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Preface

The 14th International Workshop on Coalgebraic Methods in Computer Science,
CMCS 2018, was held during April 14-15, 2018, in Thessaloniki, Greece, as a satellite
event of the Joint Conference on Theory and Practice of Software, ETAPS 2018.
Coalgebras allow for a uniform treatment of a large variety of state-based dynamical
systems, such as transition systems, automata (including weighted and probabilistic
variants), Markov chains, and game-based systems. Over the last two decades, coal-
gebra has developed into a field of its own interest, presenting a deep mathematical
foundation, a growing field of applications, and interactions with various other fields
such as reactive and interactive system theory, object-oriented and concurrent pro-
gramming, formal system specification, modal and description logics, artificial intel-
ligence, dynamical systems, control systems, category theory, algebra, analysis, etc.
The aim of the workshop is to bring together researchers with a common interest in the
theory of coalgebras, their logics, and their applications.

Previous workshops of the CMCS series were held in Lisbon (1998), Amsterdam
(1999), Berlin (2000), Genova (2001), Grenoble (2002), Warsaw (2003), Barcelona
(2004), Vienna (2006), Budapest (2008), Paphos (2010), Tallinn (2012), Grenoble
(2014), and Eindhoven (2016). Since 2004, CMCS has been a biennial workshop,
alternating with the International Conference on Algebra and Coalgebra in Computer
Science (CALCO).

The CMCS 2018 program featured a keynote talk by Samson Abramsky (University
of Oxford, UK), an invited talk by Clemens Kupke (University of Strathclyde, UK),
and an invited talk by Daniela Petrisan (Université Paris Diderot, France). In addition, a
special session on categorical quantum computation was held, featuring invited tuto-
rials by Bob Coecke (University of Oxford, UK) and Aleks Kissinger (Radboud
University Nijmegen, The Netherlands).

This volume contains revised regular contributions (10 accepted out of 17 sub-
missions) and the abstracts of two keynote/invited talks. All regular contributions were
refereed by three reviewers. Special thanks go to all the authors for the high quality
of their contributions, to the reviewers and Program Committee members for their
thorough reviewing and help in improving the papers presented at CMCS 2018, and to
all the participants for active discussions.

May 2018 Corina Cirstea
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Relating Structure and Power:
Comonadic Semantics for Computational

Resources
Extended Abstract

Samson Abramsky®™) and Nihil Shah

Department of Computer Science, University of Oxford, Oxford, UK
samson.abramsky@cs.ox.ac.uk, nihil@berkeley.edu

Abstract. Combinatorial games are widely used in finite model theory,
constraint satisfaction, modal logic and concurrency theory to character-
ize logical equivalences between structures. In particular, Ehrenfeucht-
Fraissé games, pebble games, and bisimulation games play a central role.
We show how each of these types of games can be described in terms of
an indexed family of comonads on the category of relational structures
and homomorphisms. The index k is a resource parameter which bounds
the degree of access to the underlying structure. The coKleisli categories
for these comonads can be used to give syntax-free characterizations of
a wide range of important logical equivalences. Moreover, the coalge-
bras for these indexed comonads can be used to characterize key com-
binatorial parameters: tree-depth for the Ehrenfeucht-Fraissé comonad,
tree-width for the pebbling comonad, and synchronization-tree depth for
the modal unfolding comonad. These results pave the way for systematic
connections between two major branches of the field of logic in computer
science which hitherto have been almost disjoint: categorical semantics,
and finite and algorithmic model theory.

1 Introduction

There is a remarkable divide in the field of logic in Computer Science, between
two distinct strands: one focussing on semantics and compositionality (“Struc-
ture”), the other on expressiveness and efficiency (“Power”). It is remarkable
because these two fundamental aspects of our field are studied using almost dis-
joint technical languages and methods, by almost disjoint research communiities.
We believe that bridging this divide is a major issue in Computer Science, and
may hold the key to fundamental advances in the field.

In this paper, we develop a novel approach to relating categorical semantics,
which exemplifies the first strand, to finite model theory, which exemplifies the
second. It builds on the ideas introduced in [1], but goes much further, showing
clearly that there is a strong and robust connection, which can serve as a basis
for many further developments.

© IFIP International Federation for Information Processing 2018
Published by Springer Nature Switzerland AG 2018. All Rights Reserved
C. Cirstea (Ed.): CMCS 2018, LNCS 11202, pp. 1-5, 2018.
https://doi.org/10.1007/978-3-030-00389-0_1
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2 S. Abramsky and N. Shah

1.1 The Setting

Relational structures and the homomorphisms between them play a fundamen-
tal role in finite model theory, constraint satisfaction and database theory. The
existence of a homomorphism A — B is an equivalent formulation of constraint
satisfaction, and also equivalent to the preservation of existential positive sen-
tences [4]. This setting also generalizes what has become a central perspective
in graph theory [5].

1.2 Model Theory and Deception

In a sense, the purpose of model theory is “deception”. It allows us to see struc-
tures not “as they really are”, i.e. up to isomorphism, but only up to definable
properties, where definability is relative to a logical language L. The key notion
is logical equivalence =*. Given structures A, B over the same vocabulary:

A=LB & Voel. AEg < BEo.

If a class of structures K is definable in £, then it must be saturated under =~.

Moreover, for a wide class of cases of interest in finite model theory, the converse
holds [6].

The idea of syntax-independent characterizations of logical equivalence is
quite a classical one in model theory, exemplified by the Keisler-Shelah theo-
rem [10]. It acquires additional significance in finite model theory, where model
comparison games such as Ehrenfeucht-Fraissé games, pebble games and bisim-
ulation games play a central role [7].

We offer a new perspective on these ideas. We shall study these games, not as
external artefacts, but as semantic constructions in their own right. Each model-
theoretic comparison game encodes “deception” in terms of limited access to the
structure. These limitations are indexed by a parameter which quantifies the
resources which control this access. For Ehrenfeucht-Fraissé games, this is the
number of rounds; for pebble games, the number of pebbles; and for bisimulation
games, the modal depth.

2 Main Results

We now give a conceptual overview of our main results. Technical details are
provided in [2].

We shall consider three forms of model comparison game: Ehrenfeucht-Fraissé
games, pebble games and bisimulation games [7]. For each of these notions of
game G, and value of the resource parameter k, we shall define a corresponding
comonad Cy, on the category of relational structures and homomorphisms over
some relational vocabulary. For each structure A4, Ci.A is another structure over
the same vocabulary, which encodes the limited access to A afforded by playing
the game on A with k resources. There is always an associated homomorphism
eq: Cpx A — A (the counit of the comonad), so that Cg.A “covers” A. Moreover,
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given a homomorphism h : Cx. A — B, there is a Kleisli coextension homomor-
phism h* : Cx A — CpB. This allows us to form the coKleisli category KI(Cy)
for the comonad. The objects are relational structures, while the morphisms
from A to B in KI(Cy) are exactly the homomorphisms of the form CpA — B.
Composition of these morphisms uses the Kleisli coextension. The connection
between this construction and the corresponding form of game G is expressed by
the following result:

Theorem 1. The following are equivalent:

1. There is a coKleisli morphism Cp, A — B
2. Duplicator has a winning strategy for the existential G-game with k resources,
played from A to B.

The existential form of the game has only a “forth” aspect, without the “back”.
This means that Spoiler can only play in A, while Duplicator only plays in B5.
This corresponds to the asymmetric form of the coKleisli morphisms CyA — B.
Intuitively, Spoiler plays in Cg.A, which gives them limited access to A, while
Duplicator plays in B. The Kleisli coextension guarantees that Duplicator’s
strategies can always be lifted to CiB; while we can always compose a strat-
egy Cr A — CiB with the counit on B to obtain a coKleisli morphism.

This asymmetric form may seem to limit the scope of this approach, but in
fact this is not the case. For each of these comonads Cj, we have the following
three equivalences:

- A 2 B iff there are coKleisli morphisms CyA — B and C,B — A. Note
that there need be no relationship between these morphisms.

— A=, Biff Aand B are isomorphic in the coKleisli category KI(Cy). This
means that there are morphisms CyA — B and CpB — A which are inverses
of each other in KI(Cy).

Clearly, =(c,) strictly implies 2. We can also define an intermediate “back-
and-forth” equivalence <, parameterized by a winning condition W45 C
(CkA X (CkB.

For each of our three types of game, there are corresponding fragments Ly
of first-order logic:

— For Ehrenfeucht-Fraissé games, L, is the fragment of quantifier-rank < k.

— For pebble games, L, is the k-variable fragment.

— For bismulation games over relational vocabularies with symbols of arity at
most 2, L, is the modal fragment [3] with modal depth < k.

In each case, we write 3L for the existential positive fragment of Ly, and Ek#
for the extension of £j, with counting quantifiers [7].
We can now state our first main result, in a suitably generic form.
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Theorem 2. For finite structures A and B:

(1) A="% B <= A=, B.
(2) A= B «— A<y B
(3) A=EE B = A=, B.

Note that this is really a family of three theorems. Thus in each case, we capture
the salient logical equivalences in syntax-free, categorical form.

We now turn to the significance of indexing by the resource parameter k.
When k£ < I, we have a natural inclusion morphism Cx.A — C;A, since playing
with k resources is a special case of playing with [ > k resources. This tells us
that the smaller k is, the easier it is to find a morphism Ci A — B. Intuitively,
the more we restrict Spoiler’s abilities to access the structure of A, the easier it
is for Duplicator to win the game.

The contrary analysis applies to morphisms A — Cp5. The smaller k is, the
harder it is find such a morphism. Note, however, that if A is a finite structure
of cardinality k, then A =y Cg.A. In this case, with k resources we can access
the whole of A. What can we say when k is strictly smaller than the cardinality
of A?

It turns out that there is a beautiful connection between these indexed
comonads and combinatorial invariants of structures. This is mediated by the
notion of coalgebra, another fundamental (and completely general) aspect of
comonads. A coalgebra for a comonad C; on a structure A is a morphism
A — CpA satisfying certain properties. We define the coalgebra number of a
structure A, with respect to the indexed family of comonads Cy, to be the least
k such that there is a Cy-coalgebra on A.

We now come to our second main result.

Theorem 3.

— For the pebbling comonad, the coalgebra number of A corresponds precisely to
the treewidth of A.

— For the Ehrenfeucht-Fraissé comonad, the coalgebra number of A corresponds
precisely to the tree-depth of A [8].

— For the modal comonad, the coalgebra number of A corresponds precisely to

the forest depth of A.

The main idea behind these results is that coalgebras on A are in bijective cor-
respondence with decompositions of A of the appropriate form. We thus obtain
categorical characterizations of these key combinatorial invariants.
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Coalgebraic Logics & Duality

Clemens Kupke®)

Department of Computer and Information Sciences, University of Strathclyde,
Glasgow, Scotland
clemens.kupke@strath.ac.uk

Abstract. I will provide a brief introduction to coalgebraic modal logics
and highlight a few central concepts concerning these logics. After that
I will outline my current research in the area.

This note is not a survey of coalgebraic logics such as [1,2]. Instead, I am
going to highlight ideas that continue to be important for my research within
the area. A leitmotif is the fundamental role played by duality theory.

1 Logics for Coalgebras

The concepts behaviour and observation are central for the coalgebraic modelling
of systems. Whereas behaviour is formalised within the theory of Universal Coal-
gebra [3] via bisimilarity and finality, it is less clear how to devise a matching
notion of observations that allows to formally specify, verify and reason about
this behaviour. Providing such a theory of observations is an important goal that
has been driving the development of coalgebraic logics.

Why Modal Logic? A simple answer to this question is that basic modal logic
is the logic of Kripke frames and Kripke frames are coalgebras for the covariant
power set functor P. More importantly, modal logics usually express properties
that are invariant under bisimulations which matches our intuition that formulas
of a coalgebraic logic should allow to observe coalgebraic behaviour. In addition
to that, a more categorical answer was provided in [4—6] where it was shown
that the abstract relationship between coalgebra and modal logic dualises the
fundamental link between algebra and equational logic. A basic problem that had
to be overcome was to devise suitable (and usable!) modal languages that would
allow to specify properties about coalgebras. Probably the two most successful
proposals where on the one hand Moss’ V-modality [7,8] (which originally was
denoted by A) that made the radical step to use the coalgebraic type functor
as a syntax constructor of the logic and, on the other hand, Pattinson’s logic
given by predicate liftings [9]. Another important line of research was to use the
syntactic structure of polynomial functors to inductively define corresponding
modal operators [10-12]. This research helped to develop one of the key features

© IFIP International Federation for Information Processing 2018
Published by Springer Nature Switzerland AG 2018. All Rights Reserved
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of coalgebraic modal logics: languages and deduction systems can be composed
in an elegant, seamless fashion [13,14] that mirrors the composition of functors.

Expressive Languages. One criterion for what a suitable language for spec-
ifying coalgebra is, is the so-called Hennessy-Milner property stating that two
coalgebra states are bisimilar iff they satisfy the same formulas of the language.
A language that satisfies this property is often called expressive. It is clear that
expressive languages do not exist for functors for which there is no final coalge-
bra [15-17]. An important positive result in coalgebraic modal logic states that
for finitary set functors there is a always an expressive language of predicate lift-
ings [18]. Its proof uses an alternative characterisation of predicate liftings via
the Yoneda Lemma. Similarly, for finitary, weak pullback preserving set functors,
the V-language is always expressive, a statement that is easily proven using ter-
minal sequence induction. Other positive results include functors on the category
of Stone spaces [19] and measure spaces [20]. In these cases the proof of expres-
sivity goes via a logical construction of final coalgebras that proves expressivity
of the language at the same time as completeness of the logic.

Logics via a Dual Adjunction. All modal languages for coalgebras can be
abstractly described via a dual adjunction

F
TCC\_\//:IME DOPQL (1)

G

together with a natural transformation d : Lo FF — F o T, sometimes referred to
as the “one-step semantics” of the language. One of the first papers advocating
this view was probably [21] but only for the restricted case of the well-known dual
equivalence between the category of Stone Spaces and the category of Boolean
algebras whereas the more general picture above was fully developed in [22]. The
abstract approach allows on the one hand to formulate properties of the logic
as properties of J, eg., completeness of the logic is linked to § being componen-
twise mono whereas expressivity to its mate 8% : T o G — G o L having that
property (cf. [22,23]). Since then several researchers have pushed this approach
significantly further covering - for example - positive modal logics [24], process
algebra [25] and logics for trace equivalence [26], to name just a few.

2 The Power Law for V

A Distributive Law For V. While the duality-based approach to coalgebraic
logics originated for logics based on predicate liftings, it is not too difficult to
see that Moss’ original V-logic also fits into the framework [2]. Key for showing
this is the following distributive law

pv:ToP —=PoT
T {teTX | (t,7) e T(€)}
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that exists for all weak pullback preserving set functors T (the law has been
called the power law in [27]). Here T denotes the unique extension of the set
functor T to a relator [28]. The significance of this law, however, goes far beyond
being the one-step semantics of the V-logic. It forms the basis of the definition
of so-called redistributions [29,30]. Roughly speaking, an element = € TPX is
called redistribution of some IT € PTX if IT C py(Z). Redistributions allow to
formulate an important logical distributive law for the V-logic

A Ve \/ vEaE). (2)

rell ZEeSRD(I)

where SRD(IT) the collection of all (slim) redistributions of IT. The law is the
key for the work [30,31] developing a complete deduction system for the V-logic
that is entirely parametric in the set functor T'.

Coalgebraic Fixpoint Logics. The coalgebraic logics that I have discussed
so far can only formulate the finite-step behaviour of a coalgebra. For prop-
erties such as liveness (“something will happen infinitely often in the future”)
and safety (“at no point in the future the systems will crash”) we need to be
able to specify the ongoing, possibly infinite behaviour. A coalgebraic treatment
of fixpoint-logics is difficult as duality-based techniques cannot be applied eas-
ily [32]. This makes completeness proofs for such logics notoriously hard. Nev-
ertheless these logics have been studied successfully on a coalgebraic level. In
the first instance, the focus was on automata for coalgebraic fixpoint logics that
employed the V-operator [33]. The above logical distributive law (2) provided
the key to prove important closure properties [29] of these “coalgebra automata”
and thus a general finite model property and decidability result. After these ini-
tial proof-of-concept results attention shifted to fixpoint logics using predicate
liftings. Both automata [34] and tableau-systems [35] were developed - the role
of the power law and of redistributions is played by the assumption that the
given predicate liftings come with a sound and complete axiomatisation via so-
called one-step rules [36]. Apart from these results on checking satisfiability of
coalgebraic fixpoint logic research on complete axiomatisations also made grad-
ual progress, first for so-called flat coalgebraic fixpoint logics [37,38], later for
coalgebraic dynamic logics [39] and finally with a recent breakthrough result on
completeness for the full coalgebraic p-calculus [40].

3 Current Research

I am now going to list research directions within coalgebraic logic that I am
currently focusing on and that I am planning to discuss in my talk.

Coalgebra Automata and Duality. Coalgebra automata play an important
role for studying the coalgebraic p-calculus: not only do they provide a tool
for deciding satisfiability but they are also instrumental in completeness proofs,
cf. e.g. [40]. Building on our recent work for game logic [41] we are working
on devising automata for coalgebraic dynamic logics. Furthermore we plan to
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develop automata that operate on coalgebras over Stone Spaces. A first step in
this direction was made in [42] where we obtained a characterisation of the clopen
semantics of the (standard) p-calculus in terms of parity games. The long term
goal is a completeness proof for coalgebraic fixpoint logics via a duality theoretic
argument.

Learning and Duality. In recent work [43] we devised a generalisation of
Angluin’s well-known L*-algorithm for learning regular languages [44]. The gen-
eralisation can be summarised in the following (informally stated) theorem that
holds for any finitary set functor 7.

Theorem 1. Let (X, ) be a pointed T -coalgebra that is behaviourally equivalent
to a finite well-pointed (=minimal & reachable) T-coalgebra (Y,y). Let L be an
expressive language for T-coalgebras. Our algorithm determines the well-pointed
coalgebra (Y, y) using queries and counter-examples from L.

A key observation that led to the algorithm is that Angluin’s algorithm essen-
tially learns modal filtrations. These filtrations can be defined relative to any
coalgebraic logic. In my talk I will discuss the above theorem and report on
ongoing work on fitting filtrations and thus learning into the dual adjunction
framework of coalgebraic logic.

Possible Application: Iterated Games. In our recent paper [45] we use
the framework of open games [46] to represent an infinitely iterated strategic
game (such as the well-known Prisoner’s Dilemma) as a final coalgebra. As a
byproduct, this work allows to characterise subgame perfect equilibiria using
the (standard) coalgebraic p-calculus. To give the reader a rough idea, let me
spell out some of the details. Consider a simple game (think of the Prisoner’s
Dilemma) with set of moves Y where an element of Y represents the moves
played by all players simultaneously. A play of the infinitely iterated game is an
infinite sequence of moves p € Y, strategies in this game are pointed coalgebras
of the form

(now,ltr) : X —» Y x XV

where at each state x € X the coalgebra map determines the next move now(z)
and moves to the next state ltr(z)(y’) depending on which move ¢y’ € Y has been
actually carried out in one round of the game. Pay-off functions for the infinitely
iterated game are of type k : Y¥ — R (where R is typically of the form R™ for
an n-player game). This leads us to define a coalgebra

(mow, Itr) : (X x RY") — Y x (X x RY")Y
by putting

now(x, k) := now(x)
H(xa k) = Ay.(ltr(x)(y), ky>
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where k,(p) :== k(yp) for y € Y, p € Y*. The intuition behind this definition
is to record the current strategy of the players and the payoff function - both
based on the history of the game played thus far. With these definitions in place
it is not difficult to see that subgame perfect equilibria in the infinitely repeated
game can be characterised via a p-calculus formula ¢ = v X.PAOX for a suitable
predicate P that is defined using the equilibrium of the stage game. The obtained
characterisation has the following form:

(x,k) Ev iff x represents an s.p.equilibrium of the game with payoff k.

While the coalgebra (fow, ltr) will in general be infinite, assumptions on the
pay-off function (such as discounted sum) will allow us to obtain a finite equiv-
alent coalgebra. In my talk I will provide the details of this construction and I
will explain how this observation connects the afore mentioned automata and
learning techniques to game theory.

Acknowledgements. The overview of current research is based on joint work with
Simone Barlocco, Nick Bezhanisvili, Neil Ghani, Helle Hvid Hansen, Alasdair Lambert,
Johannes Marti, Fredrik Nordvall Forsberg, Jurriaan Rot and Yde Venema.
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Abstract. A cyclic proof system gives us another way of representing
inductive and coinductive definitions and efficient proof search. Podelski-
Rybalchenko termination theorem is important for program termina-
tion analysis. This paper first shows that Heyting arithmetic HA proves
Kleene-Brouwer theorem for induction and Podelski-Rybalchenko the-
orem for induction. Then by using this theorem this paper proves the
equivalence between the provability of the intuitionistic cyclic proof sys-
tem and that of the intuitionistic system of Martin-Lof’s inductive defi-
nitions when both systems contain HA.

1 Introduction

This paper studies two subjects: intuitionistic Podelski-Rybalchenko theorem for
induction, and equivalence between intuitionistic system of Martin-Lo6f’s induc-
tive definitions and an intuitionistic cyclic proof system.

Podelski-Rybalchenko theorem [18] states that if a transition invariant is a
finite union of well-founded relations then the transition invariant is also well-
founded. This gives us good sufficient conditions for analysis of program termi-
nation [18]. Intuitionistic provability of this theorem is also interesting; if we can
show this theorem is provable in some intuitionistic logical system, the theorem
also gives us not only termination but also an upper bound of computation steps
of a given program. For this purpose, we have to replace well-foundedness in the
theorem by induction principle, since well-foundedness is a property of negation
of existence and induction principle can show a property of existence. We say
Podelski-Rybalchenko theorem for induction when we replace well-foundedness
by induction principle in Podelski-Rybalchenko theorem. [3] shows Podelski-
Rybalchenko theorem for induction is provable in intuitionistic second-order
logic. [5] shows that this theorem for induction is provable in Peano arithmetic,
by using the fact that Peano arithmetic can formalize Ramsey theorem. However
until now it was not known whether Podelski-Rybalchenko theorem for induc-
tion is provable in some intuitionistic first-order logic. This paper will show this
theorem for induction is provable in Heyting arithmetic and answer this question.
© IFIP International Federation for Information Processing 2018
Published by Springer Nature Switzerland AG 2018. All Rights Reserved
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An inductive/coinductive definition is a way to define a predicate by an
expression which may contain the predicate itself. The predicate is interpreted
by the least/greatest fixed point of the defining equation. Inductive/coinductive
definitions are important in computer science, since they can define useful recur-
sive data structures such as lists, trees, and streams, and useful notions such
as bisimulations. Inductive definitions are important also in mathematical logic,
since they increase the proof theoretic strength. Martin-Lof’s system of induc-
tive definitions given in [16] is one of the most popular systems of inductive
definitions. This system has production rules for an inductive predicate, and the
production rule determines the introduction rules and the elimination rules for
the predicate.

[8,11] proposed an alternative formalization of inductive definitions, called
a cyclic proof system. A proof, called a cyclic proof, is defined by proof search,
going upwardly in a proof figure. If we encounter the same sequent (called a
bud) as some sequent we already passed (called a companion) we can stop. The
induction rule is replaced by a case rule, for this purpose. The soundness is
guaranteed by some additional condition, called a global trace condition, which
can show the case rule decreases some measure of a bud from that of the com-
panion. In general, for proof search, a cyclic proof system can find an induction
formula in a more efficient way than Martin-L6f’s system, since a cyclic proof
system does not have to choose fixed induction formulas in advance. A cyclic
proof system enables us to get efficient implementation of theorem provers with
inductive definitions [7,9,10,12]. A cyclic proof system can also give us another
logical system for coinductive predicates, since a coinductive predicate is a dual
of an inductive predicate, and sequent calculus is symmetric for this dual.

[8,11] investigated Martin-Lof’s system LKID of inductive definitions in
classical logic for the first-order language, and the cyclic proof system CLKID
for the same language, showed the provability of CLKID® includes that of
LKID, and conjectured the equivalence.

As the second subject, this paper studies the equivalence for intuitionistic
logic, namely, the provability of the intuitionistic cyclic proof system, called
CLJID", is the same as that of the intuitionistic system of Martin-Lof’s induc-
tive definitions, called LJID. This question is theoretically interesting, and
answers will potentially give new techniques of theorem proving by cyclic proofs
to type theories with inductive/coinductive types and program extraction by
constructive proofs.

This paper first points out that the countermodel of [4] also shows the equiv-
alence is false in general. Then this paper shows the equivalence is true under
arithmetic, namely, the provability of CLJID is the same as that of LJID,
when both systems contain Heyting arithmetic HA.

There are not papers that study the equivalence for intuitionistic logic or
Kleene-Brouwer theorem for induction in intuitionistic first-order logic. For
Podelski-Rybalchenko theorem for induction, [3] intuitionistically showed it but
the paper used second-order logic.
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Section2 proves Kleene-Brouwer theorem for induction and Podelski-
Rybalchenko theorem for induction. Section 3 defines LJID and CLJID® and
discuss a cyclic proof system for streams. Section 4 discusses the countermodel,
defines CLJID® + HA and LJID + HA, states the equivalence theorem, and
explains ideas of the equivalence proof. Section5 discusses proof transforma-
tion and proves the equivalence theorem. Section 6 discusses related work. We
conclude in Sect. 7.

2 HA-Provable Podelski-Rybalchenko Theorem
for Induction

This section will prove Podelski-Rybalchenko theorem for induction, inside Heyt-
ing arithmetic HA. First we will prove Kleene-Brouwer theorem for induction,
inside HA.. This is done by carefully using some double induction. This theorem
is new. Next we will show induction for the set MS of monotonically-colored
subsequences. Monotonically-colored subsequences are used in ordinary proof of
Ramsey theorem and we will show some intuitionistic property of them. Then
by applying Kleene-Brouwer theorem to a part of MS and some orders >, refs
and >, Right, we will obtain two Kleene-Brouwer relations >kp; , and >kpa,r
and show their induction principle. These two relations are simple but necessary
preparation for the next relation. Then by applying Kleene-Brouwer theorem to
some lifted tree determined by >kg2, and the relation >kgi,, we will obtain
a Kleene-Brouwer relation >kgp , and show its induction principle. This relation
is a key of the proof. Then we will show that induction for decreasing transi-
tive sequences is reduced to induction for Erdds trees with the relation >xp .
An Erdos tree is some set of monotonically-colored sequences and implicitly
used in ordinary proof of Ramsey theorem. Since Erdos trees are in the lifted
tree, by combining them, finally we will prove Podelski-Rybalchenko theorem for
induction.

2.1 Kleene-Brouwer Theorem

We will show Kleene-Brouwer theorem for induction, which states that if we have
both induction principle for a lifted tree (namely (u) * T for some tree T') with
respect to the one-step extension relation and induction principle for relations
on children, then we have induction principle for the Kleene-Brouwer relation.
We can prove it by refining an ordinary proof of Kleene-Brouwer theorem for
orders.

We assume Heyting arithmetic HA is defined in an ordinary way with con-
stants and function symbols 0, s, +, x. We define x < y by Jz.x + sz = y and
z <ybyx=yVzx<y. We can assume some coding of a sequence of numbers
by a number in Heyting arithmetic, because the definitions on pages 115-117 of
[19] work also in HA. We write (to, ..., t,) for the sequence of ty, ..., t,. We also
write |¢], and (¢), for the length of the sequence ¢, and the u-th element of the
sequence t respectively. We write * for the concatenation operation of sequences.
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We write >g or > for a binary relation. We write <p for the binary relation
of the inverse of >pg. For notational simplicity, we say X is a set in order to
say there is some first-order formula F'x such that x € X < Fxz. Then we also
say t € X in order to say F't. We write y <p z € X fory <gp x Ay € X. We
write £ € 0 when z is an element of the sequence o. We write U<“ for the set
of finite sequences of elements in U. For a set S of sequences, we write (u) x S
for {{u) *xo | o0 € S}. For a set U and a binary relation >p for U, the induction
principle for (U, >R) is defined as

Ind(U, >R, F) =Vx € U((Vy <gr x € U.Fy) — Fz) - Va € U.Fx,
Ind(U, >g) = Ind(U, >R, F) (for every formula Fz).

For a set U a set T is called a tree of U if T C U<% and T is nonempty and closed
under prefix operations. Note that the empty sequence is a prefix of any sequence.
As a graph, the set of nodes is T’ and the set of edges is {(z,y) € T? | y = xx{(u)}.
We call a set T C U<¥ a lifted tree of U when there are a tree 7" C U<% and
r € U such that T = (r) *T'. We define LiftedTree(T, U) as a first-order formula
that means T is a lifted tree of U.

For z,y € U<“ we define the one-step extension relation >y y if y = x#(u)
for some u. Foraset T C U<¥ and 0 € U<, we define T, as {p € T'| p = oxp'}.
Note that T, is a subset of T'. For a nonempty sequence o, we define first(o) and
last(c) as the first and the last element of o respectively.

The next lemma shows induction implies « % x. The proof is in [6].

Lemma 2.1. If HA FInd(U, >), then HAFVa,y e Uy < z —y # x).

Definition 2.2 (Kleene-Brouwer Relation). For a set U, a lifted tree T
of U, and a set of binary relations >, on U for every u € U, we define the
Kleene-Brouwer relation >kp for T and {(>,) | © € U} as follows: for z,y € T,
x>k yif (1) z = 2z (u,u1) * wy, y = 2z * (u, ug) * wa, and uy >, us for some
Z, U, U1, W1, Uz, We, Or (2) y = x x z for some z # ().

When (>,) is some fixed (>) for all u, for simplicity we call the relation
(>kB) the Kleene-Brouwer relation for 7' and >.

Note that (>kp) is a relation on 7. This Kleene-Brouwer relation is slightly
different from ordinary Kleene-Brouwer order for the following points: it creates
a relation instead of an order, it uses a set of relations indexed by an element, and
it is defined for a lifted tree instead of a tree (in order to use indexed relations).

The next theorem shows induction principle for the Kleene-Brouwer relation.

Theorem 2.3 (Kleene-Brouwer Theorem for Induction). If HA F
LiftedTree(T,U), HA F Ind(T,>cx) and HA F Vu € UInd(U,>,), then
HA + Ind(T, >KB)~

Proof. By induction on (T, >cx) with the induction principle Ind(7, > eyt ), we
will show Vo € T.Ind(Ty, >kp). After we prove it, we can take o to be () to
show the theorem, since Ty =T
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Fix o € T in order to show Ind(T,,>kg). Note that we can use induction
hypothesis for every o % (u) € T

IHd(Tg*<u>, >KB)- (1)

Assume
Ve € T,((Vy <k ¢ € T,.Fy) — Fx) (2)

in order to show Va € T,.Fz. For simplicity we write F(X) for Vo € X.Fx. Let
Gu = F(Tos(uy)- By Ind(U, >1a6¢(0)) We will show the following claim.

Claim: Vu € U.Gu.

Fix u € U in order to show Gu.

By IH for v with >1,4(s) we have

U <last(o) U — F(Tou(v))- (3)
We can show
Vo € Touuy (VY <xB @ € Thuruy-Fy) — (Vy <xB 2 € T5.Fy)) (4)
as follows. Fix = € Tg.(y), assume
Vy <xB T € Touiu)-Fy (5)

and assume y <xp * € T, in order to show F'y. By definition of >kp, we have
Y € Tou(vy for some v <jusp(o) U, Or Y € Tpygyy- In the first case, Fy by (3). In
the second case, Fy by (5). Hence we have shown (4).

Combining (4) with (2), we have

Vo € Touuy (VY <xB T € Thuruy-Fy) — F(x)). (6)
By IH (1) for o * (u), we have Ind(7T,.(,), >kB), namely,
Vx € Tg*<u>((Vy <KB T € Tg*<u>.Fy) — FCL‘) —Vr € Tg*<u>.F.’E. (7)

By (6), (7), F(Ty.(uy)- Hence we have shown the claim.
If y <kp o € T, we have y € T, for some u, since y <kp o implies y # o
by definition of KB and Lemma 2.1 for >,. By the claim, F'y. Hence

Vy <KB O € Tg.Fy. (8)

By letting x := o in (2), we have (Vy <xp o € T,.F'y) — Fo. By (8), Fo.
Combining it with the claim, Vx € T,.Fx. a

2.2 Proof Ideas for Podelski-Rybalchenko Theorem for Induction

In this subsection we will explain proof ideas of Theorem 2.15.

A sequence u; >pg up >pg ug >pg ... is called transitive when u; >pr u; for
any i < j. We say the edge from u to v is of color R when u > v. A sequence
is called monotonically-colored when for any element there is a color such that
the edge from the element to any element after it in the sequence has the same
color.
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Definition 2.4. For a set U and a relation > for U, we define the set DS(U, >) of

decreasing sequences as {(xq,...,Tn_1) | n > 0,2; € U,Vi <n—1.(z; > x,41)}.
We define the set DT(U,>) of decreasing transitive sequences by

{{zo,...,xn-1) [ n>0,2, e UVi(Vj <n—1.(i<j— x> z;))}

We define >g,u..ur, as the union of >p, for all 1 < i < k. We define
>Ry +..+R, as the disjoint union of > g, for all 1 < i < k. (Whenever we use it,
we implicitly assume the disjointness is provable in HA.)

We define Monoseqg, g, (z) to hold when z = (z¢,...,2,-1) €
DT(U, >R, 4..+r,) and Vi < n - 1(Vj < n—13G < j— N (z >g

1<i<k
Ziy1 — x; >r, ¢j))). Note that n may be 0.
We define MS as {z € DT(U, >r,+..+r,) | Monoseqp, g, ()}

MS is the set of monotonically-colored finite sequences. Note that MS, is a
subset of MS (by taking 7" and o to be MS and (r) in our notation T,) and a
lifted tree of U for any r € U.

We will show Podelski-Rybalchenko theorem for induction stating that if a
transition invariant >y is a finite union of relations >, such that each Ind(>")
is provable for some n, and each (>,) is decidable, then Ind(>7) is provable.

First each Ind(>) is obtained by Ind(>7). Next by the decidability of each
(>r), we can assume all of (>,) are disjoint to each other. For simplicity, we
explain the idea of our proof for well-foundedness instead of induction principle.

Assume the relation > has some infinite decreasing transitive sequence

Uy >y U2 > U3 >p7 - -

in order to show contradiction.

The set MS will be shown to be well-founded with the one-step extension
relation. For a decreasing transitive sequence z of U, a lifted tree T' € U<¥ is
called an Erdos tree of x when the elements of x are the same as elements of
elements of T', every element of T' is monotonically-colored, and the edges from
a parent to its children have different colors. Let ET be a function that returns
an Erdds tree of a given decreasing transitive sequence. Then we consider

ET((u1)), ET((u1,u2)), ET((u1, ug, u3)), - ..

Define MS<T> as the set of sequences beginning with r in MS. Define >kpi
as the Kleene-Brouwer relation for the lifted tree MS(,, and some left-to-right-
decreasing relation on children of the lifted tree. Define >kp2 , as the Kleene-
Brouwer relation for the lifted tree MS,y and some right-to-left-decreasing rela-
tion on children of the lifted tree. By Kleene-Brouwer theorem, (>kpi1,) and
(>kB2,r) are well-founded. Define ET2((uy,...,u,)) as the (>kp2u, )-sorted
sequence of elements in ET((uq,...,uy)). Then consider

ET2(<U,1>),ET2(<U1, u2>), ET2(<U1,UQ, U3>), e

Define >kp,, as the Kleene-Brouwer relation for >xp;, and the set of
(>kB2,r)-sorted finite sequences of elements in MS,y. This definition is a key
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idea. By this definition, we can show the most difficult step in this proof:
ET2(<U1>) >KB,u1 ET2(<U1,’LL2>) >KB,u1 ET2(<u1,u2,u3>) >KB,u1 e

Since (>kB,u, ) is well-founded by Kleene-Brouwer theorem, we have contradic-
tion. Hence we have shown wuq > us > ug > ... terminates.

In general we need classical logic to derive induction principle from well-
foundedness, but the idea we have explained will work well for showing induction
principle in intuitionistic logic.

2.3 Proof of Podelski-Rybalchenko Theorem for Induction

This subsection gives a proof of Podelski-Rybalchenko Theorem for Induction.

The next lemma shows that induction principle for each relation implies
induction principle for monotonically-colored sequences. This lemma can be
proved by refining Lemma 6.4 (1) of [3] from second-order logic to first-order
logic. The proof is given in [6].

Lemma 2.5. If HA + Ind(DT(U, >R,), >ext) for all 1 < i < k, then HA I
Vr € U.Ind(l\/IS<T>7 >ext)'

Next we create Kleene-Brouwer relations >kpi, and >kp2, for
monotonically-colored sequences beginning with . Then we consider the set of
(>kB2,r)-sorted finite sequences of monotonically-colored finite sequences begin-
ning with r. It is a lifted tree. Then, by induction principle for MS, the lifted
tree is well-founded with the one-step extension relation. The Kleene-Brouwer
relation for the lifted tree and >xp1,, gives us >kg, for the lifted tree. Since an
Erdos tree is in the lifted tree, this will later show induction principle for Erdés
trees.

Definition 2.6. For u € U, we define >, per, for U by: u1 >y Lest uz if u >g; u,
u >pg, U2, and j <! for some j, (.

We define >kg1,, for MS, as the KB relation for MS;,y € U<* and (>4, Left)
CU?foralluel.

For v € U, we define >, Right for U by: u1 >y Right U2 if u1 <y Lett U2-

We
define >kpo,» for MS(,y as the KB relation for MS;,y € U<* and (>, Right)
CU?forallueU.

We define >kgp, for DS(MS, >K132,T)<<T>> as the KB relation for
DS(N[S<T>7 >KB2)T)<<T>> - MS<<T°>" and >KB1,r-

>y, Left 15 the left-to-right-decreasing order of children of u in some ordered tree
of U in which the edge label R; is put to an edge (z,y) such that x >, y, each
parent has at most one child of the same edge label, and children are ordered
by their edge labels with Ry < ... < Ry. Similarly >, right is the right-to-left-
decreasing order of children of w in the ordered tree.
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Definition 2.7. For v € U C N, finite T C MS such that Vp € T.Vv €
p.(v >p 4. .+R, u), and for o € T, we define the function insert by:

insert(u, T, o) =
insert(u, T, o * (v)) if last(c) > g, u,v = pv.(o * (v) € T Alast(c) >g, v),
T U {o * (u)} otherwise,

where pv.F(v) denotes the least element v with the natural number order such
that F'(v). Formally insert(u,T,c) = T” is an abbreviation of some HA-formula
G(u,T,0,T"). It is the same for ET below.

For x € DT(U, >R, +..+r,) — {{ )}, we define ET(z) C MS by

ET((w)) = {(w)},
ET(z * (u)) = insert(u, ET (), (first(x))) if = # ().

Note that insert(u,T,c) adds a new element u to the set T at some position
below o to obtain a new set. ET(z) is an Erdos tree obtained from the decreasing
transitive sequence x.

The next lemma (1) states a new element is inserted at a leaf. It is proved
by induction on the number of elements in T. The claim (2) states that edges
from a parent to its children have different colors. It is proved by induction on
the length of z.

Lemma 2.8. (1) Foru e U, T CMS, and 0 € T, ifu ¢ p for all p € T,
o = (Tgy. .y Tn-1), T; >R, Tit1 implies x; >gr; u for all i < n —1, and
insert(u, T, o) = T', then there is some p € T, such that p x (u) € MS, T' =
T+ {px{u)}, and p x (u) is a mazimal sequence in T".

(2) If o % (u,u1) * p1,0 * {(u,ug) * po € ET(z), u>pg, u1, and u >p, us, then
Uy = uUg.

Definition 2.9. For x € DT(U,>g,+.. +r,) — {{ )}, we define
ET2(x) = (zg, ..., Tn-1)
where {2¢,..., 2,1} = ET(2) and Vi <n — 1.(2; >KB2,first(z) Ti+1)-

Note that >kpo first(2) 1S a total order on ET(x) by Lemma 2.8 (2). ET2(z) is the
decreasing sequence of all nodes in the Erdés tree ET(z) ordered by >kg2 first (x)-

The next lemma shows ET2 is monotone. It is the key property of reduction
in Lemma 2.11.

Lemma 2.10. HA + Vr € UVx,y € DT(U,>R .. +Rr.) () (T >ext ¥ —
ET2(J}) >KB,r ET2(y)).

Proof. Fix r € U and z,y € DT(U, >R, +..4+R,) () and assume x >qy y. Let
y = x * (u). Then ET(y) = insert(u, ET(z), (r)). By Lemma 2.8 (1), we have o
such that ET(y) = ET(z) + {0 * (u)}. Then we have two cases:

Case 1. last(ET2(x)) >kpa,r 0 * (u).
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Then ET2(y) = ET2(x) * (o * (u)). By definition, ET2(z) >kg,,» ET2(y).

Case 2. 0 * (u) >kpa, 7 for some 7 € ET2(x).

Let p be the next element of o * (u) in ET2(y). Then ET2(z) = a * (p) x 5
and ET2(y) = a * (o * (u), p) * 8. By definition of ET2, o * (u) >kpa,, p. Since
o * (u) is maximal in ET(y) by Lemma 2.8 (1), there is no o # () such that
o * (u) * @ = p. Hence o * (u) <kgpi1,, p. Hence ET2(z) >k, ET2(y). O

The next lemma shows that induction for decreasing transitive sequences is
reduced to induction for Erdds trees with >kp ;.

Lemma 2.11. HA + Vr € UInd(ET2(DT(U, >R, +...+Ry ) (r)); >KB,r) implies
HA FInd(DT(U, >R, +.. 4Ry )s >ext)-

Proof sketch. In order to show Ind(DT(U, > g, +..+R, ), >ext) for F, define Gy =
Vz € DT(z # () = ET2(2) = y — Fz) and use Ind(ET2(DT(U, >R, +..4Rr,.) (r))>
>kg,r) for G and Lemma 2.10. The proof is in [6]. O

The next lemma shows induction holds when we restrict the universe. The
proof is in [6].
Lemma 2.12. HA F Ind(U,>) and HAFV C U imply HA - Ind(V, >).

The next lemma shows induction is implied from induction for decreasing
sequences. The proof is in [6].

Lemma 2.13. HA F Ind(DS(U, >), >ext) tmplies HA = Ind(U, >).

The next lemma shows induction for a power of a relation implies induction for
the relation. The proof is in [6].

Lemma 2.14. HA I Ind(U, >") implies HA + Ind(U, >).
Define

Trans(U, >g) =Veyz e U(x >Ry ANy >r 2 — & >R 2),
Decide(U,>g) =Vay € U(z >ry VvV ~(x >r y)).

The next theorem states that if some powers of relations >g, have induction
principle, >p, are decidable and their union is transitive, then the union has
induction principle. This theorem is the same as Theorem 6.1 in [5] except HA
and the decidability condition Decide(U, > g, ).

Theorem 2.15 (Podelski-Rybalchenko Theorem for Induction). If
HA F Ind(U,>% ), HA I Decide(U, >g,), ..., HA = Ind(U,>%"), HA
Decide(U, >R, ), and HA F Trans(U, >g,+.. +r,. ), then Ind(U, >g,+..+R,)-

Proof. We will discuss in HA.

By Lemma 2.14, we can replace n; by 1 and obtain Ind(U, >g,). In order to
obtain disjoint relations, we define >p; as >g, and >g;,  as (>r,,) — (>ry)
—...—(>gy). Then (>g;), ..., (>g,) are disjoint and Vzy € U(z >p,u. .UR,
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Y= >piy yr, y) by Decide(U,>g,) for 1 < i < k. Since (>g;) C (>g,),
Ind(U, > R;). For simplicity, from now on we write >p, for > g/ in this proof. We
will show Ind(U, >R, +..+R,.)-

From Ind(U,>g,), by replacing induction on elements by induction on
sequences, we have Ind(DT(U,>g,),>cxt) for 1 < ¢ < k. By Lemma 2.5,
we have Vr € UInd(MS .y, >cxt). Apparently Yu € U.Ind(U, >y Left). By tak-
ing U to be U, T to be MS(,), and >, to be >, ey in Theorem 2.3 for
>kB1,r we have Vr € UlInd(MS(.y,>xp1,-). By Theorem 2.3 for >kga.,
we have Vr € U.nd(MS(.y, >kB2,,) similarly. By replacing induction on ele-
ments by induction on sequences, we have Vr € U.Ind(DS(MS .y, >kB2,r), >ext)-
Since DS(MS;y, >kB2,r)((r)) is a subset of DS(MS, >kB2,), from Lemma
2.12, we have Vr € U.nd(DS(MS.y, >kB2,)((r): >ext). By taking T' to be
DS(MS<r)7>KB2,r)<<r)>a U to be MS<T>, and (>u) to be (>KB1,7*) in Theo-
rem 2.3 for >KB,r; W€ have Vr € U~Ind(DS(MS<7~),>KB2’T)((7~)),>KB,r)~ This
is a key step of this proof. Since ET2(DT(U,>R, +..4r,))) S DS(MS(y,
>KB2,r)((r))> by Lemma 2.12, we have Vr € UInd(ET2(DT(U, >R, +...+Rr,) (r));
>kB,r). By Lemma 211, Ind(DT(U,>R,+..+R:)s >ext)- By Trans(U,
>ri+..+Ry ) DT(U, >R+ 4R, ) is DS(U, >R, +... 4R, ). Hence we have Ind(DS(U,
>Ri4..+Ry)s Zext). From Lemma 2.13, by replacing induction on sequences by
induction on elements, we have Ind(U, >R, +.. 1R, )- O

3 Cyclic Proofs

3.1 Intuitionistic Martin-Lo6f’s Inductive Definition System LJID

We define an intuitionistic Martin-Lof’s inductive definition system, called
LJID.

The language of LJID is determined by a first-order language with inductive
predicate symbols. The logical system LJID is determined by production rules
for inductive predicate symbols. These production rules mean that the inductive
predicate denotes the least fixed point defined by these production rules.

We assume the first order terms ¢, u, . ... We assume Vz and Jy are less tightly
connected than other logical connectives. To save space, we sometimes write Pxy
and Fzy for P(z,y) and F(z,y).

For example, the production rules of the inductive predicate symbol N are

L Nx
NO Nsz

These production rules mean that N denotes the smallest set closed under 0 and
s, namely the set of natural numbers.

The inference rules of LJID contains the introduction rules and the elimi-
nation rules for inductive predicates, determined by the production rules. These
rules describe that the predicate actually denotes the least fixed point. In par-
ticular, the elimination rule describes the induction principle.
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For example, the above production rules give the introduction rules

I'Nx
I'ENO I'F Nsz

and the elimination rule

I'-F0 I Fxt Fsx
I''Nt+ Ft

This elimination rule describes mathematical induction principle.

T AF A (Axiom) FF/ t 2/ (Wk)(r’ CI,A CA) % (Cut)
thﬁe (Subst) FZ:EFFI— (=L) 1f I—F—\:«“ (~FR) = FF',_FAV GFLGAFA (VL)
Frrve (R FrEes VR ragrs O TEbpngt o)
Threra CD Frrea R hgrea Ob
P B ¢ mv(r) % GD @ ¢ Fv(1, 2)) % (3R)
F[:L"Ffu]:,tt]:}_uAF[xA[z t}: u) (=1) I'rt=t (=R % (Ind P)
'tQiw: ... I'FQuTx F:PITI ie. THFP. T P R)

T'+P3

Fig. 1. Inference rules

The inference rules are given in Fig. 1 where for (P; R) we assume the pro-

duction rule

Ty ... Quin Pit1 ... Pnt
—
Pt

m

and for (Ind P;) we assume a predicate F; for each P; and the minor premises
are defined as

— —
t

— — -
IQunuit, o, Qin, Wing, F1 t i1, s Fimy € im, F F

i
for each production rule

— — —
QUi - Qin,Uin, Prta ... Pim, tim,
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Note that the antecedents and the succedents are sets and the succedent is empty
or a formula.

The system LJID is the same as the system obtained from classical Martin-
Lo6f’s inductive definition system LKID defined in [11] by restricting every
sequent to intuitionistic sequents and replacing (—L), (VR), and (Ind P;) accord-
ingly. The provability of the system LJID is the same as that of the natural
deduction system given in [16].

3.2 Cyeclic Proof System CLJID®

An intuitionistic cyclic proof system, called CLJID®, is defined as the system
obtained from classical cyclic proof system CLKID® defined in [11] by restrict-
ing every sequent to intuitionistic sequents and replacing (—L) and (VR) in the
same way as LJID. Note that the global trace condition in CLJID is the same
as that in CLKID® (Definition 5.5 of [11]).

Namely, the inference rules of CLJID® are obtained from LJID by replacing
(IndP;) by

case distinctions
=== (CaseP
rpura  (Casel)

where the case distinctions are
IU=1,Q1 01, QuUn,Pi L1y Pntm A
for each production rule

Qi1W1 ... Quin Piti ... Putm
Pt

A cyclic proof in CLJID" is defined by (1) allowing a bud as an open assumption
and requiring a companion for each bud, (2) requiring the global trace condition.
The global trace condition [8,10] is the condition that for every infinite path
in the infinite unfolding of a given cyclic proof, there is a trace that passes main
formulas of case rules infinitely many times. The global trace condition ensures
that when we think some measure by counting case rules, the measure of a bud
is smaller than that of the companion. For example, in the next example the
companion (a) uses Px0y, but the bud (a) uses Px0y where x is 2’ and 2’ < z,
so their actual meanings are different even though they are of the same form.
The global trace condition guarantees the soundness of a cyclic proof system.
An example of a cyclic proof (trivial steps are omitted) is as follows:

(a)PxOyFz =y
POy Fao' =y

(Subst)

Wk
Pﬁloy’,x _ sx/,y _ sy’ [ - y/ ( )
F0=0 POy, = st',y = sy’ - sz’ = sy
x=0,y=0,Prlyraz=y Pa'ly,a=sa',y=sy’'Fa=y (Case P)

(a)PzxOy Fx =y
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where the mark (a) denotes the bud-companion relation, and the production
rules are

Pzxyz
POyy P(sx)y(sz)

Note that the predicate P is addition on natural numbers and the proof is,
essentially, deriving the arithmetic identity x + 0 = z.

We call an atomic formula an inductive atomic formula when its predicate
symbol is an inductive predicate symbol.

3.3 Cyclic Proofs for Coinductive Predicates

This subsection shows how we can use a cyclic proof system to formalize coinduc-
tive predicates. Since a coinductive predicate is a dual of an inductive predicate,
and sequent calculus is symmetric for this dual, we can construct a cyclic proof
system for coinductive predicates. For example, for stream predicates we can
define a cyclic proof system purvLK from CLKID® as follows:

(1) Add function symbols head, tail, and the pair (, ) with the axioms (z,y) =
(2, y")—x =2’ ANy =y and z = (head z, tail z), and a coinductive predicate
symbol P with its coproduction rule

Qux Px
Py, z)

which means P is defined coinductively by this rule. Note that P represents
the set of streams (g, (1, (x2, (. ..))) such that Q(x;, (x;11, (xiya,(...))) for

all 4.

(2) Add the inference rules (P R) and (Case P) in the same way as CLKID®,
namely,
I't = (y,z),Qyz, Px k- A I'tQyz,A I'F Pz, A

(Case P) (P R)

I' Pt A I' Ply,z), A

(3) We call an atomic formula a coinductive atomic formula when its predicate
symbol is a coinductive predicate symbol. We define a cotrace as a sequence
of coinductive atomic formulas in the succedents of a path such that two
atomic formulas are related by an inference rule in a similar way to a trace
defined in [11]. The global trace and cotrace condition is the condition that
for every infinite path in the infinite unfolding of a given cyclic proof, the
path contains either a trace that passes main formulas of case rules infinitely
many times, or a cotrace that passes main formulas of rules (P R) infinitely
many times.

(4) A cyclic proof is a preproof that satisfies the global trace and cotrace con-
dition.
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Example. We define the bit stream predicate BS by the following coproduction
rules:
Bity BS«z
BS(y, z)

where Bit is an ordinary predicate symbol with the axiom Bit x <> 2 =0Vx = 1.
The inference rules from this production rule are:

I'FBity,A I'FBSz A (BS R) I''t=(y,z),Bit y, BSz+ A
I+ BS(y,x), A I'BStkH A

(Case BS)

Then we can show z = (0,2) - BS xz, namely, the zero stream is a bit stream,
as follows (trivial steps are omitted):

x=(0,2) FBit 0 (a) z=(0,2) FBS«
x = (0,z) F BS(0, z)
(a) x =(0,z) F BS

(BS R)

where (a) denotes the bud-companion relation.
The cyclic proof system prLK is sound for the standard model.

Theorem 3.1. If a sequent is provable in pvLK, then it is true in the standard
model where a coinductive predicate is interpreted as the greatest fized point that
satisfies the coproduction rules.

Proof sketch. We add an ordinary predicate symbol Q with the axiom Qyz «
-Qyx and add an inductive predicate symbols P with the production rules

Q(head x)(tail x) P(tail x)
Px Px

In the standard model, P is the greatest solution of the equation
Pz « Jyx'(x = (y,2') A Qyz’ A Pz')

and P is the least solution of the equation
Pz « Q(head z)(tail z) V P(tail z).

By putting = on both sides of the equation for P and taking y and z’ to be
head z and tail x, we can show —P is a solution of the equation for P. Hence
Pz — =Pz is true. In the same say by putting — on both sides of the equation for
P, and using z = (headz, tailz), we can show —P is a solution of the equation
for P. Hence ~Px — Pz is true. Therefore Pz < —Px is true.

We define a transformation ()~ for a sequent and a proof, in order to replace
P by P. For a sequent J, we define J~ by replacing P by —P and then moving
an atomic formula =Pt of the antecedent to Pt of the succedent and moving an
atomic formula =Pt of the succedent to Pt of the antecedent.
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Given a cyclic proof 7, we define 7~ by replacing each sequent J by J~ and
then replacing (P R) by

'+ Qyax', A~
'~ Qua’+ A~ I' Px'F A~ .
= (Case P) . i
I',Ply,a") - A~ (trivial steps are omitted)
and replacing (CaseP) by
I'z=(y,a),Qua’ + Pz, A~
I~z =(ya)F Qyz',Px/, A~ _
I~z =(y,2')F Qya', Pz, A~ S
) ) ~7 ? (P R)
I',x=(y,a') - Pz, A~
I'~F Pz, A- (trivial steps are omitted)

Then a cotrace in 7 corresponds to a trace in 7—. Hence 7~ is a cyclic proof
of J~ in CLKID" when 7 is a cyclic proof of J in uvLK. By the soundness of
CLKIDY, J~ is true in the standard model. Since Pz «» =Pz is true, J is true
in the standard model where P is interpreted as the greatest fixed point. a

4 Equivalence Between LJID and CLJID*

This section studies the equivalence between CLJID® and LJID.

4.1 Countermodel and Addition of Heyting Arithmetic

This subsection gives a countermodel and adds arithmetic to the logical systems.

The counterexample given in [4] also shows that the equivalence between
CLJID* and LJID does not hold in general, because the proof of the statement
H in [4] is actually in CLJID®, and LJID does not prove H since LKID does
not prove H. This gives us the following theorem (it is not new in the sense [4]
immediately implies it).

Theorem 4.1. There are some signature and some set of production rules for
which the provability of CLJID® is not the same as that of LIID.

There is a possibility of the equivalence under some conditions. We will show
the equivalence holds by adding arithmetic to both systems.
We add arithmetic to both LIJID and CLJID.

Definition 4.2. CLJID® + HA and LJID + HA are defined to be obtained
from CLJID® and LJID by adding Heyting arithmetic. Namely, we add con-
stants and function symbols 0, s, +, X, the inductive predicate symbol N, the
productions for N, and Heyting axioms:
L Nz
NO Nsx F Nx— sz #0, FNzANy—sx=sy—x=y,
FNz—z+0=zx, FNxANy—z+sy=s(x+y),
FNx—2xx0=0, FNxANy—zxsy=xxXy+z.
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4.2 Equivalence Theorem

In this subsection we state the equivalence theorem and explains proof ideas.
First we assume a new inductive predicate symbol P’ for each inductive
predicate symbol P and define the production rules of P’ in the same way as [5].

Definition 4.3. We define the production rule of P’

— — - -
Qv ... Quu, v>vy Pltivy ... v>vyn PLtgmun No

P tw

for each production rule of P

— — - -
Q1u1 Qnun Pltl Pmtm
—
Pt
where v,v1,...,v,, are fresh variables.

We write LJID + HA + (X, ®) for the system LJID + HA with the signa-
ture X and the set @ of production rules. Similarly we write CLJID® + HA +
(X, ®). For simplicity, in ¢ we write only P for the set of production rules for
P. We define X'y = {0,s,+, x,<,N} and & = {N}. We write P” for (P")’.

The next theorem shows the equivalence of LJID + HA and CLJID* + HA
with signatures.

Theorem 4.4 (Equivalence of LJID + HA and CLJID® + HA). Let
- = = - =

Y = XyU{Q,P,P'} and & = &y U {P, P’'}. Then the provability of

CLJID® + HA + (X, ®) is the same as that of LJID + HA + (X, ®).

We explain our ideas of proofs of this theorem. [5] shows the equivalence
between classical systems by using classical Podelski-Rybalchenko theorem for
induction. This proof goes well even if we replace classical systems by intu-
itionistic systems except that we have to replace classical Podelski-Rybalchenko
theorem for induction by intuitionistic Podelski-Rybalchenko theorem for induc-
tion. Since we proved intuitionistic Podelski-Rybalchenko theorem for induction
in Theorem 2.15, by combining them, we can show the equivalence between
LJID and CLJIDY.

5 Proof Transformation

This section gives the proof of the equivalence. More detailed discussions
are given in [6]. We define proof transformation from CLJID®” +HA to
LJID + HA. First we will define stage numbers and path relations, and then
define proof transformation using them.

For notational convenience, we assume a cyclic proof I in this section. Let
the buds in IT be Jy; (i € I) and the companions be Jy; (j € K). Assume
f I — K such that the companion of a bud Jy; is Ja f;)-
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5.1 Stage Numbers for Inductive Definitions

In this subsection, we define and discuss stage transformation.

We introduce a stage number to each inductive atomic formula so that the
argument of the formula comes into the inductive predicate at the stage of the
stage number. This stage number will decrease by a progressing trace. A proof
in LJID + HA will be constructed by using the induction on stage numbers.

First we give stage transformation of an inductive atomic formula. We assume
a fresh inductive predicate symbol P’ for each inductive predlcate symbol P and
we call it a stage-number inductive predicate symbol. P’( t,v) means that the
element f comes into P at the stage v. We transform P(?_)) into JvP’ ( , V).

We call a variable v a stage number of t when P’(? v). P(t) and EvP’(_> v)
will become equivalent by 1nference rules introduced by the transformation of
production rules. We call P’( t,v) a stage-number inductive atomic formula.
Secondly we give stage transformation of a production rule. We transform
the production of P into the production of P’ given in Definition 4.3.
Next we give the stage transformation of a sequent. For given fresh variables
T, we transform a sequent J into J2. defined as follows. We define I'® as the

set obtained from I" by replacing P(?) by JuP’ (?71)). For fresh variables v,
we define (I"), as the sequent obtained from I'® by replacing the i-th element
of the form HUP/(?,’U) in the sequent I'* by P’(?,vi). We define (I' - A)® by
I'* = A®, and define (I' = A)%. by ()% = A°.

We write (a;);e for the sequence of elements a; where i varies in I. We extend
the notion of proofs by allowing open assumptions. We write I' Fcopjipe+aa 4

with assumptions (J;);c; when there is a proof with assumptions (J;);c; and the
conclusion I' - A in CLJID® + HA.

Definition 5.1. In a path 7 in a proof, we define Ineq(7) as the set of the forms
v > v’ and v = v’ for any stage numbers v, v’ eliminated by every case distinction
in .

The proof of the next proposition gives stage transformation of a proof into a
proof of the stage transformation of the conclusion of the original proof. We
write I1° for the stage transformation of I7.

Proposition 5.2 (Stage Transformation). For any fresh variables v, if
I' Ferympe+aA A with assumptions (I; = A;)ier without any buds, then for
some fresh variables (U';)ie; we have (F)% Ferimperma A® with assumptions
(Ineq(m;), (I3)%, = AP)icr without any buds, where ; is the path from the con-
clusion, to the assumption (I )%, AT

5.2 Path Relation

In this section, we will introduce path relations and discuss them.
We assume a subproof I1; of IT such that it does not have buds, its conclusion
is Jo; and its assumptions are Jy; (i € I;).
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For J in II7, we define J as (v1,...,v) where J is Iy .. F A

For a path 7 from the conclusion to an assumption in II7, we write 7 for
the corresponding path in IT. We extend this notation to a finite composition
of m’s. By the correspondence (), a stage-number inductive atomic formula in
II7 corresponds to an inductive atomic formula in I, and a path, a trace, and

a progressing trace in II7 correspond to the same kind of objects in II.

Definition 5.3. For a finite composition 7 of paths in {II7 | j € K} such that
i is a path in the infinite unfolding of I, we define the path relation >, by

e>ay=lal =R Ay = AN N\ @e>War N\ @a=0q
F(q1,92) G(q1,92)

where J; and J; are the top and bottom sequents of 7 respectively, J; and J,
are those of the path 7, F(¢q1,q2) is that there is some progressing trace from
the go-th atomic formula in J5 to the g1-th atomic formula in Ji, G(q1,q2) is
that there is some non-progressing trace from the go-th atomic formula in J, to
the ¢;-th atomic formula in Jp.

We define B as the set of paths from conclusions to assumptions in /17 (e
K). We define B as the set of finite compositions of elements in By such that if
m € B then 7 is a path in the infinite unfolding of I7.

Definition 5.4. For m € B, define x >, y by

>z y=(2)o=JAYo=f)A(@)1>=(y),
where Jy; is the top sequent of 7, and Jo; is the bottom sequent of 7.

Note that ()o and (); are operations for a number that represents a sequence of
numbers defined in Sect. 3. The first element is a companion number.

Lemma 5.5. {>, | 7 € B} is finite.

Proof. Define C,, as {>n,..x,, | m < n,m € Bp}. Since >, is a relation on
N x N=P where p is the maximum number of inductive atomic formulas in the
antecedents of IT, there is L such that |C,,| < L for all n. Then we have the least
n such that Cy, 11 = Cy,. Then |{>, | 7 € B} = |C,|. O

The next lemma is the only lemma that uses the global trace condition.
Lemma 5.6. For all m € B, there is n > 0 such that Fua Ind(U, >7).

We define > as |J{>» | m € B}. Note that >y is transitive, since the top
sequent of my is the bottom sequent of my by the first element, and ((>r,) o

(>m)) € G )-
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5.3 Proof Transformation

This section gives proof transformation.
The next lemma shows we can replace (Case) rules of CLJID“ + HA by
(Ind) rules of LJID + HA.

Lemma 5.7. If there is a proof with some assumptions and without any buds
in CLJID” + HA, then there is a proof of the same conclusions with the same
assumptions in LJID + HA..

The next is a key lemma and shows each bud in a cyclic proof is provable in
LJID + HA, which is proved by using Theorem 2.15.

Lemma 5.8. For every bud J of a proof in CLIJID® + HA and fresh variables
v, (J)% is provable in LJID + HA.

The next is the main proposition stating that a cyclic proof is transformed into
an (LJID + HA)-proof with stage-number inductive predicates.

Proposition 5.9. If a sequent J is provable in CLJID® + HA + (X¥ny U
— —

{P} @NU{P}) then J is provable in LIID + HA + (Xn U {N’, P P } Sy U

{P P }) where N, P’ are the stage-number inductive predicates of N, P.

The next shows conservativity for stage-number inductive predicates.

Proposition 5.10 (Conservativity of N’ and P”). Let ¥ = Xy U
- = = - = — —
{(Q. P, P}, 6=y U{P,P'}, ¥ = SU{N',P"}, and &' = & U {N', P"}.

Then LIID + HA + (X', ®') is conservative over LIJID + HA + (X, ®).

Proof of Theorem 4.4. (1) LJID + HA + (¥,®) to CLJID® + HA + (X, ).
For this claim, we can obtain a proof from the proof of Lemma 7.5 in [11] by
restricting every sequent into intuitionistic sequents and replacing LKID+ (X, @)
and CLKID® + (X, &) by LJID + (X, ®) and CLJID" + (X, ®) respectively.
(2) CLJID® + HA + (X, @) to LJID + HA + (X, D).
Let X' = XU {N’,]_D)”} and ¢ = P U {N’,J_D)”}. Assume J is provable in
CLJID” + HA + (X, ®). By Proposition 5.9, J is provable in LJID + HA +
(X’,9"). By Proposition 5.10, J is provable in LJID + HA + (X, ®). O

6 Related Work

The conjecture 7.7 in [11] (also in [8]) is that the provability of LKID is the
same as that of CLKID®. In general, the equivalence was proved to be false
in [4], by showing a counterexample. However, if we restrict both systems to
only the natural number inductive predicate and add Peano arithmetic to both
systems, the equivalence was proved to be true in [20], by internalizing a cyclic
proof in ACA( and using some results in reverse mathematics. [5] proved that if
we add Peano arithmetic to both systems, CLKID* and LKID are equivalent,
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namely the equivalence is true under arithmetic, by showing arithmetical Ramsey
theorem and Podelski-Rybalchenko theorem for induction.

This paper shows that similar results as shown in [5] hold for intuitionistic
logic, namely, the provability of LJID is the same as that of CLJID® if we add
Heyting arithmetic to both systems.

The results of this paper immediately give another proof to the equivalence
under arithmetic for classical logic shown in [5] by using the fact I' FeLkiD“ +PA
A implies F, I', A FoLiip« +uAa for some finite set E of excluded middles.

By taking C_j and P to be empty in Theorem 4.4, we have conservativity of
CLJID® + HA over LJID + HA with only the inductive predicate N, which
answers the question (iv) in Sect. 7 of [20].

[15] presented the first logical system for inductive/coinductive predicates.
[17] also gave a similar system. They are both based on a finite system with unfold
and fold, and limited to propositional logic. [21] showed the completeness of the
system by using a cyclic proof system but it is also limited to propositional logic.
[2,14] investigated cyclic proof systems for inductive/coinductive predicates. [1,
13] also used cyclic proof systems for inductive/coinductive predicates to show
some completeness results. But these systems are all limited to propositional
logic.

7 Conclusion

We have first shown intuitionistic Podelski-Rybalchenko theorem for induction
in HA, and we have secondly shown the provability of the intuitionistic cyclic
proof system is the same as that of the intuitionistic system of Martin-Lof’s
inductive definitions when both systems contain HA. We have also constructed
a cyclic proof system prLK for stream predicates.

One future work would be to construct a cyclic proof system for coinductive
predicates in a general way and show the equivalence between the cyclic proof
system and other logical systems for coinductive predicates.
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Abstract. Decidability of type checking for dependently typed lan-
guages usually requires a decidable equality on types. Since bisimilarity
on (weakly final) coalgebras such as streams is undecidable, one can-
not use it as the equality in type checking. Instead, languages based on
dependent types with decidable type checking such as Coq or Agda use
intensional equality for type checking. Two streams are definitionally
equal if the underlying terms reduce to the same normal form, i.e. if the
underlying programs are syntactically equivalent. For reasoning about
equality of streams one introduces bisimilarity as a propositional rather
than judgemental equality.

In this paper we show that it is not possible to strengthen inten-
sional equality in a decidable way while having the property that equality
respects one step expansion, which means that a stream with head n and
tail s is equal to cons(n, s). This property, which would be very useful
in type checking, would not necessarily imply that bisimilar streams are
equal, and we prove that there exist equalities with this properties which
do not coincide with bisimilarity. Whereas a proof that bisimilarity on
streams is undecidable is straightforward, proving that respecting one
step expansion makes equality undecidable is much more involved and
relies on an inseparability result for sets of codes for Turing machines.
We prove this theorem both for streams with primitive corecursion and
with coiteration as introduction rule.

Therefore, pattern matching on streams is, understood literally, not a
valid principle, since it assumes that every stream is equal to a stream
of the form cons(n, s). We relate this problem to the subject reduction
problem found when adding pattern matching on coalgebras to Coq and
Agda. We discuss how this was solved in Agda by defining coalgebras
by their elimination rule and replacing pattern matching on coalgebras
by copattern matching, and how this relates to the approach in Agda
which uses the type of delayed computations, i.e. the so called “musical
notation” for codata types.
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1 Introduction

Many programs in computing are interactive in nature. We use user interfaces,
text editors, data bases, interact with sensors and actuators, and communicate
with other devices such as mobile phones or servers. Such programs potentially
run forever — a text editor will never terminate, unless we terminate it explicitly
or by accident, communication with a data base will never stop unless the server
is shut down, etc. In a series of articles [HS05, HS00,HS04] Peter Hancock and
the second author have shown how to represent interactive programs as non-
well-founded trees. Such a connection has been observed in other contexts as
well such as in order to give semantics to process algebras or describe interactive
programs in functional programs using streams or monads. Because of this, non-
well-founded data types play an important role in computer science. The usual
approach to such non-well-founded structures is to represent them as coalgebraic
data types.

In this paper we investigate final coalgebras in the context of dependent type
theory with decidable type checking where by coalgebras we will mean, unless
stated differently, weakly final strictly positive coalgebras. Decidable type check-
ing requires that definitional equality, i.e. the equality used for type checking, is
decidable. Theorem provers with decidable type checking such as Agda are very
easy to use and allow one to write proofs in the same way as programs in many
programming languages are written. The requirement for decidable definitional
equality doesn’t prevent reasoning about bisimilar coalgebras: one can define
bisimilarity of coalgebras as a proposition, and prove that certain elements of
coalgebras are bisimilar.

Coalgebras can be encoded using inductive types. However, in dependent type
theory, it seems to be difficult or might even be impossible to get an encoding
which gives the desired equalities w.r.t. decidable definitional equality. Therefore,
it is of interest to add coalgebras explicitly to type theory. Coalgebras have been
added in the form of codata types to both Coq [INR17] (see [Ber06,BC04] for
their approach to coalgebras) and Agda [Nor07,Agd14]. The approach regarding
coalgebras in Agda is described in [DA10]. Recently, the approach to define
coalgebras by their elimination rules has been added as well to Agda, and used
for implementing concepts from object based programming and graphical user
interfaces in Agda [AAS17,AAS16].

In this article we answer the often asked question whether rules for intensional
equality can be strengthened so that they permit at least one step expansion: if
a stream s has head a and tail ¢, then it should be equal to (cons a s’). Such
an equality does not necessarily imply that bisimilar streams are equal — only
streams, which have the same first n elements and then are equal need to be
equated. We show that indeed there are equalities which differ from bisimilarity
but admit one step expansion. We give a negative answer to the initial ques-
tion and show that there exists no decidable equality which allows for one step
expansion. While a proof that bisimilarity on streams is undecidable is straight-
forward, since extensional equality on functions of type N — N is undecidable,



36 U. Berger and A. Setzer

this proof is much more evolved and relies on an inseparability result for sets of
codes for Turing machines.

A consequence is that, if we want to stay in an intensional type theory
with decidable type checking, we cannot assume that every stream is equal to
(cons n s) for some n,s. Therefore, pattern matching on streams, understood
literally, is not a valid principle: A definition

f: (s:Stream) — Als]
f (cons n s) = t[n, s]

assumes that every stream is equal to a stream of the form (cons n a).

This explains why defining coalgebras by their introduction rules led to a sub-
ject reduction problem in both Coq and Agda [Gim96,Our08,McB09, APTS13].
This problem was solved in Agda initially by disallowing the dependency of A
on s. This however restricted quite severely its usefulness. Later it was solved
together with the pattern matching problem by changing the type of s to be a
new type (oo Stream) of delayed computations. We discuss this approach in the
conclusion. The latest approach taken in Agda is that coalgebras are defined by
their elimination rules, and pattern matching is replaced by copattern matching.
This approach has good properties: there are no restrictions on when to apply
reductions, subject reduction holds, and we have complete duality between alge-
braic and coalgebraic data types.

Content of the Article. In Sect.2 we review the notion of codata types. We
discuss why decidable type checking and therefore a decidable definitional equal-
ity is useful. We review the problems of the codata approach (especially subject
reduction) and review the approach of defining coalgebras by their elimination
rules, which fixes this problem. We discuss as well the principle of primitive core-
cursion. In Sect. 3 we introduce encodings of streams which consist of a set of
streams, functions head and tail, and an equality. Such encodings are universal
if they admit the principle of primitive corecursion. Then we show in Theorem 9
that there is no decidable equality in such a universal encoding which fulfils
the condition that (head,tail) is injective, i.e., that if the heads and tails of
streams are equal, then the streams are equal. It follows (Corollary 11) that it
is not possible to have a universal encoding of strings such that every stream
is equal to a stream of the form (cons n s). We show as well (Examples 13)
that there exist universal encodings for streams such that (head,tail) is not
injective, and that injectivity of (head, tail) doesn’t imply that the equality is
bisimilarity. The proof of the main theorem makes essential use of the principle
of primitive corecursion, and the question is whether the theorem still holds if
we replace corecursion by coiteration. In Sect. 4 we show (Theorem 17) that this
is the case. The paper ends with a conclusion, a discussion of related work, and
a discussion of the use of codata types in theorem proving and programming. In
particular we discuss how codata types can be reduced to coalgebras, and how
notations such as the so-called “musical notation” in Agda can be understood
as syntactic sugar, which allows one to keep most of the benefits of the codata
approach when working with coalgebras.
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2 Codata Types and Coalgebras

Codata Types. In the codata approach pioneered by Turner [Tur04, Tur95]!
one creates non-well-founded versions of algebraic data types. An example of a
(well-founded) algebraic type is the type of natural numbers defined by?

data N : Set where
0 :N
suc: N — N

The elements of N are obtained by finitely many applications of the constructors.
One can define a function from N to another type by pattern matching, i.e. by
making a case distinction on whether the argument is 0 or (suc n).

An example of a codata type is the set of streams of natural numbers

codata Stream : Set where
cons : N — Stream — Stream

The keyword codata indicates that we are allowed to have infinitely many appli-
cations of cons, and therefore form infinitary terms (cons ng (cons ny ---)). As
for data types one would expect pattern matching to work for codata types. We
won’t make this assumption in this article, and actually show that there is no
decidable equality such that every element of a codata type matches a pattern,
i.e. is equal to an element of the form (cons n s). In this article by codata types
we mean types which are like data types, but we allow infinite (more generally
non-wellfounded) applications of the constructor.

The Need for Decidable Equality. Problems of the codata approach arise if
one requires decidable type checking, as one does in most typed programming
languages.

Most theorem provers use a goal-directed approach to derive proofs. One
states a goal and then uses inference rules to derive that goal. If one had to
write programs in normal programming languages this way one would need to
derive a program by, for instance in case of Java, using a rule stating that it
consists of a class with some name and some methods. Then one would have to
use another rule to derive how a method is defined, etc. Using such an approach
for deriving programs would be much more tedious and more difficult to learn
than using the standard approach of first writing the program text and then
type checking it by the compiler.

Agda is an example of a theorem prover with decidable type checking. Proving
is very close to programming: instead of deriving an element of a type using rules,

! The earliest occurrence of codata types we could find is [Gim95], who called it
“Coinductive”. Hagino uses the notion of “codatatype” in [Hag89], but that notion
refers to coalgebras defined by their elimination rules.

2 We use in this section a notation similar to that of Agda. In particular, as common in
Martin-Lof type theory, Set denotes the set of small types, and we write application
in functional style, i.e. (f a) for f applied to a.
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the user types in a program text with some help from the system, which is then
type checked automatically. Certain parts of the program text can be left open
(called “goals”). The code is type checked automatically by the system and the
user gets some help for filling in the goals. This allows the programmer to type
in known parts directly and to combine in a very flexible way both forward and
backward reasoning.

Decidable type checking in dependent types implies decidability of equality.
This can be most easily seen when using Leibniz equality: If a,b : A, we have

(AX A z.z : Ux. a—set (X a — X b)) < a and b are equal elements of A.

Here, ITx. 4 50:(X a — X b) is the polymorphic type of functions mapping any
predicate on A (i.e. of type A — Set) to an element of (X a — X b). Therefore,
in a type theory which permits the definition of the polymorphic type of Leibniz
equality and which has decidable type checking we can decide using the type
statement on the left hand side whether a and b are equal elements of type A.
Hence decidability of type checking implies decidability of equality.

Problems of the Codata Approach. The natural equality on Streams is
bisimilarity, which means that two streams (cons no (cons n; ---)) and
(cons myg (cons my ---)) are equal if n; = m; for all 4 : N, that is, the functions
Ai.n; and Ai.m; are extensionally equal. Since extensional equality on N — N is
undecidable, bisimilarity is undecidable as well.

In order to deal with the problem of undecidability of extensional equality for
function spaces, in Martin-Lof type theory (MLTT) one defines for type checking
purposes two functions f,g: A — B as definitionally (or judgementally) equal,
if f, g as A-terms reduce to the same normal form.

Two functions are definitionally equal if the underlying programs reduce to
the same normal form. In order to state that two functions are extensionally
equal, one introduces a type (or proposition) expressing extensional equality,
and then can prove extensional equality of functions in type theory. In the same
way a decidable equality on codata types can be based on the principle that
two elements of a codata type are equal if the underlying terms have the same
normal form. Bisimilarity can then be introduced as a proposition which is given
as a coinductive relation.

We cannot permit full expansion of codata types, since this would result in
infinite and therefore non-normalising terms. The solution taken in Coq and
earlier versions of Agda is to impose restrictions on when an element of a codata
type can be expanded (see also the approach in [ADLO10] using lifting and
boxing operators). These solutions led to a problem of subject reduction in Coq
and earlier versions of Agda (see [APTS13] for a discussion on the history of this
problem). As a consequence, in Agda elimination rules for codata types have
been initially restricted to such extent that they are difficult to use. Later the
“musical approach” was taken, which will be discussed in the conclusion. The
latest approach taken in Agda uses coalgebras.

Coalgebras. A solution to this problem goes back to Hagino [Hag87,Hagg9],
namely to use the categorical dual of initial algebras (which correspond to
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algebraic data types), namely coalgebras. This approach has been further devel-
oped by Geuvers [Geu92], Howard [How96], Greiner [Gre92], Mendler [Men91].
It has been promoted for the use in MLTT by the second author in several talks
and in [Set12,Set16], and by Granstrém [Gra08], and McBride [McB09]. See as
well the work by Abbott, Altenkirch, and Ghani on containers [AAGO03], and by
Basold and Geuvers [BG16]. This approach has now been implemented in Agda
(e.g. [AAS17,AAS16]).

Instead of defining Stream by its introduction rule, it is defined by its elimi-
nation rules

coalg Stream : Set where
head : Stream — N
tail : Stream — Stream

The notation used in Agda is

record Stream : Set where
coinductive
field
head : N
tail : Stream

Elements of Stream are terms such that head and tail applied to them return
elements of N and Stream, respectively. A model of coalgebras as sets of natural
numbers can for instance be found in [Set16].

The dual of primitive recursion is primitive corecursion (the earliest occur-
rence of this notion is probably Vene and Uustalu [VU9S]|, see as well [Set12]).
It corresponds to guarded recursion (see [Coq94]). Primitive corecursion means
for the type Stream that if we have A : Set, h : A — N, ¢t : A — (Stream + A),
then there exists

f: A — Stream
head (f a) =h a,

. S if ta=1inls,
tail (fa) {fa’ if ta =1inra'.

In the codata approach this principle translates as follows: Assuming h and
t as before, we can define

f: A — Stream
fa= cons (h a) s ifta=inls,
" \cons (ha)(fa) ifta=inrad.

Essentially we can define f a = consn s, where n and s depend on a, and s can
be a stream which was defined before or s = f a’ for some a’ : A.

Guarded recursion is widely accepted as a natural rule for coalgebras and
codata types. In the POPL article [APTS13], coauthored by the second author, a
simply typed recursive calculus was introduced in which the principle of primitive
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corecursion is represented by copattern matching, the dual of pattern matching.
There it was shown that this calculus fulfils subject reduction.

Guarded Recursion for Codata Types. The principle of copattern matching
and primitive corecursion for coalgebras corresponds to the principle of guarded
recursion as introduced originally for codata types by Coquand [Coq94]. If we
take the codata definition of Stream, guarded recursion allows one to define a
function f : A — Stream by defining f a = s for a stream s (depending on a)
defined before, or by defining f a = cons s (f t) for some s, ¢ which depend
on a. Nesting of constructors on the right hand side are allowed, but no other
functions can be used.

An equation f a = cons s (f t) corresponds in the coalgebra approach to the
copattern matching equations

head (f a) = s
tail (fa)=ft

and an equation f a = s for a stream s defined before to

head (f a) = head s
tail (f a) = tail s

So guarded recursion translates directly into copattern matching and primitive
corecursion, and vice versa. Nested applications of constructors in a guarded
recursion equation correspond to nested copattern matching: an equation f a =
cons s (cons ¢ (f r)) for guarded recursion corresponds to the equations

head (f a) =s
head (tail (f a)) =t
tail (tail (fa))=fr

Weakly Final Coalgebras. In final coalgebras one requires uniqueness of the
function f introduced by primitive corecursion.® This principle is equivalent to
bisimilarity as equality on coalgebras, which for streams means componentwise
equality, and is therefore undecidable. We note that for final coalgebras the con-
structor is an isomorphism, so every element of a final coalgebra is introduced
by a constructor. In order to obtain decidability of type checking, one replaces
final coalgebras by weakly final coalgebras. In weakly final coalgebras, only the
existence of functions defined by primitive corecursion is required, not their
uniqueness. Elements of the coalgebra are introduced by the primitive corecur-
sion operator Peorec, 4

3 Actually it is only required for the principle of coiteration, where tail needs always
to be of the form f a'. If one has uniqueness, one can derive the existence and
uniqueness of functions defined by primitive corecursion. See [Set16] for a proof that
for strictly positive coalgebras uniqueness of the functions defined by coiteration and
by primitive corecursion are both equivalent to having a final coalgebra.
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Peorec,a : (A - N) - (A - (Stream + A)) — A — Stream
head (Peorec,a hta)=ha
S if t a =inl s,

tall - (Peorec,a Wt a) = Peorec,a hta' if ta=inrad.

Elements of the coalgebra are equal if they reduce to the same normal form.
MLTT style rules for coalgebras are worked out in [Set12]. Mendler [Men87] and
Geuvers [Geu92] (Prop. 5.7) have shown that the polymorphic lambda calculus
extended by weakly initial algebras and weakly final coalgebras for positive type
schemes and higher type primitive recursion and primitive corecursion is strongly
normalising. Therefore we obtain a decidable equality on coalgebras.

3 Undecidability of Weak Forms of Equality on Streams

We are going to show that, under minimal desirable conditions for streams,
there is no decidable equality such that two streams with the same head and
the same tail are equal. As usual when defining an undecidability result, we
assume some encoding of computable streams as subsets of natural numbers.
Any implementation of type theory would need some form of representing terms
inside the systems, which amounts to encoding them in the computer, i.e. in
binary and hence as a natural number. So we will work now in a standard
setting of computability theory. As is tradition there, we will use mathematical
notation for application, i.e. we write f(z) instead of (f z).

Convention 1.(a) By a decidable relation on A C N we mean a subset B C A
such that there is a partial recursive function f such that for all x € A, f(x)
is defined with f(x) € {0,1}, and x € B iff f(x) = 1.

(b) When writing f : A — B where A, B C N we man that f is a function from
N to N such that f(x) € B for all x € A.

Assumption 2.(a) We assume a standard primitive recursive pairing function
7 : N> — N with projections o, 71 : N — N satisfying mo(7(x,y)) = z,
mi(m(z,y)) =y for v,y € N.

(b) Letinl,inr : N — N, inl(n) := 2n, inr(n) := 2n + 1.

(¢) For A,B C N we set

- Axny B :={n(a,b)} |ac A be B}.
- A+n B:={inl(a) | a € A} U {inr(b) | b € B}.
(Note that N+y N =N xyN=N).

(d) We assume encodings of Turing machines (TM) and configurations for TMs
as natural numbers. A configuration represent the finite portion of the tape
currently used, the head position and the state of the TM. We assume that
the working of TMs is modelled by primitive recursive functions
— init : N — N, which computes for a TM e its initial configuration;
—next : N2 — N, which computes for a TM e and configuration c the

configuration obtained after executing the next step of the TM;
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— checkHalt : N2 — N, which for TM e and configuration c determines
whether e has halted (then it returns true := 1, otherwise it returns
false := 0);

— result : N> — N, such that result(e, c) returns, if TM e in configuration c
has halted, the result of this TM by reading it off the tape.

For e € N, {e} denotes the partial recursive function (without input) corre-

sponding to TM e, that is {e} ~ run(e, init(e)) where

(o) ~ result(e, ¢) if checkHalt(e, ¢) = true,
rune, €)= run(e,next(e, c)) otherwise.

Definition 3. From init, next, checkHalt, result we derive primitive recursive
functions which operate on pairs mw(e,c) for TMs e and configurations c. We
also define a bounded variant of the function run that models termination after
a given number n of computation steps:

— init’ : N — N, init’(e) = 7 (e, init(e)).
- next’ : N = N, next/(n(e, ¢)) = m(e, next(e, c)).
~ checkHalt' : N — N, checkHalt' (7 (e, ¢)) = checkHalt(e, c).
~ result’ : N — N, result’(7(e, ¢)) = result(e, c).
result’(d) + 1 if n =0 and checkHalt'(d) = true,
— run/,(d) = { run/,_,(next’(d)) ifn >0 and checkHalt'(d) = false,
0 otherwise.

run/,(d) is a primitive recursive function of n and d such that run/, (init’(e)) > 0
if and only if the TM encoded by e halts after exactly n steps and in that case
{e} ~ run/, (init’(e)) — 1.

Definition 4. An encoding of streams (Stream, head, tail,==) is given by:

(a) A subset Stream C N.

(b) An equivalence relation == C Stream x Stream, called the equality of the
stream encoding. We write s == s’ for (s,s') € ==, and s #= s for
(s,8) & ==.

(¢) Functions head : Stream — N, tail : Stream — Stream that respect ==, i.e.

Vs, s’ : Stream.s == s’ — head(s) = head(s’) A tail(s) == tail(s")

Note that we do not impose any effectivity conditions on the set Stream or the
functions head and tail.

Definition 5. Let (Stream, head, tail, ==) be an encoding of streams. For s, s’ €
Stream and a vector of natural numbers n we define

s s & (Vi < |nlhead;(s) = n;) Atail ™l (s) == &’

where tail® is the k-fold iteration of tail, and heady(s) := head(tail®(s)).
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Definition 6. An encoding of streams (Stream, head, tail, ==) is injective if the
function

(head, tail) : Stream — N x Stream, (head, tail)(s) = (head(s), tail(s))
18 injective w.r.t. ==, that is
Vs, s’ : Stream . head(s) = head(s) A tail(s) == tail(s') — s == ¢’

The following easy lemma shows that every encoding of streams can be naturally
turned into two injective ones that differ from the original one only in their
equality.

Lemma and Definition 7. Let (Stream, head, tail, ==) be an encoding of
streams. Define

s==r, 8 & Int(s BtAs Bt)
s~ s < Vi € N(head;(s) = head;(s"))

Then (Stream, head, tail, ==_,) and (Stream, head, tail, ~) are injective encod-
ings of streams with == C ==_, C ~.

==_, can also be inductively defined as the least relation containing == and
making (head, tail) injective. ~ is the usual bisimilarity of stream which can also
be defined coinductively. If == is an intensional notion of equality on streams,
then the three equalities ==, ==, ~ are usually all different. We will give
concrete examples where these equalities differ, after the proof of our main result,
Theorem 9.

Definition 8. An encoding of streams (Stream, head, tail, ==) is universal if for
any primitive recursive functions h : N — N and t : N — (Stream +y N) there
exists a primitive recursive function g : N — Stream such that

~ head(g(n)) = h(n) £ 4(n) = iml(s)
. S if t(n) = inl(s 5
- tail(g(n)) == g(k) if t(n) = inr(k).

We say g is defined by primitive corecursion (from h and t) if g is primitive
recursive and satisfies the equations above.

Every constructive type theory equipped with coalgebras (or codata) and a prim-
itive corecursion operator P gives rise to a universal encoding of streams with
g :=P(h,t) : N — Stream as the function defined by primitive corecursion from
h and t.

Theorem 9. Every injective universal encoding of streams has an undecidable
equality.
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Proof: Let (Stream, head, tail, ==) be a universal encoding of streams. By uni-
versality, let const : N — Stream be defined from the identity function and inr by
primitive corecursion, that is, head(const(¢)) = ¢ and tail(const(¢)) == const(%).

Claim. Assume s 5> const (k).

(a) s == const(0) implies k = 0.
(b) If (head, tail) is injective, then k = 0 implies s == const(0).

Proof of the Claim by induction on n: If n = 0, then the assumption is
s == const(k). For (a) assume s == const(0). Then const(k) == const(0) and
therefore k = head(const(k)) = head(const(0)) = 0. Part (b) follows trivially

from the assumption.
n—1
Now assume n > 0. The assumption now means head(s) = 0 and tail(s) o=

const(k). For (a) assume s == const(0). Then tail(s) == tail(const(0)) ==
const(0). Hence by induction hypothesis we get £ = 0. For (b) assume k = 0. By
induction hypothesis, tail(s) == const(0). Hence s == const(0), by injectivity
and since head(s) = 0 = head(const(0)). This completes the proof of the Claim.

By universality, there exists a primitive recursive function f : N — Stream
s.t. if TM e terminates with result k after n steps, that is, run/, (init'(e)) = k+1,
then

ontt

f(e) "= const(k)

We will give a detailed argument why f exists at the end of the proof.

Now assume that (head, tail) is injective. Then we have by the Claim, applied
to s = f(e) where e is a TM that halts with result &, that f(e) == const(0) iff
k = 0. Therefore, if == were decidable, then the function Ae. f(e) == const(0)
would be recursive and it would separate the TMs which terminate with result
0 from the TMs terminating with result > 0. But there is no recursive function
separating these two sets, by the following well-known result in computability
theory (part of the proof of Theorem II.2.5 on p. 148 in Odifreddi [0di92];
references to originators are due to Odifreddi; the result can be found as well in
Gasarch 1998 [Gas98], p. 1047, Note 2.8.):

Theorem 10. (Rosser [Ros36], Kleene [Kle50], Novikov, Trakhtenbrot
[Tra53]). Let A := {e | {e} ~ 0} and B := {e | {e} ~ 1}. Then A and
B are recursively inseparable, that is, there is no (total) recursive function
f:N—{0,1} such that f(0) =0 for all e € A, and f(e) =1 for all e € B.

We complete the proof of Theorem 9 by showing that a function f with the
property specified above exists. Define primitive recursive functions A : N — N
and t : N — (Stream +y N) by

hd) =0
Hd) = inl(const(result’(d))) if checkHalt'(d) = true,
) inr(next/(d)) otherwise.
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Let g be defined by primitive corecursion from h and ¢. We have

head( =0
const result (d)) if checkHalt'(d) = true,
tail(g .
next otherwise.
Let f: N — Stream, f(e) = g(init’(e)). We show that f is as required, that is,

if run/, (init’(e)) = k + 1, then f(e) o const(k). We show more generally if

n 1
run),(d) = k + 1, then g(d) o= const(k), by induction on n.

If n = 0, then checkHalt'(d) = true (since run/(d) > 0). Therefore
run/,(d) = result’(d) + 1 and k& = result’(d). It follows head(g(d)) = 0,

n41

tail(g(d)) == const(result’(d)) = const(k), and therefore g(d) R const (k).

If n > 0, then checkHalt'(d) = false (since run/,(d) > 0). Therefore run/, (d) =
run), _; (next’'(d)) = k+1. By induction hypothesis g(next’(d)) % const (k). Since

head(g(d)) = 0 and tail(g(d)) == g(next’(d)) it follows g(d) o const(k).

Corollary 11. Assume a universal encoding of streams (Stream, head, tail, ==).
Assume a function cons : N x Stream — Stream that respects ==, that is,
Vn,s, s .s == s — cons(n,s) == cons(n, s’)

(a) Assume

Vs : Stream . s == cons(head(s), tail(s))

that is, cons is a left-inverse of (head, tail) w.r.t. ==. Then == is undecid-
able.
(b) Assume
Vs : Stream . head(cons(n, s)) = n A tail(cons(n, s)) == s
that is, cons is a right-inverse of (head, tail) w.r.t. ==. Assume further
Vs : Stream . 3In.3s’ : Stream . s == cons(n, s)
that is, cons is surjective w.r.t. ==. Then == is undecidable.

Proof of Corollary 11: (a) If (head, tail) has a left-inverse, it is injective, hence
Theorem 9 applies. (b) A surjective right-inverse is also a left-inverse.

Corollary 12. For every universal encoding of streams the equalities ==,
and ~ defined in Lemma 7 are undecidable.

Examples 13. Let (Stream, head, tail, ==) be a universal encoding of streams
that is derived from some intensional constructive type theory with primitive
corecursion (like for example the theory underlying Agda) such that == corre-
sponds to definitional equality.
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First, we argue that ==_, is not the same as bisimilarity by constructing
bisimilar streams that are not related by ==.: Let f : N — Stream be defined
by primitive corecursion such that head(f(z)) = 0 and tail(f(z)) == f(z) for
all x € N. Since f(0) and f(1) come from different terms in normal form we have
f(0) #£= f(1). Since for all n € N

tail” (f(0)) == f(0) #= f(1) == tail"(f(1))

it follows that f(0) A=<, f(1). However, clearly f(0) and f(1) are bisimilar.
Next, we construct streams witnessing the fact that == and ==, are differ-
ent. From Theorem 9 we know that these two relation cannot coincide since ==
is decidable but ==, isn’t, however, it is interesting to see the difference by an
example. We simply modify the above example slightly. Let f’ : N — Stream be
defined by primitive corecursion such that head(f’(x)) = 0 and tail(f'(x)) ==
£(0) for all z € N. With the same argument as before, f'(0) #= f’(1). However

F/(0) 5 £(0) and f'(1) = f(0), therefore f'(0) ==, f'(1).

Remark 14. In the definitions and proofs above one may replace the class of
primitive recursive functions by any other class of recursive functions satisfying
some minimal closure conditions, for example all recursive functions, elementary
functions, or polynomial time computable functions. Then Theorem 9 is still
valid with the same proof.

4 Extension of Theorem 9 to Coiteration

For coalgebras we have the principles of primitive corecursion and coiteration
which are the dual of primitive recursion and iteration for algebraic data types.
A detailed discussion of these concepts and why they are dual can for instance
be found in [Set16]. When we define a function f : A — Stream by primitive
corecursion, we have the choice of defining tail(f(a)) = f(a’) or tail(f(a)) = s
for some given stream s. Coiteration restricts this choice by demanding that
tail(f(a)) always needs to be equal to f(a’) for some a’. An encoding of streams
is coiteratively universal if it is closed under the coiteration operator:

Definition 15. An encoding of streams (Stream, head, tail, ==) is coiteratively
universal if for any primitive recursive functions h : N — N and t : N — N there
exists a primitive recursive function g : N — Stream such that

~ head(g(n)) = h(n)
-~ tail(g(n)) == g(t(n)).

We say g is defined by coiteration (from h and t), if g is primitive recursive and
satisfies the equations above.

Note that the functions f and f’ in Example 13 are in fact defined by coiter-
ation. However, our main Theorem 9 above relied essentially on the fact that we
have primitive corecursion. This allowed us to escape once the TM has termi-
nated into the streams const(z), and it is important that it was the same stream
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and not only a stream bisimilar to const(7). We will show that the main theorem
applies as well to coiteratively universal encodings of streams, and that we can
overcome the problem of not being able to escape into const(4) directly. But let
us first repeat the standard argument that coiteration can simulate primitive
corecursion up to bisimilarity:

Lemma 16. Let (Stream, head, tail, ==) be a coiteratively universal encoding
of streams. Assume head and tail are primitive recursive (which are therefore
defined on N). Let h, t as in the definition of “universal encoding of streams”,
that is, h : N — N and ¢ : N — (Stream +n N). Then there exist a primitive
recursive function g : N — Stream such that g behaves up to ~ like a function
defined by primitive corecursion from h, ¢, more precisely,

(a) head(g(n)) = h(n),
(b) if t(n) = inl(s), then tail(g(n)) ~ s,
(c) if t(n) = inr(m), then tail(g(n)) == g(m).

Proof: Define

K :N—N (recall that N=N+yN)
R/ (inl(n)) = head(n)
K (inr(n)) = h(n)

t:N—N
t'(inl(n)) = inl(tail(n))
t'(inr(n)) = t(n)
Let ¢’ be defined by coiteration from A’ and ', that is, for all n € N

head(g'(n)) = 1'(n),
tail(g'(n)) == g'(t'(n)).

Let g(n) := ¢’(inr(n)). Then g is primitive recursive and satisfies the conditions
(a), (b), (c) as we show now. Conditions (a) and (c) are easy:

head(g(n)) = head(g’(inr(n)) = I/ (inr(n)) = h(n),
and if t(n) = inr(m), then
tail(g(n)) == tail(¢'(inr(n))) == ¢'(t'(inx(n))) == ¢'(t(n)) = g(m).

For condition (b) we show first that ¢/(inl(s)) ~ s for all s € Stream. In fact, for
all n € N tail"(¢/(inl(s))) == ¢'(¢'" (inl(s))) = ¢’ (inl(tail" (s))) and therefore

head(tail" (¢’(inl(s)))) = head (¢’ (inl(tail"(s))))
= K/ (inl(tail"(s)))
= head(tail"(s)).

Now, if ¢(n) = inl(s), then

tail(g(n)) == tail(¢'(inr(n))) == ¢'(¢'(inr(n))) == g'(t(n)) = ¢'(inl(s)) ~ s.
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Theorem 17. Every injective coiteratively universal encoding of streams has
an undecidable equality.

Proof: First note that although Lemma 16 reduces primitive corecursion to
coiteration it cannot be used to reduce Theorem 17 to Theorem 9 since the
reduction (b) in Lemma 16 is only with respect to bisimilarity. Therefore, we
need a new proof, which however can be obtained by suitably modifying the
proof of Theorem 9.

We replace the function g used in Theorem 9 by a function g’ which on argu-
ments inl(n) behaves like the function g before, and on arguments inr(n) behaves
like the constant stream with elements in n. Now we can replace escaping into
const (k) by a recursive call to ¢’ (inr(n)): More precisely, we define by coiteration

: N — Stream

head( (ml(d =0
. B r(result’(d))) if checkHalt'(d) = true,
tail(g”(inl(d)) = { I(next’(d)))  otherwise.
head( (mr =k
=g

tail(g’ (mr(k)) "(inr(k))

We define now

g : N — Stream
g'(k)  =g"(inl(k))

const’ : N — Stream
const’ (k) = ¢"(inr(k))

We obtain
head(g'(d)) =0
0 const’ result (d)) if checkHalt'(d) = true,
tail(g'(d)) { next otherwise.
head(const’(k)) = k
tail(const’ (k)) = const’ (k)

Now by replacing const by const’ and g by ¢’ in the proof of Theorem 9, and
using the equations above, we obtain a proof of Theorem 17.

Corollary 18. Corollaries 11 and 12 hold for iteratively universal encodings of
streams as well.

5 Conclusion and Related Work

Codata Types and Coalgebras in Programming and Theorem Proving.
This paper shows that codata types are problematic in dependent type theory
if one requires decidability of type checking. Codata types can still be used in a
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simply typed settings in functional programming since type checking there does
not require checking of equalities. They can be used as well in systems such as
Nuprl where type statements are derived by the user and therefore decidability
of type checking is not required. Otherwise, the best approach known at the
moment is to define coalgebraic types as defined by their elimination rules.

Programming with coalgebras is very natural in a situation where a corre-
sponding codata type would only have one constructor. The main example is
the type of streams defined by having observations head and tail as defined
earlier. As an example demonstrating that copattern matching is very natural
consider the function enum : N — Stream enumerating the natural numbers from
n onwards which can be defined by the copattern equations head (enum n) = n
and tail (enum n) = enum (n + 1).

When we define a coalgebra where the corresponding codata type has more
than one constructor we face the problem that several constructors in a codata
type correspond to a disjoint union whereas several observations in a coalgebra
correspond to a product. For instance, the observations head and tail of Stream
can be replaced by one observation elim : Stream — N x Stream. Several obser-
vations in a coalgebra therefore do not allow to simulate several constructors of
a codata type directly. Consider the example of colists (i.e. potentially infinite
lists) which are defined as codata as

codata coList : Set where
nil : coList
cons : N — coList — coList

The eliminator for a corresponding coalgebra needs to determine for a colist
whether it is nil or (cons n s). It can be done by defining

coalg coList : Set where
elim : coList — T + N X coList

Here T is the one element type with element tt, + the disjoint union. elim [ =
inl tt means that [ is of the form nil, and elim [ = inr (n, !’) means that [ is of
the form (cons n l).

For programming it is more convenient to replace T +N x Stream by an extra
type. A good notation is to replace the name colist by cocoList and use coList
for the extra type. We obtain the simultaneous definition of two types coList
and oocoList (using notations inspired by the “musical approach” in Agda see
below):

coalg ococolList : Set where
b : cocoList — coList

data coList : Set where
cons : N — ococoList — coList
nil : coList

Every element of coList is of the form (cons n s) or nil, and one can make
case distinction on elements of coList. But one cannot pattern match on cocoList
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and therefore not pattern match on the second argument of cons — in order to
unfold it further one needs to apply b to it.

Decidability of equalities for coalgebras mentioned at the end of Sect.2
holds in this situation as well. Our proof regarding undecidability of equality
(Theorem 9) wouldn’t go through in this situation, since it required that if we
unfold [,1’ : coList finitely many times and get the same heads and tail, then
[ == l'. For example, the case of unfolding the elements [ and I’ twice doesn’t
mean that they are both equal to (cons n (cons n' s)). It only means that
I = cons n ly, where b Iy = cons n’ s, and I’ = cons n I, where b Ij = cons n’ s.
But these equations do not imply Iy == [, and therefore neither [ == 1’

Using the “Musical Approach” in Agda to Simulate Codata Types by
Coalgebras (and Related Work). In Agda there exists, apart from the coal-
gebra approach, an approach which can be considered as introducing syntactic
sugar for the above way of simulating codata types by coalgebras [Agd11,Dan09).
In that approach Agda generates for every name A for a type automatically a
builtin type (co A), which is a type defined simultaneously with A.* Note that
we should not have oo : Set — Set.® The type (0o A) can be considered as a
coalgebra defined simultaneously with A by

coalg (00 A) : Set where
b:oocA— A

Agda provides as well a builtin function f§ which is defined by copattern
matching as

f:A—- o0 A
b(ta)=a

With this approach we can replace oocoList by (0o colist), omit its definition
(since it is builtin) and get a definition which is close to that of a codata type:

data coList : Set where
cons : N — oo colist — coList
nil : coList

We can now define enum : N — oo coList by copattern matching in a way
which is very close to the definition for codata types:©

b (enum n) = cons n (enum (n + 1))

4 There are various options of how to deal with types depending on parameters — this
is left as future work.

5 Actually, a constant of this type exists in Agda — the reason is that the musical
approach is introduced via a library rather than a direct syntactic extension of
Agda.

5 That’s how we believe Agda should behave. In fact, in Agda one defines instead
enum : N — coList by enum n = cons n (f (enum (n + 1))), an equation which,
considered verbally, is not normalising and brings back the problems avoided by the
coalgebra approach.
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In [Agd11,Dan09], the type (0o A) is considered as the type of delayed com-
putations, and f : A — oo A forms a delayed computation from an element of
A. Conversely, b triggers a delayed computation.

This approach works well in situations where one needs to simulate pure
codata types, which occur quite often. However, especially the work of the second
author with Bashar Igried on CSP-Agda [IS18,1517,1S16] has shown that it can
be useful to have coalgebras with several observations. Even in a situation where
one has a type which has a main observation similar to b above, one often needs
additional observations (in CSP-Agda there was the need to add an additional
string component to the type of processes).

The musical approach in Agda is also a way of interpreting the approach by
Altenkirch et al. [ADLO10] who introduce the language II3, which has the type
[A] of delayed computations, which require ! (similar to b) in order to unfold
them further. Note that IIY is, as stated in [ADLO10], designed as a partial
language which permits general recursion.

Further Related Work. McBride states at the end of Sect. 3 of [McB09] that
there is no equality on colists such that every colist is introduced by a construc-
tor. He gives some argument, but that argument relies on the undecidabilty
of the Turing halting problem and doesn’t work if one takes into account that
there exist, as constructed by us, an (undecidable) equality on colists (we con-
structed it for streams) such that every element is introduced by a constructor,
but which is not equal to bisimilarity. We needed to use a deeper theorem from
computability theory in order to give a full mathematical proof for our theorem.

Conclusion. We have reviewed the two approaches for introducing non-well-
founded data types, namely codata types given by introduction rules, and coal-
gebras given by elimination rules. We have shown that under weak assumptions,
which are very natural for both approaches, there exists no decidable equality
on Stream such that every element of Stream is introduced by a constructor.
This causes at least conceptual problems for the codata approach. The theory
of coalgebras seems to be simpler, avoids this problem and appears to be a
conceptually superior approach to codata types. Reduction rules are easier in
coalgebras since there are no special restrictions on when to apply reductions.
Elements of coalgebras are finite objects which unfold to infinite objects only
when applying destructors to them iteratively.

Overall, our results suggest that the future of codata types in dependent type
theory with decidable type checking lies in its role as a useful derived concept
based on coalgebras defined by observations. The musical notation in Agda can
be seen as a realisation of this idea which makes it easy to work with the very
commonly occurring situation of coalgebras which originate from codata types.
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Abstract. We introduce a generic expression language describing
behaviours of finite coalgebras over sets; besides relational systems, this
covers, e.g., weighted, probabilistic, and neighbourhood-based system
types. We prove a generic Kleene-type theorem establishing a corre-
spondence between our expressions and finite systems. Our expression
language is similar to one introduced in previous work by Myers but has
a semantics defined in terms of a particular form of predicate liftings as
used in coalgebraic modal logic; in fact, our expressions can be regarded
as a particular type of modal fixed point formulas. The predicate liftings
in question are required to satisfy a natural preservation property; we
show that this property holds in particular for the Moss liftings intro-
duced by Marti and Venema in work on lax extensions.

1 Introduction

Expression languages that support the syntactic description of system behaviour
are one of the classical topics in computer science. The prototypic example are
regular expressions; further examples include Kleene algebra with tests [17] and
expression languages for labelled transition systems [1].

There has been recent interest in phrasing such expression languages gener-
ically, obtaining their syntax and semantics as well as meta-theoretic results
including Kleene theorems by instantiation of a parametrized framework. This
is achieved by abstracting the type of systems as coalgebras for a given type
functor. This line of work originates with expression languages for a specific
class of functors that essentially covers relational systems, so-called Kripke poly-
nomial functors [34], and was subsequently extended to cover also weighted
systems [32]. A generic expression language for arbitrary finitary functors can
be based on algebraic functor presentations [25]. Here, we introduce a similar
and, as it will turn out, in fact largely equivalent generic expression language
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for finitary functors, which we base on coalgebraic modalities in predicate lift-
ing style, following the paradigm of coalgebraic logic [9]; on predicate liftings,
we impose strong conditions, notably including preservation of singletons. Marti
and Venema [20] have shown that for functors admitting a lax extension (in par-
ticular for functors that admit a separating set of monotone predicate liftings),
one can convert operations from the functor presentation into predicate liftings,
the so-called Moss liftings. We show that the Moss liftings preserve singletons;
the converse does not hold in general, i.e. not all singleton-preserving predicate
liftings are Moss liftings under a given lax extension.

We thus arrive at a generic expression language that covers, e.g., various
flavours of relational, weighted, and probabilistic systems, as well as monotone
neighbourhood systems as in the semantics of game logic [26] and concurrent
dynamic logic [29]. We prove a Kleene theorem stating that every expression
denotes the behavioural equivalence class of some state in a finite system, and
that conversely every such behavioural equivalence class is denoted by some
expression.

We make no claim to novelty for the design of a generic expression lan-
guage as such, and in fact the expression language developed by Myers in his
PhD dissertation [25] appears to be even more general. In particular, unlike
Myers’ language our expression language is currently restricted to describing
behavioural equivalence classes in set-based coalgebras, and does not yet support
algebraic operations (e.g. a join semilattice structure as in Silva et al.’s language
for Kripke-polynomial functors [34] or in fact in standard regular expressions).
The main point we are making is, in fact, a different one: we show that

coalgebraic expression languages embed into coalgebraic logic,

specifically into (the conjunctive fragment of) the coalgebraic p-calculus [§],
extending the classical result that every bisimilarity class of states in finite
labelled transition systems is expressible by a characteristic formula in the u-
calculus [2,10,14,35]. This result provides a direct link between descriptions of
processes and their property-oriented specification; as indicated above, the key
to lifting it to a coalgebraic level of generality are singleton-preserving predicate
liftings.

Related Work. As mentioned above, we owe much to work by Marti and Venema
on Moss liftings [20], and moreover we use a notion of A-bisimulation [12] that
turns out to be an instance of their definition of bisimulation via lax extensions.
Besides the mentioned work on generic expression languages for Kripke polyno-
mial [34], weighted [32], and finitary [25] functors, there is work on expression
languages for reactive T-automata [11], which introduce an orthogonal dimension
of genericity: The coalgebra functor as such remains fixed but the computational
capacities of the automaton model at hand are encapsulated as a computational
monad [23]. Venema [38] proves that for weak-pullback preserving fuctors, every
bisimilarity class of finite coalgebras is expressible in coalgebraic fixpoint logic
over Moss’ V modality.
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2 Preliminaries

In the standard paradigm of universal coalgebra, types of state-based systems are
encapsulated as endofunctors. We recall details on presentations of set functors
and on their property-oriented description via predicate-lifting based coalgebraic
modalities.

Functor Presentations describe set functors by signatures of operations and
a certain restricted form of equations, so-called flat equations, alternatively by
a suitable natural surjection. A signature is a sequence X = (X, )ncw. of sets.
Elements of X, are regarded as n-ary operation symbols (we write 7/n € X for
T € X,). Every signature X determines the corresponding polynomial endofunc-
tor Ty, on Set, which maps a set X to the set

TEX:HZHXX"

new
and similarly on maps.

Definition 2.1. A presentation of a functor T : Set — Set is a pair (X, )
consisting of a signature Y and a natural transformation « : Ty — T with
surjective components ax. In the following, we abuse notation and denote, for
every 7/n € X, the corresponding coproduct component of o : Ts; — T again
by 7: (=)™ — T, and refer to it as an operation of T.

Most of our results concern finitary set functors. Recall that a functor is
finitary if it preserves filtered colimits. Over Set, we have the following equivalent
characterizations:

Theorem 2.2 (Addmek and Trnkova [3]). Let T : Set — Set be a functor.
Then the following are equivalent:

1. T is finitary;

2. T 14s bounded, i.e. for every element x € TX there exists a finite subset
m:Y — X and an element y € TY such that x = Tm(y);

3. T has a presentation.

Indeed, for the equivalence of (1) and (3) note that every polynomial func-
tor T’s; is finitary, and finitary functors are closed under taking quotient functors.
Conversely, given a finitary functor 7', let X, = T'n and define ax : Tx X — TX
by ax(7,t) = Tt(r), where t € X™ is considered as a function n — X. It is easy
to show that this yields a natural transformation with surjective components.

Remark 2.3. As indicated above, the natural surjection « in a functor pre-
sentation (X, «) can be replaced with a set of flat equations over X, where an
equation is called flat if both sides consist of an operation symbol applied to
variables [3]. Incidentally, this (standard) term should not be confused with the
same term introduced in the context of our expression language in Sect. 5.
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Example 2.4. (1) Let A be an input alphabet. The functor TX = 2 x X4,
whose coalgebras are deterministic automata, is polynomial, and finitary if A
is finite. Thus, T has a presentation (X, «) by a signature X' with two |Al|-ary
operations and no equations, i.e. « is the natural isomorphism Tx 2 2 x (—)4.

(2) For a commutative monoid (M, +,0y;) the monoid-valued functor M (=) :
Set — Set is defined by

M) = {1 X — M| p(x) = 0y for all but finitely many z € X}

and by M (p) = y — Zh(m):y w(xz) on maps h : X — Y. We view elements
of MX) as finitely supported additive measures on X, and in particular write
p(A) =3, 4 u(z) for A C X; in this view, maps M (") just take image measures.
For a set G C M of generators (i.e. there exists a surjective monoid morphism
G* — M), M(7) is represented by

ax : HG”XX”H%M(X), aX(Tvt):M(t)(T)a

new

where 7 € G™ is considered as an element of M (™),

(3) The finite powerset functor P, (with P, (X) being the set of finite subsets
of X) is the monoid-valued functor for the monoid ({0,1},V,0). Since this is
generated by G = {1}, we have one n-ary operation symbol for each n € w:

ax HXHH“’,PW'X; O‘X(fl,“-axn):{xla“-xn};

new

e.g. « identifies the tuples (z1,z1,z2) and (x1, x2).

(4) For the monoid IN of natural numbers with addition, one obtains the bag
functor B as IN(-). Concretely, B maps a set X to the set BX of bags (i.e. finite
multisets) on X. Since (IN,+,0) is generated by G = {1}, we have the same
signature as for P,, namely one n-ary operation symbol per n € w; of course,
the presentation o now identifies fewer tuples, e.g. distinguishes (z1, z2,21) and
((ﬂl, LEQ).

(5) The finite distribution functor D is a subfunctor of the monoid-valued

functor R(go) for the additive monoid of the non-negative reals, given by DX =

{n e R(;O) | > wex #(x) = 1}. Note that elements of DX can be represented
as formal convex combinations Y ., p;x;, p; € Rso,2; € X for i = 1,...,n,
with p; + -+ p, = 1. Taking R>( itself as the set of generators and restrict-
ing to D, we obtain a presentation (X, ) with an n-ary operation symbol for
each n-tuple (p1,...,pn) € R%, such that p; +--- + p, = 1, and ax maps
((p1s---pn), (z1,...,2y,)) to the formal convex combination > ., p;x;.

(6) The finitary monotone neighbourhood functor M., i.e. the finitary part of
the standard monotone neighbourhood functor M, can be described as follows.
To begin, M is the subfunctor of the double contravariant powerset functor
QO°P given on objects by

MX = {2 C 9Q(X) | A upwards closed under C}.
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We can then describe M, X as consisting of all A € MX having finitely many
minimal elements, all of them finite, such that every element of % is above
a minimal one. We have the following presentation of M,: For every choice
of numbers n > 0, ki,...,k, > 0, we have a ) .-, k;-ary operation mapping
(@ij)i=1,....nj=1,....k; to the upwards closure of the set system

{{(Eil,...,l'iki} |Z: 1,.‘.,71}.

Coalgebraic Logic. Since coalgebras serve as generic models of reactive sys-
tems, it is natural to specify properties of coalgebras in terms of suitable modal-
ities. The semantics of coalgebraic modalities can be defined using predicate lift-
ings [27,30], which specify how a predicate on a base set X induces a predicate
on the set T X where T is the coalgebraic type functor:

Definition 2.5. For n € w an n-ary predicate lifting for a functor T : Set — Set
is a natural transformation

A: Q" — QT°P

where Q : Set®® — Set is the contravariant powerset functor, with Qf taking
preimages, i.e.

Qf(A) = fAL

We write A\/n to indicate that A has arity n. A predicate lifting A is monotone
if it preserves set inclusion in every argument. A set A of predicate liftings is
separating [28,30] if every ¢ € TX is uniquely determined by the set

TA(t) = {(/\,Al,...,An) | /\/n S A,Al c QX andte Ax(Al,.. 7An)}

Example 2.6. The basic example is the interpretation of the standard box
modality [0 over the covariant powerset functor P (with Pf taking direct
images), given by the monotone unary predicate lifting A defined by

Ax(A) = {BeP(X)|BC A}

For a further monotone example, we interpret the box modality over the mono-
tone neighbourhood functor M (Example 2.4) by the monotone unary predicate
lifting

Ax(A)={Ae MX | Aec}

It is easy to see that in both these examples, the predicate lifting for O alone is
separating.

Predicate-lifting-based modalities can be embedded into coalgebraic logics of
varying degrees of expressiveness. Our expression language introduced in Sect. 5
will live inside the coalgebraic p-calculus [8], more precisely its conjunctive frag-
ment [13]. We defer details to Sect. 5.
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3 Singleton-Preserving Predicate Liftings

Our generic expression language will depend on a specific type of predicate
liftings, as well as on a strengthening of separation:

Definition 3.1. An n-ary predicate lifting A preserves singletons if

Ax ({1}, fza ) =1

for all z1,...,x, € X. Moreover, a set A of predicate liftings is strongly expressive
if for every ¢ € TX there exist A/n € A and z1,...,z, € X such that

{t} = Ax({l‘l}, ceey {l‘n})

Singleton preservation will serve to ensure that expressions of our language
denote unique behaviours, while strong expressivity will guarantee that all
(finite) behaviours are expressible. The following is immediate:

Lemma 3.2. FEvery strongly expressive set of predicate liftings is separating.

Example 3.3. The predicate liftings in Example 2.6 both fail to preserve single-
tons. Our main source of singleton-preserving predicate liftings are Moss liftings
as introduced in general terms in the next section. For the finite powerset func-
tor P,, consider the predicate liftings A" /n given by

Ny (Ay,. .. Ay) ={BeP,X|BCJ, A and (3.1)
BnA;#0fori=1,...,n} ’
(which can be seen as arising from the above lifting for O by Boolean combi-
nation). Then A% ({z1},...,{zn}) = {{z1,...,2,}} for z1,...,2, € X, which
shows that the A™ preserve singletons and that the set {A\" | n € w} is strongly
expressive.

Remark 3.4. Singleton-preserving predicate liftings should not be confused
with Kurz and Leal’s singleton liftings [18,19]. The definition of the latter
is based on the one-to-one correspondence between subsets of T'(2") and n-
ary predicate liftings for T [30], which maps an n-ary predicate lifting A to
Aon (m7 P ({TH), ., Y{TY)) € T(27), and C C T(27) to the lifting A defined
by Ax(A1,...,An) ={t € TX | T{xa,s---,Xxa4,)(t) € C}, where m; : 2" — 2
is the i-th projection and x4 : X — 2 denotes the characteristic function of
A C X. An n-ary predicate lifting is a singleton lifting if it corresponds to a
singleton subset of T'(2™).

It is then indeed immediate that every unary singleton-preserving predicate
lifting A is a singleton lifting, since the above correspondence maps A to the
singleton A2({T}). The following examples show that this implication breaks
down at higher arities, and that the converse also fails in general.
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Example 3.5. (1) The unary singleton lifting for P corresponding to {{_L}} C
P2 fails to preserve singletons. Of course, this lifting fails to be monotone.

(2) Binary monotone singleton liftings need not preserve singletons. E.g. for
the distribution functor D, the monotone singleton lifting A corresponding to {1-
(T, T)} € D(2%) is given by MA, B) = {u | p(A) = u(B) = 1}, so A\({z}, {y}) =
@ for x # y. We leave it as an open question whether unary monotone singleton
liftings preserve singletons.

(3) The binary singleton-preserving predicate lifting

AMA,B) ={p | pn(A) = 1/2,(B) = 1/2, u(AU B) = 1}

for the distribution functor D (see Example 4.7 for details) is not a singleton
lifting, as it corresponds to the following infinite subset of D(22):

{plp@x{TH 21/2,u({T} x2) 21/2,u(2 x {T}U{T} x 2) =1}.

It is not hard to see that we can recover operations for a functor from mono-
tone singleton preserving predicate liftings; in detail:

Lemma 3.6. Let T : Set — Set. Then the following hold.

1. For each monotone singleton-preserving predicate lifting A/n,

{mx(@1,.. . zn)} = Ax{x1}, . o {zn}) (3.2)

defines a natural transformation 7y : (=) — T.

2. If A is a strongly expressive set of monotone singleton-preserving predicate
liftings, then taking operation symbols T for each A € A, with associated
interpretation as per (3.2), yields a functor presentation of T.

Example 3.7. The singleton-preserving predicate liftings A™ from Example 2.6
induce, according to the above construction, the operations X" — P, (X),

(X1, yxn) — {21, ., 20}

The other direction, generating predicate liftings from functor presentations,
is more involved, and treated next.

4 Moss Liftings

Marti and Venema [20] introduce Moss liftings, predicate liftings that are con-
structed from functor presentations with the help of a generalized form of the
nabla operator, extending an earlier construction for weak-pullback preserving
functors by Kurz and Leal [18]. Recall that for a weak-pullback-preserving func-
tor T', Moss’ [24] classical nabla operator V : TQ = QTP is the natural trans-
formation defined by

V(®) = {teTX | (t,d) € T(ex)}.
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Here, €x € X x QX is the element-of relation for X, and T is the Barr extension
of T, viz. the functor T on the category of sets and relations defined on a relation
RC X XY by TR = {(Tm1(r),Tma(r)) | r € TR}, where m; : R — X and
mo : R — Y are the projection maps (cf. [24]). Barr [5] (see also Trnkové [37])
proved that T is a functor if and only if T' preserves weak pullbacks.

Further recall that the converse of a relation R C X x Y is the relation
R° = {(y,z) | x Ry} C Y x X. We denote the composite of two relations
R C X xY and § CY x Z diagrammatically by R;S C X x Z. Also, for
A C X we denote by R[A] CY the relational image R[A] = {y | 3z € A.xRy}.
The construction T — T is generalized and abstracted in the notions of relation
lifting and, more specifically, lax extension of a functor, as recalled next.

Definition 4.1 (Relation lifting, lax extension [20]). A relation lifting L
for a functor T is an assignment mapping every relation R C X xY to a relation
LR CTX x TY such that converses are preserved: L(S°) = (LS)°. A relation
lifting L is a laz extension if for all relations R,R' C X x Z, S C Z x Y and
functions f : X — Z (identified with their graph relation) the following hold:

R CR= LR C LR,
LR;LS C L(R; S),
TfCLf.

A lax extension L preserves diagonals if for all sets X
LAx C Ary.

Proposition 4.2 (Properties of Lax Extensions [20]). Let L be a lax exten-
sion for a functor T. Then for all functions f : X — Z, g: Y — Z and relations
RCXxZ, SCZxY,

(i) Arx C LAk,
(ii) Tf; LS = L(f;S) and LR; (Tg)° = L(R;g°),

and if L preserves diagonals, then

(iti) Arx = LAx and Tf = Lf,
(iv) Tf;(Tg)° = L(f;9°)-

One use of relation liftings is to determine coalgebraic notions of bisimulation:

Definition 4.3 (L-Bisimulation [20]). Let L be a relation lifting for a functor
T : Set — Set, and let (X&), (Y, () be T-coalgebras. A relation S C X x Y is
an L-simulation if for allz € X and y € Y,

xSy implies &(x) LS ((y).

An L-bisimulation is a relation S such that S and S° are L-simulations. Two
states are L-bisimilar if there exists an L-bisimulation relating them.
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Marti and Venema [20, Theorem 11] show that if L is a lax extension that

preserves diagonals, then L-bisimilarity coincides with behavioural equivalence.

Assumption 4.4. From now on we fix a finitary endofunctor 7' : Set — Set
having a diagonal-preserving lax extension L and a presentation (X, a) of T.

Another key feature of lax extensions is that they induce canonical modalities,
generalizing Moss’ coalgebraic logic [24]:

Definition 4.5 (Lax Nabla [20]). The laxz nabla of L is the family of functions
VL TOX — QT°PX
¢ —{teTX| () e Lex)},
where € x C X x QX is the element-of relation for X.

As shown by Marti and Venema [20], the lax nabla is in fact a natural trans-
formation VX : TQ = QT"°P, and coincides with Moss’ classical V for L being
the Barr extension of 7' (and T preserving weak pullbacks). In combination with
a functor presentation, the lax nabla gives rise to a family of predicate liftings:

Definition 4.6 (Moss Liftings [20]). Every operation symbol 7/n € X yields
a predicate lifting A defined by

A= (Q" & 79 X5 QroR),
that is,
Ax(Xq,... X)) ={teTX | (t,7ox(X1,...,Xn)) € L(€x)}.
These predicate liftings are called the Moss liftings of T.

Example 4.7. Some standard functor presentations are converted into Moss
liftings as follows.

(1) For the deterministic automata functor 7X = 2 x X4 consider the Barr
extension L = T. Then elements of TQX are pairs (b, (Ya)aca), where each Y,
is a subset of X, and

Vx (b, (Ya)aca) = {(b, (xa)aca) |Ya € Az, €Y,} for b=0,1.

The two Moss liftings A%, A : 94 — Q(2 x (—)*) corresponding to the two |A|-
ary operation symbols from the presentation in Example 2.4(1) are thus defined
(slightly abusing notation) by

N ((Y))aea) = {(i, (2a)aca) |Ya € A: 2, €Y,} fori=0,1.

(2) As indicated in Example 2.4, the finite powerset functor P,, has operations
7" /n given by 7" (x1,...,2,) = {21,...,2,}. The Moss lifting A" associated to
7" when using the Barr extension is exactly the one given by (3.1) above.
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(3) Recall from Example 2.4 that the operations of the finite distribution
functor D take formal convex combinations. Via the Barr extension, such an
operation, determined by coefficients p1,...,p, such that > p;, = 1, induces
the predicate lifting A given by Ax(A1,...,A,) consisting of all 4 € DX such
that there exists a distribution on €x (a subset of X x Q(X)) whose marginal
distributions are p (on X) and the distribution v on Q(X) given by v({4;}) = ps,
respectively. In fact, however, this description can be substantially simplified; e.g.
one readily checks that in the case n = 2, we actually have

AMA1, Ag) = {p € D(X) | u(A1) > p1, p(A2) > po, (A1 U As) =1}

(The generalization to higher arities is via what is nowadays known as the split-
ting lemma [36, Theorem 11].)

(4) For the finitary monotone neighbourhood functor M, (Example 2.4),
we obtain Moss liftings as follows. Marti and Venema [20] define a diagonal-
preserving lax extension L for M (which, then, restricts to M,,) by means of
nested Egli-Milner liftings. An explicit description of L is

LR ={(A,B) e MX x MY |VA € A R[A] € B,VB € B.R°[B] € 2}
for R C X x Y. In particular, for % € MX and ® € MQX C QQOX . we have
Aec VL@ iff AL(€)d iff Voed. B e Aand
VAeA.{Be QX |BNA#(}ed.

Combining V¥ with the presentation of M, (Example 2.4) produces, for each
choice of numbers n > 0 and kq, ..., k, > 0,a >, k;-ary Moss lifting A given by

)\((Aij)izl """" nj=1,..., ki) = {Q[ S MwX |VZ Uj Aij € 2 and
VB e 2. HZV] BnNn Aij 75 @}

Since M, preserves finite sets and the box modality [] as described in Exam-
ple 2.6 is separating, it is clear that the Moss liftings are expressible using [ and
Boolean operators. Concretely, this works as follows. For readability, we denote
the predicate lifting interpreting (0 by O as well, similarly for the dual modal-
ity O, so that Ox(A) := MX\Ox(X\A4)={Ae MX |VBeA.BNA # 0}
Then the Moss lifting A as described above can be written as

AM(4i5)) = M; Ox (U; 4ij) NNy Ox (U; Airngiy)

where 7 ranges over all selection functions assigning to each i € {1,...,n} an
index 7(z) € {1,...,k;}.

Moss liftings are always monotone [20, Proposition 24]. We show that they
also preserve singletons:

Proposition 4.8. Moss liftings preserve singletons. More specifically, let XA be
the Moss lifting induced by 7/n € X. Then for all z1,...,z, € X,

Ax{zr}, . {zn}) = {rx(z1,. .., z0) }.
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Marti and Venema already establish that the Moss liftings are separating [20,
Proposition 25]; we show that they are even strongly expressive:

Proposition 4.9. The set A of all Moss liftings of T is strongly expressive.

Remark 4.10. Incidentally, this also means that for finitary functors the exis-
tence of a separating set of monotone predicate liftings is equivalent to the
existence of a strongly expressive set of monotone singleton-preserving predi-
cate liftings. The right-to-left implication is trivial; the converse follows from
Propositions 4.8 and 4.9, and the fact that for finitary functors the existence of
a separating set of monotone predicate liftings is equivalent to the existence of
a lax extension [20].

We have thus seen that given a fixed diagonal-preserving lax extension, from
every natural transformation 7 : (—)"® — T we obtain the corresponding Moss
lifting A™/n, which is a monotone singleton-preserving predicate lifting. Con-
versely, every monotone singleton-preserving predicate lifting A yields a natural
transformation 7 : (=) — T (Lemma 3.6(1)). From Proposition 4.8, it is
immediate that for 7: (—)" — T we have

=737,
In particular, taking Moss liftings is an injection from functor operations to
monotone singleton-preserving predicate liftings. Conversely, however, A = A
need not hold in general — recall that the construction of Moss liftings depends
on the choice of a diagonal-preserving lax extension, and a functor may have
more than one such extension. We report an example due to Paul Levy:

Example 4.11. Let M be the monoid of non-negative reals. This monoid in fact
forms a division semiring in the expected sense (e.g. [39]), i.e. it is a semiring, and
its non-zero elements form a multiplicative group. We note that every division
semiring is refinable in the sense of Gumm and Schréder [15], i.e. n specified row
sums by, ..., b, and k specified column sums ¢y, ..., c; that induce the same total
sumd =Y b; = ) ¢; can always be realized by some n x k-matrix (a;;) — in fact,
one can just put a;; = bic;/d. Now let b € (0,1) be a transcendental number,
and let N C M be generated by b in M as a division semiring. Concretely,
elements of N have the form f(b)/g(b) where f(X) and g(X) # 0 are polynomials
with non-negative rational coefficients. In particular, 1 — b ¢ N: If we could
write 1 — b in the prescribed form f(b)/g(b), then by transcendentality of b,
f(X)/g(X) =1—X, in contradiction to the leading coefficients of f and g being
positive.

Both M and N are positive (x +y = 0 implies 2 = y = 0) and refinable,
so that the monoid-valued functors F = M(=) and G = N(=) both preserve
weak pullbacks [15]. As recalled above, it follows that in both cases, the Barr
extension is functorial, in particular is a diagonal-preserving lax extension. Now
diagonal-preserving lax extensions are easily seen to be inherited by subfunctors,

so that the Barr extension F' induces a diagonal-preserving lax extension L
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of G. This extension differs from the Barr extension G; we immediately cast the
counterexample in the form that interests us here:

Let X = {u,v}. Representing elements of GX as formal linear combinations,
we have a binary functor operation 7(x,y) = x+by for G. We write A\' and \? for
the Moss liftings induced from 7 via G and via L, respectively (by the above, both
Al and A\? induce 7). Then u+bv € M ({u, v}, {u}) but u+bv ¢ X\2({u, v}, {u}):
For the former, we have a unique witnessing element of Fé€x, namely (1 —
b)(u, {u,v})+b(v,{u,v})+b(u, {u}); but in GE x, there is no witnessing element
since 1 —b ¢ N.

Summing up, even for weak-pullback preserving functors, singleton-
preserving monotone predicate liftings are not in general uniquely determined
by the functor operation they induce. In the above example, both singleton
predicate liftings inducing the given functor operation arise as Moss liftings, via
different diagonal-preserving lax extensions; we currently do not know whether
every singeleton-preserving monotone predicate lifting is a Moss lifting for some
diagonal-preserving lax extension.

Remark 4.12. It is fairly easy to see that for monotone singleton-preserving
unary predicate liftings A, we do have \ = AT,

5 Generic Expressions

We proceed to define, given a set of monotone and singleton-preserving predicate
liftings for a functor T, syntactic expressions describing the behaviour of states
of T-coalgebras. Our main result is a Kleene-type theorem stating that for every
state of a T-coalgebra there exists an equivalent expression, and conversely, every
expression describes the behaviour of some state of a finite T-coalgebra. As
indicated above, our expression language is a small fragment of the coalgebraic
p-calculus, essentially restricted to modalities and greatest fixed points vz. ¢.

Definition 5.1 ( Expressions). We fix a set V of fized point variables and a
set £ of modalities equipped with an arity function ar : £ — w; we write L/n € L
if L € £ and ar(L) = n. The set £ of expressions ¢, ... is then defined by the
grammar

pu=2z|vz.¢| L(d1,. .. dn) (zeV,L/necL).

An expression is closed if all its fixed point variables are bound by a fixed point
operator. An expression is guarded if all its fixed point variables are separated
from their binding fixed point operator by at least one modality. We write &
for the set of closed and guarded expressions. We have the usual notion of «a-
equivalence of expressions modulo renaming of bound variables. An occurrence
of a fixed point operator in an expression is top-level if it is not in scope of a
modality.

We next define the semantics of expressions, which agrees with their inter-
pretation as formulas in coalgebraic logic. We fix the requisite data:
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Assumption 5.2. For the rest of the paper, we fix a set £ of modalities and an
assignment of a singleton-preserving monotone n-ary predicate lifting [L] for T
to each L/n € L such that the set A:={[L] | L € L} is strongly expressive.

By the results of the previous section, these assumptions imply that 7" has a
presentation and is thus finitary (Theorem 2.2).

Definition 5.3 (Semantics). Given a T-coalgebra C' = (X, £) and a valuation
k:V — QX, the semantics [¢]& C X of expressions ¢ € & is given by

[2% = ~(2)
[L(¢1, .- $u)]E = € M ILLx ([61]% - - - [Ba]E)
[vz.6]s = vY.Jg )

where as usual, we use v to denote greatest fixed points of monotone maps.
When ¢ is closed, we simply write [¢]c in lieu of [¢]¢, and we drop the sub-
script C' whenever C is clear from the context.

Note that since the predicate liftings [L] are monotone and £~ is a monotone
map, the requisite greatest fixed points exist by the Knaster-Tarski fixed point
theorem. Moreover, the assumption that the predicate liftings are singleton-
preserving will ensure that every expression describes exactly one behavioural
equivalence class (see Theorem 5.15).

By dint of the fact that our expression language is contained in the coalge-
braic p-calculus, the following is an immediate consequence of the fact that the
latter is invariant under behavioural equivalence (e.g. [31]):

Lemma 5.4 (Invariance under behavioural equivalence). For every
closed expression ¢ and coalgebras C = (X,£), D = (Y,(), if states x € X
andy € Y are behaviourally equivalent, then x € [¢]c iff y € [d]b-

Lemma 5.5. For all expressions ¢ € &, [vz.¢] = [¢[vz.0/7]].

Example 5.6. (1) For the deterministic automaton functor TX = 2 x X4 with
A = {a,b}, we let L be the set of two binary modalities (0,a.(—),b.(—)) and
(1,a.(=),b.(=)) (corresponding to the two Moss liftings of Example 4.7(1)). We
interpret expressions in the final T-coalgebra vT carried by all formal languages
over A. Here are a few closed and guarded expressions and their semantics in
VT (as usual |w|, denotes the number of b’s in w):

[vv.(0,a.v,b.0)] = {0}
[vz.(1,a.2,b.2)] = {A*}
[ve.(l,a.z,b.ry.(0,a.y,b.a))] = {{w € A* | |w|y even}}
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Note that the semantics of each of these expressions is a singleton (up to
behavioural equivalence); in fact, for an arbitrary T-coalgebra X, the seman-
tics of the above expressions is the set of states accepting the language in the
singleton on the right. In Lemma 5.12 further below we prove that this holds in
general.

(2) Consider T' = P, (A x —) where A is a finite set of labels. A presentation
of T is given by the signature containing for each n-tuple @ = (ay,...,a,) € A"
one n-ary operation symbol, and the corresponding natural transformation 77 :
(=)™ — T is defined by

T8 (21, xn) — {(a1, 1), ..., (an, zp)}
The corresponding Moss lifting is A% /n given by

MLV Vo) = {Z € PulAx X) | Z € UL, ({ai} x i)
and ZN{a;} xY; #0fori=1,...,n}

(cf. (3.1)). Now put £ = {[@]/n | @ € A", n € w} and interpret each [a@] by A%
For example, for A = {a,b} the expression vz.[a]([a, b, a](x,[()],[()])), where [()]
is the unique nullary modality in £, describes the left-hand state in the following
labelled transition system

(3) For T = D we have the presentation with an n-ary operation 7% for every
p=(p1,-..,pn) with > | p; = 1 and corresponding Moss liftings as described
in Example 4.7(3). For each such p, we introduce a modality [p]/n € L, and
interpret it as A\?. Now consider the Markov chain (i.e. D-coalgebra)

1/3

1/3

2/3 @3 3/4
1/4

The behaviour of the left-hand state is described by the expression

v [2f3,1/3)(z, vy.[Ve, /3, 1/2) (2, y, vz.[Y/a, 3/4) (2, 2))).



70 U. Dorsch et al.

Remark 5.7. The syntax of our expressions is determined purely by the finitary
coalgebraic type functor, more precisely, by a given strongly expressive set A of
monotone singleton-preserving predicate lifting. In contrast, existing expression
calculi such as standard regular expressions for deterministic automata or the
coalgebraic expression calculi in [32,34] use extra operations (e.g. expressing
union or concatenation of languages). These operations are not dictated by the
setting, viz. an endofunctor on Set. Rob Myers’ PhD thesis [25] explains nicely
how such extra operations are obtained naturally in an expression calculus when
one works over an algebraic category (such as the one of join-semilattices or
vector spaces over the reals, i.e. algebras for the monad R(_)). We leave the
extension of our expression language to this more general setting for future
work.

Our Kleene theorem requires a number of technical lemmas:

Lemma 5.8. Let A\/n and X' /n’ be monotone singleton-preserving predicate lift-
ings for T. Let S be an equivalence relation on a set X, let Aq,..., A,, be S-
equivalence classes or empty, and let By, ..., B, be S-closed subsets of X. Then
the following holds.

(1) Ax(A1,... An) TNy (B1,...By) or Ax(A1,... Ap) N XNy (By,...By) = @.
(2) If the By,..., B, are even S-equivalence classes or empty, then

Ax(Al, R An) = )‘/)((317 . Bn/) or Ax(Al, .. .An) N /\/X(Bly c. Bn/) = .
Proof (Sketch). Apply naturality to the quotient map ¢ : X — X/S. O

In the proof of Lemma 5.12 further below, we will make use of a A-
bisimulation. We briefly recall the essentials of this notion [12]:

Definition 5.9 (A-Simulation). Given a pair of T-coalgebras (X,{) and
(Y,¢), a A-simulation is a relation S C X x Y such that for all predicate liftings
A€ Aand X; C X, xSy implies

£(z) € Ax(X1,..., Xn) = C(y) € Ay (S[X4], ..., S[X)).

A A-bisimulation is a A-simulation S such that S° is also a A-simulation. Ele-
ments (z,y) € X x Y are A-bisimilar if there is a A-bisimulation relating x
and y.

Theorem 5.10. A-bisimilarity conincides with behavioural equivalence.

Remark 5.11. In fact, for Theorem 5.10 it is sufficient that A is separating
and the predicate liftings in A are monotone. It turns out that Theorem 5.10 is
actually a special case of [20, Theorem 11], applied to the case where the lax
extension is induced by a separating set of monotone predicate liftings.
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Lemma 5.12. Let (X,€) be a T-coalgebra, let \;/k € A, i = 1,...,k, and let
(A1,..., Ay) be the greatest fized point of the map h : (QX)¥ — (QX)* defined by

X1 fil[Al,X(Xla"ka)}
Xk 571[)\k,X(X17--~7Xk)}

Then for each i, all elements of A; are behaviourally equivalent, and for all i, j,
either A;,NA; =@ or A, = Aj.

(5.1)

(In the above lemma, we restrict to all A\; having full arity & and using their
arguments in the given order only in the interest of readability; this is w.l.o.g.
since we can just reorder arguments and add dummy arguments.)

Proof (Sketch). Let S C X x X be the relation
S = {(.131,%‘2) | JA; . x1 € A; Nxg € Al} UAx.

Using Lemma 5.8 one shows first that S is an equivalence relation, which already
takes care of the second part of the claim, and then that S is a A-bisimulation.
The first claim of the lemma then follows by Theorem 5.10. a

The final ingredient of our Kleene-type correspondence is the following adap-
tation of Bekic¢’s bisection lemma [6]:

Lemma 5.13. For complete lattices (X, <), (Y, <) and for every pair of mono-
tone maps f: X XY - X and g: X XY — Y, we have

zo =va.f(z,vy.9(z,y))

Yo = vy.g(zo,y)-

Although in [6] this lemma only covers least fixed points in a slightly different
setting, the proof is the same.

Using Lemma 5.13 we can transform every expression ¢ € & into a system
of flat equations (21 = ¢1,...,2r = ¢p) for some k € w, i.e. equations without
nested modalities or fixed point operators: This is done by first ensuring that
every fixed point operator uses a different fixed point variable and then binding
every modality that is not nested directly under a fixed point operator with
a new fixed point operator using a fresh variable. Thus we can rewrite every
expression ¢ € & in the form

¢ =vz1. L1(z1,vze.Lo(. .. )y ooy vzg L (.. L)

for some modalities L; € £,i =1,..., k. If we now inductively apply Lemma 5.13
and, for readability, additionally normalize every modality to have as many argu-
ments as there are different fixed point variables in such an expression, intro-
ducing dummy arguments where necessary, then we can write ¢ as a system

v(z,y).(f(2, ), 9(x,y)) = (xo,90) with

zZ1 = Ll(Zl,ZQ,...,Zk)

Z9 = LQ(Zl,ZQ, .. .,Zk)
(5.2)

ZE = Ln(zl,ZQ, e ,Zk)
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of flat equations. Given any coalgebra C' = (X, §), the above system induces an
obvious map of the form (5.1) (replacing z; by X; and L; by A\; = [L;]), and the
first components of its greatest fixed point is the semantics [¢]c. The following
example shows a concrete case.

Example 5.14 (Applying Beki¢’s bisection lemma). Consider the
expression

¢ =va.L(z, Lo(x),vy.Ls(y,vz.La(2)))

In order to transform it as per the procedure indicated, we first need to add a
fixed point operator with a fresh variable to the first occurrence of Lo:

¢ =ve.Ly(z,vw.La(x),vy.L3(y, vz.La(2)))

Then we can form the equation system for the variables z,w,y, z

r=Li(z,w,y,2) = Li(x,w,y)
w = Ly(z,w,y,2) = La(x)

y = Ly(z,w,y,2) = L3(y, 2)
2= Ly(x,w,y,2) = Ly(2)

where we extend £ with additional operators IL; having dummy arguments,
defined as indicated. The semantics of this equation system in a coalgebra
C = (X, is defined as the greatest fixpoint (Ag, A1, Az, A3) of the map
h: Q"X — Q"X defined by

X, EM[I] x (X1, Xa, X3)]
ho | X2 | M [ L] x (X1)]
X EM[ L] x (X2, X4))]
X4 § M [ L) x (X))

The semantics of ¢ in C' is then [¢]c = Ao.

The following two results together establish a Kleene-type correspondence
for the generic expressions of Definition 5.1.

Theorem 5.15. Every expression ¢ € &y describes exactly one behavioural
equivalence class, which is moreover realized in a finite coalgebra. Explicitly:
there exists a state x in a finite coalgebra such that for every coalgebra C, [¢]c
contains precisely the states of C that are behaviourally equivalent to x.

Proof. (Sketch). By Lemma 5.4, it suffices to show that any two states (w.l.o.g.
in the same coalgebra, using coproducts) satisfying ¢ are bisimilar. Since ¢ can
transformed into a system (5.2) of flat equations, this follows by Lemma 5.12.
Realization in a finite coalgebra follows from the finite model property of the
coalgebraic pu-calculus [8], and alternatively is shown by constructing a model
from the variables in a flat equation system. O
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Theorem 5.16. Let C = (X,€) be a finite T-coalgebra. For every x € X, there
exists an expression ¢ € &y such that x € [¢]c.

Proof. Let X = {x1,...,2;} and w.l.o.g. x = x;. Since A is strongly expressive,
for every x; € X there is a modality L;, w.l.o.g. with arity £ and prescribed
argument ordering, such that

{€(zi)} = [Lilx({a}s - {d)-

That is, the {x;} solve the system (x; = L;(1,...,%k))i=1,... k of flat fixed point
equations, so for the greatest fixed point (Ai,...,Ax) of the system, we have
x; € A; for every 4, in particular x = x1 € A;. It now just remains to convert the
equation system into an equivalent single expression in the standard manner [7]
(incurring exponential blow-up); then z € [¢]¢c as desired. O

Corollary 5.17. FEvery expression denotes a behavioural equivalence class of a
state in a finite coalgebra, and conversely every such class is denoted by some
expression.

Example 5.18. (1) For the functor TX = 2 x X4 for A = {a, b} consider the
coalgebra with carrier X = {z, x5} and with coalgebra structure £ : X — 2x X4
with &(zg) = (1, (@ — x0,b — x1)) and &(z1) = (0, (a — x1,b — xg)). Then we
clearly have {&(z1)} = M ({21}, {z2}) and {(x2)} = A ({x2}, {z1}). Using the
syntax of Example 5.6(1) and following the proof of Theorem 5.16, we obtain the
following expression for the behavioural equivalence class (i.e. formal language)
for z1:

ver.(l,a.x1,b.vre.(0,a.29,b.21)).

Note that this is the same expression (modulo a-equivalence) as the third expres-
sion from Example 5.6(1).

(2) For the functor P,(A x —) and A = {a,b} the coalgebra C =
({z,y, 2z, w}, &) depicted in Example 5.6(2) satisfies the following equations:

{€@)} =22 {yh), (€)= 28" ({z,w, 23), {Ew)} = A0, {€(w)} = A()

By Theorem 5.16 {{z},{y}, {2}, {w}} solves the following system, reusing the
same variable names,

L= [a](y)7 Y= [a7b7 a]($7w72)7 w = [()]7 z = [()]

which can be transformed as demonstrated in Example 5.14 to the expression
given in Example 5.6(2), describing the behaviour of the state x.

(3) For the functor T' = D consider the expression from Example 5.6(3):
va.[2/3,1/3](x, vy.[Ye, 1/3,1/2](x, y, vz.[V/4,3/4](z, 2))), which transforms to the
system

v = [s,1/3(x,y), oy =[Y6,/3,Y2(x,y,2), 2= [Y4,%4)(, 2).
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By Theorem 5.15 we can construct a coalgebra C' = ({x,y, 2}, &) defined by:

{€(2)} =27 ({x}, {y})
@)} =\ () v A=)
{€(2)} = AP ({a}, {2))

which is exactly the coalgebra depicted in Example 5.6(3) where z is in the
behavioural equivalence class of the above expression.

An alternative approach to defining the semantics of expressions is to con-
struct a T-coalgebra structure on the set & of closed and guarded expressions,
similarly as in the work of Silva et al. [34] and also Myers [25]. In Theorem 5.21
below we show that this new semantics coincides with the previous one.

Definition 5.19. We define a T-coalgebra ¢ : & — T'&y inductively by

e(L(f1,-- -, 0n)) € [LI({#1}, - {dn}) (5.3)
e(vx.¢) = e(plve.¢/x]). (5.4)

This is actually a definition of € because (a) in (5.3), [L] preserves single-
tons and thus there is only one element in [L]({¢1},...,{dn}), and (b) for the
inductive part (5.4), one can use the number of top-level fixed point operators
as a termination measure, which decreases in each step because the fixed points
are guarded.

Now recall that a coalgebra & : X — TX is locally finite if every x € X is
contained in a finite subcoalgebra of £. Locally finite coalgebras are precisely
the (directed) unions of finite coalgebras (see [21]). Thus, it follows from The-
orem 5.16 that for any € X in a locally finite coalgebra £ : X — T'X, there
exists a ¢ € & with z € [¢] x.

Moreover, & is obviously not finite; however, arguing via finiteness of the
Fischer-Ladner closure [16] we obtain

Proposition 5.20. The T-coalgebra (€, €) is locally finite.

The following theorem says that (£y,€) serves as a canonical model of the
expression language:

Theorem 5.21. For every closed and guarded expression ¢ € & and every
state x in a T-coalgebra C, x € [P]c iff x is behaviourally equivalent to ¢ as a
state in (&g, €).

In particular, the above implies that
¢ € [9]s, for all ¢ € &, (5.5)
essentially a truth lemma for &. For the proof of Theorem 5.21, we note:

Lemma 5.22. a-Fquivalent expressions are behaviourally equivalent as states
m (50, 8).
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Proof (Theorem5.21, sketch). It suffices to prove (5.5): The ‘if’ direction of
the claim then follows from invariance of ¢ under behavioural equivalence
(Lemma 5.4), and ‘only if” is by Theorem 5.15. We generalize (5.5) to expres-
sions ¢ with free variables: Whenever o is a substitution of the free variables
of ¢ and k a valuation such that o(v) € k(v) for every free variable v of ¢, then

We proceed by induction on ¢, using Lemma 5.22 in the fixpoint case. a

Remark 5.23. To give a concrete example use of the connection between
expression languages and modal fixed point logics afforded by the above results,
we note that we now obtain an alternative handle on equivalence of expressions
that complements the standard approach via partition refinement: Expressions
@, are equivalent iff some state described by ¢ (obtained, e.g., via the one of the
model constructions in Theorems 5.15 and 5.21) satisfies 1). Note that the latter
is fairly easy to check as long as the modalities are computationally tractable,
since 1) otherwise involves only greatest fixed points. This approach is similar to
reasoning algorithms in the lightweight description logic ££ [4], where checking
validity of ¢ — 1 is reduced to model checking ¢ in a minimal model of ¢; we
leave a more detailed analysis to future work.

6 Conclusion and Further Work

We have defined a generic expression language for behaviours of finite set coal-
gebras based on predicate liftings, specifically on a strongly expressive set of
singleton-preserving predicate liftings. There are mutual conversions between
such sets of predicate liftings and functor presentations, one direction being via
the Moss liftings introduced by Marti and Venema [20]; we have however demon-
strated that these fail to be mutually inverse in one direction, i.e. in general not
all singleton-preserving predicate liftings are Moss liftings. Our language is pre-
sumably equivalent to the set-based instance of Myer’s expression language [25];
our alternative presentation is aimed primarily at showing that expression lan-
guages embed naturally into the coalgebraic p-calculus, generalizing well-known
results on the relational u-calculus [2,10,14,35]. The benefit of this insight is
to tighten the connection between expression languages and specification logics,
e.g. it allows for combining model checking, equivalence checking, and reasoning
within a single formalism. On a more technical note, we show, e.g., that one can
provide an alternative semantics of expressions by defining a coalgebra struc-
ture on expressions, an approach pioneered by Silva et al. [34] and used also by
Myers [25]; in the light of the expressions/logic correspondence, this construction
is now seen as a canonical model construction for a fragment of the coalgebraic
p-calculus, and the core part of the proof that the two semantics agree becomes
just a truth lemma.

An important point for further work is to extend the current setup from
the base category Set to algebraic categories (such as join semi-lattices or pos-
itive convex algebras) in order to generalize our results to expression calculi
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involving convenient additional operations (reflecting the ambient algebraic the-
ory) such as addition. A closely related point is the connection with coalgebraic
determinization [33]; it should be interesting to see whether our ideas can lead to
expression calculi for coarser system equivalences than bisimilarity, such as trace
equivalence for transition systems or distribution bisimilarity for Segala systems.
Such a generalization might be based on our recent approach to coalgebraic trace
semantics via graded monads [22].
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Abstract. This paper studies Markov decision processes (MDPs) from
the categorical perspective of coalgebra and algebra. Probabilistic sys-
tems, similar to MDPs but without rewards, have been extensively stud-
ied, also coalgebraically, from the perspective of program semantics. In
this paper, we focus on the role of MDPs as models in optimal planning,
where the reward structure is central. The main contributions of this
paper are (i) to give a coinductive explanation of policy improvement
using a new proof principle, based on Banach’s Fixpoint Theorem, that
we call contraction coinduction, and (ii) to show that the long-term value
function of a policy with respect to discounted sums can be obtained via
a generalized notion of corecursive algebra, which is designed to take
boundedness into account. We also explore boundedness features of the
Kantorovich lifting of the distribution monad to metric spaces.

Keywords: Markov decision process + Long-term value
Discounted sum - Coalgebra - Algebra - Corecursive algebra
Fixpoint - Metric space

1 Introduction

Markov Decision Processes (MDPs) [23] are a family of probabilistic, state-
based models used in planning under uncertainty and reinforcement learning.
Informally stated, an MDP models a situation in which an agent (the decision
maker) has to make choices at each state of a process, and each choice leads
to some reward and a probabilistic transition to a next state. The aim of the
agent is to find an optimal policy, i.e., a way of choosing actions that maxi-
mizes future expected rewards. In this paper, we consider a simple version of
MDPs known as time-homogeneous, infinite-horizon MDPs in which the set of
states and actions are finite, and future rewards are computed according to the
discounted summation criterion.

Probabilistic systems of similar type have been studied extensively, also coal-
gebraically, in the area of program semantics (see for instance [8,9,27,28]). Our
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focus is not so much on the observable behavior of MDPs viewed as computa-
tions, but on their role in solving optimal planning problems.

The classic theory of MDPs with discounting is well-developed (see [23,
Chapter 6]), and indeed we do not prove any new results about MDPs as such.
Our work is inspired by Bellman’s principle of optimality, which states the fol-
lowing: “An optimal policy has the property that whatever the initial state and
initial decision are, the remaining decisions must constitute an optimal policy
with regard to the state resulting from the first decision” [4, Chapter II1.3]. This
principle has clear coinductive overtones, and our aim is to situate it in a body of
mathematics that is also concerned with infinite behavior and coinductive proof
principles, i.e., in coalgebra.

The main contributions of this paper are the following. First, we present a
coinductive proof of the correctness of a classic iterative procedure known as pol-
icy iteration [12]. This leads us to formulate a coinductive proof principle that we
have named contraction (co)induction, and which is closely related to Kozen’s
metric coinduction [17]. We believe contraction (co)induction should have appli-
cations far beyond the topic of MDPs. Second, we show that long-term values of
policies can be obtained from the universal property of a generalized notion of
corecursive algebra. The technical challenge here is to encode boundedness infor-
mation in order to ensure the unique existence of certain fixpoints. This leads
us to introduce the notions of b-categories and b-corecursive algebras (bcas).
Combining these with well-known techniques from coinductive specification and
trace semantics [3,14], we obtain the desired universal maps.

Contents of This Paper. In Sect.2 we give a brief introduction to MDPs and
the classical results that we aim to categorify. In Sect. 3, we present contraction
coinduction and apply it to prove the correctness of policy iteration and related
results. In Sect. 4, we describe the (set-based) coalgebraic and algebraic struc-
tures that we use to model MDPs and discounted sums. In Sect. 5, we move to a
category of metric spaces, we introduce b-categories and b-corecursive algebras
(bcas), and we show that the long-term value of a policy as well as the opti-
mal value arise as universal arrows. We briefly discuss extensions of our work in
Sect. 6. Finally, we conclude and discuss related and future work in Sect. 7.

2 Markov Decision Processes

We refer to [23] for a comprehensive overview of MDPs, including numerous
applications to planning problems such as inventory management and highway
maintenance. Here, we confine ourselves to a brief introduction.

An MDP models a situation in which an agent in each state s € S chooses
to execute an action a € Act, and this choice results in a probabilistic transition
to a new state s’ € S. That is, for every state s and every action a, there is
a probability distribution #(s)(a) over states. Furthermore, in each state s, the
agent collects a reward (or utility) specified by a real number u(s). The aim of
the agent is to find a policy that will maximize his expected long-term rewards.
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Letting AS denote the set of probability distributions on a finite set S, MDPs
and policies are formally defined as follows.

Definition 1. Let Act be a finite set of actions. A Markov decision process
(MDP) m = (S,u,t) consists of a finite set S of states, a reward function
u: S — R, and a probabilistic transition structure t: S — (AS)At. We often
omit S and simply write m = (u,t). A policy is a function o: S — Act.

More generally, MDPs are considered with respect to a time evolution which
may be discrete or continuous, and the transition structure and reward function
may depend on the time step. If the time evolution is assumed to end after
finitely many steps, the MDP is called finite-horizon. In our definition of MDPs,
time evolution is implicitly assumed to be discrete, but ¢ and v do not depend
on the time step, making them time-homogeneous, and the time evolution is not
assumed to end, making them infinite-horizon.

Similarly, there are more general notions of policy in which the policy may
depend on the time step. A policy that does not depend on the time step is
called stationary. The choices prescribed by a non-stationary policy may depend
on the entire history of the system up until the present time step, but if each
choice depends only on the current state and not the history, then the policy is
called Markovian or memoryless. Finally, a policy may also be randomized, i.e.,
of type S — AAct, as opposed to deterministic. That means, in this paper we
consider stationary (and therefore memoryless), deterministic policies.

Ezample 1. Consider the MDP m shown in Fig. 1, taken from [20]. A startup
company can be in one of four states that we abbreviate by PU, PF, RU, and
RF. In each state, the company receives an immediate reward u(s), and chooses
to either advertise (A) or save (S). The effect of an action in a state is in general
probabilistic, as indicated by the arrows. We take a discount factor v = 0.9.

v =0.9
1/2
v Poor Poor
& &
Unknown Famous

+0

1/

Fig. 1. Example of an MDP modeling of a startup (taken from [20]).

There are several criteria for evaluating the long-term rewards expected by
following a given policy. A classic one found in the literature takes the long-term
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rewards to be the discounted infinite sum of expected rewards. The idea is that
rewards collected tomorrow are worth less than rewards collected today. Before
we state the definition, we need some notation. Given a probabilistic transition
structure t: S — (AS)A* and a policy o € Act®, we get a map t,: S — AS by
letting t,(s) = t(s)(o(s)). The pair (u,t,) is sometimes called a Markov reward
process. The map t, corresponds to a column-stochastic |S| x |S|-matrix P,.
Viewing v € R® as a row |S|-vector and a start state s as a column |S|-vector v,
with 1 in position s and 0 everywhere else, the probability that the agent is in
a state s’ at time step m is found in position s’ of the column-stochastic vector
Pug, and the expected reward r7(s) at time step n is the scalar uPMvs.

Definition 2. Let v be a fized real number with 0 < v < 1. Such a v is called
a discount factor. Let an MDP m = (u,t) be given. The long-term value of
a policy o (for m) according to the discounted sum criterion is the function
LTV,: S — R defined as follows:

LTV, (s) =rg(s) +v-r{(s) + -+ -17(s) + -+ (1)

where 17(s) is the expected reward at time step n. A policy o is optimal if for
all s € S, LTV, (s) = max, ¢ 405 LTV, (s).

Note that r§(s) = u(s) for all s € S, and since S is finite, max, rJ(s) < co. This
boundedness property entails that the infinite sum in (1) is convergent.

It will be convenient to work with the map ¢, that takes the expected value
of LTV, relative to some distribution. Formally, ¢,: AS — R is defined for all
p € AS by

=Y p(s) - LTV, (s). (2)
ses
Observe that for each state s, LTV, (s) is equal to the immediate rewards plus
the discounted future expected rewards. Seen this way, (1) may be re-written to
the corecursive equation

LTV, (s) = (Zt -LTV,(s )) =u(s) +7-Ls(ts(s)). (3)

s'eS

Viewing LTV, as a column vector in R, the equation in (3) represents a
linear system LTV, = u+ vP,LTV,. We find LTV, by solving it: LTV, =
(I —~yP,)~tu, where I is the identity matrix.

Equivalently, LTV, is defined as the unique fixpoint of the (linear), contrac-
tive, monotone (for the pointwise order) operator

7,: R - R% W, (v) =u+~P,v. (4)

Note that ¥, is contractive since P, is column-stochastic and we multiply with
~, and R¥ is a complete metric space. Hence by the Banach Fixpoint Theorem,
the unique fixpoint exists. Moreover, ¥, is monotone, because P, has all non-
negative entries.
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Ezample 2. We continue with Example 1. An example of a policy is the “miserly”
o given by o(s) = S for all states s, i.e., the startup chooses to save in each state.
The equations that describe the probabilistic system m, resulting from following
o are given in the equations on the left below. To compute LTV, the expression
from (1) for this policy may be rewritten to the equations on the right in (5)
below. (Recall that the discount factor is v = 0.9.)

mq(PU) = (0,1-PU) LTV, (PU) = 0+~ - LTV, (PU)

me(PF) = (0,5 -PU+5 -RF) | LTV, (PF) = 0+~ (- LTV, (PU) 4+ 1 - LTV, (RF))
me(RU) = (10, 3 - PU+3 - RU) | LTV, (RU) = 10+ v - (1 - LTV, (PU) 4 4 - LTV, (RU))
mo(RF) = (10, 5 - RU+3 - RF) | LTV, (RF) = 10 + v - (1 - LTV, (RU) + L - LTV, (RF))

(5)

Solving this linear system, we get LTV,(PU) = 0, LTV, (PF) = 14.876,
LTV,(RU) = 18.182, and LTV, (RF) = 33.058.

The long-term value induces an ordering on policies: ¢ < 7 if LTV, < LTV,
in the pointwise order on R®. It is a classic result [23, Theorem 6.2.7] that for
our simple model of MDPs with discounting, the best stationary, memoryless,
deterministic policy is as good as any policy. In other words, one cannot do
better by allowing time-dependence, memory, or randomization in policies. This
result is also the theoretical basic for finding optimal policies via policy iteration,
as we describe further below.

Before we move on to policy iteration, we recall the notion of optimal value
function. Given an MDP m, the optimal value of m is the map V*: S — R
that for each state gives the best long-term value that can be obtained for any
policy [23]:

V*(s) = max {LTV,(s)}.
o€ ActS
We note that a transition structure t: S — (AS)4¢ corresponds to an Act-
indexed set of maps t,: S — AS, a € Act, each of which in turn corresponds
to a column-stochastic |S| x |S]-matrix. It is an important classic result that
V* is the unique (bounded) map v: .S — R that satisfies Bellman’s optimality
equation [4,23]:

v(s) = u(s) + v - max { ;gta(s)(s’) -v(s") }

a€Act

In other words, V* is a fixpoint of the (non-linear) contractive, monotone Bell-
man operator, given by

7*: RS — RS U*(v) = u+ v - max {t,v},
a€Act
where the maximum is taken in the pointwise order on RS.

3 Policy Improvement via Contraction Coinduction

3.1 Policy Iteration

The optimality equation together with the above mentioned result that an opti-
mal policy may be found among the stationary, deterministic policies is the
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basis for an effective algorithm for finding optimal policies, known as policy
iteration [12]. The algorithm starts from any policy o € Act®, and iteratively
improves o to some 7 such that ¢ < 7. This leads to an increasing sequence
of policies in the preorder of all policies (S4¢, <). Since this preorder is finite,
this process will at some point stabilize. The policy improvement step of the
algorithm is obtained via the following definition.

Definition 3. (Improved Policy). A policy T is called an improvement of a
policy o if for all s € S it holds that

7(s) = argmaz,e pci{lo (ta(s))}- (6)

Informally, 7(s) is an action a that maximizes the expected future rewards
obtained by doing a now, and then continuing with o. However, it is not prima
facie clear that 7 is an improvement, since following 7 means to also “continue
with 77 (not with o). Proving that ¢ < 7 is the content of the Policy Improve-
ment Theorem (Theorem 2) which we prove below.

Note that improved policies need not be unique, because there could be
different actions a that maximize £, (t,(s)), but (6) describes a procedure for
improving a policy ¢ assuming that LTV, has been computed (e.g., by solving
the associated linear system).

Ezample 3. We return to Example 1 and to the “miserly” policy ¢ in Example 2.
To determine 7(PF) where 7 is an improved policy, we compare

0, (t(PF)(S)) = Eo ALTV, (% PU % RF ) = (% 0) + (% -33.058)

and
Ly (t(PF)(A)) =Eo ALTV,(1-PF) =1-14.876.

Since the latter is smaller, we have 7(PF) = S.

Classically, policy improvement is proved [12,23] using that (I — yP,)~! is
a monotone operator. This in turn follows from the matrix (I —vP,)~! having
only non-negative entries, a property which we show in Example 5 below using
contraction coinduction.

3.2 The Contraction Coinduction Principle

We now introduce the contraction coinduction principle. We only assume basic
knowledge of metric spaces, as can be found in, e.g., [21]. Here we just recall a
few basic definitions and fix notation. A metric space (X, dx) is a set X equipped
with a metric dx: X — R. Sometimes the metric is left implicit and we simply
refer to the metric space X. We always assume the standard Euclidean metric on
the set of real numbers R. Any set X can be equipped with the discrete metric,
given by dx(z,y) =1if x #y, and dx(z,y) =0 if z =y, for all z,y € X.



84 F. M. V. Feys et al.

A function f: X — Y between metric spaces is bounded if there is a real
number C such that for all z,y € X, it holds that dy (f(z), f(y)) < C. We write
B(X,Y) for the set of all bounded f: X — Y. The set B(X,Y) can be equipped
with the supremum metric: for all f,g € B(X,Y),

d(f,9) = sup{dy (f(x), g(x)) | x € X}. (7)

When Y is a complete space (for example, R), so is B(X,Y). We recall that a
function f: X — X on a metric space X is contractive if there is a C' < 1 such
that for all 21,22 € X, we have dx (f(x1), f(z2)) < C-dx(x1,22). A fizpoint of
f is an element z* such that f(z*) = z*.

The contraction coinduction principle is a variation of the classic Banach
Fixpoint Theorem, asserting that any contractive mapping has a unique fixpoint.
We need a version of this theorem which, in addition to a complete metric, also
has an order. For this reason we introduce the following definition.

Definition 4. An ordered metric space is a structure (M,d, <) such that d is
a metric on M and < is a partial order on M, satisfying the extra property that
forallye M, {z |z <y} and {z | y < z} are closed sets in the metric topology.
This space is said to be complete if it is complete as a metric space.’

Ezample 4. For any set X, B(X,R) with the pointwise order (and supremum
metric, as in (7) above) is a complete ordered metric space.

We can now state contraction (co)induction. It will lead to elegant proofs of
order statements concerning fixpoints, as we shall see below.

Theorem 1. (Contraction (Co)Induction). Let M be a non-empty, com-
plete ordered metric space. If f: M — M is both contractive and order-
preserving, then the fizpoint x* of f is a least pre-fixpoint (if f(x) < x, then
x* < x), and also a greatest post-fixpoint (if © < f(x), then z < z*).

Proof. We only verify the first assertion; the second is similar. Suppose that
f(z) < x. By induction on n and monotonicity of f, we have for all n > 0,
f™(z) < x. Since f is contractive, the proof of the Banach Fixpoint Theorem
shows that {f"(x)}, is a convergent sequence. But {z | z < x} is closed and
contains this sequence, so lim,, f™(z) < z. The proof of the Banach Fixpoint
Theorem also shows that lim,, f"(z) equals the fixpoint z*. Thus, z* < x. O

Remark 1. Theorem 1 follows from the Metric Coinduction Principle [17,24].
E.g., to derive contraction induction, let = be such that f(x) < z. The set
A={y € X |y <z} is non-empty, since z € A, and closed by our assumption
that X is an ordered metric space. Moreover, f[A] C A by monotonicity. Hence
by metric coinduction, z* € A.

1 'We could weaken the partial order in the definition of an ordered metric space to a
transitive relation. However, our aim is not the highest level of generality. Rather, we
see contraction (co)induction as an instance of metric coinduction (see Remark 1)
that suffices to prove interesting results about MDPs.
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Ezample 5. We recover a fact that comes up frequently in the area (e.g., [12]
uses it to justify policy improvement): if P is a column-stochastic n X n matrix,
then (I —yP)~! has all non-negative entries. We do not really need this fact, and
we mainly mention it to point out that contraction coinduction might streamline
the proofs of known results. To see this, let M = R"*"™. We order M pointwise,
and as metric we use d(X,Y) = | X — Y|, where || X| = max; ;j|x; ;| (so that
IPX| < ||X]]). This gives a complete ordered metric space. Let f: M — M
be f(X) = I + (yP)X. Easily, f is a monotone contraction, and its fixpoint
is (I —yP)~!. Note that f(0) > 0, where 0 is the zero matrix. By contraction
coinduction, we conclude that (I —~yP)~1 > 0.

We now give our proof of policy improvement using contraction coinduction.

Theorem 2 (Policy Improvement). Let an MDP be given by t: S —
(AS)At and u: S — R. Let 0 and T be policies. If L, ot, > £, ot,, then
LTV, > LTV,. Similarly, if £y ot; < L;ot,, then LTV, < LTV,.

Proof. Assuming that ¢, ot, > £, ot,, we have for all s € S,
u(s) +7 > to(s)(s') - LIV,(s)) Suls) +v 3 to(s)(s)) - LIV, (s).
s'es s'es
Since LTV, and LTV, are the fixpoints of the contractive, monotone operators
¥, and ¥,, respectively (cf. (4)), the above inequality may be recast to say
that ¥, (LTV,) > ¥,(LTV,) = LTV,. By contraction coinduction (Theorem 1),

LTV, > LTV,. This completes the proof of the first assertion. The second one
is proved similarly. a

Next, we use contraction coinduction to show the classic result that V* is an
upper bound for the long-term value of all policies, and that a so-called greedy
policy is optimal [4,23]. Lemma 1 below is standard, and essentially the same
proof as ours appears as Lemma 5.2 in Kozen and Ruozzi [24].

Lemma 1. For all policies o, LTV, < V*.

Proof. A straightforward calculation and monotonicity argument shows that for
all f € B(S,R), ¥,(f) <¥*(f). In particular, LTV, = ¥, (LTV,) < ¥*(LTV,).
By contraction coinduction we conclude that LTV, < V*. a

Define the greedy policy o*: S — Act by
o*(s) = argmaxaeAct{ Z ta(s)(s) - V*(s’)}. (8)
s'eS

Due to ties, this policy is strictly speaking not unique. But following standard
usage, we speak of “the” greedy policy when we mean “a” greedy one.

Proposition 1. The greedy policy is optimal. That is, LTV« = V™.

Proof. Observe that W,«(V*) > V* (in fact, equality holds). By contraction
coinduction, V* < LTV,+. The other direction follows from Lemma 1. O

It is a direct consequence of Proposition 1 that the optimal value is attained
by some policy.
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4 Coalgebras and Algebras for MDPs

In this section, we present the coalgebraic and algebraic structures that we use
to model MDPs and their long-term values. We assume the reader is familiar
with basic notions in coalgebra [25] and category theory [18], but we briefly
recall some definitions and results (see, e.g., [3,13,16]) related to monads and
distributive laws that are needed for this paper.

4.1 Algebras, Monads, and Distributive Laws

Given a functor T': C — C on a category C, a T-algebra is a pair (A, «) where
A is a C-object and a: TA — A is a C-arrow. A T-algebra homomorphism from
(A, ) to (B, ) is a C-arrow f: A — B such that foa=FoTf.

A monad (on C) is a triple (T,n, u) where T is a C-endofunctor, and n: I1d =
T and p: TT = T are natural transformations such that po7Tn =id = pony
and po pur = po Tu. Given a monad (T,n,u), an Eilenberg-Moore T-algebra
is a T-algebra (A,w) such that wony = id and w o py = w o Tw. We denote
the category of Eilenberg-Moore T-algebras and T-algebra homomorphisms by
EM(T). Note that (TX, ux) is an Eilenberg-Moore T-algebra.

Example 6. The well-known distribution monad is the discrete variant of the
Giry monad [11]. The functor part A: Set — Set maps a set X to the finitely
supported probability distributions on X:

AX = {p: X —[0,1] | supp(¢p) is finite and > ¢(z) = 1},
(ANY) = Xpep-1ele)  forall f: X =Y.

It is sometimes convenient to write an element ¢ of AX as a formal linear
combination ¢ = rix1+- - -+r,x,, where supp(p) = {z1, ..., 2, } and p(z;) = ry,
or also ¢ = ) @(x)z. In this notation, (Af)(p) = rif(z1) + - +rof(an)
for f: X — Y, where coefficients of identical f(z;)-values are summed implicitly.
Equivalently stated, we have

(Af)(@) =) f@)e(x). 9)

zeX

The unit §: Id = A is dx(x) = lz (the Dirac distribution at z), and the
multiplication p: AA = Ais given as follows. For ¢ = ryp1+- - +rppo, € AAX,
we have px (1) (x) = Y21, rigi(@), Le., px(¥) = 3 ,ex (Xpeax Y(9) - o(@))z.
The category EM(A) is also known as the category of convex sets and affine
(or linear) maps, since an Eilenberg-Moore A-algebra can be seen as a set X in
which convex combinations r1x1 + - -+ + r,x, can be evaluated.

Let (T, n, 1) be a monad and F' an endofunctor, both on C. A distributive law
of (T,n,u) over F' is a natural transformation A\: TF' = FT that is compatible
with the monad structure, meaning that Aonp = F'nand Aopup = FuodroTA.
We recall (see, e.g., [15,16]) that such a distributive law corresponds to a lifting
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Fy of F to the category EM(T), and equivalently to a lifting Ty of T to the
category Coalgc(F) of F-coalgebras. The functors F and T) are defined as
follows:

Fy(Ajw: TA— A) = (FA,Fwo \y) E\(f) = Ff,
T\(B,B: B — FB) = (TB, A\ o Tf) To(f) = Tf.

We also recall (cf. [3,14]) that such a distributive law induces an operation
(—)%: Coalgc (FT) — Coalgey(ry(F2), which is often referred to as an abstract
form of determinization (cf. [14,26]). For every FT-coalgebra c: X — FTX, c*
is defined as

& =FuxolpxoTec: (TX,ux) — Fx(TX,px), and we have donx =c. (10)

Determinization (—)* is a functor, but we shall not use this fact. Note that
the underlying F-coalgebra of ¢f is of type TX — FTX.

We write E: AR — R for the map that computes expected value. That is,
viewing an element ¢ € AR as a formal linear combination, E evaluates ¢ by
interpreting the formal expression in R, i.e., E(p) = > p ¢(x) - z.

Note that for f: X — R, by (9) we have, for all ¢ € AX, that

E((Af)(p) =Y f(@) - pla). (11)

rzeX

Lemma 2. The expected value E: AR — R is an FEilenberg-Moore A-algebra:
Eodgr =idg and Eo AE = E o ug.

4.2 Coalgebraic Modeling of MDPs

As we saw in Definition 2, long-term values arise by summing infinite sequences
(or streams) of real numbers. It is well-known [25] that such streams form a final
coalgebra for the Set-endofunctor H = R x Id. The final H-coalgebra structure
is given by mapping a stream x = (zg,21,2s2,...) to (head(z),tail(z)), where
head(z) = z¢ and tail(z) = (21,29, ...).

Given an MDP m = (u,t) and a policy o: S — Act, the resulting Markov
reward process m, = (u, t,) is easily seen to be an H A-coalgebra

me = (U, ts): S — R x AS|

where, as we recall from from Sect. 2, t,(s) = t(s)(co(s)).

Similarly, it is not hard to see that an MDP m = (u,t) is a K A-coalgebra
(u,t): S — R x (AS)A*, where K = H o (—)4°* and (—)4¢* is the covariant
hom-functor.

Since E: AR — R is an Eilenberg-Moore A-algebra, there is a distributive
law x of (A, 6, u) over H (cf. [13]) specified by

<A7T1,A7T2 Exid
—_——

Yx: AR x X) L AR x AX —E2X9 L R« AKX,
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ie.,

xx = (Eo Ay, Ams). (12)
The lifted functor H, : EM(A) — EM(A) is concretely given as

H,(A,w)=Rx A, (R X w)o (EoAm,Ams))
= (R x A, (Eo Ay, w o Amy)).

Using the distributive law y from (12), the determinization mf : AS — R x
AS is given for each ¢ € AS by

mf(¢) = (B o Au)(¢), (ns o Ate)(p))
= (Lsesuls) - ¢(s),5 = Lcsto(s)(s)) - ¢(s7)).

Considering ¢ as a probabilistic state, the first component of the pair m¥ ()
is the expected reward given ¢, and the second component is the expected next
probabilistic state. The morphism pgoAt,: AS — AS is the Kleisli extension of
ty: S — AS, which can be seen as a column-stochastic |S| x |S|-matrix. Viewing
u € RS as a row |S|-vector and a distribution ¢ € AS as a column-stochastic
|S|-vector, we have that m# () = (ug, t, ), where juxtaposition denotes matrix-
vector multiplication. The unique H-coalgebra morphism from m¥ to the final
H-coalgebra of streams maps a distribution ¢ to the stream of expected rewards
(ugp, ut, @, ut2p, .. .).

The distributive law given by x is an EM-law in the terminology of [14],
where determinization was studied for the purpose of obtaining trace semantics.
The trace semantics of m,: S — R x AS is the function that maps a state s to
the stream of expected rewards (r§(s),r{(s),75(s),...) from (1).

4.3 Algebraic Modeling of Discounted Sums

The long-term value of a policy o in state s is the discounted infinite sum of
the stream p(s) = (r§(s),77(s),75(s),...) of expected rewards. Due to S being
finite, the values in this stream are bounded, which ensures that the discounted
sum converges. A leading observation of this paper is that we can re-express
the recursive equation (3) for LTV, by saying that LTV,: S — R makes the
following diagram commute:

R x AS

S
LTV(,\L \LRXA(LTVU) (13)
R

R xR R x AR
Qy RxE

Here, ay: R x R — R is the H-algebra

ay: HR - R ay(z,y) =z +7-y. (14)
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Notice that LTV, is an H A-coalgebra-to-algebra map. We naturally wonder
whether the H A-algebra at the bottom of the diagram is a corecursive algebra [6]:
for every coalgebra f: X — HAX (where X is possibly infinite), is there a
unique map fT: § — R making the diagram commute? As suggested by the
previous discussion, problems can arise if the reward values in f are unbounded.
But the question can be framed in an even more basic way. Namely, by [5,
Theorem 19], oy o (R x E) is a corecursive algebra for HA if and only if a, is
a corecursive algebra for H. But the latter is not the case. Consider an infinite
system of equations

Ty = Gp + 7 Ty, n=0,1,..., (15)

where a, are fixed real numbers. Then (15) corresponds uniquely to a H-
coalgebra g: X — R x X. Solutions to (15) in turn correspond to maps g
such that g' = a, o (R x g7) 0g, i.e., to coalgebra-to-algebra maps from (X, g) to
(R, cy). The reason why . is not a corecursive algebra is that (15) always has
continuum many solutions. Namely, the solution value for x¢ may be chosen arbi-
trarily, and the rest are determined from it. Note however, if (ay, ), is unbounded
then all solutions are unbounded. [To see this, let (by,), be a solution. We have:
|an| > 2K = |bpga| = |an + 7 - bn| 2 |an] = Y|bn| = [bnga| +7(bn| > 2K =
|bn| > K or |by4+1] > K. Hence, for each K there is some ¢ such that |b;| > K]

If, on the other hand, (a,), is bounded, then there is a unique bounded
solution to (15), namely z,, = > =17 - an; for all n. Boundedness is used in
asserting that the sum converges, and the detailed verification that this solution
works and is unique follows from Proposition 6 below. In summary, uniqueness
is only obtained by restricting to bounded solutions.

We end this section by noting that o, is an algebra for the lifted functor H,,
essentially because o is affine. We will need this result in Sect. 5.3.

Lemma 3. ((R,E), ) is an Hy-algebra in EM(A), that is, we have the equal-
ity Eo Aay = oy 0 (Eo Ay, E 0 Amy).

5 Long-Term Values via b-Corecursive Algebras

In this section, we will develop some categorical notions in order to capture
boundedness properties, and eventually show that long-term values can be char-
acterized via a universal property of a notion of corecursive algebra for bounded
maps.

5.1 MDPs in Metric Spaces

The first step is to identify the appropriate category of metric spaces. There are
several types of functions on metric spaces that are of interest. In this paper,
we shall consider the following. Let (X,dx) and (Y,dy) be metric spaces and
f:+ X — Y afunction (not necessarily continuous). Then f is said to be Lipschitz
if dy (f(x1), f(x2)) < C-dx(x1,z2) for all z1, 29 € X, for some fixed real number
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C. A Lipschitz function that satisfies the above inequality for C' = 1 is called non-
expansive (or short). It is clear that the composition of two Lipschitz functions
is again Lipschitz, and the composition of non-expansive functions again non-
expansive.

Bounded functions need not be Lipschitz, and vice versa. Although bounded
maps are of particular interest to us, we point out the fact that metric spaces
with bounded maps do not form a category, since the identity on a space of
infinite diameter is not bounded. Our main interest in Lipschitz functions is
that if g is bounded and f is Lipschitz, then f o g is bounded; also, they are used
in the Kantorovich metric just below.

We write Met for the category that has metric spaces as objects and all
functions as arrows. Usually, the morphisms of metric spaces are taken to be
the non-expanding functions or continuous functions. The reason we take all set
functions is that we are going to use the metric structure only in connection with
boundedness, and so our (non-standard) choice will become more sensible. (In
Sect. 6.2, we hint that with additional results we can indeed work with a“real”
metric-type category, the Polish metric spaces.)

We lift our Set-endofunctors H and A to Met using the maximum and
Kantorovich(-Wasserstein) metrics (cf. [2,29]). This last metric is usually defined
in the measure-theoretic setting, so discrete probability measures are a special
case.

Definition 5 (Product and Kantorovich Metrics). Let (X,dx) and
(Y,dy) be metric spaces.

— The product (X,dx) x (Y,dy) = (X xY,dx X dy) has the mazimum metric

(dx x dy)((w1,91), (x2,92)) = max{dx (v1,72),dy (y1,Y2)}
— The Kantorovich lifting of dx is the metric dax on AX, defined by
dax(p,0) = suplds((E o Af)(9), (Eo Af)()) | f: X — R is non-espansive}.

Remark 2. See [10] for ten choices for the metric d on AX. Incidentally, very
little is known concerning the question of whether each d leads to a functor on the
category of all metric spaces and continuous functions. However, it follows from
Theorem 1 of [11] that for the related category of Polish spaces, the Kantorovich
lifting does lead to a functor.

We can view a Markow reward process (u,t,): S — R x AS as a coalgebra
in Met for the lifted functor HA, by equipping the state space S with a metric.
(The discrete metric is the canonical choice, but any metric will do.)

The next lemma will be frequently used in Sect.5.2 to prove boundedness
preservation properties.

Lemma 4. If f: X — Y is Lipschitz, sois Hf. If f: X — Y is Lipschitz with
constant C, then so is Af.
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5.2 Categorical Structure for Bounded Maps

This section aims at a sparse categorification of boundedness that will permit us
to re-work the notion of a corecursive algebra to a bounded corecursive algebra
in Sect. 5.3 below. To this aim, we introduce the notion of b-category and related
concepts.

Definition 6. Let C be a category and B a class of morphisms in C. We call B
a b-structure? on C if for all f € B and all arrows g in C, if f o g is defined,
then fog € B. A b-category is a pair (C,B), where C is a category and B is
a b-structure on C. We frequently call a morphism f € B a B-morphism. We
denote the collection of all C-morphisms X — 'Y that are also in B by B(X,Y).

The key feature of Lipschitz and bounded functions for our purposes is cap-
tured in the following definition.

Definition 7. We say that a C-arrow f preserves B if whenever g € B and fog
is defined, then fog € B.

It is easy to see that for every category C, (C, M) is a b-category, where M is
the collection of morphisms of C. If (C, B) is a b-category, then every morphism
in B preserves B.

Ezample 7. Our primary example of a b-category is (Met, B), where Met is the
category of metric spaces and all functions, and B is the collection of bounded
maps of metric spaces. While the metric structure is not used in the Met-
morphisms, it figures in the b-structure.

Every Lipschitz function preserves B. For any metric spaces X7 and Xs, the
projections m;: X; X Xo — X; preserve B. The algebras E: AR — R and «,
from (14), both preserve B.

Next, we formulate definitions of functors and natural transformations which
incorporate b-structures. The main motivation for the definitions below are the
examples which follow and also the properties that we shall see at the end of
this section, in Proposition 5 and Example 8.

Definition 8. Let (C,B) and (C',B’) be b-categories. A functor F: C— C' is a
b-functor, written F: (C,B) — (C',B), if whenever f € B, then Ff preserves
B'; and F is a strong b-functor if whenever f € B, then Ff € B'.

If F,G: C — C' are functors (not necessarily b-functors), then a b-natural
transformation o: F = G is a natural transformation in the usual sense such
that every component ox preserves B3'.

Proposition 2. (1) Constant functors are b-functors. (2) The identity on a b-
category is a b-endofunctor. (3) If F' is a strong b-functor, then F is a b-functor.

We now investigate how the functor H, monad (A4, d, 1), and distributive law
X interact with the b-structure B of bounded maps on Met.

2 During CMCS 2018, we learned from Henning Urbat that a b-structure is also known
as a sieve. We currently do not know how to put this fact to use.
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Proposition 3. H: Met — Met is a b-endofunctor, but not a strong b-
endofunctor, on (Met, B).

Proposition 4. A: Met — Met is a strong b-endofunctor on (Met, B).
Lemma 5. If f: X — Y preserves B, then so does Hf : R x X - R x Y.
Lemma 6. For all metric spaces (X,dx), the following hold.

1. §x is an isometric embedding.
2. ux s non-erpanding.
3. xx 18 Lipschitz.

It follows that 6, u, and x are b-natural transformations in (Met, B).

One crucial observation is that if the HA-coalgebra m, obtained from an
MDP m and a policy ¢ is bounded, then so is the determinized H-coalgebra
mf.. The following proposition shows that our setup of b-structures ensures that
this holds abstractly.

Proposition 5. Let A be a distributive law of monad (T, n, 1) over a functor F
such that T is a strong b-endofunctor, and Fu and X are b-natural transforma-
tions. Then B is closed under (—)¥, i.e., if c € B then c¢* € B.

Proof. This follows instantly from ¢! = Fux o Arx o T'c (cf. Equation (10)). O

Ezxample 8. For our running example for MDPs where F' = H, T = A, and
A = x is given by (12), we have the conclusion of Proposition 5 in the b-category
(Met, B). Indeed, by Proposition 4, A is a strong b-endofunctor. By Lemma 6, x
is b-natural. Finally, by the second part of Lemmas 4 and 6 (2), Hpux is Lipschitz
for every X, and thus preserves bounded maps. Therefore, Hp is b-natural.

5.3 b-Corecursive Algebras (bcas)

As we explained in Sect.4.3, the long-term value map LTV, is a certain
coalgebra-to-algebra morphism, i.e., it is a solution to a set of recursive equa-
tions, but it is only uniquely defined if we restrict to bounded maps. The following
notion of b-corecursive algebra categorifies this observation.

Definition 9. Let (C, B) be a b-category, F an endofunctor on C (not necessarily
a b-endofunctor), and f: FA — A an F-algebra. Then (3 is a b-corecursive
algebra (bca) if for every F-coalgebra f: X — FX with f € B, there is a unique
solution map f € B such that the diagram

f

X —=FX
ffl \LFfT
A< pa

commutes, or equivalently stated, such that fT is the fized point of the operator
Prp: C(X,A) —» C(X,A), defined for all j € C(X,A) by Pr(j) =00 Fjof.
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We note that a corecursive algebra [6] is a bca with B the family of all
morphisms in the underlying category.

Remark 3. A corecursive algebra is a special kind of completely iterative algebra
(also called cias, see Milius [19]). With the obvious definition, the examples in
this paper would be b-cias. Alas, we have not found any application of this fact.

The next lemma uses the b-category concepts to give conditions that ensure
the operator @5 3 from Definition 9 restricts to B-morphisms. This is the abstract
analogue of showing that the Bellman operator maps bounded maps to bounded
maps.

Lemma 7. Let (C,B) be a b-category. If F is a b-endofunctor on (C,B), and
B: FA — A is an F-algebra that preserves B, it holds that for every F-coalgebra
f: X — FX in B, the operator &5 5: C(X,A) — C(X,A) from Definition 9
restricts to an operator $¢5: B(X,A) — B(X, A).

Proof. Let j € B(X, A). Since F is assumed to be an b-endofunctor, F'j preserves
B. Thus since f € B, Fjo f € B as well. Finally, since  preserves B, it follows
that $¢5(j) =FoFjofeb. O

The following result is the first step towards obtaining the long-term value
map LTV, from the universal property of bcas.

Proposition 6. The H-algebra a.y: HR — R is a bea in (Met, B).

Proof. Fix a bounded f: X — HX. Recall from Example 4 that the bounded
function space B(X,R) is a complete ordered metric space with the supremum
metric. Since H is a b-endofunctor (Lemma 5) and a., preserves B (Example 7),
the operator

® =5, : B(X,R) = B(X,R): &(j) =ay,oHjo f

is well-defined by Lemma 7.
We now show that @ is a contractive map. So let j, k € B(X,R), and z € X.
We write f = (f1, fo): X — R x X. Then

dr(P(j)(x), (k) (z)) <7 -1i(f2(x)) — k(f2(2))] < v - d(j, k).

This holds for all z € X. Since 0 < v < 1, it follows that & is contractive. By
the Banach Fixpoint Theorem, ¢ has a unique fixpoint. This proves that the
operator @y, has a unique bounded fixpoint, which is what we had to show. O

The second step for obtaining the long-term value function LTV, from the
universal property of bcas, is to show how to obtain a bca for HA from the bca
o, for H. The next theorem shows that we can prove this result abstractly using
b-structure.

We first note that given a b-structure (C, B) and a monad (T, n, i), the cat-
egory EM(T) has a b-structure consisting of the T-algebra morphisms ¢ such
that Uy € B in the base b-structure; we shall write the b-structure on EM(T)
as B as well.
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Theorem 3. Let (C,B) be a b-category, F a C-endofunctor, (T,n, 1) a monad
on C, and X\ a distributive law of (T,n,n) over F. Assume further that T is a
strong b-functor and that A and Fu are b-natural in (C, B).

1. If B: Fx(A,w) — (A,w) is an Fy-algebra in EM(T) such that the underlying
F-algebra f: FA — A is a bea for F and w preserves B, then it holds that
BoFw: FTA— Ais a bca for FT.

2. Let the solution operation for the bca 3: FA — A be denoted h — h*, and the
solution operation for the bca 3o Fw: FTA — A be denoted h — h'. Then
for all g: X — FTX in B, we have g' = (¢%)} onx and (¢*)* = wo Tgt.

Excluding the “b-considerations”, Theorem 3 is formulated and proved in
dual form (i.e., for comonads and recursive coalgebras) in [5, Theorem 19]. Our
assumptions related to the b-structure ensure that the proof carries over to the
case of bcas.

Using Theorem 3, we obtain the bca that will give us the long-term value.

Corollary 1. The HA-algebra oo = ay o (R x E) is a bea in (Met, B).

Proof. This result follows from Theorem 3. We check the conditions. First, by
Lemma 3, o, : Hx(R,E) — (R,E) is a Hx-algebra in EM(A). Next, by Proposi-
tion 6, the underlying H-algebra o, is a bca for H, and in Example 7 we saw that
E preserves B. Finally, we saw in Example 8 that A is a strong b-endofunctor,
and x and Hp are b-natural. By Theorem 3, we have a bca structure for HA on
R, namely oy, o HE = v, o (R X E). O

Using that o is a bea for H (Proposition 6), we obtain from the universal
property of a, a unique bounded map ¢, : AS — R that makes the diagram
below on the left commute. Also, we obtain a map LTV, : S — R from the
universal property of a., o (R x E) as a bca for HA (Corollary 1). That is, LTV,
is the unique bounded map that makes the diagram below on the right commute.

t =
AS a R x AS g "=t py AS
e;l le@{, LTV’U\L leA(LTV’(,)
R RxR R RxAR
Q. ayo(RXE

Moreover, by Theorem 3 (2) we have that
LTV, =/ 06s and ¢, =Eo ALTV,. (16)
In particular, LTV, is the unique fixpoint of the operator
Do = Py, 0 0®xE): B(S;R) — B(S,R) D, (f) = ayo{u, Eo(Af)ots). (17)

It is not hard to see that, as expected, &, = ¥, from (4) in Sect.2 (note that
B(S,R) = R® because S is finite). Hence, by unicity, LTV/ = LTV,. By the
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definition of ¢, (cf. (2)) and the right-hand side of (16), we also see that ¢/, = £,.
Therefore, the equations in (16) express that

LTV, =/¢,06s and ¢, =Eo ALTV, . (18)

In this way, we re-obtained LTV, and ¢, using our categorical perspective.
Note however that thanks to Corollary 1, in our novel approach we did not need
to show that &, is contractive in order to get LTV,.

5.4 The Optimal Value Function V*

We recall from Sect. 2 that the optimal value function V* is the unique solution
to Bellman’s optimality equation, which we restate here for convenience:

a€Act

V*(s) = u(s) +7 - max {S%taw)(s') V)

To say that V* solves this is to say that the diagram below commutes:

m=(u,t)

S R x (AS)Act
V*l lRX oy

R x (AR)A¢t

a0(R X max e 0 EAY)

This diagram clearly looks like a bca diagram, and it is therefore natural to ask
whether we can prove the existence of V* by generalizing the results for LTV,.
It turns out that many, but not all, do generalize. We give a brief overview.

The coalgebraic modeling is straightforward. Recall that an MDP is a K A-
coalgebra, where K is the functor K = H o (—)4°* where (—)4¢ is the covariant
hom-functor. There is also a distributive law p of A over K. It uses strength
str: Ao (—)4¢ = (=)4¢ o A; specifically, we have p = (E o Amy, str oAms).

We can lift K to Met by viewing X 4¢* as an Act-fold product, i.e., we use the
maximum metric. The metric version of K has the same nice properties as the
metric version of H. For example, if f is Lipschitz, then so is K f (generalizing
the second part of Lemma 4), and K: (Met, B) — (Met, B) is a b-endofunctor
(generalizing Proposition 3).

Moreover, we can show that the K-algebra o, o H maxsci: R x R4 L R is
a bea for K (generalizing Proposition 6). Part of the verification shows that the
map maxa.: R4 — R preserves B; this uses the simple fact that for all sets
A and all hy, hy € R4, it holds that |max4 hy — maxy hy| < maxy|hy — hy| =
dpa(h1, ha).

Things only go sour when we try to apply Theorem 3 to get a bca for KA
from the bca 8 = o, o H maxs.; for K. The problem is that in order to do
so, we need to show that § is an arrow in EM(A), which entails that max .
is an arrow in EM(A), and this is not the case since, unlike a,, max . is not
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affine as it does not commute with convex linear combinations. Nevertheless, a., o
(R x (max . oEA)) is a bea for KA, since this is equivalent to the statement
that the Bellman operator * (as a map on B(S,R)) has a unique fixpoint. The
difference with the situation for H and LTV, is that we cannot use Theorem 3
to relate the bca structure for KA to the bca structure for K.

6 Extensions

We briefly discuss some extensions to our work.

6.1 Alternative Treatment of MDPs

In our definition of MDPs, rewards are associated with states. However, often
MDPs are presented with rewards associated with transitions, i.e., an MDP is
then of type n: S — (R x AS)4¢*. The latter is an H“° A-coalgebra, where
HA¢t = (=)4¢ o H. For the general results, not much changes. We again have a
distributive law of HA¢ over A, given by (Eo Amy, Am) A ostr, and a policy &
yields an H A-coalgebra given by n, = (us,t,) = noo. (Compare: m, = (u,t,).)
So we again obtain ¢, and LTV, from Proposition 6 together with Corollary 1.
Also, (18) holds, just as before. The contractive operator characterizing LTV,
in n, is defined as

@o'(f) = Q50 <UJ,E © Af © t0>'
We adapt the definition of improved policies to the current setting by letting

7(s) = argmax e 4o, @y (m1(1(5)()), o (m2(n(s)(a))).

We can prove the Policy Improvement Theorem. We expect that with similar
adaptations, the results of Sect. 5.4 also go through as before.

6.2 Changing the Setting to Polish Metric Spaces

The main setting of this paper was the b-category (Met, B) of all metric spaces,
where the hom-sets are those of Set and the B-morphisms are the bounded maps.
Since it would be more satisfying to have a more “metric” category, we want to
sketch how this can be done.

The first way is to restrict the morphisms between metric spaces to be
non-expansive maps. We call the resulting category Met;. Taking B to be the
bounded, non-expansive maps, (Met;, B) is a b-category. For our work, the prob-
lem with Met; is that when products are given the maximum metric, o, is not a
morphism in Met;. Using the sum metric on products, we get a b-category, and
even bca structures for H, HA, K and KA. However, other technical problems
arise that suggest that this is not a worthwhile approach.

A more fruitful direction is to work with the category of Polish metric spaces
(complete separable spaces) and continuous functions, called PolMet. Let us
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write P: Met — Met for the endofunctor which takes a space M to the met-
ric space of all Borel probability measures on M, using (for concreteness) the
Kantorovich metric, defined using integrals instead of sums. The resulting topol-
ogy is the weak topology. Giry [11] proved that P restricts to an endofunctor
P: PolMet — PolMet. For every Polish space X, the set AX of discrete probabil-
ity distributions is a dense subset of PX (see [29, Theorem 6.18]). For every map
k: X — Y in Met, Pk and Ak both work the same way, by “pushing forward” a
distribution. The appropriate version of E is E(u) = [ dp. All of the results in
Sects. 4 and 5 adapt to this setting, mutatis mutandis. The upshot is that we get
a b-category (PolMet, B), where B is the class of bounded continuous functions.
Furthermore, the policy improvement theorem can be done in that setting.

7 Conclusion

Our main goal has been to show that the value functions LTV, and V* arise from
a universal property of sorts, and to re-prove the correctness of policy improve-
ment using a coinductive argument. The universal property was explained in
terms of bca-structures, and for this we needed the notion of a b-category. The
main examples led us to study boundedness preservation properties of the liftings
of the stream functor and the distribution monad to metric spaces.

The coinductive analysis of policy improvement went by means of a new
contraction coinduction principle. In essence, contraction coinduction allows one
to infer qualitative relationships (e.g., policy improvement) without a detour
into quantitative results. We would like to think this principle has many other
uses.

We have a few comments on earlier work in the same general area.

Kozen and Ruozzi [24] surely had the intuition that aspects of the theory of
MDPs should be understood coinductively. Their paper has a very interesting
coinductive proof of the fact that the optimal policies in MDPs may be taken to
be deterministic. They were not concerned with policy improvement, our target
for coinduction. As for ourselves, we formulated contraction coinduction; this
is an easy consequence of the metric coinduction principle from [17,24], and it
seems to do the work one would want for inequalities as one finds in policy
improvement.

One should go back to Shapley games and other infinite games to see if
the metric coinduction principle from [17,24] could simplify the (subtle) positive
results in the area. Also, the metric coinduction principle was used by Abramsky
and Winschel [1] to establish a predicate coinduction principle. They use that
result in connection with subgame perfect equilibria in infinite games such as
the dollar auction. Pavlovic [22] shares some programmatic features with our
work, even though the formal work appears different. There are connections to
be made with all of these papers.

Denardo [7] is concerned with some of the same issues that we address. In
some ways his work is more abstract than ours, as he does not assume a particular
system type, and in some ways less. His work does not use categorical notions,
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so it does not directly compare with our work, but assumptions pertaining to
contraction mappings and to order-preservation are prominent in the paper. Our
contraction coinduction principle simplifies several of the proofs in [7].

A related point: Denardo assumes that (his version of) @ maps bounded
functions to bounded functions. Our notions of b-functor and b-preservation give
us a compositional account of this fact. This was put to use in Proposition 6.
On the other hand, to show that @ is a contraction, our general machinery was
not useful. So there certainly is more work to be done on that.

This paper emphasizes compositional reasoning about functions and functors.
The classical theory of MDPs does not do this; it directly proves properties (such
as boundedness) of composites viewed as monolithic entities, instead of deriving
them from preservation properties of their constituents. So it neither needs nor
uses the extra information that we obtained by working in a categorical setting.
Indeed, most of our paper is devoted to this extra information. We hope that
our work will be useful in settings beyond MDPs. We have some pilot results in
this direction, but for lack of space these do not appear in this paper.
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Theorem 19], thereby improving the paper. We also thank Jasmine Blanchette, Wan
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Abstract. We show how finite and infinite trace semantics of generative
probabilistic transition systems arises through a determinisation con-
struction. This enables the use of bisimulations (up-to) to prove equiv-
alence. In particular, it follows that trace equivalence for finite proba-
bilistic transition systems is decidable. Further, the determinisation con-
struction applies to both discrete and continuous probabilistic systems.

1 Introduction

The theory of coalgebras encompasses a wide variety of probabilistic systems,
and according notions of bisimulation and behavioural equivalence [18]. We focus
on one of the most basic instances: (generative) probabilistic transition systems
(PTS), consisting of a set of states X and for every state a probability distribu-
tion over next states and (explicit) termination. Formally, they are coalgebras
of the form a: X — D(A x X + 1), where A is a fixed set of transition labels, D
the probability distribution functor and 1 = {*} a singleton, whose element we
interpret as an extra ‘accepting/termination’ state (Sect. 3 for details).

There is a natural notion of finite trace semantics for such PTSs, assigning
to every state a sub-probability distribution of words, as a quantitative analogue
of acceptance of words in non-deterministic automata. The definition of infinite
traces is more subtle: it requires assigning probability to sets of traces rather
than individual traces (infinite traces often have probability zero), and to move
to probability measures. It is shown in [13] how finite and infinite trace semantics
arises by modelling PTSs as coalgebras in the Kleisli category of the Giry monad.

As such, the (in)finite traces semantics of PTSs is an instance of the general
theory of trace semantics through Kleisli categories, as proposed in [10]. A fun-
damentally different way of obtaining trace semantics of coalgebras is through
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determinisation constructions, generalising the classical powerset construction
of non-deterministic automata [12,16] but also encompassing many other exam-
ples. In particular, in [12,17] it is described how the finite traces of probabilistic
transition systems arise through a certain determinisation construction, turning
a PTS into a Moore automaton with sub-probability distributions as states. One
of the advantages of determinisation is that it allows to use bisimulations (up-to)
to prove trace equivalence. In particular, bisimulations up to congruence were
used in Bonchi and Pous’” HKC algorithm for non-deterministic automata [4]
and in its extension to weighted automata [2].

In this paper, we show that the finite and infinite trace semantics of PTS,
as in [13], arises through a determinisation construction (Sect.4). The essential
underlying idea that enables this approach, is that the (in)finite traces semantics
in [13] is generated basically from two kinds of finite trace semantics: those that
take into account termination/acceptance (as mentioned above), and those that
do not (simply the probability of exhibiting a path in the PTS). In particular,
for finite PTS, our determinisation construction yields an effective procedure for
proving (in)finite trace equivalence using bisimulation up to congruence, using
a variation of the HKC algorithm (Sect.5). We finally show that the determini-
sation construction generalises to the setting of continuous PTS, working in the
category of measurable spaces and with D replaced by the Giry monad (Sect. 6).
While this generalises the discrete case, it is presented separately to make the
discrete case accessible to a wider audience: the latter requires very little measure
theory. We conclude with a discussion of related work (Sect. 7).

2 Preliminaries

Any finite set A can be called an alphabet and its elements letters. The set of
words of length n with letters in A is denoted by A™. By convention A° = {¢}
where ¢ is the empty word. The set of finite words over A is denoted by A* =
Unen A, the set of infinite words by A“ = AN and the set of all (finite and
infinite) words by A> = A* U A¥. A language L is a subset of P(A*). It can be
seen as a function L: A* — {0, 1}, by setting L(w) = 1 iff w € L. The language
derivative of L with respect to a letter a is defined by L,(w) = L(aw). The
length of w € A™ is denoted by |w| € NU {oo}. The concatenation function
c: A* x A*® — A is denoted by juxtaposition (c¢(u,v) = uv) and defined by
wo(n) = u(n) if n < |u| and wv(n) = v(n — |u]) if |u] < n < |u| + |v]|. It can be
extended to languages P(A*) x P(A*) — P(A™) by setting LM = {uv | u €
L,v € M}. We sometimes abbreviate {w}M by wM.

Coalgebras and Moore Automata. We recall the basic definition of coalgebras,
see, e.g., [11,15] for details and examples. The only instances that we use in
this paper are Moore automata (recalled below), probabilistic transition sys-
tems (Sect.3) and measure-theoretic generalisations of both (Sect.6). Let C be
a category, and F': C — C a functor. An F-coalgebra consists of an object X
and an arrow a: X — FX. Given coalgebras (X,a) and (Y, ), a coalgebra
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homomorphism is an arrow f: X — Y such that 8o f = Ff o a. Coalgebras
and homomorphisms form a category CoAlg(F). A final object in CoAlg(F)
is called final coalgebra; explicitly, a coalgebra (£2,w) is final if for every F-
coalgebra (X, «) there is unique coalgebra homomorphism ¢: X — 2. We recall
the notion of bisimulation only for Moore automata, below.

Let B be a set. Define the machine functor Fp: Set — Set by FpX = Bx XA
and Ff = idp x f*. An Fp-coalgebra (0,t): X — B x X4 is called a Moore
automaton (with output in B). A relation R C X x X on the states of a Moore
automaton (o,t): X — Bx X4 is a bisimulation if for all (x,y) € R: o(z) = o(y)
and for all a € A, (to(),t.(y)) € R (here, we used the classical notation t,(z)
instead of writing t(x)(a)). We write & ~ y if there exists a bisimulation R such
that xRy, and in this case say that = and y are bisimilar. For every B, there
exists a final Fp-coalgebra (£2,w) where £2 = BA™. For an F-coalgebra (X, a),
we write po: X — B4 or simply ¢ for the unique coalgebra morphism. We think
of the elements of B4 as (weighted) languages, and of p(z) as the language of
a state x. In particular, for B = 2, Moore automata are classical deterministic
automata, and ¢ gives the usual language semantics. We have p(x) = ¢(y) iff
T ~ y, i.e., language equivalence coincides with bisimilarity.

Measure Theory. Let X be a set. A o-algebra on X is a subset X'x C P(X) such
that § € Xx and Xy is closed under complementation and countable union.
Note that this implies that X € Xx and that Yx is closed under countable
intersection and set difference. Given any subset G C P(X), there always exists
a smallest o-algebra containing G. Indeed, P(X) is a o-algebra containing G,
and the intersection of an arbitrary non-empty set of o-algebras is itself a o-
algebra: just take the intersection of all g-algebras containing G. We call it
the o-algebra generated by G and denote it by ox(G). For example, P(X) is
a o-algebra on X. When working with real numbers R, we will use the Borel
o-algebra B(R) = or({(—o0,z] | * € R}). We use B([0,1]) = {BnN0,1] |
B € B(R)} as the canonical o-algebra on [0,1]. If X is a set and Yx is a o-
algebra on X, the pair (X, Xx) is called a measurable space. We write X for
(X, X'x) when the o-algebra used is clear. A function f: (X, Xx) — (Y, Xy) is
measurable if for all Sy € Xy, ffl(Sy) € Xx. The composition of measurable
functions is measurable. An (implicitly finite) measure is a map m: Xx — Ry
such that m(0) = 0 and m (U, ey An) = X ,en m(Ay) if the union is disjoint
(o-additivity property). We write M (X) for the set of measures on a measurable
space (X, Xx).

(Sub)distribution. The distribution functor D: Set — Set is defined by D(X) =
{p: X = [0,1] | > cx p(x) = 1} and, given a function f: X — Y, Df(u)(y) =
> wef-1({yp W@). The functor D extends to a monad, with the unit 7 given
by the Kronecker delta nx(z) = 6, (i.e., n(x)(y) =1 if z = y and n(x)(y) =
0 otherwise), and the multiplication by ux(U)(y) = > ,cpx U(u) - u(y). The
sub-distribution functor S: Set — Set is defined by S(X) = {p: X — [0,1] |
Y wex P(x) < 1}, It extends to a monad in a similar way. There is a natural
embedding of D in S, which we denote by ¢: D = S.
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3 Trace Semantics of Probabilistic Transition Systems

In this section, we recall PTSs and their (finite and infinite) trace semantics,
following [13]. We start with the finite trace semantics.

Definition 3.1. A probabilistic transition system (PTS) is a coalgebra for the
functor D(A xId+1), i.e., a set X together with a map a: X — D(Ax X +1).

Definition 3.2. Let a: X — D(Ax X +1) be a PTS. The finite trace semantics
[-1s: X — S(A*) is defined by the following equations.

[c]s(e) = a@)(+)  [zlslaw) = Y alx)(a,y) - [yl (w)

yeX
forallz e X, a € A, we A*.

Consider as a first example the simple PTS below, where the element * is rep-
resented as a distinguished double-circled state, and a transition is represented
by an arrow labeled with its probability.

(1)

We have [z]¢(a™) = QL% for all n. The trace semantics becomes more subtle if
infinite words are also taken into account. Consider, for instance, the following

PTS.
a,1/2 C@:) b,1/2 a,3/4 C@:) b,1/4
(2)

Intuitively both states accept any finite or infinite word w over {a, b} with prob-
ability 0. However, the probability of ‘starting with an o’ in y or z is clearly
different. This becomes apparent when we move to assigning probability to sets
of traces, which is where we need a bit of measure theory. We therefore first
define a suitable o-algebra on the set A* of finite and infinite words.

Definition 3.3. Let Soo = {0} U {{w} | w € A*} U{wA>® | w € A*}. The
o-algebra of measurable sets of words is defined to be X poc = 0400 (Soo)-

This o-algebra is generated by a countable family of generators: the empty set,
the singletons of finite words, and the cones, i.e., sets wA*° of words that have
the finite word w as a prefix. This o-algebra is very natural. Indeed, the usual
measure-theoretical o-algebra on A* U A would be the combination of the dis-
crete o-algebra P(A*) and the product o-algebra (see, e.g., [1], Definition 4.42)
of all P(A) on A%. One can easily prove that this construction yields our X goe
too. In the sequel, this is the o-algebra on A°° implicitly used. The following
proposition establishes measurability for some useful sets.

Proposition 3.4. The following sets of words are measurable:
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(i) The singleton {w} for any w € A>;
(ii) any countable language;
(iii) any language of finite words;
(iv) 0, A*, A, A>;
(v) the concatenation LS where L C A* and S € X p.
In the following, if m is a measure over A® and w € A, we will write m(w)

instead of m({w}). We have the following key theorem, which follows easily from
results in [13]:

Theorem 3.5. Let m: Soo — Ry be a map satisfying m(Q) = 0. The two fol-
lowing conditions are equivalent.

(i) There exists a unique measure m: X0 — Ry such that ms_ =m.
(ii) For allw € A*, m(wA™®) =m(w) + > ,c 4 m(waA>).

Proof. (i) = (i3) The equation comes directly from the o-additivity of m. (i) =
(7) According to Lemma 3.18 of [13], (i) is equivalent to the fact that m is a pre-
measure. Using Caratheodory’s extension theorem (e.g., [14]), this pre-measure
can be uniquely extended to a measure as in (7). O

Recall that M(A>) denotes the set of measures m on A*.

Definition 3.6. Let a: X — D(A x X + 1) be a PTS. The (finite and infinite)
trace semantics [—]: X — M(A>®) is defined by the following equations.
[z](eA™) =1 [z](e) = a(z)(x)
[2](awA™®) = >~ a(z)(a,y) - [y} (wA™®)  [z](aw) = ) a(z)(a,y) - [y](w)

yeX yeX
(These equations uniquely determine a measure by Theorem 3.5.)
Ezample 3.7. Consider the following PTS over the alphabet A = {a}.

a,1/3

a,l

The semantics [x] is easy to compute for sets of words in S, by induction:
for every finite word w, [z](w) = 0 and [z](wA®>) = 1. Because a”A™ is a
non-increasing sequence of measurable sets converging to {a“}, properties of
measures yield [z](a¥) = lim,— oo [z](a™A%) = 1. Let us look at [y]. Intu-
itively, the probability of performing n loops in state y and then moving to (and
staying in) state z is 1/3"*1. Summing them for n € N U {0} gives 1/2, the
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probability of moving eventually to state . Indeed, first observe that [y](e) =
1/3 and [y](eA*>°) = 1. Let n € NU {0}, then:

@) = Il + [l = 5[l
1@ 4%) = S[y1(a" A%) + S[e](a" 4%) = S[yl(a"A%) + 5

One can then prove that [y](a™) = 1/3""! and [y](a®) = lim,_ 4 oo [y] (a"A>®) =
limy 4 oo (1 +377)/2 = 1/2.

Ezample 3.8. Consider again the PTS in (2). We have [y](w) = [2](w) = 0 for
all w € A*. However, [y](ad>) = [y](bA>®) = 1/2 whereas [z](aA>®) = 3/4
and [2](bA>°) = 1/4. Hence [y] # [z], as expected.

The above (in)finite trace semantics is essentially generated from two kinds of
finite trace semantics: one for finite words w, and one for cones wA®, where
w € A*. The probability of the latter is simply the probability the finite trace w
without considering acceptance/termination, i.e., the probability of exhibiting
the path w. This finite presentation is exploited in the determinisation construc-
tion in the next section, which essentially encodes both kinds of finite trace
semantics simultaneously.

4 Determinisation

In this section, we show how the finite and infinite trace semantics of PTS
(Definition 3.6) arises through a determinisation construction. This construction
transforms any PTS into a certain kind of Moore machine with sub-probability
distributions as states. The final coalgebra semantics of this Moore machine
represents the trace semantics [—]: X — M(A>) of the original PTS. The
determinisation procedure is exploited in the next section to give an algorithm
for computing (in)finite trace equivalence, based on bisimulations.

In Sect. 6, we consider a more general kind of PTS, with measurable sets as
state spaces, which fully generalises the results and constructions of the current
section. Most proofs in the current section are hence omitted. Moreover, it is
explained in Sect. 6 that our approach is an instance of the abstract framework
of coalgebraic determinisation based on distributive laws [12,16]. In the current
section we mostly neglect this and present the concrete constructions.

Throughout this section, let a: X — D(A x X +1) be a PTS. Our approach
to (in)finite traces resembles the determinisation construction of [12,17] for finite
traces of PTSs. As explained below, there is one crucial addition for (in)finite
traces: we make the total weight of sub-distributions in the determinised coal-
gebra observable, essentially to capture the probability of the ‘cones’ wA>°. We
will show that the resulting final coalgebra semantics factorises through the set
M(A>) of measures on words, recovering the trace semantics of Definition 3.6.
The overall construction is as follows.



106 A. Goy and J. Rot

(i) Translate o into a coalgebra &: X — [0,1] x [0,1] x (SX)4.
(ii) Determinise it: define an af: SX — [0,1]x[0, 1] x (SX)# such that afonx =
a. Let ¢: SX — ([0,1] x [0,1])*" be the unique map to the final coalgebra.
(iii) Factorise ¢ to get a coalgebra morphism SX — M(A>), then precompose
with nx to get the desired trace semantics X — M(A>).

The construction is summed up in the following diagram. Below, we explain each
of the steps in detail.

)f X SX = M(A>) ([0,1] x [0,1])2
DAxX+1) e af s w
1/A><X+1J(

S(Ax X +1) i [0,1] x [0,1] x (SX)A — [0,1] x [0,1] x (M(A%®)4 — [0,1] x [0,1] x (([0,1] x [0,1])4")4
id x 4

Remark 4.1. As mentioned above, the construction is quite close to the deter-
minisation of finite traces [12,17]. There are two main differences: first, the lat-
ter determinises to a Moore automaton of the type SX — [0,1] x (SX)* (so
with [0, 1] rather than [0, 1] x [0, 1]). Second, the decomposition of ¢ here yields
measures (to represent (in)finite trace semantics) rather than sub-probability
distributions (to represent finite trace semantics).

(i) Translation: from « to a. The first step, the definition of & from a,
basically forgets certain information about probability distributions. The natural
transformation e is given on a component X by ex: S(A x X +1) — [0,1] x
[0,1] x (§X)4,

ex(ﬂ)< > U(Z),U(*),aH[yHU(a,y)]>-

zEAXX+1
We have a(z) = (1, a(x)(x),a — [y — a(z)(a,y)]).

(ii) Determinisation.In the second step, we turn & into a Moore automaton
over sub-distributions. Formally, the latter will be a coalgebra for the functor
Flo,11x[0,1): Set — Set; recall from Sect.2 that this is defined by Fig 1jxj0,1X =
[0,1] x [0,1] x X“. In the remainder of this section we abbreviate Fio11x[0,1]
by F. Notice that & is an F'S-coalgebra. Any F'S-coalgebra determinises to an
F-coalgebra, but we spell it out here only for the necessary instance a. For a
concrete example, see the first part of Example 5.9 in the next section.

Definition 4.2. The determinisation of the PTS a: X — D(A x X + 1) is the
Moore machine of: SX — FSX = [0,1] x [0,1] x (SX)?, defined by:

o (u) = <Z u(z), Y ulx) - a(z)(x),am ly— Y ulz) ~a(w)(aay)]> :

zeX reX rzeX
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(iii) Factorisation of final coalgebra semantics. Since of is an F-
coalgebra, there exists a unique coalgebra morphism ¢ from (SX,a¥) to the
final coalgebra (([0,1] x [0,1])4",w). This is not quite the right type: the
(in)finite trace semantics [—] is a (probability) measure over words, hence,
for each x, [z] should be an element of the set M(A>) of measures over
A (Sect.2). In the last step (iii), we equip M(A>°) with an F-coalgebra
structure I7 which is final among F'-coalgebras satisfying a certain property,
satisfied by our determinisation af. This allows us to factor ¢ through a coal-
gebra homomorphism [—]: §(X) — M(A>). In the more general setting of
Sect. 6 we show how the coalgebra structure on M(A>) arises from the Giry
monad and the final coalgebra of the Set endofunctor X — A x X + 1. For
now, we define it explicitly, which requires:

Definition 4.3 (Measure derivative). Let m be a measure on A and a € A.
The map mg defined by my(S) = m(aS) for any S € Xa is a measure, called
the measure derivative of m (with respect to a).

It is easy to check that m, as defined above is indeed a measure, so that the
measure derivative is well-defined. Now, the coalgebra IT: M(A*®) — [0,1] x
[0,1] x (M(A>))4 is defined by IT: m +— (m(cA>),m(g),a — mg). Since IT is
an F-coalgebra, we obtain a coalgebra morphism to the final F-coalgebra w.

Lemma 4.4. The unique coalgebra morphism from Il to w is injective.

A proof is given in the more general setting of Lemma 6.8. The following crucial
lemma states in which cases the factorisation is possible. It establishes the F-
coalgebra IT as a final object in a certain subcategory of CoAlg(F).

Proposition 4.5. Let 8 = (Og, Bx,a — 74): Y — FY be an F-coalgebra. The
two following conditions are equivalent:

(i) There exists an F-coalgebra morphism [—] from 8 to II.
(ii) The equation By = s + Y ,ca Bo © Ta holds.

In this case, this morphism is unique.
See Theorem 6.9 for a proof in the (more general) continuous setting.

Lemma 4.6. The coalgebra of: SX — [0,1] x [0,1] x (SX)? satisfies (i) in
Proposition 4.5.

It is important to note that condition (ii) does not hold in general if the whole
construction starts from a coalgebra of the form a: X — S(A x X + 1). The
price to be paid for a PTS to be compatible enough to generate infinite trace
semantics from the finite traces in a measure-theoretic way is to sum to 1, i.e.,
to use D and not S.

The following result summarises the situation.



108 A. Goy and J. Rot

Corollary 4.7. The morphism ¢ decomposes as a unique coalgebra morphism
[—]: SX — M(A>®) from of to IT followed by an injective coalgebra morphism
wm from II to w, as shown in the following diagram.

v
SX = M(A>) on ([0,1] x [0,1))4"
of I w

[0,1] % [0,1] x (SX)A

[0,1] x [0,1] X (M(A®)A ——— [0,1] x [0,1] x ([0,1] x [0, 1))

We thus obtain the semantics [—]onx: X — M(A>) by precomposing with the
unit of the monad S. It coincides with the semantics [—] of Definition 3.6:

Theorem 4.8. We have [-] =[] onx.

Theorem 4.8 is the main result of this section, stating that the (in)finite
trace semantics is recovered by finality through a determinisation construction.
Together with Lemma 4.4, it yields equivalence between the first two points
below.

Corollary 4.9. For any x,y € X, the following are equivalent:

1. [=] = v,
2. ¢(62) = @(dy),
3. 8, ~ 0y,

where ~ is bisimilarity on the Moore automaton of, the determinisation of «
(Definition 4.2).

The equivalence between 2. and 3. is standard, and was mentioned in Sect. 2. By
the equivalence between 1. and 3., we can prove (in)finite trace equivalence by
computing bisimulations, which is used in the next section.

5 Computing Trace Equivalence

The aim of this section is to give an algorithm that takes states x,y € X of a PTS
and tells whether = and y are (in)finite trace equivalent (i.e., [x] = [y]) or not,
based on the determinisation construction described in Sect.4. Our algorithm
is a variant of HKC, an algorithm for language equivalence of non-deterministic
automata based on determinisation and bisimulation (up-to) techniques [4]. More
specifically, we will use its generalisation to weighted automata given in [2].
Let a: X — D(A x X + 1) be a finite-state PTS and of its determinisation
(Definition 4.2). By Corollary 4.9, to prove [z] = [y] it suffices to show &, ~ §,,
i.e., that there is a bisimulation R C SX x SX on the determinised Moore
automaton such that (,,6,) € R. However, this task can be simplified using
bisimulation up-to techniques, as explained next. In order to use the techniques
from [2], we first move from sub-probability distributions to vector spaces. To this
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end, define RX as the set of finitely supported functions X — R, i.e., RX =
{u: X — R | u(z) # 0 for finitely many x}. We define the Moore automaton
@ = (g, 0y, a0 — Tg): RX — R xR x (RX)4 as follows on any u € RX:

Go= Y u@) @ =Y u@)-a@)() F=|y— Y u@) - alo)ay)
zeX zeX reX

(3)
This is almost the same construction as in Definition 4.2, with sub-probability
distributions replaced by vectors. (Note that this is well-defined since X is
assumed to be finite; it would also suffice to assume that « is finitely branching.)
It is easy to see that the embedding i: SX — RX is an injective Flo11x0,1)-
coalgebra morphism from of to @. Together with Corollary 4.9, this yields:

Corollary 5.1. For any xz,y € X: [x] = [y] iff 0z ~ 0y, where ~ is bisimilarity
on the Moore automaton a.

We now formulate bisimulation up to congruence, concretely for @.

Definition 5.2. Let R C RX x RX. Its congruence closure c¢(R) is the least
congruence that contains R, i.e., that satisfies
(u,v) € R (u,v) € ¢(R) (u,v) € c(R) (v,w) € ¢(R)
(u,v) € ¢(R) (u,u) € c(R) (v,u) € c(R) (u,w) € ¢(R)

(r-u,r-v)€c(R)
(u,v) € ¢(R)

(u,u') € ¢(R) (v,v') € ¢(R)
(u+u',v+v") € c¢(R)

(r e R)

Definition 5.3. Define @: RX — R x R x (RX)A from a finite-state PTS «, as
in Eq. (3). A relation R C RX x RX is a bisimulation up to congruence (on @)
if for all (u,v) € R:

- () = o (v), T () = @a(v), and
- Va € A: (@g(u),qq(v)) € ¢(R).

The following result states soundness of bisimulations up to congruence. This
can either be proved from the abstract coalgebraic theory [3] or more directly
using compatible functions, as in [2,4].

Theorem 5.4. For any u,v € Rf cu ~ v iff there is a bisimulation up to
congruence R (on @) such that (u,v) € R.



110 A. Goy and J. Rot

Combined with Corollary 5.1, this means that to prove that [z] = [y] for states
z,y of a PTS, it suffices to show that there is a bisimulation up to congruence
relating 0, and é,. The following algorithm attempts to compute one given x,y.

HKC™ (z,y)

(1) R:=0; todo:=0
(2) insert (d,,d,) into todo
(3) while todo is not empty do
(3.1) extract (u,v) from todo
(3.2) if (u,v) € ¢c(R) then continue
(3.3) if ag(u) # a@g(v) then return false
(3.3%) if @.(u) # @.(v) then return false
(3.4) for all a € A, insert (@,(u),@,(v)) into todo
(3.5) insert (u,v) into R
(4) return true

Theorem 5.5. Whenever HKC™®(x,y) terminates, it returns true iff [z] = [y].

Despite the fact that during the determinisation the state space always becomes
infinite, the following results show that if the initial state space X is finite, then
HKC*® does terminate.

Theorem 5.6 (see [6]). Let R be a ring and X be a finite set. Let R C R¥X xRX
be a relation and let (v,v") € RX x RX be a pair of vectors. Let Ug = {u — 1’ |
(u,u’) € R}. Then (v,v") € ¢(R) iff v— v € [Ug], where [Ug] is the submodule
of RX generated by Ug.

Proposition 5.7. If X is finite, HKC™(x,y) terminates for every x,y € X.

Example 5.8. To begin with, here is a very simple PTS which we use to demon-
strate the need for bisimulation up to congruence over plain bisimulations.

A bisimulation on the determinised automaton containing (4., d,) would require
adding (3, /2%, 6,/2%) for all k to the relation. However, HKC*(z,y) (which com-
putes a bisimulation up to congruence) stops after one step because it spots that
(05/2,6,/2) is in the congruence closure of the relation {(d;,d,)}

Ezample 5.9. Consider the PTS depicted on the left below. We will use HKC™
to check if the states x and z are (in)finite trace equivalent.
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Us 00 00

e |1/61/3 0 0

s Sl [ Me=10 0 1/30
ol u; 1/2 0 1/31

First, we compute part of the determinised automaton. To this end, observe that
because X is finite, RX = R¥X has a basis (es, €y, €, €;). An element u € RY is
seen as a column vector uze; + uyey, + uze, + uze; in this basis. Moreover trg
and @, are linear forms that can be seen as the row vectors Lg = (1 11 1) and
L.,=(1/32/31/30), and @, is an endomorphism with a transition matrix M,
defined by (M,);x = ta(k)(j). This is depicted on the right above.

We represent here two parts of the determinised automaton. The first is the
path beginning with the single state z; the second is the path beginning with
the single state z. Each state here has two real outputs, obtained by matrix
multiplication with Lg and L,.

0 0 0
a 0 0 a a 0 a
- 1/3 1/9 - 1/3n -
1/3 4/9 (1-3"")/2

Now, HKC®(z, z) begins with todo = {(nx(z),nx(2))} = {(ez,e.)} and R = 0.
It checks that Le, = Le,, etc. as shown in the following table.
The check succeeds in loop 3 because (u, v) € ¢(R) according to Theorem 5.6:

- -
=
—

— —
~ oo
v =
~
Ve
—
—
<o>©
N
N~
l@
=
/)
—
=
— S
SOx©
9%
=
N~
=

OO --- O 00+

I

=]

0 0 0 0 0 0
1/18 o 18] 1] 1/6 1{1/6 0
o | |19 |-1/9| 3|-1/3| 3 o] |1/3
1/2 4/9 1/18 1/6 1/2 1/3

Because todo is eventually empty, the algorithm returns true. Indeed, if we
compute directly the measures [z]] and [z], we can see that [z](a™) = 1/3"+1,
[z](a¥) = 1/2 and similarly for [z]. Here the bisimulation up to congruence check
is necessary for termination. The construction of a bisimulation up to equiva-
lence (dashed + dotted lines on the determinised automaton picture) would
take an infinite number of steps. But the construction of the bisimulation up to
congruence (dashed lines) takes only 2 steps.
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Step (3.1) (3.2) (3.3) (3.4) (3.5)
Loop (u,v) extracted | Check Check Lu = Lv | (Mgu, Mav) added|Cardinality
counter | from todo (u,v) € ¢(R) to todo of R
1 0 0 0
. det. 10l il <1>:<1>(1/6’ o
0 1 1/3 1/3 0 1/3
0 0 1/2 1/3
0 0 0 0
) ( 1/6 N - (2/3) _ (2/3) ( 1/18 o
0 1/3 1/9 1/9 0 1/9
1/2 1/3 1/2 4/9
0 0
3 ( 1/18 , 0 ) | Success / / 2
0 1/9
1/2 4/9
1 Ermpty / / / /

6 Continuous Systems

In this section, we generalise the determinisation construction for (in)finite trace
semantics previously defined to the case of continuous PTS, defined later as coal-
gebras for the analogue of functor D(A x —+1) in the category Meas (see [13] for
examples of such PTSs). The underlying distributive law is brought to light, so
that the origin of the determinisation process is better understood. The following
table sums up the analogies and differences with the discrete case.

Discrete case

General case

Category

Set

Meas

Usual operation

>

J

Machine functor

FX =[0,1] x [0,1] x X4

Measurable version of F'

Probability monad

Distribution monad D

Giry’s monad D

Determinisation monad

Sub-distribution monad S

Sub-Giry’s monad S

PTS state space

Set X

Measurable space (X, XY'x)

Determinised state

Finitely supported vector

Measure (< 1)

Transitions Matrix tqo: X x X — [0,1] | Kernel t5: X x Xx — [0, 1]
Final F-coalgebra w Measurable version of w
Measure coalgebra i Measurable version of IT

Pseudo-final morphism [-]: SX — M(A™) [-]: SX — SA*

In this section we work in the category Meas of measurable spaces and functions.
It is easy to adapt F', but considering the monads we will need some additional
measure-theoretic background.
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Product. Given measurable spaces (X, Xx) and (Y, Xy ), we define a product
o-algebra on X xY by Yy ® Xy = O’Xxy({SX X Sy | Sx € Yx,Sy € Ey})
The product of measurable spaces is then defined by (X, Y'x)® (Y, Xy ) = (X x
Y, Yx @ Xy).

Sum. Given measurable spaces (X, X'x) and (Y, Xy ), we define a sum o-algebra
on the disjoint union X +Y = {(x,0) |z € X} U{(y,1) |y €Y} by Xx ® Xy =
{Sx + Sy | Sx € Xx,Sy € Xy}. The sum of measurable spaces is then defined
by (X, Yx)® (Y, Xy) = (X +Y,Yx @& Xy).

Given measurable spaces X,Y and a measurable function f: X — Y, define
a new functor £: Meas — Meas by £X = A x X + 1 along with its canonical
o-algebra Yex = P(A) @ Xx ®P(1), and L£f =ida x f +id;. Moreover, define
FX =[0,1]x[0,1] x X along with its o-algebra B([0,1]) ® B([0,1]) ® ® ,c 4 x
and Ff = id[o,l] X id[OJ] X fA.

Integration. Let (X, Y'x, m) be a measure space and f: X — R be a measur-
able function. If f(X) = {aq,...,a,} for some aq,...,a, € Ry, then f is called
a simple function and its integral can be set as [y, fdm = >""" | a;m(f 1 ({ai})).
If f is non-negative, define [, fdm = sup{ [ gdm | g < f, g simple} € [0, 00].
Finally, for any f: X — R, decompose f = fT — f~ where f* >0 and f~ > 0.
If their integrals are not both oo, define [y fdm = [, ftdm — [ f~dm. If
this is finite, we say that f is m-integrable. Furthermore, for any S € X', the
indicator function 1g is measurable and we define fs fdm = fx 1gfdm.

Given a measurable function g: X — Y and measure m: Xx — Ry, the
pushforward measure of m by g is m o g~'. For any measurable f: Y — R, f is
m o g~ '-integrable iff f o g is m-integrable and in this case, [, fd(mog™') =
S + (f o g)dm. Each positive measurable function X — R is the pointwise limit
of an increasing sequence of simple functions. To prove some property for every
positive measurable function, one can prove it for simple functions (or for indica-
tor functions, if it is preserved by linear combinations) and show it is preserved
by limits. Many such proofs use the monotone convergence theorem (see [14]),
which states that if (f,,)nen is an increasing sequence of positive functions with
pointwise limit f, then f is measurable and [ fdm = lim [ f,dm.

The Giry Monad. The Giry monad [8] provides a link between probabil-
ity theory and category theory. In Meas, the Giry monad (D, 7, u) is defined
as follows. For any measurable space X, DX is the space of probability mea-
sures over (X,Xx), and Xpx is the o-algebra generated by the functions
ex : DX — [0,1] defined by eX (m) = m(S). For any measurable function
g: X =Y, (Dg)(m) = mo g t. The unit is defined by nx(z)(S) = 1g(x) and
the multiplication by px (?)(S) = [, x €& d®. Similarly, one defines the sub-Giry
monad (S, 7, 1), with the only difference that SX is the space of sub-probability
measures over (X, Yy). There is a natural embedding of D in S, denoted by
t:D=S.
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6.1 Trace Semantics via Determinisation

The aim of this section is to define trace semantics for continuous PTS, i.e.,
coalgebras of the form a: X — D(A x X + 1) where X is a measurable space.
We proceed in the same way as for discrete systems.

(i) Transform « into a more convenient coalgebra a: X — FSX.
(ii) Determinise & into an F-coalgebra of: SX — FSX.
(iii) Factorise the final morphism : ¢+ = ¢ o [—], then precompose with 7x.

The following diagram sums up the construction. Here Yo 1) [o,1)4* is the X-
algebra generated by the functions L — L(w).

//\ *
)f e SX 0 SA> ([0,1] x [0,1])4
D(Ax X +1) g of I w
LA><)(+1l

S(Ax X +1) e [0,1] x [0,1] x (SX)A — [0,1] x [0,1] x (SA®)4 — [0,1] x [0,1] x (([0,1] x [0,1])4")4

id x (p)*

(i) Translation: from « to &

Proposition 6.1. For any measurable space X, the function ex: SLX — FSX
defined by ex(m) = (m(L£X),m(1),a — [S — m({a} x S)]) is measurable.
Moreover, ¢: S€ = FS is a natural transformation.

Now take & = ex o tgx o a: X — [0,1] x [0,1] x (SX)?A. Explicitly:

a(z) = (a(z)(£X), a(x)(1),a — [S — a(z)({a} x S)))
1

We decompose it as a pairing & = (Gg, Gx, a — t4).

(ii) Determinisation. We recall some basic observations in abstract deter-
minisation [12,16]. By distributive law here we mean the standard notion of
distributive law of monad over functor (called EM-law in [12]).

Lemma 6.2. Let C be a category, F: C — C be an endofunctor and (T,n, 1) be
a monad on C. Let f: X — TFX be a TF-coalgebra and h: TFTX — FTX be
an Filenberg-Moore T'-algebra. Then there exists a unique T-algebra morphism

2 (TX, px) — (FTX,h) such that f = ffonx.

Lemma 6.3. With the same notations as for Lemma 6.2, and given a distribu-
tive law \: TF = FT, then h = Fux o Arx: TFTX — FTX is an FEilenberg-
Moore T-algebra.
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The next step is to define a distributive law A: SF = FS in order to apply
Lemmas 6.2 and 6.3. In the following we write idpx = (75, 7%, a — 7%). Note
that 7¢: F' = [0,1] (for € € {x,®}) and 7*: F = Idc (for a € A) are natural
transformations.

Lemma 6.4. Let g: S([0,1]) — [0, 1] be defined by g(m) = f[o 1 idjo,1dm. Then
g is measurable and an FEilenberg-Moore S-algebra.

For any object X of Meas, define \x: SFX — FSX by

Ax = (goSt%,g0Sm%,a— St%)
This is a measurable function because each component is measurable.
Proposition 6.5. \: SF' = FS is a distributive law.

Let us compute the value of our resulting determinisation. Given &: X — FSX,
take h = Fux o Asx (Lemma 6.3) and af = h o Sa (Lemma 6.2). We get

of =hoSa
= Fux o Mgx o Sa
= Fpx o (g0 S(ny 0),g 0 S(nix 0 @), a — S(rty 0 &)
= (g o Sag, g 0 Sax,a — ux o St,)

Let m € SX. This more explicit expression shows that the coalgebra that arises
from the determinisation is natural in the sense that the components of of are
basically obtained by integrating the information provided by «.

i) = ( [ s, [ d.am.ar [SH [ty )
</ )(£X)dm, / 1)dm, a — {s — /Xa(—)({a} y S)dm]>

(iii) Final coalgebra. This heavy determinisation part gives us an F-
coalgebra of. There exists a final object in CoAlg(F):

Proposition 6.6. Let 2 = ([0,1] x [0,1])" and Xq be the smallest o-algebra
that makes the functions ey : 2 — [0,1] x [0,1] defined by e, (L) = L(w) mea-
surable for every w € A*. Let w: £2 — F{2 be defined by w(L) = (L(e),a — Ly).
Then (£2,w) is a final F-coalgebra.

Thus for any F-coalgebra (3 the final morphism towards w, denoted g3, gives a
canonical notion of semantics. What we want is something slightly more specific
that takes into account the way of was built to produce a probability measure
in SA°. This is obtained via the coalgebra IT: SA®® — F'SA®, built as follows.

Proposition 6.7. Let m: A — £A™ be defined by w(e) = * and 7(aw) =
(a,w). This is a final £-coalgebra.



116 A. Goy and J. Rot

Let IT = ¢4 o Sw. One can check that with this definition, IT : SA* — FSA*>®
has the same expression as the IT : M(A>®) — FM(A>) of Sect. 4:

I(m) = (m(x~'(£A%)),m(r~ ' (1),a — [S — m(r~" ({a} x 5))])
= (m(A%),m(e),a — mq)

The aim is now to factorise the semantics obtained via w into semantics obtained
via IT. The following result is a kind of completeness property for this operation.

Lemma 6.8. The final morphism @ from II to w is injective.

Proof. For any m,m’ € SA®, in order to have m = m/, it is sufficient that
ms,, = m?sm (see Theorem 3.5). By induction on w, we prove that for m,m’ €
SA®° such that @7 (m) = @ (m’), then (m(wA>), m(w)) = (m'(wWA®), m'(w)).
First, (m(eA%),m(e)) = onp(m)(e) = og(m’)(e) = (m/(e¢A>), m/(¢)). Note
that r(m) = @mr(m’) implies @ (m,)(w) = wr(m)(aw) = pr(m')(aw) =
e (m))(w) so that @r(me) = @mg(m,). Use the induction hypothesis to
obtain that (m(awA>), m(aw)) = (Ma(WA>®), me(w)) = (M, (WA>®), m, (w)) =
(m/(awA>), m’(aw)). This achieves the induction, so m and m’ coincide on Se,
hence m = m/'. O

The following proposition states precisely in which cases the factorisation can be
done. This is a variant of Theorem 3.5 in which we really see that our system is
making one step. This version is stronger than Proposition 4.5, because it also
proves that the involved functions are measurable.

Theorem 6.9. Let 5= (8g,0«,a+— T4): Y — FY be an F-coalgebra. The two
following conditions are equivalent:

(i) There exists an F-coalgebra morphism [—] from (3 to II.
(it) The equation Bg = Bx + D c 4 Bo © Ta holds.

In this case, this morphism is unique.

For convenience we denote e4 o [—] by [~](S), and ¢, o [~] by [~]., where the
measure derivative function ¢, : m +— m, is measurable as a component of II.

Proof. (i) = (ii). Suppose [—] is a coalgebra morphism from 5 to II. Commuta-
tion of the diagram yields (8g, B, a — [—] 0 T¢) = ([—](A>°), [-](€),a — []a)-
Let y € Y. Because [y] is a measure, g (y) = [y](€A®) = [y](e)+ X 4ea W] (aA>).
Thus Bg(y ) Ba( ) + ZaeA[Ta< )]( ) Ba( ) + ZaeA(ﬁea © Ta)(?J)
Uniqueness. If [—]" is another such morphism, we have [—](4%) = [-]'(4*°),
[=](e) = [~'(¢) and for any a € A, [—] o 74 = [], and [} o7, = [];. An

immediate induction yields [~]js., = [~]|g_, thus [-] = [-] by Theorem 3.5.
(#4) = (i) Assume that (i) holds. Let us define [—] on S, by induction:

|Sec (€A°°):5@(y) Y15 (8) = Ba(y)
Y15 (awA™) = [7a(y)]}5.. (WA™) 5. (aw) = [7a(y)]5, (w)
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We must prove that it can be extended to a measure, using Theorem 3.5.
First, note that [y]js. (FA%) = Ba(y) = Auly) + Suea(Be o 7)) =
W15 (€) + 2 acalylis.. (@A) If it is known that for all y € Y, [y]|s. (wA>) =
W15 (W) + > calylis. (waA>) then for any b € A we obtain the equation
[W]5., (bwA>) = [1(y)]|s.. (WA™) = [n, ()]s (W) + X sealmm ()]s, (WaA>) =
W5 (bw) + > ,calyljs.. (bwaA>). This proves the (ii) of Theorem 3.5. We
denote by [—] the extension of []5__. We postpone the proof of the measurabil-
ity of [—]; what is left is the commutation of the coalgebra diagram. The first line
of the definition of [~]g_ gives directly that Sy = [-](A*>°) and B, = [-](¢).
Let a € A. For any y € Y, according to the second line of the definition of
[~]|s.., the measures [7,(y)] and [y], coincide on S., hence are equal according
to Theorem 3.5, so [—] o 7, = [—]q. This achieves the proof that the diagram
comimutes.

Measurability. Tt is not immediate to see why [—]: ¥ — SA™ is a mea-
surable function. What has to be shown is that for any S € Xse, [—](S5)
is measurable. This is true when S € Sy. Indeed, [—](P) is the zero func-
tion, which is measurable. For the rest we proceed by induction. Obviously
[-](eA>®) = g and [—](¢) = B« are measurable because ( is. Furthermore,
[—H(awA>) = [—a(wA™) = [-](wA>) 075 and [-](aw) = [~]a(w) = [-](w) 0T
are measurable by induction hypothesis and composition.

We need to introduce a widely known theorem of measure theory, namely
the m — X theorem (see [1], Lemma 4.11). Let Z be a set. A set P C P(Z) is a -
system if it is non-empty and closed under finite intersections. A set D C P(Z) is
a A-system if it contains Z and is closed under difference (if A, B € D and A C B
then B\ A € D) and countable increasing union. The m — A theorem states that
given P a m-system, D a A-system such that P C D, then oz(P) C D.

Take Z = A®, P = S and D = {S € Y4~ | [-](S) is measurable}.
It is easy to see that S, is a m-system. Moreover, D is a A-system. Indeed,
A>® € D (see above), if (S, )nen is an increasing sequence of sets in D, then
[<](S1 \ So) = [-](S1) — [=](So) is measurable as a difference of measurable
functions and [~] (U,en Sn) = limy—oo[—](S,) is measurable as a pointwise
limit of measurable functions. Finally, given the preceding paragraph, we have
Soo € D. The m— X theorem therefore yields X4« C D. Thus [—] is measurable.

O

An interpretation of the last proposition is that, in the subcategory of all F-
coalgebras that satisfy the equation (i7), the final object is IT. If Theorem 6.9
holds, then note that ¢ o [—] is a coalgebra morphism from [ into the final
coalgebra w. Hence by finality ¢z o[—] = ¢g. Along with Lemma 6.8, this yields
the following proposition, which is exactly the same as in Sect. 2.

Proposition 6.10. Let 3: Y — FY be an F-coalgebra for which Theorem 6.9
holds. Then for any y,z € Y, [y] = [2] iff ps(y) = ¢p(2).

Back to a: X — DEX we check that Theorem 6.9 holds for af = (aés,ai,a —
Ta). Note that because a(—)(£X) = 1, we have for all m € SX that m(X) =
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[y ldm = [, a(=)(£X)dm = of;(m). This justifies the last equality:
af(m) = [ a(- m = a
) /X ()(eX)d /X< D+ 3 al- {}xX))d
:/X dm+a§/ )({a} x X)dm

i m)—i—ZTa m) :ai(m)—i—Z(ageoTa)(m)

a€cA a€A

Conclusion. Any a: X — D£X can be given a canonical trace semantics via a
determinisation process. This is a function [—]: SX — SA®.

6.2 Correctness of the Resulting Trace Semantics

n [13], given a PTS a: X — D£X, the trace semantics [—]: X — DA™
(denoted by tr in [13]) is defined by

[](cA%) = a(2)(£X) (= 1) [2](e) = a(x)(1)
2] (awA™) = / [FlwA®)dto(x)  [al(aw) = | [~](w)dte()
X X

We will hereby prove that this semantics fits with ours, in the sense that the
following diagram commutes.

x L pyeo

T]Xl/ lLAOO (4)
sx — L gax
Lemma 6.11. For anym € SX and any S € Ss, [m](S) = [ ([~]onx)(S)dm.

Proof. In this proof, [, fdm may be denoted by [ _ f(z)m(dz). One can
show using the monotone convergence theorem that for any measurable func-
tion f: X — [0,1],

[ santon = [ ([ satata)) miae)

Note further that [nx ()](6A™) = (ak onx)(z) = e (z) = a(z)(£X) and in
the same way [nx(z)](¢) = a(z)(1). Now let us prove the lemma by induction,
for all m € SX. First

ml(eA™) = b m) = [ a(=)(eX)dm = [ ([ onx)(Ea™)m
m)©) = abm) = [ a(=)1)dm = [ (Homa)(E)am
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Assume the result is true for wA*> and w. Take ¢ € {{e}, A>*}.
[m](awo) = [14(m)](wo) = / ([-] o nx ) (wo)dr,(m) (induction hypothesis)
X
= / (/ ([-] o nx)(wo)dta(z)> m(dx)  (preliminary remark)
reX X
= / [Ta(mx (2))](wo)m(dx) (definition of 7,)
reX

:/ ([-] o nx ) (awo)dm
p's

Using this last lemma and that 7, o nx = t,, we have for any =z € X:

[nx (x)](A%)
[nx (@)](e) =
[nx (x))(awA>)

I
Q

|
Q2
—~
8
~
—~
—_
~—

[(7a 0 1) ()] (wA)
= [ta(2)](wA>) = [y [nx(=)](wA)dta(z)
[nx ()] (aw) = [(7a 0 nx) (2))(w) = [ta(2)/(w) = [x[nx (=)](w)dta(x)

Thus, for any € X, ([-] o nx)(z) and (14« o [—])(z) are measures in SA>
that coincide on S.,. Because of Theorem 3.5, they are equal. Consequently, the
trace semantics we get via determinisation and Eilenberg-Moore algebras is the
same as the Kleisli trace semantics of [13].

Theorem 6.12. The diagram (4) commutes, i.e., the maps Lo~ o [—] and [—] o
nNx coincide.

Finally, note that, in the event that a: X — D£X can be seen as a discrete
system, i.e., for all z € X, a(z) is a convex countable sum of Dirac distributions,
then the general semantics coincide with those obtained in Sect. 2.

7 Related Work

The (in)finite trace semantics of PTS discussed in this paper was presented
coalgebraically in [13], through the Kleisli category of the (sub-)Giry monad.
By using a determinisation construction, we obtain the same trace semantics,
in a fundamentally different way. This determinisation construction is precisely
what allows us to use bisimulations (up-to) to prove equivalence. Further, our
determinisation construction can be presented separately for the discrete and
continuous cases (the discrete case is much more basic), whereas in the Kleisli
setting only the general continuous case can be presented (since discrete sys-
tems generate a probability measure). Other coalgebraic approaches to infinite
traces (based on fixed points, e.g., [7,19]) do not use determinisation.

Our determinisation construction for (in)finite traces is strongly inspired by
the one for finite traces in [12,17]. As explained in Sect. 4, the main technical
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difference is that the total probability mass of states in the determinised Moore
automaton becomes observable, and that this yields a probability measure over
sets of traces rather than a (sub)probability distribution over individual traces.

The above-mentioned equivalence between the determinisation and ‘Kleisli’
trace semantics for finite traces is a motivating example for the general com-
parison between coalgebraic determinisation and Kleisli traces in [12]. However,
we do not know if those results can be applied here for at least one reason:
the correspondence stated in [12] uses only one monad for both constructions,
using, in case of finite traces, an extension natural transformation of the form
¢: S€ = F'S (actually, the discrete version). However, in our construction, we
have to move from probability measures in the definition of PTSs (modeled by
D) to sub-probability measures in the determinised Moore automaton (modeled
by S). In contrast to the case of finite traces, we can not simply replace D by S in
the definition of PTS, since the sums-to-1 condition is required for the condition
(i) of Theorem 6.9. One might try to nevertheless use only S as the monad,
focusing on PTSs (involving S) that satisfy the sums-to-one condition. But it
is currently unclear to us how such a subclass fits into the framework of [12];
moreover, the Kleisli semantics for PTSs based on S is finite traces [13, Theo-
rem 3.33]. Another idea is to use the isomorphism D(Ax X +1) ~ S(Ax X), (via
the map m — m|x,gx,) but this does not seem to solve the issue: the Kleisli
semantics of PTS of the form X — S(A x X) is trivial [13, Theorem 3.33]. We
leave a suitable extension of the abstract framework [12] for future work.

For the algorithm presented in Sect. 5, we embed convex combinations (in
the transition structure of PTS) into vector spaces, in order to use a more gen-
eral contextual closure, w.r.t. arbitrary linear combinations rather than only
convex combinations. This guarantees termination of the algorithm based on
bisimulation up to congruence. We do not know whether this move is really nec-
essary: perhaps the contextual closure w.r.t. only convex combinations suffices.
The recent [5] might be of use in answering this question.

This work was done primarily from a coalgebraic point of view. Actually, as
pointed out by one of the reviewers, the determinization of a PTS involves to a
standard construction in the theory of Markov chains and stochastic processes:
the passage from a kernel to a stochastic operator. This perspective could be
investigated further. Notably, one motivation for trying to do so is to study how
the results of Sect. 5 could extend to (discrete approximations) of the measurable
PTSs of Sect. 6.

Acknowledgments. We are grateful to Filippo Bonchi, Paul Levy, Damien Pous, Jan
Rutten, Ana Sokolova and the anonymous reviewers for comments and suggestions.
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Abstract. In the theory of coalgebras, trace semantics can be defined
in various distinct ways, including through algebraic logics, the Kleisli
category of a monad or its Eilenberg-Moore category. This paper elabo-
rates two new unifying ideas: (1) coalgebraic trace semantics is naturally
presented in terms of corecursive algebras, and (2) all three approaches
arise as instances of the same abstract setting. Our perspective puts the
different approaches under a common roof, and allows to derive condi-
tions under which some of them coincide.

1 Introduction

Traces are used in the semantics of state-based systems as a way of recording
the consecutive behaviour of a state in terms of sequences of observable (input
and/or output) actions. Trace semantics leads to, for instance, the notion of
trace equivalence, which expresses that two states cannot be distinguished by
only looking at their iterated in/output behaviour.

For many years already, trace semantics is a central topic of interest in the
coalgebra community — and not only there, of course. One of the key features
of the area of coalgebra is that states and their coalgebras can be considered in
different universes, formalised as categories. The break-through insight is that
trace semantics for a system in universe A can often be obtained by switching
to a different universe B. More explicitly, where the (ordinary) behaviour of the
system can be described via a final coalgebra in universe A, the trace behaviour
arises by finality in the different universe B. Typically, the alternative universe B
is a category of algebraic logics, the Kleisli category, or the category of Eilenberg-
Moore algebras, of a monad on universe A.

This paper elaborates two new unifying ideas.

1. We observe that the trace map from the state space of a coalgebra to a carrier
of traces is in all three situations the unique ‘coalgebra-to-algebra’ map to a
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corecursive algebra [6] of traces. This differs from earlier work which tries to
describe traces as final coalgebras. For us it is quite natural to view languages
as algebras, certainly when they consist of finite words/traces.

2. Next, these corecursive algebras, used as spaces of traces, all arise via a uni-
form construction, in a setting given by an adjunction together with a special
natural transformation that we call a ‘step’. We heavily rely on a basic result
saying that in this situation, the (lifting of the) right adjoint preserves core-
cursive algebras, sending them from one universe to another. This is a known
result [5], but its fundamental role in trace semantics has not be recognized
before. For an arbitrary coalgebra there is then a unique map to the trans-
ferred corecursive algebra; this is the trace map that we are after.

The main contribution of this paper is the unifying step-based approach to coal-
gebraic trace semantics: it is shown that three existing flavours of trace semantics
— logical, Eilenberg-Moore, Kleisli — are all instances of our approach. More-
over, comparison results are given relating two of these forms of trace semantics,
namely logic-to-Eilenberg-Moore and logic-to-Kleisli. The other combinations
involve subtleties which we do not fully grasp yet. Due to space limitations, we
don’t cover the whole field of coalgebraic trace semantics: we focus only on finite
trace semantics, and also exclude at this stage the ‘iteration’ based approaches,
e.g., in [8,22,25].

Outline. The paper is organised as follows. It starts in Sect. 1 with the abstract
step-and-adjunction setting, and the relevant definitions and results for corecur-
sive algebras. In the next three sections, it is explained how this setting gives
rise to trace semantics, by presenting the above-mentioned three approaches to
coalgebraic trace semantics in terms of steps and adjunctions: Eilenberg-Moore
(Sect. 3), logical (Sect. 4) and Kleisli (Sect. 5). In each case, the relevant corecur-
sive algebra is described. These sections are illustrated with several examples.
The next section establishes a connection between the Eilenberg-Moore and the
logical approach, and a connection between the Kleisli and logical approach
(Sect. 6). In Sect. 7 we briefly show that our construction of corecursive algebras
strengthens to a construction of completely iterative algebras. Finally, in Sect. 8
we provide some directions for future work.

Notation. In the context of an adjunction F' 4 G, we shall use overline notation
(—) for adjoint transposition. The unit and counit of an adjunction are, as usual,
written as n and .

For an endofunctor H, we write Alg(H) for its algebra category and
CoAlg(H) for its coalgebra category. For a monad (T, 7, 1) on C, we write EM(T')
for the Eilenberg-Moore category and K¢(T') for the Kleisli category.

We recall that any functor S: Sets — Sets has a unique strength st. We write

st: S(XA) — S(X)A for st(t)(a) = S(evy)(t), where ev, = Af.f(a): X4 — X.
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2 Coalgebraic Semantics from a Step

This section is about the construction of corecursive algebras and their use for
semantics. The notion of corecursive algebra, studied in [6,9] as the dual of
Taylor’s notion of recursive coalgebra [10], is defined as follows.

Definition 1. Let H be an endofunctor on a category C.

1. A coalgebra-to-algebra morphism from a coalgebra ¢: X — H(X) to an alge-
bra a: H(A) — A is a map f: X — A such that the diagram

x—1 4

N Ta
H(X) 5 H(A)

commutes. Fquivalently: such a morphism is a fixpoint for the endofunction
on the homset C(X, A) sending f to the composite

. H
x s X)) g

(4) —— 4
2. An algebra a: H(A) — A is corecursive when for every coalgebra ¢: H —
H(X) there is a unique coalgebra-to-algebra morphism (X, c) — (A4, a).

Here is some intuition.

— As explained in [14], the specification of a coalgebra-to-algebra morphism f
is a “divide-and-conquer” algorithm. It says: to operate on an argument, first
decompose it via the coalgebra ¢, then operate on each component via H(f),
then combine the results via the algebra a.

— For each final H-coalgebra (: A = H(A), the inverse (~': H(A) — Ais a
corecursive algebra. For most functors of interest, this final coalgebra gives
semantics up to bisimilarity, which is finer than trace equivalence. So trace
semantics requires a different corecursive algebra.

In all our examples, we use the same procedure for obtaining a corecursive
algebra, which we shall now explain. Our basic setting consists of an adjunction,
two endofunctors, and a natural transformation:

F
T . . P
n(CC_ L D)L with HG==GL (1)

G

The natural transformation p: HG = GL will be called a step. Here H is the
behaviour functor: we study H-coalgebras and give semantics for them in a
corecursive H-algebra. This arrangement is well-known in the area of coalgebraic
modal logic [3,7,20,24,27], but we shall see that its application is wider.

A step can be formulated in several equivalent ways [18,23].



Steps and Traces 125

Theorem 2. In the situation (1), there are bijective correspondences between
natural transformations p1: HG = GL, pa: FH = LF, ps: FHG = L and
P4 H = GLF.

Moreover, if H and L happen to be monads, then py is an EM-law (map
HG = GL compatible with the monad structures) iff pa is a K¢-law (map FH =
LF compatible with the monad structures) iff ps is a monad map; and two further
equivalent characterisations are respectively a lifting of G or an extension of F':

EM(H) +5— eM(L) Ke(H) —F Ko(L)
Lo, | J
c+—% p c—-2 5D

Proof. We only mention the bijective correspondences: p; and ps correspond
by adjoint transposition, and similarly for p, and ps. Further, p; and p3 are
obtained from each other by:

p2G

pg:(FHG LFG === L)

g = (FH%FHGF%LF) .

O

It is common to refer to p; and p2 as mates; the other two maps are their
adjoint transposes. In diagrams we omit the subscript ¢ in p; and let the type
determine which version of p is meant.

Further, in the remainder of this paper we drop the usual subscript of com-
ponents of natural transformations.

Definition 3. In the setting (1), the step natural transformation p gives rise to
both:

- a lifting G, of the right adjoint G, called the step-induced algebra lifting:

Alg(H) <2 Alg(L) Go(L(4) % 4) =
| . | (HG(A) 2, qra) £, G(A)).

C+——D

— dually, a lifting FP of the left adjoint F, called the step-induced coalgebra
lifting -

CoAlg(H) £% CoAlg(L) o ( X % H( X)> —
l B | (F(X) IO, pH(X) 2 LF(X)).
C———D

Our approach relies on the following basic result.
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Proposition 4 ([5]). For each corecursive L-algebra a: L(A) — A, the trans-
ferred H-algebra G,(A,a): HG(A) — G(A) is also corecursive. Ezplicitly, for
any H-coalgebra (X, c), the unique coalgebra-to-algebra map (X, c) — G,(A,a) is
the adjoint transpose of the unique coalgebra-to-algebra map FP(X, c) — (A, a).

O

Thus, by analogy with the familiar statement that “right adjoints preserves
limits”, we have “step-induced algebra liftings of right adjoints preserve corecur-
siveness”. Now we give the complete construction for semantics of a coalgebra.

Theorem 5. Suppose that L has a final coalgebra ¢: W = L(W). Then for every
H-coalgebra (X, c) there is a unique coalgebra-to-algebra map c! as on the left
below:

X- = Laqw) FX)- <" 5w
Heh T, e FP(X0) | L Tems
HX) ) Ho(w) LF(X) 2% L)

The map ct on the left can alternatively be characterized via its adjoint transpose
ct on the right, which is the unique coalgebra-to-algebra morphism. The latter
can also be seen as the unique map to the final coalgebra W = L(¥). O

Note that Theorem5 generalises final coalgebra semantics: taking in (1)
F = G =1Idc and H = L, the map ¢ in the above theorem is the unique
homomorphism to the final coalgebra. In the remainder of this paper we focus
on instances where ¢/ captures traces, and we therefore refer to it as the trace
semantics map.

3 Traces via Eilenberg-Moore

We recall the approach to trace semantics devel- _

oped in [4,17,29], putting it in the framework of  EM(T) —2— EM(T)

the previous section. The approach deals with Ul lU (2)
coalgebras for the composite functor BT, where
T is a monad that captures the ‘branching’
aspect. The following assumptions are required.

CTC

1. An endofunctor B: C — C with a final coalgebra (: © = B(O).

2. A monad (T,nT, u7), with the standard adjunction F 4 U between categories
C S EM(T), where U is ‘forget” and F is for ‘free algebras’.

3. A lifting B of B, as in (2), or, equivalently, an EM-law x: TB = BT.

Example 6. To briefly illustrate these ingredients, we consider non-deterministic
automata. These are BT-coalgebras with B: Sets — Sets, B(X) = 2 x X4
with 2 = {1, T} and T the finite powerset monad. The functor B has a final
coalgebra carried by the set 24" of languages. Further, EM (T') is the category
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of join semi-lattices (JSL). The lifting is defined by product in EM(T), using
the JSL on 2 given by the usual ordering | < T. By the end of this section, we
revisit this example and obtain the usual language semantics.

These assumptions give rise to the following instance of our general setting (1):
f —
| . . p: BTU = UB where
sr( 2C7 L T EM(T) D 5 with

e pix.a) = (BTX £% BX)

Actually — and equivalently, by Theorem 2 — the step p is most easily given
in terms of py: BT = UBZF: since B lifts B, we have UBF = BUF = BT, so
that py is then defined simply as the identity.

The following result is well-known, and is (in a small variation) due to [30].

Lemma 7. There is a unique algebra structure a: T(0) — © making ((©,a), ()
a B-coalgebra. Moreover, this coalgebra is final. 0

We apply the step-induced algebra lifting G,: Alg(B) — Alg(BT) to the
inverse of this final B-coalgebra, obtaining a BT-algebra:

—1

(BT(0) £ 6) = G,((0,a),¢7Y) = (BT(©) 22 B(6) *— 6).

By Theorem 5, this algebra is corecursive, giving us trace semantics of BT-
coalgebras. More explicitly, given a coalgebra ¢: X — BT(X), the trace seman-
tics is the unique map, written as em., making the following square commute.

em,

X--—-20
| [ @
BT(X) - BT(6)

The unique map em. in (3) appears in the literature as a ‘coiteration up-to’ or
‘unique solution’ theorem [1]. Examples follow later in this section (Theorem 8,
Example9).

In [17,29], the above trace semantics of BT-coalgebras arises through ‘deter-
minisation’, which we explain next. Given a coalgebra c: X — BT'(X), one takes
its adjoint transpose:

¢: X - BT(X)=BUF(X)=UBF(X)
¢: F(X) — BF(X)

It follows from Theorem2 and our definition L

of p that this transpose coincides with the T(X)--"—--06
application of the step-induced coalgebra lift- 2 ()
ing F*: CoAlg(BT) — CoAlg(B) from the pre-

vious section, i.e., F?(X,¢) = (F(X),c). The BT(X) -~ — > B(O)
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functor F? thus plays the role of determinisation, see [17]. By Theorem 5, the
trace semantics em,. can equivalently be characterised in terms of F”, as the
unique map em, making (4) commute. This is how the trace semantics via
Eilenberg-Moore is presented in [17,29]: as the transpose em,. = em_ o n%.

We conclude this section by recalling a canonical construction of a distribu-
tive law [15] for a class of ‘automata-like’ examples.

Theorem 8. Let {2 be a set, T a monad on Sets and t: T(2) — 2 an EM-
algebra. Let B: Sets — Sets, B(X) = 2 x X4, and x: TB = BT given by

(T (m1),T(m2)) txst
—

Kx = ( T(2 x X4 T(2) x T(X4) 02 x T(X)A ) .

Then & is an EM-law. Moreover, the final B-coalgebra (24" ,¢) together with

. . AT . _
the algebra structure T(0247) = T(2)A £ 024" is a final B-coalgebra. O
Ezample 9. By Theorem 8, we obtain an explicit description of the trace seman-
tics arising from the corecursive algebra (3): for any (o, f): X — 2 x T(X)4,
the trace semantics is the unique map em in

(0. ] Tt

BT(X) - — +» BT(2*") —— B(T(2)"") —— BT(2*")
BT (em) st B(4")

We instantiate the trace semantics em for various choices of 2, T and t. Given
a coalgebra (o, f): X — 2 x T(X)*4, we have em(z)(¢) = o(z) independently
of these choices. The table below lists the inductive case em(z)(aw) respectively
for non-deterministic automata (NDA) where branching is interpreted as usual
(NDA-3), NDA where branching is interpreted conjunctively (NDA-V) and (reac-
tive) probabilistic automata (PA). Here P is the finite powerset functor, and Dgy,
the finitely supported distribution functor.

T t: T(R2)— N em(z)(aw)
NDA-3 | Py 2={L,T}|S—VS Ve @) €M) (w)
NDA-V | Ps [2={L, T} S—AS Aye o)) €M) (w)
PA Dsin | [0, 1] 0 e P PP) | D ex emy)(w) - f(z)(a)(y)

For other examples, and a concrete presentation of the associated determin-
isation constructions, see [17,29].
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4 Traces via Logic

This section illustrates how the ‘logical’ approach to trace semantics of [21],
started in [27], fits in our general framework. In essence, traces are built up from
logical formulas, also called tests, which are evaluated for states. These tests
are obtained via an initial algebra of a functor L. The approach works both for
TB and BT-coalgebras (and could, in principle, be extended to more general
combinations). We start by listing our assumptions in this section.

1. An adjunction F' 4 G between categories C < D°P.

2. A functor T on C with a step 7: TG = G.

3. A functor B: C — C and a functor L: D — D with a step §: BG = GL.
4. An initial algebra a: L(®) = &.

We deviate from the convention of writing p for ‘step’, since the above map 7
gives rise to multiple steps ¢, and §7 in (6) below, in the sense of Definition 2;
here we use ‘delta’ instead of ‘rho’ notation since it is common in modal logic.

Ezample 10. We take C = D = Sets, and F, G both the contravariant powerset
functor 27. Non-deterministic automata are obtained either as BT-coalgebras
with B(X) = 2 x X4 and T the finite powerset functor; or as T B-coalgebras,
with B(X) = A x X 4+ 1 and T again the finite powerset functor. In both
cases, L is given by L(X) = A x X 4+ 1. The map 7: T2~ = 2~ is defined
by 7x(5)(2) = V es (), and intuitively models the existential choice in the
semantics of non-deterministic automata. The map p and the language semantics
are defined later in this section.

The assumptions are close to the general step-and-adjunction setting (1). Here,
we have an opposite category on the right, and instantiate H to T'B or BT

F
HCC(:}M;DOPDL where H = BT or H=TB  (5)
G

Notice that our assumptions already include a step ¢ (involving B, L) and a step
7, which we can compose to obtain steps for the T'B respectively BT case:

6, = (TBG =5 TGL =% G1) CoAlg(L) s Alg(TB)
(6)
5T = (BTG%BG:&>GL) CoAlg(L) S5 Alg(BT)

Both 0™ and 4, are steps, and hence give rise to step-induced algebra liftings
Gs. and Gg- of G (Sect.2). By Theorem 5, we obtain two corecursive algebras
by applying these liftings to the inverse of the initial algebra, i.e., the (inverse
of the) final coalgebra in D°P:

5,

llog = (TBG(@)

5T

flog — (BTG(@)
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These corecursive algebras define trace semantics for any T B-coalgebra (X ¢)
and BT-coalgebra (Y, d):

X - % L q(e) Y- - % L qe)
Cl T@log dl Tzlos (8)
7B(x) 2% TRG(®) BT(v) 2 pro(e)

It is instructive to characterise this trace semantics in terms of the transpose
and the step-induced coalgebra liftings F*~ and F?", showing how they arise as
unique maps from an initial algebra:

log,. logy

FX)+ - ="--9 FY)+ - —"--0
F‘;T(X,C)T Lx—l P (Y,d)T - J(a_l (9)
LF(X) <% 1(a) LFY) + % @)

In the remainder of this section, we show two classes of examples of the logical
trace semantics. With these descriptions we retrieve most of the examples from
[21] in a smooth manner.

Proposition 11. Let (2 be a set, T: Sets — Sets a functor andt: T(2) — 2 a
map. Then the set of languages 24" carries a corecursive algebra for the functor
2 x T(=)A. Given a coalgebra (o, f): X — 2 x T(X)?, the unique coalgebra-
to-algebra morphism log: X — 0247 satisfies

log(x)(2) = ofx)  log(x)(aw) = t(T(evay o log)(f(x)(a))
forallzx € X, a€ A and w € A*.

Proof. We instantiate the assumptions in the beginning of this section by C =
D=Sets, F =G =0",B(X)=02xX4 L(X)=AxX+1and T the functor
from the statement. The initial L-algebra is a: A x A* +1 5 A*. The map t
extends to a modality 7: TG = G, given on components by

= (T(%) = T()X 2 0X ).

The logic §: BG = GL is given by the isomorphism 2 x (27)4 = QAx—)+1,
Instantiating (7) we obtain the corecursive BT-algebra

idx (st)? idx(t47)A

{1/71 *
Q x T(RAHA 2 x (T(2)A7)A 2 x (QAHA L0, At
The concrete description of log follows by spelling out the coalgebra-to-algebra
diagram that characterises it. a
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Example 12. We instantiate the trace semantics log from Proposition 11 for var-
ious choices of {2, T and t. Similar to the instances in Example9, we consider
a coalgebra (o, f): X — 2 x T(X)?4, and we always have log(z)(e) = o(z).
The cases of non-deterministic automata (NDA-3, NDA-V) and probabilistic
automata (PA) are the same as in Example9. However, in contrast to the
Eilenberg-Moore approach and other approaches to trace semantics, a monad
structure on 7' is not required here. This is convenient as it also allows to treat
alternating automata (AA), where T' = P¢P%; it is unclear whether T' carries a
suitable monad structure in that case.

T n t: T(2) — N log(z)(aw)
NDA-3 | Pr [2={L,T}|S—VS Ve ) 1081) (w)
NDA-V|P; [2={L,T}|S—AS Nye f2)(a) 108(1) (W)
PA Dsin | [0,1] P = 2 peoa P 2(P) | 2oyex logy)(w) - f(x)(a)(y)
AA PePr 2={L,T}|S— \/Tes /\beT b \/Tef(x>(a) /\yET log(y)(w)

We also describe a logic for polynomial functors constructed from a signature.
Here, we model a signature by a functor X': N — Sets, where N is the discrete
category of natural numbers. This gives rise to a functor Hy : Sets — Sets as
usual by Hx(X) =[],y 2(n) x X™. We abuse notation and write o (1, ..., 2,)
instead of (o, z1,...2,). The initial algebra of Hy consists of closed terms (or
finite node-labelled trees) over the signature.

Proposition 13. Let 2 be a meet semi-lattice with top element T as well as
a bottom element L, let T: Sets — Sets be a functor, and t: T(2) — 2 a
map. Let & be the initial Hx-algebra. The set 2% of ‘tree’ languages carries a
corecursive algebra for the functor THy,. Given a coalgebra ¢: X — THx(X),
the unique coalgebra-to-algebra map log: X — 2% is given by

l0g(2) (0 (t1, ..., ta)) = t(T(m) o c(x)) , where
m_( {/\ log () (t:)  if Fx1 .. xn.t:a(xl,...,xn)>:HE(X)HQ

otherwise

forallz € X and o(t1,...,ty) € D.

Proof. We use C = D = Sets, FF = G = 27, B = L = Hy. The map ¢
extends to a modality 7: TG = G as in the proof of Proposition 11. The logic
§: He 2™ = =) ig:

Sx (01, b))(t) = {/\ZQSZ(:EZ) if dxy ...zt =0(x1,...,20)

1 otherwise
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The corecursive algebra /i, is then given by:

tHx(P)
—_—

THy(02%) —2L T(H=@) =L, p()H=@) OH=(®) _= 09

The explicit characterisation of log is a straightforward computation. a

Ezample 14. Given a signature X, a coalgebra f: X — PrHx(X) is a (top-
down) tree automaton. With 2 = {L, T} and ¢(S) = \/ S, Proposition 13 gives:

log(x)(o(t1,...,tn)) =T iff Az1 ... 2p.0(x1,...,25) € f(x) A /\ log(z;)(t:)

1<i<n

for every state x € X and tree o(ty,...,t,). This is the standard semantics of
tree automata. It is easily adapted to weighted tree automata, see [21].

In both Examples 14 and 12, the step-induced coalgebra lifting Fs- (respectively
Fs_) of the underlying logic corresponds to reverse determinisation, see [21,28]
for details. In particular, in Example 14 it maps a top-down tree automaton to
the corresponding bottom-up tree automaton.

5 Traces via Kleisli

In this section we briefly recall the ‘Kleisli app-
roach’ to trace semantics [12], and cast it in our
abstract framework. It applies to coalgebras for J T TJ (10)
a composite functor T'B, where T is a monad C———C

. . B
modelling the type of branching. For example,
a coalgebra X — P(A x X + S) has an associated map X — P(A* x S) that
sends a state © € X to the set of its complete traces. (Taking S = 1, this is the
usual language semantics of a nondeterministic automaton.) To fit this to our
framework, the monad 7" is P and the functor B is (A x —) + S. In general, the
following assumptions are required.

1. An endofunctor B: C — C with an initial algebra §: B(¥) = ¥.

2. A monad (T,n7, uT), with the standard adjunction J - U between categories
C S KU(T), where J(X) =X and U(Y) =T(Y).

3. An extension B of B, as in (10), or, equivalently, a Kf-law \: BT = TB.

4. (¥, J(B71Y)) is a final B-coalgebra.

In the case that B is the functor (A x —) 4 5, its initial algebra is carried by
A* x S, and the canonical K¥-law is given at X by

[Tinlosta x,Tinronk]: AxTX +S — T(Ax X +5)

A central observation for the Kleisli approach to traces is that the fourth assump-
tion holds under certain order enrichment requirements on K¥(7T'), see [12]. In par-
ticular, these hold when T is the powerset monad, the (discrete) sub-distribution
monad or the lift monad.
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The above assumptions give rise to the following instance of our setting (1):

p: TBU = UB where px =

J
—
TB( “C7 L K(T) )B with T
C —— o (rBrx I m2px £ 7BX)

Similar to the EM-case in Sect. 3, the map of adjunctions is most easily given in
terms of py: TB = UBJ as the identity, using that B extends B.

We apply the step-induced algebra lift G,: Alg(B) — Alg(T'B) to the inverse
of the final B-coalgebra, and call it fi:

(TBT@) 24 T(W)) = G, @, T (57

= G,(¥,J(B))
s
- (TBT(LD) TN, e gy o, rw) TP, T(?/))).
By Theorem 5, this algebra is corecursive, i.e., for every coalgebra c¢: X —
TB(X), there is a unique map kl. as below:

XX s rw)

1
TB(K,)

TB(X)- =5 TBT(¥)

The trace semantics is exactly as in [12], to which we refer for examples.

6 Comparison

The presentation of trace semantics in terms of corecursive algebras allows us
compare the different approaches by constructing algebra morphisms between
them. In this section, we compare the Eilenberg-Moore against the logical app-
roach, and the Kleisli against the logical approach as well. For a comparison
between Kleisli and Eilenberg-Moore we refer to [17]. The latter is not in terms
of corecursive algebras; we leave such a reformulation for future work. In [21],
logical traces are also compared to determinisation constructions. But the tech-
nique is different, with the primary difference that no corecursive algebras are
used there.

6.1 Eilenberg-Moore and Logic

To compare the Eilenberg-Moore approach to the logical approach, we combine
their assumptions. This amounts to an adjunction F' 4 G, endofunctors B, L
and a monad T as follows:
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together with:

A final B-coalgebra (: © = B(6O).

An EM-law k: TB = BT, or equivalently, a lifting B of B.

An initial algebra a: L(®) = .

A step 0: BG = GL.

A step 7: TG = G, whose components are EM-algebras (a monad action).

Al

The map 7 is an assumption of the logical approach, but the compatibility with
the monad structure was not assumed before (in the logical approach, T is not
assumed to be a monad). We note that 7 being a monad action is the same
thing as 7 being an EM-law (involving the monad T on the left and the identity
monad on the right). Therefore, by Theorem 2:

Lemma 15. The following are equivalent:

a monad action 1: TG = G;

a map o: F'= FT, satisfying the obvious dual equations;
a monad morphism 74: T = GF';

an extension F: KL(T) — D°P (= KX(1d)) of F.

a lifting G: D — EM(T) of G.

SAIRNCI T

Such monad actions and the corresponding liftings are used, e.g., in [11,13,16]
where F' is called Pred. We turn back to the comparison between the Eilenberg-
Moore and logical approach. First, observe that since §: BG = GL is a step,

-1
it induces a corecursive B-algebra BG(P) 2 GL(9) Ge), G(®). Hence, we
obtain a unique map e as in the following diagram:

o & G(®)
L e T (11)

B(6) —2 BG(®) —2— GL(P)

This is a map from the carrier of the corecursive algebra £y, (from the Eilenberg-
Moore approach) to the carrier of the corecursive algebra ¢°¢ (from the logical
approach). Note that, by the above diagram, it is a B-algebra morphism, whereas
Lo and £1°8 are BT-algebras. The following is a sufficient condition under which
the map e is a BT-algebra morphism from £, to £1°¢, which implies that the log-
ical trace semantics factors through the Eilenberg-Moore trace semantics (The-
orem 17).

Lemma 16. The distributive law x commutes with the logics in (6), as in:
kG
TBG —— BTG

%GL% (12)

iff there is a natural transformation o: BG = GL such that U(g) =6 — where
the functor G: D°P — EM(T) is the lifting corresponding to T (Lemma 15).
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Proof. The existence of such a ¢ amounts to the property that each component
dx: BG(X) — GL(X) is a T-algebra homomorphism from BG(X) to GL(X),
i.e., the following diagram commutes:

TBGX —° s TGLX

|

BTGX TL

Brl
é

BGX —— GLX
This corresponds exactly to (12). O

Theorem 17. If the equivalent conditions in Lemma 16 hold, then the map e
defined in (11) is an algebra morphism from Loy to £'°%, as on the left below.

BT(©) 219, BTG(®)

TR oy

0 ———— G(®) 0 GO

In that case, for any coalgebra X = BT (X) the triangle on the right commutes.

Proof. We use that le = (7' o B(a): BT(0) — O, where ((0,a),() is the
final B-coalgebra, see Sect. 3. We need to prove that the outside of the following
diagram commutes.

€

%@y

o

BTG(®) 5 BG(#) —— GL(?) -~ G(9)
\_ J

plog

The rectangle on the right commutes by definition of e. For the square on the
left, it suffices to show eoa = 71 0 T'(e); this is equivalent to F(a) o€ = 75 0€ in:

e=F(e)oe

o, po) %; FT(©)

Indeed, by transposing we have on the one hand:

€ca=F(aoe)oep =F(a)oF(e)oep = F(a)oe
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And on the other hand, using that 7o = F(11 o T'(n)) o ¢,

T o0e=F(roT(n))oeo F(e)o
(r10T(n)) o FG(F(e) 0 )06
(G(F <>oe>onoT< )oe
(1 0 TG(F(e) o () o€
:F(TloT(G(E)OGF(e)on))oe:F(TloT(e))oezm.

=F
=F
=F

By transposing the maps in (11), it follows that €: & — F(O) is the unique
morphism from the initial L-algebra to F(¢) o d2: LF(©) — F(O). Hence, for
the desired equality F(a) o€ = 75 0 &, it suffices to prove that F'(a) and 7 are
both algebra homomorphisms from F(¢)ods to a common algebra, which in turn
follows from commutativity of the following diagram.

L(r2) LF(a)
<;

LF(©) —2% LFT(O) LF(©)

l&T ) 1o
82 FBT(0©) ol FB(O©)
1Fs
FB(O) 2% FTB(6) F(Q)
F(O)] 1PT©
F(O) ———= FT(0) +——— F(O)

F(a)

Using the translation (—); < (—)2 (of Theorem 2), one shows that the upper-
left rectangle is equivalent to the assumption (12). To see this, we use that
(57)2 = ((51 9 BTl)Q = 52T O LT2 and (67-)2 = (TlL O T51)2 = T2B o 52 (as stated,
e.g., in [21]); moreover, it is easy to check that (61 0 B10kG)a = Fro(d10B71)s.
The lower-right rectangle commutes since ((©, a), () is a B-coalgebra. The other
two squares commute by naturality.

For the second part of the theorem, let ¢: X — BT (X) be a coalgebra. Since
e is an algebra morphism, the equation e o em. = log, follows by uniqueness of
morphisms from ¢ to the corecursive algebra on G(®). O

The equality e o em, = log, means that equivalence wrt Eilenberg-Moore
trace semantics implies equivalence wrt the logical trace semantics. The converse
is, of course, true if e is monic. For that, it is sufficient if §: BG = GL is
expressive. Here expressiveness is the property that for any B-coalgebra, the
unique coalgebra-to-algebra morphism to the corecursive algebra on G(®) factors
as a B-coalgebra homomorphism followed by a mono. This holds in particular if
the components d4: BG(A) — GL(A) are all monic (in C) [20].

Lemma 18. If §: BG = GL is expressive, then e is monic. Moreover, if § is
an isomorphism, then e is an iso as well.
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Proof. Expressivity of § means that we have e = m o h for some coalgebra
homomorphism & and mono m. By finality of ¢ there is a B-coalgebra morphism
R’ such that A’ o h = id. It follows that h is monic (in C), so that mo h =
e is monic too. For the second claim, if § is an isomorphism, then G(a~1!) o
d: BG(®) — G(P) is an invertible corecursive B-algebra, which implies it is
a final coalgebra (see [5, Proposition 7], which states the dual). It then follows
from (11) that e is a coalgebra morphism from one final B-coalgebra to another,
which means it is an isomorphism. a

Previously, we have seen both a class of examples of the Eilenberg-Moore
approach (Theorem8), and the logical approach (Proposition11). Both arise
from the same data: a monad 7' (just a functor in the logical approach) and an
EM-algebra t. We thus obtain, for these automata-like examples, both a logical
trace semantics and a matching ‘Eilenberg-Moore’ semantics, where the latter
essentially amounts to a determinisation procedure. The underlying distributive
laws satisty (12) by construction, so that the two approaches coincide (as already
seen in the concrete examples).

Theorem 19. Let {2 be a set, T: Sets — Sets a monad and t: T(£2) — 2 an
EM-algebra. The EM-law k of Theorem 8, together with §,7 as defined in the
proof of Proposition 11, satisfies (12). For any coalgebra c: X — 2 x T(X)4,
the map log, coincides (up to isomorphism) with the map em.

Proof. To prove (12), i.e., 67 o k = 6., we first compute, following (6),

(67)x = dx o (id x 7¢) = 6x o (id x (tX ost)4) : 2 x (T(2%))A — NAXX+L
(57‘)X = TAxX+1© T(5x) = tAXX+1 osto T((Sx) : T(Q X (.QX)A) — QAXXJFI

Hence, we need to show that
dx o (id x (tX ost)?) o (t x st) o (T(m1), T(ma)) = t*>** L ost o T(6x) (13)

for every set X. To this end, let S € T(2 x (2%¥)4) and t € (A x X +1). We
first spell out the right-hand side:

(tAXF L o5t 0 T(6x)(9))()

= t((st o T(dx)(5))(t))

= t(T(evi 0 0x)(9))

(T (m)(S)) ift=xe1l

B {t(T(evw oevgom)(S)) ift=(a,x) e AxX

In the last step, we used the definition of §:

evi o dx(w, f) = 0x(w, f)(x) =w =m(w, ),
€V(a,z) © 6X(w7f) = 5X(w,f)(a,x) = f(a’)(x) =EeVg 0€eVg O 7r2(w,f) .
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For the left-hand side of (13), distinguish cases x € 1 and (a,z) € A x X.

(0x o (id x (tX o st)A) o (t x st) o (T(m), T (m2))(S))(*)
=y (id x (tX ost)?) o (t x st) o (T(m1), T(m2))(S))
=t(T(m1)(9))

which matches the right-hand side of (13). For (a,z) € A x X, we have:

dx o (id x (tX ost)?) o (t x st) o (T'(m1), T(m2))(S))(a, )

(
((#¥ ost)™ o 5t)(T(m2)(S5)))(a)(2)
()" o5t o5t)(T(m2)(S)
(% o st(st(T'(m2)(S))(a)
(thst( (eva)(T(m2)
(
t
t
t

—~

)
(st(T (eVaoﬂz)( ))(@))
(T'(evy) o T'(evy 0 m2)(S))
( )

T(ev, oev, oma)(S

which also matches the right-hand side, hence we obtain (13) as desired.
Since (12) is satisfied, it follows from Theorem 17 that e o em, = log,. Since
d is an iso, e is an iso as well by Lemma 18. O

6.2 Kileisli and Logic

To compare the Kleisli approach to the logical approach, we combine their
assumptions. This amounts to an adjunction F' 4 @, endofunctors B, L and
a monad T as follows:

r(Cort ;C<lmj/@(T)D§
— -

together with:

An initial algebra 3: B(¥) = .

A K¢-law \: BT = T B, or equivalently, an extension B of B.

(@, J(B71)) is a final B-coalgebra.

An initial algebra a: L(®) = &.

A step 0: BG = GL.

A step 7: TG = G, whose components are EM-algebras (a monad action).

S G W=

Again, we assume 7 to be compatible with the monad, satisfying the equiva-
lent conditions in Lemma 15. Since § is a step, we obtain the following unique
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coalgebra-to-algebra morphism k from the initial B-algebra:

k

v G(d)

e , Toe™ (14)
B(¥) — BG(®) — GL(D)

Since 7 is a monad action, for every X, G(X) carries an Eilenberg-Moore algebra
Tx. Thus we can take the adjoint transpose k = 75 o T'(k): T(¥) — G(P). We
have the following analogue of Theorem 17.

Lemma 20. The distributive law A commutes with the logics in (6), as in:

BTG —— 2% . TBG

5\)@% (15)

iff there is a natural transformation o: LF = FB giwen by oJ = § — where the
functor F': KU(T) — D°P is the extension corresponding to T (Lemma 15).

Proof. The condition oJ = § simply means that ox = dx for every object X
in C. Naturality of ¢ amounts to commutativity of the outside of the diagram
below, for every map f: X — T'(Y).

LF(Y)—25 FB(Y) 5 FTB(Y)

Lr| B

LFT(Y) — FBT(Y)
LF(f)] 1FB(
LF(X) - FB(X)

The lower rectangle commutes by naturality, the upper is equivalent to (15).
Hence, (15) implies naturality. Conversely, if ¢ is natural, then the upper rect-
angle commutes for each Y by taking f = idry (the identity map in C). O

Theorem 21. If the equivalent conditions in Lemma 20 hold, then the map k =
13 0 T(k): T(¥) — G(P) is an algebra morphism from by to liog, as on the left
below.

TB(k)
TBT (W) —— TBG(?)

X
ol 2N
TW) — 5 G(@)

TW) ——F* (o)

In that case, for any coalgebra ¢: X — TB(X) there is a commuting triangle as
on the right above.
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Proof. Consider the following diagram.

~TBI(¥) TP, rprG () TE7 TBG(@) ~

lT)\ lTAG Tél
TTB(k) TT§ TTL
TTB(V) ——= TTBG($) ——— TTGL(®) ——— TGL(P)

a luB iuBG iuGL TLi llog
W) — LY rBGW@) — T s TGL(®) — 5 GL(®)
[r® |ree™ 6]

N T() TG(®) —— G(P)

T(k)

Everything commutes: the upper right rectangle by assumption (15), the right-
most square in the middle row since 7 is an action, the outer shapes by definition
of fiq and {iog, the lower left rectangle by (14) and the rest by naturality. O

The above result gives a sufficient condition under which ‘Kleisli’ trace equiv-
alence implies logical trace equivalence. However, contrary to the case of traces
in Filenberg-Moore, in Lemma 18, we currently do not have a converse. If ¢ has
monic components, then it is easy to use corecursiveness to define a map from
f1og to fy, but this surprisingly is not sufficient to show k to be monic, as con-
firmed by Example 22 below. In the comparison between Eilenberg-Moore and
Kleisli traces [17], a similar difficulty arises: it is unclear under what conditions
the map from the final coalgebra in Kleisli to the final coalgebra in Eilenberg-
Moore obtained there is mono (and hence, if Eilenberg-Moore trace equivalence
implies Kleisli trace equivalence).

Ezample 22. We give an example where §: BG = GL is monic and (15) com-
mutes, but where nevertheless logical equivalence is stronger than ‘Kleisli’ trace
equivalence. Let C=D =Sets, F=G=2",B=L=(Ax—-)+1,T="P,
7: P27 = 27 given by union as before, and define the step § by dx(a,¢)(t) = T
iff Izt = (a,2) A p(x), and d0x(x)(t) = T (the latter differs from the step in
Proposition 13). Notice that ¢ indeed has monic components.
Let A\: BT = TB be the distributive law from [12], given by Ax(a,S) =
{(a,z) | x € S} and A(x) = {*}. Then (15) is satisfied:
AxPEX)+1 A P(A x 2% +1)
idx7+1] 1P©)
Ax2X 412 9QAXX+1 T p(2AXX+L)

It is straightforward to check that this commutes. However, given a coalgebra
f: X — TB(X), the induced logical semantics log: X — 24" is: log(z)(w) = T
iff x€ f(x)or3daec Ave A%,y € Xw=avA(a,y) € f(xz)Alog(y)(v) =T.In
particular, this means that if x € f(z) and * € f(y) for some states x,y, then
they are trace equivalent. This differs from the Kleisli semantics, which amounts
to the usual language semantics of non-deterministic automata [12].
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Cirstea [8] compares logical traces to a ‘path-based semantics’, which resem-
bles the Kleisli approach (as well as [22]) but does not require a final B-coalgebra.
In particular, given a commutative monad T on Sets and a signature X', she
considers a canonical distributive law A: HxT = THy, which coincides with
the one in [12]. Cirstea shows that, with 2 = T(1), t = pu;: TT(1) — T(1) and
0 from the proof of Proposition 13 (assuming T'1 to have enough structure to
define that logic), the triangle (15) commutes (see [8, Lemma 5.12]).

7 Completely Iterative Algebras

In this paper, we constructed several corecursive algebras. We briefly show that
they all satisfy the following stronger property [26].

Definition 23. For an endofunctor H on C, an H-algebra a: HA — A is
completely iterative when [id,a] is a corecursive A + H-coalgebra. Explicitly:
when for every ¢c: X — A+ HX there is a unique f: X — A such that the
following diagram commutes.

X A

cl \L[id ,a]

A+HX —— A+ HA
A+Hf

Following [14,26], we have two ways of constructing such algebras.

Proposition 24. 1. If (: A — HA is a final H-coalgebra, then (A,(71) is
completely iterative.
2. Given a step as in Sect. 2, the functor G, preserves complete iterativity.

We may thus say: “step-induced algebra liftings of right adjoints preserve com-
plete iterativity”. Consequently, by analogy with Theorem 5, if L has a final
coalgebra (¥, () then G,(A,(™!) is completely iterative. For our examples, this
may be seen as a trace semantics for a coalgebra ¢ that may sometimes stop
following the behaviour functor and instead provide semantics directly.

8 Future Work

The main contribution of this paper is a general treatment of trace semantics
via corecursive algebras, constructed through an adjunction and a step, cover-
ing the ‘Eilenberg-Moore’, ‘Kleisli’ and ‘logic’ approaches to trace semantics.
It is expected that our framework also works for other examples, such as the
‘quasi-liftings’ in [2], but this is left for future work. In [19], several examples of
adjunctions are discussed in the context of automata theory, some of them the
same as the adjunctions here, but with the aim of lifting them to categories of
coalgebras, under the condition that what we call the step is an iso. In our case,
it usually is not an iso, since the behaviour functor is a composite TB or BT
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however, it remains interesting to study cases in which such adjunction liftings
appear, as used for instance in the aforementioned paper and [21,28]. Further,
our treatment in Sect.3 (Eilenberg-Moore) assumes a monad to construct the
corecursive algebra, but it was shown by Bartels [1] that this algebra is also
corecursive when the underlying category has countable coproducts (and drop-
ping the monad assumption). We currently do not know whether this fits our
abstract approach. Finally, the Eilenberg-Moore/logic and Kleisli/logic compar-
isons (Sect.6) seem to share certain aspects (the conditions look very similar),
but so far we have been unable to derive a general perspective on such compar-
isons that covers both, and possibly also the Eilenberg-Moore/Kleisli comparison
of [17].

Acknowledgement. We are grateful to the anonymous referees for various comments
and suggestions.
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Abstract. For every finitary monad T on sets and every endofunctor F’
on the category of T-algebras we introduce the concept of an ffg-Elgot
algebra for F'| that is, an algebra admitting coherent solutions for finite
systems of recursive equations with effects represented by the monad T'.
The goal of this paper is to study the existence and construction of free
ffg-Elgot algebras. To this end, we investigate the locally ffg fixed point
pF, the colimit of all F-coalgebras with free finitely generated carrier,
which is shown to be the initial ffg-Elgot algebra. This is the techni-
cal foundation for our main result: the category of ffg-Elgot algebras is
monadic over the category of T-algebras.

1 Introduction

Terminal coalgebras yield a fully abstract domain of behavior for a given type
of state-based systems whose transition type is described by an endofunctor F'.
Often one is mainly interested in the study of the semantics of finite coalgebras;
for instance, regular languages are the behaviors of finite deterministic automata,
while the terminal coalgebra of the corresponding functor is formed by all for-
mal languages. For endofunctors on sets, the rational fixed point introduced by
Addmek et al. [2] yields a fully abstract domain of behavior for finite coalgebras.
However, in recent years there has been a lot of interest in studying coalge-
bras over more general categories than sets. In particular, categories of algebras
for a (finitary) monad T on sets are a paradigmatic setting; they are used, for
instance, in the generalized determinization framework of Silva et al. [30] and
yield coalgebraic language equivalence [9] as a semantic equivalence of systems
with a side effect provided by the monad T'. In the category ¥ of T-algebras, sev-
eral notions of ’finite’ object are natural to consider, and each of those yields an
ensuing notion of ‘finite’ coalgebra: free objects on finitely many generators (ffg
objects) yield precisely the coalgebras that are the target of generalized deter-
minization; finitely presentable (fp) objects are the ones that can be presented
by finitely many generators and relations and yield the rational fixed point; and
finitely generated (fg) objects, i.e. those presented by finitely many generators
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(but possibly infinitely many relations). Taking the colimits of all coalgebras
with ffg, fp, and fg carriers, respectively, yields three coalgebras ¢F, oF and
JF which, under suitable assumptions on F', are all fixed points of F' [2,24,34].
Our present paper is devoted to studying the fixed point ¢ F', which we call the
locally ffg fixed point of F. For a finitary endofunctor F' preserving surjective
and non-empty injective morphisms in &, the three fixed points are related (to
the terminal coalgebra vF') as shown in the picture below:

oF — oF - 9F — vF, (1.1)

where — denotes a quotient coalgebra and ~— a subcoalgebra. The three right-
hand fixed points are characterized by a universal property both as a coalgebra
and (inverting their coalgebra structure) as an algebra [2,19,24]; see [34] for one
uniform proof. We recall this in more detail in Sect. 2.4.

The main contribution of this paper is a new characterization of the locally
ffg fixed point ¢ F by a universal property as an algebra. As already observed by
Urbat [34], as a coalgebra, oF does not satisfy the expected finality property.
A simple initiality property of ¢F as an algebra was recently established by
Milius [21]. Here we go a step further and introduce the notion of an ffg-FElgot
algebra (Sect.4), which is an algebra for F' equipped with an operation that
allows to take solutions of effectful iterative equations (see Remark 4.5) subject
to two natural axioms. These axioms are inspired by and closely related to the
axioms of (ordinary) Elgot algebras [1], which we recall in Sect. 3. We then prove
that pF is the initial ffg-Elgot algebra (Theorem 4.11).

In addition, we study the construction of free fig-Elgot algebras. In the case of
ordinary Elgot algebras, it was shown in [1] that the parametrized rational fixed
point o(F(—)+Y) is a free Elgot algebra on Y. In addition, the category of Elgot
algebras is the Eilenberg-Moore category for the corresponding monad on %. In
the present paper, we first prove that free ffg-Elgot algebras exist on every object
Y of €. But is it true that the free fig-Elgot algebra on Y is p(F(—) +Y)? We
do not know the answer for arbitrary objects Y, but if Y is a free T-algebra (on
a possibly infinite set of generators), the answer is affirmative (Theorem 4.15).

Finally, we prove that the category of ffg-Elgot algebras is monadic over %,
i.e. ffg-Elgot algebras are precisely the Eilenberg-Moore algebras for the monad
that assigns to a given object Y of € its free ffg-Elgot algebra (Theorem 4.16).
Full proofs of all results presented here can be found in [18].

2 Preliminaries

2.1 Varieties and ‘Finite’ Algebras

Throughout the paper we will work with a (finitary, many-sorted) variety &
of algebras. Equivalently, € is the category of Eilenberg-Moore algebras for a
finitary monad 7' on the category Set® of S-sorted sets [6]. We will speak about
objects of € (rather than algebras for T') and reserve the word ‘algebra’ for
algebras for an endofunctor on % . All the usual categories of algebraic structures
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and their homomorphisms are varieties: monoids, (semi-)groups, rings, vector
spaces over a fixed field, modules for a (semi-)ring, positive convex algebras, join-
semilattices, Boolean algebras, distributive lattices, and many others. In each
case, the corresponding monad 7" assigns to a set the free object on it, e.g. TX =
X* for monoids, the finite power-set monad T" = P for join-semilattices, and
the subdistribution monad 2 for positive convex algebras, etc.

As mentioned in the introduction, every variety % of algebras comes with
three natural notions of ’finite’ objects, each of which admits a neat category-
theoretic characterization (see [6]):

Finitely presentable objects (fp objects, for short) can be presented by finitely
many generators and relations. An object X is fp iff the covariant hom-functor
€(X,—): € — Set is finitary, i.e. it preserves filtered colimits.® We denote by
©% the full subcategory of € given by all fp objects. In our proofs we will use
the well-known fact that every object X is the filtered colimit of the canonical
diagram %z, /X — €, i.e. objects in the diagram scheme are morphisms P — X
in ¥ with P fp.

Finitely generated objects (fg objects, for short) are presented by finitely many
generators but, possibly, infinitely many relations. An object X is fg iff €(X, —)
preserves filtered colimits with monic connecting morphisms. Hence, every fp
object is fg but not conversely. In fact, the fg objects are precisely the (regular)
quotients of the fp objects [6, Proposition 5.22].

Free finitely generated objects (ffg objects, for short) are the objects (T'Xo, pix,)
where Xy is a finite S-sorted set (i.e. the coproduct of all components X, s € S
is finite). An object X is a split quotient of an ffg object iff € (X, —) preserves
sifted colimits [6, Corollary 5.14]. Recall from [6] that sifted colimits are more
general than filtered colimits: a sifted colimit is a colimit of a diagram D: 2 — €
whose diagram scheme & is a sifted category, which means that finite products
commute with colimits over 2 in Set. For instance, every filtered category and
every category with finite coproducts is sifted, see [6, Example 2.16].

The category % is cocomplete and the forgetful functor € — Set” preserves
and reflects sifted colimits, that is, sifted colimits in % are formed on the level
of underlying sets [6, Proposition 2.5].

A finitely cocomplete category has sifted colimits if and only if it has filtered
colimits and reflexive coequalizers, and, moreover a functor preserves sifted col-
imits if and only if it preserves filtered colimits and reflexive coequalizers [5].

We denote by @ the full subcategory of ffg objects of €. Analogously to
the corresponding result for fp objects, every object X is a sifted colimit of the
canonical diagram %y /X — ¢'; this follows from [6, Proposition 5.17].

2.2 Relation Between the Object Classes

We already mentioned that every fp object is fg (but not conversely, in general).
Clearly, every ffg object is fg, but not conversely in general. So, in general, we
have full embeddings

! These are colimits of diagrams D: 2 — € where 2 is filtered, i.e. every finite sub-
category %y — 2 has a cocone in .
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# #
%fg — %p — %@

In rare cases, all three object classes coincide; e.g. in Set (considered as a variety)
and the category of vector spaces over a field.

In addition to those examples, the equation %7, = 6%, holds true, for exam-
ple, for all locally finite varieties (i.e. where ffg objects are carried by finite sets),
for positive convex algebras [31], commutative monoids [14,29], abelian groups,
and more generally, in any category of (semi-)modules for a semiring $ that is
Noetherian in the sense of Esik and Maletti [12], i.e. every subsemimodule of an
fg semimodule is fg itself. For example, the following semirings are Noetherian:
every finite semiring, every field, every principal ideal domain such as the ring
of integers and therefore every finitely generated commutative ring by Hilbert’s
Basis Theorem. The tropical semiring (IN U {oo}, min, 4, 00,0) is not Noethe-
rian [11]. The usual semiring of natural numbers is also not Noetherian, but for
the category of IN-semimodules (= commutative monoids), 6, = G, still holds.

2.3 Functors and Liftings

We will consider coalgebras for functors F on the variety %. In many cases
F' is a lifting of a set functor, i.e. we have functor Fy: Set® — Set” such that
Fy-U =U-F, where U: € — Set” is the forgetful functor. It is well-known [7,15]
that liftings of a given functor Fy on Set® to %, the variety given by the monad
T, are in bijective correspondence with distributive laws of the monad T over the
functor Fy. It was observed by Turi and Plotkin [28] that a final coalgebra for
Fy lifts to a final coalgebra for the lifting F', and this is then the final bialgebra
for the corresponding distributive law.

Coalgebras for lifted functors are significant for us because the targets of
finite coalgebras X under generalized determinization [30] are precisely those
coalgebras for the lifting F' carried by ffg objects T'X. In more detail, generalized
determinization is the process of turning a given coalgebra c: X — FyT X in Set®
into a coalgebra for the lifting F': one uses the freeness of TX and the fact that
FTX is a T-algebra to extend c to a T-algebra homomorphism ¢*: TX — FTX.
The coalgebraic language semantics [9] of (X, ¢) is then the final semantics of ¢*
in . The classical instance of this is the language semantics of non-deterministic
automata considered as coalgebras X — {0,1} x (PsX)¥; here the generalized
determinization with T = P and F = {0,1} x X* on Set is the well-known
subset construction from automata theory.

2.4 Four Fixed Points

Let us now consider a finitary endofunctor F: 4 — % on our variety. Then we
know that F has a terminal coalgebra [4], which we denote by vF'. Its coalgebra
structure vF — F(vF) is an isomorphism by Lambek’s lemma [17], and so vF'
is a fixed point of F'.
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There are three more fixed points of F' obtained from ‘finite’ coalgebras,
where ‘finite’ can mean each of the three notions discussed in the previous sub-
section. More precisely, we consider the full subcategories of the category Coalg F’
given by those coalgebras with fp, fg, and fig carriers, respectively and denote
them as shown below:

Coalgg, I — Coalgg, I' — Coalgg, ' — Coalg F.

Since all three categories Coalg, F (for = = fp, fg or ffg) are essentially small, we
can form coalgebras as the colimits of the above inclusions as follows:

@F = colim(Coalgg, I — Coalg F),
YF = colim(Coalgg, I — Coalg F),
oF = colim(Coalgg, F' — Coalg F').

Note that the latter two colimits are filtered; in fact, Coalgg, F' and Coalgg, F' are
clearly closed under finite colimits in Coalg F', whence they are filtered categories.
The first colimit is a sifted colimit since its diagram scheme Coalgg, F' is closed
under finite coproducts [22, Lemma 3.7]. In what follows, the objects of Coalgg, F'
are called ffg-coalgebras.

We now discuss the three above coalgebras in more detail.

The rational fixed point is the coalgebra oF'; that this is a fixed point was proved
by Addmek et al. [2]. In addition, oF is characterized by a universal property
both as a coalgebra and as an algebra: (a) as a coalgebra, oF is the terminal
locally finitely presentable (1fp) coalgebra, where a coalgebra is called Ifp if it is a
filtered colimit of a diagram formed by coalgebras from Coalgg, F' [20]; and (b) as
an algebra, oF' is the initial iterative algebra for F'. An iterative algebra is an F'-
algebra a: FA — A such that every fp-equation, i.e. a morphism e: X — FX+ A
with X fp, has a unique solution in A. The latter means that there exists a
unique morphism ef such that the following square commutes:

of
X A

ei T[a,A] (2.1)

FX+A—FA+ A
FeftA

(Note that in a diagram we usually denote identity morphisms simply by the
(co)domain object.) This notion is a categorical generalization of iterative X-
algebras for a single-sorted signature X originally introduced by Nelson [27]; see
also Tiuryn [33] for a closely related concept.

The locally finite fized point is the coalgebra ¢F; this coalgebra was recently
introduced and studied by Milius et al.[24] for a finitary and mono-preserving
functor F. It was proved to be a fixed point of F and characterized by two
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universal properties analogous to the rational fixed point: (a) as a coalgebra,
JF is the terminal locally finitely generated (lfg) coalgebra, where a coalgebra is
called Ifg if it is a colimit of a directed diagram of coalgebras in Coalgg, F'; and
(b) as an algebra, ¥F is the initial fg-iterative algebra for F', where fg-iterative
is simply the variation of iterative where the domain object of e: X — FX 4+ A is
required to be fg in lieu of fp. Moreover, 9F always is a subcoalgebra of vF' [24,
Theorem 3.10] and thus fully abstract w.r.t. behavioral equivalence.

The locally ffg fized point is the coalgebra ¢ F. Recently, Urbat [34] has proved
that F is indeed a fixed point of F', provided that I’ preserves sifted colimits.
Actually, he defined ¢F' as the colimit of all F-coalgebras whose carrier is a split
quotient of an ffg object. However, this is the same colimit as the one we use
above . Moreover, loc. cit. provides a general framework that allows to prove
that all four coalgebras oF, oF, 9F and vF are fixed points by one uniform
proof. Also, a uniform proof of the universal properties of oF, ¢F and vF is
given.

Somewhat surprisingly, the coalgebra ¢F' fails to have the finality property
w.r.t. to coalgebras in Coalgg, F': Urbat [34, Example 4.12] gives an example of a
coalgebra for the identity functor on the category & of algebras with one unary
operation (and no equations) that admits two coalgebra homomorphisms into
pF'; see Example 2.2 below. This also shows that ¢ F cannot have a universal
property as some kind of iterative algebra (i.e. where solutions are unique).

Relations between the Fived Points. Recall that a quotient of a coalgebra is
represented by a coalgebra homomorphism carried by a regular epimorphism
(= surjective algebra morphism) in 4. Suppose we have a finitary functor
F on ¥ preserving surjective and non-empty injective morphisms.? Then the
subcoalgebra ¥F of vF is a quotient of oF, which in turn is a quotient of
@F [22,23]; see (1.1). Whenever, €, = %fg, we clearly have Coalgg, F' = Coalgg, I’
and hence oF = 9F (i.e. oF is fully abstract w.r.t. behavioral equivalence),
and if €% = @f = Cy then those two coincide with ¢F as well. Moreover,
Milius [22] introduced the notion of a proper functor (generalizing the notion of
a proper semiring of Esik and Maletti [11]) and proved that a functor F is proper
if and only if the three fixed points coincide, i.e. the picture (1.1) collapses to
plF = oF 2 9F — vF'. Loc. cit. also shows that on a variety € where fg objects
are closed under taking kernel pairs, every endofunctor mapping kernel pairs to
weak pullbacks in Set is proper [22, Proposition 3.18].

Instances of the three fized points have mostly been considered for proper func-
tors (where the three are the same, e.g. for functors on Set), or else on algebraic

2 These are mild assumptions; e.g. if € is single-sorted and F a lifting of a set functor,
then the conditions are fulfilled.

3 Note that these conditions are fulfilled in particular by every locally finite variety
and every category of semirings for a Noetherian semiring and any lifted endofunctor
whose underlying Set functor preserves weak pullbacks.
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categories where 65, = 6%, (where the rational and locally finite fixed points coin-
cide). For example, regular languages for the automaton functor 2 x (—)* on Set;
rational formal power series for the functor $x (—)* on $-semimodules (whenever
$ is a proper semiring the three fixed points coincide); rational (a.k.a. regular)
X-trees for the polynomial functor on Set associated to the signature X; even-
tually periodic and rational streams for the functor k x (—) on Set and vector
spaces over the field k, respectively; the behaviors of probabilistic automata mod-
elled as coalgebras for [0,1] x (—)* on the category of positive convex algebras
(that this functor is proper was recently proved by Sokolova and Woracek [32]);
finally, (deterministic) context-free languages and constructively $-algebraic for-
mal power-series (the weighted counterpart of context-free languages) [24]. Note
that the last two examples are instances of the locally finite fixed point J9F', but
a description of pF' and pF is unknown.

Remark 2.1. The rational and locally finite fixed points are defined and studied
more generally than in the present setting, namely for finitary functors F on
a locally finitely presentable category & (see Addmek and Rosicky [4] for an
introduction to locally presentable categories). The following are instances of
oF and 9F for F on a locally finitely presentable category €: (a) Courcelle’s
algebraic trees [10] as proved in [24]; (b) rational A-trees (modulo a-equivalence)
for a functor on the category of presheaves over finite sets [3] or for a related
functor on the category of nominal sets [26]; more generally, (c) rational trees
over an arbitrary binding signature (see Fiore et al. [13]) as proved in [25].
Again, (a) is an instance of the locally finite fixed point ¥F but a description
of the rational fixed point is unknown. In the setting of general locally finitely
presentable categories, there is no analogy to ¢F', of course.

We now present a new example where only ¢F' is interesting but the other
three fixed points are trivial.

Example 2.2. We consider the monad 7" on Set whose algebras are the algebras
with one unary operation u (with no equation):

TX =NxX with wu(n,z)=(n+1,x).

The functor F is the identity functor Id on the category € = Set’. The final
coalgebra for Id is (lifted from Set and therefore is) the trivial algebra on 1 with
id; as coalgebra structure. Since 1 is clearly finitely presented by one generator
x and the relation u(x) = x, both of the diagrams Coalg, Id and Coalgg, Id have
a terminal object which is then their colimit, whence pld = ¢ld = 1.

However, ¢ld is non-trivial and interesting: an fig-coalgebra TX - TX may

be viewed (by restricting it to its generators in X) as obtained by generalized

determinization of an F'T-coalgebra with F' = Id on Set, i.e. a map X {00, INx X

that we call stream coalgebra. Given a state x € X, we call the sequence of natural
numbers

(o(@),0(3(x)), 0(6%(x)),-.-)
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the stream generated by x. Since X is finite, this stream is eventually periodic,
i.e. of the form s = sgs{ for finite lists so and s; of natural numbers. (Here (—)¢
means infinite iteration.) Two eventually periodic streams s = sgsy and t = tot{

with s1 = (s1,0,...,81,p—1) and t1 = (¢1,0,...,t1,4—1) are called equivalent if one
has
q-> s1i=p-Y ti (22)
i<p Ji<q

i.e. the entries of the two lists s7 and ¢} of length p - ¢ have the same sum. For
instance, the streams

s=(1,2,7,4)(1,3,2)° = (1,2,7,4,1,3,2,1,3,2,1,3,2,...)
and
t=(5,6)(0,4)“ = (5,6,0,4,0,4,0,4,0,4,...)

are equivalent. Note that the above notion of equivalence is well-defined, i.e. not
depending on the choice of the finite lists sg, s; and tg,t; in the representation
of s and ¢. In fact, given alternative representations s = 595} and ¢t = Zoff with
51 = (51,0,---,55-1) and &1 = (t1,0,...,t15-1), the lists s and s} are equal
up to cyclic shift, as are the lists t7 and #]. Therefore from (2.2) it follows that

74Py F51i=0qF Y s1:=0Fp Y t=ppq-y

i<p i<p Ji<q Jj<q

Dividing by p - q yields

q- 231,1 :ﬁ'zfl,j,

i<p Jj<q
as required.

Lemma 2.3. (a) The coalgebra ¢ld is carried by the set of equivalence classes
of eventually periodic streams. The unary operation and the coalgebra structure
are both given by id: pld — @ld. (b) For any |d-coalgebra (TX,vx) with X finite,
the colimit injection Wﬁ:TX — old maps (m,z) € TX to the equivalence class

of the stream generated by x.

Proof. (1) We first show that the morphisms (—)# form a cocone. Given an ffg-
coalgebra (T'X,~vx) and elements (m,z), (n,y) € TX with yx(m,z) = (n,y),
the stream generated by ¥ is the tail of the stream generated by x, and thus the
two streams are equivalent. This shows that 7?(& is a coalgebra homomorphism.

To show that the morphisms (—)# form a compatible family, suppose that
h: (TX,vx) — (TY,7y) is a homomorphism of ffg-coalgebras, and let (m,z) €
TX and (n,y) € TY with h(m,z) = (n,y) be given. We need to show that the
streams generated by x and y are equivalent. Denote by

(mj,x;) := ’yﬁ?(m,x) and (nj,y,) = Wi(n,y) (j=0,1,2,...) (2.33)
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the states reached from (m,z) and (n,y) after j steps. Since h is a coalgebra
homomorphism, one has h(m;,z;) = (n;,y;) for all j. Since X is finite, there
exist natural numbers k£ > 0 and p > 0 with xp = %j4,. Then the eventually
periodic stream generated by x is given by

(m1 —mo,ma —ma, ..., Mk — Mp_1) (M1 — Mg, ., Mpp — Migp—1)~

Since h(my,zr) = (ng,yr) and h(Miip, Thyp) = (Mktp, Yrtp), ONe has yp =
Yk+p, Which implies that y generates the stream

(N1 —n0o,m2 = N1y N = N 1) (M1 — Ny o5 M — Nogp—1)”

To show that the streams generated by x and y are equivalent, it suffices to
verify that my4p, — mi = ngyp — ng, as this entails that

P Mikgiv1 — Mgy =P My — Mp) = p - (Nigp — 1)
i<p
=p- g Nk4i+1 — Nk4i-
i<p

To prove the desired equation, we compute

h(Mietp, Thotp)
h(myp, Th)
h(kar;D — my + my, l’k)

(nk+p7 yk+P> =

= (Mpgp — M + N, Uit

where the last equality uses that h(my,x) = (ng, yx) and that h is a morphism
in €. This implies ng4p = Mp4p — Mi + .

(2) We prove that the cocone (—)# is a colimit cocone. Since sifted colimits
in Coalgld are formed as in % and thus as in Set, it suffices to show that (i) the
morphisms 7}? are jointly surjective and (ii) given ffg-coalgebras (T'X,vx) and
(TY,yy) and two states (m,z) € TX and (n,y) € TY merged by 7% and 7#,
there exists a zig-zag in Coalgg, Id connecting the two states. Statement (i) is
clear because finite stream coalgebras generate precisely the eventually periodic
streams. For (ii), we adapt the argument of the first part of our proof and
continue to use the notation (2.3). Since X and Y are finite, there exist natural
numbers £ > 0 and p > 0 with 2, = 2p4+p and yr = Yr4+p. As the streams
generated by x and y are equivalent, one has my4p — My = Ng4p — ng. Consider
the ffg-coalgebra (T'Z,vz) with Z = {29, 21, ..., 2k4p-1}, and vz defined by

Vz(%) = (0,2j41) (j<k+p—1) and yz(2k4p-1) = (Mrsp — M, 2k).
Form the morphisms g:TZ — TX and h:TZ — TX given by

9(z;) = (mj,z;) and h(z) = (nj,y;) (G <k+p).
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Then g and h are coalgebra homomorphisms. Indeed, for 7 < k+ p — 1 we have

9(1z(25)) = 9(0, 241) (def. vz)
= (Mj41,254+1) (def. g)
= yx(mj, ;) (def. mjy1, xj41)
= 7x(9(2))) (def. g)

and moreover

912 (2ktp—1)) = g(Mpetp — Mk, 21) (def. vz)
= (Mpgp — Mg + Mg, Tp;) (def. g)
= (Mktps Thtp)
= vx (Mktp-1, Thyp—1) (def. mpip, Tt1)
= 7x(9(2k4p-1)) (def. g)

and analogously for h. Thus we have constructed a zig-zag
h
(TX,79x) <" (TZ,72) == (TY,7v)

in Coalgg, Id connecting (m,x) and (n,y), as required. O

Observe that every non-empty ffg-coalgebra (T'X,vx) admits infinitely many
coalgebra homomorphisms into ¢ld, for instance, any constant map into ld
is one. This shows that, in general, the coalgebra ¢F' is not final w.r.t. the
coalgebras in Coalgg, F'.

3 Recap: Elgot Algebras

In this section we briefly recall the notion of an Elgot algebra [1] and some key
results to contrast this with our subsequent development of ffg-Elgot algebras
in Sect. 4. Throughout this section we assume the endofunctor F: € — % to be
finitary.

Definition 3.1. An fp-equation is a morphism
eeX - FX+ A,

where X is an fp object (of variables) and A an arbitrary object of parameters.
Suppose that A carries the structure of an F-algebra a: FA — A. Then a
solution of e in A is a morphism ef: X — A such that the square (2.1) commutes.

Notation 3.2. We use the following notation for fp-equations:

(1) Given an fp-equation e: X — FX + A and a morphism h: A — B we have
an fp-equation

h.ez(XiFX+AﬂFX+B).
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(2) Given a pair of fp-equations e: X — FX+Y and f:Y — FY +Z we combine
them into the following fp-equation

e |nr] FX+f

e-f:<X+Y FX+Y 2 px 4Py + 2 &4 F (X+Y)+Z),

where can = [Finl, Finr|: FX + FY — F(X +Y) denotes the canonical
morphism.

Definition 3.3. An Elgot algebra is a triple (A, a,t) where (A,a) is an F-
algebra and t is an operation

eX -FX+A
el: X — A

assigning to every fp-equation in A a solution subject to the following two con-
ditions:

(1) Weak Functoriality. Given a pair of equationse: X — FX+Z, f:Y — FY +
Z, where Z is an fp object, and a coalgebra homomorphism m: X — 'Y for
F(=)+Z, then for every morphism h: Z — A we have (h e f)-m = (hee)':

X—>FX+Z De

ml lmw — mi\A for all h: Z — A.
/

Y—f>FY+Z vy 7 (hef)t

(2) Compositionality. For every pair of fp-equations e: X — FX4Y and f:Y —
FY + A we have

(emf)-inl = (fToe)T:X—>A.

Remark 3.4. Later we will need the following properties of e and m:

(1) te(see)=(t-s)eecforeverye: X - FX+ A s:A— Bandt:B— C;

(2) so(emf) = en(se f) for every e: X — FX+Y, f:Y — FY + A and
s: A — B;

(3) (emf)mg=(inleec)n(fmg) for every e: X — FX +Y, f:Y — FY + Z and
gZ—-FZ+V.

For the proof of the first two see [1, Remark 4.6]. The remaining one is easy to
prove by considering the three coproduct components of X + Y + Z separately,
we leave this as an easy exercise for the reader.

Note that, in lieu of weak functoriality, T previously [1] was required to satisfy
(full) functoriality, i.e. given fp-equations e: X — FX + A, f:Y — FY 4+ A and
a coalgebra homomorphism m: (X,e) — (Y, f) we have ff.-m = ef: X — A.
However, this makes no difference:

Lemma 3.5. Functoriality and weak functoriality are equivalent properties of 1.
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Proof. Functoriality clearly implies Weak Functoriality. In order to prove the
converse, let e: X — FX+4A, f:Y — FY+A be fp-equations, and let m: (X, e) —
(Y, f) be a coalgebra morphism. Write A is the filtered colimit of its canonical
diagram %z, /A (cf. Sect.2.1). The functor FX + (—) preserves filtered colimits,
and so FFX + A is the filtered colimit of the diagram formed by all morphisms
FX+hFX+7Z — FX + A. Since X is fp, the morphism e: X — FX + A
factors through one of these morphisms, i.e. there exists a morphism h: Z — A
with Z fp and ¢/: X — FX + Z such that e = he ¢’

X—SSFX+A

\ TFX‘I’h
e

FX+Z

Similarly, we have a factorization of f:Y — FY 4 A, and by filteredness of
the diagram %z,/A — € we can assume the same h: Z — A is used. Thus a
morphsm f:Y — FY + Z is given such that he f' = (FY +h)- f' = f. We do
not claim that m is a coalgebra homomorphism from (X, e’) to (Y, f'). However,
the corresponding equation holds when postcomposed by the colimit injection
FY + h:

(FX+h)-(Fm+Z)-¢ =(Fm+A)- (FX+h)-€
=(Fm+A)-e
=f-m
=(FY +h)-f"-m.
Therefore there exists a morphism h: Z’ — A with Z’ fp and a connecting
morphism z: Z — Z' in 65, /A, i.e. z satisfies h' - z = h, such that F'Y + z merges

(Fm+ Z) €' and f' - m. It follows that m is a coalgebra homomorphism from
zec toze f:

zee’

o oy
¢ L FX+7- XY px g

X
ml iFerZ lFm-&-Z’

Y—— > FY+Z—>FY + 7
FY+z

N W

zef’

Indeed, the left-hand square commutes when postcomposed with F'Y + z; thus,
since the upper and lower parts as well as the right-hand square commute, so
does the outside, as desired. By weak functoriality, we thus conclude

flom=(hef) om=(( 2 e ) sm=(e(z0 /) -m
=(We(zee) = (W -2)ee) =(hee) =l O
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Example 3.6. Let us recall a few examples of Elgot algebras [1].

(1) Tterative F-algebras (cf. Sect.2.4): the operation T assigning to every equa-
tion its unique solution satisfies Compositionality and (Weak) Functoriality,
see [1, 2.15-1.19]. It follows that oF, ¥F and vF are Elgot algebras.

(2) Cpo enrichable algebras. Recall that a complete partial order (cpo, for short)

is a partially ordered set having joins of w-chains. Cpos form a category CPO
together with the continuous functions, i.e. functions preserving joins of w-
chains. Let Fj:Set — Set be a functor having a locally continuous lifting
F:CPO — CPO, i.e. a lifting such that the hom mappings CPO(X,Y) —
CPO(FX, FY) are continuous. For example, every polynomial functor Fyx
associated to the signature X has a lifting to CPO.
Suppose further that a: FA — A is an algebra where A is a CPO with a
least element | and a is continuous. Then A is an Elgot algebra w.r.t. the
operation } assigning the least solution. More precisely, given an fp-equation
e:X — FX 4+ A (in Set) consider X as a cpo with discrete order and let
ef: X — A be the least fixed point of the continuous function

hv[a,A]- (Fh+ A)-e

on the cpo of continuous functions from X to A. For details see [1, 3.5-3.8].

(3) CMS enrichable algebras. A related example is based on complete metric
spaces, i.e. metric spaces in which every Cauchy sequence has a limit. Here
one considers the category CMS of complete metric spaces with distances
in [0,1] and non-expanding maps, i.e. maps f: X — Y such that for every
x,2’ € X one has dy (fz, fo') < dx(z,2"). Let Fy:Set — Set have a locally
contracting lifting to CMS, i.e. a lifting F:CMS — CMS such that there
exists some ¢ < 1 such that for all f,g: X — Y in CMS one has

dxy(f,9) < edrx,ry(Ff,Fg),

where dx y denotes the sup-metric on CMS(X,Y). Again, polynomial set
functors have locally contracting liftings to CMS.

Now suppose that a: FA — A is a non-empty algebra such that A carries a
complete metric space and a is a non-expanding map. Then A is iterative,
whence an Elgot algebra. In fact, for every equation e: X — F X+ A consider
X as a discrete metric space (i.e. all distances are 1) and consider the e-
contracting function

hv[a,A]- (Fh+ A)-e

on CMS(X, A). Then, by Banach’s fixed point theorem, this function has a
unique fixed point, viz. a unique solution of e. For details see [1, 2.8-2.11].

(4) As a concrete instance of the previous point one can obtain fractals as
solutions of equations. For example, let A be the set of closed subsets of the
unit interval [0, 1] equipped with the following binary operation:

Ve tou(ter e ?
(C,C)HSCU(SC +3),
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where 1C = {3c¢ | ¢ € C} etc. Then A is an algebra for FpX = X x X
on Set, and this Fy has the locally contracting lifting F(X,d) = (X x
X, %dmax), where d,.x denotes the usual maximum metric on the cartesian
product. One sees that A is an algebra for F' when equipped with the so-
called Hausdorff metric. Hence, it is an Elgot algebra. For example, let
X = {x} and let e: X — FX + A be given by e(z) = (x,z). Then ef(z) is
the well-known Cantor set.

The rational fixed point pF' is, besides being the initial iterative F-algebra,
also an initial Elgot algebra. Moreover, for every object Y, the rational fixed
point o(F(—)+Y) is a free iterative algebra on Y. Thus, the object assignment
R:Y — o(F(—)+Y) yields a monad on ¢, and one obtains the following

Theorem 3.7. ([1]). The category of Eilenberg-Moore algebras for R is isomor-
phic to the category of Elgot algebras for F.

Thus, in particular, o(F(—) +Y) is not only a free iterative algebra but also a
free Elgot algebra on Y.

4 FFG-Elgot Algebras

The rest of our paper is devoted to studying the fixed point ¢F, the colimit of
all ffg-coalgebras for F', in its own right and establish a universal property of it
as an algebra.

Assumption 4.1. Throughout the rest of the paper we assume that € is a vari-
ety of algebras and that F: € — € is an endofunctor preserving sifted colimits.

Example 4.2.(1) For the monad T representing %, all functors that are liftings
of finitary set functor Fj (i.e., with a distributive law of T" over F})) preserve
sifted colimits. Indeed, finitary set functors Fy preserve all sifted colimits [6,
Proposition 6.30]. Since € is cocomplete and the forgetful functor U: 4 —
Set preserves and reflects sifted colimits, it follows that every lifting of Fj
preserves sifted colimits, too. The following examples are not liftings of set
functors.

(2) The functor FX = X 4+ X, where + denotes the coproduct of € preserves
sifted colimits. More generally, every coproduct of sifted colimit preserving
functors preserves them too. Similarly, for finite products of sifted colimit
preserving functors. Thus, all polynomial functors on & preserve sifted col-
imits.

(3) Let € is an entropic variety, i.e. such that the usual tensor product makes
it symmetric monoidal closed. (Examples include sets, vector spaces, join-
semilattices, or abelian groups.) Then the functor FX = X ® X preserves
sifted colimits. To see this, it suffices to show that (a) F' is finitary and
(b) it preserves reflexive coequalizers (see [5]). First note that since € is
symmetric monoidal closed, we know that each functor X ® — and — ® X
is a left adjoint and therefore preserves all colimits.
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Ad (a). Suppose that D : 2 — C'is a filtered diagram with colimit injections
aq: Dd — Aford € 2. We need to prove that all ag®aq : DdRDd — AR A
form a colimit cocone. That is, for every morphism f: X — A® A with X
fp, (i) there exists some d € Z and g : X — Dd ® Dd with (aq®aq)-g=f
and (ii) given g,h : X — Dd ® Dd that yield f in this way, there exists a
morphism m : d — d’ in 2 such that Dm ® Dm merges g and h.

To prove (i), we use that — ® A is finitary to obtain some d € 2 and
'+ X - A® Dd with (A® aq) - f/ = f. Now use that Dd ® — is finitary
to obtain d’' € 2 and f” : X — Dd® Dd' with (Dd ® aq') - f”" = f’. Since
9 is filtered, we can choose morphisms m : d — d and n : d’ — d in 2. Let
g = (Dm ® Dn) - f". Then we have

(ag®ag)-g=(ag®ag) - (Dm® Dn)- f" = (ag @ aa) - f"
=(aa®A)- (Dd@ag)- f"=(aa® A)- f' = f

as desired.
For (ii), use first that —® A is finitary and choose some morphism o : d — d’
such that

(Do® A) - (Dd®ag)-g) = (Do® A) - (Dd® agq) - h).

It follows that (Dd' ® aq) merges (Do ® Dd) - g and (Do ® Dd) - h. Now use
that Dd’ ® — is finitary and choose a morphism p : d — d’ in 2 such that
(Dd' ® Dp) also merges those two morphisms. Finally, use that & is filtered
to choose two morphisms ¢ : d — d and r : d’ — d such that ¢ -0 =r - p,
and let us call this last morphism m : d — d. It is then easy to see that
Dm ® Dm merges g and h:

(Dm® Dm) - g = (D(q-0)® D(r-p))-g=(Dq® Dr)-(Do® Dp) - g
= (Dg® Dr) - (Dd' ® Dp) - (Do® Dd) - g

= (Dq® Dr) - (Dd ® Dp) - (Do ® Dd) - h

= (

Dm ® Dm) - h.

Ad (b). Let f,g: A — B be any (not necessarily reflexive) parallel pair of
morphisms, and let ¢ : B — C' be their coequalizer. Use that all functors
— ® X and X ® — preserve coequalizers to see that in the following dia-
gram, whose parts commute in the obvious way, all rows and columns are
coequalizers:
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f®A @A
ARA_ZB®A C® A
gRA
AQg | | A®f Bgg| | B&f C®g| |COf
f®B c®B
A®RB————>B®B C®B
g®B
A®c B®c C®c
fec c®C
A®C—=B®C ceocC
geC

By the ‘3-by-3 lemma’ [16, Lemma 0.17], it follows that the diagonal yields
a coequalizer too, i.e., c®c is a coequalizer of the pair f® f, g® g as desired.
(4) Combining the previous argument with induction, we see that sifted colimit
preserving functors on an entropic variety % are stable under finite tensor
products. Thus, all tensor-polynomial functors on € preserve sifted colimits.

Under our assumptions we know that ¢F is a fixed point of F' and we will
henceforth denote the inverse of its coalgebra structure by t: F(pF) — @F.

Definition 4.3. By an ffg-equation is meant a morphism e: X — F X+ A where
X is an ffg object. An ffg-Elgot algebra is a triple (A, a,t) where (A, a) is an
F-algebra and t is an operation

eX -FX+A
el: X — A

assigning to every ffg-equation in A a solution and satisfying Weak Functorial-
ity 3.3(1) and Compositionality 3.3(2) with X, Y and Z restricted to ffg objects.

Remark 4.4. Note that in categories where fp objects are ffg, e.g. in the cate-
gory of sets or vector spaces, (ordinary) Elgot algebras and fig-Elgot algebras are
the same concept. However, in the present setting this may not be the case. More-
over, we do not know whether, for ffg-Elgot algebras, weak functoriality implies
functoriality. The proofs of our main results (in particular Proposition 4.8 and
Theorem 4.12) do not work when weak functoriality is replaced by functoriality.

Remark 4.5. In the case where F:Set’ — Set? is a lifting of a functor
Fy:Set — Set (via a distributive law \), then an F-algebra is given by a set
A equipped with both a T-algebra structure a:TA — A and an Fy-algebra
structure a: FpA — A such that a is a T-algebra homomorphism, i.e. one has
a-Ta = a- Fa- As. Morphisms of F-algebras are those maps that are both
T-algebra and Fj-algebra homomorphisms. Now one may think of ffg-equations
and their solutions as modelling effectful iteration. Indeed, let X, be a finite set
of variables and consider any map

eo: Xo — T(FoXo + A).
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Then this may be regarded as a system of recursive equations with variables
Xo and parameters in A, where for any recursive call a side effect in 7" might
happen. If (A, a, a) is an F-algebra, a solution to such a recursive system should
assign to each variable in X an element of A, i.e. we have a map engo — A,
such that the square below commutes (here we write + for disjoint union and @
for the coproduct in %, which may be different):

+

X “© A
€0 TA
?T[a,A]
T(FoXo+ A) T(FpA+ A)
T(Foel+A)

Indeed, from ey we may form the map
7= (XO ) P(FyXo + A) = TFoXo ® TA 2222 pTXy @ A) .

Then its unique extension T Xy — FTXo @ A to a T-algebra morphism is an
ffg-equation, and a solution T Xy — A of this in the sense of Definition 4.3 is
precisely the same as an extension of a solution for ey in the above sense.

Construction 4.6. We aim at proving that ¢F' is an initial ffg-Elgot algebra.
For that we first construct a solution ef: X — @F for every given ffg-equation
e:X — FX + oF. The colimit cocone of oF is denoted by cf : C — @F for
(C,c) in Coalgg, F.

Since X is an ffg-object, € (X, —) preserves the sifted colimit

FX + ¢oF = colim(FX + C), (C,c) in Coalgg, F.

Every ffg-equation e: X — F X + ¢F thus factorizes through one of the colimit
injections F'X + ¢#, i.e. for some ¢: C' — FC in Coalgg, F' and w: X — FX +C
we have the commutative triangle below:

X —>FX +¢F (4.1)

#
X TFX-FC

FX+C

We see that w is an ffg-equation. We combine it with the ffg-equation ¢ (having
the initial object 0 as parameter) to wme: X +C — F(X +C), which is an object
of Coalgg, F'. Finally, we put

: B
eT:<Xﬂ>X+Cm>g0F>. (4.2)

The proofs of the following results can be found in [18].



On Algebras with Effectful Iteration 161
Lemma 4.7. The definition of e' in (4.2) is independent of the choice of the
factorization (4.1), and et is a solution of e in pF.

Proposition 4.8. The algebra t: F(oF) — ¢F together with the solution oper-
ator 1 from Construction 4.6 is an ffg-Elgot algebra.

Definition 4.9. A morphism of ffg-Elgot algebras from (A,a,T) to (B,b,1) is
a morphism h: A — B in € preserving solutions, i.e. for every ffg-equation

e: X — FX + A we have
(hee)t =h el

Identity morphisms are clearly ffg-Elgot algebra morphisms, and ffg-Elgot alge-
bra morphisms compose. Therefore ffg-Elgot algebras form a category, which we
denote by

ffg-Elgot F.

The next lemma shows that the above category is a subcategory of the category
Alg F of algebras for F.

Lemma 4.10. Morphisms of ffg-FElgot algebras are F-algebra homomorphisms.

Note that the converse fails in general. In fact, [1, Example 4.4] exhibits an (ffg-)
Elgot algebra for the identity functor on Set and an algebra morphism on it which
is not solution-preserving.

Theorem 4.11. The triple (¢F,t, 1) is the initial ffg-Elgot algebra for F.

Proof. (Sketch). Let (A,a,I) be an ffg-Elgot algebra. We obtain a cocone over
the diagram

Coalgg, I — Coalg F Y¢

(where U is the forgetful functor) as follows: to every ffg-coalgebra ¢: C' — FC
assign the solution

(inec)h:C — A

of igec:C — FC + A, where i4:0 — A is the unique morphism. Thus there
exists a unique morphism h: pF' — A in € such that the triangle below commute
for every ffg-coalgebra c:C — FC:

C

c#l Y’c)i

One then shows that the morphism A is solution-preserving and is the unique
such morphism. O
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The following result is the key to constructing free ffg-Elgot algebras. In the case
where €ty = 6%, this yields a new result about ordinary Elgot algebras.

Theorem 4.12. Let a: FA — A be an F-algebra and let Y be a free object of
€. For any morphism h:Y — A, there is a bijective correspondence between

(i) solution operators t such that (A,a,T) is an ffg-FElgot algebra for F, and
(i) solution operatorst such that (A, [a, h], 1) is an ffg-Elgot algebra for F(—)+Y .

Proof. (Sketch). (1) Given an ffg-Elgot algebra (A,a,T) for F, we define a
solution operator { w.r.t. F(—) +Y as follows. For any ffg-equation e: X —
FX+Y + A, let

FX+[h,A]
_

en = X SFX+Y+A FX+ A

and put

Then one can prove that (4, [a, h],1) is an ffg-Elgot algebra for F(—) +Y. (In
order to verify weak functoriality, the assumption that Y is free is critical.)

(2) Conversely, given an ffg-Elgot algebra (A4, [a, h], 1) for FI(—)+Y, we define
a solution operator t w.r.t. F' as follows. For any ffg-equation e: X — FX + A,
let

E= XS FX+A ™A Px iy 4Aa

and put

eT = Ei.

Then one can prove that (A, a,t) is an ffg-Elgot algebra.
(3) Finally, one shows that the two passages f — I and { — { are mutually
inverse. g

For the forgetful functor of ffg-Elgot algebras
Up: ffg-Elgot FF — ¥

recall that the slice category Y/Up has as objects all morphisms y:Y —
Ur(A4,a,t), and morphisms into y: Y — Up(B,b,1) are the solution-preserving
morphisms p: (4,a,1) — (B,b,1) with p-y = p’. Denote by n:Y/Upr — € the
projection functor.

Corollary 4.13. For every free object Y of €, there is an isomorphism I of
categories such that

UF(—)+Y = (ffg—EIgot(F(—) +Y) ! Y/Up u (g) .

It is given by (A,[a,h], 1) — (Y = Ur(4,a,1)).
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Construction 4.14. For any object Y of ¥ denote by @Y the colimit of all
ffg-coalgebras for F'(—)+Y, that is, Y = ¢o(F(—)+Y). Its coalgebra structure
is invertible, and we denote by ty: F®Y — @Y and ny: Y — @Y the components
of its inverse.

The F-algebra (PY,ty) is endowed with a canonical solution operation 7:

given an fig-equation e: X — FX +®Y, pute = X > FX + oY EX il
FX +Y + @Y. This ffg-equation for (=) + Y has a solution e*: X — &Y in
the ffg-Elgot algebra #Y = ¢(F(—) +Y), and we put ef := &'

The next result shows that all ffg-Elgot algebras form an algebraic category over
the given variety €.

Theorem 4.15. For cvery free object Y of €, the algebra (PY,ty) with the
solution operation T is a free ffg-Elgot algebra for F on'Y with ny as the universal
morphism.

Proof. (Sketch). @Y is an ffg-Elgot algebra since it, together with 7y, corre-
sponds to the initial ffg-Elgot algebra ¢(F(—) 4+ Y") under the isomorphism of
Corollary 4.13. To verify its universal property, let (4, a, ) be an ffg-Elgot alge-
bra for F' and h:Y — A a morphism. Corollary 4.13 gives an ffg-Elgot algebra
(A, [a,h],®) for F(—) +Y with el = &% for all ffg-equations e: X — FX + A.
Furthermore, Corollary 4.13 states that a morphism p: ®Y — A in € is solution-
preserving w.r.t. F(—) + Y if and only if it is solution-preserving w.r.t. F' and
satisfies p-ny = h. Therefore the universal property of @Y w.r.t. F' follows from
the initiality of @Y w.r.t. F(—) +Y (see Theorem 4.11). O

Theorem 4.16. The forgetful functor Up: ffg-Elgot I — € is monadic.

Proof. (Sketch). (1) First, one readily proves that Up creates sifted colimits.
Moreover, Ur has a left adjoint. Indeed, for every ffg object Y there exists a
free ffg-Elgot algebra on Y by Theorem 4.15, which defines the corresponding
functor @: €y — ffg-Elgot F. We can extend it to a left adjoint of U as follows.
Given an object Y of ¢ expressed as a sifted colimit y;:Y; — Y (i € I) of fig
objects, then the image of that sifted diagram under @ has a colimit colim;¢; @Y
which, since Up creates sifted colimits, is an ffg-Elgot algebra. It follows easily
that this colimit is a free ffg-Elgot algebra on Y.

(2) By Beck’s theorem it remains to prove that Ug creates coequalizers of Up-
split pairs of morphisms. Thus let f, g: (4,a,1) — (B, b, ) be solution-preserving
morphisms of ffg-Elgot algebras and suppose that morphisms ¢: B — C, s: C —
B and t:B — A in € are given with c- f =c-g, c-s =id¢, g-t = idg and
s-c=f-t.

i .
Aet—B?C

g

Since the category Alg F' of F-algebras and their morphisms is monadic over
% [8] we know that there is a unique F-algebra structure v: FC' — C such that
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C is an F-algebra homomorphisms from (B,b) to (C,~) and ¢ is, moreover, a
coequalizer of f and g in Alg F. Define a solution operator * for (C, ) as follows.
Given an ffg-equation e: X — FX + C, put e* = ¢ (s ® €)¥. One then proves
that * is the unique solution operator making (C,~, x) an ffg-Elgot algebra and
¢ a solution-preserving morphism from (B,b,1) to (C,v,*). Moreover, ¢ is a
coequalizer of f and ¢ in ffg-Elgot F'. O

5 Conclusions and Further Work

For a functor F' on a variety preserving sifted colimits, the concept of an Elgot
algebra [1] has a natural weakening obtained by working with iterative equations
having ffg objects of variables. We call such algebras ffg-Elgot algebras. We have
proved that the locally ffg fixed point ¢F of an endofunctor, constructed by
taking the colimit of all F-coalgebras with an ffg carrier, is the initial ffg-Elgot
algebra for F. Furthermore, we have proved that all free ffg-Elgot algebras exist,
and we have shown that the colimit of all ffg-carried coalgebras for F'(—)+Y yield
a free flg-Elgot algebra on Y whenever Y is a free object of € on some (possibly
infinite) set. Finally, we have proved that the forgetful functor ffg-Elgot H — ¢
is monadic.

We leave the task of giving a coalgebraic construction of arbitrary free ffg-
Elgot algebras for further work. In addition, the study of the properties of the
ensuing free ffg-Elgot algebra monad is also left for the future. The monad of
ordinary free Elgot algebras (cf. Sect. 3) yields the free Elgot monad on the given
endofunctor F’; it should be interesting to see whether the above monad of free
ffg-Elgot algebras is characterized by a similar universal property.

Finally, in the current setting we have the following picture of categories and
forgetful functors: ffg-Elgot F' — Alg F' — % — Set. Each of those functors has
a left-adjoint and is in fact monadic, and we have shown that the composite of
the first two is monadic, too. We leave the question whether the composite of
all three of the functors is monadic for further work.
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Abstract. Monoidal computer is a categorical model of intensional
computation, where many different programs correspond to the same
input-output behavior. The upshot of yet another model of computa-
tion is that a categorical formalism should provide a high-level language
for theory of computation, flexible enough to allow abstracting away
the low level implementation details when they are irrelevant, or taking
them into account when they are genuinely needed. A salient feature of
the approach through monoidal categories is the formal graphical lan-
guage of string diagrams, which supports geometric reasoning about pro-
grams and computations. In the present paper, we provide a coalgebraic
characterization of monoidal computer. It turns out that the availability
of interpreters and specializers, that make a monoidal category into a
monoidal computer, is equivalent with the existence of a universal state
space, that carries a weakly final state machine for all types of input and
output. Being able to program state machines in monoidal computers
allows us to represent Turing machines, and capture the time and space
needed for their executions. The coalgebraic view of monoidal computer
thus provides a convenient diagrammatic language for studying not only
computability, but also complexity.

1 Introduction

In theory of computation, an eztensional model reduces computations to their
set theoretic extensions, computable functions, whereas an intensional model
also takes into account the multiple programs that describe each computable
function [4,29, I1.3].

In computer science, this semantical gamut got refined on the extensional side
by denotational models, that take into account not just computable functions
but also some computational effects, and on the intensional side by operational
models, where the meaning of a program is specified up to an operational equiv-
alence [9,48]. Categorical semantics of computation arose from the realization
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that cartesian closed categories provide a simple and effective framework for
studying the extensional models [24]. Both denotational and operational seman-
tics naturally developed as extensions of this categorical framework [26,45].

The goal of the monoidal computer project is to provide categorical semantics
of intensional computation. This turns out to be surprisingly simple technically,
but subtle conceptually. In this section, we describe the structure of monoidal
computer informally, and try to explain it in the context of categorical semantics.
In the rest of the paper, we spell out some of its features formally, in particular
the coalgebraic part.

1.1 Categorical Computability: Context and Concept

The step from a cartesian closed category C, as an extensional model of compu-
tation, to a monoidal computer C, as an intensional model, can be summarized
as follows:

EAB
C(X,[A, B]) 7= C(X x A, B)
w7 (1)

AB
c*(X,P) X% (X ® A, B)

The first line says that a category C is cartesian closed when it has the (carte-
sian) products X x A and a family of bijections, natural in X and indexed over
the types A and B, between the morphisms X x A — B and X — [A, B].

If a morphism X x A 1 Bis thought of as an X-indexed family of compu-
tations with the inputs from A and the outputs in B, then the corresponding
AB
morphism X X (), [A, B] can be thought of as the X-indexed family of pro-
grams for these computations. This structure is the categorical version of the
simply typed extensional lambda calculus: A4? corresponds to the operation of
abstraction, whereas 4P corresponds to the application [24, Part I]. The equa-
tion 534(3 o )\3"(3 = id says that if we abstract a computation into a program, and
then apply that program to some data, then we will get the same result as if we
executed the original computation on the data. This is the (-rule of the lambda
calculus, the crux of Alonzo Church’s representation of program evaluations as
function applications of A-abstractions [10]. The equation \4Z o e4f = id says
that if we apply a program, and then abstract out of the resulting computation
a program, then we will get the same program that we started from. This is
the n-rule of the lambda calculus: the extensionality. Dropping the second equa-
tion thus corresponds to modeling the non-extensional typed lambda calculus,
with weak exponent types. While this structure was sometimes interpreted as
a model of intensional computation, and interesting results were obtained [18§],
the main result was that every such non-extensional model is essentially exten-
sional, in the sense that it contains an extensional model as a retract [15]. In
genuinely intensional models, identifying extensionally equivalent programs is
not computable.
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The structure of a monoidal computer C is displayed in the second line of
(1). There are three changes with respect to the cartesian closed structure:
(a) the bijections ¢4 are relaxed to surjections y4Z;

(b) the exponents [A, B] are replaced with the type P of programs, the same for
all types A and B; and

(c) the product x is replaced with a tensor ®, and C is not a cartesian category,
but C*® on the left is its largest cartesian subcategory with ® as the product.

We try to clarify these changes in the next three paragraphs.

Change (a) means that we have not only dropped the extensionality equa-
tion A§P 0 4P = id, but eliminated the abstraction operation \4? altogether.
All that is left of the bijection between the abstractions and the applications,
displayed in the first line of (1), is a surjection from programs to computations,

displayed in the second line of (1): for every X-indexed family of computations

X®A 7, B there is an X-indexed family of programs X . P such that
f = 7%B(F). Could we get away with less? No, because the program evalua-
tion 734}3 has a left inverse X;}B if and only if the model is essentially extensional
(i.e., it contains an extensional retract). We will see in Sect. 3.1 that the program
evaluation y4% is in fact executed by a universal evaluator {}4% € C(P® A, B),
and thus takes the form v4Z(F) = {F}AB =f.

Change (b) means that all programs are of the same type P. The central
feature of intensional computation is that any program can be applied to any
data, and in particular to itself. The main constructions of computability theory
depend on this, as we shall see in Sect. 3.4. If computations of type A — B were
encoded by programs of a type depending on A and B, let us write it in the form
[A, B], then such programs could not be applied to themselves, but they could
only be processed by programs typed in the form [[A, B],C]. That is why all
programs must be of the same type P. We will see in Sect. 3.3 that this implies
that all types must be retracts of P. This does not imply that the type structure
of a monoidal computer can be completely derived from an applicative structure
on P, as an essentially untyped model of computation [24, 1.15-1.17]. The type
structure of monoidal computer, can be derived from internal structure of P if
and only if the model is essentially extensional (i.e., it contains an extensional
retract, like before). But where does the monoidal structure come from?

Change (c) makes monoidal computers into monoidal categories, not carte-
sian. Just like cartesian categories, monoidal computers have the diagonals and
the projections for all types, which are necessary for data copying and delet-
ing, as explained in Sect. 2. Unlike in cartesian categories, though, the diagonals
and the projections in monoidal computers are not natural. The projections are
not natural because intensional computations may not terminate: they are not
total morphisms. The diagonals are not natural when the computations are not
deterministic: they are then not single-valued as morphisms. While intensional
computations can be deterministic, and the diagonals in a monoidal computer
can all be natural, if all projections are natural, i.e. if all computations are total,
then the model contains an extensional retract. A monoidal computer is thus
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a cartesian category if and only if it is essentially extensional. That is why a
genuinely intensional monoidal computer must be genuinely monoidal. On the
other hand, even a computation that is nowhere defined has a program, and pro-
grams are always well-defined values. So while the indexed families of intensional
computations cannot all be total functions, the corresponding indexed families
of programs must all be total functions. That is why the category C*® on the left
in (1) is different from C: it is the largest subcategory of C for which ® is the
cartesian product.

In summary, dropping or weakening any of the changes described in (a—
c) leads to the same outcome: an essentially extensional model. For a genuinely
intensional model it is thus necessary to have (c) a genuinely monoidal structure,
(b) untyped programs, and (a) no computable program abstraction operators. It
was shown in [36,41] that this is also sufficient for a categorical reconstruction
of the basic concepts of computability. Sections 2 and 3 provide a brief overview
of this. But our main concern in this paper is complezity.

1.2 Categorical Complexity: A Coalgebraic View

To capture complexity, we must capture dynamics, i.e. access the actual process
of computation. This, of course, varies from model to model, and different mod-
els of computation induce different notions of complexity. Abstract complexity
[7] provides, in a sense, a model-independent common denominator, which can
be viewed as an abstract notion of complexity; but the categorical view of com-
putations as morphisms at the first sight does not even provide a foothold for
abstract complexity. We attempted to mitigate the problem by extending the
structure of monoidal computer by grading [38], but the approach turned out to
be impractical for our goals (indicated in the next section). Now it turns out to
also be unnecessary, since dynamics of computation can be captured using the
coalgebraic tools available in any monoidal computer.

Coalgebra is the categorical toolkit for studying dynamics in general [42,44],
and dynamics of computation in particular [23,40,45]. Coalgebras, as morphisms
in the foorm X — EX for an endofuctor F, provide a categorical view of
automata, state machines, and processes with state update [20,39]; the other
way around, all coalgebras can be thought of as processes with state update.
In the framework on this paper, only a very special class of coalgebras will
be considered, as the morphisms in the form X x A — X x B, correspond-
ing to what is usually called Mealy machines [8,14,17, ...]. In the presence of
the exponents, such morphisms can be transposed to proper coalgebras in the
form X — [A, X x B]. But coalgebra provides a categorical reconstruction of
state machines even without the exponents, since the homomorphisms remain
the same, and the category of machines is isomorphic to a category of coal-
gebras even if the objects are not presented as coalgebras in the strict sense.
Our “coalgebras” will thus be in the form X x A — X x B, or more generally
X®A—X®B.

The crucial step in moving the monoidal computer story into the realm of

coalgebra is to replace the X-indexed functions X x A I, B with X-state
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machines X x A = X x B. While a function f mapped for each index z an
input a to an output b, a machine m now maps at each state x an input a to
an output b, and updates the state to x’. This state update provides an abstract
view of dynamics. Continuous dynamics can be captured in varying the same
approach [39,42]. This step from X-indexed functions to X-state machines is
displayed in the first row of the following table.

[ models H static [ dynamic
[A*,B]x B
y’ " 3[m]xB
extensional [A,B]x A—= B [A*,B] x A X x B
models: N LN /
cartesian FAfxA \\ v StmIxA vm
closed X xA X xA
abstractions %) applications behaviors M machines
P® B
{|V " 3IM®B
intensional O N
models: P®A——B P® A X®B
monoidal F\\ / K\\ /
computers IFXA N vf IMRA vm
X®A X®A
programs —-» computations adaptive programs —> processes

The representation of functions from A to B by the elements of [A, B] lifts to the
representation of machines with inputs in A and outputs in B by the induced
behaviors in [A™, B], where AT is the inductive type of the nonempty sequences
from A. Behaviors are thus construed as functions extended in time [20,41,44].
In the presence of list constructors, the representation of functions using the
exponents [A, B] induces the representation of machines using the final machines
[AT, B]. The other way around, the final machines induce the exponents as soon
as the idempotents split.

The rows of the table depict the step from static models to dynamic models.
The columns depict the step from the extensional to the intensional. The left-
hand column is just a different depiction of (1): the upper triangle unpacks the
bijection in the first line of (1), whereas the lower triangle unpacks the surjection
in the second line. The right-hand column is the step from the extensional coin-
duction of final state machines to the intensional coinduction as implemented
in the structure of monoidal computer. The bottom row of the table is the step
from the monoidal computer structure presented in terms of universal evaluators,
the content of Sect.3, to the monoidal computer structure presented in terms
of universal processes, the content of Sect.4. The fact that the two presenta-
tions are equivalent is stated in Theorem 9. This coalgebraic view of intensional
computation opens an alley towards capturing dynamics of Turing machines in
Sect. 5, and a direct internalization of time and space complexity measures in
Sect. 6. A general approach through abstract complexity is provided in the full
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version of the paper. A comment about the role of coalgebra in this effort is in
Sect. 7. Some proofs are in the Appendix.

1.3 Background and Related Work

While computability and complexity theorists seldom felt a need to learn about
categories, there is a rich tradition of categorical research in computability the-
ory, starting from one of the founders of category theory and his students [13,31],
through extensive categorical investigations of realizability [16,19,30], to the
recent work on Turing categories [12], and on a monoidal structure of Turing
machines [5]. A categorical account of time complexity was proposed in [11],
using a special structure called timed sets, introduced for the purpose. While
our approach in [38] used grading in a similar way, our current approach seems
closer in spirit to [2], even if that work is neither coalgebraic nor explicitly cat-
egorical. Our effort originated from a need for a framework for reasoning about
logical depth of cryptographic protocols and algorithms [34]. The scope of the
project vastly exceeded the original cost estimates [37], but also the original ben-
efit expectations. The unexpectedly simple diagrammatic formalism of monoidal
computer turned out to be a very convenient teaching tool in several courses.’

This extended abstract is shortened to fit the conference proceedings format.
The full text is available on arxiv:1704.04882.

2 Preliminaries

A monoidal computer is a symmetric monoidal category with some additional
structure. As a matter of convenience, and with no loss of generality, we assume
that it is a strict monoidal category. Monoidal categories are presented in many
textbooks, e.g. [25, Sect. VII.1 and Ch. XIJ.

We call data service the structure that allows passing the data around in
a monoidal category. In computer programs and in mathematical formulas, the
data are usually passed around using variables. They allow copying and propa-
gating the data values where they are needed, or deleting them when they are
not needed. The basic features of a variable are thus that it can be freely copied
or deleted. The basic data services over a type A in a monoidal category C are

the copying operation A A4 ® A, and the deleting operation A N I, which
together form a commutative comonoid, i.e. satisfy the equations
(A®A) =A;(AR® A) (TR®A) =A;(A®T)=ida

e

! The course materials are available from http://www.asecolab.org/courses/222/, and
the textbook [41] is in preparation.
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The correspondence between variables and comonoids was formalized and
explained in [32]. The algebraic properties of the binary copying induce unique

n-ary copying A 4, A®" for all n > 0. The tensor products ® in C are the
cartesian products x if and only if every A in C carries a canonical comonoid

AxA2 AL 1, where 1 is the final object of C, and all morphisms of C are

comonoid homomorphisms, or equivalently, the families A A AxAand A L1
are natural. Cartesian categories are thus just monoidal categories with natural
families of copying and deleting operations.

Definition 1. A data service of type A in a monoidal category C is a commuta-

tive comonoid structure AQ A AaL I, where A provides the copying service,
and T provides the deleting service.

Definition 2. A morphism f € C(A, B) is a map if it is a comonoid homomor-
phism with respect to the data services on A and B, which means that it satisfies
the following equations

f;4Ap = Aa;(f®f) f3Te = Ta

Y3

Given a symmetric monoidal category C with data services, we denote by C*® the
subcategory spanned by the maps with respect to its data services, i.e. by those
C-morphisms that preserve copying and deleting.

Remark. If C is the category of relations, then the first equation says that f is
a single-valued relation, whereas the second equation says that it is total. Hence
the name. Note that the morphisms A and T from the data services are maps
with respect to the data service that they induce. They are thus contained in
C*, and each of them forms a natural transformation with respect to the maps.
This just means that the tensor ®, restricted to C*®, is the cartesian product.

3 Monoidal Computer

3.1 Evaluation and Evaluators

Notation. When no confusion seems likely, we write AB instead of A® B, and
C(X) instead of C(I, X). We omit the typing superscripts whenever the types
are clear from the context.

Definition 3. A monoidal computer is a (strict) symmetric monoidal category

C, with a data service A ® A N LN every A, and a distinguished type
of programs P, given with, for every pair of types A, B, an X -natural family of

AB

surjections (e (X,P) —=» C(X®A,B) > representing program evaluations.
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The following proposition says that program evaluations can be construed as
a categorical view of Turing’s universal computer [46], or of Kleene’s acceptable
enumerations (29,43, IL.5], or of interpreters and specializers from programming
language theory [21].

Proposition 4. Let C be a symmetric monoidal category with data services.
Then specifying the program evaluations v4Z : C*(X,P) - C(X ® A, B) that
make C into a monoidal computer, as defined in Definition 3, is equivalent to
specifying for any three types A, B,C € |C| the following two morphisms:

(a) a universal evaluator {}% € C(PA, B) such that for every computation
f € C(A, B) there is a program F € C'( ) such that f(a {F}AB
BC
(b) a partial evaluator []48 € C*(PA,P) with {G}(AB)C b) = {[ AB } b

B B
i m Y

A A
Remark. Note that the partial evaluators [] are maps, i.e. total and single
valued morphisms in C*®, whereas the universal evaluators {} are ordinary mor-
phisms in C. A recursion theorist will recognize the universal evaluators as Tur-
ing’s universal machines [46], and the partial evaluators as Godel’s primitive
recursive substitution function S, enshrined in Kleene’s S)'-theorem [22]. A pro-
grammer can think of the universal evaluators as interpreters, and of the partial
evaluators as specializers [21]. In any case, (a) can be understood as saying that
every computation can be programmed; and then (b) says that any program with
several inputs can be evaluated on any of its inputs, and reduced to a program
that waits for the remaining inputs:

hz,a) = {H}(z,0) = {[H]z}a
i it i

T RIT :

Together, the two conditions thus equivalently say that for every computation
h € C(X ® A, B) there is an X-indexed program = € C*®(X,P) such that
h(z,a) = {Ex}a, namely = = [H].

Branching. By extending the A-calculus constructions as in [36], we can extract

from P the convenient types of natural numbers, truth values, etc. E.g., if the

truth values t and f are defined to be some programs for the two projections,

then the role of the if-branching command can be played by the universal
x if b=t &Z_“H

evaluator:
ty
y if b=1£f Ejfi} _ qﬁj

|

if(b,z,y) = {b} (z,y) =
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3.2 Examples of Monoidal Computer

Let S be a cartesian category and T': S — S a commutative monad. Then the
Kleisli category St of free algebras is monoidal, with the data services induced
by the cartesian structure of S. The standard model of monoidal computer C
is obtained by taking & to be the category of finite and countable sets, and
TX = 1 + X to be the maybe monad, adjoining a fresh element to every set.
The category S, is the category of partial functions, and the monoidal computer
C C S, is the subcategory of computable partial functions:

IC| = {A§N|36€N.{e}al<:> aeA} C(A,B) = {f:AAB|E|e.{e}:f}

The category C*® is then the category of computable total functions. Assum-
ing that the programs are encoded as natural numbers, the type of programs is
P = N; but any language containing a Turing complete set of expressions would
do, mutatis mutandis. The sequence {0}, {1}, {2}, ... denotes an acceptable enu-
meration of computable partial functions [29, I1.5]. The universal evaluators can
be implemented as partial recursive functions; the partial evaluators are the total
recursive functions, constructed in Kleene’s S/-theorem [22]. Other commuta-
tive monads T : § — § induce monoidal computers in a similar way, capturing
intensional computations together with the corresponding computational effects:
exceptions, nondeterminism, randomness [26]. Some of the familiar computa-
tional monads need to be restricted to finite support. The distribution monad
must be factored modulo computational indistinguishability. A simple quantum
monoidal computer can be constructed using a relative monad for finite dimen-
sional vector spaces [1]. However, in the model where the universal evaluators are
quantum Turing machines, the program evaluations cannot be surjective in the
usual sense, but only in the topologically enriched sense, i.e., they are dense [6].
We do not know how to derive this model from a computational monad, albeit
relative. Another interesting feature is that most computational effects induce
nonstandard data services, corresponding to complementary bases, which are, of
course, used in randomized, quantum, but also in nondeterministic algorithms
[33,35]. More examples are in [36], but most work is still ahead.

3.3 Encoding All Types

Proposition 5. Fvery type B in a monoidal computer is a retract of the type
of programs P. More precisely, for every type B € |C| there are computations

eB.Br——PpP:dB such that e® is a map, and eB ;dP = idg. We often call
eB the encoding of B and dP € C(P, B) is the corresponding decoding.

Remark. In [36] we only considered the basic monoidal computer, where all
types are powers of P. In the standard model, programs are encoded as natural
numbers, and all data are tuples of natural numbers, which can be recursively
encoded as natural numbers. Proposition 5 says that this must be the case in
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every computer. Note that there is no claim that either e? or df is unique.
Indeed, in nondegenerate monoidal computers, each type B has many different
encoding pairs e®,d”. However, once such a pair is chosen, the fact that e?
is total and single-valued means that it assigns a unique program code to each
element of B. The fact that d? is not total means that some programs in P
may not correspond to elements of B. Since Proposition 5 says that the program
evaluations make every type into a retract of P, and Proposition4 reduced the
structure of monoidal computer to the evaluators for all types, it is natural to
ask if the evaluators of all types can be reduced to the evaluators over the type
P of programs. Can all of the structure of a monoidal computer be derived from
the structure of the type P of programs? E.g., can the program evaluations be
“uniformized” by always encoding the input data of all types in P, performing the
evaluations to get the outputs in P, and then decoding the outputs back to the
originally given types? Can the type structure and the evaluation structure of a
monoidal computer be reconstructed by unfolding the structure of P, as it is the
case in models of A-calculus. Is monoidal computer yet another categorical view
of a partial applicative structure? The answer to all these question is positive
just in the degenerate case of an essentially extensional monoidal computer. If
the type structure of monoidal computer can be faithfully encoded in P, then
there is a retract of P which supports an extensional model of computation, i.e.
allows assigning a unique program to each computation. If all evaluators can be
derived by decoding the evaluators with the output type P, and if the decoding
preserves the original evaluators on P, then all computation representable in
monoidal computer must be provably total and single valued: it degenerates
into a cartesian closed category derived from a C-monoid. For details see [24,
1.15-1.17], and the references therein.

3.4 The Fundamental Theorem of Computability

In this section we show that every monoidal computer validates the claim of
Kleene’s “Second Recursion Theorem” [22,27].

Theorem 6. In every monoidal computer C, every computation g € C(PRA, B)
has a Kleene fixed point, i.e. a progmm I € C(P) such that g(I',a) = {I'}a.

7 - Xt

Proof. Let G be a program such that
g(lplp,a) = {G}(»,a)

| |
g = {
P P
P A P oA
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A Kleene fixed program I" can now be constructed by partially evaluating G
on itself, i.e. as I' = [G] G, because

g(la) = g([G)G,a) = {G}(G,a) = {[GIG}a = {I'}a
B B B B
1 l x
-\ = i

X
‘%‘ v

This theorem induces convenient representations of integers, arithmetic,
primitive recursion, unbounded search and thus shows that monoidal computer
is Turing complete [41]. In [36], this was done by using the A-calculus construc-
tions. Next section provides yet another proof, through Turing machines.

4 Coalgebraic View

So far, we formalized the programs —» computations correspondence from the

left hand column of the table in the Introduction. But presenting computations in

the form X A RN B only displays their interfaces, and hides the actual process

of computation. To capture that, we switch to the right hand column of the
table, and study the correspondence adaptive programs —~ processes. A process
is presented as a morphism in the form X ® A — X ® B. We interpreted the
morphisms in the form X ® A — B as X-indexed families of computations with
the inputs from A and the outputs in B. The indices of type X can be thought
of as the states of the world, determining which of the family of computations
should be run. Interpreted along the same lines, a process X ® A 2, X ® B does
not only provide the output of type B, but it also updates the state in X. This
is what state machines also do, and that is why the morphisms X x A °= X x B
in cartesian categories are interpreted as machines. In a sufficiently complete
cartesian category, every such machine m induces a machine homomorphism

x I [AT, B], which assigns to each state x € X a behavior [m]z € [AT, B],

unfolded by the final AB-machine [AT, B] x A N [AT, B] x B. The table in the
Introduction displayed this. A monoidal computer, though, turns out to provide a
much stronger form of representation for its morphisms in the form X®A % X®

B: each of them induces a machine homomorphism X L P This Pisa program
for the process p. Note that there may be many programs for each process; but on
the other hand, all programs, for all processes of all possible input types A and
output types B, are represented in the same type of programs P. This makes a
fundamental difference, distinguishing machines m from computational processes
p, which include life [28,47]%. Every family of machines is designed in a suitable

2 Both Turing and von Neumann devoted a lot of attention to studying life as a com-
putational process. Their ideas have been adopted in biology [3], but most computer
scientists remain skeptical.
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engineering language; but all computational processes can be programmed in any
Turing complete language, just like all processes of life are programmed in the
language of genes. That is why the morphisms X @ A 2 X @ B are processes, and
not merely machines. Their representations X L, P are not merely X-indexed
programs, but they are adaptive programs, since they adapt to the state changes,
in the sense that we now describe.

Definition 7. A morphism XA & XB in a monoidal category C is an AB-
process. If YA 5 Y B is another AB-process, then an AB-process homomor-
phism is a C-morphism X LY such that (f@A);r=p;(f ®B). We denote
the category of AB-processes by Cap.

Definition 8. A universal process in a monoidal category C is carried by a
universal state space S € |C|, which comes with a weakly final AB-process

SA A, SB for every pair A, B € |C|. The weak finality means that for every
p € C(X ®A, X ® B) there is an X-adaptive program P € C*(X,S) where

{P(@)fga = P(px(z,a))
{P@)tga = pe(z,a)
s B s B
BF S® B
V F\\\ P®B
X
ANGUL p S®A X®B
P®:4\\\\ /
X A X A X ® A

Theorem 9. Let C be a symmetric monoidal category with data services. Then
C is a monoidal computer if and only if it has a universal process. The type P
of programs coincides with the universal state space S.

Proof. Given a weakly final AB-process S® A A, S ® B, we show that

AB
(4B — <S®A 1" o o g T8 B)

is a universal evaluator, and thus makes C into a monoidal computer. Towards

proving (2), suppose that we are given a computation X ® A B , and consider
the process

E:(X@A%X@X@A&X@)B)
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By Definition 8, there is then an X-adaptive program = = [h] € C*(X,9)
satisfying the rightmost equation in the next diagram.

B B

)

k. eh.
(Gl (G-

X A X A X A

The middle equation holds because [h] is in C*®, i.e. a comonoid homomorphism.
Deleting the state update from the process yields (2). The other way around, if
C is a monoidal computer, with universal evaluators for all pairs of types, we
claim that the weakly final AB-process is

{}A(IPB)

{|}AB:([P®A [P®B)

To prove the claim, take an arbitrary AB-process X ® A 2, X ® B, and post-
compose it with the partial evaluator on X, to get

X BP
5= <P®X®A"’&[P®X®BM>[P®B)

Using the Fundamental Theorem of Computability, Theorem 6, construct a
Kleene’s fixed point P € C(P) of p.

|

=)

7] =]
{}

X A X A

The X-adaptive program P € C°®(P) corresponding to the process p €

. 1XBP
C(XA,XB) is now P(x) = {P,x}
B \[P B P B
N
=]
X A X A

This completes the proof that {}4(5F) satisfies Definition 8 of weakly final AB-
process, and that P is thus not only a type of programs, but also a universal
state space.
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5 Computability

In the remaining two sections we show how to run Turing machines in a monoidal
computer, and how to measure their complexity. But a coalgebraic treatment of
Turing machines as machines, in the sense discussed at the beginning of Sect. 4,
would only display their behaviors, i.e. what rewrite and which move of the
machine head will happen on which input, and it obliterates the configurations
of the tape, where the actual computation happens. In terms of Sect. 4, a Turing
machine as a model of actual computation should not be viewed as a machine,
but as a process. So we call them Turing processes here. While changing well
established terminology is seldom a good idea, and we may very well regret this
decision, the hope is that it will be a useful reminder that we are doing some-
thing unusual: relating Turing machines with adaptive programs, coalgebraically.
The presented constructions go through in an arbitrary monoidal computer, but
require spelling out a suitable representation of the integers, and some arith-
metic. This was done in [36], and can be done more directly; but for the sake
of brevity, we work here with the category C of recursively enumerable sets and
computable partial functions from Sect.3.2. The monoidal structure and the
data services are induced by the cartesian products of sets, which are, however,
not categorical products any more, since the singleton set, providing the ten-
sor unit, is not a terminal object for partial functions. The monoidal category
(C,®, I) will thus henceforth be (C,®, 1).

Recall that Turing’s definition of his machines can be recast [40, Appendix]

to processes in the form Q, ® X LN Q, ® XY ® O, where

— @, is the finite set of states, always including the final state v/ € Q,;
— Y is a fixed alphabet, always including the blank symbol U € X;
— © = {«,0p} are the directions in which the head can move along the tape.

Let us recall the execution model: how these machines and processes compute. A
Mealy machine Q,. x I = @, x O inputs a string n — I, where n = {0,1,...,n—
1} sequentially, e.g. it reads the inputs tg, then ¢; etc, and it outputs a string
n =< O in the same order, i.e. wy, wi, etc. In contrast, a Turing process in
principle overwrites its inputs, and outputs the results of overwriting when it
halts; therefore, in a Turing process, the input alphabet I and its output alphabet
O must be the same, say I = O = X. Both the inputs, and the outputs, and
the intermediary data of a Turing process are in the form w : Z — X, where
all but finitely many values w(z) must be L. So each word w : Z — X is still
a finite string of symbols, like in the Mealy machine model. The difference is
that w is written on the infinite ‘tape’, here represented by the set of integers
Z, which allows the processing ‘head’ to move in both directions, or to stay
stationary (while in a Mealy machine the head moves in the same direction at
each step). We represent the position of the head by the integer 0, and the
symbol that the head reads on that position is thus denoted by w(0). If the
process Q, ® X LN Q, ® ¥ ® O, which is a triple of functions p = (pq, p=, pe),
is defined on a given state ¢ € @, and a given input ¢ = w(0), then it will
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— overwrite o with ¢’ = px(q,0),
— transition to the state ¢’ = pg(q, o), and
— move the head to the next cell in the direction § = pg(q, o).

If ¢ = v/, then p(v',0) = (v,0,0), which means that the process must halt at
the state v/, if it ever reaches it. To capture this execution model formally, we
extend Turing processes over the alphabet X, first to processes over the set X of
XY-words written on a tape, and then to computations with the inputs and the
outputs from X

QX 2Q,3X26

QerbqQ,ex

QoXAs

where ¥ = {w :Z — X | supp(w) < oo} is the set of X-words written on a

tape, and supp(w) = {z | w(z) # U}. The elements of X are often also called the
tape configurations. Writing the tuples in the form p = (pq, p5), define

(g, w) = po(g, w(0))

p5:(q, w) = w' where w'(z) = $ w(z) if po (¢, w(0)

)
)
)
w(z) = {pz (q,w(0)) ifz=0 }

N
=0 and
>

(g, w) w ifg=v

7w = —_~ .

P p(p(q,w)) otherwise

The execution of all Turing processes can now be captured as a single process
Q® X 2 Q® X, where the state space Q is the disjoint union of the state spaces
Q) of all Turing processes p € 7, i.e. Q = [[ o7 Qp where T = {Q,® % LN
Q, ® ¥ ® O}, so that the elements of Q are the pairs (p, q), where ¢ € @, and
Qe XY X Q® X is the pair p = (pq,ps) which, when applied to (p,q) € Q and
w € X, gives p((p7 q),w) = <<p,q’>,w’> Wheire q = ﬁ@v(q,w) and w' = pg(q, w).
By applying Theorem 9 to the process Q ® X A Qe X, we get the following
Proposition 10. There is an adaptive program P € C*(Q,P) such that P(p,q)
executes any Turing process p starting from the initial state ¢ € Q,. This means
that for every tape configuration w € % holds {P(p,q)lpw = P(p,q') and
{1P(p, Q)lgw = w', where ¢ = pg(q,w(0)) is the next state of p, and w' =
Ps (q,w) is the next tape configuration. (The string diagram is the same as the
one in Definition 8.)

Corollary 1. The monoidal computer C is Turing complete.
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6 Complexity

6.1 Evaluating Turing Processes

Using the process Q ® PHREN Q® x , which according to Proposition 10 executes
the single step transitions of Turing processes, we would now like to define a

computation Q ® Y 2 ¥ that will evaluate Turing processes all the way; i.e.
should execute all transitions that a process executes, and halt and deliver the
output if the process halts, or diverge if the process diverges. The idea is to run
something like the following pseudocode

p((p,a),w) = (x = (p,q); y = w;
while (po(z,y) # V)
{x = po(e,y); v :=ps(z, y)}
print y) 3

We implement this program using the Fundamental Theorem of Computability.
The function p is derived as a Kleene’s fixed program for an intermediary function
p, lifting the derivation from Sect. 5, as follows

eeItqel w if pg (g, w(0)) = v
): {T}(<Pv q), 'w’) otherwise

where ¢’ = PQ (q, w(O))

and w' =pg((p,q), w)

PoQe s &5 where5(T, (p,q),w

Lﬁ\

Q®x

Using the if-branching from Sect.3.1, this schema can be expressed in a
monoidal computer, as illustrated in the following Figure

The first equation is obtained by setting 7" to be Kleene’s fixed program P of
p, and defining p = {P} Given (p,q) € Q and w € Y, this P thus runs p on w,
starting from ¢ and halting at v, at which point it outputs the current w. If it
does not reach v', then p runs forever. The second equation proves the following
proposition.



Monoidal Computer III 183

Proposition 11. There is an adaptive program P € C*(Q,P) that evaluates
any Turing process p starting from a given initial state q € Qp This means that

for every tape configuration w € Y holds {ﬁ(p, }w = plq,w

6.2 Counting Time

To count the steps in the executions of Turing processes, we add a counter
i € N to the Turing process evaluator p. The counter gets increased by 1 at each
execution step, and thus counts them. We call ¢ the computation which outputs
the final count. If p halts, then ¢ outputs the value of the counter 4; if p does not
halt, then ¢ diverges as well. The pseudocode for ¢ could thus look something
like this:

i((p.a)w) = (= (pra)s y o= w; 3= 0; (5)
while (pg(z,y) # V)
{x =po(@,y); ¥y :=pg(z,y); i:=1i+ 1};
print z)

The implementation of £ in a monoidal computer is similar to the implementation
of p. It follows a similar derivation pattern:

eer2qeeX
— = 7 = ) i if pg (q,w(0)) = v
BN here t(7, (p, q), w,i) = ! !
PRQ@X®N Now ( (pra) ) {{T}((p, q/>,w/,i+1) otherwise
QX AN

with ¢’ = po (g, w(0)) andw’ = ps({p,q), w). Like before, we set t({p, q), w) =
{f} ((p.q),w,0), where and T is a Kleene fixed program of £. It is easy to see,
and prove, that £((p, ¢), w) halts if and only if p(q, w) halts, and if it does halt,
then it outputs the number of steps that p made before halting, having started
from ¢ and w. The string diagrams that implement ¢, T t and T are similar to
those in figure (4): just rename ps to ts and Ps to T's, and add a string of type N
on the right, with the successor operation on it, to increase the counter at each
run. The added string outputs the time complexity ¢. Hence

Proposition 12. There is an adaptive program T € C*(Q,P) that outputs the
number of steps that a Turing process p makes in any run from a given initial
state ¢ € @, to the halting state v'. If the Turing process p starting from q
diverges, then the computation {T(p,q)} diverges as well. This means that, for

every tape configuration w € Y holds {T(p, }w = ( 0, q )
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6.3 Counting Space

So far, we used the integers Z as the index set for the tape configurations w :
Z — 3. The position of the head has always been 0 € Z, and whenever the head
moves, the tape configuration w gets updated to w’ = ps(q, w), where w'(0) is
the new position of the head, and the rest of the word w is reindexed accordingly,
as described in Sect.5. At each point of the computation w thus describes the
tape content relative to the current position of the head; there is no record of
the prior positions or contents. To count the tape cells used by Turing processes,
we must make the tape itself into a first class citizen. The simplest way to do
this seems to be to add a counter m € Z, which denotes the offset of the current
position of the head with respect to the initial position. This allows us to record
how far up and down the tape, how far from its original position, does the head
ever travel in either direction during the computation. To record these maximal
offsets of the head, we need two more counters: let » € Z be the highest value
that the head offset m ever takes; and let £ € Z be the lowest value that the
head offset m ever takes. The number of cells that the head has visited during
the computation is then clearly » — . To implement this space counting idea, we
need to run a program roughly like this:

5({pq)w) = (x ={p,q); y:=w; £ym,r:=0;
while (pg(z,y) # V)
{x = pe(z,y); ¥ :=ps(,y);

if (po(q,w(0)) = <)
{if (m=0{0:=¢—1)}; m::mfl}

if (p@ (q,w(O)) = l>)

{if (m=r){r:=r+1} m::m—i—l}}

print r — E) (6)

The derivation now becomes

SN b5
Qor—Re et if pq (4, w(0)) = v
[P®Q®§®Z?’iIN whereg(T,(p,q>,w,Z,m,r): {T}((p,q/%‘,.
ow' 0 ,m, r') otherwise

QR 2N

and where
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v (-1 ifm="{and pe(q,w(0)) =<
L otherwise

m—1 if po(q,w(0)) =

w' = §(<P, >7 ) m' = m if P@(CL O)
m+1 if p@(q7 O)

o

, {r—|—1 if m =r and
T =

<
=0
>

(¢, w(0)) =>

r otherwise

Kleene’s fixed point S of 5 defines s((p, ) = {S}( (p,q),w,0,0, 0). The con-
struction is summarized in the following ﬁgure

|IN

7\ o \
P [ [
[-v7] }\ 0| _ {
Q| = 7”23 - P
AR v T

N - !

Q = Qs Q 5]

The box ()’, which computes ¢/, m’ and r’ in Fig. (7), is implemented by compos-
ing several branching commands, e.g. as described at the end of Sect. 3.1. Imple-
menting this box is an easy but instructive exercise in programming monoidal
computers. Together, these constructions prove the following proposition.

Proposition 13. There is an adaptive program S € C*(Q,P) that outputs the
number of cells that a Turing process p uses in any run from a given initial state
q € Q, to the halting state v'. If the Turing process p starting from q diverges,
then the computation {S(p,q)} diverges as well. This means that, for every tape
configuration w € Y holds {?(p, }w = ( 0y q), )

Remark. There are many variations of the above definitions in the literature,
and several different counting conventions. E.g., an alternative to the above
definition of 5 would be something like

5 ((p,q)w) = {5}((,0, q), w,we,0,w,) where
we =min{i € Z | w(i) # U} w, = max{i € Z | w(i) # U}

In contrast with 5, where the space counting convention is that a memory cell
counts as used if and only if it is ever reached by the head, the space counting
convention behind 5’ is that every computation uses at least |w| = w, —wy cells,
on which its initial input is written. If a Turing process halts without reading all
of its input w, or even without reading any of it, the space used will still be |w].
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Some textbooks adhere to the s-counting convention, some to the 5'-counting
convention, but many do not describe the process in enough detail to discern
this difference. This is perhaps justified by the fact that the resulting complexity
classes and their hierarchies are the same for all such subtly different counting
conventions. E.g., the difference between 5 and 5 is absorbed by the O-notation,
and only arises for computations that do not read their inputs.

7 Final Comments

A bird’s eye view of algebra and coalgebra in computer science suggests that
algebra provides denotational semantics of computation, whereas coalgebra pro-
vides operational semantics [23,40,45]. Denotational semantics goes beyond the
purely extensional view of computations (as maps from inputs to outputs), and
models certain computational effects (such as non-termination, exceptions, non-
determinism, etc.). Operational semantics goes further, and models computa-
tional operations. While computational effects are thus presented using the suit-
able algebraic operations in denotational semantics, computational behaviors
are represented as elements of final coalgebras in operational semantics. But
although both the denotational and the operational approaches go beyond the
purely extensional view, neither has supported a genuinely intensional view,
envisioned by Turing and von Neumann, where programs are data. Therefore,
in spite of the tremendous successes in understanding and systematizing com-
putational structures and behaviors, categorical semantics of computation has
remained largely disjoint from theories of computability and complexity.

The claim put forward in this paper is that coalgebra provides a natural cate-
gorical framework for a fully intensional categorical theory of computability and
complexity. The crucial step that enables this theory leads beyond final coalge-
bras, that assign unique descriptions to computational behaviors of fized types,
to universal coalgebras, that assign mon-unique descriptions to computations
of arbitrary types. These descriptions are what we usually call programs. Our
message is thus that programmability is a coalgebraic property, just like compu-
tational behaviors are coalgebraic. This message is formally expressed through
universal processes; it can perhaps be expressed more generally through universal
coalgebras, as families of weakly final coalgebras, all carried by the same univer-
sal state space. Theorem 9 spells out in the framework of monoidal computer
the fact that every Turing complete programming language provides a universal
coalgebra for computable functions of all types; and vice versa, every universal
coalgebra induces a corresponding notion of program. Just like abstract compu-
tational behaviors of a given type are precisely the elements of a final coalgebra
of that type, abstract programs are precisely the elements of a universal coalge-
bra. Just like final coalgebras can be used to define semantics of computational
behaviors [40], universal coalgebras can be used to define semantics of programs.
From a slightly different angle, the fact that universal coalgebras characterize
monoidal computers, proven in Theorem 9, can also be viewed as a coalgebraic
characterization of computability. There are, of course, many characterizations
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of computability. The upshot of this one is, however, in Propositions 12 and 13:
the coalgebaic view of computability opens an alley towards complexity. In any
universe of computable functions, normal complexity measures [38] can be pro-
grammed coalgebraically. Combining this coalgebraic view of complexity with
the algebraic view of randomized computation seems to open up a path towards
a categorical model of one-way functions, and towards categorical cryptography,
which has been the original goal of this project [34].

References

10.

11.

12.

13.
14.

15.

16.

17.

Altenkirch, T., Chapman, J., Uustalu, T.: Monads need not be endofunctors. Log.
Methods Comput. Sci. 11(1) (2015)

Asperti, A.: The intensional content of Rice’s Theorem. In: Proceedings of the
35th Annual ACM SIGPLAN-SIGACT Symposium on Principles of Programming
Languages, POPL 2008, pp. 113-119. ACM, New York (2008)

Barbieri, M.: Code Biology: A New Science of Life. Springer, Cham (2015). https://
doi.org/10.1007/978-3-319-14535-8

Barendregt, H.P.: The Lambda Calculus: Its Syntax and Semantics. vol. 103, North
Holland (1984)

Bartha, M.: The monoidal structure of turing machines. Math. Struct. Comput.
Sci. 23(2), 204-246 (2013)

Bernstein, E., Vazirani, U.: Quantum complexity theory. In: Proceedings of the
Twenty-fifth Annual ACM Symposium on Theory of Computing, pp. 11-20. ACM
(1993)

Blum, M.: A machine-independent theory of the complexity of recursive functions.
J. ACM 14(2), 322-336 (1967)

Bonsangue, M.M., Rutten, J., Silva, A.: Coalgebraic logic and synthesis of mealy
machines. In: Amadio, R. (ed.) FoSSaCS 2008. LNCS, vol. 4962, pp. 231-245.
Springer, Heidelberg (2008). https://doi.org/10.1007/978-3-540-78499-9_17
Bruni, R., Montanari, U.: Models of Computation. Texts in Theoretical Computer
Science. An EATCS Series. Springer, Cham (2017). https://doi.org/10.1007/978-
3-319-42900-7

Church, A.: An unsolvable problem of elementary number theory. Am. J. Math.
58, 345-363 (1936)

Robin, J., Cockett, B., Diaz-Boils, J., Gallagher, J., Hrubes, P.: Timed sets, func-
tional complexity, and computability. Electr. Notes Theor. Comput. Sci. 286, 117—
137 (2012)

Robin, J., Cockett, B., Hofstra, P.J.W.: Introduction to turing categories. Ann.
Pure Appl. Logic 156(2-3), 183-209 (2008)

Eilenberg, S., Elgot, C.C.: Recursiveness. ACM Monograph. Academic Press (1970)
Hansen, H.H., Costa, D., Rutten, J.J.M.M.: Synthesis of mealy machines using
derivatives. Electr. Notes Theor. Comput. Sci. 164(1), 27-45 (2006)

Hayashi, S.: Adjunction of semifunctors: categorical structures in nonextensional
lambda calculus. Theor. Comput. Sci. 41, 95-104 (1985)

Hofstra, P.J.W., Warren, M.A.: Combinatorial realizability models of type theory.
Ann. Pure Appl. Logic 164(10), 957-988 (2013)

Holcombe, W.M.L.: Algebraic Automata Theory. Cambridge Studies in Advanced
Mathematics. Cambridge University Press, Cambridge (1982)


https://doi.org/10.1007/978-3-319-14535-8
https://doi.org/10.1007/978-3-319-14535-8
https://doi.org/10.1007/978-3-540-78499-9_17
https://doi.org/10.1007/978-3-319-42900-7
https://doi.org/10.1007/978-3-319-42900-7

188

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

D. Pavlovic and M. Yahia

Hoofman, R.: Comparing models of the intensional typed A-calculus. Theor. Com-
put. Sci. 166(1), 83-99 (1996)

Hyland, M.: The effective topos. In: Troelstra, A.S., van Dalen, D. (eds.) L. E. J.
Brouwer Centenary Symposium, Studies in Logic and the Foundations of Mathe-
matics, vol. 110, pp. 165-216. North-Holland (1982)

Jacobs, B.: Introduction to Coalgebra: Towards Mathematics of States and Obser-
vation. Cambridge Tracts in Theoretical Computer Science. Cambridge University
Press, Cambridge (2016)

Jones, N.D.: Computability and Complexity: From a Programming Perspective.
Foundations of Computing. The MIT Press, Cambridge (1997)

Kleene, S.C.: On notation for ordinal numbers. J. Symb. Log. 3(4), 150155 (1938)
Klin, B.: Bialgebras for structural operational semantics. Theor. Comput. Sci.
412(38), 5043-5069 (2011)

Lambek, J., Scott, P.: Introduction to Higher Order Categorical Logic. Cambridge
Studies in Advanced Mathematics, vol. 7. Cambridge University Press, Cambridge
(1986)

Mac Lane, S.: Categories for the Working Mathematician. Graduate Texts in Math-
ematics, vol. 5. Springer, New York (1971)

Moggi, E.: Notions of computation and monads. Inf. Comput. 93, 55-92 (1991)
Moschovakis, Y.N.: Kleene’s amazing second recursion theorem. Bull. Symb. Log.
16(2), 189-239 (2010)

von Neumann, J., Burks, A.W.: Theory of Self-Reproducing Automata. University
of Illinois Press, Champaign (1966)

Odifreddi, P.: Classical Recursion Theory : The Theory of Functions and Sets of
Natural Numbers. Studies in Logic and the Foundations of Mathematics, vol. 125.
North-Holland, Amsterdam, New-York, Oxford, Tokyo (1989)

van Qosten, J.: Realizability: An Introduction to its Categorical Side. Studies in
Logic and the Foundations of Mathematics. vol. 152. Elsevier Science (2008)

Di Paola, R.A., Heller, A.: Dominical categories: recursion theory without elements.
J. Symb. Log. 52(3), 594-635 (1987)

Pavlovic, D.: Categorical logic of names and abstraction in action calculus. Math.
Struct. Comput. Sci. 7, 619-637 (1997)

Pavlovic, D.: Quantum and classical structures in nondeterministic computation.
In: Bruza, P., Sofge, D., van Rijsbergen, K. (eds.) Proceedings of Quantum Interac-
tion 2009. Lecture Notes in Artificial Intelligence, vol. 5494, pp. 143-158. Springer
Verlag (2009). arxiv.org:0812.2266

Pavlovic, D.: Gaming security by obscurity. In: Gates, C., Hearley, C. (eds.) Pro-
ceedings of NSPW 2011, pp. 125-140. ACM, New York (2011). arxiv:1109.5542
Pavlovic, D.: Geometry of abstraction in quantum computation. Proc. Symp. Appl.
Math. 71, 233-267 (2012). arxiv.org:1006.1010

Pavlovic, D.: Monoidal computer I: basic computability by string diagrams. Inf.
Comput. 226, 94-116 (2013). arxiv:1208.5205

Pavlovic, D.: Chasing diagrams in cryptography. In: Casadio, C., Coecke, B.,
Moortgat, M., Scott, P. (eds.) Categories and Types in Logic, Language, and
Physics. LNCS, vol. 8222, pp. 353-367. Springer, Heidelberg (2014). https://doi.
org/10.1007/978-3-642-54789-8_19

Pavlovic, D.: Monoidal computer II: Normal complexity by string diagrams. Tech-
nical report, ASECOLab (2014). arxiv:1402.5687

Pavlovic, D., Fauser, B.: Smooth coalgebra: testing vector analysis. Math. Struct.
Comput. Sci. 26, 1-41, 2 (2016). arxiv:1402.4414


http://arxiv.org/abs/org:0812.2266
http://arxiv.org/abs/1109.5542
http://arxiv.org/abs/org:1006.1010
http://arxiv.org/abs/1208.5205
https://doi.org/10.1007/978-3-642-54789-8_19
https://doi.org/10.1007/978-3-642-54789-8_19
http://arxiv.org/abs/1402.5687
http://arxiv.org/abs/1402.4414

40.

41.

42.

43.

44.

45.

46.

47.

48.

Monoidal Computer III 189

Pavlovic, D., Mislove, M., Worrell, J.B.: Testing semantics: connecting processes
and process logics. In: Johnson, M., Vene, V. (eds.) AMAST 2006. LNCS, vol. 4019,
pp. 308-322. Springer, Heidelberg (2006). https://doi.org/10.1007/11784180_24
Pavlovic, D., Yahia, M.: Basic Concepts of Computer Science (with Pictures),
December 2018. Draft textbook; chapters available as lecture notes at http://www.
asecolab.org/courses/ics-222/

Pavlovi¢, D., Escard6, M.: Calculus in coinductive form. In: Pratt, V. (eds.), Pro-
ceedings. Thirteenth Annual IEEE Symposium on Logic in Computer Science, pp.
408-417. IEEE Computer Society (1998)

Rogers Jr., H.: Theory of Recursive Functions and Effective Computability. MIT
Press, Cambridge (1987)

Rutten, J.J.M.M.: Universal coalgebra: a theory of systems. Theor. Comput. Sci.
249(1), 3-80 (2000)

Turi, D., Plotkin, G.D.: Towards a mathematical operational semantics. In: Pro-
ceedings of the Twelfth Annual IEEE Symposium on Logic in Computer Science
(LICS 1997), pp. 280-291. IEEE Computer Society Press, June 1997

Turing, A.M.: On computable numbers, with an application to the Entschei-
dungsproblem. Proc. Lond. Math. Soc. Second Ser. 42, 230-265 (1936)

Turing, A.M.: The chemical basis of morphogenesis. Philos. Trans. R. Soc. Lond.
Seri. B, Biol. Sci. B 237(641), 37-72 (1952)

Winskel, G.: The Formal Semantics of Programming Languages: An Introduction.
Foundations of Computing. Zone Books, U.S. (1993)


https://doi.org/10.1007/11784180_24
http://www.asecolab.org/courses/ics-222/
http://www.asecolab.org/courses/ics-222/

q

Check for
updates

Fibrational Bisimulations
and Quantitative Reasoning

David Sprunger' ™), Shin-ya Katsumata!, Jérémy Dubut'2, and Ichiro Hasuo!

! National Institute of Informatics, Tokyo, Japan
{sprunger,s-katsumata,dubut,hasuo}@nii.ac. jp
2 Japanese-French Laboratory for Informatics, CNRS, Tokyo, Japan

Abstract. Bisimulation and bisimilarity are fundamental notions in
comparing state-based systems. Their extensions to a variety of systems
have been actively pursued in recent years, a notable direction being
quantitative extensions. In this paper we present an abstract categorical
framework for such extended (bi)simulation notions. We use coalgebras
as system models and fibrations for organizing predicates—following the
seminal work by Hermida and Jacobs—but our focus is on the struc-
tural aspect of fibrational frameworks. Specifically we use morphisms of
fibrations as well as canonical liftings of functors via Kan extensions.
We apply this categorical framework by deriving some known properties
of the Hausdorff pseudometric and approximate bisimulation in control
theory.

1 Introduction

In the study of transition systems, bisimulation relations are a fundamental con-
cept, and their categorical study revealed the importance of coalgebras. One
approach to characterise bisimilarity is via [liftings of the coalgebra functor
along fibrations [12], which are a well-established framework to attach relational
structures on categories for modelling transition systems and programming lan-
guages [14].

Recently, there is emerging interest in quantitative analysis of transition sys-
tems. Behavioural metrics were introduced in [5,7] to refine bisimilarity for prob-
abilistic transition systems. Metrics give a real number for each pair of states in
a transition system, while a relation can only provide a bit for each pair (whether
the pair is in the relation or not). Therefore a metric can indicate a degree to
which the behaviour of two states differ, whereas a bisimilarity relation can only
indicate whether or not those behaviours differ. From this observation, a com-
mon desideratum for behavioral metrics associated with coalgebras is that two
states should have distance 0 if and only if they are bisimilar.

Bisimilarity and behavioural metrics are also analogous on a categorical level.
Behavioural metrics were recently shown to be constructible from liftings of the
coalgebra functor to categories of (pseudo)metrics [2, 3], similar to how Hermida-
Jacobs bisimulations are constructed from liftings of a functor to the category of
© IFIP International Federation for Information Processing 2018
Published by Springer Nature Switzerland AG 2018. All Rights Reserved
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relations. This type of construction is known generally as a coalgebraic predicate
and can be performed when a lifting of the coalgebra functor is known.

These developments present two natural issues. The first is an open-ended
quest for liftings of functors in general fibrations. These liftings are the rare ingre-
dient in forming coalgebraic predicates, so having a variety of liftings in a variety
of fibrations allows us to express more coalgebraic predicates. The second issue
is more recent and concerns the desired relationship between behavioural met-
rics and bisimilarity mentioned above. Given some liftings in different fibrations,
is there a relationship between the liftings we can use to verify a relationship
between the coalgebraic predicates they define on a given coalgebra?

The main contributions of this paper pertain to these two issues:

— We propose two methods to lift functors along fibrations, both of which gen-
eralise existing constructions. The first is the codensity lifting of endofunctors,
generalising Baldan et al.’s Kantorovich lifting [3] to arbitrary fibrations. This
lifting also represents a further development of the codensity lifting of monads
[15]. The second is the construction of an enriched left Kan extension using
the canonical symmetric monoidal closed structure [17] on the total category
in fibrations. This generalises Balan et al.’s construction [2] of enriched left
Kan extension for quantale-enriched small categories.

Apart from these lifting methods, we derive several methods to combine exist-
ing liftings. Using these methods, we construct the Hausdorff metric as the
pushforward of the lifting of the list functor along a particular transformation.

— We propose the use of predicate morphisms to translate between these liftings.
We use these translations to provide facilities for establishing relationships
between the coalgebraic predicates provided by these liftings on coalgebras.
We illustrate the utility of this approach with two examples. First, we demon-
strate the translation of approximate functions to e-approxrimate relations,
which is the key technical tool used in control theory. Second, we translate
metrics to relations to show the kernels of many behavioural metrics are
bisimilarity relations.

Outline. In Sect. 2, we recall the important technical background for this work,
particularly focusing on a class of fibrations where each fibre category is a lat-
tice. In Sect. 3, we recall the construction of Hermida-Jacobs bisimulations and
general coalgebraic predicates. As mentioned above, these require a lifting of a
functor. Existence of such liftings is not guaranteed, and in Sect.4 we present a
few generalizations of extant techniques for producing liftings in particular fibra-
tions to our more general class of fibrations. Finally, in Sect. 5, we use so-called
predicate morphisms to establish relationships between coalgebraic predicates,
focusing on deriving approximate functions from e-approximate relations and
deriving bisimilarity as the kernel of behavioural metrics.

2 Background

In this paper, we are interested in finding data about a wide variety of state-
based transition systems. This data comes in a variety of types: relations, unary
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predicates, and pseudometrics are frequently found in the literature. Data of a
particular type can also satisfy a variety of properties. For example, we are inter-
ested in both a relation consisting of the states with exactly the same behaviours,
and a relation where the behaviours of the first member in the pair is a subset
of the behaviours of the second member of the pair.

We capture these degrees of flexibility with three largely orthogonal categor-
ical abstractions. First, we use coalgebras as a means of modeling many kinds of
transition systems. Second, fibrations represent the types of data we are inter-
ested in deriving about the states of a coalgebra. Finally, functor liftings together
with a property of fibrations allow us to model the different ways the same type
of data may be created. We review each of these concepts separately here.

We assume familiarity with basic category theory, but not necessarily with
the theory of fibrations.

2.1 Coalgebras

Coalgebras are our tool of choice for modeling state-based transition systems.
Given a Set endofunctor F, an F'-coalgebra is a pair (I, f) consisting of a set T
and a function f : I — FI. The set is often called the carrier of the coalgebra,
while the function provides the transition structure of the coalgebra.

This pair is usually interpreted as a transition system under the following
scheme. The (object part of the) functor F is thought of as an operation which
sends a set of states to the set of all possible transition structures on that set.
The set I is the set of states of a transition system. Under this interpretation,
FI is then set of all the possible transition structures available using the set of
states I, so the transition structure map f : I — F'I assigns one of these possible
transition structures to every state in I.

A coalgebra morphism ¢ : (I, f) — (J, g) is a function on the underlying state
sets ¢ : I — J which respects the transitions in the source coalgebra, meaning
go ¢ = F¢o f. F-coalgebras together with their morphisms form a category we
denote by Coalg(F).

By varying the functor F', we can capture a wide variety of transition system
types, including deterministic and nondeterministic finite automata, Mealy and
Moore machines, probabilistic transition systems, Markov decision processes,
Segala systems and many more. For more background on the theory of coalgebra,
we recommend consulting [20].

2.2 Fibrations

A fibration over a category B is a functor m : E — B with a cartesian lifting
property. We will describe this property later, but intuitively, it allows us to take
the inverse image of objects in E along morphisms in B. The source category of
the fibration, [, is referred to as the “total category” and the target is the “base
category”.

Often the total category of a fibration is depicted vertically above the
base category and language referencing this physical configuration is common.
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An object or morphism a in E is above or over an object or morphism a in
B means wa = a. The collection of objects and morphisms above an object I
and the id; morphism is called the fibre over I. Each of these fibres is itself a
subcategory of E, denoted by E;.

Now we discuss the cartesian lifting property. In a fibration' over B, for every
morphism f : I — J in B and every object Y in E above J, there is a morphism
[ f*Y — Y such that f is above f (hence f*Y is above I). This morphism
is called a cartesian lifting of f with Y and is further required to satisfy the
following universal property: for all morphisms g : K — [ in B and h:Z—>Y
in E above f o g, there is a unique morphism ¢ : Z — f*Y above g such that
h= f og.

The operation sending Y to f*Y is often called pullback.?

Pullback also sends morphisms in E; to morphisms in [E; by the universal
property. Straightforward checks show that the assignment Y +— f*Y extends
to a functor f* :E; — E;. When g* f* = (f o ¢)* and id] = Idg, holds, we say
that the fibration is split.

A functor 7 is a cofibration if 7P : E°P — B°P is a fibration, and bifibration if
m and 7°P are fibrations. Pullback in 7°P is denoted by f., and called pushforward.
In a bifibration, the pullback f* is a right adjoint to pushforward f, [14, Lemma
9.1.2].

A common scenario encountered in the study of fibrations is that each fibre E;
has a categorical structure, say X, and pullback functors preserve these fibrewise
structures. When this is the case, we say that the fibration has fibred X. For
instance, a fibration 7 : E — B has fibred final objects if (1) each fibre E;
has a final object, and (2) for any morphism f : I — J, the pullback functor
f*:E; — E; preserves final objects. The fibrewise structure and the structure
on the total category often have a close relationship. We state it next for the
case X = “limit”.

Theorem 1 ([14]). Let 7 : E — B be a fibration and D be a category. If B has
limits of shape D, and 7 has fibred limits of shape D, then E also has limits of
shape D.

The dual version of this theorem also holds, replacing fibration with cofibration,
limit with colimit and pullback with pushforward.

We also mention the preservation of fibrations by functor-category construc-
tion:

Theorem 2. For any fibration m : E — B and category C, wo— : [C,E] — [C,B]
1s also a fibration.

In this work, we are interested in state-based transition systems. Hence, the
fibrations we are most interested in have B = Set. Indeed, most of the total

! In this work we always assume that a cleavage is given to a fibration.

2 In this paper we shall use the word pullback in this fibrational sense. This usage gen-
eralizes the word’s common meaning as a limit of a cospan in a category. Specifically,
the latter gives a (fibrational) pullback in a codomain fibration. See [14].
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categories we are interested in are sets equipped with some extra structure, such
as sets with relations or sets with a metric. In these cases, the forgetful functor
is usually a fibration.

Example 3. The forgetful functors from the following categories to Set are fibra-
tions:

— Pre is the category of preorders and monotone functions between them.

— ERel is the category of endorelations. An object is a pair (I, R) of a set I and
a relation R C I x I. Morphisms are functions which preserve the relation,
meaning f : (I,R) — (J,5) is a function f : I — J such that ¢ R ¢’ implies
f(i) S f(i).

— RERel is the category of Rt-indexed endorelations.? That is, an object is a
pair (I, R) of I € Set and a RT-indexed family {R.}.cr+ of endorelations on
I monotone in the index, so § < € implies Rs C R.. Morphisms are required
to preserve the relation at each value €, meaning ¢ R, ¢’ implies f(z) Se f(i')
for all e.

— BVal is the category of all R*-valued binary endorelations. Objects in this
category are pairs (I,7) of a set I together with a function 7 : I xI — R™, with
no constraints. Morphisms in this category are required to be non-expansive,
so f:(I,r) — (J,s) satisfies s(f(i), f(i')) < r(i,i) for all 4,7" € I.

— PMet, is the full subcategory of BVal consisting of b-bounded pseudometric
spaces, for a fixed bound b € (0,00].* An extended pseudometric is an oo-
bounded pseudometric, and the category of extended pseudometrics is called
EPMet.

— Top, Meas are the categories of all topological /measurable spaces and con-
tinuous/measurable functions between them, respectively.

— V-Cat, with a commutative quantale V, is the category of small V-categories
and V-functors between them. The forgetful functor extracts the object part
of small V-categories. This category is used in [2] as a generalisation of metric
spaces.

Technically, a fibration is a functor, particularly the forgetful functor in the
examples above. In these examples, however, the functor is relatively unremark-
able, so we will abuse terminology slightly and refer to the fibration by the name
of the total category.

Cartesian morphisms in ERel preserve and reflect their source relation, in
RERel they preserve and reflect the relation at each index, and in BVal and
PMet, they are isometries, replacing the inequality in the condition for non-
expansiveness with equality.

3 Throughout this paper, we write R* = [0, 0o].

* A b-bounded pseudometric on a set I is a function r : I x I — [0,b] which satisfies
the axioms of a pseudometric: (1) r(i,i) = 0, (2) r(4,7') = r(i',4), and (3) r(3,3") <
r(i,1") + r(i’,7") for all 7,i',i"” € I. A pseudometric drops only the definiteness
condition of a metric, so r(4,7’) = 0 does not imply i = i’ when r is a pseudometric.
This is crucial for our intended application to coalgebras where distinct states may
have identical behaviours and we wish the distance between two states to reflect the
difference in their behaviours only.
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2.3 CLata-Fibrations Over Set

In this paper, we focus on the fibrations over Set such that (1) each fibre category
is a complete lattice and (2) pullbacks preserve all meets in fibres. Such fibrations
bijectively correspond to functors of type Set®” — CLat, via the Grothendieck
construction, where the codomain is the category of complete lattices and meet-
preserving functions between them. Following [1, Sect. 4.3], we call such fibrations
CLat - fibrations over Set, or simply CLatA-fibrations in this paper. This is a
restricted class of topological functors to Set [13], where each fibre category is a
poset.

There are indeed many examples of CLat-fibrations over Set, covering a
wide range of mathematical objects, including preorders, predicates, relations,
pseudometrics, topologies, o-fields and so on. In particular, every fibration listed
in Example 3 is a CLat-fibration.

We introduce a notation: for objects X,Y € E in a CLat-fibration 7 : E —
Set and a function f: 71X — 7Y, by f: X =Y we mean the sentence: “there
exists a (necessarily unique) f : X — Y such that 7f = f7. For instance, in the
CLat,-fibration 7w : Top — Set, f : X =Y is equivalent to the sentence “a
function f : 7 X — wY is a continuous function from X to Y.

Despite their simple definition, CLat-fibrations have many useful prop-
erties. Let m : E — Set be a CLat-fibration. The following properties are
well-known:

— 7 is a split bifibration. (Each fibre is a poset and each pullback functor f* :
E; — E; has a left adjoint f. : E; — E; by the adjoint functor theorem.)

— 7 is faithful and has left and right adjoints, mapping I € Set to the least and
greatest elements in E;, respectively. We name the left adjoint A : Set — E.
Intuitively, it constructs discrete spaces of given sets.

— E has small limits and colimits by Theorem 1.

— m uniquely lifts arbitrary limits and colimits that exist in Set, including large
ones. We describe this for the case of colimits. For any diagram F' : D — E
and a colimiting cocone {tp : TFD — C}pep of 7F in Set, there exists a
unique colimiting cocone {ip : FD — C‘}DGD of F in E such that wip = ¢p.
The colimit C' is given as V pep|(¢p)«(F'D). The same statement holds for
coends instead of colimits.

— The change-of-base of a CLat,-fibration 7 : E — Set along any F : Set —
Set is again a CLat A-fibration.

Another less known, but important fact is that the total category E of any
CLat -fibration over Set carries a canonical (affine) symmetric monoidal closed
(SMC for short) structure. The one on Top is described in [4,21]. The following
construction of the SMC structure is a reformulation of the one given in [17]
using fibred category theory.

The tensor unit is a chosen terminal object 1.

The tensor product of X,Y € E is constructed as follows. Let us define 7 XY
to be the coproduct of w X-many copies of Y. We explicitly construct it above
X x 7Y by
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XY=\ (z-).Y,
rzenX

where (z,—) : 7Y — 71X X 7Y is the function that pairs an argument with a
specified z € mX. We similarly define X - 7Y to be the coproduct of 7Y -many
copies of X, again constructed above 7.X x wY. We then define the tensor
product of X and Y to be the join of these two in the fibre over 71X x 7Y

XY =@wX-Y)V(X- -7Y).

This tensor product classifies bi-E-morphisms in the following sense: a func-
tion f satisfies f : XY >Z ifand only if f(x,—) : Y > Z and f(—,y) : X>Z
holds for any x € 7 X and y € Y.

The closed structure of X,Y € E is constructed as follows. We first construct
the product 7X 'Y of mX-many copies of Y above Set(nX,7Y) by

XY= /\ (),

zerX

where —(z) : Set(nX,nY) — 7Y is the function that evaluates an argument
function with a specified x € 7.X. We then define the closed structure X — Y
to be the pullback of #X M Y along the morphism part 7xy : E(X,Y) —
Set(nX,7Y) of m

X oY =7rxy(rXhY).

We note that both 7 : E — Set and its left adjoint A : Set — E are strict
symmetric monoidal (for Set we take the cartesian monoidal structure).

Ezample 4. We illustrate the bifibrational structure of BVal. Let us recall the
order relation in the fibre categories. The following are equivalent: (1) in the
fibre BVal;, (I,r) < (I, s) holds, (2) id; is a nonexpansive function from (I,r)
to (I,s), and (3) s(z,y) < r(z,y) holds for all z,y € I. Note the apparent
disparity between (1) and (3): though r < s in the fibre order, s has smaller
values than r pointwise.

Next, let (I,7) € BVal and Hﬁf\IiJ be functions. The pullback
(H, f*r) and the pushforward (J, g.r) are given by
frr(z,y) =r(f(2), f(y), gr(z,y)= inf r(p,q).

9(p)==
g9(q)=y

The fibrational construction of the canonical SMC structure on BVal yields the
following tensor product and closed structure:

0o Az Ny#£y
(L)@ () = | 1x 0 M@, @y - 4 50Y) MR A

min(r(z,z’), s(y,y") z =2’ Ay =y’

(L) — (J,5) = (BVal((L (8, A F) - igs(wf(ac),wf'(x)))
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2.4 Liftings

Another major object of study in this work are liftings of a functor. Given a Set
endofunctor F' and two functors m : E — Set and p : F — Set, a lifting of F is
a functor £ : E — F such that po F = F or. In many of the cases we consider
T = p, SO F is an endofunctor on the domain of 7. To emphasize this particular
situation we will call such an F' an endolifting. In [11], endoliftings were called
modalities.

Obviously, we will also usually be considering a situation where m and p are
CLat ,-fibrations. In such a case, restricting a lifting to a particular fibre yields
a functor between fibre categories: F' |1 : Ef — Fpy. Some liftings also specially
respect the cartesian morphisms of the fibrations they operate between. A lifting
is called a fibration morphism if it sends cartesian morphisms in E to cartesian
morphisms in F.

Notation. We pause here to set out some notational conventions, some of which
have already been used. Set is the category of sets and functions. Typical objects
of Set are denoted I, J, and K and typical morphisms are denoted f, g, and h.
Generally, F' is a Set endofunctor, C7 is the constant-to-I Set endofunctor, —*
is the list functor, and Py, is the finite (covariant) powerset functor.

Abstract categories are denoted D, E, and F and are often the total category
for a CLat-fibrations over Set with functors 7 or p. In such a case, applying
a dot or two over a Set-related entity denotes an entity in the total category
above the named Set-related entity. For example, I is an object in the total
category, f is a morphism in the total category, x is the binary product in the
total category, and Fisa lifting of F' to the total category. We will also generally
use X, Y, and Z as objects in a total category.

Two fibrations—BVal and ERel—are important enough to merit their own
notations. Generally, r and s will denote the function in a BVal object, while R
and S are the relation in an ERel object. Generally, writing a * or ~ over a Set-
related entity has the same meaning as a dot over that entity, but particularly
for the total categories BVal and ERel, respectively.

The length of a list is denoted len and subscripts shall be used to select an
element from a list at the indicated (zero-indexed) list position.

3 Endoliftings and Invariants

In this section, we describe how CLat »-fibrations and liftings of a functor F' to
that fibration can be used to define data about every F-coalgebra. Perhaps the
best-known instance of this construction creates Hermida-Jacobs bisimulations
from the canonical relation lifting of a functor along ERel — Set. We describe
this example first, particularly for polynomial functors F'.

3.1 Relation Liftings Define Coalgebraic Relations

Recall from the previous section the fibration ERel has objects consisting of
pairs (I, R) where I is a set and R C I X I is a relation on that set. The fibre
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category ERel; is (isomorphic to) the lattice of relations on I with a vertical
morphism from (I, R) to (I,S) if and only if R C S.

A consequence of the equivalence between inclusion of relations in a fibre and
the existence of a vertical morphism between them is that any functor between
fibre categories in ERel is necessarily a monotone function on relations with
respect to the usual inclusion ordering.

Two important cases where we can apply this fact are (1) ERel liftings of
functors restricted to a fibre and (2) pullbacks along Set functions, since these
are both functors between fibre categories. If F is an ERel lifting of F', then
F|gRrel, is a monotone function ERel; — ERelp;. Similarly, if f : I — FI
is an F-coalgebra structure on I, pullback along f is a monotone function f* :
ERelF] — ERel[. _

Composing the above functions yields a monotone function f* o F|gRely,
ERel;. Since ERel; is a complete lattice, this composite monotone functlon
has a greatest fixed point, which we denote by (I, vF(; ). The relation I/F(Lf)
picked out in this greatest fixed point has historically turned out examples of
great interest.

Perhaps foremost among these examples is the so-called canonical relation
lifting, which yields bisimilarity as its greatest fixed point. We recall the descrip-
tion of this lifting for polynomial endofunctors.® The polynomial Set endofunc-
tors are precisely those generated by the following grammar:

P:Id|CA| ]_[iPi\Pleg

We can create an ERel lifting for any polynomial P with constructions for each
of the inductive cases.

Definition 5 (canonical relation lifting). Let ]:[ and x be the coproduct and
binary product operations in ERel, respectively. (These exist by Theorem 1.) The
canonical relation lifting of a polynomial Set functor P is:

Id = IdgRer if P = Idget,
Rel(P) — @, :(I,R) — (A, An) ifP=Cly,

L1, Rel(F;) ifP=1], Pi,and

Rel(P;)x Rel(P) ifP =P x Py.

Given a polynomial Set functor P and a P-coalgebra (I, f), we can use the
canonical relation lifting Rel(P) to form the function f*oRel(P)|gRrel, - Postfixed
points of this function in ERel; give a useful general definition of bisimulation
on (I, f) [12]. The greatest postfixed point vRel(P); ; is bisimilarity on this
coalgebra.

5 The canonical relation lifting can in fact be defined for all functors using image
factorization in Set. We use the less-general inductive version as we will need it in
Sect. 5.
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Ezxample 6. As two examples of the canonical relation lifting, we present bisim-
ulation on coalgebras of the list functor and on coalgebras of the finite powerset
functor. These examples will be referenced later when we construct behavioural
metrics on the same coalgebra types similarly to how we do it here.

The list functor is defined as (—)* = [[,,c,, [I;c,, Id. Following the inductive
definition above, each summand in the coproduct, [], Id, sends a relation R to
the n-fold repetition of R: two lists k, £ of length n are related by Rel(][,, Id)(R)
if k; R{; holds for 0 <4 < n. The canonical relation lifting for [, ., ], Id then
relates two lists k, £ of arbitrary length if and only if len(k) = len(¢) (they come
from the same index in the coproduct), and k;R¢; holds for 0 < i < len(k). In
other words, (k, ) € Rel([[,, Id)(R).

The finite powerset functor is the quotient of the list functor by the trans-
formation set; : I* — Pgs,I given by setr : (i1,...,4n) — {i1,...,in}. The
pushforward of the lifting for the list functor along this natural transformation
is the usual definition of bisimulation for the finite powerset functor. Explicitly,

Rel(Pan)(R) = {(J, K) € Panl X Panl :Vj € J,3k € K.jRk AVE € K,3j € J.jRk}

3.2 Generalizing Hermida-Jacobs Bisimulation

The necessary components to define Hermida-Jacobs bisimulation conveniently
can be found in any CLat-fibration with any endolifting of any functor. Thus,
we can define the abstract counterpart of a bisimulation. This terminology is
intended to echo [11].

Definition 7. Let F be a endolifting for F. An F-invariant [on an F-coalgebra
(I, f)] is an F-coalgebra (X, ) [such that 71X = I and ma = f].
An F-invariant morphism is an F-coalgebra morphism.

F-invariants and F -invariant morphisms together form a category, in fact
exactly the category Coalg(F). F-invariants also evidently sit over F-coalgebras

according to 7, so we name the functor sending Coalg(F') to Coalg(F).

Definition 8. Given a endolifting F on a functor F, the underlying coalgebra
functor Coalg(r) : Coalg(F') — Coalg(F) is defined as

Coalg(m)(X,a) = (nX,ma), Coalg(m)h = h.

Since 7 is faithful in a CLat-fibration, the coalgebra structure a of an F-
invariant (X, «) on (I, f) is unique. Therefore, an alternative definition of an
F-invariant on (I, f) is an object X above I such that there exists a (necessarily
unique) morphism « : X — FX above f.

Yet another definition of an F-invariant can be derived from the lattice struc-
ture of E;. For each coalgebra (I, f), there is a monotone function f* o F|g, :
E; — Ep; — E; as described above. An F-invariant on (I, f) is then precisely
a postfixed point for this function.

A useful consequence of this last characterization is the observation that since
each fibre E; is a complete lattice, Knaster-Tarski ensures the F-invariants on
(I, f) form a complete sublattice. In particular
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Definition 9. The greatest F-invariant on an F- coalgebra (I, f) always exists
and is called the F-coinductive invariant. We denote the E-coinductive invariant

on (I, f) by Z/F(Lf),

We can alternatively reach VF( 1,5) by the final sequence argument inside the
fibre E;; this is the approach taken in [3]. In [11], coinducive invariants were
called coinductive predicates.

F-similarities give final objects within each fibre category, but there is no
assurance of a final object in the total category, nor that final objects are pre-
served by coalgebra morphisms. The next result, which reorganizes results pre-
sented in [11, Sect. 4], sets out some conditions entailing these desiderata.

Theorem 10. Let F be a endolifting for F. If it preserves cartesian morphisms,

1. [11, Proposition 4.1]. The underlying coalgebra functor Coalg(r) : Coalg(F)
— Coalg(F) is a fibration where pullbacks are the same as in the fibration .

2. Each pullback functor of Coalg(m) preserves final objects (hence Coalg(F)
has fibered final objects).

3. If additionally Coalg(F) has a final object vF, then Coalg(F) has a final
object.

For the item 2 and 3 of the above theorem, see also [11, Corollary 4.3].

This theorem is a fibred counterpart of some results in Sect. 6 of [3]. To see
this, we instantiate Theorem 10 with the following data: the CLat-fibration
m : PMet, — Set (Sect.2), a functor F' : Set — Set having a final F'-coalgebra
vF and a lifting F' of F along 7 that preserves cartesian PMet;, morphisms
(isometries). Then

— Theorem 6.1 in [3] is equivalent to the conclusion of (this instance of) item 3
of Theorem 10.

— Let I = (I, f) be an F-coalgebra, and !; : I — vF be the unique F-coalgebra
morphism. The behavioural distance of I in [3] corresponds to the pullback
I*(vE, ) in our fibrational language.

— Theorem 6.2 in [3] corresponds to vF; =!%(vE, ), which follows from (this
instance of) item 2 of Theorem 10.

4 Constructions of Liftings Along CLat,-Fibrations

There are many examples of liftings of functors in well-known fibrations, such
as the fibration of relations or pseudometrics. Some of these liftings even form
classes which cover all functors, such as the canonical relation lifting or the
generalized Kantorovich liftings of [3], which ensure every functor has a lifting
in ERel and PMet; respectively. In this work we are considering a variety of
fibrations, so a natural concern is whether liftings of Set functors exist in all of
these CLat ,-fibrations.
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In this section, we generalize a variety of constructions known in particu-
lar fibrations to arbitrary CLat.-fibrations. In Sects. 4.1 and 4.2, we give two
constructions, the first using enriched left Kan extensions and the second using
codensity liftings. Then in Sect. 4.3 we mention how to use the categorical struc-
ture of the CLat 5-fibration to create new liftings from old.

Hence, in this section we find ourselves with the ingredients F' and m:

F

Set Set ul E 7 :CLatx-fibration (1)

and seek to create an endolifting of F' in a variety of ways.

4.1 Lifting by Enriched Left Kan Extensions

The canonical SMC structure on E (Sect. 2) allows us to discuss enriched liftings
of F' to E°, the self-enriched category of E with its SMC structure. To discuss
this, we introduce some E-categories and E-functors.

— By E° we mean the self-enriched E-category of E (that is, E¢(X,Y)=X —Y).

— Since the left adjoint A : Set — E of 7 (see Sect.2.3) is strict monoidal, it
yields the change-of-base 2-functor A, : CAT — E-CAT. It takes a locally
small category C and returns the E-category A,C defined by Obj(A.C) =
Obj(C) and (A.C)(I,J) = A(C(I, J)).

— For any functor G : C — E, we define the E-functor G : A,C — E€ by:
GI = GI, and G;; : (A.C)(I,J) — E¢(GI,GJ) is the mate of Gp; :
C(I,J) — E(GI,GJ) with the adjunction A - 7; recall that 7(E¢(X,Y)) =
m(X —Y) =E(X,Y) by construction.

The following is a generalisation of [2, Theorem 3.3].

Theorem 11. Consider the situation (1). Let C : Set — E be a functor such
that C = F. Then there is an enriched left Kan extension F of C : A,Set — E¢
along A : A.Set — E€ such that its underlying functor Fy : E — B (see [16]) is
a lifting of F along 7.

Proof. Since the codomain E€ of C has E-tensors, the enriched left Kan extension
can be computed by the enriched coend:

IcA,Set
LanpCX :/ E¢(AILX) ® CI,;

see [16, (4.25)]. We define the body of this coend by B(I,J) = E¢(AI, X)® CJ.
It is an E-functor of type (A.Set)? @ A,Set — E°. Similarly, we define an
ordinary functor B : Set” x Set — E by B(I,J) = B(I,J) on objects and

B(f,g) =7B (1,.7,(1,7)(f; g) on morphisms. A calculation shows that B is equal
to the ordlnary functor AIL,J) . (LI - X)® CJ.
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Because the codomain of B is [E¢, the enriched coend can be computed as an
ordinary colimit of the following large diagram in E [16, Sect. 2.1]:

”\___/B( e \ /

A.Set(J,I)® B(1,J)

(2)

where I, J ranges over all objects in Set, and 7,y and 77 ; are the uncurrying
of B(I,—) 1 and B(—, J)r,7, respectively.
InE, AT ® X is a tensor of X with I € Set because

E(AI® X,Y) ~E(AILX —Y) ~ Set(I, m(X — Y)) = Set(I,E(X,Y)).

We name the passage from right to left ¢. The bottom objects of diagram (2)
are thus tensors of B(I,J) with Set(J,I) for each I, J € Set, and moreover, by
easy calculation, we have l; ; = ¢(B(I,—)) and ;. ; = ¢(B(—,J)). Therefore
a colimit of the diagram (2) can be computed as an ordinary coend of B :
Set’” x Set — E.

To compute this (large) coend of B, it suffices to show that the coend of 7B
exists in Set, because 7 uniquely lifts coends. We have a natural isomorphism
try:wB(I,J) — Set(I,7X) x FJ, and the right hand side has a coend {i; :
Set(I,7X) x FI — FrnX}eset defined by i;(f,z) = F fz. Therefore since 7
uniquely lifts colimits (Sect.2.3), we obtain a coend of B. To summarise, the
enriched left Kan extension is computed as

LanaCX = \/ (i7our1). (LI — X) @ CI).
I€Set

Example 12. Let m : Pre — Set be the CLat 5-fibration from the category Pre
of preorders and F' : Set — Set be a functor. We compute the enriched left
Kan extension LanpaAF. For (X, <) € Pre, the enriched left Kan extension
LanpAF (X, <x) is the preorder on F'X generated from the following binary
relation:

{(Ffa,Fga) | I € Set,a€ FI, f,gecSet(I,X),Viel. fi<xgi}
= {(Fpia,Fpa) | a € F(<x)}

where p; : (<x) — X is the composite of the inclusion (<x) — X x X of the
preorder relation and the projection function 7; : X x X — X.

When F is the powerset functor P, the enriched left Kan extension
LanpAP(X, <x) gives the Egli-Milner preorder Cx on PX, as computed in
[2, Example 3.8]:

VExW <= (WMWweV . FIweW . v<xuw)AVweW .FveV .v<xw).
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4.2 Codensity Lifting of Endofunctors

As an analog to the codensity lifting of monads along CLat-fibrations
[15, Proposition10], we give a method to lift Set-endofunctors along CLatx-
fibrations. We retain the name and call it the codensity lifting (of Set-
endofunctors). We demonstrate in Example 15 that it subsumes the Kantorovich
lifting in [3].

Consider the situation (1). We take the category Set! of F-algebras and the
associated forgetful functor U : Set! — Set. It comes with a natural transfor-
mation «a : FU — U, whose components are defined by the F-algebra structure:
Q(Aq) =0 FA— A

The codensity lifting of F' is defined with respect to a lifting parameter for F,
which is a pair (R, .S) of functors from a discrete category A such that 7.5 = UR:

A 5 E Set!" : category of F-algebras (3)
Ri iﬁ U : forgetful functor
P 7S =UR
Set T Set

Then the codensity lifting FI75! of F with respect to the above lifting param-
eter (R, S) is defined by the following fibred meet:

FIRS x — A (apa o Frf)*(SA).
AcA,fER(X,SA)

The codensity lifting can be characterise as a vertex of a pullback when the
codensity monad RangS exists. Suppose that RangS exists. Since the CLat -
fibration 7 : E — Set preserves all limits, TRangS is a right Kan extension of 7.5
along S. We then take the mate of the natural transformation aR : FrS — 7S
with the right Kan extension of 7.5 along S, and obtain aR : Fr — mRangs.

Theorem 13. Suppose that RangS exists. Then FUBS! js the vertex of the
following pullback in the fibration [E,p] : [E,E] — [E, Set]:

FIRS] > RangS [E, E]

[e-

Fr mRangS [E, Set]

aR

The codensity lifting enjoys the following universal property. First, we intro-
duce a partial order on the liftings of F' by: F < F if and only if FX < FX
holds for all X € E. Moreover, we say that a lifting £ of F along 7 makes S an
algebra above R if, agra : FSA - SA holds for all A € A.

Theorem 14. Consider the situation (1) and a lifting parameter given as (3).
The codensity lifting FIBS! of F is the largest lifting of F that makes S an
algebra above R.
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Ezample 15. Fix a bound b € (0, co] for metrics. We show that the Kantorovich
lifting in [3] is a codensity lifting along the CLatA-fibration = : PMet, — Set.
Let o : F[0,b] — [0,b] be an F-algebra; in [3] it is called an evaluation function.
We then form the following lifting parameter: A = 1, R = ([0,b], ), and S =
([0,0],d.), where d. is the standard Euclidean distance d,(z,y) = |z—y| on [0, b].
Then the codensity lifting with this parameter yields the following construction
of pseudometric:

FIRS(T ry = (FI,7")
r'(@,y) = sup{la((Frf)(2)) — a((Frf)y)| | f € PMety((I,7),5)}.
This is exactly the Kantorovich lifting in [3, Definition 3.1].

4.3 Combining Liftings

We have seen two methods to lift endofunctors. In this section, we discuss build-
ing new liftings from existing ones. Below we set up a suitable category in which
these operations are characterised as categorical constructions.

Let 7w : E — Set be a CLatx-fibration. Then 7o — : [E,E] — [E, Set] is a
partial order bifibration with fibred meets of arbitrary size. We take the following
change-of-base of this fibration along — o

Lift(r) — > [E,E|

ql lwo,

[Set, Set] ———— [E, Set]
The vertex of this change-of-base is the category Lift(w) of liftings along .
An object is a pair (F, F) of an endofunctor F' : Set — Set and its lifting
F:E — E along 7. A morphism from (F, ) to (G, G) is a pair (a, &) of natural
transformations « : F — G and & : F' — @ such that & = ar.

The derived vertical leg ¢ : Lift(r) — [Set,Set] is also a partial order
bifibration with fibred meets (of arbitrary size). Since [Set, Set] has small limits
and colimits, by Theorem 1, Lift(7) has small limits and colimits, hence small
products and coproducts.

The bifibredness of ¢, together with these products and coproducts give us a
recipe to combine liftings.

Identity and Constant. The lifting of Idget is Idg, while the lifting of the
constant functor C7(J) = I is C7(X) = AL

Product and Coproduct. Let (Fj;, ;) be an I-indexed family of liftings
along 7. Then their product and coproduct are computed pointwise.
Pullbacks and Pushforwards. For a lifting (F,F) along 7 and natu-

ral transformations H > F 2 G , the pullback lifting a*F above H and
pushforward lifting G,F above G are computed pointwise in the fibration
m:E — Set:
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(a"F)(X) = (anx)"(FX), (BE)(X) = (Brx )« (FX).

In particular, these constructions ensure all polynomial and finitary functors
in Set have at least one lifting in every CLat A-fibration.

4.4 The Hausdorff Pseudometric

As an example of how liftings can be constructed with these basic operations,
we demonstrate the construction of the Hausdorff pseudometric on finite sets
in a BVal lifting of the finite powerset functor. Our version of the Hausdorff
distance will take a BVal object (I, d) and create a BVal object (Pan!, Hd).

Recall that the finite powerset can be realized as a quotient of a polynomial
functor with the following construction. First, recall the list functor: (—)* =
I,c. I Lic,, Id. This is patently a polynomial functor. Then the finite powerset
functor is the quotient of the list functor by the natural transformation setj :
I* — Pg,I from Example 6.

We can build up a BVal lifting of the finite powerset functor in parallel with
this construction. First, using the product and coproduct in BVal we derive a
BVal lifting for the list functor. Given a BVal object (I, d) the lifted distance
on lists k, 0 € I* is:

max  d(k;,¢;) if len(k) = len(?)
d*(k, ) = { O<i<len(k)
00 if len(k) # len(¥)

Then a BVal lifting for the finite powerset functor arises as the pushforward of
the list lifting along the transformation set. In Example 4, we found pushforward
in BVal explicitly so, Hd(J, K) = inf d*(k, ). We have denoted this
kel™: set(k)=J
Lel™: set(f)=K
distance Hd since it turns out to be equal to the usual Hausdorff distance.
However, this is not the usual formulation for the Hausdorff distance, so we
briefly discuss why this is equivalent.

The usual definition of Hausdorff distance for a metric space is

Hd(J, K) = max (sup inf d(y, z), sup inf d(y, z))
yeJ zeK 2cKYEJ

where J, K C I. Typically the Hausdorff distance is also restricted to nonempty
compact subsets of the metric space so that Hd is truly a metric. (Otherwise
Hd(J, K)=0 does not imply J=K, for example.) Since we are interested in
pseudometrics anyway, we do not place any such restriction on the domain of Hd.

In the finite case, the Hausdorff distance has a game theoretic interpretation
as the result of a two-turn game played between a lazy walker (Gerry) and an
antagonist (Tony). In the first round, Tony picks a starting point from either J
or K for Gerry. In the second round, Gerry walks from Tony’s starting point in
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J(K) to any point in K (J). The result of the game is the distance Gerry walks.
Gerry’s goal is to minimize this distance; Tony’s goal is to maximize it.

Gerry’s optimal strategy is straightforward. Given a starting point, Gerry
finds the distances to the (finitely many) points in the other set and picks the
least one. Since Gerry’s optimal strategy is clear, Tony can make a list consisting
of all the points in J U K and the distance Gerry will have to walk if that point
is used as the starting point. Then Tony’s optimal strategy is to pick the starting
point corresponding to the greatest distance on this list.

This analysis indicates we can interchange the order of the players and obtain
a game with the same result: Gerry can first announce where he will walk given
every possible choice of starting point, then Tony picks one of the choices offered
by Gerry. If Tony is given two lists k£ and ¢ by Gerry, he will be to force the
result of this modified game to be

d* (k, 0)

where d* is the list distance defined above. Gerry’s best strategy is to pick k
and ¢ with the closest corresponding distances possible, making the final result
of this modified game

inf d*(k,2)

kel*: set(k)=J
Lel™: set({)=K

where the constraints set(k) = J and set(¢) = K express the fact that Gerry
must make a choice for every single starting point. Since these games have the
same result, we know

inf d(y, z), inf d(z, = inf d*(k, ¢
max (2295& (4, 2), sup inf d(= y>) L
Lel™: set()=K

Therefore, our formulation of the Hausdorff distance is equal to the usual formu-
lation of the Hausdorff distance, modulo the consideration that we are satisfied
with a pseudometric and so do not confine our definition to nonempty compact
sets.t

5 The Category of Endoliftings

In Sect.3, we defined endoliftings and their instantiations to F-invariants on
particular coalgebras. We showed that with certain constraints on the ambient

5 A more technical proof of the same result proceeds by first showing the Hausdorff
distance on the left is a lower bound for d*(k,£) given the constraints on k and .
The fact that J and K are finite is crucial so that the value of the left-hand side
must be witnessed at a particular entry in one of the lists. Then it can be shown
that this lower bound is sharp by a particular choice of k£ and ¢ witnessing Gerry’s
optimal strategy, so indeed the left-hand side is the greatest lower bound for the
collection of values on the right-hand side.
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categories, the F-coinductive invariant exists and is preserved by coalgebra mor-
phisms. In Sect. 4, we showed that endoliftings exist in many CLat ,-fibrations,
and gave several constructions and combinators for producing endoliftings in
these general conditions. In this section, we we observe that endoliftings can be
collected into a category using the following definition.

Definition 16. A endolifting morphism from one endolifting (7 : E — Set,F)
to another (p: F — Set, F) is a lifting H : E — F of Idset (i-e. m = po H) such
that HoF =Fo H.

Endolifting morphisms do not appear in the story of Hermida-Jacobs bisimu-
lations or the coalgebraic predicates defined analogously, but we will observe this
category is a useful abstraction for comparing coalgebraic invariants of various
endoliftings.

A concrete goal in this section is to establish some general conditions under
which a BVal coinductive invariant has an ERel coinductive invariant at its
kernel. Results of this type are pursued, for example, in [6].

5.1 Quantitative and Qualitative Liftings

We begin by focusing on three CLat A-fibrations introduced in Sect. 2.3, namely
ERel, RERel, and BVal. These total categories consist of sets together with
endorelations, real-indexed families of endorelations, and “distance” functions
(which satisfy no metric axioms other than having codomain nonnegative reals),
respectively.

These fibrations have many functors between them:

Te=(—¢)oS

K S —€ }
BVal T RERel T ERel

T

Set

where (the object parts of) each of these functors are given by

L(I,R) = (I, Az, y) . inf{$ | (z,y) € Rs}) S(,r) =, xe. {(z,y) € [ [r(z,y) <¢})

(I,2) if6<6>

XE(I,R):(I,A&. {(LR) i£6> e (I, R)e = (I, Re)

Note that the two functors between ERel and RERel are actually a real-
indexed family of functors, where ¢ € [0,00). It may help to think of S as
Stratifying a distance function into a family of relations and L as finding the
Least index where the relation holds. As usual, the empty infimum in the defi-
nition of L is the maximum element, namely oo.
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These functors patently do not change the index set I associated with each
of the objects in the total category. Each of these functors is also defined to be
the identity on morphisms.” Therefore, these are liftings of the identity on Set.

We define the composite functor T'e = (—¢) o S. This functor sends (I,r) €
BVal to (I, {(z,y) | 7(z,y) < €}) € ERel, truncating the distance function r at
€. The fact that Te is a right adjoint, as depicted in the diagram above, will be
an important fact later on.

The functor T0 gives the kernel of a distance function, namely the relation
consisting of pairs which are at distance 0. A common desideratum of pseudomet-
ric liftings or more generally BVal liftings is that the kernel of the F-coinductive
invariant function in BVal is bisimilarity in ERel (i.e. the Rel(F')-coinductive
invariant where Rel(F') is the canonical relation lifting of F', defined in Sect. 3.1).
We show how to establish this result for the Hausdorff metric in a highly reusable
manner.

5.2 Te Is a Endolifting Morphism Between Kripke Polynomial
Functors

Next, we show that Te is a endolifting morphism from every polynomial functor
in BVal to the polynomial functor of parallel shape in ERel. This result is the
backbone of our proof that Te is a endolifting morphism from the Hausdorff
lifting of the finite powerset functor to the canonical relation lifting of the finite
powerset functor.

Proposition 17. For all € € [0,00), Te is a endolifting morphism:

1. from Idpval to IdgRel,

2. from Ca to C where Cy is the constant-to-A functor, and

3. from FixFy to Rel(F}) % Rel(Fy), given that it is a morphism from F; to
Rel(F;), and

4. from Hze to [, Rel(F3), given that it is a morphism from F; to Rel(Fy)

Therefore, Te is a endolifting morphism from any polynomial functor in ERel
to the polynomial functor of the same shape in BVal.

This establishes T'e as a endolifting morphism between polynomial functors,
but we also want it to be a endolifting morphism from the Hausdorff lifting of
Psy, to the canonical relation lifting in BVal. That is, we want to show Te : H —
Rel(Psy) is a endolifting morphism. A reasonable strategy, given the proof we
just completed, would be to hope that if Te is a endolifting morphism between
two liftings of a functor, then it is a morphism between the pushforward of those

" Morphisms in each of these categories are Set-functions which satisfy conditions
regarding the extra data in the total category. (That is, functions which preserve
the source relation, shrink the source distance, etc.). It is straightforward to show
f X — Y is a morphism in A implies f : FX — FY is a morphism in B by writing
down the extra conditions on f imposed by A and B where F': A — B is any of the
four functors defined above.
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functors along a natural transformation in the base category. In general this is
not true, but liftings satisfying a simple side condition do have this property.

Proposition 18. Suppose T : P — F is a natural transformation in Set, Te :
PP (Sect. 5. 1) is a endolzftmg morphism from a BVal lzft of P to an ERel
lift of P, and F and F are the pushforwards of P and P along 7. Further
suppose for every set I, every f,f € FI andr : I x I — RT, the lower bound
for {Pr(p,p') : 7p = f and 7p' = f'} is achieved in this set. Then Te is a
endolifting morphism from FtoF.

We can now apply this proposition to obtain the following corollary.
Corollary 19. Te is a endolifting morphism from H to Rel(Pap).

Proof. Proposition 17 shows Te is a endolifting morphism from the standard
BVal lifting for the list functor to the standard ERel lifting for the list functor.
We know H and Rel(Pgy) are the pushforwards of these list functors along setx
in their respective total categories.® Hence to apply Proposition 18 we only
need to show for all finite sets J, K C I, and all distances r : I x I — RT,
there exist lists kT and ¢ such that set(kT) = J, set(¢!) = K and r*(k',¢1) =

I(I;g y r*(k, ). We noted this in the Hausdorff distance section, where these
set(k)=

set(£)=K

dagger lists represent Gerry’s optimal strategy.

5.3 Approximate Bisimulations: An Example from Control Theory

Here we present an example from a rather different context: approzimate bisim-
ulation by Girard and Pappas [8]. Defined as a binary relation on a metric space
that is subject to the “mimicking” condition, the notion is widely used in con-
trol theory as a quantitative relaxation of usual (Milner-Park) bisimulation that
allows bounded errors. Its principal use is in bounding errors caused by some
abstraction of dynamical systems: given the original dynamics S, one derives its
abstraction A4; by exhibiting an e-approrimate bisimulation between S and A,
one then shows that the difference between the trajectory of A and that of S is
bounded by e. Such abstraction methods include: state space discretization (e.g.
n [10]) and ignoring switching delays [18]. See [9] for an overview.

In the above scenario, an e-approximate bisimulation between S and A is
synthesized through analysis of the continuous dynamics of S: for example the
incremental stability of S yields an approximate bisimulation via its Lyapunov-
type witness. Another common strategy for finding an approximate bisimulation
is via a bisimulation function. Our goal here is to describe the latter strategy in
the current coalgebraic and fibrational framework.

We fix the set O of output values together with a distance function d :
O x O — RT, and a U-labelled finitely branching LTS (Q,0 : Q@ — U th Py;,,Q)
with an output function o : Q — O, where M denotes the power operation

8 Recall setx from Example 6.
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[19, p. 70]. An e-approzimate bisimulation relation is a binary relation R C QX Q
such that

Y(q,q') € R . d(o(q),0(¢")) <enVleU.
(Vre@.redll,q = I e€Q.redl,d)N(rr")eR)A
Vr'eQ .r€dl,d) = FJreq.redl,q A(r,r')eR). (4)

The difference from the usual Milner-Park bisimulation is that R is additionally
required to witness the e-proximity of outputs of related states g and ¢'.

A bisimulation function is a quantitative (real-valued) witness for an approx-
imate bisimulation. In many settings in control theory where dynamics are
smooth and described by ordinary differential equations, such real-valued func-
tions are easier to come up with than an approximate bisimulation itself. For the
above LTS, a function v : Q x Q — R is a bisimulation function if it satisfies,
for each ¢,q' € Q,

max (d(o(a). o(q')). supHo(5(1. ). 6(1.4) ) < v(a.4) (5)
€
A crucial fact is that a bisimulation function v gives rise to an e-approximate
bisimulation {(q.¢') | v(¢,¢') < ¢}. See e.g. [9].
We move on to give a categorical account of this construction. We use the
following functor as a coalgebra signature:

F:Set — Set, FX =0 x (UM Py X),

We can then package a U-labelled finitely branching LTS and an output function
into a single F-coalgebra @ = (Q, (0,6) : Q@ — FQ).
Firstly, the endolifting that captures e-approximate bisimulations consists of

r:ERel — Set, F.X =Te(O,d) x (UM Rel(Pyin)(X)).
Secondly, the endolifting that captures bisimulation functions consists of
p:BVal — Set, FX = (0,d)x (UhHX).

Indeed, by unfolding the definitions the following can be observed: F,.-invariants
on ) are nothing but e-approximate bisimulations; and F-invariants on Q are
bisimulation functions. Thanks to Proposition 17 and Corollary 19, the functor
Te—that sends a function v : QxQ — R™ to the relation {(¢,¢') | v(q,¢') < e}—
is a endolifting morphism from F to F. Therefore Te transfers a F-invariant v on
Qtoa F.-invariant T'ev on Q, that is, a bisimulation function to an e-approximate
bisimulation.

5.4 Endolifting Morphisms Preserve Final Coalgebras

We next state a result which we can use to ensure that the coinductive invariant
in the source of a endolifting morphism is sent to the coinductive invariant in
the target of that morphism.
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Lemma 20. Suppose H is a endolifting morphism from (7 : E — Set, F) to
(p : F — Set, F) which is also a fibration map. Suppose additionally that H
preserves fibred meets. Then H(I,vF(; 5)) = (I,vF(1 g)).

Proof. Preservation of top elements ensures H Tg, = Ty,. Since H is a fibra-
tion map and a endolifting morphism, we get H(f*E(A;)) = f*EF(H(A;)) for
all A; € E;. Combining this with the above observation ensures H sends the
final sequence in the fiber E; to the final sequence in the fiber F;. Finally, H
preserving meets ensures H will send the F-coinductive invariant for (I, f) to
the F-coinductive invariant for (I, f).

Note T'e satisfies most of the conditions in this lemma. Since we are interested
in concluding something about the kernel of a behavioural metric, we specialize
to the case where ¢ = 0 where these conditions are all satisfied.

Corollary 21. If TO is a endolifting morphism from (13'7BVa1) to (F,ERel),
then the behavioural metric induced by F' has the coalgebraic predicate induced
by F at its kernel.

Proof. Te is a fibration map and a right adjoint, and thus preserves all fibred
meets.

All our work from the previous section establishing that T'e is a endolifting
morphism from H to Rel(Ps,) now pays off.

Corollary 22. The Hausdorff behavioural metric on Psn X has Pgn-bisimilarity
at its kernel.

Above, we also showed T0 is a endolifting morphism between many other
BVal and ERel liftings (Proposition 17). Therefore, we could also derive an
analog of Corollary 21 for these pairs and conclude behavioural metrics of the
BVal lift have bisimilarity (the coalgebraic relation of the corresponding ERel
lift) at their kernels.

6 Conclusions and Future Work

We presented a fibrational framework for various extensions of (bi)simulation
notions. On the categorical side our focus has been on structural aspects of
fibrations such as fibration morphisms and lifting by Kan extensions; on the
application side we took examples from quantitative reasoning about systems.
This has allowed us to capture known constructions in more abstract and general
terms, such as the Hausdorff pseudometric and approximate bisimulation in
control theory.

As future work, we shall investigate conditions under which the two lift-
ings in Sect.4—one by left Kan extension and the other involving right
Kan extension—coincide. We would then compare this coincidence and the
Kantorovich-Wasserstein duality, which is the coincidence of the metric on proba-
bility distributions computed by sup and inf. We mentioned that Top and Meas
are examples of CLat »-fibrations; their use in reasoning about systems will also
be explored.
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Abstract. Categorical studies of recursive data structures and their
associated reasoning principles have mostly focused on two extremes:
initial algebras and induction, and final coalgebras and coinduction. In
this paper we study their in-betweens. We formalize notions of alternat-
ing fixed points of functors using constructions that are similar to that of
free monads. We find their use in categorical modeling of accepting run
trees under the Biichi and parity acceptance condition. This modeling
abstracts away from states of an automaton; it can thus be thought of as
the “behaviors” of systems with the Biichi or parity conditions, in a way
that follows the tradition of coalgebraic modeling of system behaviors.

1 Introduction

Biichi Automata. The Biichi condition is a common acceptance c by A
condition for automata for infinite words. Let x; € X be a state H
of an automaton A and a; € A be a character, for each i € w. An U
infinite run zg =% 1 —% - - - satisfies the Biichi condition if z; is a b
an accepting state (usually denoted by ©) for infinitely many 7. An example of
a Biichi automaton is shown on the right. The word (ba)* is accepted, while ba®
is not. A function that assigns each x € X the set of accepted words from x is
called the trace semantics of the Biichi automaton.

Categorical Modeling. The main goal of this paper is to give a Fy - FZ
categorical characterization of such runs under the Biichi condition. 4]  ¢T=
This is in the line of the established field of categorical studies of Yy — 5 Z

finite and infinite datatypes: it is well-known that finite trees form an initial alge-
bra, and infinite trees form a final coalgebra; and finite/infinite words constitute
a special case. These categorical characterizations offer powerful reasoning prin-
ciples of (co)induction for both definition and proof. While the principles are
categorically simple ones corresponding to universality of initial/final objects,
they have proved powerful and useful in many different branches of computer
science, such as functional programming and process theory. See the diagram on
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the right above illustrating coinduction: given a functor F, its final coalgebra
¢: Z = FZ has a unique homomorphism to it from an arbitrary F-coalgebra
d: Y — FY.In many examples, a final coalgebra is described as a set of “infinite
F-trees.”

Extension of such (co)algebraic characterizations of data structures to the
Biichi condition is not straightforward, however. A major reason is the non-local
character of the Biichi condition: its satisfaction cannot be reduced to a local,
one-step property of the run. For example, one possible attempt of capturing
the Biichi condition is as a suitable subobject of the set Run(X) = (A x X)“ of
all runs (including nonaccepting ones). The latter set admits clean categorical
characterization as a final coalgebra Run(X) = F(Run(X)) for the functor
F = (A x X) x _. Specifying its subset according to the Biichi condition seems
hard if we insist on the coalgebraic language which is centered around the local
notion of transition represented by a coalgebra structure morphism ¢: X — FX.

There have been some research efforts in this direction, namely the categorical
characterization of the Biichi condition. In [5] the authors insisted on finality and
characterize languages of Muller automata (a generalization of Biichi automata)
by a final coalgebra in Sets®. Their characterization however relies on the lasso
characterization of the Biichi condition that works only in the setting of finite
state spaces. In [21] we presented an alternative characterization that covers
infinite state spaces and automata with probabilistic branching. The key idea
was the departure from coinduction, that is, reasoning that relies on the universal
property of greatest fixed points. Note that a final coalgebra ¢: Z = FZ is a
“categorical greatest fixed point” for a functor F.

Our framework in [21] was built on top of the so-called Kleisli approach to
trace semantics of coalgebras [10-12,16]. There a system is a coalgebra in a
Kleisli category K¢(T), where T represents the kind of branching the system
exhibits (nondeterminism, probability, etc.). A crucial fact in this approach is
that homsets of the category K¢(T) come with a natural order structure. Specif-
ically, in [21], we characterized trace semantics under the Biichi condition as
in the diagrams (1) below!, where (i) X; (resp. X») is the set of nonaccepting
(resp. accepting) states of the Biichi automaton (i.e. X = X; + X5), and (ii)
the two diagrams form a hierarchical equation system (HES), that is roughly
a planar representation of nested and alternating fixed points. In the HES, we
first calculate the least fixed point for the left diagram, and then calculate the
greatest fixed point for the right diagram with u; replaced by the obtained least
fixed point. Note that the order of calculating fixed points matters.

F[ul, u2] F[u1 s ’u,z]
FX —+=FZ FX —+=FZ (1)
Cl% = J(%% CzA“ =v Jg%g
X, —4—>z Xo —4—> 7

! We write f : X+ Y for a Kleisli arrow f € K¢(T)(X,Y) and F : K¢(T) — K4(T)
for a lifting of the functor F' over K¢(T), for distinction.
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Contributions: Decorated Trace Semantics by Categorical Datatypes.
In this paper we introduce an alternative categorical characterization to the one
in [21] for the Biichi conditions, where we do not need alternating fixed points
in homsets. This is made possible by suitably refining the value domain, from a
final coalgebra to a novel categorical datatypes FT®0 and FT(F*t®0) that have
the Biichi condition built in them. Diagrammatically the characterization looks
as in (2) below. Note that we ask for the greatest fixed point in both squares.

F(v1 + v2) F(vy + v2)
FX ——> F(F*(F*%) FT90) FX —> F(F*(F*G?o) FT®0)  (2)
chL = J(B)od CA = J(B2)ohe
X, —+ 2~ FHET®0) Xy — > Ft9Q

The functors I and F™® used in the datatypes are obtained by applying
two operations (_)T and (_)® to a functor F. For an endofunctor G on a
category C with enough initial algebras, GT X is given by the carrier object of
a (choice of) an initial G(_ + X)-algebra for each X € C. The universality of
initial algebras allows one to define G*f : Gt X — GVY foreach f : X — Y
and extend G to a functor G* : C — C. This definition is much similar to that
of a free monad G*, where G*X is the carrier object of an initial G(_) + X-
algebra for X € C. The operation (_)® is defined similarly: for G : C — C and
X € C, G¥X is given by the carrier object of a final G(_ + X)-coalgebra. This
construction resembles to that of free completely iterative algebras [14].

The constructions of F*(FT®0) and F*%0 has a clear intuitive meaning.
For the specific example of A-labeled nondeterministic Biichi automata, T' = P,
F=Ax (), FF(Ft®0) @ F*®0 =~ (AT)“. Hence an element in F*(F+®0)
or FT9( is identified with an infinite sequence of finite words. We understand
it as an infinite word “decorated” with information about how accepting states
are visited, by considering that an accepting state is visited at each splitting
between finite words. For example, we regard (apai)(azasaq)(asag)(az)... €
(AT)® =2 F+®0 as an infinite word decorated as follows.

(3)
CRTETLIGLIGLT LG Ikt

An element in F*(FT®0) is similarly understood, except that the initial state
is regarded as a nonaccepting state. We note that by its definition, the resulting
“decorated” word always satisfies the Biichi condition.

Thus the arrows v; : X3 -+ FT(FT®0) and vy : Xo + FT®0 in (2) are
regarded as a kind of trace semantics that assigns each state x € X the set of
infinite words accepted from x “decorated” with information about the corre-
sponding accepting run. Hence we shall call vy and v5 a decorated trace semantics
for the coalgebra c. The generality of the category theory allows us to define dec-
orated trace semantics for systems with other transition or branching types, e.g.
Biichi tree automata or probabilistic Biichi automata.
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In this paper, we also show the relationship between decorated trace seman-
tics and (ordinary) trace semantics for Biichi automata. For the concrete case of
Biichi automata sketched above, there exists a canonical function (AT)¥ — A¥
that flattens a sequence and hence removes the “decorations”. It is easy to see
that if we thus remove decorations of a decorated trace semantics then we obtain
an ordinary trace semantics. We shall prove its categorical counterpart.

In fact, the framework in [21] also covered the parity condition, which gen-
eralizes the Biichi condition. A parity automaton is equipped with a function
2 : X — [1,2n] that assigns a natural number called a priority to each state
z € X. Our new framework developed in the current paper also covers parity
automata. In order to obtain the value domain for parity automata, we repeat-
edly apply (_)" and (_)® to F like FT®+®(,

Compared to the existing characterization shown in (1), one of the charac-
teristics of our new characterization as shown in (2) is that information about
accepting states is more explicitly captured in decorated trace semantics, as in
(3). This characteristics would be useful in categorically characterizing notions
about Biichi or parity automata. For example, we could use it for categorically
characterizing (bi)simulation notions for Biichi automata, e.g. delayed simulation
[8], a simulation notion known to be appropriate for state space reduction.

To summarize, our contributions in this paper are as follows:

We introduce a new categorical data type F'T®0, an alternating fixed point

of a functor, for characterizing the Biichi acceptance condition.

— Using the data type, we introduce a categorical decorated trace semantics,
simply as a greatest fixed point.

— We show the categorical relationship with ordinary trace semantics in [21].

We instantiate the framework to several types of concrete systems.

— We extend the framework to the parity condition (in the appendix).

Related Work. As we have mentioned, a categorical characterization of Biichi
and parity conditions is also found in [5], but adaptation to infinite-state or
probabilistic systems seems to be difficult in their framework. There also exist
notions which are fairly captured by their characterization but seem difficult to
capture in the frameworks in [21] and this paper, such as bisimilarity.

The notion of alternating fixed point of functors is also used in [2,9]. In [9]
the authors characterize the set of continuous functions from A“ to B“ as an
alternating fixed point vX.uY. (B x X) + Y4 of a functor. Although the data
type and the one used in the current paper are different and incomparable, the
intuition behind them is very similar, because the former comes with a Biichi-
like flavor: if f(agay ...) = bpby ... then each b; should be determined by a finite
prefix of aga; ..., and therefore f is regarded as an infinite sequence of such
assignments. In [2, Sect. 7] a sufficient condition for the existence of such an
alternating fixed point is discussed.
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Organization. Section 2 gives preliminaries. In Sect. 3 we introduce a categor-
ical data type for decorated trace semantics as an alternating fixed point of
functors. In Sect. 4 we define a categorical decorated trace semantics, and show
a relationship with ordinary categorical trace semantics in [21]. In Sect.5 we
apply the framework to nondeterministic Biichi tree automata. In Sect.6, we
briefly discuss systems with other branching types. In Sect. 7, we conclude and
give future work.

All the discussions in this paper also apply to the parity condition. However,
for the sake of simplicity and limited space, we mainly focus on the Biichi con-
dition throughout the paper, and defer discussions about the parity condition
to the appendix, that is found in the extended version [20] of this paper. We
omit a proof if an analogous statement is proved for the parity condition in the
appendix. Some other proofs and discussions are also deferred to the appendix.

2 Preliminaries

2.1 Notations

For m,n € N, [m,n] denotes the set {i € N | m < i < n}. We write m; :
I, Xi — X; and ; : X; — [[, X; for the canonical projection and injection
respectively. For a set A, A* (resp. A¥) denotes the set of finite (resp. infinite)
sequences over A, A> denotes A* U A¥, and A" denotes A* \ {()}. We write ()
for the empty sequence. For a monotone function f : (X,C) — (X,C), uf (resp.
vf) denotes its least (resp. greatest) fixed point (if it exists). We write Sets for
the category of sets and functions, and Meas for the category of measurable
sets and measurable functions. For f : X — Y and A C Y, f~1(A) denotes
{ze X | f(z) € A}

2.2 Fixed Point and Hierarchical Equation System

In this section we review the notion of hierarchical equation system (HES) [3,6].
It is a kind of a representation of an alternating fixed point.

Definition 2.1 (HES). A hierarchical equation system (HES for short) is a
system of equations of the following form.

Ur =ny fl(ulv"'vum) € (legl)
U2 =n, f2(u17"'7um) € (L2>E2)
Um :nm fm(u17"'7u’m«) E (Lmagm)

Here for each ¢ € [1,m], (L;, <;) is a complete lattice, u; is a variable that ranges
over L;, n; € {u,v} and f; : L1 X -+ X L, — L; is a monotone function.
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Definition 2.2 (Solution). Let F be an HES as in Definition 2.1. For each
1 € [1,m] and j € [1,i] we inductively define fii : L; X -+ X Ly, — L; and
l](-i) :Ljy1 X -+ X Ly, — L; as follows (no need to distinguish the base case from
the step case):

- f}(ui, cey Upy) = fl-(lli_l)(ui, B 7 T ll(i_ll)(ui, e U)Wy e ey U )
and

- ll(l)(uiﬂ,...,um) ::nfii(i,uiﬂ,...,um)wheren =pifiisoddandn =vifi
is even. For j <1, lgo (Wig1y- ooy Um) = lﬁzifl)(lgi) (Wi Ty e e ey U )y Wik Ty« vy U )-
If such a least or greatest fixed point does not exist, then it is undefined.

We call (z?, cee ZZ@) the i-th intermediate solution. The solution of the HES E
is a family (ui®,...,u%) € Ly x --- x L,, defined by u°! := lgm)(*) for each 3.

’ m

2.3 Categorical Finite and Infinitary Trace Semantics

We review [11,12,16,18] and see how finite and infinitary traces of transition
systems are characterized categorically. We assume that the readers are familiar
with basic theories of categories and coalgebras. See e.g. [4,13] for details.

We model a system as a (T, F)-system, a coalgebra ¢ : X — TFX where T is
a monad representing the branching type and F' is an endofunctor representing
the transition type of the system. Here are some examples of T" and F':

Definition 2.3 (P, D, £ and G). The powerset monad is a monad P =
(P,n”,u”) on Sets where PX := {A C X}, Pf(A) = {f(z) | = € A},
nk(z) == {z} and p§(I') := Uyser A. The subdistribution monad is a monad
D = (D,nP,uP) on Sets where DX = {§ : X — [0,1] | {z | é(z) >
0} lis countable, and >~ 6(x) < 1}, Df(0)(y) := > opep-1((yp 6(2), nR(x)(z') is
1if # = 2’ and 0 otherwise, and p (?)(z) := > scpy P(8) - 0(x). The lift monad
is a monad £ = (£,n*, u*) on Sets where £LX := {1} + X, Lf(a) is f(a) if
a€Xand Lifa= 1, n%(z):=zand p5(a) :=aifa € X and L ifa= L. The
sub-Giry monad is a monad G = (G,nY, u9) on Meas where G(X,Fx) is car-
ried by the set of probability measures over (X,Fx), Gf(¢)(A) = p(f~1(A)),
7% (x)(A) is 1 if z € A and 0 otherwise, and u$,(Z)(A) := f5€gX 0(A)dE.

Definition 2.4 (Polynomial Functors). A polynomial functor F on Sets is
defined by the following BNF notation: F' == id | A | F' x F' | [],.; F' where
A € Sets and I is countable. A (standard Borel) polynomial functor F' on Meas
is defined by the following BNF notation: F' :=1id | A | F' x F | [,; F' where
A € Meas, [ is countable, and the o-algebras over products and coproducts are
given in the standard manner (see e.g. [18, Definition 2.2]).

A carrier of an initial F-algebra models a domain of finite traces [11] while
that of a final F'-coalgebra models a domain of infinitary traces [12]. For example,
as we have seen in Sect. 1, for F' = {v'} + A x (_) on Sets, the carrier set of the
final F-coalgebra is A> while that of the initial F-algebra is A*. The situation
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is similar for a polynomial functor F = ({v'}, P{v'}) + (A, PA) x (_) on Meas.
The carrier of an initial algebra is (A*,PA*), and that of a final coalgebra is
(A%, Fas ) where Faw is the standard o-algebra generated by the cylinder set.

In general, for a certain class of functors, an initial algebra and a final coal-
gebra are obtained by the following well-known construction.

Theorem 2.5 ([1])

i . ) i Fi  on F2I

1. Let (A, (m; : F'0 — A)icw) be a colimit of an w-chain 0 — F0 — F*0 —
.... If F preserves the colimit, then the unique mediating arrow ¢t : FA — A
from the colimit (FA, (Fr; : F'T10 — FA);e,) to a cocone (A, (m} : F'0 —
A)icw) where i = w11 is an initial F-algebra.

2. Let (Z,(m : A — F'1);cy) be a limit of an w°P-chain 1 Lopp B B
.... If F preserves the limit, then the unique mediating arrow ¢ : Z — FZ
from a cone (Z, (7} : A — F'1);e,,) where wi = w1 to the limit (FZ,(Fr; :
FZ — F*1),c.) is a final F-coalgebra. O

We next quickly review notions about the Kleisli category IC¢(T).

Definition 2.6 (K{(T), J, Uand F). Let T = (T,n, 1) be a monad on C. The
Kleisli category K€(T) is given by |[K(T)| = |C| and K¢(T)(X,Y) = C(X,TY)
for X,Y € |[KU(T)|. An arrow f € KU(T)(X,Y) is called a Kleisli arrow, and we
write f : X+ Y for distinction. Composition of arrows f: X+ Y andg: Y+ Z
is defined by pz oT'go f, and denoted by g©® f for distinction. The lifting functor
J:C — KUT) is defined by: JX := X and J(f) :=ny o f for f: X - Y. The
forgetful functor U : K(T) — C is defined by: UX :=TX and U(g) := py oTg
for g: X+ Y. A functor F : K{(T) — KU(T) is called a lifting of F : C — C if
FJ=JF.

Example 2.7. Let T =P and F =Y °_, X, x (_)": Sets — Sets. A lifting
F over KU(T) is given by FX = FX for X € Sets and Ff(0,z0,...,Tn_1) =
{(o,905- -y Yn—1) | Vi.y; € f(x;)} for f: X+Y,0€ X, and xg,...,2,—1 € X.
(see e.g. [11]).

It is well-known that there is a bijective correspondence between a lifting F'
and a distributive law, a natural transformation A : FT' = TF satisfying some
axioms [15]. See Sect. D of the extended version [20] for the details.

In the rest of this section, let F' be an endofunctor and T be a monad on a
category C, and assume that a lifting F : K(T) — K(T) is given.

In [11], a finite trace semantics of a transition system was characterized as
the unique homomorphism to the final F-coalgebra in K¢(T'), which is obtained
by reversing and lifting the initial F-algebra in C.
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Definition 2.8 (tr(c)). We say F' and T constitute a finite trace situation with
respect to F' if the following conditions are satisfied:

— An initial F-algebra /' : FA — A exists.
— J(F)7t: A+ FAis a final F-coalgebra.

For ¢ : X -» FX, the unique homomorphism from ¢ to J(¢:f")~! is called the
(coalgebraic) finite trace semantics of ¢ and denoted by tr(c) : X+ A.

In [11], a sufficient condition for constituting a finite trace situation is given.

Theorem 2.9 ([11]). Assume each homset of K¢(T') carries a partial order C. If
the following conditions are satisfied, F' and T constitute a finite trace situation.

— The functor F' preserves w-colimits in C.

— Each homset of K¢T') constitutes an w-cpo with a bottom element L.

— Kleisli composition ® is monotone, and the lifting F is locally monotone, i.e.
f C g implies Ff C Fg.

— Kleisli composition ® preserves w-suprema and the bottom element 1.

Here by Theorem 2.5, the first condition above implies existence of an initial
algebra.

In [11] it was shown that T € {P,D, L} and a polynomial functor F sat-
isfy the conditions in Theorem 2.9 with respect to some orderings and liftings,
and hence constitute finite trace situations. We can see the result for T' = D
implies that T'= G and a standard Borel polynomial functor F' also satisfy the
conditions.

An infinitary trace semantics was characterized in [12] as the greatest homo-
morphism to a weakly final coalgebra obtained by lifting a final coalgebra.

Definition 2.10 (Infinitary Trace Situation). We assume that each homset
of ICU(T) carries a partial order C. We say that F' and 7' constitute an infinitary
trace situation with respect to F' and C if the following conditions are satisfied:

— A final F-coalgebra ¢F : Z — FZ exists.

— J¢F . Z+ FZ is a weakly final F-coalgebra that admits the greatest homo-
morphism, i.e. for an F-coalgebra ¢ : X + FX, there exists the greatest
homomorphism from ¢ to J¢F with respect to C.

The greatest homomorphism from ¢ to J¢I is called the (coalgebraic) infinitary
trace semantics of ¢ and denoted by tr*°(c) : X + Z.

It is known that T € {P, D, L,G} and a polynomial functor F' constitute infini-
tary trace situations with respect to some orderings and liftings [18]. Differently
from finite trace situation, sufficient conditions for infinitary trace situation are
not unified. In [18], two sufficient conditions are given. One is applicable for
T = P, and the other is for T' € {£,G}. No condition is known for T' = D.
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Example 2.11. Let T = P and F = {v'} + A x (_). Then a TF-coalgebra
¢c: X — PHv}+ A x X) is identified with an A-labeled nondeterministic
automaton whose accepting states are given by {z | v' € ¢(z)}. The arrow tr(c)
has a type X -+ A* and assigns the set of accepted finite words to each state [11]:

tr(c)(z) = {amz ...ap €AY

Jzg,...,xn € X. Vi€ [1,n —1].
(ait1,%ig1) € c(x;) and v € c(zy,)

In contrast, tr*°(c) : X+ A™ is given as follows [12]:

tr°(c) () = tr(c) (a)

U{aiaz... € A | Jzo,z1,... € X. © = x0,Yi € w. (ait1,Tit1) € c(x3)}.

2.4 Biichi (T, F)-systems and Its Coalgebraic Trace Semantics

The results in Sect. 2.3 was extended for systems with the parity acceptance con-
dition in [21]. We hereby review the results for the Biichi acceptance condition.

Definition 2.12 (Biichi (7, F)-system). Let n € N. A Biichi (T, F)-system
is a pair (c, (X1, X2)) of a F-coalgebra ¢ : X — FX in K/(T) and a partition
(X1,X3) of X (ie. X &2 X1+ X5). Fori € {1,2}, we write ¢; for cor; : X; — FX.

Their coalgebraic trace semantics is given by a solution of an HES.

Definition 2.13 (trB(c)). Assume that each homset of K¢(T) carries a partial
ordir C. We say that F' and T constitute a Bichi trace situation with respect
to F and L if they satisfy the following conditions:

— A final F-coalgebra ( : Z — FZ exists.
— For an arbitrary Biichi (7, F')-system X = (¢, (X1, X2)), the following HES
has a solution.

E. = {ul —pu Jc_l QE[uhuﬂ G©c € (ICE(T)(Xlaz)aEXhZ)
¢ U2 =y JCil @F[u17u2] (OFSNS (u(T)(X27Z)7EX2,Z)

The solution (uﬁ"l C Xy e Zou s X e Z) of E. is called the (coalgebraic)
Biichi trace semantics of X. We write tr2(c) for us®! for each i (see also Eq. (1)).

Example 2.14. Let T =P and F = A x (_). Then a Biichi (T, F)-system (c :
X+ FX, (X1, X5)) is identified with an A-labeled Biichi automaton. Following
Definition 2.2 we shall sketch how the solution of the HES E. in Definition 2.13
is calculated. Note that Z = A“.

— We first calculate an intermediate solution lgl)(ug) ¢ X7+ AY¥ as the least
fixed point of uy +— J¢1 © Flug,us] ©cy .
~ We next define fI : K¢T)(X2,Z) — KUT)(Xa,Z) by fi(ug) := J¢ O
A l(l)
(117 (u2), u2]l © 2.
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— We calculate l§2)(*) : Xo+ A¥ as the greatest fixed point of fQi.
— We let 189 (x) :=180(1) : Xy A,

Then for each 4, the solution tr®(c) = l§2)(*) is given as follows [21]:

tr?(c)(:c) = {alag ... EAY

Jzp,21,... € X. Vi € w. (aj+1,Ti4+1) € c(z;) and
x; € Xo for infinitely many 4 .

3 Alternating Fixed Points of Functors

3.1 Categorical Datatypes for Biichi Systems

We first introduce the categorical datatypes F™X and F®X, which are under-
stood as least and greatest fixed points of a functor F'.

Definition 3.1 (F*, F®). For F : C — C, we define functors F'*, F®: C — C
as follows. Given X € C, the object F'* X is the carrier of (a choice of) an initial
algebra (& : F(F*X 4+ X) = F*X for the functor F(_ + X). Similarly, the
object F®X is the carrier of a final coalgebra (¥ : F®X = F(F®X + X). For
f: X =Y, Ftf: F*X — F'Y is given as the unique homomorphism from .

to 1f o F(idp+y + f). We define FOf : FOX — FPY similarly.

FFtX+X)— — > F(F'Y + X F(FPX +Y)---+F(FPY +Y)
( )F<F+f+id> ( ¢F(id+j)‘) F@id+f)* F(F®f+id)
LQJ: = F(FY+Y) F(F°X+X) = <5T”
F+f /’gvg 4)1?4% Fef
FtX————— - +> Fty FOX — — — —— — + FoY

Remark 3.2. The construction F'T resembles the free monad F* over F. The
latter is defined as follows: given X € C, the object F*X is the carrier of an
initial algebra F(F*X)+ X = F*X for the functor F(_) + X. The notations
generalize the usual distinction between % and +. Indeed, for C = Sets and
F = Xy x _ (where Xy is an alphabet), we have F*1 = X (the set of finite
words of length > 1) and F*1 = X (the set of all finite words). Similarly, F®
resembles the free completely iterative monad [14].

Example 3.3. For ' = A x (_), by the construction in Theorem 2.5, FTX =
ATX, FPX 2 AT X + A¥ and FTPX = (AT)T X + (A1)“. Especially, if we let
X = 0 then FT®0 = (AT)“. We identify (agoao1 - - - aong)(a10a11 - .- @1pn, ) - .. €
FT®0 = (AT)¥ with the following “decorated” sequence:

(a0, ©)(ao1,O) - .. (aony, O)(a10,©)(a11,0) ... (a1n,,O)... € (Ax{O,©})*.

The second component of each element (i.e. decoration) represents a break of a
word: it is 2 if and only if it is the beginning of a word. It is remarkable that in
the sequence above, © always appears infinitely many times. Hence w € (AT)¥ is
understood as an infinite word decorated so that the Biichi condition is satisfied.
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We next define Kleisli arrows 31 x and (32 x that are used to define decorated
trace semantics (see the diagrams in (2)).

Definition 3.4. We define natural transformations §; : FT(F¥® +id) =
F(FtFt® + Ft9 4id) and By : FT9 = F(FTFt® + FT% 4 id) as follows.

()"
Bix = ( FHFTY®X + X) Urrex) F(FTFYeX + Ftox 4+ X))

Ft F y—1
Bax = (F“BX S pHETOX 4 X) =X p(ptRTeX L PO X 4 X))

Remark 3.5. As a final coalgebra ¢ §+ is an isomorphism, we can see from Def-
inition 3.4 that F*T(FtT®X +X) 2 Ft9X . For F = Ax (_), if we regard FT9X
as (AT)¥ as in Example 3.3, F*(FT®X + X) would be understood as AT (AT)«,
which is indeed isomorphic to (AT)“. However, in this paper, mainly for the
sake of simplicity of notations, we explicitly distinguish them and later write
types of a decorated trace semantics of a Biichi (T, F)-system as dtry(c) : X; -+
FT(F*®0) and dtra(c) : Xo -+ FT®0. Because of this choice, while an element
in FT®0 = (AT)“ is regarded as a decorated word whose first letter is decorated
by © (Example 3.3), an element ag . . . an((aooam oo ong )(@100171 - - - Q1ny ) - ) S
FH(FT®0) 2 AT(A")“ is understood as the following decorated sequence:

(a()7 O) cee (am O)(aoo, @)(a(m O) cee (GOnO,Q)(CHm @)(0117 O) cee (alnlao) cees

F([p p$% ] +idx)

® @ ® _ @
FFCFOX + FOX +X) = = 5 F(FOX 4 X) FESFOX X)L ppex 4 x)
+®
T tFtes ol Pl sl +FTEX 4+ X)
F(FPF®X + FOX nal :
( P 4 X>> figal | & }Bl B2 x] ﬁ&‘“}?
2T§;®X+C; uy FH(F9x + X) [sz))( 1’;2))( S FOX
F@F®X+F®X 77777 »F@X +Ftox
Fig. 1. The unique arrow ux Fig. 2. The unique arrow [pg)(,pg))(]

3.2 Natural Transformations Regarding to F+ and F®

We introduce two natural transformations for later use. As mentioned in
Remark 3.2, F* resembles the free monad F* while F'® is similar to the free
completely iterative monad. The first natural transformation we introduce is
analogous to the multiplication of those free monads.

Definition 3.6 (MFEB). We define a natural transformation NF@ : FOF% =
F® by MFEB := (ux o K1)xec, where ux is the unique homomorphism from
[Flr1, k2] © Cpo s Fliz, 3] 0 (K] to (k (see Fig. 1).

Example 3.7. Let F' = A x (_). According to the characterizations in Exam-
ple 3.3 and Remark 3.5 p( ) has a type (AT)T(AT)H X +(AH)F(AT) 4 (AT
(AT)T X +(AT)“, and is given by the concatenating function that preserves each
finite word.
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The second natural transformation is for “removing” decorations.

Definition 3.8 (pgl)) We define a natural transformation pgl) : FT = F% g0

that pgl))( : FTX — F®X is the unique homomorphism from J(:%)~! to J(¢%.
Similarly, we define natural transformations p{® : F¥(F+® +id) = F® and

P F+® = F® g0 that [py x,pox] : FHFT®X + X) + F+8X — F®X is the
unique homomorphism from [3; x, 32 x] to (% (see Fig. 2).

Example 3.9. Let F' = A x (_). According to the characterizations in Exam-

ple 3.3 and Remark 3.5, pgl))( has a type AT X — ATX + A¥ and is given by

the natural inclusion. In contrast, p?o) and pézo) have types AT(AT)¥ — A% and

(AT)¥ — A¥ respectively, and they are given by the flattening functions. See
also Proposition 5.10.

3.3 Liftings F+ and F® over K¢(T)

Let F : K{(T) — KU(T) be alifting of of a functor F. We show that under certain
conditions, it induces liftings FT : KU(T) — K(T) of F* and F® : K{(T) —
KU(T) of F®. Note that a lifting F' induces a lifting F'(_ + A) : K¢{(T) — KU(T) of
F(_+A) which is defined by F(_ + A)f := F(f+ida) = F([Tk1, Trz2]o(f+n4))
using the coproduct in IC¢(T).

Definition 3.10. 1. Assume T and F' constitute a finite trace situation. For
X eC,welet FfX :=FtX.For f: X+ Y, we define F¥f: Ft X+ FtY
as the unique homomorphism from F(idp+x + f) © J(.5) 7! to J(£) 71

2. Assume T and F' constitute an infinitary trace situation. For X € C, we let
FOX :=F%X.For f: X+ Y, we define FOf : F®X + F®Y as the greatest
homomorphism from F(idpe y + f) ® JCk to JCE.

F(F*X+Y)— 4+ = F(FTY +Y) F(F®X +Y) —+— F(F®Y 4+7Y)
Faarpd P Hdpg ) Fld+pd  FEO Hdrey)
F(FTX+X) = J(b?)l% F(F®X +X) = .145%
TR e = S S e 7%

Ftx— - 0L _ s pty FeX Fof . FOY

In the rest of this section, we check under which conditions F'+ and F'® are
functors and form liftings of F* and F®. Functoriality of F+ holds if and only
if foreach f: XY and g: Y-+ W, Ftg® FTf is the unique homomorphism
from F(id+g) © F(id + f) © J (%)~ to J(uf,)~t. Similarly, functoriality of F'®
holds if and only if F®g® F® f is the greatest homomorphism from F(id + g) ®
F(id+ f) ® JCE to ¢

The former always holds by the finality. In contrast, the latter doesn’t neces-
sarily hold: a counterexample is T = D and F' = {0} x (_)? (see Example C.1 for
details). Hence we need an extra assumption to make F® a functor. We hereby
assume a stronger condition than is needed for the sake of discussions in Sect. 4.

Definition 3.11 (®.,). Let ¢: X+ FX and 0 : FY - Y. We define a function
Do KUTY(X,Y) — KUTY(X,Y) by Beolf) = 0 O Ff .
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Definition 3.12. Assume that 7' and F' constitute

an infinitary trace situation. Let (¥ : Z — FZ be ol Fm

a final F—cgalgebra. We say thatCT and F satisfy FX == FZ—— FY
the gfp-preserving condition with respect to an F- C‘F :”JCF$% - i
algebra ¢ : FY -+ Y if for each X € Cand ¢: X + X —4 Z

FX ifl: X+ Z is the greatest homomorphism from

¢ to J¢I and the function & JcF o has the greatest

fixed point m : Z—+ Y, then m®1l: X + Y is the

greatest fixed point of @ ,.

We next check if F+ and F® are liftings of F* and F®. By definition, we have
F+JX = JFtX and F®JX = JF®X for each X € C. Let f : X — Y. By
definition, F+.Jf = JF* f holds if and only if JFT f is a unique homomorphism
from F(id + Jf) ® J(§)™ to J(¢F)~L. Similarly, F¥Jf = JE* f holds if and
only if JFT f is the greatest homomorphism from F(id + Jf) ® J¢& to J¢E.

The former is easily proved by the finality of J(:£)~!, while the latter requires
an assumption again.

m
| Y

Definition 3.13. Assume T and F' constitute an infinitary trace situation.
Let ¢ : Z — FZ be a final F-coalgebra. We say that T' and F satisfy the
deterministic-greatest condition if for ¢ : X — FX in C, if u : X — Z is the
unique homomorphism from ¢ to (¥ then Ju is the greatest homomorphism from
Je to JCF.

Concluding the discussions so far, we obtain the following proposition.

Proposition 3.14. 1. If T and F(_ + A) constitute a finite trace situation for
each A € C, the operation F¥ is a functor and is a lifting of F*.

2. If T and F(_ + A) constitute an infinitary trace situation and satisfy the gfp-
preserving condition with respect to an arbitrary algebra and the deterministic-
greatest condition for each A € C, F® is a functor and is a lifting of F©.

O

Hence under appropriate conditions, a lifting F : KA(T) — KU(T) of F gives rise

to liftings of F* and F®. By repeating this, we can define Fj(i) for each 7 and j.
See Sect. D of the extended version [20] for the distributive laws correspond-
ing to the liftings defined above.

Example 3.15. Let F = A x (_) and T = P. As we have seen in Example 3.3,
FToX = (AT)TX +(AT)%. Let F be a lifting that is given as in Example 2.7. We
can construct a lifting F+% using Proposition 3.14, and for f : X+ Y in K{(P),
Frof (AY)TX 4 (A1) (AH)TY + (AT) is given by FT® f(w) = {w'y |y €
f(@)} if w = w'z where w’ € (AT)T and z € X, and {w} if w € (AT)%.
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4 Decorated Trace Semantics of Biichi (7, F')-systems

4.1 Definition

Assumption 4.1. Throughout this section, let T" be a monad and F' be an
endofunctor on C, and assume that each homset of K¢(T") carries a partial order
C. We further assume the following conditions for each A € C.

1. FT,Ft®:C — C are well-defined and liftings F, F+, F+® : K¢(T) — K4(T)
are given.

2. T and F(_+A) satisfy the conditions in Theorem 2.9 with respect to F'(_ +A)
and C, and hence constitute a finite trace situation.

3. T and F*(_ + A) constitute an infinitary trace situation with respect to
F+(_+A)andC.

4. T and F*(_ + A) satisfy the gfp-preserving condition wrt. an arbitrary o.

T and FT(_ + A) satisfy the deterministic-greatest condition.

6. The liftings F+ and F+® are obtained from F and FT using the procedure
in Definition 3.10 respectively.

7. FT(_ + A) and F¥®(_ + A) are locally monotone.

8. T and F constitute a Biichi trace situation with respect to = and F.

o

Using the categorical data type defined in Sect. 3, we now introduce a deco-
rated Biichi trace semantics dtry(c) : X1+ FH(F1T®0) and dtry(c) : Xo—+ FTP0.

Definition 4.2 (dtr;(c)). For a Biichi (7', F)-system (c, (X1, X2)), the decorated
Biichi trace semantics is a solution (dtry(c) : X1+ FT(F+®0),dtra(c) : X2+
FT%0) of the following HES (see also Eq. (2)).

{’Ul =y J(B1o) ' O F(v1 +v2) © 1 € (KUT)(Xy, FH(F*90)),C)
vy =y, J(B20)7' @ F(v1 +v2) © ¢z € (KUT)(X2, FT90),E)

Existence of a solution will be proved in the next section.

4.2 Trace Semantics vs. Decorated Trace Semantics

This section is devoted to sketching the proof of the following theorem, which
relates decorated trace semantics dtr;(c) and Biichi trace semantics tr®(c) in [21]
via the natural transformation in Definition 3.8.

Theorem 4.3. For eachi € {1,2}, tr®(c) = p%) odtr;(c). O

To prove this, we introduce Kleisli arrows cg, Eg”, Z§2) and 552). They are
categorical counterparts to fQi, lgl), Z§2) and léQ) (see Definition 2.2) for the HES
defining tr®(c) (see Definition 2.13), and bridge the gap between dtr;(c) and

tr®(c).
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Definition 4.4 (c}, 7", /(% i), We define Kleisli arrows /{" : X; - F* X,,
A Xob FHXo, 09« Xp- F+@0 and #12 : X, F+®0 as follows:

— We define Zgl) : X1+ F* X5 as the unique homomorphism from an F(_ +X5)-
coalgebra ¢1 to J(1&, )" (see the left diagram in Eq. (4) below).
— We define c% : Xo— FT X, by:

= <X2 e F(X1 + X)) FE ) P(FFX, 4+ Xp) 75 F+X2> .

— We define 2(22) : Xo—+ FT90 as the greatest homomorphism from c% to J¢ i
(see the right diagram below).

T +id FrE®
PO+ X)) "SR e x, + X) R G e (o))
C X L )
% ' o) jAL I(5)” %ci e :%CF
Xi-——+--=F*X, Xy ———F—— F*%0

— We define E?) : X+ FT(FT90) as follows:
.= (X1 & Frx, IR F+(F+®0)) .

We explain an intuition why Kleisli arrows defined above bridge the gap
between trf(c) and dtr;(c). One of the main differences between them is that
tr¥(c) is calculated from lgl)(’ltg) which is the least fixed point of a certain func-
tion, while dtry(c) is defined as the greatest homomorphism. The arrow ggl) fills
the gap because it is defined as the unique fixed point, which is obviously both
the least and the greatest fixed point.

We shall prove Theorem 4.3 following the intuition above. The lemma below,
which is easily proved by the finality of a, shows that not only 251) but also lggz)
is characterized as the unique homomorphism.

Lemma 4.5. The Kleisli arrow 579) I F(X1 4+ FT®0) - 4 o F(FH(FT®0) + F90)
X1+ FYH(FT90) is the unique homo- Fla+i?)% T i) )

— ~ F(X1 + X =G =
morphism from F(id + 6(22)) ®@c to (cllg 2 2(2>J( ro0)”
I (tirag) - O Xi— — =+ = — 3 FHF*0)

Together with the definition of Zé2), we have the following proposition.
Proposition 4.6. For each i € {1,2}, ZEQ) = dtr;(c). O

This proposition implies the existence of a solution of the HES in Definition 4.2.
It remains to show the relationship between the €§-Z) and tr?(c). By using that

Z(l) is the unique fixed point (and hence the least fixed point), we can prove the
following equality for an arbitrary ug : Xo -+ F®0.

lgl)(u2): (Xl i FtX, F+u2 treg 7 ' o FOR®Q) uf F@())
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The following equalities are similarly proved using the equality above.
1) () = (X1 B FrR®0 FTF0lese, prRO(FOQ) Pipeo FOREQ 4 F%)
19 (%) = (Xz ) po0 Folpiee FO(FP0) Mipes FOFO) w° FO0 )
By the definition of trB(c), these equalities imply the following proposition.

Proposition 4.7. For each i € {1,2}, trB(c) = sz o Z O

Propositions 4.6 and 4.7 immediately imply Theorem 4.3.

5 Decorated Trace Semantics for Nondeterministic
Biichi Tree Automata

We apply the framework developed in Sects.3 and 4 to nondeterministic
Biichi tree automata (NBTA), systems that nondeterministically accept trees
with respect to the Biichi condition (see e.g. [17]). We show what datatypes
FH(F*t®0) and F*®0, and dtr;(c) characterize for an NBTA. We first review
some basic notions.

5.1 Preliminaries on Biichi Tree Automaton

Definition 5.1 (Ranked Alphabet). A ranked alphabet is a set X equipped
with an arity function |_| : ¥ — N. We write X, for {a € ¥ | |a] = n}. For a
set X, we regard X' + X as a ranked alphabet by letting || = 0. We also regard
¥ x X as a ranked alphabet by letting |(a,z)| = |a].

Definition 5.2 (X-labeled Tree, [7]). A tree domain is a set D C N* s.t.: i)
() € D, ii) for w,w’ € N*, ww’ € D implies w € D (i.e. it is prefix-closed), and
iii) for w € D and 4,57 € N, wi € D and j < i imply wj € D (i.e. it is downward-
closed). A X-labeled (infinitary) tree is a pair t = (D,l) of a tree domain D
and a labeling function | : D — |J,cn Zn s.t. for w € D, |l(w)| = n implies
{ie N|wie D} =[0,n—1]. A X-labeled tree t = (D, 1) is finite if D is a finite
set. We write Treeo (X)) (resp. Treegn (X)) for the set of X-labeled infinitary (resp.
finite) trees. For w € D, the w-th subtree t,, of t is defined by ¢, = (D, L)
where D, := {w’ € N* | ww' € D} and l,,(w') := l(ww'). A branch of t is a
possibly infinite sequence i1is ... € N s.t. i1i5...19; € D for each k € N, and if
it is a finite sequence 415 . .. 4 then |I(igiy ... i) = 0. We sometimes identify a
branch igiq - - - € N> with a sequence I({))I(i1)l(i1iz) -+ € X°.

Remark 5.3. For the sake of notational simplicity, we identify a X-labeled tree
with a X-term in a natural manner. For example, a {a, b}-term (a, (b, b)) denotes
an {a,b}-labeled finite tree t = ({(),0,1},[() — a,0 +— b,1 — b]). Moreover, for
{a, b, c}-labeled trees tg = (Dg,lo) and t; = (D1, 1), we write (¢, tg, 1) for a tree
t={()U{0w|we Do} U{lw|we D1},[() — ¢,0w — lg(w), lw — I (w)]).
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Definition 5.4 (NBTA). A nondeterministic Biichi tree automaton (NBTA) is
a tuple A = (X, X, 5, Acc) of a state space X, a ranked alphabet X, a transition
function 6 : X — P([,cny Zn X X™) and a set Acc € X of accepting states.

Definition 5.5 [LB]. Let A = (X,X,6,Acc) be an NBTA. A run
tree over A is a (X x X)-labeled tree p such that for each subtree
((a, ), ((a0,20),t00s -« - s tong)s - - - » ((@ny Tn )y tnos - -+ s tnmy, )y (@, X0y .oy Tn) €
d(z) holds. A run tree is accepting if for each branch (ag,zo)(a1,z1)... €
(¥ x X)¥, z; € Acc for infinitely many i. We write Run 4(x) (resp. AccRun4(x))
for the set of run trees (resp. accepting run trees) whose root node is labeled
by z € X. For A C X, Runy4(A) denotes UzcaRun(x). We define AccRun 4 (A)
similarly. If no confusion is likely, we omit the subscript A. We define DelSt :
Run(X) — Trees (X) by DelSt(D, 1) := (D,1’) where I'(w) := w1 (I(w)). The lan-
guage LY : X — PTree(X) of A is defined by L (z) = DelSt(AccRun 4(z)).

5.2 Decorated Trace Semantics of NPTA

A ranked alphabet X induces a functor Fx =[], .y 2n x (_)" : Sets — Sets.
In [21], an NBTA A was modeled as a Biichi (P, Fx)-system, and it was shown
that L% is characterized by a coalgebraic Biichi trace semantics tr®(c).

Proposition 5.6 (/21]). For XY € Sets, we define an order T on
K{P)X,Y)by fCyg “Uvrex. f(x) C g(x). We define Fx : K{(P) — K{(P)

by FxX := X for X € KI(P) and Fyf(a,z1,...,2n) == {(a,y1,...,yn) | yi €
f(x)} for f: X+ Y. It is easy to see that Fx is a lifting of Fx;. Then we have:

1. P and Fx constitute a Biichi trace situation (Definition 2.13) with respect to
C and Fx.

2. The carrier set of the final Fs;-coalgebra is isomorphic to Treeq (X).

3. For an NBTA A= (X, X, 0, Acc), we define a Biichi (P, Fx)-system (¢ : X +
FeX,(X1,X2)) by ¢ := 6, X1 := X \ Acc and X, := Acc. Then we have:
[tr8(c), tr¥(c)] = LB : X — PTrees(X). O

In the rest of this section, for an NBTA A = (X, X, §, Acc) modeled as a
(P, Fy)-system (¢ : X — PFxX,(X1,X2)), we describe dtr;(c) and show the
relationship with tr®(c) using Theorem 4.3.

We first describe datatypes Fi (F5®0) and F3:®0 referring to the con-
struction of a final coalgebra in Theorem 2.5. We can easily see that F' g A
Treed (2, A) := Treeq (X + A)\ {(x) | z € A}. Hence for each i € w, by a similar
characterization to Example 3.3, we have:

(F(_ +0))1 = Treed (2, Treef (X, ... Treed (X,{*})...)) =

i
{ £ € Treemn(X x {O,©} | the root node is labeled by ©, and for each branch }

+ {x}) whose last component is *, (© appears exactly i-times
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Therefore F;:®0, a limit of the above sequence by Theorem 2.5, and F3 (F3:©0)
are characterized as follows:

Proposition 5.7. We define AccTree;(X) C Treewo (X x {O, ©}) by:

{§ € Treeo (X' x {O, ©} | the root node is labeled by o, and for each}
AccTree; (X) :=

+A) infinite branch © appears infinitely often

where i € {1,2} and e is O if i = 1 and © if i = 2. Then AccTree;(X) =
F;(F;EBO) and AccTreey (X, A) = F;@O. .

We now show what dtr;(c) characterizes for an NBTA with respect to the
characterization in Proposition 5.7. Firstly, Assumption 4.1 in the previous
section is satisfied.

Proposition 5.8. Assumption 4.1 is satisfied by (T, F) = (P, Fx). O
By Proposition 5.7, for i € {1,2}, B;0 (see Definition 3.4) has a type
Bio : AccTree;(X) — [1,c,2n % (AccTree; () 4+ AccTreex(Y)),

and is given by f; 4(§) = (a,&o,...,&—1) if the root of & is labeled by (a,e) €
Y x {O,©}. Using this, we can show the following characterization of dtr;(c).

Proposition 5.9. Let A = (X,X,6,Acc) be an NBTA. We define 2
Run(X) — Treeo (X x {O,0}) by 2(D,1) := (D,l') where for w € D s.t.
H{w) = (a,z), I'(w) := (a,0Q) if x ¢ Acc and (a,@) if x € Acc. We define a
Biichi (P, Fx)-system (¢ : X + FxX, (X1, X5)) as in Proposition 5.6.3. Then
forie[l,2n] and xz € X;,

dtri(c)(x) = {£2(p) € AccTree;(X) | p € AccRuny(x)} . O

We conclude this section by instantiating pga (Definition 3.8) for NBTAs.

Proposition 5.10. We overload DelSt and define DelSt : AccTreei(X) +
AccTrees(X) — Trees(X) by DelSt(D,1) := (D,l') where I'(w) := m (l(w)).
Then with respect to the isomorphism in Proposition 5.7, DelSt(§) = p(ﬂ(g) for

i

each i € {1,2} and £ € AccTree;(X). O
Hence Theorem 4.3 results in the following (obvious) equation for NBTAs:

{DelSt(£2(p)) | p € AccRuna(z)} = LY ().

6 Systems with Other Branching Types

In this section we briefly discuss other monads than T' = P. As we have discussed
in Sect. 3.3, the framework does not apply to T'=D.
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Let T =L and F = Fx. A Biichi (£, Fx)-system (c: X+ Fx X, (X1, ..., Xa,))
is understood as a X-labeled deterministic Biichi tree automaton with an excep-
tion. In a similar manner to T = P we can prove that they satisfy Assump-
tion 4.1. The resulting decorated trace semantics has a type dtr;(c) : X; —
{L}+AccTree;(X). Note that once 2 € X is fixed, either of the following occurs:
a decorated tree is determined according to c¢; or L is reached at some point.
The function dtr;(c) assigns L to x € X; if and only if L is encountered from x
or the resulting decorated tree does not satisfy the Biichi condition: otherwise,
the generated tree is assigned to x. See Sect. E.1 of the extended version [20] for
detailed discussions, which includes the case of parity automata.

We next let T = G. A Biichi (G, Fx)-system is understood as a probabilistic
Biichi tree automaton. In fact, it is open if T'= G and F' = F'y satisfy Assump-
tion 4.1. The challenging part is the gfp-preserving condition (Assumption 4.1.4).
However, by carefully checking the proofs of the lemmas and the propositions
where the gfp-preserving condition is used (i.e. Proposition 3.14, Lemma 4.5
and Proposition 4.7), we can show that Assumption 4.1.4 can be relaxed to the
following weaker but more complicated conditions:

4-1. T and F*(_ + A) satisfy the gfp-preserving condition with respect to

_ Fii _ Fty—1

Frrtep 4 A) D8 mEprep 4 By X8 p4eB for cach
f: A+ B;

4-2. T and F*(_ + A) satisfy the gfp-preserving condition with respect to an

FO 1
algebra F+(F®® A+ A) 20 FO(F9® A 4 A) Jea )", po® 4 where 7 is

the unique homomorphism from (L?®®A+A)_l to (£®@A+A; and
4-3. T and F(_ + A) satisfy the gfp-preserving condition with respect to an

. . . Fy—1
algebra F(FOA 4+ FOA 4 A) ZLELATD popo g 4 4) L4 poy,

In fact, only the first condition is sufficient to prove Proposition 3.14 and
Lemma 4.5.

We can show that T'= G and F = Fx; on Meas satisfy the above weakened
gfp-preserving condition, and hence we can consider a decorated trace semantics
dtr;(c) for a Biichi (G, Fx)-system (c : X+ Fx X, (X1, X2)) and use Theorem 4.3.

Assume X is a countable set equipped with a discrete o-algebra for sim-
plicity. Then the resulting decorated trace semantics dtr;(c) has a type X; —
G(AccTree;(X), S aceTree; (£)) Where FaceTree, (x) is the standard o-algebra gen-
erated by cylinders. The probability measure assigned to x € X; by dtr;(c) is
defined in a similar manner to the probability measure over the set of run trees
generated by a probabilistic Biichi tree automaton (see e.g. [18]).

The situation is similar for parity (G, Fs;)-systems. See [20, Sect. E.2] for
details.

7 Conclusions and Future Work

We have introduced a categorical data type for capturing behavior of systems
with Biichi acceptance conditions. The data type was defined as an alternating



Categorical Biichi and Parity Conditions via Alternating Fixed Points 233

fixed point of a functor, which is understood as the set of traces decorated with
priorities. We then defined a notion of coalgebraic decorated trace semantics, and
compared it with the coalgebraic trace semantics in [21]. We have applied our
framework for nondeterministic Biichi tree automata, and showed that decorated
trace semantics is concretized to a function that assigns a set of trees decorated
with priorities so that the Biichi condition is satisfied in every branch. We have
focused on the Biichi acceptance condition for simplicity, but all the results
can be extended to the parity acceptance condition (see Sect. A of [20] for the
details).

Future Work. There are some directions for future work. In this paper we
focused on systems with a simple branching type like nondeterministic or proba-
bilistic. Extending this so that we can deal with systems with more complicated
branching type like two-player games (systems with two kinds of nondeterminis-
tic branching) or Markov decision processes (systems with both nondeterministic
and probabilistic branching) is a possible direction of future work.

Another direction would be to use the framework developed here to cate-
gorically generalize a verification method. For example, using the framework of
coalgebraic trace semantics in [21], a simulation notion for Biichi automata is
generalized in [19]. Searching for an existing verification method that we can
successfully generalize in our framework would be interesting.

Finally, it was left open in Sect.6 if Assumption 4.1.4 is satisfied by T = G
and F' = Fy. Investigating this is clearly a future work.

Acknowledgments. We thank Kenta Cho, Shin’ya Katsumata and the anonymous
referees for useful comments. The authors are supported by JST ERATO HASUO
Metamathematics for Systems Design Project (No. JPMJER1603), and JSPS KAK-
ENHI Grant Numbers 15KT0012 & 15K11984. Natsuki Urabe is supported by JSPS
KAKENHI Grant Number 16J08157.

References

1. Adamek, J., Koubek, V.: Least fixed point of a functor. J. Comput. Syst. Sci.
19(2), 163-178 (1979). https://doi.org/10.1016,/0022-0000(79)90026-6

2. Adédmek, J., Milius, S., Moss, L.S.: Fixed points of functors. J. Log. Algebraic
Methods Program. 95, 41-81 (2018)

3. Arnold, A., Niwiniski, D.: Rudiments of pu-Calculus. Studies in Logic and the Foun-
dations of Mathematics. Elsevier, Amsterdam (2001)

4. Borceux, F.: Handbook of Categorical Algebra, Encyclopedia of Mathematics and
its Applications, vol. 1. Cambridge University Press, Cambridge (1994)

5. Ciancia, V., Venema, Y.: Stream automata are coalgebras. In: Pattinson, D.,
Schroder, L. (eds.) CMCS 2012. LNCS, vol. 7399, pp. 90-108. Springer, Heidel-
berg (2012). https://doi.org/10.1007/978-3-642-32784-1_6

6. Cleaveland, R., Klein, M., Steffen, B.: Faster model checking for the modal mu-
calculus. In: von Bochmann, G., Probst, D.K. (eds.) CAV 1992. LNCS, vol. 663, pp.
410-422. Springer, Heidelberg (1993). https://doi.org/10.1007/3-540-56496-9_32


https://doi.org/10.1016/0022-0000(79)90026-6
https://doi.org/10.1007/978-3-642-32784-1_6
https://doi.org/10.1007/3-540-56496-9_32

234

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

N. Urabe and I. Hasuo

. Courcelle, B.: Fundamental properties of infinite trees. Theor. Comput. Sci. 25,

95-169 (1983). https://doi.org/10.1016/0304-3975(83)90059-2

. Etessami, K., Wilke, T., Schuller, R.A.: Fair simulation relations, parity games,

and state space reduction for Biichi automata. SICOMP 34(5), 1159-1175 (2005)

. Ghani, N., Hancock, P., Pattinson, D.: Representations of stream processors using

nested fixed points. Log. Methods Comput. Sci. 5(3) (2009)

Hasuo, 1., Jacobs, B.: Context-free languages via coalgebraic trace semantics. In:
Fiadeiro, J.L., Harman, N., Roggenbach, M., Rutten, J. (eds.) CALCO 2005.
LNCS, vol. 3629, pp. 213-231. Springer, Heidelberg (2005). https://doi.org/10.
1007/11548133_14

Hasuo, 1., Jacobs, B., Sokolova, A.: Generic trace semantics via coinduction. Log.
Methods Comput. Sci. 3(4) (2007)

Jacobs, B.: Trace semantics for coalgebras. Electr. Notes Theor. Comput. Sci. 106,
167-184 (2004). https://doi.org/10.1016/j.entcs.2004.02.031

Jacobs, B.: Introduction to Coalgebra: Towards Mathematics of States and Obser-
vation. Cambridge Tracts in Theoretical Computer Science. Cambridge University
Press, New York (2016)

Milius, S.: Completely iterative algebras and completely iterative monads. Inf.
Comput. 196(1), 1-41 (2005)

Mulry, P.S.: Lifting theorems for Kleisli categories. In: Brookes, S., Main, M.,
Melton, A., Mislove, M., Schmidt, D. (eds.) MFPS 1993. LNCS, vol. 802, pp. 304—
319. Springer, Heidelberg (1994). https://doi.org/10.1007/3-540-58027-1_15
Power, J., Turi, D.: A coalgebraic foundation for linear time semantics. Electr.
Notes Theor. Comput. Sci. 29, 259-274 (1999)

Thomas, W.: Languages, automata, and logic. In: Rozenberg, G., Salomaa, A.
(eds.) Handbook of Formal Languages, pp. 389-455. Springer, Heidelberg (1997).
https://doi.org/10.1007/978-3-642-59126-6_7

Urabe, N., Hasuo, I.: Coalgebraic infinite traces and Kleisli simulations. CoRR
abs/1505.06819 (2015). http://arxiv.org/abs/1505.06819

Urabe, N., Hasuo, I.: Fair simulation for nondeterministic and probabilistic Buechi
automata: a coalgebraic perspective. LMCS 13(3) (2017)

Urabe, N., Hasuo, I.: Categorical Biichi and parity conditions via alternating fixed
points of functors. arXiv preprint (2018)

Urabe, N., Shimizu, S., Hasuo, I.: Coalgebraic trace semantics for Biichi and parity
automata. In: Proceedings of the CONCUR 2016. LIPIcs, vol. 59, pp. 24:1-24:15.
Schloss Dagstuhl - Leibniz-Zentrum fuer Informatik (2016)


https://doi.org/10.1016/0304-3975(83)90059-2
https://doi.org/10.1007/11548133_14
https://doi.org/10.1007/11548133_14
https://doi.org/10.1016/j.entcs.2004.02.031
https://doi.org/10.1007/3-540-58027-1_15
https://doi.org/10.1007/978-3-642-59126-6_7
http://arxiv.org/abs/1505.06819

Author Index

Abramsky, Samson 1 Levy, Paul 122
Adamek, Jifi 144

Milius, Stefan 56, 144
Berardi, Stefano 13 Moss, Lawrence S. 78

Berger, Ulrich 34
Pavlovic, Dusko 167

Dorsch, Ulrich 56

Rot, Jurriaan 100, 122
Dubut, Jérémy 190

Schroder, Lutz 56

Feys, Frank M. V. 78 Setzer, Anton 34
Shah, Nihil 1
Goy, Alexandre 100 Sprunger, David 190

Hansen, Helle Hvid 78 Tatsuta, Makoto 13

Hasuo, Ichiro 190, 214 Urabe, Natsuki 214

Urbat, Henning 144
Jacobs, Bart 122

Willmann, Thorsten 56
Katsumata, Shin-ya 190
Kupke, Clemens 6 Yahia, Muzamil 167



	Preface
	Organization
	Contents
	Relating Structure and Power: Comonadic Semantics for Computational Resources
	1 Introduction
	1.1 The Setting
	1.2 Model Theory and Deception

	2 Main Results
	References

	Coalgebraic Logics & Duality
	1 Logics for Coalgebras
	2 The Power Law for 
	3 Current Research
	References

	Intuitionistic Podelski-Rybalchenko Theorem and Equivalence Between Inductive Definitions and Cyclic Proofs
	1 Introduction
	2 HA-Provable Podelski-Rybalchenko Theorem for Induction
	2.1 Kleene-Brouwer Theorem
	2.2 Proof Ideas for Podelski-Rybalchenko Theorem for Induction
	2.3 Proof of Podelski-Rybalchenko Theorem for Induction

	3 Cyclic Proofs
	3.1 Intuitionistic Martin-Löf's Inductive Definition System LJID
	3.2 Cyclic Proof System CLJID
	3.3 Cyclic Proofs for Coinductive Predicates

	4 Equivalence Between LJID and CLJID
	4.1 Countermodel and Addition of Heyting Arithmetic
	4.2 Equivalence Theorem

	5 Proof Transformation
	5.1 Stage Numbers for Inductive Definitions
	5.2 Path Relation
	5.3 Proof Transformation

	6 Related Work
	7 Conclusion
	References

	Undecidability of Equality for Codata Types
	1 Introduction
	2 Codata Types and Coalgebras
	3 Undecidability of Weak Forms of Equality on Streams
	4 Extension of Theorem 9 to Coiteration
	5 Conclusion and Related Work
	References

	Predicate Liftings and Functor Presentations in Coalgebraic Expression Languages
	1 Introduction
	2 Preliminaries
	3 Singleton-Preserving Predicate Liftings
	4 Moss Liftings
	5 Generic Expressions
	6 Conclusion and Further Work
	References

	Long-Term Values in Markov Decision Processes, (Co)Algebraically
	1 Introduction
	2 Markov Decision Processes
	3 Policy Improvement via Contraction Coinduction
	3.1 Policy Iteration
	3.2 The Contraction Coinduction Principle

	4 Coalgebras and Algebras for MDPs
	4.1 Algebras, Monads, and Distributive Laws
	4.2 Coalgebraic Modeling of MDPs
	4.3 Algebraic Modeling of Discounted Sums

	5 Long-Term Values via b-Corecursive Algebras
	5.1 MDPs in Metric Spaces
	5.2 Categorical Structure for Bounded Maps
	5.3 b-Corecursive Algebras (bcas)
	5.4 The Optimal Value Function V*

	6 Extensions
	6.1 Alternative Treatment of MDPs
	6.2 Changing the Setting to Polish Metric Spaces

	7 Conclusion
	References

	(In)finite Trace Equivalence of Probabilistic Transition Systems
	1 Introduction
	2 Preliminaries
	3 Trace Semantics of Probabilistic Transition Systems
	4 Determinisation
	5 Computing Trace Equivalence
	6 Continuous Systems
	6.1 Trace Semantics via Determinisation
	6.2 Correctness of the Resulting Trace Semantics

	7 Related Work
	References

	Steps and Traces
	1 Introduction
	2 Coalgebraic Semantics from a Step
	3 Traces via Eilenberg-Moore
	4 Traces via Logic
	5 Traces via Kleisli
	6 Comparison
	6.1 Eilenberg-Moore and Logic
	6.2 Kleisli and Logic

	7 Completely Iterative Algebras
	8 Future Work
	References

	On Algebras with Effectful Iteration
	1 Introduction
	2 Preliminaries
	2.1 Varieties and `Finite' Algebras
	2.2 Relation Between the Object Classes
	2.3 Functors and Liftings
	2.4 Four Fixed Points

	3 Recap: Elgot Algebras
	4 FFG-Elgot Algebras
	5 Conclusions and Further Work
	References

	Monoidal Computer III: A Coalgebraic View of Computability and Complexity (Extended Abstract)
	1 Introduction
	1.1 Categorical Computability: Context and Concept
	1.2 Categorical Complexity: A Coalgebraic View
	1.3 Background and Related Work

	2 Preliminaries
	3 Monoidal Computer
	3.1 Evaluation and Evaluators
	3.2 Examples of Monoidal Computer
	3.3 Encoding All Types
	3.4 The Fundamental Theorem of Computability

	4 Coalgebraic View
	5 Computability
	6 Complexity
	6.1 Evaluating Turing Processes
	6.2 Counting Time
	6.3 Counting Space

	7 Final Comments
	References

	Fibrational Bisimulations and Quantitative Reasoning
	1 Introduction
	2 Background
	2.1 Coalgebras
	2.2 Fibrations
	2.3 CLat-Fibrations Over Set
	2.4 Liftings

	3 Endoliftings and Invariants
	3.1 Relation Liftings Define Coalgebraic Relations
	3.2 Generalizing Hermida-Jacobs Bisimulation

	4 Constructions of Liftings Along CLat-Fibrations
	4.1 Lifting by Enriched Left Kan Extensions
	4.2 Codensity Lifting of Endofunctors
	4.3 Combining Liftings
	4.4 The Hausdorff Pseudometric

	5 The Category of Endoliftings
	5.1 Quantitative and Qualitative Liftings
	5.2 T  Is a Endolifting Morphism Between Kripke Polynomial Functors
	5.3 Approximate Bisimulations: An Example from Control Theory
	5.4 Endolifting Morphisms Preserve Final Coalgebras

	6 Conclusions and Future Work
	References

	Categorical Büchi and Parity Conditions via Alternating Fixed Points of Functors
	1 Introduction
	2 Preliminaries
	2.1 Notations
	2.2 Fixed Point and Hierarchical Equation System
	2.3 Categorical Finite and Infinitary Trace Semantics
	2.4 Büchi (T,F)-systems and Its Coalgebraic Trace Semantics

	3 Alternating Fixed Points of Functors
	3.1 Categorical Datatypes for Büchi Systems
	3.2 Natural Transformations Regarding to F+ and F
	3.3 Liftings F+ and F over K-1mu(T)

	4 Decorated Trace Semantics of Büchi (T,F)-systems
	4.1 Definition
	4.2 Trace Semantics vs. Decorated Trace Semantics

	5 Decorated Trace Semantics for Nondeterministic Büchi Tree Automata
	5.1 Preliminaries on Büchi Tree Automaton
	5.2 Decorated Trace Semantics of NPTA

	6 Systems with Other Branching Types
	7 Conclusions and Future Work
	References

	Author Index



