a homomorphism f: A — P
by initiality, as on the left:

F F
ra) — iy T
A 7 P = A
By uniqueness we then get m o f = id 4, which tells that ¢ € P, forall t € A. a

6.2.7. Example. Consider the binary trees from Example 2.4.5 as algebras of the functor
F(X) =1+ (X x A x X), with initial algebra

. . [nil, node| .
+ (BinTree(A) x A x BinTree(A)) ———<——— BinTree(4)

Predicate lifting Pred(F)(P) C F(X) of an arbitrary predicate P C X is given by:
Pred(F)(P) = {r1(*)} U {k2(21,a,22) | a € A A P(z1) A P(x2)}.

Therefore, a predicate P C BinTree(A) on the initial algebra is an invariant if both:

(nil)
P(z1) A P(x2) = P(node(z1,a,z2))

The unary induction principle then says that such a P must hold for all binary trees ¢ €
BinTree(A). This may be rephrased in rule form as:

P(nil) P(z1) A P(x2) = P(node(z1,a,z2))
P(t)

6.2.1 Invariants, categorically

The description of invariants as (co)algebras of a predicate lifting functor Pred(F’) in Def-
inition 6.2.1 generalises immediately from polynomial functors to arbitrary functors: if
the underlying category C carries a logical factorisation system (90, €), a predicate lifting
functor Pred(F): Pred(C) — Pred(C) exists as in Definition 6.1.11. An invariant is then
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a predicate (m: U+ X) € Pred(C) on the carrier X € C of a coalgebra c: X — F(X),
or of an algebra a: F(X) — X, for which there are (dashed) maps in C:

P----- - Pred(F)(P) Pred(F)(P)- - — — — > P
! I ] I
X — F(X) F(X)— X

This is the same as in Definition 6.2.1. Not all of the results that hold for invariants of
(co)algebras of polynomial functors also hold in the abstract case. In particular, the tight
connection between invariants of a coalgebra and subcoalgebras is lost — but it still holds
in the algebraic case. We briefly discuss the main results.

6.2.8. Lemma. Let F': C — C be an endofunctor on a category C with a logical factori-
sation system (M, €). Assume predicates m: U X and n: VY, on the carriers of a
coalgebra c: X — F(X) and an algebraa: F(Y) — Y.

(i) If U X carries a subcoalgebra ¢’ : U — F(U), then U is an invariant. The
converse holds if abstract epis are split, i.e. if € C SplitEpis.

(ii) The predicate V v—'Y carries an subalgebra if and only if it is an invariant.

Proof. (i) A subcoalgebrac’: U — F(U) gives rise to a dashed map U — Pred(F)(U)
by composition:
F(U

/

_____ <+ Pred(F)(U) ) F(m)

X—>F(X)

If the map ey € € is a split epi, say via s: Pred(F)(U) — F(U), then an invariant yields
a subcoalgebra, by post composition with s.

(ii) For algebras an invariant Pred(F)(V) — V gives rise to a subalgebra via pre-
composition with ey : F(V) —Pred(F)(V). In the reverse direction, from a subalgebra
a': F(U) — U to an invariant, we use diagonal-fill-in:

F(V) zZ v Pred(F) V)

R
o . ]

-

-
- la
-
X

Vib—m—7-—X

Exercises

6.2.1.  Let F(X)-% X and F(Y) 2 Y be algebras of a Kripke polynomial functor F'. Prove, in
analogy with Lemma 6.2.2 that:
(i) If R C X x Y is acongruence, then both its domain ]_Lr R C X and its codomain
H R C Y are invariants.
(ii) lfP C X is an invariant, then ]_[A P C X x X is acongruence.

6.2.2.  Use binary induction in Theorem 3.1.4, together with the previous exercise, to give an
alternative proof of unary induction from Theorem 6.2.6.

6.2.3.  Prove in the general context of Subsection 6.2.1 that for a coalgebra homomorphism f
direct images ]_[f, as in defined in Proposition 4.3.5, preserve invariants.
Conclude that the image Im(f) = [[;(T)#+— Y of a coalgebra homomorphism f: X —
Y is an invariant.
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6.2.4.  The next result from [144] is the analogue of Exercise 3.2.7; it describes when a function is
definable by coinduction.
Let Z =5 F(Z) be final coalgebra of a polynomial functor F. Prove that an arbitrary
function f: X — Z is defined by finality (i.e. is beh, for some coalgebra c: X — F(X)
on its domain X) if and only if its image Im(f) C Z is an invariant.
[Hint. Use the splitting of surjective functions from Lemma 2.1.7.]

6.2.5. LetS: C — C be a comonad on a category C with a logical factorisation system (901, &).

(i) Use the Exercise 6.1.6 to derive that Pred(S) is a comonad on the category Pred(C)
via:

id = Pred(id) <<= Pred(S) =——=> Pred(S?) => Pred(S)*.

(ii) Assume a pair of maps in a commuting square:

U 74”) Pred(S)(U)

] I

X % S(X)
Prove that if ~y is an Eilenberg-Moore coalgebra for the comonad S, then the pair
(v,7") is automatically an Eilenberg-Moore coalgebra for the comonad Pred(S)—
and thus an invariant for ~.

(iii) Let (X 2 S(X)) AN (Y 2 S(Y')) be amap of Eilenberg-Moore coalgebras. Prove,
like in Exercise 6.2.3 for functor coalgebras, that if P}— X is an invariant, i.e. Pred(S)-
coalgebra, for the Eilenberg-Moore coalgebra +, then so is I_[f(P) for 3.

6.2.6. LetT: C — C now be a monad on a category C with a logical factorisation system (91, €).

Assume T preserves abstract epis, i.e. e € € = T'(e) € €.

(i) Prove, using Exercise 4.4.6, that relation lifting Rel(7"): Rel(C) — Rel(C) is a
monad. Describe its unit and multiplication explicitly.

(ii) Assume a commuting square:

Rel(T)(R) —— 4R

I !

TX)xT(Y) ——— X xY
axf

Prove that if v and 3 are algebras for the monad T, then the above square is automat-
ically an Eilenberg-Moore algebra for the monad Rel(7")—and thus a congruence for

a, 8.

6.3 Greatest invariants and limits of coalgebras

In the first chapter—in Definition 1.3.2 to be precise—we introduced the predicate (] P,
describing “henceforth P~ for a predicate P on sequences. The meaning of ((J P)(x) is
that P holds in state 2 and for all of its successor states. Here we shall extend this same idea
to arbitrary coalgebras by defining the predicate (] P in terms of greatest invariants. These
greatest invariants are useful in various constructions. Most importantly in this section, in
the construction of equalisers and products for coalgebras. In the next section it will be
shown that they are important in a temporal logic for coalgebras.

6.3.1. Definition. Let ¢c: X — F(X) be a coalgebra of a Kripke polynomial functor
F': Sets — Sets. For an arbitrary predicate P C X on the state space of ¢, we define a
new predicate J P C X, called henceforth P, as:

(OP)(x) iff 3Q € X.Q is an invariant forc A Q C P A Q(x),
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that is,
OP = U{Q C P | Qisan invariant}.

Since invariants are closed under union—by Proposition 6.2.4 (i)—[ P is an invariant
itself. Among all the invariants () C X, it is the greatest one that is contained in P.

The definition of henceforth resembles the definition of bisimilarity (see Definition 3.1.5).
In fact, one could push the similarity by defining for an arbitrary relation R, another rela-
tion (J R as the greatest bisimilarity contained in R—so that bisimilarity <> would appear
as [J T. But there seems to be no clear use for this extra generality.

The next lemma lists some obvious properties of [J. Some of these are already men-
tioned in Exercise 1.3.3 for sequences.

6.3.2. Lemma. Consider the henceforth operator O for a coalgebra c: X — F(X). The
first three properties below express that [J is an interior operator. The fourth property says
that its opens are invariants.
G OpPCP;
(i) OPCOOP;
(i) PCQ=0PCOQ;
(iv) P is an invariant if and only if P = (J P.

Proof. (i) Obvious: if (] P(z), then Q(z) for some invariant Q) with @ C P. Hence P(x).

(ii) If O P(x), then we have an invariant ), namely 0 P, with Q(z) and Q@ C O P.
Hence O P(z).

(iii) Obvious.

(iv) The (if)-part is clear because we have already seen that [J P is an invariant. For the
(only if)-part, by (i) we only have to prove P C [J P, if P is an invariant. So assume P(z),
then we have an invariant ), namely P, with Q(z) and Q@ C P. Hence (] P(z). a

The following result gives an important structural property of greatest invariants. It
may be understood abstractly as providing a form of comprehension for coalgebras, as
elaborated in Subsection 6.3.1 below.

6.3.3. Proposition. Consider a coalgebra c: X — F(X) of a Kripke polynomial functor
F with an arbitrary predicate P C X. By Theorem 6.2.5 (i) the greatest invariant (] P C
P C X carries a subcoalgebra structure, say cp, in:

- F(m)
(OP) ——— 5 F(X)

T |
mp ™ X

This subcoalgebra has the following universal property: each coalgebra homomorphism
f (Y A F(Y)) — (X 5 F(X)) which factors through P — X—i.e. satisfies f(y) €
P for all y € Y—also factors through (1 P, namely as (unique) coalgebra homomorphism
(Y S FY)) = (0P B F@P)) withmo f' = f.

Proof. The assumption that f factors through P C X may be rephrased as an inclusion

Im(f) = [[;(T) € P. But since the image along a homomorphism is an invariant, see
Proposition 6.2.4 (ii), we get an inclusion Im(f) C [0 P. This gives the factorisation:

vy Lx) = Y%DP%X.
( ) = ( )
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We only have to show that f’ is a homomorphism of coalgebras. But this follows because
F(m) is injective, see Lemma 4.2.2. It yields c¢p o f' = F(f’) o d since:

F(m)ocpo f' =como f

cof

F(f)od

— F(m)o F(f') o d o

In this section we shall use greatest invariants to prove the existence of limits (equalisers
and cartesian products) for coalgebras of Kripke polynomial functors. The constructions
can be adapted easily to more general functors, provided the relevant structure, like [(J and
cofree coalgebras, exist.

Recall from Proposition 2.1.5 and Exercise 2.1.14 that colimits (coproducts and co-
equalisers) of coalgebras are easy: they are constructed just like for sets. The product struc-
ture of coalgebras, however, is less trivial. First results appeared in [429], for “bounded”
endofunctors on Sets, see Definition 4.6.5 later on. This was generalised in [175, 259, 217]
and [228] (which is followed below). We begin with equalisers, which are easy using
henceforth [J.

6.3.4. Theorem (Equalisers of coalgebras). The category CoAlg(F) of coalgebras of a
Kripke polynomial functor F: Sets — Sets has equalisers: for two coalgebras X

F(X)andY 4 F(Y) with two homomorphisms f,g: X — Y between them, there is an
equaliser diagram in CoAlg(F),

F(OE(f.9) F(X) f E(Y)
) el (N D—
OE(f,9) X 9 Y

where E(f,g) < X is the equaliser {x € X | f(x) = g(z)} as in Sets. The greatest
invariant invariant JE(f, g) < E(f,g) carries a subcoalgebra structure by the previous
proposition.

Proof. We show that the diagram above is universal in CoAlg(F): for each coalgebra
e: Z — F(Z) with homomorphism h: Z — X satisfying f o h = g o h, the map h
factors through Z — E(f, g) via a unique function. By Proposition 6.3.3 this h restricts to
a (unique) coalgebra homomorphism Z — OE(f, g). a

The next result requires a restriction to finite polynomial functors because the proof
uses cofree coalgebras, see Proposition 2.5.3.

6.3.5. Theorem (Products of coalgebras). For a finite Kripke polynomial functor F': Sets —

Sets, the category CoAlg(F) of coalgebras has arbitrary products [[.

Proof. We shall construct the product of two coalgebras ¢; : X; — F(X;), fori = 1,2, and
leave the general case to the reader. We first form the product X; x X of the underlying
sets, and consider the cofree coalgebra on it, see Proposition 2.5.3. It will be written as
e: UG(Xy x X3) = F(UG(X; x X3)), where U: CoAlg(F') — Sets is the forgetful
functor, and G its right adjoint. This coalgebra e comes with a universal map ¢: UG(X; x
X2) = X1 x Xo. Wewritee; = m; 0e: UG(Xy x Xo) = X,

Next we form the following equaliser (in Sets).

E = {ueUG(Xy x X2) | Vi € {1,2}. (c; o &;)(u) = (F(2;) 0 €) (u)}-
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Then we take its greatest invariant (] £ C E, as in the diagram below, describing E explic-
itly as equaliser:

| FUGE x X)) [

0 N UG(X, x Xa) F(X)) x F(X3) (6.5)
XXI X, %

By Proposition 6.3.3, the subset J E < UG(X; x X») carries an F-subcoalgebra struc-
ture, for which we write ¢; X ¢y in:

P F(mon)
(OF) ————= F(UG(X, x X3))

o CJ } ©6)

OoF —men UG(X1 x X3)
The dot in x is ad hoc notation used to distinguish this product of objects (coalgebras)
from the product ¢; x ¢z of functions, as used in the equaliser diagram above.
We claim this coalgebra ¢; x co: OF — F(OE) is the product of the two coalge-
bras ¢; and ¢z, in the category CoAlg(F'). We thus follow the categorical description of
product, from Definition 2.1.1. The two projection maps are:

p e (DELuslwcz(X1 xxz)i»g).

We have to show that they are homomorphisms of coalgebras ¢; x ¢z — ¢;. This follows
from easy calculations:

F(p;) o (c1 X ca) = F(g;) o F(mon)o (c; X ca)
F(ej)oeomon see the above diagram (6.6)

=mo(cg Xe)ocomon since m is an equaliser in (6.5)
=como0comon

= C; O P;.

Next we have to construct pairs, for coalgebra homomorphisms f;: (Y N F(Y)) —
(Xi Bt F(XL)) To start, we can form the ordinary pair (f1, f2): ¥ — X; x X5 in Sets.
By cofreeness it gives rise to unique function g: Y — UG(X; x X5) forming a coalgebra
homomorphism d — e, with € o g = (f1, f2). This g has the following equalising property
in (6.5):

(F(e1), F(e2))oeog = (F(moe), F(myoe)) o Fg)od
since ¢ is a coalgebra homomorphism d — e
= (F(moeog)od,F(myocog)od)
= (F(f1) o d,F(f2) o d)
(c10 fi,e20 fa)

because f; is a coalgebra map d — ¢;

= (ciomocog,co0m0co0g)

= (c1 Xcr)oeog.
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As aresult, g factors through m: E — UG(X; x X,), say as ¢ = m o g'. But then,
by Proposition 6.3.3, ¢’ also factors through (J £. This yields the pair we seek: we write
((f1, f2)) for the unique map Y — O E with n o ((f1, f2)) = ¢'.

We still have to show that this pair ((f1, f2)) satisfies the required properties.

e The equations p; o ((f1, f2)) = f; hold, since:

pi o ({f1, f2)) = mioeomomno((fi,fo))
=mocomog
=m;0g0¢g
= m; o (f1, f2)
= f,,

e The pair ((f1, f2)) is the unique homomorphism with p; o ({f1, f2)) = f;. Indeed,
if h: Y — OF is also a coalgebra map d — (¢; X c¢) with p; o h = fi, then
m o n o hisacoalgebra map d — e which satisfies:

gomonoh = (mpocomonoh,mocomonoh)
= (proh,proh)
= (f1, f2).

Hence by definition of g:

monoh=g=mog =mono {((fi,f2)),

Because both mn and n are injections we get the required uniqueness: h = ({f1, f2)).

Q

Since we have already seen that equalisers exist for coalgebras, we now know that all
limits exist (see for instance [315, V,2]). Proposition 2.1.5 and Exercise 2.1.14 showed that
colimits also exist. Hence we can summarise the situation as follows.

6.3.6. Corollary. The category CoAlg(F) of coalgebras of a finite Kripke polynomial
functor is both complete and cocomplete. ]

Structure in categories of coalgebras is investigated further in [259], for endofunctors on
more general categories than Sets. For instance, a construction of a “subobject classifier”
is given. It captures the correspondence between predicates P C X and classifying maps
X — 2in general categorical terms. Such subobject classifiers are an essential ingredient
of a “topos”. However, not all topos structure is present in categories of coalgebras (of
functors preserving weak pullbacks): effectivity of equivalence relations may fail.

6.3.1 Greatest invariants and subcoalgebras, categorically

The goal of the remainder of this section is to define in the abstract categorical setting
of factorisation systems what it means to have greatest invariants [J. Since in this set-
ting invariants and subcoalgebras need not be the same—see Lemma 6.2.8—we shall also
describe greatest subcoalgebras (via comprehension). In principle, an easy direct charac-
terisation of [J P is possible, namely as the greatest invariant ) < P. Below we shall
give a more fancy description via an adjunction. This subsection is mostly an exercise in
categorical formulations and is not of direct relevance in the sequel. It starts by describing
the set-theoretic situation that we have dealt with so far a bit more systematically.
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For an endofunctor F': Sets — Sets we introduce a category PredCoAlg(F) of
“predicates on coalgebras”. Its objects are coalgebra-predicate pairs (X — F(X),P C
X). And its morphisms (X — F(X),P C X) — (Y — F(Y),Q C Y) are coal-
gebra homomorphisms f: (X — F(X)) — (Y — F(Y')) which are at the same time
morphisms of predicates: P C f~1(Q), or equivalently, [];(P) C Q.

From this new category PredCoAlg(F) there are obvious forgetful functors to the
categories of coalgebras and of predicates. Moreover, one can show that they form a pull-
back of categories:

PredCoAlg(F) ——— Pred

| - J 6.7)

CoAlg(F) ———— Sets

6.3.7. Lemma. For a Kripke polynomial functor F: Sets — Sets in the context de-
scribed above, the greatest invariant operation [ yields a right adjoint in a commuting
triangle:

O

T T
PredCoAlg(F) «— 1 CoAlg(Pred(F))

Sets

Proof. Assume two coalgebras X > F(X) and Y A F(Y) and a map of coalgebras
f: X — Y between them. Let P C X be an invariant, and @ C Y an ordinary predicate.
The above adjunction then involves a bijective correspondence:

(©P)—L5(@.Q)  inPredCoAlg(F)
(¢, P) T) (d,0Q) in CoAlg(Pred(F))

Above the double lines we have [ | ;(P) C Q. But since P is an invariant and [ | ; preserves
invariants, this is equivalent to having [ ;(P) € O @, like below the lines.

This leads to the following obvious generalisation.

6.3.8. Definition. Let F': C — C be a functor on a category C with a factorisation system
(90, €), inducing a lifting Pred(F’): Pred(C) — Pred(C) as in Definition 6.1.11. Form
the category PredCoAlg(F) as on the left below.

0
T T
PredCoAlg(F) — Pred(C) PredCoAlg(F) L CoAlg(Pred(F))

> S

CoAlg(F) ———C

We say that the functor F' admits greatest invariants if there is a right adjoint [J making
the triangle on the right commute.

We turn to greatest subcoalgebras. Recall from Theorem 6.2.5 that they coincide with
invariants in the set-theoretic case. But more generally, they require a different description,
which we provide in terms of a comprehension functor {—}. As before, we first recall the
set-theoretic situation. A systematic account of comprehension can be found in [225].

Consider the forgetful functor Pred — Sets that sends a predicate (P C X) to its
underlying set X. There is an obvious “truth” predicate functor T : Sets — Pred sending
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aset X to the truth predicate T(X) = (X C X). Itis not hard to see that T is right adjoint
to the forgetful functor Pred — Sets.

In this situation there is a “comprehension” or “subset type” functor {—}: Pred —
Sets, given by (P C X ) — P. One can prove that {—} is right adjoint to T, so that there
is a situation:

Pred

N

4 TD{- 6.8
J{>{} ©8)
Sets

6.3.9. Lemma. For a Kripke polynomial functor F: Sets — Sets, consider the category
PredCoAlg(F) described in (6.7).
(i) There is a truth predicate functor T: CoAlg(F) — PredCoAlg(F) which is
right adjoint to the forgetful functor PredCoAlg(F) — CoAlg(F).
(ii) This functor T has a right adjoint {—}: PredCoAlg(F) — CoAlg(F) given
by:
(X 5 F(X),PCX) — (OP-5F@OP))

using the induced coalgebra cp on the greatest invariant (] P from Proposition 6.3.3.
Proof. The truth functor T: CoAlg(F) — PredCoAlg(F) is given by:

(X 5 F(X)) > (¢, T) and f—f
Next assume two coalgebras ¢: X — F(X) and d: Y — F(Y), with a predicate Q C

Y. We write dg: 0Q — F(OQ) for the induced coalgebra on the greatest invariant
mg: OQ — Y. We prove the comprehension adjunction:

F(X F(Y
<< W)m*w( W)m
X Y

F(X) FOQ)
te | —— 1d
(V) ——(3)

This correspondence works as follows.

e Given a map f in the category PredCoAlg(F), we have T C f~1(Q), so that
f(z) € Q, forall z € X. By Proposition 6.3.3 f then restricts to a unique coalgebra
homomorphism f: X — O0Q withmg o f = f.

e Conversely, given a coalgebra homomorphism g: X — @, we get a homomor-
phism g = 7g o g: X — Y. By construction its image is contained in (). a

It is easy to generalise this situation.

6.3.10. Definition. For a functor F': C — C on a category C with a factorisation system
(9, €), consider the category PredCoAlg(F) described in Definition 6.3.8. There is an
obvious “truth” functor T: CoAlg(F) — PredCoAlg(F). We say that the functor F’
admits greatest subcoalgebras if this truth functor T has a right adjoint {—}.

Exercises

6.3.1.  Fix two sets A, B and consider the associated functor F(X) = X# x B for deterministic
automata.
(i) Check that the cofree coalgebra functor G: Sets — CoAlg(F) is given by Y
(BxY)*.
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(i) Assume two automata (§;, €;): X; — X,vA X B. Show that the product coalgebra, as
constructed in the proof of Theorem 6.3.5, has carrier W given by the pullback of the
maps to the final coalgebra:

W—-—X

|
lehUzyQ)
X1

ax
behs, ;)

(Proposition 2.3.5 describes B as the final F-coalgebra.)

(iii) Describe the product coalgebra structure on W explicitly.

(iv) Explain this pullback outcome using Proposition 4.2.5, Proposition 4.2.6 (i) and the
construction of products from pullbacks in Diagram (4.4).

6.3.2. Letc: X — F(X) be a coalgebra of a Kripke polynomial functor F'. For two predicates
P,Q C X define a new predicate P andthen Q = P A [JQ. Prove that andthen forms
a monoid on the poset P(X) of predicates on X, with truth as neutral element.

6.3.3.  The next categorical result is a mild generalisation of [378, Theorem 17.1]. It involves an
arbitrary functor K between categories of coalgebras, instead of a special functor induced
by a natural transformation, like in Proposition 2.5.5. Also the proof hint that we give leads
to a slightly more elementary proof than in [378] because it avoids bisimilarity and uses an
equaliser (in Sets) instead, much like in the proof of Theorem 6.3.5.

Consider two finite Kripke polynomial functors F, H : Sets — Sets. Assume that there is
a functor K between categories of coalgebras, commuting with the corresponding forgetful
functors Up and Uy, like in:

CoAlg(F) % CoAlg(H)

% /
Ur Sets Un

Prove that if F has cofree coalgebras, given by a right adjoint G to the forgetful functor Up
as in the diagram (and like in Proposition 2.5.3), then K has a right adjoint.

[Hint. For an arbitrary H-coalgebra d: Y — H(Y), first consider the cofree F-coalgebra
onY,saye: UrG(Y) — F(UrG(Y)), and then form the equaliser

E ={ueUrG(Y)|(K(e)o H(ey))(u) = (doey)(u)}.

The greatest invariant (] £ is then the carrier of the required F-coalgebra.]

6.4 Temporal logic for coalgebras

Modal logic is a branch of logic in which the notions of necessity and possibility are inves-
tigated, via special modal operators. It has developed into a field in which other notions like
time, knowledge, program execution and provability are analysed in comparable manners,
see for instance [119, 157, 214, 285, 186, 402, 74]. The use of temporal logic for reasoning
about (reactive) state-based systems is advocated especially in [356, 357, 314], concentrat-
ing on temporal operators for transition systems—which may be seen as special instances
of coalgebras (see Subsection 2.2.4). The coalgebraic approach to temporal logic extends
these operators from transition systems to other coalgebras, in a uniform manner, following
ideas first put forward by Moss [328], Kurz [294] and Pattinson [343], and many others, see
the overview papers [290, 295, 91]. This section will consider what we call temporal logic
of coalgebras, involving logical modalities that cover all possible transitions by a particu-
lar coalgebra. Section 6.5 deals with a more refined modal logic, with modalities capturing
specific moves to successor states. In this section we focus on (Kripke) polynomial functors
on Sets.
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We have already seen a few constructions with predicate lifting and invariants. Here we
will elaborate the logical aspects, and will in particular illustrate how a tailor-made tempo-
ral logic can be associated with a coalgebra, via a generic definition. This follows [229].
The exposition starts with “forward” temporal operators, talking about future states, and
will continue with “backward” operators in Subsection 6.4.1.

The logic in this section will deal with predicates on the state spaces of coalgebras. We
extend the usual boolean connectives to predicates, via pointwise definitions: for P, Q) C
X,

P ={reX|-P(x)}
PAQ={zeX|Px)NQ(x)}
P=Q={zeX|P(x)=Qx)} et

In Section 1.3 we have described a nexttime operator () for sequences. We start by gener-
alising it to other coalgebras. This O) will be used to construct more temporal operators.

6.4.1. Definition. Let c: X — F(X) be a coalgebra of a Kripke polynomial functor F'.
We define the nexttime operator O: P(X) — P(X) as:

OP = ¢! (Pred(F)(P)) = {x € X | c(z) € Pred(F)(P)}.
That is, the operation O: P(X) — P(X) is defined as the composite:

Pred(F) PEX) P(X)).

0= (P(x)
We understand the predicate O) P as true for those states z, all of whose immediate
successor states, if any, satisfy P. This will be made precise in Proposition 6.4.7 below.
Notice that we leave the dependence of the operator ) on the coalgebra ¢ (and the functor)
implicit. Usually, this does not lead to confusion.
Here are some obvious results.

6.4.2. Lemma. The above nexttime operator () satisfies the following properties.
(i) It is monotone: P C Q = QP C OQ. Hence it is an endofunctor P(X) —

‘P(X) on the poset category of predicates ordered by inclusion.

(ii) It commutes with inverse images: O(f~'Q) = f~1(O Q).

(iii) It has invariants as its coalgebras: P C X is an invariant if and only if P C O P.

(iv) It preserves meets (intersections) of predicates.

(v) The greatest invariant (1 P from Definition 6.3.1 is the “cofree ()-coalgebra” on
P: it is the final coalgebra—or greatest fixed point—of the operator S — P N (O S on
P(X).

Proof. We only illustrate the second and the last point. For a homomorphism of coalgebras
(X 5 FX) N 0% A FY') and a predicate Q C Y we have:

O(f™'Q) = ¢ 'Pred(F)(f Q)
= ¢ 'F(f)"'Pred(F)(Q) by Lemma 6.1.3 (ii)
= f~td " 1Pred(F)(Q) since f is a homomorphism
=/10Q).
For the last point of the lemma, first note that the predicate (J P is a coalgebra of the
functor P A O(—) on P(X). Indeed, O P C P A O(O P), because [J P is contained in
P and is an invariant. Next, [J P is the greatest such coalgebra, and hence the final one: if

Q C P A(QOQ,then @ is an invariant contained in P, so that @ C [J P. We conclude that
O P is the cofree O)(—)-coalgebra. a
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Notation Meaning Definition
oP nexttime P ¢ Pred(F)(P)
or henceforth P vS.(PANQOS)
O P eventually P -0O-P
PUQ PuntilQ | uS.(QV (PA-0O-S))

Figure 6.1: Standard (forward) temporal operators.

The nexttime operator () is fundamental in temporal logic. By combining it with nega-
tions, least fixed points y, and greatest fixed points v one can define other temporal opera-
tors. For instance - ) — is the so-called strong nexttime operator. It holds for those states
for which there actually is a successor state satisfying P. The table in Figure 6.4 mentions
a few standard operators.

‘We shall next illustrate the temporal logic of coalgebras in two examples.

6.4.3. Example. Douglas Hofstadter explains in his book Gédel, Escher, Bach [210] the
object- and meta-level perspective on formal systems using a simple “MU-puzzle”. It con-
sists of a simple “Post” production system (see e.g. [105, Section 5.1]) or rewriting system
for generating certain strings containing the symbols M, |, U. The meta-question that is
considered is whether the string MU can be produced. Both this production system and this
question (and also its answer) can be (re)formulated in coalgebraic terminology.

Let therefore our alphabet A be the set {M, |, U} of relevant symbols. We will describe
the production system as an unlabelled transition system (UTS) A* — Py (A*) on the the
set A* of strings over this alphabet. This is given by the following transitions (from [210]),
which are parametrised by strings z,y € A*.

zl — zIU Mz — Mz zllly — 2Uy 2UUy — xy.

Thus, the associated transition system A* — Pg,(A*) is given by:

wr— {z€ A" |3z e A*. (w =2zl A z=zlU)
V (w =Mz A z = Maz)
V3z,y € A*. (w=zllly A z = xzUy)
V (w=2zUUy A z = zy)}

It is not hard to see that for each word w € A* this set on the right-hand-side is finite.

The question considered in [210] is whether the string MU can be obtained from MI.
That is, whether Ml —™ MU. Or, to put it into temporal terminology, whether the predi-
cate “equal to MU” eventually holds, starting from MI:

o{w € A* |2 = MU} (M)

< -O(~{z € A* | 2 = MU})(MI)

<= —3P invariant. P C ~{z € A* | 2 = MU} A P(MI)
<= VP invariant. - (Y € P.a # MU) A P(MI))

<= VP invariant. PIMl) = 3z € P.x =MU

<= VP invariant. P(Ml) = P(MU).
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Hofstadter [210] provides a counter example, by producing an invariant P C A* for which
P(MI), but not P(MU), namely:

P(x) &L the number of Is in = is not a multiple of 3.

This P is clearly an invariant: of the above four parametrised transitions, the first and last
one do not change the number of I's; in the second transition Mz — Mz, if the number
of I’s in the right-hand-side, i.e. in 2, is 3n, then n must be even, so that the number of I's
in = (and hence in Mz) must already be a multiple of 3; a similar argument applies to the
third transition. Thus, property P is an invariant. Once we have reached this stage we have
P as counter example: clearly P(MI), but not P(MU). Thus MU cannot be obtained from
MI.

This proof is essentially the same proof that Hofstadter provides, but of course he does
not use the same coalgebraic formulation and terminology. However, he does call the
property P ‘hereditary’.

This concludes the example. The relation we have used between — ™ and <> will be
investigated more systematically below, see especially in Proposition 6.4.7.

Here is another, more technical, illustration.

6.4.4. Example. This example assumes some familiarity with the untyped lambda-calculus,
and especially with its theory of Bohm trees, see [54, Chapter 10]. It involves an opera-
tional model for head normal form reduction, consisting of a final coalgebra of certain
trees. Temporal logic will be used to define an appropriate notion of “free variable” on
these trees.

We fix a set V, and think of its elements as variables. We consider the polynomial
functor F': Sets — Sets given by

F(X)=1+(V*xV x X*) 6.9)

In this example we shall often omit the coprojections x, and simply write * for x1(x) €
1+ (V* x V x X*)and (U, w, @) for ko (¥, w, ) € 1+ (V* x V x X*). Also, we shall
write ¢: B = F(B) for the final F-coalgebra—which exists by Theorem 2.3.9.

Lambda terms are obtained from variables € V/, application M N of two A-terms
M, N, and abstraction Az. M. The main reduction rule is (A\z. M)N — M[N/z]. By
an easy induction on the structure of A-terms one then sees that an arbitrary term can be
written of the form Azy...xz,.yM;y ... M,,. The set A of A-terms thus carries an F-
coalgebra structure, given by the head-normal-form function hnf: A — F(A), see [54,
Section 8.3]: for M € A,

* if M has no head normal form
hnf(M) = if M has head normal form

(@1 os@nd o (Mo M)y My . M

We can now define the Bshm tree BT (M) of a A-term M via finality:

id + (id x id x BT*)

1+ (VX V XA) === ———— = S1+(V*xV xB*)
hnfT ETC
Ao = = = = +B
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We call the elements of B (abstract') Bohm trees. We do not really need to know what
these elements look like, because we can work with the universal property of B, namely
finality. But a picture may be useful. For A € B we can write:

A1 ... T, Y

A =1 o ((4)= RN

A ((Am)

where the second picture applies when ((A) = ((x1,..., %), ¥, (A1,..., Ap)). The X

is just syntactic sugar, used to suggest the analogy with the standard notation for Bohm
trees [54]. The elements of B are thus finitely branching, possibly infinite, rooted trees,
with labels of the form Az ... x,. y, for variables z;,y € V.

Using the inverse (~!: 1+ (B* x V x B*) — B of the final coalgebra we can explicitly
construct Bohm trees. We give a few examples.

e Letus write Lz € B for (~1(x). This the “empty” Béhm tree.

o The Bohm tree \z. z is obtained as (~!({z),z,()). In a similar way one can con-
struct various kind of finite Bohm trees. For instance, the S combinator Azyz. zz(yz)
is obtained as:

M@y 20,2 0,200, CHO s (O 2 O

Its picture is:
Aryz. x

/N

z Y

z

e Given an arbitrary Bohm tree A € B, we can define a new tree A\z. A € B via
A-abstraction:

M'A:{lg ) if C(A) = * )
¢z F,2,B)  if¢(A) = (7,2 B).

We proceed by using temporal logic to define free variables for Bohm trees. Such
a definition is non-trivial since Bohm trees may be infinite objects. Some preliminary
definitions are required. Let 2 € V' be an arbitrary variable. It will be used in the auxiliary
predicates Abs, and Hv, on Bohm trees, which are defined as follows: for B € B,

Abs,(B) < 3z1,...,2,.3B1,..., By
B=MXzy...2,.yB1 ... By, and x = z; for some ¢
Hv,(B) <= 3z1,...,2,.3B1,..., By,
B=Xt1...xp.yBy... By and x = y.

Thus Abs, describes the occurrence of z in the abstracted variables, and Hv,, that z is the
head variable.

'One may have a more restricted view and call “Bshm tree” only those elements in B which actually come
from A-terms, i.e. which are in the image of the function BT: A — B. Then one may wish to call the elements
of the whole set B3 “abstract” Bohm trees. We shall not do so. But it is good to keep in mind that the function BT
is not surjective. For example, Béhm trees coming from A-terms can only have a finite number of free variables
(as defined below), whereas elements of B can have arbitrarily many.
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For a Bohm tree A € B we can now define the set FV(A) C V of free variables in A
via the until operator ¢/ from Figure 6.4:

z € FV(4) <= (-Abs, U (Hv, A —Abs,))(A).

In words: a variable x is free in a Bohm tree A if there is a successor tree B of A in which
x occurs as “head variable”, and in all successor trees of A until that tree B is reached,
including B itself,  is not used in a lambda abstraction. This until formula then defines a
predicate on B, namely ‘z € FV(—)".

There are then two crucial properties that we would like to hold for a Bohm tree A.

1. If A= 1p,then
FV(A) = 0.

This holds because if A = L, then both Abs, (A) and Hv,(A) are false, so that the
least fixed point in Figure 6.4 defining U at A in z € FV(A) is uS. = (O —S. This
yields the empty set.

2. fA=Azy... 2. yAr ... Ay, then

FV(A) = ({y} UFV(A) U--- UFV(A,)) — {21, ..., 20 ).

This result follows from the fixed point property (indicated as ‘f.p.” below) defining
the until operator ¢/ in Figure 6.4:

z € FV(4) &L [-Abs, U (Hv, A —Abs,)](A)

&2 [(Hv, A —Abs,) V (=Abs, A = O =(z € FV(-)))](4)
<= —Abs,(A4) A (Hv,(4) v O ~(z € FV(-))(A4))

— ¢ {x1,...,x} A (:1: =yVviy<m.ze FV(A.,,))
= e ({y} UFV(A;))U---U FV(Am)) —A{z1,..., 2}

This shows how temporal operators can be used to define sensible predicates on infinite
structures. The generic definitions provide adequate expressive power in concrete situa-
tions. We should emphasise however that the final coalgebra B of Bohm trees is only an
operational model of the lambda calculus and not a denotational one: for instance, it is not
clear how to define an application operation B x B — B on our abstract Bohm trees via
coinduction. Such application is defined on the Bhm model used in [54, Section 18.3] via
finite approximations. For more information on models of the (untyped) A-calculus, see
e.g. [54, Part V], [225, Section 2.5], or [127].

Our next application of temporal logic does not involve a specific functor, like for Bohm
trees above, but is generic. It involves an (unlabelled) transition relation for an arbitrary
coalgebra. Before we give the definition it is useful to introduce some special notation, and
some associated results.

6.4.5. Lemma. For an arbitrary set X and an element x € X we define a “singleton” and
“non-singleton” predicate on X as:

(=) ={yeX|y=ua}
(#2)={yeX|y#a}

{z}.
=(-=x).

Then:
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(i) For a predicate P C X,
PC(#1) < ~P).
(ii) For a function f:Y — X,
)= ) Ao
yef~i(=)

(iil) And for a Kripke polynomial functor F and a predicate Q C F(X),

Pred(F)(Q) = {z € X | Q £ Pred(F)(- # 2)}

where Ered(F) is the “predicate lowering” left adjoint to predicate lifting Pred(F') from
Subsection 6.1.1.

These “non-singletons™ (- # x) are also called coequations, for instance in [166, 16,
388], and pronounced as “avoid x”. They are used for a sound and complete logical deduc-
tion calculus for coalgebras via a “child” rule (capturing henceforth [J) and a “recolouring”
rule (capturing X, see Exercise 6.8.8). Here these coequation (- # x) arise naturally in a
characterisation of predicate lowering in point (iii).

Proof. Points (i) + (ii) follow immediately from the definition. For (iii) we use (i) in:

S Ered(F)(Q) — Ered(F)(Q) Z (-#x)
= Q ¢ Pred(F)(- # ). a
In Proposition 6.1.9 we have seen an abstract way to turn an arbitrary coalgebra into an

unlabelled transition system. Here, and later on in Theorem 6.4.9, we shall reconsider this
topic from a temporal perspective.

6.4.6. Definition. Assume we have a coalgebra c: X — F(X) of a polynomial functor
F. On states z, 2’ € X we define a transition relation via the strong nexttime operator, as:

r—a < aze(-0)( =2
= ¢ O(#2)
<> cx) & Pred(F)((- # 2')).

This says that there is a transition 2 — 2’ if and only if there is successor state of 2 which
is equal to z’. In this way we turn an arbitrary coalgebra into an unlabelled transition
system.

We shall first investigate the properties of this new transition system —, and only later
in Theorem 6.4.9 show that it is actually the same as the earlier translation from coalgebras
to transition systems from Subsection 6.1.1.

So let us first consider what we get for a coalgebra ¢: X — P(X) of the powerset
functor. Then the notation  —» 2’ is standardly used for z’ € ¢(x). This coincides with
Definition 6.4.6 since:

€O #a') < v &c ! (Pred(P)(- #2'))
> c(w) g {alac (£}
< c(z) € {a|a’ ¢a}, by Lemma 6.4.5 (i)
— 2’ € ¢(x).
Now that we have gained some confidence in this temporal transition definition, we

consider further properties. It turns out that the temporal operators can be expressed in
terms of the new transition relation.
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6.4.7. Proposition. The transition relation — from Definition 6.4.6, induced by a coalge-
bra X — F(X), and its reflexive transitive closure —", satisfy the following properties.

(i) For a predicate P C X,
(a) OP={z e X |V2'.z — 2/ = P(z')}
(b) P ={z € X |Va'.a —" 2/ = P(2')}
(c) OP={z € X |2 —"2' AP()}.
This says that the temporal operators on the original coalgebra are the same as the
ones on the induced unlabelled transition system.

(ii) For a predicate P C X, the following three statements are equivalent.

(a) P is an invariant;
(b) Yx,2' € X. P(x) No — o/ = P(a');
(c) Vz,2' € X.P(z) ANz —" 2/ = P(a').

(iii) For arbitrary states v,x’ € X, the following are equivalent.
(a) © —" a';
(b) P(z) = P(a'), for all invariants P C X;
(c) x € $(- = a’), i.e. eventually there is a successor state of x that is equal to
x.

Proof. (i) We reason as follows.

z € QP <= ¢(x) € Pred(F)(P)
<= {c(z)} C Pred(F)(P)
= Pred(F)({c(a)}) C P
= Va'.a' e ]{?lii(F)({c(Jc)}) = P(z')
<= Va'. {c(z)} € Pred(F)(- # 2’) = P(2’), by Lemma 6.4.5 (iii)
<= Va'.¢(x) & Pred(F)(- # a') = P(a')
= Va'.x — 2/ = P(af).

For the inclusion (C) of (b) we can use (a) an appropriate number of times since (] P C
OOPandOP C P. For (D) we use that the predicate {z | Va'.2 —" 2’ = P(z')}
contains P and is an invariant, via (a); hence it is contained in (] P.

The third point (c) follows directly from (b) since { = -1

(ii) Immediate from (i) since P is an invariant if and only if P C O P, if and only if
pPCcOP.

(iii) The equivalence (b) < (c) follows by unfolding the definitions. The implication
(a) = (b) follows directly from (ii), but for the reverse we have to do a bit of work. Assume
P(x) = P(2') for all invariants P. In order to prove & —" 2/, consider the predicate
Qy) PSRN y. Clearly Q(z), so Q(z’) follows once we have established that Q
is an invariant. But this is an easy consequence using (ii): if Q(y), ie. * —" y, and
y — v/, then clearly x —™ ¢/, which is Q(y/). a

6.4.1 Backward reasoning

So far in this section we have concentrated on “forward” reasoning, by only considering
operators that talk about future states. However, within the setting of coalgebras there is
also a natural way to reason about previous states. This happens via predicate lowering
instead of via predicate lifting, i.e. via the left adjoint lLed(F) to Pred(F), introduced in
Subsection 6.1.1.
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It turns out that the forward temporal operators have backward counterparts. We shall
use notation with backwards underarrows for these analogues: Q Q and Q are backward
versions of (), O and {.

6.4.8. Definition. For a coalgebra ¢: X — F(X) of a polynomial functor F', and a predi-
cate P C X onits carrier X, we define a new predicate lasttime P on X by

QP = Pred(F)(II, P) = Pred(F)({e(x) | = € P}).

Thus:

O=

red(F
0= (Px) AL by _pred® |

PXY)).
This is the so-called strong lasttime operator, which holds of a state « if there is an (im-
mediate) predecessor state of x which satisfies P. The corresponding weak lasttime is
~0-
One can easily define an infinite extension of Q, called earlier:
(Q P = “the least invariant containing P”
= {z € X |VQ, invariant. P C Q = Q(x)}
= (@ 2 P | Q is an invariant}.

This predicate & P holds of a state z if there is some (non-immediate) predecessor state
of x for which P holds.

Figure 6.4.1 gives a brief overview of the main backward temporal operators. In the re-
mainder of this section we shall concentrate on the relation between the backward temporal
operators and transitions.

But first we give a result that was already announced. It states an equivalence between
various (unlabelled) transition systems induced by coalgebras.

6.4.9. Theorem. Consider a coalgebra c: X — F(X) of a Kripke polynomial functor F.
Using the lasttime operator Q one can also define an unlabelled transition system by

x — 2! <= “there is an immediate predecessor state of x' which is equal to x”
— '€ S =2x).
Q=)
This transition relation is then the same as

(i) = & O(- # 2') from Definition 6.4.6;
(i) 2’ € sts(c(x)) = M(F)({c(z)}), used in the translation in (6.4).

Proof. All these forward and backward transition definitions are equivalent because:

S (Q( =z) <= a2’ € M(F)(]_L( = x)) by Definition 6.4.8
— a2’ € M(F)({c(z)}) as used in (6.4)
<= {c(x)} € Pred(F)(- # 2’) by Lemma 6.4.5 (iii)
— 2¢O #2) as used in Definition 6.4.6. ]

Finally we mention the descriptions of the backward temporal operators in terms of
transitions, like in Proposition 6.4.7 (i).

6.4.10. Proposition. For a predicate P C X on the state space of a coalgebra,
() QP ={zeX|Iyy—zAPy}
(i) Q P={reX|Iyy —" "z A P(y)}
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Notation Meaning Definition Galois connection
Q P lasttime P lLed(F)(]_[c P) Q 10
QP (sometime) earlier P uS. (P Vv Q S) & -0
Q P (always) before P ﬁ(Q -P O Q

PSQ P since Q }LS.(Q\/(P/\QS))

Figure 6.2: Standard (backward) temporal operators.

(i) DP={ze X |Vy.y — 2 = Py}

Proof. Assume that c: X — F'(X) is the coalgebra we are dealing with.
@) OF = Pred(F)({e(y) |y € P})
= Pred(F)(Uyepfe®)})
= Uyer Ercd(F)({c(y)}) since Pred(F) is a left adjoint
= {zEXHyGP.zE(Q(-:y)}
={reX|3y.y—zAPy}
(ii) Letus write P’ = {z € X | y.y —" = A P(y)} for the right hand side. We
have to prove that P’ is the least invariant containing P.

e Clearly P C P’, by taking no transition.

e Also P’ is an invariant, by Proposition 6.4.7 (ii): if P'(x), say with y —" = where
P(y), and z — 2/, then also y — " &’ and thus P’(2").

e If Q C X is an invariant containing P, then P’ C Q: if P'(z), say withy —" =
where P(y); then Q(y), and thus Q(x) by Proposition 6.4.7 (ii).

(iii) Immediately from the definition Q == Q - a
Exercises
6.4.1.  Consider the transition system A* — Ps,(A*) from Example 6.4.3, and prove:

O({z € A* | Jy € A"z = My})(MI).
This property is also mentioned in [210]. In words: each successor of Ml starts with M.
6.4.2.  Prove the following “induction rule of temporal logic”:
PAOP=QOP)COP.

[Aside: using the term ‘induction’ for a rule that follows from a greatest fixed point property

is maybe not very fortunate.]
6.4.3.  Prove that for a predicate P on the state space of coalgebra of a Kripke polynomial functor,

_ n _ n
oP=O"P ad oP=|JO"P
neN neN

(Where O° P = P,and Q"' P = O Q" P, and similarly for ((_)4)

6.4.4.  Prove that:

DU =70Q) UL P =1,0P o0l P) =11, P)

when f is a homomorphism of coalgebras.
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6.4.5.

6.4.6.

6.4.7.

6.4.8.

6.4.9.

6.4.10.

6.4.11.
6.4.12.

6.4.13.

Consider coalgebras ¢: X — M (X)andd: Y — D(Y) of the multiset and distribution
functors. Use Exercise 6.1.4 to prove:

O(P C X) = {z|Va'.c(x)(x) £ 0 = P()}.

Whatis J(Q C Y)?

Prove that the least fixed point 2 O of the nexttime operator O): P(X) — P(X) can be
characterised as:

1O = {x € X | there are no infinite paths  — 1 —> z2 —> -+~ }.

Consider the transition relation — from Definition 6.4.6, and use Lemma 6.4.5 (ii) to
prove that for a homomorphism f: X — Y of coalgebras,

flx) —y <= Fa'.a— 2 A f@)=y.

Note that this states the functoriality of the translation from coalgebras to transition systems
like in (6.4).

Show that each subset can be written as intersection of non-singletons (coequations): for
UcCX,
U= ) (#a).
ze-U
This result forms the basis for formulating a (predicate) logic for coalgebras in terms of
these “coequations” (- # ), see [166].

Prove—and explain in words—that
t—"d = ep(=2).

[The notation (z) = {2’ | # —" 2’} and (P) = {2’ | 3z € P.x —" 2/} is used
in [378] for the least invariants O {w} = © (- = «) and P containing an element « or
a predicate P.]

Verify the Galois connections in Figure 6.4.1.
[Such Galois connections for temporal logic are studied systematically in [264, 229].]

Check that PU P = P.

The following is taken from [111, Section 5], where it is referred to as the Whisky Problem.
It is used there as a challenge in proof automation in linear temporal logic. Here it will be
formulated in the temporal logic of an arbitrary coalgebra (of a Kripke polynomial functor).
Consider an arbitrary set A with an endofunction h: A — A. Let P: A — P(X) be a
parametrised predicate on the state space of a coalgebra X, satisfying for a specific a € A
andy € X:

0 P(a)(y)s

(i) Vbe A.P(b)(y) = P(h(b))(y):

(i) O ({z € X | Vb€ A. P(h(b))(z) = O(P(b))(x)}) (v)-

Prove then that (1(P(a))(y).

[Hint. Use Exercise 6.4.3.]

Describe the nexttime operator () as a natural transformation PU = PU, like in Corol-
lary 6.1.4, where U: CoAlg(F) — Sets is the forgetful functor and P is the contravari-
ant powerset functor. Show that it can be described as a composition of natural transforma-
tions:

pU—2 s ppy

Prcd(F)N /c’lU
PFU
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6.4.14.  Prove that the “until” and “since” operators U, S: P(X) x P(X) — P(X) on the state
space X of a coalgebra (see Figures 6.4 and 6.4.1) can be described in the following way
in terms of the transition relation — C X x X from Definition 6.4.6.

PUQ = {z|3In.Tzo,...,xn.z0 =2 A (Vi <n.zi — xit1) A Q(zn)
AVi < n.P(zi)}
PSQ = {z|3In.3zo,...,xn.zn =z A (Vi <n.zi — zi1) A Q(z0)

AV > 0. P(xi)}.

6.4.15.  We consider the strong nexttime operator — () — associated with a coalgebra, and call a
predicate P maintainable if P C - () —P. Notice that such a predicate is a = () —-
coalgebra.

(i) Investigate what this requirement means, for instance for a few concrete coalgebras.

(ii) Let us use the notation EA P for the greatest maintainable predicate contained in P.
Describe EA P in terms of the transition relation — from Definition 6.4.6.

(iii) Similarly for AE P & EA-P

[Operators like EA and AE are used in computation tree logic (CTL), see e.g. [119] to

reason about paths in trees of computations. The interpretations we use here involve infinite

paths.]

6.5 Modal logic for coalgebras

In the previous section we have seen a temporal logic for coalgebras based on the nexttime
operator (), see Definition 6.4.1. The meaning of O) P is that the predicate P holds in
all direct successor states. This operator is very useful for expressing safety and liveness
properties, via the derived henceforth and eventually operators [J and <), expressing “for
all/some future states ...”. But this temporal logic is not very useful for expressing more
refined properties dealing for instance with one particular branch. Modal logics (including
dynamic logics [186]) are widely used in computer science, to reason about various kinds
of dynamical systems. Often they are tailored to a specific domain of reasoning. As usual in
coalgebra, the goal is to capture many of these variations in a common abstract framework.

Consider a simple coalgebra ¢ = (cq,¢2): X — X x X involving two transition maps
¢1,¢2: X — X. The meaning of O(P) from temporal logic for this coalgebra is:

O(P) = {z|ci(z) € P Acao(x) € P}.

Thus it contains those states z all of whose successors ¢; () and ¢o () satisfy P. It would
be useful to have two separate logical operators, say O); and (O, talking specifically about
transition maps ¢; and ¢z respectively, as in:

O1(P) = {z| c1(x) € P} and Os(P) = {z | ca(x) € P}. (6.10)

Coalgebraic modal logic allows us to describe such operators.

To see another example/motivation, consider a coalgebra c: X — My(X) of the mul-
tiset (or bag) functor My, counting in the natural numbers N. Thus we may write 2 — 2/
if c(z)(2") = n € N, expressing a transition which costs for instance n resources. For each
N € N, a so-called graded modality Oy, see [122], is defined as:

On(P) = {z | Va' . c(z)(2’) > N = P(a')}.

This section describes how to obtain such operators in the research field known as ‘coalge-
braic modal logic’. The approach that we follow is rather concrete and “hands-on”. The
literature on the topic is extensive, see e.g. [328, 294, 371, 343, 289, 272, 287, 251], or the
overview papers [290, 295, 91], but there is a tendency to wander off into meta theory and
to omit specific examples (and what the modal logic might be useful for).
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We begin with an abstract definition describing the common way that coalgebraic logics
are now understood. It involves a generalised form of predicate lifting, as will be explained
and illustrated subsequently. An even more abstract approach will be described later on, in
Subsection 6.5.1.

6.5.1. Definition. For a functor F': Sets — Sets, a coalgebraic modal logic is given by
a “modal signature functor” L: Sets — Sets and a natural transformation:

p=Ls PR,

where P = 2(7): Sets®® — Sets is the contravariant powerset functor.

Givensucha d: LP = PF, each F-coalgebra c: X — F(X) yields an L-algebra on
the set of predicates P(X), namely:

L(P(X)) 5—X>P(F(X)) ﬂm(x).

This yields a functor CoAlg(F)°P — Alg(L).

Recall from Corollary 6.1.4 that predicate lifting yields a functor Pred(F'): P = PF.
In the above definition this is generalised by adding a functor L in front, yielding LP =
PF. This L makes more flexible liftings—and thus more flexible modal operators—
possible, as will be illustrated next. A less general, and more clumsy approach, using
“ingredients” of functors is used in [227]. One can think of the L as describing the type of
these ingredient operators, which becomes explicit if one considers the induced L-algebra
L(P(X)) — P(X). For instance, for two operators (6.10) we use L(Y) =Y + Y, so that
we can describe the pair of nexttime operators in (6.10) as L-algebra:

L(P(X)) =P(X)+P(X) M P(X)

arising according to the pattern in the definition via a map ¢ in:

LP(X) = P(X) + P(X) o p(x < x) 22 ik

where 6 = [01,d2]: L(P(X)) = P(X x X) is given by:

a(P) =m"' = P(m) 8(P) = my " = P(m)
= {(z1,22) € X x X | P(z1)} = {(z1,22) € X x X | P(x2)}.

Then indeed, O;(P) = (c1,c2) P o d 0w =c¢; L.
We turn to a more elaborate illustration.

6.5.2. Example. Suppose we wish to describe a simple bank account coalgebraically. It in-
volves a state space X, considered as black box, accessible only via the next three balance,
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deposit and withdraw operations.

for learning the balance of the account, which,
bal: X — N for simplicity, is represented as a natural num-
ber;

dep: X xN — X

for depositing a certain amount of money, given
as parameter, into the account;

for withdrawing a certain amount of money,
given as parameter, from the account; the
first/left output option of + is used for a suc-
cessful withdrawal, when the balance before the
withdrawal exceeds the retrieved amount. The
second/right +-option is used for unsuccessful
withdrawals; in that case the balance remains
unchanged.

wdw: X x N — X + X

Together these maps form a coalgebra of the form:

bal, dep, wdw'
X <'—p>>F(X) for F(X)=NxXNx(X+Xx)V

We would like to express the above informal descriptions of the behaviour of this coalgebra
in precise logical terms, using modal operators. Therefore we define predicates:

balln = {z € X | bal(z) =n}
[dep(n)](P) = {z € X | dep(z,n) € P}.

Now we can require:

bal L m + [dep(n)](bal L(m +n)),

where - should be understood as subset inclusion C. Obviously this captures the intended
behaviour of “deposit”.

The modal operator for withdrawal is more subtle because of the two output options in
X + X. Therefore we define two modal operators, one for each option:

wdw(n)];1(P) = {z € X | Va'.wdw(z,n) = k12’ = P(2')}
wdw(n)]2(P) = {z € X | Va'. wdw(z,n) = koo’ = P(2/)}.
One may now expect a requirement:
bal L(m +n) - [wdw(n)]; (bal L m).
But a little thought reveals that this is too weak, since it does not enforce that a successful

withdrawal yields an output in the first/left +--option. We need to use the derived operator
(f)(P) = =[f](—=P) so that:

(wdw(n));(P) = —[wdw(n)];(—=P) = {x € X | 32’.wdw(z,n) = k;a’ A P(2')}.
Now we can express the remaining requirements as:
bal [(m +n) - (wdw(n)) (bal | m) bal [(m) + (wdw(m +n+ 1))z (bal L m).
Thus we have used four logical operators to lay down the behaviour of a bank account,

via restriction of the underlying coalgebra X — F(X). Such restrictions will be studied
more systematically in Section 6.8. Here we concentrate on the modal/dynamic operations.
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The four of them can be described jointly in the format of Definition 6.5.1, namely as
4-cotuple:
[bal(-), [dep(-)], [wdwi(-)], [wdwi(-)]],

forming an algebra:
N+ (NxP(X))+ (NxP(X))+ (N x P(X)) —— P(X). (6.11)

Itis an algebra L(P(X)) — P(X) for the modal signature functor L: Sets — Sets given
by:
LY)=N+4+(NxY)+ (NxY)+ (NxY).

The algebra of operators (6.11) is the composition of two maps:

L(P(X)) P(X),

where ¢ = (bal,dep, wdw): X — F(X) = Nx XN x (X+X)"is the coalgebra involved.
The map ¢: L(P(X)) — P(F(X)) is a 4-cotuple 0 = [Opal, ddep, waw, 1, dwdw,2], Where:

doal(n) = {(m, f,9) € F(X) | m=n}
ddep(n, P) = {(m, f,g) € F(X) | f(n) € P}
Swaw,1(n, P) = {(m, f,g) € F(X) |V»L g(n) = mz = P(x)}
dwaw,2(n, P) = {(m, f.g9) € F(X) | Vz.g(n) = r2x = P(x)}.

It is not hard to see that this § is a natural transformation LP = PF.

A next step is to see how the modal signature functor L and the natural transformation
0: L'P = PF in Definition 6.5.1 arise. In general, this is a matter of choice. But in many
cases, for instance when the functor is a polynomial, there are some canonical choices. We
shall illustrate this in two steps, namely by first defining coalgebraic logics for several basic
functors, and subsequently showing that coalgebraic logics can be combined via several
constructions, like composition and (co)product. A similar, but more language-oriented,
modular approach is described in [92].

6.5.3. Definition. Coalgebraic logics (L, LP LN ‘PF) can be defined when F is the iden-
tity / constant / powerset / multiset / distribution functor in the following manner.

(i) For the identity functor id: Sets — Sets we take L = id, with identity natural
transformation:

§ =id
L(P(X)) =P(X) — P(X) = P(id(X)).

(ii) For a constant functor K 4: Sets — Sets, given by K4(X) = A, we also take

L = K 4, with singleton (unit) map:

LP(X)) = A Bkl bl AN P(A) = P(KA(X)).

(iii) For the (covariant) powerset functor P we take L = id, with:

L(P(X)) = P(X) — 2 P(P(X))

given by 6(P) = {U € P(X) | U C P}. For the finite powerset functor P, an analogous
map P(X) — P(Pin(X)) is used.
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(iv) For the distribution functor D: Sets — Sets take L(Y) = [0,1]q x Y, where
[0,1]g = [0,1] N Q is the unit interval of rational numbers. The associated natural trans-
formation follows the ideas of [196]:

LP(X)) = [0, 1]g x P(X) —— P(DX),

where §(r, P) = {¢ € D(X) | Va'. p(z)(2) > r = P(a')}.

(v) The same coalgebraic modal logic can be used for the multiset functor My, as-
suming the monoid carries an order. This yields the graded operators, as sketched in the
beginning of this section for the multiset/bag functor My over the natural numbers.

(vi) For the neighbourhood functor N'(X) = 22%) from Exercise 2.2.7 one takes L =
id with natural transformation:

L(P(X)) = P(X) — 2 P X) = PPP(X),

givenby 6(P) ={V e PP(X) | Pe V}.

6.5.4. Lemma. Coalgebraic modal logics can be combined in the following ways.

(i) For two functors Fy, Fy: Sets — Sets, with coalgebraic modal logics (L;,d;),
there is also a coalgebraic modal logic for the composite functor Fy o Fy, namely Ly o Ly
with natural transformation given by:

Li(6 5
L1L27?(X)4>1(2’X) LPF(X) —2% PR Ry(x).

(ii) Given an I-indexed collection of functors (F;);cr with logics (L;, 0;) we define a
modal signature functor L(Y) = [1,.; Li(Y) for the coproduct functor ||,.; F;, with
natural transformation:

el i€l

LP(X) = ey L(P(X)) L 0) 0 et

P(Iies Fi(X))-
(Here we write P(r;): P(Fi(X)) — P(I1; Fi(X)) for the direct image, using P as a
covariant functor.)

(iii) Similarly, for a product functor T]
ated modal signature functors, with:

ic1 Fi we use the coproduct [J;¢; Li of associ-

(w7 0 bilier

L(P(X)) = [Lie; Li(P(X)) —————— P([Lie; Fi(X)).

(iv) As special case of the previous point we make the exponent functor F4 explicit. It
has a modal signature functor A x L(—), assuming a coalgebraic modal logic (L, d) for
F, with natural transformation:

Ax L(P(X)) ————— P(F(X)*),
given by (a,u) = {f € F(X)* | f(a) € 6(u)}.

Proof. One only has to check that the new §’s are natural transformations; this is easy.

As aresult, each Kripke polynomial functor has a (canonical) coalgebraic modal logic.
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6.5.1 Coalgebraic modal logic, more abstractly

In Definition 6.5.1 we have introduced a coalgebraic modal logic for a functor F' as a
pair (L,d), where 6: LP = PF. As we have seen, this approach works well for many
endofunctors on Sets. Still, the picture is a bit too simple, for two reasons.

e Modal operators usually satisfy certain preservation properties. In particular, almost
all of them preserve finite conjunctions (T, A). This can be captured by restricting
the modal signature functor L, from an endofunctor on Sets to an endofunctor on
the category MSL of meet semilattices.

The approach is defined for endofunctors on Sets, and not for endofunctors on an
arbitrary category. In order to take care of this additional generality we will use the
more general logic described in terms of factorisation systems in Section 4.3.

We will tackle both these issues at the same time. We proceed in a somewhat informal
manner, and refer to the literature [295] for further details and ramifications.

Let F': C — C be an endofunctor on a category C with a logical factorisation system
(90, €). Recall from Lemma 4.3.4 that it gives rise to an indexed category:

ed(—)
C°? ———  MSL

since for each object X € C the poset Pred(X) of predicates (I +— X) € 9t on X has
finite meets T, A; additionally, a map f: X — Y in C yields a finite meet preserving
substitution functor Pred(f) = f~!: Pred(Y) — Pred(X) by pullback.

In this general situation, a coalgebraic modal logic for /': C — C consists of a functor
L: MSL — MSL together with a natural transformation 6: LPred = PredF. Thus, §
is a natural transformation between the following two parallel functors:

Pred ppsp, —L
op

T —5

Pred

C MSL

In Exercise 6.5.9 it is shown that all coalgebraic models described in Definition 6.5.3 live
in this way in the category MSL, except the neighbourhood functor N. Also, by Exer-
cise 6.5.8 all the constructions on coalgebraic modal logics in Lemma 6.5.4 can be per-
formed in the category MSL.

A coalgebra c: X — F(X) in the base category C gives rise to an L-algebra, as before
in Definition 6.5.1, but this time in the category MSL:

5 ¢~ = Pred(c)
L(Pred(X)) —— Pred(F (X)) —————— Pred(X).
As before, this yields a functor Pred: CoAlg(F)°? — Alg(L).
Next assume that the functor L: MISL — MSL has an initial algebra. We shall write
it as:
L(Form) ————— Form, (6.12)

where ‘Form’ stands for ‘formulas’. This set Form € MSL is by construction closed
under finite conjunctions (T, A) and comes equipped with modal operators via the above
algebra L(Form) — Form. By initiality we get a unique homomorphism in MSL:

L(Form) — {(ﬂ—iﬂ’—) -+ L(Pred(X))
%J/ J/Prcd(c) X (6.13)

Form— — - — — — - Pred(X)
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It maps a formula ¢ € Form to its interpretation [ ¢ [ € Pred(X), as an 9-subobject of
the state space X . This map [ — || preserves finite meets and preserves the modal operators.

6.5.5. Remark. The collection Form € MSL of logical formulas defined in (6.12) has
finite meets by construction. What if would like to have all Boolean operations on formu-
las? The obvious way would be to construct Form as an initial algebra in the category
BA of Boolean algebras. But this approach does not work, because in general the modal
operations L(Form) — Form only preserve finite meets, and for instance not — or V.
There is a neat trick around this, see e.g. [251, 295]. We use that the forgetful functor
U: BA — MSL from Boolean algebras to meet semilattices has a left adjoint F': MSL —
BA—which follows from Exercise 5.4.15 (iii). Now we consider the functor:

= (BA U mst L msL £ BA).

There is now a direct (adjoint) correspondence between L'- and L-algebras: for a Boolean
algebra B,

FLU(B)=L'(B)—— B in BA
L(UB)——UB  inMSL

Thus if we now define the collection Form' as initial algebra of the functor L’ in BA,
then Form’ carries all Boolean structure and has modal operators L(Form') — Form'
that preserve only finite meets.

In order to proceed further we need another assumption, namely that the predicate
functor Pred: C°? — MSL has a left adjoint S. Thus we have an adjoint situation:

Pred

— %
e T 'MSL 6.14)

S

Exercise 6.5.7 deals with some situations where this is the case. Such “dual” adjunctions
form the basis for many dualities, see [256], relating predicates and states, for instance in
domain theory [5], probabilistic computing [281], or in quantum computing [112, 239], see
also Exercise 5.4.11.

In presence of this adjunction (6.14), two things are relevant.

e The natural transformation 6: LPred = PredF, forming the modal coalgebraic
logic for the functor F, bijectively corresponds to another natural transformation 4,
as in:

LPred % PredF

(6.15)
FS :3>SL

‘Working out this correspondence is left to the interested reader, in Exercise 6.5.10.

e We can take the transpose of the interpretation map [—].: Form — Pred(X)
from (6.13). It yields a “theory” map th. : X — S(Form) that intuitively sends
a state to the formulas that hold for this state. The relation containing the states for
which the same formulas hold is given as kernel/equaliser =.— X x X in C:

the om
=.=Ker(th.) —— X x X :l; S(Form) (6.16)

the o o
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An important question is how this relation = relates to the notions of indistinguishability
that we have seen for coalgebras. It turns out that the behavioural equivalence (cospan)
definition works best in this situation. The next result is based on [385] and also, in more
categorical form, on [346, 273, 251].

6.5.6. Theorem. Consider the situation described above, where the functor F: C — C
has a modal coalgebraic logic 6: LPred = PredF with initial algebra L(Form) E
Form, and where there is a left adjoint S to the indexed category Pred: C°? — MSL
associated with the logical factorisation system (9, €) on C, like in (6.14).

(i) Observationally equivalent states satisfy the same logical formulas: each kernel of
a coalgebra map factors through the equaliser =, — X x X in (6.16).

(ii) If the functor F preserves abstract monos (in 9) and the transpose 6: FS = SL
in (6.15) consists of abstract monos, then the converse is also true: states that make the
same formulas true are observationally equivalent.

The latter property is usually called expressivity of the logic, or also the Hennessy-
Milner property. Originally, this property was proven in [198], but only for finitely branch-
ing transition systems. The most significant assumption in this much more general theorem
for coalgebras is the d-injectivity property of the coalgebra modal logic.

Proof. (i) Assume a map of coalgebra f: X — Y, fromec: X —» F(X)tod: Y —
F(Y), with kernel:

(k1, ka) fom
Ker(f) ———— X fo:&Y
O T2

By initiality we get Pred(f) o [—]q = [—]. in:

L(Form) ———— L(Pred(Y)) ———— L(Pred(X))

%J Pred(%) o dy Pred(é) odx
S i
[[_ ]]c

Now we can see that Ker( f) factors through the equaliser =, — X x X in (6.16):
theo ki = S([—1]c) omoky

(

(Pred(f) o [—]a) © S(Pred(k1)) o
(Pred(kl o Pred(f) o [[7]]61) on
(
(

S
S
S

Pred(foki)o[—]a) on
S(Pred(f o ko) o [—]a) on

= th. o ks.

(ii) We first observe that the transpose & makes the following diagram commute:

F(th,) 5

F(X) —— FS(Form)——— SL(Form)
T %’TS(C&)
X S(Form)

the
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where we write the initial algebra map in (6.12) as a: [i(Form) = Form. Commutation
of this rectangle follows from the explicit description 6 = SL(n) o S(d) o ¢ in Exer-
cise 6.5.10:
80 F(the) oc = SL(n) o S(8) oo F(the)oc
= SL(n) o S(0) o SPred( (the)oc)oe
= S(Pred(c) o PredF(th.) o 6 o L( 7])) oe

= S(Pred(c) o § o LPred(th.) o L(n)) o €
= S(Pred(c) o d o L([—]. ))
=8([-Jcoa)oe by (6.13)
= S(a) o S(Pred(thc) on)oe
= S(a) o §(n) o SPred(th.) o e
= S(a)o8(n)oeoth.
= S(a) o th,

Next we take the factorisation of the theory map th,. in:
the = (X L&Y»L S(Form))

Since the functor F' preserves maps in 91 a coalgebra d can be defined on the image Y via
diagonal-fill-in:

X d 34
cl -7 Im
F(X) d-- S(Form)

F(e)l - NlS(a
F(Y) bm FS(Form) DT SL(Form)
In particular, the abstract epi e is a map of coalgebras ¢ — d.
If we write (r1,72): =.— X x X for the equaliser map in (6.16), then, by construc-
tion:
moeory = theory = theorg = moeorsy.

Since m is monic, this yields e o 71 = e o r9. Thus =, is contained in the kernel Ker(e)
of a map of coalgebras. Hence, states related by =, are behaviourally equivalent. a

6.5.2 Modal logic based on relation lifting

What we have described above is coalgebraic modal logic based on (an extension of) pred-
icate lifting. The first form of coalgebraic modal logic, introduced by Moss [328], was
however based on relation lifting. This lifting is applied to the set membership relation €,
like in Lemma 5.2.7. In fact, the distributive law V: F'P = PF described there captures
the essence of the logic. This V is understood as a so-called logical “cover” operator. It
leads to a non-standard syntax, which we briefly illustrate.

o Consider the functor F'(X) = X x X, as used in the beginning of this section. It
leads to an operator V: P(X) x P(X) — P(X x X), given by:
V(P,Q) = {(z,2') | P(x) A Q(z")}.

We see that V works on multiple predicates at the same time, and also returns a
predicate that combines the application of these predicates. (In fact, in this case we
get the “double strength” operator dst for the powerset from Exercise 5.2.12.)
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o Next consider the “bank account” functor F(X) = N x XV x (X + X)V from
Example 6.5.2. The associated V: F(P(X)) — P(F(X)) takes the form:

V(n,P,Q) = {(m, f,g) € F(X)|m=nAVkeN. f(k) e P(k)A
Va,U.g(k) = kix = Q(k) = s;U ANz e U}

With some effort one can recognise within this formulation the four logical operators
bal |(—), [dep(—)], [wdw;(—)], [wdw;(—)] that we used in Example 6.5.2. But
certainly, this V is not very convenient or illuminating: just try to formulate the bank
requirements using V.

Hence this V-based modal logic is mostly of theoretical interest. There are ways of
translating between modal logic based on predicate lifting and this V-logic bases on re-
lation lifting, see [295]. In that case it is convenient to use also n-ary coalgebraic modal
logics, involving maps 6: P(X™) — P(FX).

One advantage that is sometimes claimed for this V-logic is that it is generic, in the
sense that the logical syntax is obtained directly from the functor and does not require
a choice of (L, d) like in Definition 6.5.1. However, this argument is hardly convincing
if it leads to such a non-standard syntax. Moreover, having more choice and flexibility
can be both useful and convenient—in the presence of good default choices, as offered by
Definition 6.5.3 and Lemma 6.5.4. For instance, consider the multiset/bag functor My. If
we wish for n,m € N a modality O, ,,, that selects the outcomes in the interval [n, m],
we can do so easily via the predicate lifﬁng based coalgebraic modal logic, via the functor
L(Y)=NxNxY,withd: LP = PMy given by:

d(n,m, P) = {¢ € Mn(X) |Vo.n < ¢(x) <m = P(z)}.

Here we conclude our brief introduction to coalgebraic modal logic. It is one of the
more active subfields in coalgebra, involving much more than was covered here, like proof
theory, decidability, and extensions like fixed point logic. We refer to [290] for more infor-
mation and references.

Exercises
6.5.1.  Check that coalgebraic temporal logic (see Section 6.4) is a special case of coalgebraic
modal logic.

6.5.2.  Show that a coalgebraic modal logic 6: LP = PF induces a functor CoAlg(F)°® —
Alg(L), as claimed in Definition 6.5.1, and that it makes the following diagram commute.

CoAlg(F)® —— Alg(L)

|,

Sets”> ———— Sets

6.5.3.  Consider in Example 6.5.2 the (senseless) action wdw/(0) of withdrawing nothing. Accord-
ing to the requirements given there, does wdw/(0) end up in the left or in the right option in
X + X? Reformulate the requirements in such a way that wdw(0) is handled differently,
via the other +-option.

6.5.4.  Give two different implementations of the bank account coalgebra in Example 6.5.2:
(i) one with the natural numbers N as state space, and bal =id: N — N;
(ii) and a “history” model with non-empty lists N* of natural numbers as states, where
bal = last: N* — N.
Of course, the requirements in Example 6.5.2 must hold for these implementations.

6.5.5.  Recall from Proposition 2.2.3 that each simple polynomial functor F' can be written as
an arity functor of the form Fi(X) = [[;¢, X#, for an arity #: I — N. Show that
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the modal signature functor for this arity is L4 (Y) = [],c,(#i) x X and describe the
natural transformation &4 : Lx(P(X)) — P(Fx(X)) according to Definition 6.5.3 and
Lemma 6.5.4.

6.5.6.  Apply the previous exercise to the functor F((X) = 1+ X + (E x X) used in Section 1.1
for a simplified representation statements of the Java programming language. What are the
associated modal operations, and how do you interpret them in a Java context?

6.5.7. (i) Show that the powerset functor P: Sets®” — MSL has a left adjoint S, that sends
a meet semilattice D to the set of filters in D: upwards closed subsets U C D with
TeUandz,yecU=>xANycU.

(i) Sending a topological space X to its opens O(X) yields a functor Top — MSL
from the category of topological spaces and continuous maps to MISL. Show that it
also has the filter functor S as left adjoint, where S(D) carries the smallest topology
that makes the subsets of filters n(a) = {U € S(L) | a € U} open, fora € D.

(iii) (See also [251]) Similarly, sending a measurable space to its measurable subsets yields
a functor Meas — MSL, with the filter functor S as left adjoint.

6.5.8.  This exercise looks at products and coproducts in the category MSL of meet semilat-
tices.
(i) Check that MSL has products l_LeI D; as in Sets, with componentwise order.
(i) Show that there is an inclusion functor MSL — CMon of meet semilattices in
commutative monoids, and that the category MSL has finite biproducts ¢—just like
CMon has, see Exercise 2.1.6.
(iii) For arbitrary, set-indexed products, show that the following construction works.

[Lic; Di = {¢: I = U, Di | Vi. (i) € D; and supp(¢) is finite},

where supp(¢) = {i | ¢(i) # T}. Top and meet are defined pointwise.
(iv) For a set A, describe the copower A - D = ][, 4 D and power DA =T]
D € MSL explicitly.

6.5.9.  Prove that the various functors L: Sets — Sets introduced in Definition 6.5.3 can in
fact be understood as functors L: MSL — MSL; and also that the associated maps
6x: LP(X) — P(F(X)) are maps in MSL, i.e. preserve finite conjunctions—except
for the neighbourhood functor .

aca D for

6.5.10. In the bijective correspondence (6.15), one defines & as:

< def

. SL
54 (ps LS, opredrs 295 Sppreas == SL)

Define the correspondence also in the other direction, and prove that these constructions are
each others inverses.

6.5.11. Checkthatd: F'S = LS is injective, for Fy, Ly, d4 from Exercise 6.5.5,and S: MSL —
Sets®P as in Exercise 6.5.7 (i).

6.6 Algebras and terms

At this stage we take a step back and look at the traditional way to handle logical asser-
tions. Such assertions ares predicates (or, more generally, relations) on carriers describing
restrictions for algebraic (or coalgebraic) operations. This section starts with algebras and
first reviews some basic constructions and definitions involving terms. The next section
will look at assertions in an algebraic context. Subsequent sections will deal with the coal-
gebraic situation.

Traditionally in universal algebra, the material at hand is presented using terms and
equations between them. Here we quickly move to a more abstract level and use (free)
monads, culminating in Theorem 6.6.3, as the main result of this section. But we make a
gentle start by first describing free algebras for arity functors Fy. The elements of such a
free algebra can be described as terms, built up inductively from variables and operations.
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This yields an explicit description of the free monad F7; on the functor F, see Proposi-
tion 5.1.8. The term description will be used to introduce equational logic for algebras.

Let #: I — N be an arity, as introduced in Definition 2.2.2, with associated endofunc-
tor Fiu(X) = [;c; X#* on Sets. For each i € I we choose a function symbol, say f;, and
consider it with arity #¢. This yields a collection (f;);c7. If V is a set “of variables”, we
can form terms in the familiar way: we define the set 7 (V') to be the least set satisfying
the following two requirements.

o VCTu(V)
e Foreachi € I,ift1,...t4; € Tu(V), thenfi(ty,... ty;) € Tu(V).

The first requirement yields a map V' — Tx(V).The second requirement provides the set
of terms with an algebra structure Fiu(Tx(V)) — Tu(V) of the functor Fy associated
with the arity, as in (2.18). Together these two maps yield a (cotuple) algebra structure,

V4 Fy (Tg(V)) ————— Tx(V)

Ut v

(i (b1 )y s fi(tr, - ts),

Thus we have an algebra of the functor V' + Fl(—). It turns out that terms 7 (V) form
the initial algebra, and thus yield the free monad on the functor Fl, following the charac-
terisation of such monads in Proposition 5.1.8.

6.6.1. Proposition. The set of terms Ty (V') built from an arity #: I — N and a set of
variables V is the free Fyy-algebra on the set V. The induced monad is the free monad F,
on Fy with Alg(Fy) = EM(FY,) by Proposition 5.4.7, as summarised in:

Alg(Fy) = EM(F)

Ty (AU
#CSgts QF =UTy

In essence this adjunction captures inductively defined compositional semantics, writ-
ten as interpretation map [ — [|: given an arbitrary algebra Fi (X)) — X, for each “valua-
tion” function p: V' — X that sends variables to elements of the algebra’s carrier X, there
is a unique homomorphism of algebras [ —],: 7 (V) — X with [—], o nv = p, where
the unit 7y : V' — T (V) is obtained from the first bullet above.

Proof. For an algebra Fiu (X) — X, the interpretation map [ —[,: T%(V) — X extends
the valuation function p: V' — X from variables to terms, via the (inductive) definition:

[v], = p(v), forveV
ity oty o = fillta]p, oo [t D),
where the function f;: X#? — X is the i-th component of the algebra structure Fiy(X) =
Hjer X#1 — X. By construction [ —], is a homomorphism of algebras 75 (V) — X

such that V' < T (V) — X is p. Uniqueness is trivial. We have an adjunction because
we have established a bijective correspondence:

0
v—2>  x

<F#(TI¢(V>)> . (F#(X)> u]
Tu(V) -1, }c
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From the uniqueness of the interpretation maps [ — ]| we can easily derive the following

properties.
{ [t]y = ie. { =], =id 6.17)
h([[f]]ﬂ) = [[t]]h,opv ho [[7]];) = [[7]]]7,0;%,

where 7 is the inclusion V' < T (V') and h is a homomorphism of algebras. (Implicitly,
these properties already played a role in Exercise 2.5.17.)

From now on we shall use the free monad notation F; instead of the terms notation
T. More generally, for an arbitrary functor F': Sets — Sets, we understand F*(V) as
the algebra of terms with operations given by the functor F'. These terms can be organ-
ised in a category, via a basic categorical construction described in the previous chapter,
namely the Kleisli category KZ(—). Since terms only contain finitely many variables we
restrict the objects to finite sets n = {0,1,...,n — 1}. We shall write K/y(—) when such
restrictions are applied. One can understand the number/set n as a context with n variables
Vo, -y Un—1.

6.6.2. Definition. For a monad T on Sets, we write KIx(T") < KI(T') for the full subcat-
egory with n € N as objects. It will be called the finitary Kleisli category of 7. We write
Law(T) = KIn(T)°P for the Lawvere theory associated with the monad 7.

A model of this monad is a finite product preserving functor Law(7T") — Sets. We
write Model(T') = [Law(T'), Sets]g, for the category of finite product preserving func-
tors Law (T") — Sets, and natural transformations between them.

Lawvere theories have been introduced in [302], see also [280, 220], as categories with
natural numbers n € N as objects and finite products given by (0, +). The main examples
are opposites of finitary Kleisli categories, as above. Since these theories involve both the
opposite (—)°P and the Kleisli construction K/y(—) it requires some unravelling to get a
handle on their morphisms. Below we argue step by step that, nevertheless, these categories
Law/(T') form a natural way of representing terms.

o The category Kx(T') has coproducts, inherited from Sets, see Proposition 5.2.2 (iii).
They can simply be described as sums of natural numbers: n + m € Kly(T') is the
coproduct of objects n,m € Kln(T'), and 0 € Kx(T) is the initial object. As a result
(0, +) yield products in the opposite category K/n(T)°? = Law (7).

Using that n = 1 4 - - - + 1 there are bijective correspondences:

m——n in Law (T)
n——m in Ky (T)
m in Sets
n “terms” ty,...,t, € T(m) with m “free variables”

Since free variables form inputs and are usually positioned on the left (of a turnstile
i or of an arrow), the direction of arrows in the category Law(7") is the most natural
one for organising terms.

Speaking of “terms” and “free variables” is justified for the free monad F; on an
arity functor F, see Proposition 6.6.1. Here we stretch the terminology and use it
for an arbitrary monad 7" on Sets.

The coprojections k;: 1 — m in Sets yield coprojections o k;: 1 — m in
K (T), see point (iii) in the proof of Proposition 5.2.2. In the category Law (T") this
map m — 1 is a projection, which may be understood as the i-th variable v; which
is projected out of a context of mn variables vy, ..., vp,.
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e Kleisli composition corresponds to substitution in terms. This can best be illustrated
for a free monad F7; on an arity functor F4. Assume we have composable maps in
the Lawvere theory Law (17, ):

5=(51,...,8 t=(t1,...,t
r (s1 m) o ad m (t L

That is, we have maps of cotuples:

=1t tn 5= [51,.00 )¢ -
g =] Fiy(m) and m s=snml F (k).

The Kleisli composition t;s: n — F;E(k) is given by the n-cotuple of maps:
bls1 /1,y Smfvm] € F(k),

where we write v1,..., v, for the m variables in the terms ¢; € F}, (m). Thus in the
Lawvere theory Law(F;) we have as composite:

tos=(L[5/d,... tal5/7)

n.

These terms ¢;[5/0] are the result of substituting s; for all occurrences of v; in ¢; (if
any). The are defined by induction on the structure:

/5] — s;  ifw=w;
vl { w  otherwise (6.18)
f(re,...,rm)[5/0) = f(r[5/7],...,rn([5/7)),

where f is a function symbol with arity m = #f.

Weakening involves moving a term to bigger context with additional variables (which
don’t occur in the term). In Kleisli categories this happens via post composition with
a coprojection k1 : m — m + k, as in:

t T(k1)
n———T(m) ———=T(m+k).

That is, weakening in Law (T') is described as:

1 t
m+k——m———n.

Similarly, contraction involves replacing multiple occurrences v, v’ of variables by a
single variable via substitution [w /v, w/v’]. In Kleisli categories this is done via post
composition with a codiagonal V = [id, id], and in the associated Lawvere theory
via a diagonal A = (id, id).

As mentioned, categories with natural numbers as objects and finite products given
by sums (0, +) are called Lawvere theories, see [302, 280, 355, 219, 220]. A (set-
theoretic) model of such a theory is a finite product preserving functor to Sets. Here
we only consider such models in Sets, but the definition of model of a Lawvere
easily generalises to arbitrary categories with finite products. Understanding theories
as categories and models as structure-preserving functors is the essence of Lawvere’s
functorial semantics.

(Sometimes people use as an “opposite” description of Lawvere theories, as cate-
gories with natural numbers as objects and finite coproducts, see [102]; in that case
the finitary Kleisli categories K¥iy(T") are prime examples.)
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We have described algebras of a functor or monad as models of certain operations.
This model-theoretic aspect is made explicit in the next two (standard) results, connecting
algebras and functorial semantics. For more general, enriched, versions, see [360]. The
proof of the theorem below is quite long, even if we leave many details to the reader. A
non-finitary analogue of this result is described in Exercise 6.6.5.

6.6.3. Theorem. ForamonadT': Sets — Sets there is a faithful functor from Eilenberg-
Moore algebras to models:

EM(T) ——~——, Model(T) = [Law(T), Sets]

(T(X) 3 X) ———— (n——X").
This L is an equivalence if T'is finitary functor.

Each category of Eilenberg-Moore algebras (over Sets) can thus be embedded in a
category of presheaves.

Proof. On objects, the functor £L: EM(T) — [Law(T), Sets], is described as follows.
Given an Eilenberg-Moore algebra : T(X) — X, we obtain a functor:

L(X, o)
Law(T) Sets
nt X"
( (b1t ) > (xn ([t2d, sl tm I xm).

The interpretation [¢]: X™ — X of aterm ¢ € T'(n) is obtained on h € X™ as:
[t](h) = a(T(h)(t)) = aoT(h)ot: 1 — T(n) — T(X) — X.

The identity n — n in Law (T) is given by the unit 7: n — T'(n) in K¢y(T'), consisting of
n terms 7)(¢) € T'(n), for i € n. They are interpreted as projections 7; since:

[n(@)](h) = aoT(h)onok; =aonohork; =h(i) =mi(h).

Hence £(X, «) preserves identities. Similarly, it preserves composition in Law (7T'). Clearly,
the functor £(X, ) preserves products, i.e. it sends products (0, +) in Law (") to products
in Sets: £(X,a)(0) = X° = 1 and:

L(X,a)(n+m) = X"t = X" x X™ = L(X,a)(n) x L(X,a)(m).

For a map of algebras f: (T(X) % X) — (T(Y) 2 Y') one obtains a natural
transformation £(f): £(X,a) = L(Y, 8) with components:

[’(f)n =f"

L(X,a)(n)=X" ———— V" =L(Y,D).

This is natural in n: for amap ¢ = (t1,...,¢m,): n — m in Law(T) one easily checks
that there is a commuting diagram:

fn

xn sym

<ﬂt1ﬂ'~..,.,ntmﬂ“>j |y,

_—
XT!L o Y‘NL

f
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Obviously, the mapping f — L(f) = ("), is injective, making £ a faithful functor.

We now assume that 7" is finitary. Our first goals is to show that the functor £: EM(T) —
[Law(T'), Setsly, is full: if we have a natural transformation o: £(X, ) — L(Y, 3), then
the component at the object 1 yields a map between the two carriers:

X =X'=£(X,a)(1) — 2 LV, 5)(1) =Y = Y.

We show in a moment that oy is an algebra map. But first we check that £(o1) = o. For
each n € Nand ¢ € n we have a term 7(i) € T'(n), forming a map n — 1 in Law(T),
with interpretation [7)(¢) | = m;. Therefore, the following naturality square commutes.

X" = L(X,a)(n) — 5 £(Y, B)(n) = Y™
= [n(i) ]]QJ J[[U(l) 1% =m

X =L(X,0)(1) ———— LY, 5)(1) =Y

Hence o, = o = L(01)n-

We can now check that o is an algebra map. For an element v € T'(X) we need to
prove 3(T(01)(u)) = o1(a(u)). Since T is finitary, we may assume u = T(h)(t), for
somen € N, h: n < X and t € T'(n). Hence:

B(T(o1)(w)) = B(T(a1)(T(R)(1)))

= ﬂ(T((rl o h)(t)))
= [t]%(o1 0 h)

= [0 (1) ()

= [t]?(on(h) as just shown

= o1 ([t]*(n)) by naturality of o
= 01 (a(T(h)(t)))

= o1(a(u)).

In order to show that £: EM(T) — [Law(T), Sets]g, is an equivalence, it suf-
fices to show that it is “essentially surjective”, see e.g. [46, Prop. 7.25]: for each M €
[Law(T'), Sets]g, we need to find an Eilenberg-Moore algebra a: F'(X) — X such that
L(X,a) =M.

Given a finite product preserving M : Law(T') — Sets, we take X = M(1) € Sets
as carrier. On this carrier X an algebra structure aps: T(X) — X can be defined by using
(again) that 7" is finitary. For v € T'(X) thereisan € Nand h: n — X with t € T'(n)
such that T'(h)(t) = w. This ¢ forms a map ¢: n — 1 in Law(7"). By applying the functor
M we get in Sets:

et M(t)
X" = M(1)" 2 M(n) ——— M(1) = X.

where the product-preservation isomorphism ¢,,: M(n) — M(1)™ can be described ex-
plicitly as ¢, (y) (i) = M (n =5 1) (y).

Thus we define an algebra structure avps: T(X) — X as apg(u) = M(t)(0;1(h)).
This outcome does not depend on the choice of n, h, t, as long as T'(h)(t) = u.

We check that apy o n = id. Fix € X and consider n(z) € T(X). We can take
t=n(x) e T(1)and h = 2: 1 — X satisfying:

T(h)(t) = T(h)(n() = n(h(x)) = n(z).
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Hence we get our required equality:

o (n(@) = oar (T(R)(D) = M) (e (W) = Mn())(h) = M(id)(z) = .

Similarly one proves aps © = apr o T(an).
Finally, in order to show that £(X, as) & M, we have on objects n € N:

L(X,ap)(n) = X" = M(1)" = M(n).
On morphisms one has [¢[*M = M(t) o p;1: X" — X, fort € F*(n). a

The previous result is stated for monads, but can be adapted to endofunctors F', via the
associated free monad F™*. In order to do so we use the following result.

6.6.4. Lemma. Assume for a functor F': Sets — Sets the free monad F* on F exists. If
F is finitary, then so is F*.

Proof. We use initiality of the algebra ax : X + F(F*(X)) 5 F*(X), defining the free
monad F*, see Proposition 5.4.7. Fix a set X and define the subset/predicate i: P —
F*(X) as:

P = {ue F*(X)|3(n,h,t).neNhe X" te F*(n)with F*(h)(t) = u}.

Our aim is to define an algebra structure b: X + F(P) — P making the inclusion i: P <

F*(X) a map of algebras b — ax. Then by initiality we also get a map of algebras

inty,: F*(X) — W with i o int, = id. This yields P = F*(X) and makes F* finitary.
We define the required algebra b = [by, bo]: X + F(P) — P in two steps.

e For z € X we define by(z) = nx(z) € F*(X), where nx = ax o k1: X —
F*(X) is the unit of the monad F*. This b;(z) is in the subset P via the triple
(1,2,m1 (%)), where z: 1 — X, since by naturality of :

F*(w)(n(*)) = (7} o 1)(*) = n(x).

Moreover, by construction, i(b; (z)) = n(z) = a(kiz).

o For an element v € F(P) we use that the functor F is finitary to get m € N with
g: m — Pand s € F(m) such that F(g)(s) = v. For each ¢ € m we pick a triple
(ng, by, t;) with F*(h;)(t;) = g(i) € F*(X). Next we take n = ng + -+ + ny,
and h = [hy,....hy)in — X and t = [F*(k1) 0 t1,... F*(km) © tm]: m —
F*(n), where k;: n; — n is the appropriate insertion/coprojection map. We use the
universal map 6: F' = F* from the proof of Proposition 5.1.8 to get 0(s) € F™*(m)
and then 7 = @ 0 Ky o F(t) o s: 1 — F*(n). This yields a new element by (v) =
a(kgv) € F*(X), which is in P via the triple (n, h, ), since:

F*(h)or = F*(h)oaokso F(t)os

= aokyo F(F*(h))o F(t)os

=aokyo F([F*(hy)oty,...,F*(h,) oty])os
=aokyoF(g)os
ba(v). ]

The following is now an easy consequence of Theorem 6.6.3.
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6.6.5. Corollary. Let I': Sets — Sets be a functor with free monad F*. Then there is a
faithful functor from functor algebras to models:

Alg(F) —£—, Model(F*) = [Law(F*), Sets], .

This L is an equivalence if the functor F is finitary.

Proof. Proposition 5.4.7 describes an isomorphism of categories Alg(F) =~ EM(F*),
which immediately gives the first part of the result. For the second part we use the previous
lemma. a

With these results in place we are ready to consider assertions relating terms in the next
section.

Exercises

6.6.1.  Show that the action of the functor I, = T from Propositions 6.6.1 on functions f can
be described by simultaneous substitution:

Fu(N)(t) = tf(z1)/21,. ., f(zn)/n],

if 1,...,z, are the free variables in the term t.

6.6.2.  Conclude from the fact that each term t € F; (V) contains only finitely many (free) vari-
ables that the functor/monad F, is finitary.

6.6.3.  Consider the functor £: Alg(F) — [Law(F™), Sets]s, from Corollary 6.6.5. Assume
an algebra a: F(X) — X and consider the functor £(X,a): Law(F*) — Sets. Show
that the interpretation [¢]: X™ — X of aterm ¢t € F™*(m), considered as a map m — 1
in the Lawvere theory Law (F™), is obtained by initiality in:

m+ F(F*(m)) — - — — — S>m+F(XX")
F*(m)- — — —[[:]]— - = > xX

where the algebra am = [am,1,am.2]: m + F(Xxm) — XX on the right-hand-side is
given by:

xm

Am1 = M €m. A€ X™ h(i): m — XX"
ama = (F(XX”) Iy R(X)X" XX"‘).

The 7 map is the “exponent version” of strength from Exercise 5.2.15.

6.6.4.  The aim of this exercise is to elaborate a concrete instance of Corollary 6.6.5, stating the

correspondence between algebras and models. We chose a simple (arity) functor F'(X) =

A+ X, for a fixed set A.

(i) Check that the free monad F* on F is given by F*(V) = N x (V 4 A). Describe
the unit p: V — F*(V), multiplication pu: F*F*(V) — F*(V), and universal map
0: F(V) = F*(V) explicitly.

(i) Describe morphisms ¢: n — m in the categories Kin(F™) and Law (F™) explicitly.
Especially, give a concrete description of identity maps and of composition.

(iii) Describe the two functors Alg(F) < [Law(F*), Sets] ¢ Of the equivalence of
Corollary 6.6.5 concretely.

6.6.5. LetT: C — C be a strong monad on a category C which is bicartesian closed (i.e. has
finite products and coproducts, and exponents). Write [}CZ(T)"", C] o for the category of
finite product preserving functors K¥(T)°* — C, with natural transformations between

them.
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(i) Prove, much like in Theorem 6.6.3, that each Eilenberg-Moore algebra a: T'(X) —
X yields a functor £(X, a): K¢(T)°P — C given on objects by U + X

(i) Check that the mapping (X, o) — L£(X, &) is functorial.

(iii) Show that the resulting functor £: EM(T') — [KL(T)°P, C] I is faithful.

(iv) Prove for C = Sets, via pointwise reasoning, that the functor £ is also full.

6.6.6.  Show that each term ¢ € F™*(V') gives rise to a functor in a commuting triangle:

Alg(F) & Alg((-)")

Sets

This view on terms is elaborated in [126].

6.7 Algebras and assertions

This section covers logical assertions in an algebraic context, at first in the form of equa-
tions between terms. This material forms the basic theory of (untyped, single-sorted) alge-
braic specifications, and may be found in many places in the literature such as [424, 117,
426, 365, 312]. Our presentation follows the monad-based approach from the previous
section, so that the similarity / duality with the coalgebraic situation in subsequent sec-
tions becomes clear. The main result of this section, Theorem 6.7.11, shows how logical
assertions give rise to a quotient monad, whose Eilenberg-Moore algebras are models of
the assertions. These are standard results in the theory of monads. What is new here is the
systematic presentation in terms of relation lifting and quotients (of equivalence relations
and of congruence equivalences).

In the end, the most important point is that operations are captured by algebras of
functors and that operations with assertions require algebras of monads. This same point
applies in the coalgebraic case.

We start with an illustration, giving a formal description of groups. Their arity function
# can be seen as a map #: {e,m, i} — N, where:

e ¢ is the symbol of the unit element, with arity #e = 0;
e m is used for multiplication, with #m = 2;
e i is the symbol for the inverse operation, whose arity is one: #i = 1.

An algebra for the arity functor Fiu(X) = 1+ (X + X)) + X associated with # consists
of aset Awithamap 1+ (A x A)+ A — A, i.e. with interpretations 1 — A, Ax A — A
and A — A of the three function symbols e, m, i.

Until now we have talked only about interpretation of the function symbols, and not
about validity of the familiar group axioms:

m(e,v) = v m(i(v),v) = e
m(v,e) = v m(v,i(v)) = e (6.19)
m(vy, M(ve,v3)) = M(M(vy,v2),v3)
These equations consist of pairs of terms (t1,¢2) in the free algebra F, (V'), for a set of
variables V.
Such axioms form a relation Axy C F; (V') x F7 (V') on the carrier of the free algebra
on V, given explicitly as:
Axy = {(m(e,v),v) v e V}IU{(m(v,e),v) |veV}
U{(m(i(v),v),e) [veVIu{(m(v,i()),e) |veV} (6.20)
U {{m(v1,m(ve, v3)),m(m(vy,ve),vs)) | v1,v2,v3 € V}.
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In the computer science literature such a pair (#, Ax) is usually called an algebraic specifi-
cation.

Our main focus will be on models of such specifications. But we also wish to use
axioms for reasoning and proving results like uniqueness of inverses:

m(v,w) =e = v = i(w). (6.21)
In order to do so we need derivation rules for equations ¢; = ¢. In general, assuming an

arity # and a set of axioms Axy: C Fj (V) x F(V), like in (6.19), one standardly uses
the following logical rules.

Ax
@ — (if (t1,2) € Axy; but see (6.23) below )
1=t2
t1 =12 ti=ty ta=13
b 6.22
@ t=t ta =1t ty =t3 (6.22)
tlzt’l tm:tlm ] \
(o) (for a function symbol f of arity m )

f(t1, .. tm) = f(t, ... t)

The rules in (b) turn the equality relation = into an equivalence relations. And the rules
in (c) turn it into a congruence. This can be expressed as: the equality relation = is an alge-
bra of the relation lifting functor EqRel(F%): EqRel(Sets) — EqRel(Sets), restricted
to equivalence relations as in Corollary 4.4.4.

In general an equation t; = ¢, is said to be derivable from a collection Ax = (Axy )y
of relations on terms if there is a derivation tree structured by these rules with ¢; = t,
as conclusion. One then often writes Ax + ¢; = to. Derivable equations are also called
theorems. We write Th(Ax) C F3; (V) x Fj (V) for the relation containing precisely the
equations that are derivable from Ax. It is the free congruence equivalence on Ax, and is
sometimes called the theory of Ax.

6.7.1. Example. The implication m(v,w) = € = v = i(w) from (6.21) has a formal
derivation in the theory of groups: Figure 6.3 shows a derivation tree with the equation
v = i(w) as conclusion, and with m(v, w) = e as only assumption. In this tree the term
i(v) is written as iv in order to spare on parentheses. The relation GrAx refers to the group
axioms from (6.19).

6.7.2. Remark. The meticulous reader may have noticed that we have cheated a bit, namely
in the two rightmost occurrences of the “axiom” rule in Figure 6.3. They use instantiations
of axioms. For instance the rightmost rule involves an equation m(e, iw) = iw. Strictly
speaking this is not an axiom, but a substitution instance m(e, v)[iw/v] = v[iw/v] of the
axiom m(e, v) = v, namely with iw in place of v. This can be formalised as follows.

The improved “axiom rule” (1) in (6.22) now reads:

Ax
o) ———— — (for (t1,t2) € Ax (6.23)
(a’) 1157 = /7 (t1,t2) )
For convenience we will assume from now on that our sets of axioms are closed under
substitutions, so that there is no difference between the rules (a) in (6.22) and (a’) in (6.23).
Basically this means that the axioms are formulated in a slightly different manner. For
groups this would involve replacing the formulation used in (6.20) by:

Axy = {(m(e,t),t) | t € Fi(V)}u{(m(t,e),t) [t € F4(V)}

U {(m(i(t), 1)) | t € FL(V)} U{(m(,i(1)).e) [ ¢t € FL(V)}
U {(m(t1, m(t2,t3)), m(M(t1, t2), t3)) | t1,ta, t5 € Fyp(V)}
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Figure 6.3: Derivation of the implication (6.21) from the group axioms GrAx
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If we assume that axioms Ax are closed under substitution, then also derivable equations
are closed under substitution, in the sense that:

Ax 'ty =ty = Axt 1,[5/0] = t2[5/7]. (6.24)
This is obtained by induction on the length of the derivation.

In more categorical fashion one can formulate axioms as a functor. We shall do so
for the finitary Kleisli categories KZi(T") from Definition 6.6.2, because (terms in) axioms
only involve finitely many variables. Closure of axioms under substitution is guaranteed,
by construction.

6.7.3. Definition. An axiom system for a monad 7" on Sets is a functor A in a commuting
triangle:
EnRel
A

KIN(T) ———7— Sets

where EnRel is the category with endorelations R ~— X x X on a single carrier as
objects, and where U : KIn(T') — Sets is the standard (right adjoint) functor from Propo-
sition 5.2.2.

An axiom system for an endofunctor F is an axiom system for the associated free
monad F*, and is thus given by a functor A: Kiy(F*) — EnRel as above.

In a (functorial) model of the monad 7', in the form of a finite product preserving functor

Law(T) = Kin(T)® —, Sets,

the axioms hold—or, equivalently, M satisfies the axioms—if for each parallel pair of
maps:

$={S1,-++,5m)
t=(t1,... tm)
in Law(7), one has:
[Vi € m. (si,t;) € A(n)] = M(s) = M(t).
In that case we write M/ = A. This determines a full subcategory
Model(T, A) — Model(T)

of models in which the axioms .4 hold.
Similarly, for a monad 7" and functor F', we have full subcategories

EM(T, A) = EM(T)  and  Alg(F, A) — Alg(F)

of monad and functor algebras satisfying \A. This means that the axioms A hold in the
corresponding functorial models, obtained via Theorem 6.6.3 and Corollary 6.6.5.

The functorial description of axioms can be unravelled as follows. For each n € N,
considered as object n € K¥y(T") in the finitary Kleisli category, there is a relation A(n) —
T(n) x T(n) on U(n) = T(n) € Sets, containing the pairs of terms with n variables that
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are equated by the axioms in A. And for each Kleisli map f: n — T(m) there is a
commuting diagram:

T(n) x T(n) — T(m) x T(m)

FExf

where U(f) = f% = i o T(f) is the Kleisli extension of f, see Proposition 5.2.3. This
guarantees that the relations A(n) are closed under substitution. If this is too abstract, it
may be helpful to elaborate the details of this closure condition for the special case when
T is a free monad F; on an arity functor.

A slightly different formulation of axiom systems is given in Exercise 6.7.3.

We briefly reformulate validity of axioms in more traditional terms, along the lines of
the free construction in Proposition 6.6.1 using terms.

6.7.4. Lemma. Assume an arity # and an axiom system A: Kn(Fj) — EnRel for the
associated arity functor Fy. For an algebra a: Fy(X) — X the following two statements
are equivalent.

o The axiom system A holds in the algebra a: Fu(X) — X;

e For each n € N and for each pair of terms t,s € F;;(n) containing at most n
variables, if (t,s) € A(n), then [t], = [s], for each valuation function p: n —
X, with interpretations [ — ]|, as defined in the proof of Proposition 6.6.1.

Diagrammatically this means that each valuation yields a map of relations, from
axioms to equality:

AR)— - ——————— - »Eq(X) =X

I IA = (id, id)

#(n) X F;;(n) P— A e

[-1,x1-1,

Proof. The functor £(X,a): Law(Fj;) — Sets associated in Corollary 6.6.5 with the
algebra sends the terms ¢, s € F(n) to functions [¢],[s]: X™ — X, as described ex-
plicitly in Exercise 6.6.4. Validity of A in the model £(X,a) means that [¢] = [s].
The resulting mapping p — [¢](p) yields the adjoint transpose in the setting of Proposi-
tion 6.6.1, since [7(2) [[(p) = mi(p) = p(i). Thus, the (validity) equation [¢] = [s] is
equivalent to: [[t], = [¢], for any valuation p: n — X. ]

6.7.5. Example. For the functor F(X) = 1+ (X x X )+ X capturing the group operations
and the group axioms GrAx described in (6.19) we obtain that the category Grp of groups
and group homomorphisms can be described as Grp = Alg(F, GrAx).

We now generalise from free monads F7; on arity functors to arbitrary monads 7' (on
Sets) and consider congruences for such monads. Recall that such congruences corre-
spond to algebras of a relation lifting functor—defined here with respect to the standard
set-theoretic logical factorisation system of injections and surjections. For a monad T
we use Eilenberg-Moore algebras of the associated lifting Rel(7') as T-congruences. Re-
call that Rel(7') is a monad by Exercise 4.4.6. Using Eilenberg-Moore algebras properly
generalises the situation for endofunctors F' because Alg(Rel(F)) = EM(Rel(F*)), by
Exercise 5.4.18. In the remainder we restrict to liftings to endorelations; more specifically,
we consider liftings EqRel(T') to equivalence relations, like in Corollary 4.4.4.

6.7. Algebras and assertions 299

6.7.6. Lemma. Let T': Sets — Sets be a monad, with associated monad

EqRel(T)
EqRel ———— EqRel

obtained by lifting to equivalence relations. For an axiom system A: Kly(T) — EnRel
we define for eachn € N:

Th(A)(n) = [thefree EqRel(T)-algebra on A(n) }
This yields a new axiom system Th(.A) of congruence equivalences in:
EM(EqRel(T))

Tl
1(4) EqRel | ) EqRel(T)

i Sets )T

If T is finitary, then for each model M € Model(T) = [Law(T), Sets] 1 We have:

KEn(T')

M A <= M | Th(A).

Proof. For each n € N there is a monotone function between posets of relations:

A(n) V I1,,x,, EaRel(T)(-)

P(T(n) x T(n)) P(T(n) x T(n))

where A(n) is the least equivalence relation containing the axioms A(n) C T'(n) x T'(n).
This function has a least fixed point, by the Knaster-Tarski Fixpoint Theorem (see e.g. [110,
Chapter 4]). By Proposition 5.1.8 this is the free algebra [ [, , EqRel(T")(Th(A(n))) €

Th(A)(n) on A(n). The inclusion expresses that Th(.A)(n) is a Rel(T')-functor algebra
in:

EqRel(T)(Th(A)(n)) - — — — — - Th(A)(n)

[ [

2 2
T?(n) x T?(n) —)ﬂ o T(n) x T(n)
By Exercise 6.2.6 this relation Th(.4)(n) is automatically an Eilenberg-Moore algebra, and
thus a T-congruence.
Suppose M = A. We wish to prove M = Th(.A). The other direction is trivial since
A(n) € A(n) € Th(A)(n). For each pair of terms ¢, s € A(n), considered as parallel
maps n = 1 in Law(T’), we have M(s) = M(t): M(n) — M(1). The relation

R = {(s,t) | s,t € T(n) with M (s) = M(t)}

thus contains A(n). This R is clearly an equivalence relation, so also A(n) C R. In order
to show that R is also a T-congruence, we need to define an Eilenberg-Moore algebra
structure 3: T'(R) — R. First we name the inclusion explicitly as (ry,72): R < T'(n) x
T'(n). Since T is finitary, an element v € T'(R) can be written as u = T'(h)(v), for some
m € N, h:m — Randv € T(m). Write h(i) = (s;,t;) € R. Then M (s;) = M(t;).
Moreover, these terms yield cotuples [t1,...,t,] = r1 o hand [s1,...,8,] = 72 0 h,
forming functions m — T'(n), and thus tuples n — m in Law (7). Since the model M
preserves products, we get M (rq o h) = M(ry o h), as functions M (n) — M(m) =
M(1)™,
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Now we can prove that the pair (u(T'(r1)(w)), p(T'(r2)(w))) € T(n) x T(n) is in the
relation R:
M(u(T(r1)(w)) = M(po T(r1) o T(h) o v) = M(vi(ry o b))
M(v) o M(rq o h)
M(v) o M(rg 0 h)
M(vi(ry o h))
= M(u(T(ra)(w))).
We thus get a unique S(u) € R with (r1,7r2)(8(w)) = (W(T(r1)(w)), p(T(r2)(uw))). It is
easy to check that the resulting function 5: T'(R) — R is an Eilenberg-Moore algebra.

Thus we have that R is a congruence containing A(n). Hence Th(A)(n) C R. This
means M = Th(A).

The next lemma is a categorical analogue of Exercise 6.7.2, saying that simultaneous
substitution of equal terms yields equal results.

6.7.7. Lemma. Let T be a monad with axiom system A. Then:

Th(A)(m) Th(A)(m)
_ _ - 4
/,// I implies //// I
n————T(m m T(n) ——— T (m) x T'(m
) Flm)m) " (1%, 4% o

Proof. We use that f* = ;1 o T(f), and that the theory is a congruence. Let h: n —
Th(.A)(m) be the dashed map in the above triangle on the left. Then:

T(Th(A)(m))

() |
EqRel(T)(Th(A)(m)) — — — — — - Th(A)(m) O

[ [

T(n) —————— T?(m) x T?(m) ——————— T'(m) x T(m)

(T(£),T(9)) WXL

We continue with quotients in Sets, and first collect some basic results. We use the
description of quotients as left adjoint to equality from Definition 4.5.7. Such quotients
exist for Sets by Exercise 4.5.5.

6.7.8. Lemma. Consider the quotient functor Q, as left adjoint to equality in:

EqgRel R Eq(Y)
Q (ﬂTEq so that —_—
Q(R) —— Y
Sets

This functor Q sends an equivalence relation R C X x X to the quotient Q(R) = X/R,
with canonical (unit) map [—]r: X — Q(R). This set-theoretic quotient Q satisfies the
following three properties.

(i) Each equivalence relation R C X x X is the kernel of its quotient map [—|gr:

R = Ker([-]r) = ([-]r x [-]r) 7" (Eq(Q(R))).
More concretely, this means:

R(z,2') <> [t]r = [&'].
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(ii) Each surjection f: X — Y is (isomorphic to) the quotient map of its kernel
Ker(f) € X x X, as in:

Ker(f) —/——= x L» Q(Ker(f))

Y

(iii) For each weak pullback preserving functor F': Sets — Sets, with associated lift-
ing EqRel(F): EqRel — EqRel, one has:

Q(EqRel(F)(R)) = F(Q(R)).

Proof. The first two points are completely standard, so we concentrate on the third one,
using Proposition 4.4.3: it says that equality relations are preserved by set-theoretic relation
lifting, and that inverse images (—) ! are preserved because the functor preserves weak
pullbacks. Thus:

Q(EaRel(F)(R)) = Q(EaRel(F)(([~]r x [-1r) " (Ba(Q(R))) by ()
= o((F([-n) x F(- >) ' (EaRel(F)(Ea(Q(R)))) )
= Q((F(-1r) % F(-1a) ™ (Ea(F(QR)))) )
= Q(Ker(F(-n))

F(Q(R)) by (i).

IR

The final step is justified because by the axiom of choice (“each surjection is split”) the
functor I’ preserves surjections, see Lemma 2.1.7. o

These observations are used to show that quotients lift to algebras.

6.7.9. Proposition. For a weak pullback preserving functor F': Sets — Sets the quotient
Sfunctor Q lifts to (functor) algebras as on the left below.

Q Q
— 1 — 1
Alg(F) ——5— Alg(EqRel(F)) EM(T) 5 EM(EqRel(T))
| e | [ —
- Sets @q BqRel | - Sets %\ EqRel |
F EqRel(F) T EqRel(T)

For a weak pullback preserving monad T': Sets — Sets this lifting specialises to (monad)
algebras as on the right above.

Proof. The lifted adjunction is a consequence of Theorem 2.5.9, using the isomorphism
FQ = QEqRel(F) from the previous lemma. For the restriction to monad algebras we
need to show that the algebra equations remain valid. But this is obvious because the unit
and multiplication of 7" and EqRel(T") are essentially the same, see Exercise 4.4.6. a

It is useful to extend axioms from relations on carriers T'(n) for n € N to carriers 7'(X)
with arbitrary sets X.
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6.7.10. Lemma. Let T be a monad on Sets that is finitary and preserves weak pullbacks,
and let A be an axiom system for T. For an arbitrary set X define a relation Ax C
T(X)xT(X) as:

Ax = U U {@me).mmm) | .1 e Thaym)}.

neENheXxn

(i) These relations Ax are congruence equivalences.
(ii) For m € N one has A,,, = Th(A)(m).
(iii) The axioms A hold in an arbitrary Eilenberg-Moore algebra o: T(X) — X iff
there is a map of relations:

T(X) x T(X) B T(Y) x T(Y)

where f® = y o T(f) is the Kleisli extension of f. The mapping X +— Ax thus yields a
functor KU(T) — EM(EqRel(T)).

Proof. (i) Showing that Ax is a congruence equivalence involves some low-level rea-
soning, where weak pullback preservation is used for transitivity. Details are left to the
interested reader.

(ii) The inclusion Th(A)(m) C A, is obvious. For the other direction, assume
(u,v) € A, say with uw = T(h)(s),v = T(h)(t) for h: n — mand (s, t) € Th(A)(n).
Since T'(h) = (n o h)®, functoriality of Th(.A) in Lemma 6.7.6 yields that T'(h) is a map
of relations Th(.A)(n) — Th(A)(m). Then (u,v) = (T'(h)(s),T(h)(t)) € Th(A)(m).

(iii) Validity of A in an algebra o: T(X) — X means that for each pair (s,t) € A(n)
one has [s] = [t]: X™ — X, where [s](h) = a(T(h)(s)). This precisely means for
each pair (u,v) € Ax one has a(u) = a(v).

(iv) Assume f: X — T(Y) and (u1,uz2) € Ax, say with u; = T'(h)(s;) forh € X"
and (s1,s2) € Th(A)(n). We get f o h € T(Y)". Since T is finitary we can choose for
eachj € nag; € Y™ andr; € T(m;) with T'(g;)(r;) = f(h(j)). Putm =mqs +--- +
mpand g = [g1,...,9,]: m = Y,andr = [T'(k1) o r1,...,T(kn) 0 1] n — T(m),
where k;: m; — m is the appropriate insertion map. Since axioms are closed under
substitution we get (r%(s),7%(s2)) € Th(A)(m). These elements prove that the pair
(f¥(ur), f3(uz)) is in Ay, since:

FSus) = po T(f) o T(h) o 5,
woT([T(g1) ort,....,T(gn) o Tn]) 0 s
= poT?(g) o T([T(r1) or1,...,T(kn) 0 7a]) 0 5i
=T(g)opoT(r)os;

= T(9)(r*(s1)).- Q

We now come to the main technical result of this section, showing that axioms can be
captured by quotient monads.
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6.7.11. Theorem. LetT': Sets — Sets be a monad that is finitary and weak pullback pre-
serving, with an axiom system A: KIn(T) — EnRel. Then there is a “quotient” monad
T/A: Sets — Sets with a monad map [—]: T = T/ A, giving rise to an isomorphism
EM(T/A) =5 EM(T, A) in:

o~

EM(T) +——EM(T, A) EM(T/A)
A{
k\slf/)
ets
7 CH QT/A

Proof. Foraset X consider the relation Ax < T'(X)xT(X) from the previous lemma, as
algebra of the lifted monad EqRel(T'). The lifted quotient functor Q: EM(EqRel(F)) —
EM(T) from Proposition 6.7.9 yields a map of Eilenberg-Moore algebras:

T2(X) T=la), T(T/A(X))

ul lﬁx

T(X) —————» T/AX) ¥ Q(Ax) = T(X)/Ax
[7]Ax

The mapping X — T/ A(X) is functorial, since X — Ax is functorial, so that [—]: T =

T'/A becomes a natural transformation. Moreover, by construction, the axioms .4 hold

in the algebra {x: T(T/A(X)) — T/A(X): assume (u,v) € Arjacx), say u =

T(h)(s),v = T(h)(t) for h € (T/A(X))" and (s,t) € Th(A)(n). We need to show

Ex(u) = Ex(v). We can choose a g € T'(X)™ with h = [—] o g. Define:

s = u(T(9)(s)) = g°(s) = u(T(9)(t) = ¢*(t).

By Lemma 6.7.10 (iv) we get (s',t') € Ax. Hence [¢'] = ['] € T/A(X). But now we
can finish the validity argument:

&) = EoT(h) o s = §oT([-]) 0 T(g) o s

[lonoTlg)os
[ogtos
—]og$ot = ... = f('L‘).

Next we show that the mapping X +— x is left adjoint to the forgetful functor EM(T, A) —
Sets. For an Eilenberg-Moore algebra : T'(Y') — Y satisfying .A we have a bijective cor-
respondence:

x—" Ly
(T(T/A(X))) (T(Y)) (6.25)
ex | _— 18
T/A(X) -1, Y

Given a “valuation” p: X — Y, we obtain 8 o T(p): T(X) — Y, forming a map of
algebras yx — (. By Lemma 6.7.10 (iv) the function T'(p) = (1 0 p)*: T(X) — T(Y)
is a map of relations on the left below. The map on the right exists because 3 |= A.

Ax—-—-——-——-————-—-— Ay - ————— - -+ Eq(Y) =Y
I I I(id,id)
T X T(X) ot T X T(Y) Y XY
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Hence there is a unique map [—]|,: T/A(X) = Y with [—], o [-] = 8 o T(p).
The monad arising from this adjunction EM (T, A) = Sets is what we call the quo-
tient monad 7/ A: Sets — Sets. We have as unit n”/4 = [~] o 5T, and as multiplication

uTA = [=Ta: (T/A)2(X) — T/A(X); this is the map associated via the correspon-
dence (6.25) with the identity map on 7'/ A(X) as valuation. Thus, uT/A is the unique map
with 4i7/4 o [~] = £x. This allows us to show that [-]: T = T//A is a map of monads
(see Definition 5.1.7):

Wo[FJoT([-]) = £o T([-]) = [-]ou”.

Our next step is to prove that the comparison functor K : EM(T, A) — EM(T/A)—
see Exercise 5.4.19—is an isomorphism. It sends an algebra 3: T(Y) — Y satisfying A
to the interpretation [ — Jiq : 7'/ A(Y) — Y arising from the identity Y — Y as valuation.
This K () is thus the unique map with K(8) o [-] = 3.

In the other direction, given an Eilenberg-Moore algebra a:: T/ A(X) — X there is a
map K~'(a) = a o [-]: T(X) — X, which is an algebra because [-]: T' = T/Ais a
map of monads. We have K~!(a) |= A since:

I I(id, id) I(id, id)
T(X)xT(X) WT/A(X) x T/A(X) WX x X
This functor K is an isomorphism, since:
K-YKB) = [T o [-] = BoT(d) = 8.
The equation K(K’1 ((x)) = « follows directly from the definition of K. a
Before describing things more abstractly we consider terms from arities again, together

with axioms. Quotienting terms by axioms gives another free construction, analogously to
Proposition 6.6.1.

6.7.12. Corollary. Let # be an arity with axioms A. Then there is a finitary monad
T': Sets — Sets with a natural transformation Fy = T, such that Fy-algebras sat-
isfying A correspond to Eilenberg-Moore T-algebras, as in:

Alg(Fy, A) = EM(T)

(]
Sets O T
Proof. The free monad F, is finitary by Exercise 6.6.2 and it preserves weak pullbacks
by Exercise 6.7.4. Hence we can take T" to be the quotient monad F7; /A from Theo-
rem 6.7.11, giving us a natural transformation Fy = Fj, = F;;/A =T, and an isomor-
phism Alg(Fy, A) = EM(Fj, A) = EM(T). The monad T is finitary because I, is
finitary and the map F, = T consists of surjective quotient maps -1 a
The monad T in this corollary can be defined explicitly on a finite set n € N as the
quotient:
T'(n) = Fj(n)/Th(A)(n).
This holds since A, = Th(.A)(n) by Lemma 6.7.10 (ii).
For a term [t] € T'(n) and a valuation p: n — T'(m) with p(i) = [s;] we get:

[t], = [t[sl/m, e sn/'v,,,]}Th(A), (6.26)

where vy, ..., v, are used as variables in ¢. It is used in the following basic result.
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6.7.13. Theorem (Soundness and completeness). Consider an arity # with axioms A. For
two terms t1, 1y € Fj(n) the following are equivalent.
() Aty =ty
(ii) for each model M € Model(Fy, A) one has M (t1) = M(ts);
(iii) for each algebra Fy(X) = X in Alg(Fy, A) one has [t1], = [t2],, for every
pin— X,

Proof. The implication (i) = (ii) is soundness and follows from the implication M =
A = M = Th(A) from Lemma 6.7.6. The implication (ii) = (iii) is based on Corol-
lary 6.6.5 (and Exercise 6.6.4), relating algebras and models. For the implication (iii) =
(i) we choose the quotient T'(n) = F;(n)/Th(A)(n) from Corollary 6.7.12, with algebra
structure:

Fy(T(n)) L} Fy(T(n)) i> T(n),

as in the proof of Theorem 6.7.11. We now take the monad’s unit as valuation : n —
T(n). Ityields [ ¢1 ], = [t2 ], by assumption. This means [t1] = [t2], by (6.26), and thus
(t1,t2) € Th(A)(n). The latter says A + t; = t3, as required. a

In Corollary 6.7.12 we have seen that an arity with equations can be described by a
finitary monad. We conclude this section by showing that each finitary monad is essentially
given by an arity with equations.

Recall from Lemma 4.7.3 that for a functor F': Sets — Sets there is an arity #r =
m1: ([Ljeny F(i)) — N, together with a natural transformation ap: Fi, = F. This
natural transformation has components ap,,: F((n) x X™ — F(X) given by ap,,(u, h) =
F(h)(u). Lemma 4.7.3 states that these components are surjective if and only if F is
finitary.

If we apply these constructions to a monad 7": Sets — Sets we get an arity # and a
natural transformation ap: F, = T'. The free monad [, on F, thus yields a map of
monads ap: [, = T withap o 6 = ap, see Proposition 5.1.8. It can be described also
via initiality, as in:

X+F#T(F;;7<X)) 77777 9X+F#T(T(X>)
axlz J[mu o ap) (6.27)
Fje(X) = = - - - T()

6.7.14. Proposition. For a monad T on Sets with monad map ap: Fj = T as de-
scribed above, we define the theory of T' as the axiom system Th(T'): KIn(F} ) —
EqRel defined as follows. Forn € N,

Th(T)(n) = Ker(aB,) = {(t1.12) € Fj, (n) x Fy, (n) | 85, (1) = 3D, (t2)}-

Then:
(i) the relations Th(T)(n) are congruence equivalences (and hence theories);
(ii) assuming T is finitary, the maps aby : Fj, (X) = T(X) are surjective.

Proof. (i) For convenience we shall write I’ for F,.. We first need to check that the
mapping n — Th(T')(n) yields a functor K¢y(F*) — EqRel. The relations Th(T')(n)
are obviously equivalence relations. We check functoriality: for a map f: n — F*(m) we
need to show (t1,ts) € Th(T)(n) = (f¥(t1), f*(t2)) € Th(T)(m), where f* = u" o
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F*(f) is the Kleisli extension of f. We have:

ap,, ([*(t1) = (@B, 0 1" 0 F*(f)) (1)
= (u" o T(ap,,) o @p,, o F*(f))(t1) since ap is a map of monads
(uT 0 T(@p,,) © T(f) 03P, ) (1)

(ll o T(ap,,) o T(f) o ap,)(t2) because (t1,t2) € Th(T)(n)

= ap,, (f*(12)).

Next we need to check that Th(T)(n) is a congruence. We do so by defining an algebra
b: F(Th(T)(n)) — Th(T)(n). So assume we have a triple (m € N,¢t € T(m),h €
Th(T)(n)™) € F(Th(T)(n)), using that F is the arity functor Fiy,.. We can consider h
as a tuple h = (hq, ho) of maps h;: m — F*(n). Hence we get two elements:

(m €N, t € T(m),h; € F*(n)™) € F(F*(n)).

By applying the second component of the initial algebra a,,: n 4 F(F*(n)) S F*(n) we
can define:

b(m,t,h) = <u,”(h’2(’/m t, hl)A, u,L(n'g(m,t, hg)>.
Using Diagram (6.27) one can show b(m, ¢, h) € Th(T)(n).

(ii) Assuming the monad 7 is finitary, the maps ap: F**(X) = T'(X) are surjective:
foru € T(X) we can find n € N,h € X™ and t € T(n) with T'(h)(t) = u. The triple
(n,t, h) is then an element of Fi, (X)), which we simply write as F'(X). Using the free
extension map 6: F = F* from Proposition 5.1.8 we get 6(n,t,h) € F*(X). It proves
surjectivity of ap:

ap(0(n,t, h))

ap(n,t,h) by definition of ap
T(h)(t) by definition of ap, see Lemma 4.7.3

= u. ]
We now obtain a standard result in the theory of monads, see e.g. [315, 312]. The re-

striction to finitary monads can be avoided if one allows operations with arbitrary arities—
and not just finite arities as we use here.

6.7.15. Corollary. Each finitary monad T can be described via operations and equations,
namely: via the arity #1 and theory Th(T') from the previous result one has

T =r; /TNT),
using the quotient monad of Theorem 6.7.11.

Proof. Since both F;;  and T are finitary, it suffices to prove the isomorphism for finite
sets n € N. We know the maps ap: I _(n) — T(n) are surjective. Hence, by Proposi-
tion 6.7.8 (ii), T'(n) is isomorphic to the quotlent Uiy (1) /Th(T')(n), via the kernel:

Ker(ap) = {(s.1) € Fj, (n) x Fj, (n) | aB(s) = ap()} = Th(D)(m). O

6.7.16. Remark. A more abstract approach may be found in [306]. There, equations
for a monad 7" are given by an endofunctor E' together with two natural transformations
T1,72: E = T. Terms t,s € T(X) are then related if they are in the image of the tu-
ple (11,72): E(X) — T(X) x T(X). The free monad E* yields two maps of monads
71,72 E* = T, like in Proposition 5.1.8. Next, a quotient monad 7'/ E is obtained by
taking the coequaliser of 71, 75 in the category of monads.

The approach followed here, especially in Theorem 6.7.11, a bit more concrete. More-
over, the notion of equation that we use, in Definition 6.7.3, has closure under substitution
built in.
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Exercises

6.7.1. Leta: F(X) — X andb: F(Y) — Y be two algebras with a surjective homomorphism
X — Y between them. Use (6.17) to prove:

aFA=bEA
6.7.2.  Assume an axiom system .4 for an arity functor Fix. Prove:
Al si=ri = At t[5/0] = t[F/v].
6.7.3.  For amonad T on Sets consider the category EnRely(7") obtained by pullback in:

EnRely(T) ——— EnRel
|” |
Kin(T) ———— Sets

(i)  Give an explicit description of this category EnRely(T).
(ii) Check that an axiom system as introduced in Definition 6.7.3 corresponds to a section
of the forgetful functor in:
EnRely(T)
A
Kin(T)
6.7.4.  Consider an arity #: I — N with associated arity functor Fx and free monad F7;, send-
ing a set V' to the set of terms F; (V) = Tx(V), like in Proposition 6.6.1. Prove that
F: Sets — Sets preserves weak pullbacks.
[Hint. Recall Exercise 6.6.1.]

6.8 Coalgebras and assertions

This section returns to the study of coalgebras, in particular, coalgebras with assertions.
It follows the main lines of the previous two sections on algebras and assertions, using
predicates instead of relations as axioms.

First we look into cofree coalgebras for arity functors. They always exist, by Proposi-
tion 2.5.3, and are built from suitable observations. The explicit construction is a bit more
complicated than for free algebras.

For an arity #: I — N and a set C' we shall consider infinite, finitely branching trees
of the form:

(e,i)eCx1I
m = #i
subtrees 6.28
(6.28)
(c1,01) e O x T (Cmyim) € C x T
F#i1 ;Lll'ylrees H#im :sl'jl'alrees

More formally, we describe the set of these trees as:

04(C) = {o: N (€ x I)* | [p(0)| = 1 AVn|p(n + 1)] = #p(n) ), (629)

where |o| € N denotes the length of a list o, and:

#((c1yi1), -+, (Cnsin)) = #ir + - + Hin.
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The elements of the set C' are sometimes called colours, because they occur as labels
throughout the trees in Ox(C). They give rise to the following dual version of Propo-
sition 6.6.1, see also [28].

6.8.1. Proposition. For an arity #: I — N and a set C, the above set of trees O4(C')
describes the cofree coalgebra on C for the arity functor Fy. This gives rise to a right
adjoint, as below, where the induced comonad is the cofree comonad Fi° on the arity
functor Fy, with isomorphism CoAlg(Fy) = EM(Fg)from Proposition 5.4.7.

EM(FE) = CoAlg(Fy)

Ul4)o
JJ;::Uo#ngf;s> !

Proof. The map e¢: Ox(C) — C takes the C-element at the root of the tree, as in:

eclp) = mp(0) € C.

The coalgebra (¢ : Ox(C) = [;c; Ox(C)# sends a tree @ to i = m2(0) € I with its
m = #i subtrees ¢1, . .., Pm. as described in (6.28).

If we have an arbitrary coalgebra d: X — Fy(X) with a function f: X — C, there is
amap of coalgebras behy: X — O4(C) given as:

(f(2), 1)

beha(z) = / \

behg (1) behg(2,)

where d(z) = (4, (x1,...,2y,)) withm = #i € N. Clearly, e¢ o behg = f. It is not hard
to see that behy is the unique coalgebra homomorphism X — O (C). a

The next result is the analogue of Theorem 6.6.3 for comonads, in the style of Exer-
cise 6.6.5. It shows that coalgebras can also be understood as functorial models. In the
algebraic case we restricted ourselves to finitary Kleisli categories K¥iy(T"), with natural
numbers as objects. This is natural because terms in an algebraic context typically involve
only finitely many variables. In a coalgebraic context the corresponding restriction to only
finitely many observable outcomes is less natural. Therefore we use ordinary Kleisli cat-
egories in the coalgebraic setting. A consequence is that we do not get exactly the same
result as Theorem 6.6.3.

6.8.2. Theorem. For a comonad S: Sets — Sets there is a full and faithful functor from
Eilenberg-Moore coalgebras to models:
L

EM(S)™ ——E 5 [KU(S), Sets]

(X 2 8(X)) ———— (U——U¥X).

Proof. The action £(X,~)(U) = U~ is functorial in U, since each Kleisli map f: S(U) —

V yields amap £(X,7)(f): UX — VX given by abstraction and strength as:

A(UX «x VT s5(x) = s X)MS(WLV)

where the swapped strength map st’ is as in (5.12). Explicitly,

LX,7)(f) = Ag e UX. Xz € X. f(S(9)(v(=))). (6.30)
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We show that (Kleisli) identities are preserved, using that comonads on Sets are strong, see
Exercise 5.2.13; preservation of composition is proven similarly, and is left to the reader.

L(X,7)(id) = A(e 0 S(ev) o st’ o (id x 7))
Afevoceost' o(id x 7))

Aevo (id x ) o (id x 7))

Il
=

ev)

id.

This £ is also functorial: for a map of coalgebras (X 2 S(X)) N (v LA S(Y)) we
get a natural transformation £(h): L(Y, 8) = L£(X,~) with components L(h)y = U" =
(=)o h:UY - UX.

Clearly, this yields a faithful functor: if U" = U¥: UY — UX for each U, then
by taking U = Y and precomposing with the identity on Y we get h = Y"(idy) =
Y*(idy) = k. For fullness we have to do more work. Assume a natural transformation
o: L(Y,8) = L(X,7). Applying the component oy : Y¥ — Y X at Y to the identity
function yields a map h = oy (idy): X — Y. We must show two things:  is a map of
coalgebras, and oy = U": UY — UX. We start with the latter.

e First we notice that for a function f: U — V we have:
LX,Y)(foe) = fX:UX — VX,

We need to show o/ (g) = U"(g) = g o h foreach g: Y — U. But such a function
g yields a naturality square:

LY, B)(Y) =YY —— sy X = (X, 5)(Y)
L(Y,B)(goe) :!Iyl ng =L(X,7)(goe)
LY, B)(V) = UY —————— U = L(X,7)(U)

Now we are done:

UMg) = goh = g¥(h) = (g% coy)(idy) = (ov o g¥)(idy) = ou(g)-

In order to show that b = oy (idy): X — Y is a map of coalgebras we use the nat-
urality diagram below. It involves the identity function S(Y) — S(Y"), considered
asmap Y — S(Y) in the Kleisli category KZ(S).

LAY =YY —— T VX _ (X, 4)(Y)
o, 5)(ids(Y))J qu, 2)(idsiry)
LY A)SY)) = SV ——go—rUX = L(X,)(5(Y)

The description (6.30) now yields the required equation:
S(h) 07 = £(X.7)(ids(r))(h) by (6.30)
= (L(X,7)(idseyy) 0 oy)(idy)
(osary o LY, B)(ids(yy))(idy) by naturality

= a5y (B) by (6.30)
= S(Y)"(B) by the previous point
= [ oh. o
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We turn to assertions for coalgebras. Here we are not interested in the way that as-
sertions are formed syntactically, e.g. via modal operators like in Section 6.5, but in their
meaning. There are several significant differences with the approach for algebras.

o In the coalgebraic case we will be using predicates instead of relations (as for alge-
bras).

We distinguish axioms and axiom systems. Axioms are simply given by a subset of
a final coalgebra. Axiom systems on the other hand involve collections of subsets,
given in a functorial manner, like in Definition 6.7.3.

Axioms are easier to work with in the kind of coalgebraic “class-style” specifications
that we are interested in here—see also the next section—and will thus receive most
attention. Following [172] they may be called behavioural axioms (or sinks, like
in [372]).

In particular, this emphasis on subsets of a final coalgebra as axioms means that
arbitrary cofree coalgebras on colours (and “recolouring”, see Exercise 6.8.8) do not
play a big role here—unlike in many other papers [172, 47, 16].

We do not describe a deductive calculus for predicates on coalgebras. Such a calcu-
lus is described in [16, 388] via a ““child” and a “recolouring” rule, corresponding to
the temporal operators [J and X (see Exercise 6.8.8). These rules are defined via clo-
sure under all operations of some sort (successor and recolouring) and thus involve
greatest fixed points. Hence they are not deductive logics in a traditional sense, with
finite proof trees.

As already explained above, before Theorem 6.8.2, we use ordinary (non-finitary)
Kleisli categories in the coalgebraic case, since it is natural to have finitely many
variables in (algebraic) terms, but not to restrict observations to finite sets.

6.8.3. Definition. (i) Let F': Sets — Sets be a functor with final coalgebra Z = F(Z).
Axioms for F' are given by a (single) subset A C Z.

A coalgebra c: X — F(X) satisfies A if the image of the unique coalgebra map
beh.: X — Z is contained in .A. That is, if there is a map of predicates T (X) — A in:

X----- +A
T(X)H I or [l (T) <A or beh, '(A) = T.
X beh,. z

where T(X) = (X C X) for the truth predicate on X. In that case we write ¢ |= A.
(ii) Similarly, axioms for a comonad S: Sets — Sets are given by a subset A C S(1)
of the carrier of the final coalgebra §: S(1) — S2(1), that is, of the cofree coalgebra on a
final/singleton set 1.
An Eilenberg-Moore coalgebra v: X — S(X) satisfies these axioms, written as 7 |=
A, if the image of the unique coalgebra map S(!x) o v: X — S(1) is contained in A.
(iii) In this way we get full subcategories:

CoAlg(F, A) — CoAlg(F) and EM(S, A) — EM(S)
of functor and comonad coalgebras satisfying A.

In case the comonad S is a cofree comonad F'*° on a functor F, then the two ways
of describing attributes coincide, because the final F'-coalgebra Z is the cofree comonad
F°°(1) at 1. Moreover, validity for a functor coalgebra X — F'(X) is the same as validity
for the associated Eilenberg-Moore coalgebra X — F'>°(X), see Exercise 6.8.2.

Axioms as defined above can also be described in a functorial manner. We shall do so
below for comonads, and leave the analogue for functors as exercise below.
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6.8.4. Lemma. Ler S: Sets — Sets be a comonad with axioms A C S(1). Then one can
define two functors AN and ASM as below.

Pred Pred
=g =
Ki(S) ———  Sets EM(S) ———  Sets

Applying these functors to an arbitrary morphism yields a pullback diagram (between pred-
icates).

For an Eilenberg-Moore coalgebra v: X — S(X) the following statements are then
equivalent.

(a). v E A;
(b). AM(X,7) =T;
(c). ~y is a map of predicates T(X) — A¥(X), i.e. Im(y) = I1,(m) < AR(X);

(d). for each f: X — U, the Kleisli extension S(f) o v: X — S(U) is a map of
predicate T(X) — AN(U).

This last formulation is the coalgebraic analogue of validity of axiom systems in al-
gebras from Definition 6.7.3. Hence in the present context we shall call a collection of
predicates B(U) C S(U) forming a functor 5: K¥(S) — Pred as in the above triangle
on the left an axiom system. Such a system is automatically closed under substitution—
and in particular under recolourings, see Exercise 6.8.8. The system holds in a coalgebra
X — S(X) if the image of the coalgebra is contained in B(X) C S(X), like in (c) above.
Equivalently, condition (d) may be used.

Proof. (i) For an object (set) U € K¥(S) use the unique map !;;: U — 1 to define a
predicate by pullback:

AU = S(lp) 7 (A) € SU).
We have to show that for each map g: U — V in the Kleisli category KZ(S), the resulting
Kleisli extension ¢* = S(g) o &: S(U) — S(V) is a map of predicates .AY(U) —
AR(V). But this holds because the equation:

S(ly)og® =8(yog)od = S(ls@w)) 06 = S(lyoe)od = S(lv)

yields the required dashed map in:

AKZ(U) ,,/”TAV(‘Z)\—»‘;A
I $ S(!V) I

S(U) g\ﬁa/sﬂ)
S(w)

By the Pullback Lemma (Exercise 4.2.6) the rectangle on the left is a pullback.
(i) Similarly, for an Eilenberg-Moore algebra y: X — S(X) one defines a predicate:

APM(X,7) = (5(x) o) ' (4) € X.
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For a map of coalgebras (X = S(X)) N (Y 2 S(Y)) one obtains a pullback on the
left below.
AM(X 7)== = = AM(Y, ) A

-
)I( h I S(ly)o s

\://S(l)

S('x) ey

This works since:
S(ly)oBoh=58(y)oSh)oy=5(x)o~.

(iii) Finally, v = A in (a) means I_[S(!X)OW(T) < A. Equivalently, T = (S(!X) o
7)_1(A) = A®M(X,) as in (b). But since (S(lx) o w)_l(A) =71S(Ix)7H(A4) =
771 (AM(X)) this is equivalent to the statement in (¢): [[,(T) € A¥(X). For each
function f: X — U the map S(f) = (f o £)¥: S(X) — S(Y) is a map of predicates
A®(X) — AR(U) by functoriality of A". Hence by precomposing this map with the
map in (c) we get (d). In order to get from (d) to (a) one instantiates with f = idx. ]

6.8.5. Example. We consider a simplified version of the bank account specification from
Example 6.5.2, with only a balance bal: X — N and deposit operationdep: X xN — X.
The relevant assertion:

bal(dep(z,n)) = bal(z) +n (6.31)
was written in Example 6.5.2 in modal logic style as:
bal L m + [dep(n)](bal L(m + n)).

The assertion (6.31) can be interpreted directly in any coalgebra (dep,bal): X — F(X),
for F' = (=) x N, namely as subset of the state space:

{z € X | Vn € N.bal(dep(z,n)) = bal(z) + n}. (6.32)
One expects that assertion (6.31) holds in the coalgebra if this set is the whole of X. We
investigate this situation in some detail.
Definition 6.8.3 involves assertions as subsets of final coalgebras. By Proposition 2.3.5
the final F-coalgebra is N¥" with operations:
bal(¢) = ¢(()) and dep(p,n) = Ao € N*.p(n-0).
The assertion (6.31) can be described as subset of this final coalgebra:

A= {peNY | ¥neN.p((n) = o(() +n}.

For an arbitrary coalgebra (dep, bal): X — X" x N the unique coalgebra map beh: X —
NN is, following the proof of Proposition 2.3.5, given by:

beh(z) = Ao € N*.bal(dep™(z,0))
,...,ny) € N*.bal(dep(- - - dep(z,n1) - -+ ,nz)).

|
>
S
=

We can now see that the predicate (6.32) is simply beh ™! (.4). Hence our earlier statement
that validity of the assertion means that the predicate (6.32) is all of X is precisely what is
formulated in Definition 6.8.3.

We add two more observations.
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(i) A simple example of a model of this specification takes the natural numbers N as
state space. The balance operation bal: N — N is the identity function, and the deposit
operation dep: N x N — N is addition. Clearly, assertion (6.31) holds. It is not hard
to see that this model is the final one satisfying this assertion: for an arbitrary coalgebra
c: X — XN x N satisfying (6.31), its “balance” map 75 o c¢: X — N is a map of
coalgebras. Exercise 6.8.4 deals with an alternative “history” model that keeps track of
past transactions.

(ii) We briefly describe the functorial description AN : K¥(F>°) — Pred of assertions,
from Lemma 6.8.4, for this bank example. An explicit description of the cofree comonad
F>(U) = (U x N)Y" is obtained via Propositions 2.5.3 and 2.3.5. Its operations are:

bal(¢) = mp(()) and dep(p,n) = Ao € N*.¢(n- o).

The axiom system A : K¥(F>°) — Pred from Lemma 6.8.4 determined by (6.31) is
given by:

ARU) = F>(ly)71(A) = {p € F®(U) | ¥n € N.mpp((n)) = map(()) + n}.
This bank account will be investigated further in Example 6.8.10 below.

Recall from Exercise 6.2.5 that for a comonad S on Sets the associated predicate
lifting Pred(S): Pred — Pred is also a comonad. Hence we can consider its category
of coalgebras. These Eilenberg-Moore coalgebras capture S-invariants.

6.8.6. Lemma. Ler S: Sets — Sets be a comonad with axiom system A C S(1). Recall
the induced functor AN: KU(S) — Pred from Lemma 6.8.4. For each set U we define a
new predicate O AN (U) C S(U) via the Knaster-Tarski Fixpoint Theorem (see e.g. [110,
Chapter 4]), namely as greatest fixed point of the following monotone operator.

AR(U) A 671 (Pred(S)(—))

P(ST)) P(S(V))

Hence, 0 AN (U) is the greatest invariant for the coalgebra §: S(U) — S%(U), contained
in A(U), see Figure 6.4.
This yields a functor (or axiom system) 0 AN in a situation:

EM(Pred(S))
oAx

!
Pred ) Pred(S)
|

Sets Q S

Ke(s)
For a coalgebra : X — S(X) one has:
TEA <= yEOA".

The role of invariants (or subcoalgebras) for validity, as expressed by the last result, is
emphasised in [47].
Proof. The (greatest) fixed point (AN (U) = A®(U) A 6= (Pred(S)(0A%(U))) is by
construction contained in AX(U); the inclusion O A(U) C 671 (Pred(S)(0AN(V)))

gives a factorisation:

OARU) - - - - - = Pred(S)(QAX(U))

| [

S(U) — S3(U)
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By Exercise 6.2.5 this is actually an Eilenberg-Moore coalgebra of the comonad Pred(S),
and thus an S-invariant.

In order to show that (A is a functor, assume a map f: S(U) — V. We have to
show f% = S(f) o § is a map of predicates O A¥(U) — 0.4 (V). We have:

s @ARW)) € [T (AN (U)) € AF(WV).

The second inclusion follows from the fact that A is a functor. Since ]_[ s preserves
invariants, by Exercise 6.2.5, we get [[ ;s (0A®(U)) € OAM(V)), because the latter is
the greatest invariant contained in A¥ (V).

Assume a coalgebra v: X — S(X). If v = OAY, then v = A because of the
inclusions JAY(1) € AX(1) = A, as subsets of S(1). For the other direction, from
v E Aweobtain [ (T) C AR(X) as in Lemma 6.8.4 (c). But since the image 1,(M)
is an invariant, again by Exercise 6.2.5, we get [[(T) € O AR (X). a

We recall from (6.8) that comprehension {—} can be described categorically as a func-
tor Pred — Sets, sending a predicate P — X to its domain P, considered as a set
itself. This functor {—} is right adjoint to the truth functor T: Sets — Sets. Also in
the present context comprehension is a highly relevant operation, that takes invariants to
(sub)coalgebras.

6.8.7. Proposition. Let S be a comonad on Sets.
(i) As a functor, S preserves injections.
(ii) Thus: {Pred(S)(P)} = S({P}).
(iii) Comprehension {—} lifts to Eilenberg-Moore coalgebras in:

EM(S) —— 5 EM(Pred(S))
L

e

T
———

O{Sets S Precb

S {-} Pred(S)

Proof. (i) By Lemma 2.1.7 S preserves injections f: X — Y with X # . There is a
counit map S(f) — @, which gives S(0) = 0 since  is a strict initial object in Sets. Hence
S preserves all injections.

(ii) Recall that predicate lifting Pred(S) applied to a predicate m: P ~— X is obtained
by epi-mono factorisation of S(m): S(P) — S(X). Butsince S(m) is injective by (i), we
get Pred(S)(P) = S(P). Or, a bit more formally, {Pred(S)(m)} = S({m}).

(iii) By Exercise 2.5.13, using the isomorphism from the previous point.

6.8.8. Theorem. Let S: Sets — Sets be a comonad with an axiom system A C S(1).
Then there is a “subset” comonad {S| A}: Sets — Sets with a comonad map w: {S| A} =
S, and with an isomorphism of categories EM({S|A}) = EM(S, A) in:

o~

EM(S) — EM(S, A) —= EM{S] A}
_|
\Slt /
s 514y

A similar result involving an induced subcomonad occurs in [159], starting from a
covariety (a suitably closed class of coalgebras), instead from axioms.
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Proof. On aset X, define {S|.A}(X) to be the carrier of the Eilenberg-Moore subcoalge-
bra obtained by comprehension from the invariant 0.4 (X) from Lemma 6.8.6, in:

S(m
S(5141 ) 2T ge )

ox] Tle

{DAR(X)} = (S| AHX) ——— S(0)

The axioms .4 hold by construction in the coalgebra ¥ x: by functoriality of A¥ we get a

map {S|A}(X) = A(S(X)) in:

{S|ANX) = DAM(X)C AR(X) AR(S(X))
SX) 52X
§=1d®

It gives us the required factorisation below, using the pullback property from Lemma 6.8.4:

{514}(x)

~

(S| A}) ———— A(S(X))
o I [
SUSIA) (X)) g 8(X)

Next we show that the mapping X — ¥ x forms a right adjoint to the forgetful functor
EM(S, A) — Sets. For a coalgebra 5: Y — S(Y) satisfying A there is a bijective
correspondence:

y— 9% x

<5(Y)> (S({SIA}(X)>>
e B Tox
Y h {9143(X)

This works as follows.

e Given a function g: Y — X we obtain S(g) o 3: Y — S(X), which is a map of
coalgebras 3 — 0. We get [[g(,)05(T) € A¥(X) in:

AR(Y) = = == = - + AN (X)
Y < - S(Y S(X
5 g

Since [ (4)05(T) is an invariant by Exercise 6.2.5, it is included in the greatest
invariant: [ [,),5(T) €O AR (X) = {S|A}(X). Hence there is a unique map of
coalgebras g: Y — {S|A}(X) withmy o g = S(g) o .

o Given a map of coalgebras h: Y — {S|A}(X),take h =comx o h: Y — X.
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We leave it to the reader to check the remaining details of this correspondence, and proceed
to show that {S|.A} is a comonad. We have a counit and comultiplication:

L = (514300 5 s(x) ix)
= (5140 — 2 s1200)).

The comultiplication is obtained as map of coalgebras via the above adjoint correspon-
dence. Then, by construction it satisfies: m o 5§(SM} = Jx. This makes 7: {S| A} = S

a map of comonads, since:
S(m)omodtSIA = S(n) ot = 65 om.

What remains is to show that the comparison functor K : EM(S, A) — EM({S| A})
is an isomorphism. This functor K sends a coalgebra 5: Y — S(Y) satisfying A to the
coalgebra K'(8) = idy: Y — {S|.A}(Y) obtained via the above adjunction. Thus, by
construction, K (/) is unique with m o K (3) = 5.

In the other direction we have a functor K ~! that sends a coalgebray: X — {S|A}(X)
to K~(y) = 7o y: X — S(X). This coalgebra satisfies .A since its image is contained
in AX(X), see:

AN(X)

[

X —= {SANX) —— S(X)

Obviously, K~!(/K(8)) = 3. And the equation K (K ~*(83)) = 3 holds since K (K ~1(8))
is the unique map f with 7 o f = K~1(3). Since K~1(3) = 7 o {3 this unique map must
be 3 itself. Qa

The next result comes from [222], where it occurs in more limited form, with a direct
proof (not via the previous theorem).

6.8.9. Corollary. Let F': Sets — Sets be a functor with cofree comonad F*>° and axioms
A C F>(1). Then there is a comonad S with natural transformation S = F and an
isomorphism of categories:

CoAlg(F, A) = EM(S)

Sgt?:) s

Proof. Of course one defines S as subset comonad S = {F® | A} from Theorem 6.8.8,
with isomorphism CoAlg(F>, A) = EM(S) and (composite) natural transformations
S = F° = F. Further, by Exercise 6.8.2, and Proposition 5.4.7 there is an isomorphism
CoAlg(F, A) = EM(F>, A). Hence we are done. a

We return to our earlier bank account example, in order to determine the associated
comonad.

6.8.10. Example. In the context of Example 6.8.5 we will explicitly calculate what the
comonad is whose Eilenberg-Moore coalgebras are precisely the models of the bank asser-
tion bal(dep(z, n)) = bal(z) + n from (6.31), for coalgebras (dep,bal): X — F(X) =
XN x N. We already saw the cofree comonad comonad F is given by F>°(X) =
(X x N)N', with predicates:

AM(X) = {p € F*(X) | ¥n € N.mop((n)) = map(()) +n}.
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It is not hard to see that the greatest invariant contained in it is:
OAN(X) = {p € F*(X) | Vo € N*.Vn € N.mp(n - o) = map(0) +n}.

For elements ¢ in this subset the function 3 o ¢: N* — N is thus completely determined
by the value m2¢(()) € N on the empty sequence. Hence this invariant can be identified
with:

S(X) = XV xN.

This is the comonad we seek. Its counit and comultiplication are:
o) = () S(e,m) = (Ao €N (A € N“. (0 - 7), m+ ), m),

where Yo € N is the sum of all the numbers in the sequence o € N*.

Now assume we have an Eilenberg-Moore coalgebra v = (y1,72): X — S(X) =
XN" % N. The coalgebra equations £ o v = id and S(y) o v = & o v amount to the
following two equations:

(@) (O

)=
(Ao v(ni(2)(0)), 12(z)) =

(Ao (A y(x)(o - 7), 72(2) + o), 2(2) ).

The latter equation can be split into two equations: for all o, 7 € N*,

Y2 (n()(0)) = r2(x) + T 71 (n(@)(0)) (1) = n(@)(o-7).

These equations show that 7, is the balance operation bal and that ~, is the iterated deposit
operation dep”, from (2.22), described as monoid action.

‘We conclude with some additional observations.

6.8.11. Remarks. (i) In Corollary 6.7.15 we have seen that each finitary monad can be
described via operations and assertions. There is no similar result for comonads. The
construction for a monad 7" relies on natural maps [ [, .y 7(n) x X™ — T(X) from an
arity functor to 7', which are surjective if and only if T is finitary. Dually, for a comonad
S, one may consider maps of the form:

5(X) HneN S(")(nx)

ub—————— An. A € nX.S(h)(u).

One can require that these maps are injective, and then proceed with the functor F((X) =
[l.en S (n)(”x) on the right-hand-side. However, this functor F' does not seem to have
cofree coalgebras, so that the subset comonad construction from Theorem 6.8.8 does not
work here. Additionally, the functor F' is not a standard arity functor of the form that
we have worked with in this book. The associated (non-standard) operations have been
investigated to some extent in [296], to which we refer for further information.

(ii) Much work has been done towards a “coalgebraic Birkhoff theorem”, characterising
a class of coalgebras that is defined by assertions via suitable closure properties, see for
instance [172, 378, 158, 372, 293, 47, 28, 16, 159, 388]. Colours and cofree coalgebras
play an important role in this work—unlike here.

(iii) In the end, the categorically inclined reader may wish to try to describe the quotient
monad 7'/ A from Theorem 6.7.11 and the subset comonad {S | A} from Theorem 6.8.8
via quotient and comprehension adjunctions between suitable categories of (co)monads.
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Exercises

6.8.1.
6.8.2.

6.8.3.

6.8.4.

6.8.5.

6.8.6.

6.8.7.

6.8.8.

Describe the action on morphisms of the functor O from Proposition 6.8.1.

Let F': Sets — Sets be a functor with cofree comonad F'>° and axioms A C F*°(1),
where F'>°(1) is the final F-coalgebra. Recall from the proof of Proposition 5.4.7 how the
Eilenberg-Moore coalgebra K (c): X — F°°(X) associated with the functor coalgebra
c¢: X — F(X) is obtained. Prove: ¢ = A <= K(c) = A.

Let I: Sets — Sets be a functor with axioms A C Z, where Z = F(Z) is a final

coalgebra. Define, like in Lemma 6.8.4, a functor:

Pred
/ l
CoAlg(F) ——— Sets
Consider the bank account specification from Example 6.8.5. Use the set N* of non-empty
sequences of natural numbers as state space for a “history” model, with balance opera-

tion bal = last: NT — N; define a deposit operation dep: N* x N — N¥ such that
assertion (6.31) holds.

Prove explicitly that the functor S with ¢, §, as described in Example 6.8.10, is a comonad
on Sets.

Let S: Sets — Sets be a comonad with axiom system .A. Define validity of A in a
functorial model K¥(S) — Sets, in such a way that for a coalgebray: X — S(X),

YEA e LX) E A,
where L is the functor from Theorem 6.8.2.
Consider the more elaborate bank account from Example 6.5.2, with balance, deposit and
withdraw operations combined as coalgebra of the functor:

F(X) = Nx X" x (X +Xx)"
(i) Prove that this functor can be massaged into the isomorphic form:

X+ N x P(N) x X"

(ii) Use Propositions 2.5.3 and 2.3.5 to determine the cofree coalgebra F'*° on F' as:

F(X) = (X x Nx P(N) "7

Describe the balance, deposit and withdraw operations from Example 6.5.2 explicitly
on F*°(X).

(iii) Interpret the assertions from Example 6.5.2 as subset A C F**°(1), and also as invari-
ant O AY(X) C F>(X).

(iv) Prove that the resulting comonad, as in Corollary 6.8.9, is S(X) = YO N,
(Thus, the final coalgebra S(1) is N, like for the bank account specification in Exam-
ple 6.8.5.)

Let S be a comonad on Sets. Following [47], we write, for a subset P C S(X),
XP = ﬂ{h’l(}’) | h: S(X) — S(X) is a coalgebra map}.

(i) Checkthat XP C P. This )P is the greatest subset of P closed under all recolourings
h of P.

(ii) Axiom systems are automatically closed under X: prove that for an axiom system
A: KE(S) — Pred, where A(X) C S(X), one has XA(X) = A(X).
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Coalgebraic Specification Fibonacci

Operations

val: X — N

next: X — X
Assertions

val(next(next(z))) = val(next(x)) + val(z)
Creation

val(new) = 1

val(next(new)) =1

Figure 6.4: A coalgebraic specification of a Fibonacci system

6.9 Coalgebraic class specifications

This final section illustrates the use of assertions for coalgebras in the description of state-
based systems in computer science. After a simple example of such system specifications,
the so-called bakery algorithm (introduced by Lamport [299]) is elaborated. Its aim is to
guarantee mutually exclusive access to crucial resources. Several (temporal) properties are
derived from the assertions, given as axioms.

We start with the well-known mathematical structure of Fibonacci numbers, formulated
coalgebraically. Figure 6.4 presents a simple illustration of a “coalgebraic specification”.
It will be explained step-by-step. A coalgebraic specification is a structured text with a
name (here: ‘Fibonacci’) that describes coalgebras with an initial state satisfying asser-
tions. More formally, a coalgebraic specification consists of three parts or sections, labelled
‘operations’, ‘assertions’, ‘creation’. Here we only give an informal description, and refer
to [373, 408] for more details.

The operations section consists of a finite list of coalgebras ¢;: X — F;(X) of simple
polynomial functors F;. Of course, they can be described jointly as a single coalgebra
of the product functor F; x --- x F,,, but in these specifications it is clearer to describe
these operations separately, with their own names. Among the operations one sometimes
distinguishes between “fields” (or “observers”) and “methods”. Fields are coalgebras of
the form X — A whose result type A is a constant that does not contain the state space
X. Hence these fields do not change the state, but only give some information about it. In
contrast, methods have the state X in their result type and can change the state, i.e. have a
side-effect. Hence, in Figure 6.4, the operation val is a field and next is a method.

In object-oriented programming languages a class is a basic notion that combines data
with associated operations on such data. A coalgebraic specification can be seen as speci-
fication of such a class, where the fields capture the data and the methods their operations.

The assertions section contains assertions about the coalgebras in the operations sec-
tion. They involve a distinguished variable z: X, so that they can be interpreted as pred-
icates on the state space X, much like in Example 6.8.5. The assertions are meant to
constrain the behaviour of the coalgebras in a suitable manner.

Finally, the creation section of a coalgebraic specification contains assertions about the
assumed initial state new. These assertions may involve the coalgebras from the operations
section.

A model of a coalgebraic specification consists of (1) a coalgebra c of the (combined,
product) type described in the operations section of the specification, that satisfies the as-
sertions, and (2) an initial state that satisfies the creation conditions.

Here is a possible model of the Fibonacci specification from Figure 6.4. As state space
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class Fibonacci {

private int current_value;
private int previous_value;

public int val() {
return current_value;

public void next () {

int next_value = current_value + previous_value;
previous_value = current_value;
current_value = next_value;

public Fibonacci () {
current_value = 1;
previous_value = 0;

Figure 6.5: A Java implementation for the Fibonacci specification from Figure 6.4

we take
X = {(f.n) eNVx N | Vm > f(m+2) = fm+1) + f(m)}  (633)
with operations:
val(f,n) = f(n) and next(f,n) = (f,n+1).

It is clear that the resulting coalgebra (val,next): X — N x X satisfies the assertion
from Figure 6.4. As initial state we can take new = (fib,0) € X, where fib: N — N is
the well-known recursively defined Fibonacci function satisfying fib(0) = 1, fib(1) = 1,
and fib(m + 2) = fib(m + 1) + fib(m), for all m € N. Notice that our states (f,n) €
X implicitly keep track of the stage n in the infinite sequence of Fibonacci numbers
(fib(0), fib(1), fib(2),...). But this stage is not directly visible from the outside. The
specification only requires that the current value is available, and that a next state can be
computed.

Earlier we mentioned that coalgebraic specifications can be understood as specifications
of classes in object-oriented programming languages. We shall sketch how this works, by
describing a class in the object-oriented programming language Java [43] that can be under-
stood as “implementation” of the Fibonacci specification from Figure 6.4. It is presented
in Figure 6.5. First we note that this Java implementation uses bounded integers int
where the specification uses (unbounded) natural numbers N, since N is not available in
Java.? This already leads to a mismatch. Further, the Java implementation uses an auxil-
iary field previous_value which is not present in the specification. However, since it
is private and since it has no “get” method, this previous_value is not visible from
the outside. Apart from overflow (caused by the bounded nature of int), the assertion
from Figure 6.4 seems to hold for the implementation. Also, the creation conditions seem
to hold for the initial state resulting from the constructor Fibonacci () in Figure 6.5.

Continuing the discussion of this Java implementation a bit further, one can ask whether
there is a way to make it mathematically precise that the Java implementation from Fig-
ure 6.5 yields a model (as defined above) for the coalgebraic specification in Figure 6.4.

2The integral type int in Java uses 32-bit “signed” numbers, which are in the interval [—231, 231 — 1] =
[—2147483648,2147483647].
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class Fibonacci {

//@ invariant previous_value >= 0 &&
//@ current_value >= previous_value;

private int current_value;
private int previous_value;

//@ ensures \result == current_value;
public int wval() {
return current_value;

}

//@ assignable previous_value, next_value;

//@ ensures previous_value == \old(current_value) &&
//@ current_value == \old(current_value) +
//@ \old (previous_value)
public void next () {

int next_value = current_value + previous_value;

previous_value = current_value;

current_value = next_value;

//@ assignable previous_value, next_value;

//@ ensures previous_value == 0 && current_value == 1;
public Fibonacci() {

current_value = 1;

previous_value = 0;

Figure 6.6: The Java Fibonacci class from Figure 6.5 with JML annotations

One way is to give a “coalgebraic semantics” to Java by interpreting Java programs as
suitable coalgebras. This happened for instance in [67, 245, 238]. However, from a pro-
gramming perspective it makes more sense to incorporate assertions as used in coalge-
braic specification into the programming language. This can be done for instance via the
specification language JML [85]. It involves assertions, like class invariants and pre- and
post-conditions for methods, that can be checked and verified with the aid of various tools.
Figure 6.6 contains an annotated version of the Java Fibonacci class, where logical asser-
tions are preceded by special comment signs //@ making them recognisable for special
JML compilers and tools. The assertions themselves are mostly self-explanatory, except
possibly for two keywords: \old (-) that refers to the value of a field before a method
call, and \result refers to the outcome of a (non-void) method.

‘We return to our more mathematically oriented approach to coalgebraic specifications,
and ask ourselves what the final coalgebra is satisfying the assertion from Figure 6.4—
ignoring the initial state for a moment. The general approach of Theorem 6.8.8, con-
cretely described in Example 6.8.10, tells that we should first look at the final coalge-
bra of the functor X ~ N x X—which is NV by Proposition 2.3.5—and consider the
greatest invariant P = [(assertion) C NN as subcoalgebra. It is not hard to see that
P ={f eN|Vm f(m+2) = f(m+ 1)+ f(m)}. This means that any f € P
is completely determined by its first to values f(0) and f(1). Hence the final coalgebra
satisfying the assertions can be identified with N> = N x N, with operations val: N> — N
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and next: N2 — N2 given by
val(ni,n2) = ne  and  next(ni,n2) = (na,ne +nq).
It satisfies the assertion from Figure 6.4:

val(next(next(ni,nz))) = val(next(ng, ng + n1))

val(ny + na, (n2 + n1) + n2)
(n2 +n1) + na

= val(next(n, n2)) + val(ni, ns).

Within this final coalgebra we also find the initial state new = (0, 1) € N? satistying the
creation condition from Figure 6.4.

Interestingly, this final coalgebra with initial state corresponds closely to the Java im-
plementation from Figure 6.5. It forms the “minimal realisation” of the required behaviour,
which only needs to involve two natural numbers.

6.9.1 Bakery algorithm

We now consider a more elaborate example of a coalgebraic specification. Imagine a situa-
tion where different, distributed systems need to share access to a scarce common resource,
such as a printer. The access is required to be exclusive: only one system may be at a “crit-
ical stage”, i.e. have access to the resource, at any time. Mutual exclusion is a fundamental
issue in distributed computing, for which many different algorithms have been proposed.
We shall consider one particular solution: the bakery algorithm of [299]. It is a classic,
decentralised protocol, based on the idea of regulating access via a ticket system as used
for example in bakeries: upon entrance each customer takes a ticket; when customers want
to access the common resource (the clerk behind the counter), the numbers on their slips
are compared, and the one with the lowest numbered slip wins.

The basic idea of this algorithm is quite simple. But a precise formalisation and verifi-
cation is far from trivial. Here we shall present a coalgebraic formalisation using assertions.
The format will use coalgebraic specifications as introduced earlier in this section, involv-
ing an unbounded number of processes that may be in one of three states: ‘idle’, ‘trying’,
‘critical’. We do not focus on obtaining a model of this specification, but on deriving logical
consequences. Our verification will concentrate on the following two crucial properties.

o Safety: at most one process is ‘critical’ at any time.
o Liveness: a process that is ‘trying’ will eventually become ‘critical’

These properties will be formulated via the temporal logic of coalgebras from Section 6.4.

In our coalgebraic description of the bakery algorithm there is a class bakery in Fig-
ure 6.8, which contains a field procs: X x N — process describing in each state z € X
processes process(x,n) indexed by n € N, each with their own state. These processes have
an identity, namely n, and share a ticket list. The ticket of process n appears at position n
in this ticket list. The formalisation of processes is given in Figure 6.7. We use, as before,
the symbol ‘X to describe the state space. There is no connection between X ’s in different
specifications.

In the process specification there are four fields, and one method next: X — X + X.
The use of the structured output type X + X is typically coalgebraic. It says that the
method may result in two different modes, each time producing a successor state. In this
specification we underspecify the coproduct outcomes, and thus introduce a modest amount
of non-determinism: the assertions do not prescribe in which of the outcomes of + the
result next(z) will be. This is somehow left to the environment, which is not included in
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Coalgebraic Specification process
Operations

state: X — {idle, trying, critical}
processid: X — N
ownticket: X — N
ticketlist: X x N — N
next: X — X + X
Assertions
state(z) = idle =
CASES next(z) OF
£1(y) — // remain idle
processid(y) = processid(z) A
state(y) = idle A
ownticket(y) = 0
ka(z) — // become trying, with highest ticket
processid(z) = processid(z) A
state(z) = trying A
Vn € N.n # processid(z) =
ticketlist(z, n) < ownticket(z)
state(z) = trying =
CASES next(x) OF
r1(y) — /I give up trying, and become idle
processid(y) = processid(z) A
state(y) = idle N
ownticket(y) = 0
Ka(z) — // become critical if own ticket is lowest
processid(z) = processid(x) A
(IF ¥n € N.n # processid(z) =
(ticketlist(z, n) = 0 Vv ownticket(z) < ticketlist(z, n))
THEN state(z) = critical A ownticket(z) =0
ELSE state(z) = trying A ownticket(z) = ownticket(z))
state(x) = critical =
CASES next(z) OF
k1(y) — // only one tick critical allowed
false
ko(2) — /I become idle
processid(z) = processid(z) A
state(z) = idle A
ownticket(z) = 0

Figure 6.7: The specification of a process in the bakery algorithm



324 Chapter 6. Invariants and Assertions

Coalgebraic Specification bakery
Operations
procs: X x N — process /I see Figure 6.7
next: X — X
Assertions
(1) Vn,m, k € N.ticketlist(procs(z, n), k) = ticketlist(procs(z, m), k)
(2) ¥n € N.ticketlist(procs(z, n), n) = ownticket(procs(z, n))
(3) Vn € N. processid(procs(z,n)) = n
(4) Vn € N.procs(next(xz)) = CASES next(procs(x,n)) OF
Ki(y) >y
Ko(2) — 2

Creation
(1) ¥n € N. ownticket(procs(new, n)) = 0
(2) Vn € N. state(procs(new, n)) = idle

Figure 6.8: A specification of the bakery algorithm

the specification. The assertion only tells that what is the case when next(x) ends up in the
left or right +--component.

The assertion in Figure 6.7 captures the relevant properties. It involves explanatory
comments after the comment marker ‘//’. The intended cycle of a process is idle —
trying — critical — idle. The first +-option in the output of next(z) is for stagnation
or fall-back, and the second one is for progress.

We briefly review the process assertions, in Figure 6.7. First we note that the processid
never changes by moving to a successor state. What does change are the process’s ticket
ownticket(z) € N and state state(z) € {idle, trying, critical}. The assertion block con-
tains a conjunction of three implications. The first one says that if the current state state(z)
is idle and next(x) ends up in the first +-option, i.e. is of the form 1 (y), then the resulting
successor state y is still idle, with the same processid, and with ticket 0. If however next(x)
is of the form x2(z) in the second +-option, then the state has become trying, the processid
is unchanged, and its own ticket is bigger than all the others.

The second implication tells that if the current state is trying, and next(z) is of the form
1(y), then the process falls back and is again idle. If next(z) = r2(z) then the process
is either still trying, or has become critical. The latter is only possible if its ticket is lower
than all the others. Notice that in becoming critical the ticket is reset to 0.

The final implication deals with the case when the process’ state is critical. The result
next(z) is then forced to be of the form k2(z), with 2’s state idle. This says that after a
‘next’, a critical process must have become idle.

The use of coalgebras in this specification is not essential. It is convenient because it
exploits the typing to clearly distinguish different forms of termination for the ‘next’ oper-
ation. Different processes are combined in the bakery specification itself, see Figure 6.8.
It combines a countable number of processes in a field procs, with its own next method.
The latter behaves for each process as the process’s own next, see assertion (4). The first
two assertions (1) and (2) ensure that all processes share the same ticket list, in which the
ticket of process n occurs at index n. The third assertion says that the identity of process n
is indeed n. The creation condition say that in the initial state of the whole bakery system
each process is in state idle with ticket equal to 0.

In the remainder of this section we shall list some consequences of the specification
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in Figure 6.8—where we assume that the assertions from Figure 6.7 hold for each process
procs(z,n). The most important consequences are ‘safety’ and ‘liveness’ (see Proposi-
tions 6.9.2 and 6.9.3 below). All these results have been proven formally using the theorem
prover PVS [337],indexStheorem!— prover after the automatic translation of coalgebraic
class specifications to logical theories from [200, 199, 408, 373]. This translation generates
in particular appropriate definitions for bisimilarity, invariance, and temporal operators. We
shall especially use the latter.
The first results link the ticket with the state of a process, in all reachable states.

6.9.1. Lemma. The following two results can be derived from the bakery assertions in
Figure 6.8.

0 ({x € X | ownticket(procs(z,n)) = 0 <=

(state(procs(z,n)) = idle V state(procs(z,n)) = critical)}) (new)
O ({w € X | ownticket(procs(z,n)) > 0 <

state(procs(z,n)) = lrying}) (new)

Statements of the form [J(P)(new) express that P holds for all successor states of the
initial state, i.e. for all reachable states.

Proof. We shall sketch the proof only of the first statement, since the second one readily
follows from the first one. According to the meaning of the henceforth operator (J —, see
Definition 6.3.1, we need to provide a predicate P C X with:

1. P(new)

2. Pisaninvariant, i.e. P(z) = P(y) when next(x) = k1(y), and also P(z) = P(z)
when next(z) = k().

3. P(z) = (ownticket(procs(z, n)) = 0 <=
(state(procs(z, n)) = idle \ state(procs(z,n)) = critical))

It is not hard to see that we can take for P the predicate inside the [J(—) operator, i.e. the
predicate on the right-hand-side of the implication == in (3). a

6.9.2. Proposition (Safety). No two processes are critical at the same time: for all process
indices n,m € N,

O ({z € X | state(procs(z, n)) = critical A
state(procs(z, m)) = critical = n = m})(new).

Proof. Like before, the predicate inside [J(—) is an invariant. a

6.9.3. Proposition (Liveness). A process that is trying—and does not give up in such a
situation—will eventually become critical:

O ({z € X | state(procs(z,n)) = trying =
state(procs(next(z), n)) # idle}) (new)
EEN
O ({= € X | state(procs(z,n)) = trying =
O({y € X | state(procs(y, n)) = critical})(x)}) (new)
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Proof. The proof uses Lemma 6.9.1 together with the following auxiliary statement about
uniqueness of tickets: for all process indices n, m € N,

O ({« € X |ownticket(procs(x,n)) = ownticket(procs(xz, m)) A
ownticket(procs(z, n)) > 0 = n = m})(new).

The argument centres around the fact that in each reachable state the number of processes
with non-zero ticket below process n’s ticket is finite, and decreases with every next-step.
Hence eventually it will become process n’s turn. ]

As already mentioned, the above coalgebraic presentation of Lamport’s bakery algo-
rithm relies on the formalisation of the coalgebraic class specification language ‘CCSL’.
and its translation to logical theories. Similar techniques have become also available as
an extension (called ‘CoCASL’) of the common algebraic specification language ‘CASL’,
see [333].

This coalgebraic formalism is more powerful than the one originally used by Lam-
port, namely TLA, for temporal logic of actions [300]. TLA involves variables v and their
primed version v’ describing their value in a successor state. These variables can be un-
derstood as fields v: X — A on a state space X, with a method next: X — X so that
v" = v o next. In a coalgebraic setting there can be much more complicated and expressive
methods than just X — X.

Exercises
6.9.1.  Describe the unique coalgebra map from the state space (6.33) to the final coalgebra N2 of
the Fibonacci specification in Figure 6.4. Check that it preserves the initial state.

6.9.2.  Derive from the Fibonacci specification in Figure 6.4:
0 ({z € X | val(next(z)) > val(z)}) (new).

6.9.3.  Consider the functor F'(X) = N x X for the Fibonacci specification in Figure 6.4.
(i) Show that the cofree comonad F>° on F is given by F>°(X) = (X x N); describe
the coalgebra structure F>°(X) — F(F>(X)).
(ii) Interpret the assertion from Figure 6.4 as a subset A(X) C F>°(X) and determine
the greatest invariant [JA(X) C F>(X).
(iii) Prove that the comonad induced by Corollary 6.8.9 is:

S(X) = X" x NxN,
with counit and comultiplication:
e(p,m,n) = ¢(0)
o(p,m,n) = (M € N.(@(k + (=), Fib(k,m,n)), m, n),

where Fib(k, —): N? — N? is the outcome of the monoid action obtained by doing k
Fibonacci steps starting from the input:

Fib(0,m,n) = (m,n) Fib(k + 1,m,n) = Fib(k,n,m +n).
Check that the Eilenberg-Moore coalgebras of .S correspond to Fibonacci coalgebras
(without initial state).

6.9.4.  Consider a coalgebra (val, next): X — N x X satisfying the assertion from the Fibonacci
specification in Figure 6.4. Prove that for each z € X and € > 0,

val(next(y)) _ 1+ V5] _ e})) (x)

val(y) 2
val(next("+1) (@) .
val(next(") (z))

o(m({yexw

[This is coalgebraic/temporal way of saying the the limit of the quotient

1+V5
2

the golden ratio , as n goes to infinity.]
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6.9.5.

6.9.6.

What is the functor associated with the process specification from Figure 6.7? Describe
the associated modal operators (see Exercise 6.5.5). Use these operators to reformulate the
assertions in Figure 6.7.

Prove the ‘uniqueness of tickets’ assertion in the beginning of the proof of Proposition 6.9.3.
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external —, 140

internal —, 140
equation, 294
equivalence

— of automata, 105

— of categories, 72, 79

effective — relation, 102, 262
evaluation morphism, 32
event system, iii
exception

— in Java, 3

— monad, 203
expectation monad, 185
exponent

— in a category, 32

— polynomial functor, 37
expressivity, 283
external equality, 140

factorisation, 99
— system, 99, 136
logical — system, 136
falsity
— predicate, 32
— relation, 32
field, 16, 319
filter, 185, 286
final
— coalgebra
— for deterministic automata, 51
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— for image-finite non-deterministic
automata, 53
— of sequences, 6

weakly —, 169
— object, 27
— state, 41, 52
finitary

— functor, 167
Kleisli category, 288
finite
— Kiripke polynomial functor, 37
— coproducts, 29
— powerset, 33
— products, 27
finitely branching transition system, 109
fixed point
greatest —, 18, 54
least —, 18
fold, 57
free
— Zermelo Fraenkel algebra, 64
— algebra, 71, 80, 287
— construction, 69
— iterative monad, 241
— monad on a functor, 188, 222
— monoid, 23, 48, 69
— variable, 81
— for Béhm tree, 269
Frobenius condition, 140
full abstractness, 104
full and faithful functor, 77
fully abstract interpretation, 59
functor, 1, 21
w-accessible —, 167
accessible —, 167
affine —, 55, 171
analytical —, 178
arity —, 38
co-continuous —, 165
comparison —, 193, 229
composition of —s, 21
constant —, 21
distribution —, 55, 120
endo —, 21
finitary —, 167
forgetful —, 21
full and faithful —, 77
identity —, 21
locally continuous —, 216
locally monotone —, 210
multiset —, 118
shapely —, 179
strong —, 200
functorial, 21

— semantics, 289
fuzzy predicate, 227

Galois connection, 68, 95
— between backward and forward
temporal operators, 274
— between direct and inverse im-
age, 35
— between inverse image and prod-
uct, 35
— for predicate lifting, 247
game, 47
generic, 85
temporal operators, 15
Giry monad, 121, 133
grammar
context-free —, 45, 207
graph, 92, 94, 205
— relation, 21
grep, 105
group, 19
Abelian —, 219

Haskell, 182
Hausdorff space, 142
head, 5

normal form, 268
henceforth, 258, 263

— for sequences, 14
Hennessy-Milner property, 283
hidden

— algebra, 65

— sort, 65
Hofstadter’s Mu-puzzle, 267
homomorphism

— of algebras, 56

— of coalgebras, 22

ideal in a poset, 220
identity

— functor, 21

— relation, 20
image

— -finite non-deterministic automa-

ton, 53

— as invariant, 255

direct —, 33,90

inverse —, 33, 90
indexed category, 138, 281
indiscrete

— preorder, 69

— topology, 77
induction

— definition principle, 59
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— proof principle, 59, 87
binary —, 87, 103, 256
— rule of temporal logic, 274
— with parameters, 77
infinite
— binary tree, 40
— sequence, 5, 39, 52
initial
— algebra, 56
— of natural numbers, 59
— object, 28
strict —, 29
injection, 33
injective function, 33
interface, 1
interior operator, 17, 259
internal equality, 140
interpretation map, 57
invariant, 13
— for a coalgebra, 253
— of a comonad, 258
— for an algebra, 254
— for sequences, 14
class —, 17
greatest —, 259
inverse image, 33, 90
isomorphism, 20

Java, 3, 4, 186, 286, 320
join
directed —, 19

kernel, 91, 94
K-law, 195
Kleene
— algebra, 227
— star, 105
Kleisli
— category
— of a comonad, 195
— of a monad, 192
— extension, 194
KPF, 37
Kripke
— polynomial functor, 37
finite —, 37
— structure, 44

labelled transition system, 44, 87
lambda

— calculus, 268

— notation, 1
language, 52, 105

— accepted, 52, 105

— monad, 227
regular —, 105
lasttime operator, 273
lattice
complete —, 17
join semi- —, 220
meet semi- —, 138
Lawvere theory, 288, 289
lax relation lifting, 89
lift monad, 183
lifting
— of adjunctions, 75
lax relation —, 89
predicate —, 244
relation —, 84
limit, 128
— of an w-chain, 165
linear
— dynamical system, vi, 43, 48
minimal —, 79
observable —, 79
reachable —, 79
— logic, 190
— map, between complete lattices,
220

list, 5
— functor, 37
— monad, 184
lazy —, 5
liveness property, 17
locally
— continuous functor, 216
— monotone functor, 210
logical
— bisimulation, 156
— congruence, 157
— factorisation system, 136
— relation, 85
lowering
predicate —, 247
LTS, 44

machine
Mealy —, 54
maintainable, 276
map, 18
— of adjunctions, 76
— of comonads, 190
— of monads, 188
endo —, 20
mediating —, 125
Markov chain, 121, 184
maybe monad, 183
Mealy machine, 54
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Subject Index

mediating map, 125
method, 16, 319
binary —, 65-67
metric space, 19
minimal
— deterministic automaton, 79
— linear dynamical system, 79
— representation, 49
modal
— logic, 265
coalgebraic —, 277
— signature functor, 277
model
— checking, 44
— of a coalgebraic specification, 319
module over a semiring, 219
monad, 182
— transformer, 186, 203
commutative —, 200
distribution —, 184
exception —, 203
expectation —, 185
free — on a functor, 188, 222
free iterative —, 241

1/0 —, 186
language —, 227
lift —, 183

list —, 184

map of —s, 188
maybe —, 183
powerset —, 183
quotient —, 303
state —, 184
strong —, 200

ultrafilter —, 185
monadic category, 218
mono, 78

abstract —, 136
monoid, 19, 87

— action, 22, 43, 218

— of processes, 111

— of sequences, 13

— of statements, 4

commutative —, 219

free —, 23

positive —, 131

refinement —, 131

zerosumfree —, 123
monomorphism, 33, 78

— in a category of coalgebras, 99

split —, 55
monotone function, 18, 21
morphism

— in a category, 18

endo —, 20
Mu-puzzle, 267
multi-sorted
— algebra, 57
— arity, 38
multigraph, 121
multiplication of a monad, 182
multiset, 117
— functor, 118
mutual recursion, 66

natural transformation, 71
cartesian —, 179
weak cartesian —, 179
negation, 32
neighbourhood functor, 47, 135, 185, 280
Nerode realisation, 79
nexttime, 266
— for sequences, 14

strong —, 17
weak —, 17
strong —, 267

non-deterministic automaton, 43
non-expansive function, 19
non-termination, 3
non-well-founded set, vi, 46
null process, 111

object
— -orientation, vii
— in a category, 18
— in object-oriented programming,
17
object-orientation, 16
observable
— coalgebra, 104
— deterministic automaton, 78
— linear dynamical system, 79
observation
— function
— in a deterministic automaton,
41
— in a non-deterministic automa-
ton, 43
observer, 319
w-accessible functor, 167
operation of an algebra, 56
operational
— model of the A-calculus, 268, 270
— semantics
structural —, 87, 114
operational semantics, 114
operator
temporal —, 13
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order product

— on a functor, 88 n-fold —, 27

flat —, 89 — category, 20

prefix —, 89 — for coalgebras, 260

orthogonal maps, 148

parametricity, 170

parsing, 45

Petri net, iii

m-calculus, 65

polymorphic
— type theory, 170

polynomial, 120
Laurent —, 124
multivariate —, 120
univariate —, 120

polynomial functor
dependent —, 47, 179
exponent —, 37

Kripke —, 37
finite —, 37
simple —, 36

polytypic, 85
— temporal operators, 15
positive monoid, 131
power, 27
powerset
— functor, 33
— monad, 183
contravariant —, 33
covariant —, 33
finite —, 33
predicate, 32
— in a category, 137
— lifting, 244
— lowering, 247
category of —s, 246
falsity —, 32

fuzzy —, 227
truth —, 32
prefix, 5

action —, 111
preorder, 19, 69

discrete —, 69

indiscrete —, 69
presheaf, 65, 290
probabilistic

— bisimulation, 160
process, 2, 11, 109

— algebra, 111

— as element of a final coalgebra,

110
— category, 75
— terms, 114

— in a category, 26
— of algebras, 66
set-indexed —, 27
projection
— morphism, 26
pullback, 92, 94, 125
—lemma, 134
— in Sets, 126
countable —, 171
weak —, 126
countable —, 171

quantale, 227

quotient, 103
— coalgebra, 99, 164
— monad, 303

reachable
— deterministic automaton, 79
— linear dynamical system, 79
real number, 22
realisation
— functor, 73
behaviour —, 73
Nerode —, 79
recolouring, 318
recursion, 8, 59, 64
mutual —, 66
recursive coalgebra, 214
reduce, 57
refinement
— monoid, 131
— type, 62
regular
— expression, 108
— language, 105
relation, 32
— classifier, 33
— in a category, 137
— lifting, 84
category of —s, 91
category of sets and —s, 19

endo —, 20, 146
equality —, 20
falsity —, 32
graph —, 21

inhabitation —, 33
lax — lifting, 89
logical —, 85
pullback —, 92
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Subject Index

reverse —, 32

stochastic —, 193

truth —, 32
relator, 90, 153
retract, 96
reverse relation, 32
rig, 186
Rolling lemma, 66
rule, 9

double —, 26

safety property, 17, 243
section, 34
Segala system, 122
simple —, 122, 226
semantics
compositional —, 57, 114
functorial —, 289
sequence
finite —, 5
infinite —, 5, 39, 52
shapely functor, 179
shift, 48
side-effect, 2
signature, 57
similarity, 89
simple
— coalgebra, 104, 108
— polynomial functor, 36
simulation, 89, 96
since operator, 274, 276
single-sorted
— algebra, 57
— arity, 38
— signature, 57
single-typed, 57
slice category, 23, 77
SOS, 87
soundness, 305
space
Hausdorff —, 142
state —, 1
Stone —, 22
topological —, 19
vector —, 48, 143, 219
span, 98, 157, 215
specification
algebraic —, 295
coalgebraic —, 319
SPF, 36
split
—epi, 151
— mono, 55
splitting, 34

state

— monad, 184

— space, 1,22

— transformer, 2

successor —, 1
stochastic relation, 193
Stone space, 22
stream, 5, 52

— comonad, 190, 220

— of real numbers, 52

causal — function, 54
strength, 77, 199

double —, 200, 221

swapped —, 199
strict

— function, 193

— initial object, 29
strong

— functor, 200

— monad, 200
structural operational semantics, v, 87
subalgebra, 256
subcoalgebra, 243, 253, 255

greatest —, 264
subdistribution, 120, 184
subobject, 135

— classifier, 262
subset, 32

— comonad, 314

— type, 264
subsort, 66
substitution, 289

as Kleisli composition, 289
sum, 27

— of processes, 111
support, 118
surjection, 33
surjective function, 33
symmetric monoidal structure, 35, 74

tail, 5
Taylor series, 53
temporal
— logic of actions, 326
— operator, 13
term, 287
terminal object, 27
termination
abrupt —, 3
non- —, 3
theorem, 295
— prover, 66
theory, 295
Lawvere —, 288, 289
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TLA, 326 vector space, 48, 143,219
topological space, 19, 56 Vietoris functor, 22
topology
discrete —, 77 weak
— cartesian natural transformation,

indiscrete —, 77
topos, 33, 142, 262
trace
— equivalence, 216
monoidal —, 214
transition
— function, 1
— in a deterministic automaton,
40, 41
— in a non-deterministic automa-
ton, 43
iterated —, 42
— structure, 1, 22
— system
— bisimulation, 86
finitely branching —, 109
labelled —, 44, 87
probabilistic —, 121
unlabelled —, 44, 249, 271, 273
multiple-step —, 42
transpose, 68
tree
Bohm —, 268
binary —, 39, 55, 60, 256
triangular identities, 77
truth
— predicate, 32
— relation, 32
tuple morphism, 26
Turing machine, iii, 45
type, 1
— theory
dependent —, 47
polymorphic —, 170
refinement —, 62

ultrafilter, 185

— monad, 185
unfold, 49
uniform distribution, 124
unit

— of a monad, 182

— of an adjunction, 71
unlabelled

— transition system, 44, 249, 271,

273

until operator, 267, 276
UTS, 44

valuation, 44

179
— pullback, 126
weakening, 289
weakest precondition, 202
weakly final coalgebra, 169
Whisky problem, 275
word, 5

zero
— map, 210
— object, 34, 202, 209
zerosumfree monoid, 123
zig-zag morphism, 45
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AN, infinite sequences of elements of A,
5

A$, space of polynomials on a vector space
A, 48

A, both finite and infinite sequences of
elements of 4, 5

A*, finite sequences of elements of A, 5,
23

L(A), set P(A*) of languages over A,
105

R(A), set of regular languages over A,
105

DA, category of deterministic automata,
72

DB, category of deterministic behaviours,
73

Dcpo, category of directed complete par-
tial orders, 19, 220

Grp, category of groups, 19

Hilb, category of Hilbert spaces, 143

JSL, the category of join semilattices,
220

MSL, the category of meet semilattices,
138

MSL, the category of meet semilattices,
227,281

Mon, category of monoids, 19

PreOrd, category of preorders, 19

Pred, category of predicates, 246

Rel, category of binary relations, 91

Sets, category of sets and functions, 19

SetsRel, category of sets and relations,
19

Sp, category of topological spaces, 19

Vect, category of vector spaces, 48

Alg(F), category of F'-algebras, 56

Alg(F, A), category of algebras of a func-
tor F that satisfy axioms A, 297

CoAlg(F), category of F-coalgebras, 22

CoAlg(F, A), category of coalgebras of
a functor F' that satisfy axioms
A, 310

EM(S), category of coalgebras for the
comonad S, 217

EM(S, A), category of Eilenberg-Moore
coalgebras of acomonad S that
satisfy axioms .4, 310

EM(T), category of algebras for the monad
T,216

EM(T, A), category of Eilenberg-Moore
algebras of a monad T that sat-
isfy axioms A, 297

KZ(S), Kleisli category of comonad S,
195

KU(T), Kleisli category of monad T', 192

K (T), finitary Kleisli category of a monad
T on Sets, with n € N as ob-
jects, 288

Mnd(C), category of monads on C, 188

Model(T), category of functorial mod-
els of a monad 7, 288

Model(T, A), category of functorial mod-
els of a monad T that satisfy
axioms A, 297

C/1, slice category over I, 23

C x D, product category of C and D, 20

C°P, opposite category of C, 20

Pred(C), category of predicates from 9t
inC, 137

Rel(C), category of relations in C, 137

F -G, F is left adjoint of G, 68

F*, free monad on a functor F, 188

F*°, cofree comonad on a functor F', 192

Fy, functor associated with arity #, 38

T/ A, quotient monad obtained from 7'
via axioms A, 303

D, discrete probability distribution func-
tor, 120

EM(G), lifting of a functor G to an Eilenberg-
Moore category, 223

KZ(F), lifting of a functor F' to a Kleisli
category, 195,223

M s, multiset functor, counting in monoid
M, 118

«a: H = K, « is a natural transforma-
tion from H to K, 71
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Q, quotient functor, 300
Pred(F), predicate lifting
— for a polynomial functor, 244
— wrt. a factorisation system, 249
Fr_ed(F), left adjoint to predicate lifting,
247

Rel(F), relation lifting
— for a polynomial functor, 84
— wrt. a factorisation system, 149
D<, discrete sub-probability distribution
functor, 120
{S'| A}, subset comonad obtained from
S via axioms A, 314
6, universal map F' = F* from an end-
ofunctor F' to the free monad
F*on F, 188
{—}, comprehension functor, 138

Th(Ax), set of equations derivable from
Ax, 295
Q, before operator, 274
, earlier operator, 273
{, eventually operator
— on sequences, 14
[, henceforth operator, 258
— on sequences, 14
for a factorisation system, 263
(O, lasttime operator, 273
=U, negation (or complement) of U, 32
(O, nexttime operator, 266
— on sequences, 14
&, since operator, 274
Ax b t; = tg, t; = to is derivable from
Ax., 295
U, until operator, 267
— on sequences, 18

!, unique map
— from an initial object, 28
— to a final object, 27
X’ — X, epimorphism, 78
X' X, monomorphism, 78
A(f), abstraction morphism, 32
beh,, behaviour function for coalgebra c,
6,49
2, isomorphism, 20
[f, g], cotuple of morphisms f and g, 28
dst, double strength for a commutative
monad, 200
ev, evaluation morphism, 32
id x, identity morphism on an object X
in a category, 19
inty, interpretation map for coalgebra b,
57

K1, first coprojection morphism, 28

K2, second coprojection morphism, 28

w1, first projection morphism, 26

T2, second projection morphism, 26

st, strength natural transformation, 77, 199

(f, g), tuple of morphisms f and g, 26

¢;d, composition of coalgebras: ¢ fol-
lowed by d, 183

flU], direct image, 33

[ g, composition of Kleisli maps: f fol-
lowed by g, 192

f%, Kleisli extension of f, 194

g o f, composition g after f in a cate-
gory, 19

BT, Bohm tree function, 268

FV, free variables in a Bohm tree, 270
hnf, head normal form function, 268
comp, on sequences, 13

evens, on sequences, 9

merge, on sequences, 11

nextdec, 7

next, final coalgebra for sequences, 5
odds, on sequences, 10

tail, on sequences, 11

L,, a-derivative of language L, 52

[~]r, quotient map, 99

[ -1, interpretation in an algebra, for val-
uation p, 287

&%, iteration of transition function ¢, 42

1, least fixed point operator, 267

v, greatest fixed point operator, 267

0, null process, 111

supp, support, 118

b - z, prefix of action b to process z, 111

¢/ R, coalgebra on quotient by R, 99, 164

cp, subcoalgebra on greatest invariant in
subset P, 259

t[5/7), term ¢ with terms § substituted for
variables 7, 289

z + w, sum of two processes, 111

\/, join, 17

A\, meet, 17

L, bottom element, 34
T, top element, 34

(- # x), predicate of elements unequal to
x, 270

(- = x), predicate of elements equal to ,
270

R, reverse relation, 32

S o R, relation composition, 19
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U (z), predicate U holds for z, 32

Graph(f), the graph of a function f, 21

2 4, bisimilarity w.r.t. coalgebras ¢ and
d, 88

£, bisimilarity, 88

[I;(U), direct image, 33

Eq(X), equality relation on a set X, 20

[1;(U), product predicate, 35

(z1b) -2 (' | '), a-transition with ob-
servations b, V', 41, 44

x —, state x halts, 8

x| b, b can be observed about x, 41, 44

a € x, a occurs in the behaviour sequence
of z, 15

z - , there is no a-step from z, 44

z —Z»* y, multiple o-steps from z to y,
42

z % 2/, a-step from z to 2/, 8, 41, 44

L2, initial algebra (of parsed words) for
the functor (— + L)*, 207

B, final coalgebra of B6hm trees, 268

BinTree(A), initial algebra of binary trees,
60

X", n-fold product (power), 27

n - X, n-fold coproduct (copower) of X,
29

0, empty set, 29

0, initial object, 28

1, final object, 27

1, singleton set, 27

2, two-element set {0, 1}, 52

X +Y, coproduct of objects X,Y, 28

X x Y, product of objects X, Y, 26

Y, exponent of objects X, Y, 32

Piin(X), set of finite subsets/predicates
on X, 33

Ker(f), kernel of function f, 91

P(X), set of subsets / predicates on X,
32

;e Xi, set-indexed product, 27

Eq(f, g), pullback of f, g, 92, 126



