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Preface

This volume contains the proceedings of the 8th Conference on Algebra and Coalgebra in
Computer Science (CALCO), held at University College London, London, UK, from June 3 to
June 6, 2019. CALCO took place under the auspices of IFIP WG 1.3 “Foundations of System
Specification”. Local organizers were Philipa Gardner, Emanuele D’Osualdo, Alexandra Silva,
and Fabio Zanasi. Henning Basold was publicity chair. CALCO was co-located with the
conference Mathematical Foundations of Programming Semantics (MFPS).

At the conference were four invited talks, by Stefan Milius, Damien Pous, Grigore Rosu,
and Mehrnoosh Sadrzadeh. Damien Pous and Mehrnoosh Sadrzadeh were joint invited
speakers for CALCO and MFPS, and the invited talk by Damien Pous was accompanied by a
special session on Coinduction organized by Damien with invited talks by Chung-Kil Hur and
Andrei Popescu. There were further 20 contributed talks, of which 14 were full papers, 2 tool
papers, and 6 early ideas. Areas covered included Automata, Logics, Causality, Behaviour,
Categories, Graphs, and Strings. This volume collects abstracts for the four invited talks, the
peer reviewed full papers, and the peer reviewed tool papers. Further details on CALCO are
featured on the conference website (https://www.coalg.org/calco-mfps-2019/calco/).

CALCO 2019 received submissions from Argentina, Australia, Czechia, Egypt, France,
Germany, Iceland, Italy, Japan, the Netherlands, Norway, Slovenia, Switzerland, the United
Kingdom, and the United States. In total, there were 30 submissions, of which 21 were full
papers, 2 were tool papers and 7 were early ideas submissions.

CALCO is a high-level, bi-annual conference formed by joining the forces and reputations
of CMCS (the International Workshop on Coalgebraic Methods in Computer Science), and
WADT (the Workshop on Algebraic Development Techniques). It provides a forum to present
and discuss results of theoretical nature on the mathematics of algebras and coalgebras, the
way these results can support methods and techniques for software development, as well
as experience reports concerning the transfer of the resulting technologies into industrial
practice. Typical topics of interest include:

Abstract models and logics

Algebraic and coalgebraic semantics

Corecursion in programming languages

Algebraic and coalgebraic methods in software and systems engineering

Specialised models and calculi

String diagrams and network theory

System specification and verification

Tools supporting algebraic and coalgebraic methods

Quantum computing with algebra and coalgebra
CALCO can look back on a proud history: previous CALCO editions took place in Swansea
(Wales, 2005), Bergen (Norway, 2007), Udine (Italy, 2009), Winchester (UK, 2011), Warsaw
(Poland, 2013), Nijmegen (The Netherlands, 2015) and Ljubljana (Slovenia, 2017).

This volume first presents abstracts of the four invited talks, followed by the contributed
papers and tool papers in the order they were presented at the conference. We hope that
reading the contributions in this volume will be as inspirational as listening to the talks was
in June 2019 in London.

October 2019

Ana Sokolova
Markus Roggenbach
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Matching p-Logic: Foundation of K Framework

Xijaohong Chen
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—— Abstract

K framework is an effort in realizing the ideal language framework where programming languages

must have formal semantics and all languages tools are automatically generated from the formal
semantics in a correct-by-construction manner at no additional costs. In this extended abstract,
we present matching p-logic as the foundation of K and discuss some of its applications in defining
constructors, transition systems, modal pu-logic and temporal logic variants, and reachability logic.

2012 ACM Subject Classification Theory of computation — Logic
Keywords and phrases Matching p-logic, Program verification, Reachability logic

Digital Object Identifier 10.4230/LIPIcs.CALCO.2019.1

Category Invited Paper

1 Introduction

In an ideal language framework, all programming languages must have formal semantics
and all language tools are automatically generated from the formal semantics in a correct-
by-construction manner at no additional costs. K framework (www.kframework.org) is an
almost 20-year continuous effort in realizing the ideal language framework. Many real-world
languages such as C [5], Java [1], JavaScript [9] as well as the emerging blockchain languages
such as EVM [6], have had their formal semantics successfully defined in K and language tools
such as parsers, interpreters, and deductive verifiers have been automatically generated by K.

In terms of program verification, K adopts a language-independent approach that is
different from the classic language-specific approaches such as Hoare-style verification [7],
where different languages have different program logics and thus different verifiers. Instead,
the current K implementation uses matching logic [10] to specify static structures of programs
and reachability logic [11] to reason about dynamic reachability properties for all languages.
Formal semantics are given as theories in these logics, so their fixed and thus language-
independent proof systems achieve semantic-based program verification for all languages [4].

As its name suggests, reachability logic can only express reachability properties, which
limits K to verifying, for instance, liveness properties, which are beyond reachability logic
but can naturally be expressed in temporal logics such as linear temporal logic (LTL) or
computation tree logic (CTL). To overcome this limitation, we recently proposed matching
p-logic [2], which is a powerful logic that subsumes not only matching logic and reachability
logic, but also first-order logic with least fixpoints, modal p-logic, many variants of temporal
logics, dynamic logic, and others (see Fig. 1). This demonstrates that matching p-logic can
serve as the uniform foundation of an ideal language framework.

Here we only present matching u-logic by examples and show its application in specifying
and reasoning about constructors, transition systems, and reachability. For more details
see [2, 3].

? Xiaohong Chen anfi Grigore R0§u;.
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Matching p-Logic: Foundation of K Framework

Matching mu-Logic
Reachability Logic

First-Order Logic with
Least Fixpoints

Seperation Logic with
Recursive Definitions

Modal mu-Logic

Temporal Logics
(LTL,CTL,CTL*....)

Hoare Logic

Dynamic Logic

Matching Logic

Polyadic and/or
Hybrid Modal Logic

Normal Modal Logic

Separatlon Logic

First-Order Logic

Propositional Logic

Figure 1 Many popular logics can be defined in matching p-logic as theories and notations [2]; the
current K implementation (denoted as the node labeled “K”) is so far the best effort in implementing
reachability logic reasoning and will eventually be lifted to the same level as matching p-logic.

2 Matching pu-Logic Examples

Preliminaries and basic examples

Matching logic (the version without ) is a variant of many-sorted first-order logic (FOL)
which makes no distinction between functions and predicates but uses symbols to uniformly
build patterns that can represent static structures, dynamic properties, and logic constraints.
Matching p-logic extends matching logic with the least fixpoint p-binder as in modal u-
logic [8], which can build inductive patterns to represent inductive and co-inductive data
structures and recursive properties and logical constraints.

Intuitively speaking, a pattern evaluates to the set of elements matching it. For example:

z, called an element variable, is matched by exactly one element x;

X, called a set variable, is matched by any set X of elements;

succ(z) is matched by the successor(s) of z; here succ is a symbol that builds structures;

Jz. succ(x) is matched by the successor of some z, i.e., all successors;

zero V 3x. succ(zx) is matched by either zero or successors;

T = Ja.x is matched by x for some z, i.e., everything; | = =T is matched by nothing;

list(x) is matched by all linked lists in the heap starting at pointer x; list is also a symbol;

list(x) A prime(x), same as above but with prime z;

uN . zero V succ(N) is matched by all natural numbers zero, succ(zero), succ(succ(zero)),

; this is because the p-binder denotes the least set N w.r.t. set containment such that
N = zero V succ(N); in other words, N is the least set closed under zero and succ.

Constructors

The last example above uN . zero V succ(N) that is matched by all natural numbers can be
easily generalized to deal with any constructor set C' = {¢; | ¢; is a constructor of arity n;},
where the pattern uD.\/ - ci(D,..., D) evaluates to the least set that is closed under all
o W—’

n; times
constructors in C, yielding the set of all terms generated by C.



X. Chen and G. Rosu

Transition systems and temporal logics

A transition system (S, R) is a pair of a state set .S and a transition relation R C S x S. In
matching p-logic, transition systems can be captured by one unary symbol e called one-path
next (we write ep instead of e(p)) with the intended interpretation that ey is matched by
all predecessors of those matching :

s 5oy &g // states

e °p ® // patterns

In other words, a state matches ey iff it has one next state that matches . Its dual all-path
next op = —e—p is matched by those states whose next states all match ¢ (see Fig. 2).
We can define patterns that represent more complex dynamic properties. For example,
o T is matched by all non-terminal states;
ol is matched by all terminal states;
Op = uX.pVeX is matched by all states that eventually reach ¢ on some path;
Up = v X .pAoX is matched by all states that always stay in ¢ on all paths; v-binder is the
dual of p-binder that builds greatest fixpoints instead of least fixpoints, defined as usual:
vX.p=-puX.-p[-X/X] where_[ /_]is the standard capture-avoiding substitution;
WF = X .0X is matched by all states that are well-founded, i.e., have no infinite paths.

oy

oy

Figure 2 One/All-path next.

We point out that the above definitions are standard definitions in modal u-logic. Since,
as is well known, modal p-logic subsumes many variants of temporal logic such as LTL and
CTL and that matching p-logic subsumes modal p-logic (see [2, Section VII]), there is no
surprise that matching p-logic also subsumes LTL and CTL. What is interesting is that
it only requires a few natural and intuitive axioms to faithfully capture LTL and CTL in
matching p-logic, as summarized below:

Target logic Assumption on traces Axioms required in matching p-logic
Modal p-logic Any traces, no assumptions No axioms

Infinite-trace LTL  Infinite and linear traces (InF) + (LIN)

Finite-trace LTL Finite and linear traces (FIN) + (LIN)

CTL Infinite traces (INF)

where (INF) is the pattern/axiom eT stating that all states are non-terminal states, (FIN) is
the pattern/axiom WF = pX .oX stating that all states are well-founded, and (LIN) is the
pattern/axiom X — oX enforcing the linear paths: X holds on one next state implies X
holds on all next states.

In conclusion, modal p-logic is the empty theory over a unary symbol e that contains no
axioms. Adding (INF) yields precisely CTL. Adding (INF) yields precisely infinite-trace LTL
and replacing (INF) with (FIN) yields finite-trace LTL. Therefore, matching p-logic over the
one-path next symbol e gives a playground for defining variants of temporal logics.

1:3
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Matching p-Logic: Foundation of K Framework

Reachability logic

Our last example is to define reachability properties ¢ = ¢/, called reachability rules [11], in
matching p-logic using the one-path next symbol. Here, ¢ and ¢’ are matching logic patterns
not containing u that are matched by program configurations. The semantics of ¢ = ¢’ is
that for every configuration v that matches ¢, either it reaches some configuration v’ that
matches ¢’ in finitely many steps, or it is not well-founded. In other words, reachability is
like a “weak” eventuality statement that applies to only well-founded states. This suggests to
define the derived construct “weak eventually” (.,,% = v X .9V eX, which is like the definition
of the normal eventually {1 but replacing p by v, and define p = ¢’ = v — O,,¢'. We can
prove that Q,,% = O¢p V -WF, i.e., it indeed captures the semantics of (partial correctness)
reachability, and thus our definition of reachability logic is faithful.

3 Conclusion

In this extended abstract, we presented matching p-logic as the foundation of K and discussed
some of its applications to defining constructors, transition systems, modal pu-logic and
temporal logic variants, and finally reachability logic.
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Stefan Milius
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—— Abstract

This extended abstract first presents a new category theoretic approach to equationally axiomatizable

classes of algebras. This approach is well-suited for the treatment of algebras equipped with additional
computationally relevant structure, such as ordered algebras, continuous algebras, quantitative
algebras, nominal algebras, or profinite algebras. We present a generic HSP theorem and a sound
and complete equational logic, which encompass numerous flavors of equational axiomizations
studied in the literature. In addition, we use the generic HSP theorem as a key ingredient to obtain
Eilenberg-type correspondences yielding algebraic characterizations of properties of regular machine
behaviours. When instantiated for orbit-finite nominal monoids, the generic HSP theorem yields a
crucial step for the proof of the first Eilenberg-type variety theorem for data languages.
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1  Equations and Algebras with Structure

A key tool in the algebraic theory of data structures is their specification by operations
(constructors) and equations that they ought to satisfy. Birkhoff’s celebrated HSP theorem [7]
states that a class of algebras over a signature X is a variety (i.e. closed under homomorphic
images, subalgebras, and products) iff it is axiomatizable by equations s = ¢ between X-terms.
Birkhoff also introduced a complete deduction system for reasoning about equations.

In algebraic approaches to the semantics of programming languages and computational
effects, it is often natural to study algebras whose underlying sets are equipped with
additional computationally relevant structure and whose operations preserve that structure.
An important line of research thus concerns extensions of Birkhoff’s theory of equational
axiomatization beyond ordinary Y-algebras. On the syntactic level, this requires to enrich
Birkhoff’s notion of an equation in ways that reflect the extra structure. For example,
Bloom [8] and Adadmek et al. [1,2] established versions of the HSP theorem for ordered
algebras and continuous ones, respectively, along with complete deduction systems. Here, the
role of equations s = t is taken over by inequations s < t. Recently, Mardare, Panangaden and
Plotkin [19,20] presented an HSP theorem for quantitative algebras and a complete deduction
system. In the quantitative setting, equations s = t are equipped with a non-negative real
number ¢, interpreted as “s and t have distance at most €”. Varieties of nominal algebras
were studied by Gabbay [15] and Kurz and Petrigan [18]. Here, the appropriate syntactic
concept involves equations s = ¢t with constraints on the support of their variables. Finally,
Reiterman [29] as well as Eilenberg and Schiitzenberger [13] showed that pseudovarieties
(i.e. classes of finite algebras closed under homomorphic images, subalgebras and finite
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products) can be axiomatized by so-called profinite equations or, equivalently, by sequences
of ordinary equations (s; = t;);<w, interpreted as “all but finitely many of the equations
S; = ti hold”.

We propose a general category theoretic framework that allows to study equationally
specified classes of algebras with extra structure in a systematic way. Our overall goal is to
isolate the domain-specific part of any theory of equational axiomatization from its generic
core. Our framework is parametric in the following data:

a category o/ with a factorization system (&, .#);

a full subcategory < C &

a class A of cardinal numbers;

a class 2" C &7 of objects.

Here, o7 is the category of algebras under consideration (e.g. ordered algebras, quantitative
algebras, nominal algebras). Varieties are formed within 4%, and the cardinal numbers in
A determine the arities of products under which the varieties are closed. Thus, the choice
a7y = finite algebras and A = finite cardinals corresponds to pseudovarieties, and %) = &
and A = all cardinals to varieties. The crucial ingredient of our setting is the parameter
Z, which is the class of objects over which equations are formed. Typically, 2" is chosen
to be some class of freely generated algebras in «/. Equations are modeled as &-quotients
e: X — E (more generally, filters of such quotients) with domain X € 2.

The choice of 2" reflects the desired expressivity of equations in a given setting, and it
determines the type of quotients under which equationally axiomatizable classes are closed.
More precisely, in our category theoretic framework a variety is defined to be a subclass of
a7 closed under &9 -quotients, .#-subobjects, and A-products, where &4 is a subclass of &
derived from 2. Due to its parametric nature, this concept of a variety is widely applicable
and turns out to specialize to many interesting cases. The main result is the

» General HSP Theorem [22]. A subclass of <y forms a variety if and only if it is axio-
matizable by equations.

In addition, we introduce a generic deduction system for equations, based on two simple
proof rules for equations e: X — FE, and establish a

» General Completeness Theorem [22]. The generic deduction system for equations is
sound and complete.

The above two theorems can be seen as the generic building blocks of the model theory of
algebras with structure. They form the common core of numerous Birkhoff-type results and
give rise to a systematic recipe for deriving concrete HSP and completeness theorems.

2 Varieties of Data Languages

Since the above results also cover Reiterman-type results (via the choice of 2" as free algebras
over finite sets) the General HSP Theorem yields a key tool for a generic algebraic language
theory. In this theory one studies formal languages and other types of behaviours of finite
machines (e.g. weighted languages, infinite words, trees, cost functions) in terms of algebraic
structures that recognize them. As a prime example, regular languages can be described
purely algebraically as the languages recognized by finite monoids, and a celebrated result
by McNaughton, Papert, and Schiitzenberger [21, 33] asserts that a regular language is
definable in first-order logic if and only if its syntactic monoid is aperiodic (i.e. it satisfies

n+1

the equation x = 2™ for sufficiently large n). As an immediate application, this algebraic
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characterization yields an effective procedure for deciding first-order definability. The first
systematic approach to correspondence results of this kind was initiated by Eilenberg [14]
who proved that varieties of languages (i.e. classes of regular languages closed under the set-
theoretic boolean operations, derivatives, and homomorphic preimages) correspond bijectively
to pseudovarieties of monoids. Inspired by Eilenberg’s work, over the past four decades
numerous further variety theorems were discovered for regular languages [16, 24, 27, 36],
treating notions of varieties with modified closure properties, but also for machine behaviors
beyond finite words, including weighted languages over a field [30], infinite words [25, 38],
words on linear orderings [5, 6], ranked trees [4], binary trees [32], and cost functions [12].
Recent research [3,9] has focused on generic approaches and has culminated in Salamanca’s
work [31] and our General Eilenberg Theorem that covers all of the above ones as special
instances [37]. Its proof is based on two key ingredients: (1) duality in order to establish a
correspondence between (profinite) equational theories and varieties of recognizable languages
and (2) a generic Reiterman-type correspondence to pseudovarieties.

Eilenberg Theorem

o

Varieties of Duality Equational | Reiterman Theorem | Pseudovarieties
languages = theories = of algebras

That duality plays an important role for Eilenberg-type correspondences has been es-
tablished by Gehrke, Grigorieff and Pin [16]. The duality based proofs in [31,37] yield a
blueprint for new correspondences of this kind. For example, it allows to obtain the first
Eilenberg-type correspondence for data languages [22]. Such languages are of significant
interest in recent years, driven by practical applications in various areas of computer science,
including efficient parsing of XML documents or software verification. Mathematically,
data languages are modeled using nominal sets (see e.g. [26]). Over the years, several
machine models for handling data languages of different expressive power have been proposed;
see [34,35] for a comprehensive survey. Here we focus on languages recognized by orbit-finite
nominal monoids. They form an important subclass of the languages accepted by Francez
and Kaminski’s finite memory automata [17] (which are expressively equivalent to orbit-finite
automata in the category of nominal sets [11]) and have been characterized by a fragment of
monadic second-order logic over data words called rigidly guarded MSO [28]. In addition,
Bojariczyk [10] and Colcombet, Ley and Puppis [28] established nominal versions of the
McNaughton-Papert-Schiitzenberger theorem and showed that the first-order definable data
languages are precisely the ones recognizable by aperiodic orbit-finite monoids. It is therefore
natural to ask whether an Eilenberg-type theorem can be developed for data languages, and
we answer this question affirmatively:

» Nominal Eilenberg Theorem [23]. Varieties of data languages correspond bijectively to
pseudovarieties of mominal monoids.

Here, the notion of a pseudovariety of nominal monoids is as expected: a class of orbit-finite
nominal monoids closed under quotient monoids, submonoids, and finite products. In contrast,
the notion of a variety of data languages requires two extra conditions unfamiliar from other
Eilenberg-type correspondences, most notably a technical condition called completeness. Like
the original Eilenberg theorem, its nominal version gives rise to a generic relation between
properties of data languages and properties of nominal monoids. For instance, the aperiodic
orbit-finite monoids form a pseudovariety, and the first-order definable data languages form
a variety, and thus the equivalence of these concepts can be understood as an instance of the
nominal Eilenberg correspondence.

2:3
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It should be pointed out that the Nominal Eilenberg Theorem requires new techniques

and cannot be obtained as a mere instance of the previous General Eilenberg Theorem, since
the latter is based on working with algebraic-like base categories (which excludes nominal
sets) and the recognition by finite structures. However, our approach can be seen as an

indication of the robustness of the key ideas behind the duality-based methodology for

algebraic recognition and the guidance they provide towards future applications and results.
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Residuated monoids model the structure of sentences. Vectors provide meaning representations for

words. A functorial mapping between the two is obtained by lifting the vectors to tensors. The
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1  The Algebra of Grammatical Types

A partially ordered monoid is called residuated and is denoted by (M, -, 1, <, —, <), whenever
for b,c € M we have c-¢c — b <band b+ c-c <b. Given a set of basic types B and a
vocabulary ¥, a monoid grammar is the tuple (7(B), X, D, {s}), wherein 7 (B) is a residuated
monoid generated over B and D C ¥ x T(B) is a type assignment to the vocabulary. A
string of words wyws - - - w,, i grammatical in a monoid grammar, whenever for (w;,t;) € D,
we have t1 -tg - - - t, < s, where s is an element of B and stands for the type of a sentence.

As an example, consider the vocabulary ¥ = {men, dogs, cute, kill} and the type dictionary
D = {(men, n), (dogs, n), (cute,n + n), (kill, (n — s) < n)}. The sentence “men kill cute
dogs” is grammatical, since we have

n-(n—s)«<n)-(n<n)-n<n-(n—>s)«<n) n<n-(n—s)<s

2 Tensor Semantics

Suppose W is a vector space with a set of fixed orthonormal basis {b;};. Elements of W are
vectors ), ¢;b; and elements of W ®--- @ W are tensors T}iy-i,, = D 50 i Cliyigiy biy
—_——— n

bi, ® ---®b;,. The action of a tensor %n another tensor is called tensor contraction and is
defined as Tiliz"'inﬂnin+1"'iw,+k =Liyigvipyringr eWe---W.
n+k—1
We develop a mapping F between a monoid grammar and the tensor powers of W. To
basic types t € B, we assign W, i.e., F(t) := W; to words w with basic types t we assign
elements of W, i.e., F(w) :=T; € W. To complex types, we assign tensors of W as follows

f(h '252) = ]:(tl — tg) :f(tl — t2) = ‘F(tl) ®.7:(t2)
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Words with complex types are assigned elements of the tensor spaces of their types, that
is, F(w) = Tj,ip-i, E W®--- @ W. Given a grammatical sentence wjws - - - wy,, its tensor
P ————

meaning is defined as the teTilsor contraction of the tensor semantics of its words, that is,
Flwiws - - wy) = F(w)F(we) - - - Flwy).

As an example, suppose we assign vectors T,;i 8% and T in W to men and dogs, the
matrix 75" in W ® W to cute and the cube Tzlj‘,g in WeW W to kill. The meaning of
“men kill cute dogs” is computed via the following contraction of tensors Tmen I Tcute 7108,
Recall that when we have a fixed set of orthonormal basis, T;; = Tj;.

3 Implementation on Corpora of Textual Data

Given a corpus of text, e.g. the English Wikipedia, a set of target words T and a set of
context words C, a vector space W is created over C'. In this vector space, each target word
has a vector, where each ¢; is (a function of) the number of times w occurred with each basis
vector in a neighbourhood window, e.g. 5 words to the left or right. As an example, suppose
C = {blood, grave, dead} and T' = {vampire, zombie, butterfly} and the following vectors

Tizombie _ (177 137 10) Tivampire = (15, 9, 8) Tibutterﬂy = (0, 1, 3)

Words that have complex types are modelled as tensors. The tensors are learnt by first
building vector representations for phrases containing the words, then learning a tensor whose
contraction with the tensors of other words in the phrase provides a reasonable approximation
for the vector of the phrase. For example, in order to learn a matrix for the adjective green,
we first build vectors for all the adjective-noun phrases with green as adjective, e.g. for green
grass, green dress, green space. Machine learning algorithms such as least squared distance
are employed to learn an approximation for 775" such that
Tigrccn grass Tlgjrcch]grass T;grccn dress ~ jllgj;lrcch;iress Tigrocn space TigjrconTjspaco

Once the grammatical structure of a language is modelled in a monoid grammar and word
vectors and tensors have been built for its vocabulary, tensor contraction is applied to obtain
vector representations for its sentences. The cosine distances between these representations
provide a measure of sentence similarity and are applied to paraphrasing and disambiguation

7w

tasks. For paraphrasing, one builds vectors for sentences such as “man shut doors”, “gentleman
closed eyes”, “programme faces difficulty”, “project hits problem” and uses their distances to
decide that the latter two are more similar than the former two. For disambiguation, one
builds vectors for sentences such as “man drew sword”, “man sketched sword”, “man pulled

sword” to decide whether drew means sketched or pulled.

4 History and References

Similar to programming languages, natural languages have different characteristic features
such as morphology, phenology, syntax, semantics, and pragmatics. Formal structures
have been used to study these features and indeed ideas are shared between natural and
programming semantics communities. An example is the setting of Context Free Grammars,
introduced by Chomsky to analyse the grammatical structure of English [4] and subsequently
applied to other languages and programming languages. The first algebraic approaches
to natural language go back to the work of Ajdukiewicz [1], where structures similar to
groups were used to provide a functional interpretation for grammatical types. These systems



M. Sadrzadeh

were later refined with a noncommutative multiplication by Bar-Hillel [2] and then Lambek
developed a residuated monoid semantics and a cut-free sequent calculus for them [15]. The
expressive powers of these two systems were proven equivalent by Pentus [20].

The vector space semantics of natural language is motivated by the distributional semantic
ideas of Firth [8] and Harris [12], who argued that words that occur in the same contexts
have similar meanings. These models were both implemented in Information Retrieval [27]
and applied to Natural Language Processing [24].

Encoding a model of grammar in vector space semantics to obtain vector representations
for sentences was an open problem until recently. In 2007 Clark and Pulman showed how
a context free parse tree of a sentence can be assigned a tensor semantics by taking the
Kronecker products of the vectors of the words therein and the symbolic vectors of their
grammatical roles [5]. It was not clear, however, how to build vectors for grammatical
roles. Between 2008 and 2011, with Clark, Coecke, and Preller we showed that if one uses
Lambek’s pregroup grammars [16, 23] one obtains a functorial semantics in the compact
closed category of finite dimensional vector spaces and linear maps [6, 22]. Later with Coecke
and Grefenstette, we showed how residuated monoid grammars also get a functorial semantics
via the translation between a residuated monoid and a pregroup [7]. More recently, I showed
how one can get by without using category theory and still be able to express this semantics
using the language of tensor contraction [25]; this is via the F mapping that I have tried to
spell out in this abstract.

Starting from 2011, we have implemented and experimented with the tensor models on
large corpora of textual data in similarity, disambiguation, and entailment tasks and showed
that in each case there is a tensor model that outperforms the vector models[10, 11, 13, 19,
14, 26]. The method that we have described here and which is used to learn the tensors was
introduced by Baroni and Zamparelli for adjectives [3] and later extended to verbs [9, 21].
Maillard and Clark [17] showed how one can use neural networks and the Skipgram algorithm
of Mikolov [18] to obtain much better results. In work in progress with Clark and Wijnholds,
we are extending these models to arbitrary tensors.
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—— Abstract

Coinduction is a mathematical tool that is used pervasively in computer science: to program and
reason about infinite data-structures, to give semantics to concurrent systems, to obtain automata
algorithms. We present some of these applications in automata theory and in formalised mathematics.
Then we discuss recent developments on the abstract theory of coinduction and its enhancements.
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Induction and coinduction

Induction and coinduction are used in two main ways in computer science: to define datatypes
and compute with those, and to define predicates and reason about them. The former can be
presented using category theory: inductive datatypes such as natural numbers, lists, or trees
can be modelled as initial algebras, while coinductive datatypes such as streams, infinite
trees, automata, or labelled transitions systems can be modelled as final coalgebras. In
contrast, we use lattice theory for predicates: inductive predicates such as reachability or
derivability in a proof system are presented as least fixpoints while coinductive predicates
such as divergence, bisimilarity, or language equivalence, are presented as greatest fixpoints.

When doing a proof by induction, one has to be careful about two things: 1/ choosing
an appropriate induction principle (e.g., simple induction, rank-2 induction, or course of
value induction), and 2/ choosing a strong enough invariant. We shall see that the very same
observation applies with coinduction.

Automata algorithms

Take for instance algorithms for checking language equivalence of finite deterministic automata.
Language equivalence can be characterised as a greatest fixpoint, so that it can be checked
using a coinductive algorithm: start from a relation consisting of the pair of initial states,
and widen this relation until it becomes a bisimulation [5]. This iterative process corresponds
to point 2/ above: we iteratively refine an initial guess until we get a proper invariant. Such
an algorithm can be made more efficient by choosing a more powerful coinduction principle,
e.g., bisimulations up to equivalence, or bisimulations up to congruence for non-deterministic
automata; this is point 1/ above.
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Formal proofs and equational theories

Coinduction can be used for many automata algorithms, which in turn can be used in the
context of formal proofs, to improve automation and delegate administrative steps to the
computer. Indeed, several equational theories can be decided by characterising them in terms
of language equivalence. The key example is that of Kleene algebra: this (quasi)equational
theory admits binary relations and formal languages as free models [13, 15, 4], and is decidable
in PSPACE using automata algorithms. Therefore, proof obligations corresponding to this
fragment can be discharged automatically in proof assistants [6], using so-called reflexive
tactics. Another important theory is that of Kleene algebra with tests (KAT) [14], which can
be decided using automata on guarded strings. This was used successfully to reason about
while programs and flowchart schemes in the Coq proof assistant [18].

Other theories include Kleene algebra with converse [3, 10], Kleene allegories [7, 17], and
concurrent Kleene algebra [8]. Those respectively require working with downward-closed
languages, languages of graphs, and languages of partially ordered multisets (pomsets) [20].
Decidability can be obtained by designing appropriate automata models, and by character-
ising language equivalence as a greatest fixpoint (a coinductive predicate). In some cases,
completeness can be obtained by reasoning about this greatest fixpoint [9]. Those various
results are technically involved, so that formalising them in a proof assistant in order to
extend the aforementioned reflexive tactics would require an important work.

Theory of enhanced coinduction in complete lattices

For predicates, the theory of coinduction can be expressed in complete lattices, starting
from Knaster-Tarski’s theorem [12, 25]: every monotone function b in a complete lattice
admits a greatest fixpoint vb. Enhancements, or up-to techniques, have been studied by
Sangiorgi [23, 24]. Given a function b, the idea is to find other functions b’ that are easier to
use, and such that vd’ = vb. A recent proposal [19] consists in using the function b’ = bt,
where t, the companion of b is the largest function f such that fb < bf. This simple idea
greatly simplifies the whole theory: the companion is a closure operator and it intuitively
contains all potential enhancements. It moreover makes it possible present coinductive proofs
on the fly, without needing to announce the invariant upfront — a important feature when it
comes of formalisation in proof assistants [11].

Theory of enhanced coinduction in category theory

Streams of real numbers form the final coalgebra for the functor BX = R x X. This
observation makes it possible to define streams corecursively: it suffices to provide a coalgebra
for B. The constant streams, the stream nat of natural numbers, and the pointwise addition
of streams can be defined in this way. Note that for nat, one has to define a coalgebra
that provides not only nat, but also all its suffixes; this is point 2/ above: one has to
provide a strong enough invariant. In slightly more involved situations, one has to use a
stronger corecursion principle (point 1/ above). This the case for the convolution product,
whose natural definition builds on addition [22]. A standard solution[16, 1] consists in
using distributive laws A : FB = BF, and such techniques were recently implemented in
Isabelle/HOL [2]. Given the aforementioned situation in complete lattices, one can naturally
ask whether there exists a “largest” such distributive law, a companion T for B [21]. If it
exists, the companion is a monad; if B preserves the codensity monad of its final sequence,
then the companion is that codensity; this is the case for polynomial functors, and in this
case the companion can be characterised in terms of causal algebras on the final coalgebra.
An intriguing open question is whether the finite powerset functor admits a companion.
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—— Abstract

In this work, we provide a simple coalgebraic characterisation of regular w-languages based on

languages of lassos, and prove a number of related mathematical results, framed into the theory of a
new kind of automata called Q2-automata. In earlier work we introduced 2-automata as two-sorted
structures that naturally operate on lassos, pairs of words encoding ultimately periodic streams
(infinite words). Here we extend the scope of these Q-automata by proposing them as a new kind of
acceptor for arbitrary streams. We prove that Q-automata are expressively complete for the regular
w-languages. We show that, due to their coalgebraic nature, 2-automata share some attractive
properties with deterministic automata operating on finite words, properties that other types of
stream automata lack. In particular, we provide a simple, coalgebraic definition of bisimilarity
between 2-automata that exactly captures language equivalence and allows for a simple minimization
procedure. We also prove a coalgebraic Myhill-Nerode style theorem for lasso languages, and use
this result, in combination with a closure property on stream languages called lasso determinacy, to
give a characterization of regular w-languages.
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1 Introduction

The theory of finite automata, seen as devices for classifying (possibly) infinite structures [11],
combines a rich mathematical theory, dating back to the seminal work of Biichi, Rabin, and
others, with a wide range of applications, in areas related to the verification and synthesis of
systems that are not supposed to terminate. This applies in particular to automata operating
on streams (infinite words): stream automata (or w-automata), see [15] for a comprehensive
reference. Stream automata can be classified in terms of their acceptance conditions (e.g.
parity, Muller, Biichi), and come in deterministic, nondeterministic and alternating variants.
With the exception of the weaker deterministic Biichi automata, these models all recognize
the same class of stream languages (or w-languages), viz., the reqular ones.

Our perspective on stream automata and regular w-languages will be coalgebraic. Univer-
sal Coalgebra [17] is a mathematical, category-based theory of evolving state-based systems
such as streams, (infinite) trees, Kripke models, (probabilistic) transition systems, and
many others. This approach combines simplicity with generality and wide applicability:
? Vincenzo Ciancia a.md Yde Venemz.m;
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many features, including input, output, nondeterminism, probability, and interaction, can
easily be encoded in the coalgebra type, which is formally an endofunctor T on some base
category C (often Set, the category with sets as objects and functions as arrows). When it
comes to the coalgebraic perspective on automata theory, the standard deterministic finite
automata (DFAs) operating on finite words have been recognized as paradigmatic examples
of coalgebras [16]: Standard coalgebraic concepts such as final coalgebras and bisimulations,
feature very naturally in the theory of DFAs. For instance, language equivalence between
DFA states is captured exactly by the notion of bisimilarity, an observation yielding both a
coinductive procedure to decide language equivalence and an elegant method for minimizing
automata; states of the final coalgebra also represent equivalence classes of the celebrated
Myhill-Nerode theorem. These observations naturally raise the question whether automata
operating on streams admit an attractive coalgebraic presentation as well.

Exactly this problem was addressed in our earlier paper [9]. Based on the well-known
characterization of regular w-languages by their ultimately periodic (UP) fragment, we
focused on finite representations of UP streams called lassos: a lasso is a pair (u,v) of a finite
word v and a finite nonempty word v, representing the UP stream wv*. This approach built
on the work of Calbrix, Nivat & Podelski [7], who introduced certain DFAs operating on
finite words of the form u$v, where $ is a special symbol separating the spoke u from the loop
v of a lasso. The contribution of [9] was threefold. First, we introduced two-sorted automata
operating on lassos directly, and we showed that these lasso automata share some nice
properties with standard DFAs. Second, we presented these lasso automata as coalgebras, for
a functor 2 on the category Set? of two-sorted sets with two-sorted functions. And third, we
identified two properties, coherence and circularity, that characterize those 2-coalgebras of
which the recognized lasso language correspond to the UP fragment of a regular w-language.

Where our discussion in [9] stayed at a fairly abstract level, and we only considered
acceptance of lassos, the current paper shows how to make concrete use of {2-coalgebras!
as automata operating on arbitrary streams. For this purpose, we introduce a new kind of
stream automaton by defining an Q-automaton as a circular and coherent lasso automaton,
and endowing these structures with a suitable notion of acceptance for streams.

Contribution

The technical results that we prove on these Q-automata include the following;:
we prove that the property of being an Q-automaton is decidable; that is, we show that
it is decidable whether a given lasso automaton is circular and coherent (Theorem 18);
we show that, with respect to expressive power, 2-automata exactly capture the regular
w-languages (Theorem 22 and Corollary 24);
we show that for Q-automata, the natural (and coalgebraic) notion of bisimilarity exactly
captures language equivalence (Theorem 25), and
as a corollary we obtain a simple and natural minimization procedure for Q2-automata
(Theorem 28), which is an instance of the well-known coalgebraic partition refinement;
we prove a Myhill-Nerode theorem for lassos (Theorem 34), which is closely related to
the work of Maler & Staiger [14], but has a coalgebraic component involving the final
Q-coalgebra;
as a corollary of this, we give a new characterization of regular w-languages (Theorem 37).

! In fact, the automata that we consider in this paper are a simplification of the ones defined in [9], see
Remark 3. All results proved in [9] also apply in this setting, with only trivial modifications to the
proofs.
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Combining these observations with the results obtained in [9], we find that Q-automata
share many of the attractive properties of DFAs: bisimulation captures language equival-
ence and can be used for a minimization procedure, regular w-languages correspond to
the finitely generated subcoalgebras of the final coalgebra, Boolean operations (including
complementation) on regular w-languages can be implemented by straighforward operations
on {2-coalgebras, etc. This is in sharp contrast to the setting of standard devices such as
Biichi or parity automata, where to the best of our knowledge no satisfactory notion of
bisimilarity between automata has been defined.

The main point of this article, then, lies not so much in the above list of individual
contributions, but in the picture we obtain by putting all technical results (from this paper
and from [9]) together. The emerging picture shows that stream automata and (regular)
w-languages do fit in a coherent coalgebraic framework, and one that shares many of the
attractive properties of DFAs and regular languages of finite words.

Related work. In between the publication of [9] and this work, some relevant results on
coalgebraic interpretations of stream automata appeared in the literature. The research line
of [20, 19] follows the so-called Kleisli approach to trace semantics of coalgebras. Here a
system is a coalgebra in the Kleisli category associated with some monad T that encodes
the branching style exhibited by the system. In such a Kleisli category the homsets are
often equipped with a natural order relation, and the authors use this fact to characterize
the behaviour of parity-style automata as an arrow that is a solution of some hierarchical
equation system over this order. Proving the effectiveness of their definition, the authors are
able to capture not only regular w-languages, but also various forms of so-called w-regular
behavioural equivalences of a labelled graph, including infinite trace semantics, tree languages,
and systems with both non-deterministic and probabilistic branching. In [6] similar results
are developed for systems with so-called internal moves and the corresponding notion of
weak bisimilarity.

Attractive about this perspective is the modularity of the coalgebraic approach, which
permits results to be generalised to various interpretations of the notion “(w-regular) beha-
viour”, and its clear link to the research area of process calculi and the categorical modelling
of their behavioural equivalences; however, such abstract representations are not directly
exploitable for the verification of properties related to such equivalences. In contrast, our
approach is framed in the logical-algorithmic view of automata, and therefore aimed at simple,
finite representations, and algorithms such as minimization (see Section 4.4) or Boolean
operations (defined in [9], including complementation) that are also a typical ingredient of
model checkers. This does not mean that our presentation lacks generality; for instance,
changing the base category is an interesting possibility to explore (consider e.g. [8], defining a
class of nominal omega-regular languages, notably also characterised by a form of ultimately
periodic behaviour, see Theorem 7 therein).

To mention some closely related work in a different direction, a well-known algorithmic
application in language theory is automata learning [1]. It is noteworthy that, in fact, a
class of finite-state machines [2], similarly inspired by [14], has been used by Angluin and
Fisman for learning w-regular languages [3], and exploited by an independent group in a tool
that obtained best-in-class results in terms of computational efficiency [12]. We believe that
the coalgebraic perspective brings in some unique improvements on its own; for instance,
minimization and Myhill-Nerode style theorems are a standard consequence of the theory;
furthermore, the theory of coalgebras opens up to the possibility of generalising the presented
constructions, and derive new ones (more on this in the Conclusions).
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2 Preliminaries

Assuming that the reader is familiar with the theory of automata operating on (in)finite
words [15], we fix some notation and terminology.

Given sets X,Y and Z, we define Y¥ as the function space of maps from X to Y, and
using currying we may identify the sets ZX*Y and (ZY)X.

Throughout this paper we fix a finite alphabet C consisting of symbols or colors. We
write C* (C'T) for the set of finite (respectively, finite nonempty) words over C. The empty
word is denoted as €, and the length of a word w as |u|. With w denoting the set of natural
numbers, C* is the collection of streams (infinite words) over C. The binary operation of
concatenation between finite and (in)finite words is denoted by juxtaposition. For u € C'T,
we let u* denote the stream that repeats u w many times, and for (v;);c, in Ct we write ¢
for the stream wvgvy - - -. A stream « is ultimately periodic if it is of the form uv® for some
u € C* and v € CT. A language is a set of finite words; an w-language or stream language is
a set of streams. The ultimately periodic fragment UP(L) of a stream language L is the set
of its ultimately periodic members.

A transition function on a set X is a map of the form p: X x C — X (or, equivalently,
p: X — X©). Given such a map, we inductively define the functions p: X x C* — X and
p° : X x C* — PX by putting p(x,€) := z, p(z,cu) := p(p(x,c),u), resp. p°(z,€) == &,
p°(z,cu) = {p(z,c)} U p°(p(z,c),u). In words, p(p,u) denotes the state reached by a
transition system after, starting at state p, it has processed the word u; and p°(p, ) is the
set of states passed along the way, after leaving p. We often write z — p y for p(x,c) =y and
T g>py for p(x,u) =y, omitting the subscript if p is understood.

Our concept of an automaton will not include an initial state; rather, we define an
initialized or pointed automaton to be a pair (A, a) such that a is a state of the automaton
A. Given a transition map p: X x C' — X, a state x € X, and a stream «, we let Inf(z, «)
denote the set of states in X traversed infinitely often when following « starting from z.
A (deterministic) parity automaton is a triple P = (P, p,II) such that P is a finite set of
states, p : P x C — P is a transition map, and IT : P — w is a priority function. An
initialized parity automaton (PP, p) accepts a stream « if max(II[Inf(p, @)]) is even. The sets
of words/nonempty words/streams recognized by an initialized automaton (A, a) (of the
appropriate kind) are denoted as L(A,a)/LT (A, a)/Streams(A, a). We shall generally use the
symbol > for acceptance. A stream language is reqular if it is recognized by some initialized
parity automaton.

3 (-coalgebras as lasso automata

3.1 Basics

As mentioned in the introduction, regular stream languages are determined by their ultimately
periodic fragments. This motivates our interest in finite representations of ultimately periodic
streams: lassos.

» Definition 1. A lasso is a pair (u,v) € C* x CF, representing the stream uv”. The words
u and v are respectively the spoke and loop of the lasso. We call two lassos (ug,vo) and
(u1,v1) bisimilar, notation: (ug,ve) € (u1,v1), if they represent the same stream, i.e., if
Uvg = u1vy.

Continuing the program of Calbrix, Nivat & Podelski [7] in a coalgebraic direction, in [9]
we introduced 2-coalgebras as automata operating on lassos.
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» Definition 2. An Q-coalgebra is a structure A = (P, X, p,&, 0, F) such that P and X are
sets of spoke and loop states, respectively; both p: P — P¢ and € : X — X are transition
functions; o : P — X is the switch map; and F C X is a set of accepting states. A lasso
automaton is a finite Q2-coalgebra.

The loop automaton of A is the DFA Ay := (P W X,0:¢, F), where 0:§ : (PWX) —
(PwX)C is defined as o on P and as &€ on X. For p € P, we define Loop(p) as the set of
finite words accepted by (Ag,p).

Think of A = (P, X, p,&,0, F) as a spoke part (P, p) and a loop part (X, ¢, F) that are
connected by the switch function o : P x C' — X. Clearly this “loop part” is a DFA in its
own right, just like “the” loop automaton Ay; observe that (X, &, F') is a subautomaton of
the loop automaton Ay, and that by construction, any initialized automaton (Ag,p) with
p € P will accept nonempty words only.

» Remark 3. In fact, Definition 2 is a simplification of the one given in [9], where the switching
function has type o : P — X, and the loop part is a finite automaton designed to operate on
nonempty words.

» Remark 4. Although the main point of the paper is to show how stream automata nicely fit
a coalgebraic framework and our entire approach is coalgebraic in spirit, we decided to keep
the categorical machinery at a minimum. The coalgebraic definition is phrased as follows.
Our base category is Set?, the category of two-sorted sets with two-sorted functions. For
the definition of the endofunctor Q2 : Set? — Set?, it will be convenient to use the functors
Ec := (—)¢ and D¢ := 2 x (=) of, respectively, (C-)transition functions and (C-)DFAs.
Now, given an object (Xo, X1) in Set?, we define

Q(X07X1) = (Ech X Ech, Dch).

For the action of  on arrows, consider a pair f = (fp, f1) of functions f; : X; — Y;, then
Qf is the pair of functions (E¢ fo x Ec f1,Def1). With this definition, the Q-coalgebras
of Definition 2 and 6 are coalgebras for the functor €2 indeed; to see this, observe that a
coalgebra for the functor () consists of two sets Xy and X7, and three maps h: Xo — XoC ,
B Xo— X and " : X1 — 2 x XC. An Q-coalgebra (P, X, p, &, 0, F) is rendered in such
a form by letting Xg = P, X1 = X, h = p, b’ =&, and deriving h” from o and F. As the
construction is similar to that of [9], we leave the details as an exercise for the reader.

» Definition 5. Where A = (P, X, p,&, 0, F) is an Q-coalgebra, and p € P is a spoke state,
we say that a lasso (u,v) is accepted by A at p, notation: A, p > (u,v), if <;:\§(ﬁ(p, u),v)) € F,
and we write Lassos(A,p) to denote the lasso language recognized by (A, p), that is, the set
of all lassos accepted by Lassos(A,p). Finally, a lasso language is called regular if it is the
language recognized by a pointed finite 2-coalgebra, i.e., a lasso automaton.

Intuitively, an Q-coalgebra operates on a lasso (u,v) by first processing the spoke u, then
switching to the loop automaton and processing the loop v. It accepts the lasso iff the
resulting state is accepting. That is, (A, p) accepts (u,v) iff v € Loop(p(p, u)).

» Definition 6. Let A = (P, X, p,&,0,F) and A" = (P, X', p', &', 0, F') be two Q-coalgebras.
An Q-morphism from A to A’ is a pair h = (hg, h1) of maps hg : P — P’, hy : X — X' such
that, for allp € P,x € X and ¢ € C we have

(M1) ho(p(p,c)) = p'(hop, ),

(M2) hi(&(,c)) = &' (hz,c),

(M3) hai(o(p,c)) = o’(hop,c), and
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(M4) z € F iff e € F'.
We usually write h for h;.

A spoke state p of A generates a subcoalgebra A, of A that is based on the sets of spoke
and loop states that are reachable from p (in the obvious sense, using p,o, and &).

As a manifestation of the coalgebraic nature of our structures, we discuss below how
the natural concept of equivalence induced by 2-morphisms can be captured by a notion of
bisimilarity.

» Definition 7. A bisimulation between two Q-coalgebras A and A’ is a pair Z = (Zy, Z1)
of relations Zo C P x P, Z1 C X x X' such that, for all (p,p') € Zy and (x,2') € Z1, and
all ¢ € C we have

(B1) (p(p,c),p'(¢'sc)) € Z,
(B2) (£(x,¢),&'(2",¢)) € 21,
(B3) (o(p,c), o’ (p',¢)) € Z1, and

(B4) z € Fiff’ € F.

Two pointed coalgebras (A,p) and (A’,p') are bisimilar, notation: A,p & A’ p’, if there
is a bisimulation linking p and p’.

The following characterization of bisimilarity using morphisms holds for a wide range of
coalgebras; in coalgebraic terms, it says that for the functor €2, the notions of bisimilarity
and behavioral equivalence coincide. The proposition follows from categorical properties of
the functor €2, but also has a straightforward direct proof.

» Proposition 8. Let (A,p) and (A',p") be pointed Q2-coalgebras. Then (A, p) € (A',p") iff
there is a Q-coalgebra B and Q-morphisms h: A — B and h' : A’ — B such that hp = h'p’.

The following proposition on bisimilarity will be needed later on; we omit the proof which
follows a routine coalgebra argument.

» Proposition 9. Let A and A’ be two Q-coalgebras. Then

(1) the collection of bisimulations between A and A" forms a complete lattice, of which the
join is given by union;

(2) the relation < itself is the largest bisimulation between A and A';

(3) if A=A, the relation & is an equivalence relation.

The key observation is that bisimilarity ezactly captures lasso equivalence. This was first
shown in [9]; by looking at the explicit definition of bisimilarity given in Definition 7, the
proof is a simple extension to the two-sorted setting of the classical result that in classical
DFAs operating on finite words, bisimilarity coincides with language equivalence (see [16]).

» Fact 10. [9] Any pair of pointed Q-coalgebras (A, p) and (A',p’) satisfy
Ap e A p' iff Lassos(A, p) = Lassos(A’,p). (1)

» Example 11. Fixing the alphabet C' = {a, b}, we define the Q-coalgebra A = (P, X, p, &, 0, F)
where P = {1,2,3}, X = {4,5,6}, p = {(L,a) — 1, (1,b) 2, (2,a) = 1, (2,b) > 3, (3,a) >
2,(3,b) — 3}, € = {(4,a) — 4,(4,b) — 6,(5,b) — 5,(5,a) — 6,(6,a) — 6,(6,b) — 6},
o ={(p,a) — 4,(p,b) — 5} for each p € P, and F = {4,5}. By construction, for all p € P,
we have Lassos(A,p) = {(u,v) | u € C* Av € ({at}U{b*})}. Consider the Q-coalgebra
A= ({1}, X,p,0',¢ F), where p’ and o’ are the restriction of p and o, respectively, to the
singleton {1}. By Fact 10, A,1 € A,2 € A, 3. The situation is witnessed by the Q-morphism
h: A — A’, which identifies all the states in P by mapping them to the state 1. Furthermore,
for all p € P, we have A,p & A’ 1.
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3.2 From parity automata to lasso automata

Given a Biichi automaton B, Calbrix, Nivat & Podelski [7] constructed a DFA recognizing
the finite-word language {u$v | B > uv*'}, where $ is a new symbol (i.e., not in C). Here we
give a similar construction for parity automata.

» Definition 12. Let P = (P, p,II) be a parity automaton and let p be a state of P. The DFA
X, := (X, &, F,) is based on the state space X := (P x N)¥, where N := Ran(Il) is the range
of Il. To define its transition map &, consider an arbitrary state t € X and think of t as the
pairing of t° : P — P and t' : P — N. Now define

§0(©) = Aq-(p(t'g,0) , max(t'q. W(p(t"q.0))) )

For the set F, of accepting states, define, for an arbitrary state t € X, the sequence (pl)icw
by putting pl == p, pl,q :=t°pt, and put

F, = {t € X | max(t'[Inf((p)ic.,)]) is even },

where Inf((p})icw) is the set of p € P occurring as pt for infinitely many i. Finally, we define
s € X as the initial state s := A\g.(¢,0).

Intuitively, the initialized DFA (X, s7) consumes a word v by following it in parallel,
starting from each state of P. Moreover, in each of these parallel runs the automaton collects
the maximum priority of the traversed states. This explains the carrier and the transition
map of the automaton X,,. For its set of accepting states, first note that Fj, is the only part
of X, depending on p. The idea behind its definition is that for a word v € C*, the state
t:= E (s%,v) encodes essential information on the run (P, p) on the stream v*“. In particular,
we have p! = p(p,v"), for all i. Analyzing the way in which the map t' : P — N keeps
track of maximal priorities along finite runs, we may then show that max(t*[Inf((pl)icw)])
corresponds to the maximal priority that one encounters in the run of (P, p) on v*.

The key observation on this automaton is that (X,, s}) recognizes the looping language
of (P,p), that is, for all v € C*:

(Xp, sh) accepts v iff (P,p) accepts v*.

» Definition 13. Let P = (P, p,II) be a parity automaton. Recalling that by definition, P
is finite, we define the lasso automaton Ap := (P, X, p,&, 0, F) by letting (X, £, F) be the
coproduct (disjoint union) of the family {X, | p € P} of DFAs, and putting o(p, c) := £(s%, ¢).

» Fact 14. [9] Let (P, p) be an initialized parity automaton. For any lasso (u,v) € C* x Ct:

(Ap,p) accepts (u,v) iff (P,p) accepts uv®. (2)

» Example 15. Using the alphabet C' = {a, b}, consider the parity automaton P = (P, p,II)
where P and p come from Example 11, and IT = {1 — 0,3 — 0,2 — 1}. It is easily
seen that, no matter what the initial state is, the language accepted by the automaton is
{a CC¥|3Fi€wIdce CVj>ia; =c}, that is, those streams that have a tail consisting
of an infinite repetition of one symbol. The reader should note that there is no single-state
parity automaton accepting the same language, as a single-state automaton may either accept
C“ or the empty language. However, either by direct construction, or by Fact 14, for all
p € P, it can be shown that Ap,p € A’, 1, where A’ comes from Example 11, in turn.
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3.3 Coherence & Circularity

The language recognized by a lasso automaton (A, p) does not necessarily correspond to
the ultimately periodic fragment of a regular w-language. A necessary condition for the
latter is that Lassos(A, p) is invariant under lasso bisimilarity: (u,v) € (u/,v’) implies that
(u,v) € Lassos(A,p) iff (v/,v") € Lassos(A,p). In [9] we proved that this condition is also
sufficient, and we characterized it by the properties of coherence and circularity.

» Definition 16. A regular language L is circular if v € L < v* € L, for all k > 0 and
v € CT. An initialized DFA (A, a) is circular if L(A, a) is circular. A lasso automaton A is
circular if each Loop(p) is circular, and coherent if cu € Loop(p) < uc € Loop(p(p,c)), for
every spoke state p, u € C* and c € C.

» Fact 17. [9] For any lasso automaton A = (P, X, p,&,0, F) the following are equivalent:
(1) Vp € P. Lassos(A,p) = {(u,v) | wv* € L} for some regular w-language L;

(2) Vp € P. Lassos(A,p) is bisimulation invariant;

(3) A is circular and coherent.

Motivated by Fact 17, in the sequel we will largely confine our attention to circular and
coherent lasso automata. This explains the importance of the following result.

» Theorem 18. It is decidable whether a given lasso automaton is circular and coherent.

Finally, we note that by Fact 10, the class of circular and coherent lasso automata is
closed under taking surjective 2-morphisms.

4 (-automata

In this section, we look at -automata as acceptors of streams. As we shall see, this notion
of acceptance coincides with the one of parity automata (Theorem 22) and is invariant
under Q-morphisms (Theorem 23). The main goal of this section is to show that, unlike the
standard types of stream automata, (2-automata admit a natural notion of bisimilarity that
exactly captures language equivalence (Theorem 25). Finally, as a corollary of these results
we obtain a simple and natural minimization procedure for Q-automata (Theorem 28).

4.1 ()-coalgebras as stream automata

In the previous section we saw that a lasso language corresponds to the ultimately periodic
fragment of a regular w-language if and only if it is the language recognized by an initialized,
circular and coherent lasso automaton. This suggests that circular and coherent €2-coalgebras
might be used directly as stream automata, and inspires the following definition.

» Definition 19. An Q-automaton s a circular and coherent lasso automaton.
Following ideas in Calbrix, Nivat & Podelski [7], we now define acceptance of streams.

» Definition 20. Let A = (P, X, p,&, 0, F) be an Q-automaton, and let q be a spoke state of
A. We say that a stream « is accepted by (A, q), notation: (A,q) > «, if there are a finite
word u, a sequence (v;)icw of finite, non-empty words, a state p € P and an accepting state
z € F such that o = uv, q épp and p %pp, P %gzg z for each i € w. The set of streams
accepted by an initialized Q-automaton (A,p) is denoted as Streams(A, p).
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» Remark 21. Where this notion of acceptance may seem somewhat odd at first sight, it can
be related to that of well-known stream automata. A successful run of (A, q) on a stream «
consists of
a run of the spoke part of A on a (finite) initial segment u of « (i.e., @ = ugf for some
stream f3), leading to a spoke state p, followed by
an infinite run of the product structure of (P, p) and Ay on the remaining stream S, where
for some accepting state z € F', the product automaton infinitely often makes a silent

step from (p, z) to (p,p):
(pvp) g>p><(c7:§) (p,Z) = (p»p) %px(azf) (pvz) = (pap) §>p><(c7:§)

Based on this observation, it is not difficult to show (but rather tedious to spell out in detail)
that Q2-automata can be seen as rather special Biichi automata, where the nondeterminism is
restricted to (1) a unique jump from an initial part of the automaton to a final part, and (2)
some very specific silent steps. From this perspective, that is, with 2-automata taken as a
subclass of Biichi automata with silent steps, it is remarkable that the theory of Q-automata
is so well-behaved when we consider bisimilarity etc. This good behavior may be explained
by the observation that seen as lasso automata, §2-coalgebra are completely deterministic.

4.2 Adequacy

The following theorem states that, when it comes to recognizing stream languages, (2-automata
are as least as expressive as more standard models like parity automata.

» Theorem 22 (Adequacy). Let (P, q) be an initialized deterministic parity automaton. Then
Streams(P, q) = Streams(Ap, q).
4.3 Language equivalence as bisimilarity

» Theorem 23 (Invariance). Let h: A — A’ be an Q-morphism between two Q-automata.
Streams(A, q) = Streams(A’, hq) (3)

for any spoke state q of A.

» Corollary 24. Let (A, q) be an Q-automaton. Then Streams(A, q) is an w-regular language
and Lassos(A, q) = {(u,v) | uv” € Streams(A, q)}.

The next result shows that, unlike well-known types of stream automata such as Biichi,
Muller or parity automata, 2-automata share a fundamental property with deterministic
automata operating on finite words.

» Theorem 25 (Language equivalence as bisimilarity). Let (A, q) and (A’,q') be two initialized
Q-automata. Then

A q e A ¢ iff Streams(A, q) = Streams(A’, q'). (4)

» Example 26. Continuing from Example 15, observe that the Q2-coalgebras A and A’ are
actually circular and coherent, and therefore 2-automata. The stream language that these
coalgebras accept, from any initial state, is the same as the one accepted by the parity
automaton P, from any initial state. However, in the realm of Q-automata, by virtue of
the associated notion of bisimilarity, there is a canonical representative for the class of all
pointed Q-automata accepting the stream language of P (from any state, as they all accept
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the same language). It should not be difficult to guess that the canonical representative is
(A, 1), up-to isomorphism. A formal proof needs just to show that the three states in X
accept different languages (of finite words). In Section 4.4 we shall discuss computation of
such a representative by partition refinement.

4.4 Minimal Q-automaton

The minimization problem for stream automata is much harder than that for deterministic
finite automata operating on finite words. In particular, regular w-languages generally do not
have a unique minimal automaton [18], and to the best of our knowledge, nice minimization
procedures are only available for restricted classes of automata [18, 13].

This is different in the setting of Q-automata. As a corollary of Theorem 25 we obtain
a simple and natural minimization procedure for 2-automata, linking the final coalgebra
to the minimal automaton: Theorem 28. A partition refinement algorithm is a standard
consequence of the coalgebraic framework (see [9] for a more detailed explanation).

» Definition 27. Let A = (P, X, p,&,0, F) be an Q-automaton, and recall from Proposition 8
that < is an equivalence relation on P and on X. We denote the equivalence class of a state
a with a. Since < is itself a bisimulation relation, the following is a correct definition of an
Q-coalgebra structure on the < -cells:

p(p) = PP

£(T) = (o,

a(@)(c) = ap)(c), for all c,
F {Z|zeF}

We denote the resulting Q-automaton by A /.

The following theorem shows that A is a minimal automaton recognizing the languages
of A.

» Theorem 28. Let (A,p) be an initialized Q-automaton, with L := Streams(A,p). Then

(1) Streams(A,o,p) = L;

(2) For any initialized Q-automaton (A’,p") such that Streams(A',p’) = L, there is an
Q-morphism h: A}, — A, such that h(p') = p.

In passing we note that the Theorems 22 and 28 yield a minimization procedure for
parity automata (and other standard stream automata) as well; this procedure transforms
any parity automaton, not into a minimal parity automaton, but into a canonically obtained
minimal Q-automaton.

» Example 29. Continuing from Example 26, the Q-coalgebra A’ is, up to isomorphism, the
minimal representative of the coalgebra A. Note that the three states {1,2,3} are quotiented
by the unique morphism h (from Example 11).

5 A final Q-coalgebra and a Myhill-Nerode Theorem
5.1 Final Q-coalgebra

In the theory of Universal Coalgebra, an important role is played by final coalgebras. Recall
that an object z is final in a category C if for every object there is a unique arrow to z.
Final coalgebras do not exist for every functor, but when they exist, they usually encode a
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natural notion of behavior related to the functor. For instance, in the theory of DFAs, a final
coalgebra is provided by the ‘language automaton’, in which the states are languages (of
finite words), the transition structure is given by the derivatives (L. := {u € C* | cu € L}),
and a language/state is accepting iff it contains the empty word. This language coalgebra
has many nice properties and can be used to prove many fundamental properties of regular
languages [16]. In this section we will see that the category of Q-coalgebras admits a final
coalgebra, and we will use this coalgebra to give a Myhill-Nerode theorem for regular lasso
languages, and a related characterization for regular w-languages.

» Definition 30. With defining

Z, = P(C* x ),
Zl = PC*,
Co(L,e) = {(u,v) € C* x CT | (cu,v) € L},

G(M,e) == {velC*|we M},
o(L,c) = {vel*|(ecv)elL},
F = {M ePC*|ec F},

we obtain the Q-coalgebra Z := (Zy, Z1, (o, (1,0, F).

Observe that the loop part of this Q2-coalgebra is given by the final coalgebra for DFAs
that we just mentioned; in particular, its carrier is based on the set of all languages of finite
words. The carrier of the spoke part is given by the set P(C* x CT) of all lasso languages.
The exact relation of this {2-coalgebra with the set of all stream languages remains to be
investigated in more detail, but note that the relation of lasso determinacy (Definition 35)
will play an important role here.

A very useful property of the structure Z is that any lasso language L coincides with the
set of lassos that it accepts, seen as a state of Z.

» Theorem 31. Let L be a lasso language. Then for any lasso (u,v) we have

Z,L > (u,v) iff (u,v) € L. (5)
As a corollary, the relation <& restricts to the identity relation on Z.
» Theorem 32. 7Z is final in the category of Q-coalgebras and Q-morphisms. That is, for

every -coalgebra A there is a unique Q2-morphism h : A — 7Z.

5.2 A Myhill-Nerode Theorem for lasso languages

Rutten provided a nice coalgebraic perspective on the Myhill-Nerode theorem for regular
languages of finite words, identifying the congruence classes of the Myhill-Nerode equivalence
relation with states in the final coalgebra [16]. A similar result holds for lasso languages.

» Definition 33. Let L be a lasso language. Define the equivalence relation =g on C* such
that up =o uy iff for all lassos (u,v) it holds that (uou,v) € L <= (uju,v) € L. Define a
family of binary relations =) on C™, indexed by the set of =g-cells, such that vo =) v1 iff
for all w € C*,up, u1 € [u] we have (ug,vow) € L < (u1,n1w) € L. Finally, let

(uo,v0) =1 (u1,v1) iff uo =0 u1 and vo =py,) v1

define a relation =5, on lassos.
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It is obvious that =y, is an equivalence relation, and here we have arrived at our coalgebraic
Myhill-Nerode theorem for lassos. It refers to the generated subcoalgebra of a state/language
L in the final coalgebra, see Definition 6. Recall that a lasso language is regular if it is the
set of all lassos that are accepted by a pointed lasso automaton.

» Theorem 34. The following are equivalent, for any lasso language L:
(1) L is regular;

(2) L generates a finite subcoalgebra in Z;

(3) the relation =1, has finite index.

5.3 A characterization theorem for stream languages

Attempts at finding congruences that characterise w-regularity date back to the earliest works
in the theory of w-languages, such as Arnold [4], who isolates the syntactic congruence of a
regular w-regular language L C C* as the coarsest congruence on C* that recognizes L (in
some precisely defined manner). An interesting open question was to identify a congruence
which is of finite index if and only if a given stream language is regular. Maler and Staiger [14]
approached this problem via so-called families of right congruences (FORCs), and proved
that a stream language L is w-regular if and only if there exists a finite FORC that recognises
it. Furthermore, the paper identified a necessary and sufficient characterisation of those
regular w-languages that are accepted by a minimal state automaton, derived from Arnold’s
syntactic congruence.

While moving in a similar direction, we are able to simplify the matter somewhat. The
definition of our lasso relation =, is reminiscent to that of a FORC, as it is dependent
on equivalence classes of a right congruence on finite words.? Using the relation =7, we
were able to provide an ezact characterisation of regular w-languages. Our characterization,
Theorem 37, involves a property, lasso determinacy, that is somewhat related to (but not
the same as) Arnold’s saturation property. One may also look at lasso determinacy as an
infinitary version of the pumping property of regular languages of finite words.

» Definition 35. A stream language L is lasso determined, or has the property LD, if for
every infinite sequence (v;)icw of nonemtpy words there is an infinite set Y C w such that

veL <— (UO"'Uj)(UjJ,_l"'Uk)w € L.
forall 3,k €Y with j < k.

It is not difficult to verify that all regular w-languages are lasso determined. The following
property justifies the terminology.

» Proposition 36. Let L, L’ be two stream languages with the property LD. If Lassos(L) =
Lassos(L') then L = L'.

» Theorem 37. The following are equivalent, for any stream language L:
(1) L is regular;

(2) L is lasso determined and Lassos(L) generates a finite subcoalgebra in Z;
(3) L is lasso determined and the relation =y, has finite index.

2 However, =, does not exactly correspond to a FORC as it lacks the condition vg =[] V1 = U0V =0
UuU1v1.
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6 Conclusions

The main point of this paper was to argue that (a slight variation of) the two-sorted lasso
automaton we introduced in [9] provides an interesting framework for recognizing regular
stream languages as well. For this purpose, we presented (2-automata as the class of finite,
circular and coherent lasso automata, and we defined a notion of acceptance for streams.
Throughout the paper we used the fact that these structures are coalgebras for an endofunctor
Q on the category Set® of two-sorted sets and functions. The advantage of this coalgebraic
presentation of stream automata is that bisimilarity and minimization are easily obtained
using the general theory of Universal Coalgebra. Using another standard feature of the
coalgebraic framework, namely, final coalgebras, we proved a Myhill-Nerode theorem for
lasso automata that extends the basic framework of Rutten [16] to lassos. Then, involving a
property we called lasso determinacy, we obtained a characterization of regular w-languages.
These results provide additional motivation for and in some sense complete the work of Maler
& Staiger [14] on two-sorted congruences.

Of the many interesting directions to take from here we mention a few. First, not only -
automata but in particular the objects they operate on (lassos, streams) admit a very simple
and natural coalgebraic presentation. It would be interesting to explore and exploit this
connection further — in particular, we are interested in truly coalgebraic characterizations of
regular w-languages. In a subsequent publication we hope to report on such a characterization,
which reveals the coalgebraic nature of the property of lasso determinacy and involves a
pumping property for lasso languages. Second, a very interesting and useful coalgebraic
concept is that of coinduction. This definition and proof principle has many applications in
the theory of DFAs. It would be worthwhile to find and study manifestations of coinduction
in the world of stream automata as well, also patterned after [20, 19, 6]. Third, given the
two-sorted nature of our framework, it seems natural to explore its connections with the
theory of Wilke algebras [21]. Finally, recent work on coalgebraic automata learning [5] could
shed further light on the link between our framework and the research line on learning of
omega-regular languages; a first step in this direction would be a mathematically precise
comparison between the automata model presented in [2] and our coalgebraic variant.

Using Category Theory for modelling abstract notions entails the possibility to generalise
results by changing the base category that is used. In this respect, our paper can be used as
a starting point for further development of nominal omega-regular languages [8]. Finally, it
would be interesting to study our work from the categorical perspective of [20, 19, 6]. As a
starting point one could try to rephrase our acceptance definition for streams (Definition 20)
in the approach of [19].
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A Proofs

Proof of Theorem 18. Let A be lasso automaton. Decidability of coherence is straightfor-
ward, since it can be checked in terms of the equivalence of various pairs of initialized DFAs
that can easily be constructed from the loop automaton of A.

For circularity, it suffices to consider initialized DFAs. A routine argument shows that a
language is circular iff Pow(L) = L = Root(L), where the power and root of L are defined
by Pow(L) := {u* | w € L,k > 1} and Root(L) := {u | u* € L for some k > 1}. The
decidability of the equation, L = Pow(L), was established by Fazekas [10].

The problem, whether L(A,a) = Root(L(A,ar)) for a given initialized DFA (A, ay),
can be solved by first defining an initialized DFA (A’,4) that accepts Root(L) and then
checking language equivalence with L. So consider a DFA (4,0, F) and a state a; € A.
Let A’ := (A4,0,G) be the DFA where 6 is given pointwise: 0(f,c) := Xa.d(fa,c). For the
definition of G, define, for an arbitrary g € A4, the set A, := {g"a; | n > 1} — since A is
finite, this set can be computed in at most |A| steps. Put G := {g € A4 | A, N F # o}.

Let u an arbitrary finite word, and define g, := 5(2, u). By construction we obtain for
all a € A that gya = 6(a,u), so that Ag, = {8(ar,u™) | n > 1}. Now consider the following
chain of equivalences:

~

Ai>wuiff g, =0(i,u) € G (definition of acceptance)

iff Ay, NF#2 (definition G)

iff 5(as,u”) € F, some k > 1 (Ag, = {3(ar,u™) | n>1})

iff u* € L = L(A,ar), some k > 1 (definition of acceptance)

iff u € Root(L) (definition Root)

From this it follows that L(A’,i) = Root(L(A,ar)), as required. <

Proof of Theorem 22. Let P = (P, p,II) be a parity automaton, let Ap = (P, X, p,{, 0, F)
be its associated lasso automaton, and let N denote the range of II. Fix a state g € P.

For the inclusion Streams(P, q) C Streams(Ap, q), assume that P, g > « for some stream
«. Without loss of generality we may assume that a can be split as o = ut, such that, with
p := p(q,u), we have p %pp and Inf(q, a) = p°(p, v;), for each i € w. Define v;; 1= v; - - - vj_1
for i,j € w with ¢ < j. It follows by construction of Ap that

<;:\§(p, v;j) € F for each ¢,j with i < j. (6)

Note that the equivalence relation on w. = {(4,5) € w? | i < j} given by (i, ;) ~ (k1) if
c;\:f(p, Vi) = U/\f(p, vg1), has finite index. It then follows by Ramsey’s Theorem that there is
an infinite subset Y C w, and a unique z € F' such that U/:\'g“(p, v;5) = %, for each pair ¢,j € ¥
with i < j.

Enumerate Y = {ko, k1,...} with kg < k1 < ---, and define v’ := vgy,, for each i € w,
Wj 1= U, k,,,- 1t is obvious from these definitions that

a = uu/0. (7)

In addition, we claim that

q %pp (8)
and that
P %,;p and p %z,:f z, for all i € w. (9)
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wFor the proof of (8) and (9), observe that p Usz p for each 7, so that we find p uzp p and
p =, p for each ¢ on the basis of v’ and each w; being finite concatenations of v;’s. From

this we immediately obtain the first statement in (9), but also (8) because ¢ %pp gp .
The remaining, second, statement in (9) follows directly from the assumption on z and the
definition of the w;.

Finally, it follows directly from (7), (8) and (9) that « is accepted by (Ap, q).

For the inclusion Streams(Ap,q) C Streams(P, q), assume that (Ap, q) accepts some given
stream «. Then by definition we can split this stream as o = uv, and find states p € P and
t € F such that ¢ %pp and p %p D, P %,,:5 t for each i € w. Fix some i € w. By definition of
Ap it follows from p %mé t that s} %5 t in X, where X, s} and £ are as in Definition 12. But
since it is straightforward to verify from p %p p that p°(p,v;) consists of all states traversed
on the cycle p =5, p, it follows that t € (P x N)¥ satisfies t(p) = (p, max(II[p°(p, v:)]))-
Since ¢ is accepting it follows that max(II[p°(p,v;)]) is even. Since this holds for each i € w,
it easily follows that (P, q) accepts a. <

Proof of Theorem 23. Fix A = (P, X,p,{,0,F) and A = (P, X', p',¢&,0', F'), and let
h: A — A’ be an Q-morphism. The proof of the inclusion Streams(A, q) C Streams(A’, q') is
routine and left to the reader.

For the opposite inclusion, assume that (A’, hq) accepts some stream «. Let u, (v;)icw,
p’ € P and 2/ € F’ bear witness to this fact, in the sense that o = u¥, hg :u>p/ p’ and
P =y pl, p e 2 for each i € w.

Define pg := p(q,u) and p;+1 := p(ps,v;) for i > 0. Observe that hp; = p’ for all i € w.
Since P is finite, so is the set @ := {p; | i € w}, and hence, some element p of @ is traversed
infinitely often in the path pg %p D1 %,, p2 - --. In other words, there is an infinite subset

Uk Vkiqq—1

K = {ko,k1,...} Cw with kg < k; < ... such that pg %pp and p =————=,p

for all i € w. Define v’ := vg---vp,—1 and w; = vy, - - - Vg then we have o = wu/0,

i+1— 1y
q u:u,>pp and p %,Jp, for each i € w.

Define, for i < j € w, the word w;; = w;---w;_1 and the state z; := <;\:§(p, Wij).
By Ramsey’s Theorem there must be an infinite set N C w and a single element z € X
such that z;; = z for all ¢,j € N. Note that hz;; = 2’ for all i,j € N, since h is an

Q-morphism. Write N = {ng, n1,...} withng <n; <---, and define v” := wq - - - wy,—1 and
8i 1= W, "+ Wn,,, 1, then clearly we have
a=uu'u"s. (10)

Second, we claim that

q==,p. (11)
To see this, note that u” is a finite concatenation of w;’s. Since p %p p for each i, it follows
that p u=>p p, and hence we obtain (11) from ¢ %pp u=>p p. In addition, we have

D %pp and p %g;g z, for all i € w. (12)

Here the first statement follows from each s; being a finite concatenation of w;’s, and the
second is by assumption on z.
Finally, the fact that A, ¢ > « is immediate from (10), (11) and (12). <

Proof of Corollary 24. 1t follows from Fact 17 that there is an initialized parity auto-
maton (P, p) such that Lassos(A, q) = Lassos(P,p), and from Fact 14 that Lassos(P,p) =
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Lassos(Ap,p). From this it is immediate that Lassos(A, q) = Lassos(Ap, p), and so Fact 10
yields that A, q € Ap,p. Then we may derive by Proposition 8 and Theorem 23 that
Streams(A, q) = Streams(Ap,p), and so by Theorem 22 we find that Streams(A,q) =
Streams(P, p). This immediately gives that Streams(A,q) is regular, and gathering our
findings we obtain that Lassos(Streams(A,q)) = Lassos(Streams(P,p)) = Lassos(P,p) =
Lassos(A, q). <

Proof of Theorem 25. The direction from left to right is immediate by Proposition 8 and
Theorem 23. The opposite direction follows from Corollary 24 and Fact 10. |

Proof of Theorem 28. The first part of the theorem is immediate by the fact that the

quotient map from A to A+ is an Q-morphism. For part 2, assume that Streams(A’,p") = L.

Then by Theorem 25 we have that A,p € A’,p’, so that a routine argument shows that every
state in A7, is bisimilar to some state in A. This yields a natural map A from A}, to A /o
such that h(p’) = p. We leave it for the reader to verify that this map is an Q-morphism. <«

Proof of Theorem 32. With A = (P, X, p,&, 0, F), define the maps hg : P — P(C* x CT)
and h; : X — PC* by putting

ho(p)
hl (l‘)

Lassos(A, p),
L((X,&, F), ).

It is a routine exercise to verify that this is an >-morphism. For uniqueness, let A’ : A — Z
be an Q-morphism. Then for every spoke state p of A we find that hp = Lassos(A,p) =
Lassos(Z,h'p) = h/p. <

Proof of Theorem 34. We confine ourselves to a sketch. The equivalence of (1) and (2) is a
direct consequence of the Theorems 31 and 32, so it suffices to show that (2) < (3).
For this purpose, fix a lasso language L. We first show that, for any pair of words ug, u;:

Up = Uy iff C/(\)(L,uo) = @(L,ul) (13)

Second, for all words u and pairs of nonempty words vg, v1, with Ly := Co(L, u)(= {(u'v) |
(uwu',v) € L}) we can prove:

v =pu) 01 iff 0:C1 (L, v0) = 021 (L, 1) (14)

By the previous two steps we may conclude that (ug,vo) = (u1,v1) if and only if, starting
from L in the spoke part of Z, consuming either ug or u; takes us to the same state L', and
from L', consuming either vy or vy, takes us to the same state L in the loop part of Z. Now
let Y7, be the set of spoke states reachable from L, and for M € Yy, let Y}, be the set of
loop states reachable from M. It then follows by the above observation that the equivalence
classes of =y, are in one-to-one correspondence with the set [4,, ey, M. This suffices to prove
that =, has finite index iff L generates a finite subcoalgebra in Z. |

Proof of Proposition 36. Fix a stream « = ¢. By lasso determinacy of L there is an infinite
set Y C w as in the definition. Write Y = {ng,ni,...} with nop < ny < ---. Define
Wo 1= Vg Upe ANd Wity 1= Vp, 41 Up,,,. Then a =0 and for all j,k € w with j < k we
have

ac€l < (wo-- wj)(wjyr---wg)” €L (15)
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Now by the LD property of L’ there is an infinite set Y’ € w as in the definition. Take any
two elements 7,k € Y/ with j < k. Then we have

acl «— (w0~~wj)(wj+1~~wk)‘” el (16)
It is then immediate by (15), (16) and the assumption Lassos(L) = Lassos(L’) that
ael < acl

Since o was arbitrary, this shows that L = L. |

Proof of Theorem 37. The equivalence of (2) and (3) is immediate by Theorem 34, and the
implication from (1) to (2/3) follows from the same result, together with the observation
that regular w-languages are lasso-determined.

For the remaining implication (2/3 = 1), assume (2), and let L’ be the stream language
accepted by the pointed Q-coalgebra (Z, Lassos(L)). Tt follows that Lassos(L) = Lassos(L'),
and since L', being regular, is lasso-determined, Proposition 36 implies L = L', which
immediately yields the regularity of L. <
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—— Abstract

We study a categorical generalisation of tree automata, as algebras for a fixed endofunctor endowed
with initial and final states. Under mild assumptions about the base category, we present a general
minimisation algorithm for these automata. We then build upon and extend an existing generalisation
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1 Introduction

Automata have been extensively studied using category theory, both from an algebraic and a
coalgebraic perspective [26, 6, 43, 40]. Categorical insights have enabled the development of
generic algorithms for minimisation [4], determinisation [45], and equivalence checking [15].

A fruitful line of work has focussed on characterising the semantics of different types of
automata as final coalgebras. The final coalgebra contains unique representatives of behaviour,
and the existence of a minimal automaton can be formalised by a suitable factorisation
of the map from a given automaton into the final coalgebra. Algorithms to compute the
minimal automaton can be devised based on the final sequence, which yields procedures
resembling classical partition refinement [32, 18]. Unfortunately, bottom-up tree automata do
not fit the abstract framework of final coalgebras.® This impeded the application of abstract

L The language semantics of top-down tree automata represented as coalgebras is given in [30], based on
a transformation to bottom-up tree automata. In this paper, we focus on bottom-up automata only.
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algorithms for minimisation, determinisation, and equivalence. We embrace the categorical
algebraic view on automata due to Arbib and Manes [8] to study bottom-up tree automata
(Section 3). This algebraic approach is also treated in detail by Addmek and Trunkova [6],
who, among other results, give conditions under which minimal realisations exist (see also [3])
and constructions to determinise partial and non-deterministic bottom-up tree automata.
However, generic algorithms for minimisation, and a more abstract and uniform picture of
determinisation, have not been studied in this context.

The contributions of this paper are three-fold. First, we explore the notion of cobase to
devise an iterative construction for minimising tree automata, at the abstract level of algebras,
resembling partition refinement (Section 4). The notion of cobase is dual to that of base [11],
which plays a key role in reachability of coalgebras [46, 10] and therefore in minimisation
of automata. Second, we study a different characterisation of minimality via the Nerode
equivalence, again based on work of Arbib and Manes [8], and provide a generalisation using
monads that allows to treat automata with equations (Section 5). Third, we extend bottom-
up tree automata to algebras in the Kleisli category of a monad, which enables us to study
tree automata enriched with side-effects and derive an associated determinisation procedure
(Section 6). We demonstrate the generality of our approach by applying it both to classical
examples — deterministic, non-deterministic, and multiplicity/weighted tree automata — and
to a novel kind of tree automata, namely nominal tree automata.

2 Preliminaries

We assume basic knowledge of category theory. Throughout this paper, we fix a category C.

Monads. A monad on C is a triple (T, 7, u) consisting of an endofunctor 7" on C and two
natural transformations: a unit : Id = T and a multiplication p: T? = T, which satisfy
the compatibility laws ponr =idp = poTn and po ur = poTu.

» Example 2.1. The triple (Pf,{—},J) is a monad on Set, where P is the finite powerset
functor , {—} is the singleton operation, and (J is union of sets. Another example is the
multiplicity monad (Mg, e,m) for a field F, where My is the functor sending a set X to
MpX = {p: X = F | ¢ has finite support}. An element ¢ can be seen as a formal finite sum
Zi s;x;, where each x; has multiplicity s;. The unit e sends x to 1z and the multiplication
is mx (>, sipi)(x) =, 8 - pi(x), where - is the field multiplication.

Algebras and Varietors. We fix a functor ¥ : C — C and write Alg(X) for the category
of X-algebras. Throughout this paper, we assume that X is a varietor [6], i.e., that the
forgetful functor U: Alg(X) — C admits a left adjoint F': C — Alg(3). The varietor ¥
induces a monad (X°,7n,u) on C, where ¥° = UF. Given an object X of C, we refer to
FX = (¥°X,ax) as the free ¥-algebra over X. The free Y-algebra satisfies the following:
for every Y-algebra @) and every morphism z: X — UQ of C, there is a unique X-algebra
morphism z%: (X°X, ax) — Q with U(x%) onx = .

» Example 2.2. A functor is finitary if it preserves filtered colimits. Any finitary Set
functor is a varietor: free algebras over a set X can be obtained as a colimit of a transfinite
sequence [2, 28]. A polynomial functor on Set is a functor inductively defined by P :=id |
AP x Py | Iler
therefore varietors.

P; where A is any constant functor. Polynomial functors are finitary and
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3 Tree automata, categorically

In this section we start our categorical investigation of (bottom-up) tree automata. We first
discuss a general notion of automaton over an endofunctor ¥ due to Arbib and Manes [8]
and then discuss how this notion can be instantiated to obtain various kinds of automata.

» Definition 3.1 (X-tree automaton). A ¥-tree automaton over objects I and O in C is a
tuple (Q,0,1,0) such that (Q,0) is a X-algebra and i: I — Q and o: Q — O are morphisms
of C. The objects I and O are referred to as the input object and output object respectively.
A homomorphism from an automaton (Q,9,1,0) to an automaton (Q',d',4,0") is a X-algebra
homomorphism h: Q@ — Q' (i.e., 8 oXh =hod) such that hoi =14 and o’ o h = o.

Throughout this paper, we fix input and output objects I and O respectively. If 3 is clear
from the context we sometimes refer to a Y-tree automaton simply as an automaton.

A language (over X) is a morphism L: ¥°] — O. In the context of an automaton
A= (Q,9,i,0), we can think of U(i*): ¥°I — Q, induced by the free ¥-algebra FI on I,
as the reachability map, telling us which state is reached by parsing an element of the free
algebra over I. We will write rch 4 (or rch if A is obvious) for U(i*). The language of A is
the morphism £(A): £°I — O in C given by £L(A) = oorch4.

» Example 3.2 (Deterministic bottom-up tree automata). Let us see how X-tree automata
can capture deterministic bottom-up tree automata. We first recall some basic concepts.

A ranked alphabet is a finite set of symbols I', where each v € I' is equipped with an
arity ar(y) € N. A frontier alphabet is a finite set of symbols I. The set of I'-trees over
1, denoted Tr(I), is the smallest set such that I C 7r(I), and for all v € I" we have that
1, tar(y) € Tr(1) implies (7,1, .., tar(y)) € To(I). In other words, Tr(I) consists of finite
trees with leaves labelled by symbols from I and internal nodes labelled by symbols from T’
the number of children of each internal node matches the arity of its label.

A ranked alphabet I' gives rise to a polynomial signature endofunctor ¥: Set — Set given
by XX = nyel‘ X A deterministic bottom-up tree automaton is a Y-tree automaton
A = (Q,9,i,0) where @Q is finite, ¥ is a signature endofunctor, and O = 2. Here @ is the
set of states, i: I — @ is the initial assignment, o: @@ — 2 is the characteristic function of
final states, and for each v € I' we have a transition function d, = § o k: Q) — Q. The
language L(A) is the set of all I-trees ¢ such that (0o 8)(t) = 1, where §: Tr(I) — Q extends
0 to trees by structural recursion:

S(0)y=it) (Lel) S(yt1s s th) = 0, (0(t1), ..., 0(tx))

In other words, £(A) contains the trees that evaluate to a final state. The map 6 above is
the transpose i* in the relevant adjunction between Set and Alg(X), where the left adjoint
sends a set I to the YX-algebra with carrier Tr(I) and the obvious structure map.

3.1 Nominal tree automata

To show the versatility of our definition, we instantiate it in the category Nom of nominal
sets and equivariant functions. This results in a notion of nominal tree automaton — along
the lines of nominal automata theory [13] — which, as we shall see below, provides a useful
model for languages of trees with variables and variable binding. We first recall some basic
notations of nominal set theory [41]. Let A be a countable set of atoms, and let Sym(A) be
the associated symmetry group, consisting of all permutations on A. A nominal set is a pair

(X,-) of a set X and a function -: Sym(A) x X — X forming a left action of Sym(A) on X.
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Each x € X is required to have finite support, i.e., there must exist a finite A C A such that
for all m € Sym(A), if 7 is equal to id4 when restricted to A, then -2 = z. The minimal
such A is denoted supp(x), and can be understood as the set of “free” names of z. Given
x € X, its orbit is the set {m -2 | m € Sym(A)}. We say that a nominal set X is orbit-finite
whenever it has finitely many orbits. An equivariant function f: (X,-) — (Y,-) is a function
X — Y that respects permutations, i.e., f(7-x) =7 - f(x).

Polynomial functors in Nom support additional operations [20], such as the name abstrac-
tion functor [A]: Nom — Nom, which “binds” a name in the support. For instance, if z € X,
then (a)z € [A]X, with supp({a)x) = supp(x) \ {a}. The element (a)z should be thought of
as an equivalence class up to a-conversion w.r.t. the binder (a). We can then define tree
automata for parsing trees with binders. Consider for instance 35 : Nom — Nom given by

ShX = X x X + [A]X
——

——
appl lambda

describing the syntax of the A-calculus [21]. This functor is finitary [20], which implies the
existence of free algebras. Fixing I = A, the carrier of the free Y y-algebra over I consists
of parse trees for A-terms (up to a-conversion) with variables in A. We can then define
automata parsing these trees as A = (Q, 9,4, 0), where

Q is a nominal set;

d consists of two equivariant functions dappi: Q@ X @ — @ and djampda: [A]Q — Q;

i: A — @ is an equivariant function, selecting states for parsing variables;

0: Q — 2 is an equivariant characteristic function of final states, which implies that if a

state is final, so are all the states in its orbit.
The reachability function is the equivariant function given by

i(t) ifte A
rChA(t) = 6app|(rchA(t1), rChA(tQ)) ift= (t1, tg)
Sambaa((@hrch () ift = (a)t'.

The most interesting case is the last one: in order to parse the a-equivalence class (a)t’, we
first parse any tree ¢ such that (a)t’ is in the class, and then we take the resulting state up
to a-conversion w.r.t. (a). Note that £(A) is equivariant, i.e., invariant under permutations
of atoms. Thus A recognises A-trees up to bijective renamings of variables.

4 Minimisation

In this section we define a construction that allows to minimise a given tree automaton. We
start with a few basic preliminary notions related to quotients and factorisation systems.

Factorisations. An (€, M)-factorisation system on C consists of classes of morphisms &
and M, closed under composition with isos, such that for every morphism f in C there exist
e € £ and m € M with f = moe, and we have a unique diagonal fill-in property.

We list a few properties of factorisation systems. First, both £ and M are closed under
composition. Furthermore, if go f € £ and f € &, then g € £. Lastly, if £ consists of
epimorphisms, then it is closed under cointersections, i.e., wide pushouts of epimorphisms [5].
A functor X is said to preserve £-cointersections if it preserves wide pushouts of epimorphisms
in £. In that case, for an epimorphism e, if e € £ then Xe is again an epimorphism.
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Quotients. Define by < the order on morphisms with common domain given by f < g iff
Jh.g = h o f. This induces an equivalence relation on such morphisms. A quotient of an
object X is an epimorphism ¢: X — X’ identified up to the equivalence, i.e., an equivalence
class. We denote by Quot(X) the class of all quotients of X. The underlying category C is
said to be cowellpowered if Quot(X) is a set for every X. In that case, if C is cocomplete,
Quot(X) forms a complete lattice, with the order given by <, and the least upper bound
(join) given by cointersection. We denote by Quotg(X) the set of quotients of X that are in
E. (This is well-defined because £ is closed under isomorphisms.)

» Assumption 4.1. Throughout this section, C is cocomplete and cowellpowered. Moreover,
we fix an (£, M)-factorisation system in C, where £ contains epimorphisms only.

» Remark 4.2. The category Set is cocomplete and cowellpowered, and so is Nom introduced
in Section 3.1. In general, the existence of an (epi, strong mono)-factorisation system already
follows from C being cocomplete and cowellpowered [16]. Allowing a more general choice of
factorisation system will be useful in Section 5, where we work with a different £.

Let (Q,9) be a X-algebra. A quotient algebra is a Y-algebra (Q',d’) together with a
quotient ¢: Q@ — Q' in £ that is an algebra homomorphism. Given a Y-tree automaton
(Q,9,1,0), a quotient autonaton is a X-tree automaton (Q’, 9,7, 0") together with a quotient
q: Q@ — @' in & that is a homomorphism of automata.

» Definition 4.3 (Minimisation). The minimisation of a X-tree automaton (Q,9,1,0) is a
quotient automaton (Qum,0m,im,0m), ¢: Q@ = Qum, such that for any quotient automaton
(Q,0,7,0), ¢:Q— Q of (Q,4,i,0) there exists a (necessarily unique) automaton homo-
morphism h: Q' — Q. such that hoq' = q.

Minimisation is called minimal reduction in [6]. Note that the morphism A in the definition
of minimisation is in &, since ¢’ and ¢ are. In the sequel, we sometimes refer to a quotient
q: Q — @, as the minimisation if there exist d,,, iy, O turning (Qum, dm, tm, Om ), g into the
minimisation of (Q, 9,1, 0).

» Definition 4.4. A Y.-tree automaton A is said to be reachable if the associated reachability
map rch is in €. It is minimal if it is reachable and for every reachable X-tree automaton A’
s.t. L(A) = L(A) there exists a (necessarily unique) homomorphism from A’ to A.

The above definition of minimality relies on reachability; a more orthogonal (but equivalent)
definition of minimality is explored in Section 4.2.

We conclude with a few observations on the connection between minimisation and
minimality, treated in detail in [6]. We say ¥ admits minimisation of reachable automata if
every reachable automaton over 3 has a minimisation.

» Lemma 4.5. An automaton A is minimal iff it is the minimisation of (X°I, ay,nr, L(A)).

» Lemma 4.6. The functor X admits minimisation of reachable automata if and only if a
minimal automaton exists for every language over 3. In that case, if A is reachable, then
the minimisation of A is minimal.

Proof. For the equivalence, the implication left to right follows from Lemma 4.5. For the
converse, one readily shows that the minimisation of an automaton A is given by the minimal
automaton accepting £(.A). The second statement holds by uniqueness of minimisations. <«

6:5

CALCO 2019



6:6

Tree Automata as Algebras: Minimisation and Determinisation

4.1 Minimisation via the cobase

We show how to compute the minimisation of a given automaton (Q, 6, ¢, 0) using the so-called
cobase [11]. This is the dual of the base, which is used in [10, 46] for reachability of coalgebras.
The cobase allows us to characterise the minimisation as the greatest fixed point of a certain
monotone operator on Quotg(Q), which is a complete lattice by Assumption 4.1.

» Definition 4.7. Let f: ¥X — Y be a morphism. The (E)-cobase of f (if it exists) is the
greatest quotient ¢ € Quotg(X) such that there exists a morphism g with go Xq = f.

A concrete instance of the cobase will be given below in Example 4.11. The cobase can be
computed as the join of all quotients satisfying the relevant condition, provided that the
functor preserves cointersections.

» Theorem 4.8 (Existence of cobases). Suppose ¥: C — C preserves £-cointersections. Then
every map f: XX — Y has an E-cobase, given by the cointersection

\/{g € Quote (X) [ 3g. g0 Tq = f}.

Proof. For £ the class of all epis, the dual is shown in [10, 46]. The proof goes through in
the current, more general setting, using that £ is closed under cointersections. |

» Remark 4.9. A Set functor preserves cointersections iff it is finitary [6]. In particular,
this is the case for polynomial functors. For Nom functors we can use that, in general, a
functor preserves cointersections if it is finitary and preserves reflexive coequalisers [6]. These
conditions hold for polynomial Nom functors introduced in Section 3.1, because they preserve
sifted colimits [34], which include filtered colimits and reflexive coequalisers.

We now define an operator on quotients of the state space of an automaton, which
characterises the minimisation of an automaton and gives a way of computing it. To
this end, given a X-algebra (Q,0) and a quotient ¢: @ — Q' € Quotg(Q), define the
quotient O5(q): Q — ©5(Q’) as the cobase of ¢ o §. This defines a monotone operator
O;: Quote (Q) — Quotg (@) that has the following important property (see [10, 46]):

» Lemma 4.10. Suppose ¥ preserves E-cointersections. For any X-algebra (Q,0), a quotient
q: Q - Q" in Quote(Q) satisfies ¢ < Os(q) iff there is an algebra structure ': Q" — Q'
turning q into an algebra homomorphism.

The operator O©4 allows us to quotient the transition structure of the automaton. In order
to obtain the minimal automaton, we incorporate the output map o: @ — O into the
construction of a monotone operator based on ©;. For technical convenience, we assume
that this map is an element of Quote(Q).2 The relevant monotone operator for minimisation
is ©5 A o (where the meet A is taken pointwise in Quotg(Q)).

» Example 4.11. Let 3: Set — Set be a polynomial functor induced by signature I". We
first spell out what the cobase means concretely in this case and then study the operator O
in more detail. Since Y. is an endofunctor on Set, the cobase of a map f: XX — Y is the
largest quotient ¢ € Quotg(X) such that for all ¢,¢' € ¥X:

if Sq(t) = Sq(t'), then f(t) = £(¢).

2 This is not a real restriction: one can just pre-process the automaton by factorising o, i.e., keeping only
those outputs actually occurring in the automaton.
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This means that for every v € I' with k£ = ar(v), and any z1,...,Zk, ¥1, - . - Yk, we have that

q(z1) =q(y) - a@x) = q(ye)
f(H’Y(xlv e 71’k)) = f("/’:’Y(yla cee 7yk))
or equivalently that for all 1,..., 2 and o} with 1 <¢ < k we have

q(x;) = q(})

f(’%’)’(mla"'axi—lyxiyxi-i-l)"' axk})) = f(’%’)’(xla"'axi—17$;7xi+17'-- axk:))

Suppose (@, 6,1, 0) is an automaton. For ¢ € Quot(Q), we have ¢ < O5(¢) A o iff
for all z, 2’ € Q: if q(z) = q(2), then o(z) = o(z’); and
for all v € T with k = ar(y), and 1, ...,z and 2} with 1 <14 < k we have

q(x;) = q(z})
q(év(:zrl, ey Lj—1, T4 Tj41y - - - ,.Tk)) = q(dfy(,rl, ceey L1, .Z’,/L-, Lid1ye-- ,xk))
A partition ¢ with the above two properties is known as a forward bisimulation [25].

» Theorem 4.12. Suppose ¥ preserves E-cointersections. Let (Q,4,1,0) be an automaton,
where o € Quotg (Q). Then gfp(Os A 0) is the minimisation of (Q,4,1,0).

Proof. Denote the quotient gfp(©s A 0) by ¢m: Q@ = Qum. Thus ¢ < O5(gm) and ¢, < o,
hence (using Lemma 4.10) there exist d,,, 0, turning g, into an automaton homomorphism

from (Q, 9,4, 0) t0 (Qm, Om, dm © i, 0m). We show that this is the minimisation of (Q, 9,1, 0).

To this end, let (Q',¢,4,0), ¢: Q@ - Q' be a quotient automaton of (Q,d,%,0). By

Lemma 4.10 we get ¢’ < ©5(q’), and since o’ o ¢’ = 0 we have ¢’ < o, hence ¢’ < Os5(¢’) A o.

Thus ¢’ < gfp(©s A o), i.e., there is a quotient h: Q' — @, such that ho ¢ = g,. It only
remains to show that h is a homomorphism of automata. First, since ¢’ € £ and ¥ preserves
E-cointersections, ¢’ is an epimorphism. Combined with the fact that ¢’ and g,,, are algebra

homomorphisms and that h o ¢’ = q,,, it easily follows that h is an algebra homomorphism.

To see that it preserves the output, we have 0,, cho ¢ = 0,, 0 gy, = 0 = 0’ 0 ¢’; hence, since
q’ is epic, we get 0,, o h = o’. For preservation of the input, we have hoi = hoq oi = ¢, o1,
where the first step holds because ¢’ is a homomorphism of automata. <

The above characterisation of minimisation of an automaton (Q, 4,4, 0) gives us two ways
of constructing it by standard lattice-theoretic computations. First, via the Knaster-Tarski
theorem, we obtain it as the join of all post-fixed points of Os A o, which, by Lemma 4.10,
amounts to the join of all quotient algebras respecting the output map o. That corresponds to
the construction in [6]. Second, and perhaps most interestingly, we obtain the minimisation

of (Q,0,1,0) by iterating Os A o, starting from the top element T of the lattice Quotg(Q).

The latter construction is analogous to the classical partition refinement algorithm: Starting
from T corresponds to identifying all states as equivalent (or in other words, starting from
the coarsest equivalence class of states). Every iteration step of ©5 A o splits the states that

can be distinguished successively by just outputs, trees of depth 1, trees of depth 2, etc.

If the state space is finite, this construction terminates, yielding the minimisation of the
original automaton by Theorem 4.12.
4.2 Simple automata

We defined an automaton to be minimal if it is reachable and satisfies a universal property
w.r.t. reachable automata accepting the same language. It is also interesting to ask whether
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there is another property that, together with reachability, implies minimality, but is not itself
dependent on reachability [9]. Here we propose precisely such a condition.

» Definition 4.13. An automaton (Q, 9, 1,0) is called simple if for every quotient automaton
(Q',8,i,0") the associated quotient q: Q — Q' is an isomorphism.

The result below asserts that minimal automata are precisely the automata that are simple
and reachable. It can be seen as a refinement (and dual) of [10, Theorem 17], computing the
reachable part of a coalgebra. One of the implications makes use of Theorem 4.12, so we
assume that X preserves £-cointersections.

» Proposition 4.14. Suppose . preserves €-cointersections. Let (Q,,4,0) be an automaton
with o € &, and let (Q',¢',i',0'), q¢: Q - Q" be a quotient automaton. Then (Q',0",4',0") is
simple if and only if it is the minimisation of (Q,9,1,0).

Proof. By Theorem 4.12, the minimisation of (Q, ¢, 7, 0) exists. We denote it by g;,: @ = Qm
and its associated automaton structure by (@, dm, tm, Om)-

Suppose (Q’,d',4',0') is simple. Since @, is the minimisation of Q and @’ is a quotient
automaton of (), there exists a homomorphism of automata h: Q" — Q,,. Since @’ is simple,
this homomorphism is an iso.

Conversely, suppose (Q',d’,4',0") is the minimisation of (Q,d,¢,0) and consider any
quotient automaton Q" of @', witnessed by some ¢': Q' — Q"”. Then Q" is also a quotient
automaton of @, via ¢’ o g. Because @’ is the minimisation of @, there exists k: Q" — Q'
such that koq' oq = ¢q. Thus koq’ = id, using that ¢ is an epi. Since ¢’ okoq' = ¢’ and ¢ is
an epi as well, we also have ¢’ o k = id. Hence ¢’ is an iso, as needed. |

» Corollary 4.15. If X preserves £-cointersections, then an automaton A= (Q,4,4,0) with
o € & is minimal if and only if it is simple and reachable.

Proof. First, suppose that A4 is minimal. By Lemma 4.5, we know that 4 is the minimisation
(and, in particular, a quotient) of (X°I, ay,ny, L(A)). In that case, A is reachable, and thus,
since o € &€, we have L(A) € £. By Proposition 4.14, we conclude that A is simple.
Conversely, let A be simple and reachable. By reachability, A is a quotient automaton
of (3°I,ay,nr, L(A)); also, L(A) = oorch € €. Proposition 4.14 then tells us that A is the
minimisation of (3°I, ay,nr, L(A)); by Lemma 4.5 we conclude that A is minimal. <

5 Nerode equivalence

We now show a generalised Nerode equivalence from which the minimal automaton can
be constructed. Most of this section is based upon the work by Arbib and Manes [8],
whose construction was further studied and refined by Anderson et al. [7] and Addmek
and Trnkova [6]. We make a significant improvement in generality by phrasing the central
equivalence definition (Definition 5.5) in terms of an arbitrary monad, which unlike the
previous cited work allows applications to algebras satisfying a fixed set of equations. A
monad generalisation of the Myhill-Nerode theorem appears in [12], which confines itself to
categories of sorted sets and does not characterise the equivalence as an object.

The abstract construction in this section does not require the varietor 3. Instead, we
focus on the monad X° induced by its adjunction and generalise by fixing an arbitrary
monad (T,n,u) in C. Let FF 4 U: C S EM(T) be the adjunction with its category of
(Eilenberg-Moore) algebras. Given a C-morphism f: X — UY for X in C and Y in EM(T),
we write f: FX — Y for its adjoint transpose. We can then use a generalised version of the
automata defined in Section 3.
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» Definition 5.1 (T-automaton). A T-automaton is a tuple (Q,9,14,0), where (Q,d) is a T-
algebra and i: I — Q and o: Q — O are morphisms in C. A homomorphism from (Q, d, 1, 0)
to (Q',8,4',0") is a T-algebra homomorphism h: (Q,d) — (Q',¢") such that hoi =14 and
o'oh=o.

The reachability map of a T-automaton A = (Q, 4,1, 0) is given by rchq = U(i*): TI — Q
and is therefore the unique T-algebra homomorphism (T, 1) — (Q,q) preserving initial
states, taking n;: I — T'I to be the initial state selector of T 1. The language of A is given
by L(A) =oorchy: TI = O.

The Y-tree automata defined in Section 3 are recovered using the following fact: the
category of Y-algebras is isomorphic to EM(T) for T the free X-algebra monad X°.

» Remark 5.2. In Set, we may even add equations to the signature [36, Chapter V1.8,
Theorem 1]. For Nom, this follows from the treatment of [34], giving a standard universal
algebraic presentation of algebras over Nom. Indeed, results in this section apply to nominal
tree automata, unless explicitly stated. For brevity we therefore focus on examples in Set.

» Assumption 5.3. In this section we will need the class £ to be the reflexive regular epis.?
The next lemma will be used in proving our main theorems.

» Lemma 5.4. Suppose T maps reflexive coequalisers to epimorphisms. If i: B — UC' is
such that U(i*) reflexively coequalises qi,q2: A — TB in C, then i* reflezively coequalises
qg,qu FA— FB.

Before defining an abstract Nerode equivalence, we recall the classical definition for
languages of words. Given a language L: A* — 2, the equivalence R C A* x A* is defined as

R ={(u,v) € A* x A" |Vw € A*. L(uw) = L(vw)}.

In this setting, I = 1 and O = 2. A function Q x A — @ corresponds to an algebra for
the monad T' = (—) x A*, whose unit and multiplication are defined using the unit and
multiplication of the monoid A*. If p1,p2: R — A* 2 1 x A* are the projections, we note
that R is defined to be the largest relation making the following diagram commute.

pa2 Xid

R x A* 1 x A* x A*
Nz
p1 xid 1x A*

lc

0 L
IxA*x A* 5> 1 x A* —— 2

This leads to an abstract definition, using a limit* to generalise what it means to be maximal.

» Definition 5.5 (Nerode equivalence). Given a language L: TI — O and an object R with
morphisms p1,p2: R — TI, we say that (R,p1,p2) is the Nerode equivalence of L if the
diagram below on the left commutes and for all objects S with a reflexive pair q1,q2: S — T1

3 In a regular category, (reflexive regular epi, mono) forms a factorisation system in the same way (regular
epi, mono) does, though one should note that the theory in this section does not actually need a
factorisation system; the instantiation of £ is only invoked to obtain the right notion of reachability.

4 Note that it is not exactly a limit, as the defining property works with cones under 7.
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such that the diagram in the middle commutes there is a unique morphism u: S — R making
the diagram on the right commute.

TR — 1 7] TS — T2 prr
Nz Nz $
Tp, TI Tq TI .V i “y‘

y . Lo y . Lo TI +2 R 22,771
T[] — TI —— O Trli — TI —— O

To show the versatility of our definition, we briefly explain a different example where the

language is a set of words. This example cannot be recovered from the original definition by
Arbib and Manes [8].

» Example 5.6 (Syntactic congruence). Let T be the free monoid or list monad (—)* so that
EM(T) is the category of monoids, I = A, and O = 2. Given a language L: A* — 2, the
Nerode equivalence as defined above is then the largest relation R C A* x A* such that

neN (ulvvl)a---7(u’rL7U7L)eR
L(ul...un):L(vl'..vn) :

Equivalently, R is the largest relation such that

(u,v) € R w,x € A*
L(wuz) = L(wvz)

which is precisely the syntactic congruence of the language.

We can show that the Nerode equivalence in Set exists, as long as the monad is finitary.
To define it concretely, we use the following piece of notation. For any set X and z € X,
denote by 1,: 1 — X the constant x function, assuming no ambiguity of the set involved.

» Proposition 5.7. For C = Set and T any finitary monad, every language L: TI — O has
a Nerode equivalence given by

R={(u,v) € TIXTI|LopoT[idrr,1,] =LopoT[idrr,1,]: T(TI +1) = O}
with the corresponding projections p1,p2: R — T1.

The definition of R above states that u,v € T'I are related iff the elements of T'I formed
by putting either v or v in any contezt and then applying p have the same value under L. A
context is an element of T'(T'I 4+ 1), where 1 = {00} denotes a hole where either u or v can
be plugged in. In the tree automata literature, such contexts, although restricted to contain
a single instance of 0, are used in algorithms for minimisation [25] and learning [44, 19].
Unfortunately, the characterisation of Proposition 5.7 does not directly extend to Nom,
because the functions 1, are not, in general, equivariant. We leave this for future work.

Below we show that, under a few mild assumptions, the abstract equivalence is in fact
a congruence: it induces a T-automaton, which moreover is minimal. Intuitively, given a
language L: TI — O that has a Nerode equivalence, we use the equivalence to quotient the
T-automaton (FI,n,L). We first need a technical lemma.

» Lemma 5.8. If C has coproducts, then for any Nerode equivalence (R,p1,p2) there exists
a unique T-algebra structure u: TR — R making p1 and ps T-algebra homomorphisms
(R,u) = (TI, ) that have a common section.
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» Theorem 5.9. If C has coproducts and reflexive coequalisers and T preserves reflexive
coequalisers, then for every language that has a Nerode equivalence there exists a minimal
T-automaton accepting it.

Proof. Let L: TI — O be the language with Nerode equivalence (R, p1,p2) and ¢: T — M
the coequaliser of p; and py in C. By Lemma 5.8 there exists a T-algebra structure on R
making p; and py T-algebra homomorphisms into (77, 1) that have a common section. Since
T preserves reflexive coequalisers, they are lifted by U, and we have a morphism m: TM — M
making (M, m) a T-algebra such that ¢ is a T-algebra homomorphism (T, ) — (M, m).
Since the diagram below on the left commutes and ¢ coequalises p; and po, there is a unique
morphism ops rendering the diagram on the right commutative.

I . N | (@ naturality of n
R % ©) n @\ (® monad law
P1 TR 22 711 5 TT ® Nerode equivalence
iTpl (1)
TI - TTI ® L TI —— M

e DS

7] —— O

Choosing iy = con: I — M, we obtain a T-automaton M = (M, m,ip,0p). Note that
U(i*,) = ¢, so ¢ is the reachability map of M. Hence, we find that £(M) = L by (1). The
morphism ¢ coequalises the reflexive pair (p1,p2) by definition, so M is reachable.

To see that M is minimal, consider any reachable T-automaton A4 = (@, ¢, ¢, 0) such that
L(A) = L. Reachability amounts to the reachability map rch: TT — UQ being the reflexive
coequaliser of a pair of morphisms ¢;,q2: S — TI. From commutativity of

TTI

Tqz
o I b
TQ ® 77 (@ rch coequalises ¢; and g5
) ch

ri

TS

@ rch is a T-algebra homomorphism

L ® L(A) =L

Tq1
Trch @ Q

®
I'V@N

we obtain by the Nerode equivalence property a unique morphism v: § — R making the
diagram below on the left commute.

) LN 0]

S — 2 T

S v P2

o S N N, 2

/ 1”\4 ” p B ¢
P1 e b2 ;1/

Tl +— R — TI Tr ¢ M

Extending this with ¢, the coequaliser of p; and po, gives the commutative diagram on the
right. Recall that U(zgw) = c¢. We now find

. . f , f .
frodi= U@ oqm) = (coq) = (cog) = U@h,) oq) =it od

Here the first and last equality apply a general naturality property of the adjunction. Since
rch = U(i?) is the reflexive coequaliser of q; and go, i* is the reflexive coequaliser of q§ and
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qg by Lemma 5.4. We then obtain a unique T-algebra homomorphism h: (Q, ) — (M, m)
making the diagram below on the left commute.

®LA) =L
(@ definition of rch
® definition of iy,

Q—7 M

From commutativity of the other diagrams we find ops o h = o (using that rch is epi) and
hoi =ip. Thus, h is a T-automaton homomorphism A — M. To see that it is unique,
note that any T-automaton homomorphism h': A — M is a T-algebra homomorphism
(Q, ) — (M, m) such that h/ oi = ip. It is then not hard to see that b’ o i* = (k' o i)ﬁ = 13\4
We conclude that b’ = h by the uniqueness property of h satisfying h o if = 15\4 |

» Remark 5.10. We briefly discuss the conditions of the above theorem in the specific case of
C = Set with T a finitary monad. This includes the setting of tree automata in Set, as a
monad on Set is finitary if and only if EM(T) is equivalent to the category of algebras for a
signature modulo equations. Proposition 5.7 shows that all Nerode equivalences exist here.
Furthermore, Lack and Rosicky [35] observe that an endofunctor on Set is finitary if and
only if it preserves sifted colimits, of which reflexive coequalisers form an instance.

To conclude this section we show that the converse of the previous theorem also holds,
using the existence of kernel pairs rather than coproducts. We need a technical lemma first.

» Lemma 5.11. If ¢1,q2: A — TB is a reflexive pair in C, then so is (qg,qg) in EM(T).

» Theorem 5.12. If C has kernel pairs and reflexive coequalisers and T preserves reflexive
coequalisers, then every language that has a minimal T-automaton has a Nerode equivalence.

Proof. Let M = (M, dps,ip1,0n) be a minimal T-automaton and p1,pe: K — TT the kernel
pair of its reachability map rch: FI — M. We claim that K together with p; and ps forms
the Nerode equivalence of £L(M). To see this, note that the diagram below on the left
commutes.

@ kernel pair

TK TTI

Tp
- Treh ® rch is a T-algebra homomorphism
@ % l“ @ definition of £L(M)
M o TS — = TTI
T M rc B —
" T'rch \ / \LH
©, M ® |t

(M)

Tq TI
V ® w 1 e
n
TI 2O 0]

71 - TI £ 0

TTI

Now if S with q1,¢2: S — T is any reflexive pair making the diagram on the right commute,
we let ¢: TI — Q be the coequaliser of U(g?) and U(g}), noting that this is a reflexive pair by
Lemma 5.11. Then since T preserves reflexive coequalisers, they are lifted by U, meaning that
there exists a unique T-algebra structure §: TQ — @ making ¢: FI — (Q,0) a T-algebra
homomorphism that is the coequaliser of ¢ and qg. We also have L(M)OU(qg) = L(M)OU(qg)
by commutativity of the diagram on the right, so with ¢ coequalising U (qﬁ) and U(qg) there
is a unique morphism o:  — O such that oo c¢ = L(M). Setting i = co 7y, we have a
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T-automaton (Q, d,,0) with reachability map U(i*) = ¢ that accepts the language £(M).
By M being minimal there exists a unique T-automaton homomorphism h: (Q, 6, ,0) — M.

Then the diagram below on the left commutes.

q2
S " U T1 (@ ¢ coequalises U(qﬁ) and U(qg)
\ TS M (@ uniqueness of reachability maps
q1 U(qﬁ) @ rch S

Q @ q1 I q2
c NG LN
h ©) TI ¢+ K = T1
d M

By p1 and py being the kernel pair of rch there exists a unique morphism w: S — K making
the diagram on the right commute. |

TI

6 Tree automata with side-effects

We extend tree automata with various side-effects, covering as examples non-deterministic,
weighted, and non-deterministic nominal automata. The key insight is to view them as
algebras in the Kleisli category of a monad S. We first recall some basic notions.

Kleisli category. Every monad (S,n, ) has an associated Kleisli category K£(S), whose
objects are those of C and whose morphisms X - Y are morphisms X — SX in C. Given
such morphisms f: X - Y and g: Y - Z, their (Kleisli) composition g o f is defined
as py o Sgo f in C. The Kleisli adjunction J 4V : C = K(S) is given by JX = X|
Jf: X=>Y)=nyofand VY =SY, V(f: X = Y)=puyoSf.

» Example 6.1. The category KX(Pf) has morphisms X — PY’, which are finitely-branching
relations, and Kleisli composition is relational composition. We have that J maps a function
to its graph, and V maps X to PrX and a relation R: X - Y to the function

AU CXA{y|3zeU: (z,y) € R}

The category K(Mp) has morphisms X — MpY that are matrices over F indexed by X and
Y (equivalently, linear maps between the corresponding free vector spaces), and composition
is matrix multiplication. The left adjoint J maps a function f: X — Y to the matrix
Jflz, f(z)] =1, for x € X, and 0 elsewhere, and the right adjoint V' maps a matrix X - Y
to the corresponding linear function MpX — MgY.

Given an endofunctor ¥ on C, a functor %: K¥(S) — KX(S) is an extension of ¥ if the
following diagram commutes:

c—=2 ¢

Il R w;
Ke(S) —=— K(S)

Extensions are in bijective correspondence with distributive laws A: £.5 = S¥ [39], which
are natural transformations satisfying certain axioms. Explicitly, we have $X = ¥X and
f: X =Y (amorphism X — SY in C) is mapped to Aoy o Xf: ¥X — SXY, seen in K/(S5).

In [23, Lemma 2.4] it is shown that a canonical distributive law in Set always exists in
case ¥ is polynomial and S is a commutative monad [31].

6:13
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» Example 6.2. For ¥ a polynomial Set endofunctor, the canonical distributive law A: P =
Pr% can be directly defined as follows: Ax(u) = {v € EX | (v,u) € img((Ep1, Xp2))}, where
p1 and po are the left and right projections of the membership relation € x C X x PrX.

The multiplicity monad (Mp, e,m) admits a distributive law A: My = MpX, induct-
ively defined as follows, where ® is the Kronecker product:

N=idy,  M=ea AT =@o (W x A¥?) AP = [Mp(r;) o A¥],

We can now define our notion of tree automaton with side-effects.

» Definition 6.3 ((3, S)-tree automaton). Given a monad S, and : KU(S) — KU(S) extend-
ing a functor ¥ on C, a (X, S)-tree automaton is a X-tree automaton, i.e., a tuple (Q,0,14,0),
where (Q,9) is a X-algebra and i: I = Q and o: Q = O are morphisms in KL(S).

» Example 6.4.
1. Let I" be a signature, and let X be its signature functor. Then the extension of X to
KZ(P¥) is obtained via the distributive law of Example 6.2, namely XX = £X and

i(f X = Y)(K:’y(xlw .. 7$ar('y))) = {(H’y(ylw .. 7yar('y))) ‘ Yj € f(zj) for 1 < Jj< ar(’)/)}

for v € I'. Non-deterministic tree automata are (X, P)-tree automata (Q, 9, ,0) with
O =1, the singleton set. In fact, we have that §: Hwer Q> = Q is a family of relations
0, C Q> x Q; by the same token, i C I x @ relates the frontier alphabet with (possibly
several) states, and o C Q x 1 2 @ is the set of final states.

2. Let T' be a signature, and let ¥ be its signature functor. The extension of ¥ to K¢(Mp) is
obtained via the distributive law of Example 6.2. Explicitly, $X =YX and EA]( f: X=Y)
maps fi~ (1, -+, Tar(y)) to the vector [k (v2)], cywcy) such that v, is the 2-th component
of f(21) ®---® f(Tar(y)), for v € T'. A multiplicity tree automaton [29] is a (X, Mr)-tree
automaton (Q,9,7,0) with I = O = 1. In fact, we have that ¢, is the transition matriz
Q*™ « Q in IF‘Q‘AM)X'QE similarly, i: 1 - Q is the initial weight vector in F'*I<QI
and 0: Q - 1 is the final weight vector in FIQIX1  Intuitively, 0, maps an ar(y)-tuple
of elements of @ to a linear combination over Q. We note that we can go beyond
fields and consider (X, Mg)-tree automata for a semiring S, encompassing weighted tree
automata [17].

3. The nondeterministic version of the automata defined in Section 3.1 can be obtained
via the monad P,: Nom — Nom, mapping a nominal set to the nominal set of its
finitely-supported, orbit-finite subsets.® This is analogous to non-deterministic nominal
automata [13]. We note that K/(P,) is precisely the category of nominal sets and
(orbit-finitely branching) equivariant relations and that Xy extends to relations just as
a set endofunctor — the distributive law is defined as the one for Pr of Example 6.2,
where all the maps are equivariant. A nondeterministic nominal ¥ y-tree automaton is a
(X, P.,)-tree automaton (Q, 6, ,0) with O = 1, the one-element nominal set with trivial
group action. We have that ¢ and the components of § are equivariant relations. For
instance, dlambda C [A]Q X @, and o is an equivariant subset of Q.

We now study language semantics of (X, S)-tree automata. Languages are defined via free

algebras (see Section 3). It turns out that the free algebras in Alg(X) and Alg(i) are closely

related. To see this, we use the following result, which follows from [24, Theorem 2.14].

5 This is the finitary version of the powerset functor in Nom.
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» Lemma 6.5. Let ©: C — C be a functor, S: C — C a monad, and : KL(S) — KL(S) an
extension of . Let A: £S5 = S3 be the corresponding distributive law.
Then the Kleisli adjunction J 4V : C < KL(S) lifts to an adjunction in: J 4V

J
—_— 3 ~
Ae®) L A 50550 5 0) = (0.J6): 5Q + Q)
=
l e J V(Q.7: 5Q + Q)= (S, V(1) 0 Ag: £5Q = SQ)
CQ/IQ(S)
\%

From Lemma 6.5, and using that free algebras can be obtained as colimits of transfinite
sequences [2, 28], it follows that any free Y-algebra (3°X, ax) is mapped by the left adjoint
J to a free i—algebra with the same carrier. Concretely, given a i\]—algebra (Q,0) and a
morphism i: I - @, a (unique) morphism rch: 3°I — S@Q makes the diagram on the left
commute in C iff it makes the diagram on the right commute in K¥(S):

el — O yyer " Syer JELY sor 1
Erchi rchJ{ / /E\rchi rch}/ / (2)
$5Q L0, 50 S0 — 3% 0

Note that the adjoint transpose of rch is the same morphism, seen in kZ(S). The functor V'
can be viewed as a determinisation construction for (3, S)-tree automata.

» Definition 6.6. Given an (3, S)-tree automaton (Q,9d,i,0), let §: £S(Q) — S(Q) be the
algebra structure of V(Q,6), i.e., (S(Q),6) = V(Q,9), and 0 = V(0). The S-tree automaton
(SQ,9,4,0) is called the determinisation of (Q, d,1,0).

The following shows correctness of this determinisation construction, using the correspondence
in (2), and provides a concrete description of the language semantics of (3, S)-tree automata.

» Corollary 6.7. Let (Q, d,i,0) be a (X, S)-tree automaton. Then L(SQ,9,i,0) = L(Q, d,i,0).

We conclude this section with some example instantiations of determinisation, and of how
they can be used to compute languages.

» Example 6.8.
1. The determinisation of a (X, Pf)-tree automaton (Q, 9,1, 0) is

5 (X1, Xp) = U Sy(ar,..om)  o(X) = | o(z)

r1E€X1,...,x,€Xk zeX

for v € I with k£ = ar(7), and X;,..., Xy, X finite subsets of (). This definition precisely
corresponds to the usual determinisation of bottom-up tree automata (see e.g. [22]). The
reachability function is then given by

i(t) iftel
rch(t) = Uzieren(ty) 0y (1, .. yap) it = (v, 21,...,21), k = ar(y).
xkEr.t':'h(tk)

Using Corollary 6.7, we have that the language of (Q, 4,14, 0) is

L@, 50,00t = |J ofs).

serch(t)

CALCO 2019
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That is: a tree t is accepted by (Q, ,¢,0) whenever there is a final state among those
reached by parsing t.
2. The determinisation of a (3, Mp)-tree automaton is given by

Oy (P1seevipr) = (1@ Q) 00y, 0(p)=peo

where v € T" and ar() = k; also, ® is the Kronecker product and e is matrix multiplication.
Explicitly, S,y takes a k-tuple of vectors over ) and turns it into a vector ¢ over k-tuples
of states via the distributive law (defined as the Kronecker product, see Example 6.2),
ie, o(qr,---,q8) = p1(q1) - or(qr), for qi1,...,q € Q. The result is then multiplied by
the matrix J, to compute the successor vector.

Similarly, the reachability function becomes

rehit) = {i(t) iftel
(rch(t1) @ --- @rch(ty)) @0, ift = (v,t1,...,t), k= ar(y).

Hence we obtain the language £(Q,d,,0)(t) = rch(t) e o, which corresponds to the
language semantics given in [29].
3. The case of (X, P, )-tree automata is completely analogous to point 1. For instance,

glambda(X) - U 5Iambda(x)

zeX

for X a finitely supported orbit-finite subset of [A]Q.

7 Future work

The algorithmic side of the iterative minimisation construction presented in Section 4
is left open. For classical tree automata there exist sophisticated variants of partition
refinement [25, 1], akin to Hopcroft’s classical algorithm. A generalisation to the current
algebraic setting is an interesting direction of research, for which a natural starting point
would be to try and integrate in our setting the efficient coalgebraic algorithm presented
in [18].

Further, we characterised the minimal automaton as the greatest fixed point of a monotone
function, recovering the notion of forward bisimulations as its post-fixed points (although it
is perhaps more natural to think of these as congruences). This characterisation suggests an
integration with up-to techniques [42, 14, 15], which have, to the best of our knowledge, not
been applied to tree automata. In particular, we are interested in applying these algorithms
to decide equivalence of series-parallel rational and series-rational expressions [38].

Since completeness of Kleene Algebra is connected to minimality of deterministic finite
automata [33], we wonder whether a completeness proof can be recovered using automata as
presented in this paper. In particular, our abstract framework might allow us to transpose
such a proof to settings such as Bi-Kleene Algebra [37] or Concurrent Kleene Algebra [27].
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the adjunction F' 4U: C = EM(T') with adjoint transpose (f)ﬂ:

The transpose ff: FA — B for f: A — UB in C can be defined as f# = y o T'f, where y
is the T-algebra structure on Y.

Forall f: X » UY and g: UY — UZ in C we have U(g!) o Tf = U((g o f)*).

We have U(?]g() =idrx.

We need the following additional lemmas in the proofs below.
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» Lemma A.l. If f: A— B and h: A — C in EM(T) are such that there exists g: UB —
UC in Cwithgo f="h and Tf is an epi, then g is a T-algebra homomorphism B — C.

Proof. Let a: TA — A, : TB — B, and v: TC — C be the respective T-algebra structures
on A, B, and C. By commutativity of

TA v

TB
Tf M TLCT*Q
LNk

f
TB—2 B

and T f being an epi, we directly conclude that g is a T-algebra homomorphism B — C. <«

» Lemma A.2. Given a language L and q1,q2: S — T1 making the diagram below on the
left commute, the diagram on the right commutes.

s — = g rrs e rrrr A T
1z TTq| 1z

T, TI TTTI TI
y? Ty 1z

TTI 5 11 —£5 0 71 —* 5171 —L 5 0

Furthermore, if (q1,q2) is a reflexive pair, then so is (ur o Tqy, pur 0 Tqa).

Proof. We extend the assumption to the following commutative diagram.

TTS TTqz TTTI -2 TTT
SCh e
q2
TTq TS ——— TTI . B ( naturality of p
. Tq1| \ (® monad law
TTTI 5 TTI TI
T;Li ® K LL
TTI r TI —% > 0

As for reflexivity, (ur o T'qq, iy © T'q2) is the composition of the reflexive pairs (pr, pr) and
(T'q1,Tqz). <

» Lemma 5.4. Suppose T maps reflexive coequalisers to epimorphisms. If i: B — UC' is
such that U(i%) reflexively coequalises qi,q2: A — TB in C, then i reflexively coequalises
qﬁ,qg: FA— FB.

Proof. For k € {1,2} we have U(i* o q,ﬁ) ona = rcho U(q,ﬁ) ona = rch o g, so by U(i)
coequalising ¢ and ¢o we have if o q? =ito qg. If a T-algebra homomorphism f: TB — Z is

such that f oq§ =fo qg, then
Ufoqu=UfoU(g})ona=UfoU(gh)ona=Ufoq,

which because U (i) coequalises q; and go yields a unique function w: UC — UZ such that
uworch = f. Remains to show that u is a T-algebra homomorphism. Note that since U (i) is a
reflexive coequaliser, TU (i*) is an epi by assumption on 7. Precomposing u with U(i#) yields
the T-algebra homomorphism f, so by TU(i*) being an epi and Lemma A.1 we conclude w is
a T-algebra homomorphism C' — Z. Reflexivity of the pair follows from Lemma 5.11. <«
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» Proposition 5.7. For C = Set and T any finitary monad, every language L: TI — O has
a Nerode equivalence given by

R={(u,v) € TIXxTI|LopoT[idprr,1,] =LopoT[idrr,1,]: T(TI +1) — O}
with the corresponding projections p1,p2: R — T1.
Proof. For each subset X C R, we define px: R — T by
px(r) = {pl(r) ifrg X
po(r) ifreX.

We have T'p; = T'py by definition. Consider any ¢ € TR and let a finite £ C R with inclusion
map e: F — R and t' € TE be such that T'(e)(t') = t. These exist because T is finitary. We
will show by induction on E that

(LopoTpy)(t) = (LopoTpg)(t). 3)

The case where FE = () is clear, so assume F = F' U {z} with z ¢ E’ and (3) holds when FE’
is substituted for F. We fix the singleton 1 = {0} and define d: R — T + 1 by

(kiop1)(r) ifrgFE
d(r) = q (k1op2)(r) ifrekF
r2(0) if r = 2,

where 1 and k3 are the coproduct injections. By this definition, we have [idrr, 1,, (z)]od = ppr
and [idrr, 1,,(2)] o d = pg, so

(LopoTpy)(t) = (LopoTpg)(t) (induction hypothesis)
= (LopoT([idrs, 1y, (2] o d))(t)
= (LopoT(lidrr,1p,(x)] o d))(t) (definition of R)
= (LopoTpg)(t),

thus concluding the proof of (3). Now T'p; = T'py by definition and
Tpp(t) =T(ppoe)(t') = T(pzoe)(t') = Tpa(t),

from which we find that (LopoTp1)(t) = (LopoTpy)(t) = (LopoTpg)(t) = (LopoTps)(t).
As this argument works for any ¢t € TR, we have Lo pyoTpy = Lo poTps.
Now consider any set S with ¢1,¢q2: S — T making

7§ — T2 prr
lﬂ
Tax TI (4)

y?

TTI Y5 171 —L 5 0

commute, and assume ¢g; and g2 have a common section j: T — S. We define u: S — R by
u(s) = (q1(s), q2(s)). To see that this is indeed an element of R, note that for k € {1,2},

Lopo T[idTI, lqk(s)] =Louo T[idTI;CIk © 13]

=LopoT[qroj,qrols) (section)
= LopoTq,oTl[j 1],
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and therefore L oy o Tidry, 14, (s)] = L o po Tlidry, 14,(s)] follows from (4). By definition,
is the unique map making the diagram below commute.

S
q1 - q2
TI +*— R -5 TI <

» Lemma 5.8. If C has coproducts, then for any Nerode equivalence (R, p1,p2) there exists
a unique T-algebra structure u: TR — R making p1 and ps T-algebra homomorphisms
(R,u) — (TI, 1) that have a common section.

Proof. Let L: TI — O be a language with Nerode equivalence (R,p1,p2). Then (p1,p2)
is a reflexive pair by the Nerode equivalence property, since (idry,idr;) is a reflexive pair
trivially satisfying the Nerode equivalence condition. We apply Lemma A.2 to obtain from
the Nerode equivalence property a unique morphism r: TR — R making the diagram below
commute.

TTI <2 TR P2 7T
Iz ir Iz (5)
TTI +2— R 2 TI
We need to show that (R, ) is a T-algebra. The first commutative diagram below shows
that r o nr preserves p; and ps, so since idg also does this we must have r o ng = idg by the
uniqueness property of the Nerode equivalence.

R

;Dl P2
n @ TI (® monad law
@ naturality of n
ﬁ TTI <TL TR % TTIR ® naturality of y
rrrr 2 rrr P e rrTr T TR TP pTTI

Tul (5) lT’“ () lTu Tul X l / lTu

7T LI TR vz ppr TTI @ TTI&TR%TTI © TTI

Hl (5) lr (5) lﬂ ul % (5) l’r (5) ) R lu
2 TI

T« R 2 71 TI i R

As for the other two, we use a double application of Lemma A.2 to see that the pair
(poTpwoTTpy, poTpoTTpy) satisfies the Nerode equivalence conditions. Commutativity of
the two diagrams then shows that both r o Tr and r o y are the unique map commuting with
the pairs (poTpwoTTp,poTuoTTps) and (p1,p2), so they must be equal and (TR, r) is
a T-algebra.

It remains to show that p; and ps have a common section in EM(T'). To this end, note that

([n1,id71), [1,id7r]) is a reflexive pair trivially satisfying the Nerode equivalence condition.

Thus, we obtain by the Nerode equivalence property a unique morphism w: I +71 — R
making

I+7rTI
[n.id] L [n,id]
TI R TI

6:21
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commute. Then for k € {1,2},

pr o (wo k)t = (prowor)’ = (pg o [r,ider)) = nf = idry ). <

» Lemma 5.11. If ¢1,q2: A — T'B is a reflexive pair in C, then so is (q?,qg) in EM(T).

Proof. Assume j: TB — A is the common section of ¢; and go. Then, for & € {1, 2},

, . # . .
ghomacjons) =U(U)onaojons))=Ullgojons)) =Umnk) =idrg. <=
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Using the theory of coalgebra, we introduce a uniform framework for adding modalities to the
language of propositional geometric logic. Models for this logic are based on coalgebras for an
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1 Introduction

Propositional geometric logic arose at the interface of (pointfree) topology, logic and theoret-
ical computer science as the logic of finite observations [1, 28]. Its language is constructed from
a set of proposition letters by applying finite conjunctions and arbitrary disjunctions, these
being the propositional operations preserving the property of finite observability. Through
an interesting topological connection, formulas of geometric logic can be interpreted in the
frame of open sets of a topological space. Central to this connection is the well-known
adjunction between the category Frm of frames and frame morphisms and the category Top
of topological spaces and continuous maps, which restricts to several interesting Stone-type
dualities [15].

Coalgebraic logic is a framework in which generalised versions of modal logics are developed
parametric in the signature of the language and a functor T : C - C on some base category
C. With classical propositional logic as base logic, two natural choices for the base category
are Set, the category of sets and functions, and Stone, the category of Stone spaces and
continuous functions, i.e. the topological dual to the algebraic category of Boolean algebras.

1 The presented material originates from the master’s thesis of the second author, supervised by the first
and third author [11].
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Coalgebraic logic for endofunctors on Set has been well investigated and still is an active
area of research, see e.g. [8, 20]. In this setting, modal operators can be defined using the
notion of relation lifting [22] or predicate lifting [23]. Coalgebraic logic in the category of
Stone coalgebras has been studied in [19, 13, 9], and there is a fairly extensive literature on
the design of a coalgebraic modal logic based on a general Stone-type duality (or adjunction),
see for instance [7] and references therein.

In this paper we investigate some links between coalgebraic logic and geometric logic.
That is, we shall use methods from coalgebraic logic to introduce modal operators to the
language of geometric logic, with the intention of studying interpretations of these logics
in certain topological coalgebras. Note that extensions of geometric logic with the basic
modalities O and <, which are closely related to the topological Vietoris construction, have
received much attention in the literature, see [28] for some early history. A first step towards
developing coalgebraic geometric logic was taken in [27], where a method is explored to lift
a functor on Set to a functor on the category KHaus of compact Hausdorff spaces, and
the connection is investigated between the lifted functor and a relation-lifting based “cover”
modality.

Our aim here is to develop a framework for the coalgebraic geometric logics that arise if
we extend geometric logic with modalities that are induced by appropriate predicate liftings.
Guided by the connection between geometric logic and topological spaces, we choose the
base category of our framework to be Top itself, or one of its full subcategories such as Sob
(sober spaces), KSob (compact sober spaces) or KHaus (compact Hausdorff spaces). On this
base category C we then consider an arbitrary endofunctor T which serves as the type of
our topological coalgebras. Furthermore, we shall see that if we want our formulas to be
interpreted as open sets of the coalgebra carrier, we need the predicate liftings that interpret
the modalities of the language to satisfy some natural openness condition. Summarizing,
we shall study the coalgebraic geometric logic induced by (1) a functor T : C - C, where C
is a full subcategory of Top, and (2) a set A of open predicate liftings for T. As running
examples we take the combination of the basic modalities for the Vietoris functor, and that
of the monotone box and diamond modalities for various topological manifestations of the
monotone neighborhood functor on Set. The structures providing the semantics for our
coalgebraic geometric logics are the T-models consisting of a T-coalgebra together with a
valuation mapping proposition letters to open sets in the coalgebra carrier.

The main results that we report on here are the following:

In Section 4, we construct a final object in the category of T-models, where T is an
endofunctor on Top which preserves sobriety and admits a Scott-continuous, characteristic
geometric modal signature.

After that, in Section 5 we adapt the method of [17], in order to lift a Set-functor together
with a collection of predicate liftings to an endofunctor on Top. We obtain the Vietoris
functor and monotone functor on KHaus as restrictions of such lifted functors.

Finally, in Section 6 we transfer the notion of A-bisimilarity from [10, 2] to our setting,
and we compare this to geometric modal equivalence, behavioural equivalence and Aczel-
Mendler bisimilarity. Our main finding is that on the categories Top, Sob and KSob, the
first three notions coincide, provided A and T meet some reasonable conditions.

We finish the paper with listing some questions for further research.
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2 Preliminaries

We briefly fix notation and review some preliminaries.

Categories and functors

We use a bold font for categories. We assume familiarity with the following categories:

Set is the category of sets and functions;

Top is the category of topological spaces and continuous functions;

KHaus and Stone are the full subcategories of Top whose objects are compact Hausdorff

spaces and Stone spaces respectively;

BA is the category of Boolean algebras and Boolean algebra homomorphisms.
Categories can be connected by functors. We use a sans serif font for functors. In particular,
the following functors are regularly used in this paper:

U : Top — Set is the forgetful functor sending a topological space to its underlying set.

The functor U restricts to every subcategory of Top, in which case we shall abuse notation

and also call it U;

P:Set — Set and P : Set® — Set are the covariant and contravariant powerset functor

respectively;

Q: Set’” - BA sends a set to its Boolean powerset algebra and a function to the inverse

image map viewed as morphism in BA;

Q : Top — Set sends a topological space to the set of opens.

More categories and functors will be defined along the way. We use the symbol = for
categorical equivalence.

Coalgebra

Let C be a category and T an endofunctor on C. A T-coalgebra is a pair (X,v) where X is
an object in C and v: X — TX is a morphism in C. A T-coalgebra morphism between two
T-coalgebras (X,~) and (X',~) is a morphism f: X — X’ in C satisfying v/ o f = Tfo~.
The collection of T-coalgebras and T-coalgebra morphisms forms a category, which we shall
denote by Coalg(T). The category C is called the base category of Coalg(T).

» Example 1 (Kripke frames). The category of Kripke frames and bounded morphisms is
isomorphic to Coalg(P) [20].

» Example 2 (Monotone neighbourhood frames). Let D : Set — Set be the functor given on
objects by DX ={W cPX | if ae W and a ¢ b then b e W}, for X a set. For a morphism
f:X - X' define Df : DX - DX': W~ {a’ e PX' | f7'(a’) €e W}. Then the category of
monotone frames a bounded morphisms is isomorphic to Coalg(D) [6, 12, 13].

Coalgebraic logic for Set-coalgebras

Let T be a Set-functor and ® a set of proposition letters. A T-model is a triple (X, ~, V) where
(X,7) is a T-coalgebra and V : ® - PX is a valuation of the proposition letters. An n-ary
predicate lifting for T is a natural transformation A : P" > PoT, where P" denotes the n-fold
product of the contravariant powerset functor. A predicate lifting is called monotone if for all
sets X and subsets a1, ...,a,,b € X we have Ax(ay,...,a;,...,a,) € Ax(a1,...,a;Ub,... a,).
For a set A of predicate liftings for T, define the language ML(A) by

pu=p|-plore| 9N er,. .., en),
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where p e @ and ) € A is n-ary. The semantics of ¢ € ML(A) on a T-model X = (X,~,V) is
given recursively by [p]* = V(p), [¢1 A 2]* = [p1]* 0 2] *, [-9]* = X\ [¢]*, and

[0 (@1, 0] =7 1] - Tl ),

where p € ® and A ranges over A.

» Example 3 (Kripke models). Consider for P-models the predicate liftings A%, A® : P - PoP
given by A5 (a) = {be PX |bca} and A (a) = {bePX |bna+@}. Then A7 and A yield
the usual Kripke semantics of O and <.

» Example 4 (Monotone neighbourhood frames). Monotone neighbourhood models are
precisely D-models, where D is the functor defined in Example 2. The usual semantics for
the box and diamond in this setting can be obtained from the predicate liftings given by

My(a)={WeDX |aeW},  A¢(a)={WeDX|X a¢W}. (1)

We refer to [20] for many more examples of coalgebraic logic for Set-functors.

Frames and spaces

A frame is a complete lattice F' in which for all a € F' and S ¢ F we have aAV S =V{ans]|
s€S}. A frame homomorphism is a function between frames that preserves finite meets and
arbitrary joins. For a,b € F' we say that a is well inside b, notation: a € b, if there is a ce I’
such that cAa=1and cvb=T. An element a € F is called reqular if a =\V/{be F |b < a}
and a frame is called regular if all of its elements are regular. The negation of a € F is
defined as ~a =V{be F|anb=1} and we have a € b iff ~avb=T. A frame is said to be
compact if \/ S = T implies that there is a finite subset S’ ¢ S such that \V S’ = T. Frames can
be presented by generators and relations, and any presentation by generators and relations
presents a unique frame. For details see [15, 28].

» Remark 5. We will regularly define a frame homomorphism f: F - F’ from a frame F
presented by (G, R) to some frame F’. Tt then suffices to give an assignment f': G — F’
such that whenever x = 2’ is a relation in R, f(z) = f(2') in F.

The collection of open sets of a topological space X forms a frame, denoted opnX. A
continuous map f: X — X' induces opnf = f~! : opnX’ — opnX and with this definition opn
is a contravariant functor Top — Frm. A frame is called spatial if it isomorphic to opnX for
some topological space X.

A point of a frame F is a frame homomorphism p : F' — 2, where 2 = {T,1} is the
two-element frame. Let ptF' be the collection of points of F' endowed with the topology
{@ | a € F}, where @ = {p € ptF' | p(a) = T}. For a frame homomorphism f : F - F’
define ptf : ptF’ — ptF by p = po f. The assignment pt defines a contravariant functor
Frm — Top. A topological space that arises as the space of points of a lattice is called sober.
The sobrification of a topological space X is pt(opnX’).

We denote by Sob and KSob the full subcategories of Top whose objects are sober spaces
and compact sober spaces, respectively. Where Frm is the category of frames and frame
homomorphisms, SFrm, KSFrm and KRFrm are the full subcategories of Frm whose objects
are spatial frames, compact spatial frames and compact regular frames, respectively. The
functor Z : Frm — Set is the forgetful functor sending a frame to the underlying set, and
restricts to every subcategory of Frm. Note that Q2 = Z o opn.

» Fact 6. The functor pt is a right adjoint to opn. This adjunction restricts to the duality
SFrm = Sob®?, which in turn restricts to KSFrm = KSob®® and KRFrm = KHaus®".
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For a more thorough exposition of frames and spaces, and a proof of the statements in
Fact 6 we refer to section C1.2 of [16]. We explicitly mention one isomorphism which is part
of this duality, for we will encounter it later on.

» Remark 7. Let X be a sober space. Then Fact 6 entails that there is an isomorphism
X — pt(opnX’). This isomorphism sends = to p,, where p, : opnX — 2 is the point given by
pr(a) =T iff zea, for all z € X and a € QX.

3 Logic for topological coalgebras

Although not all of our results can be proved for every full subcategory of Top, we will give
the basic definitions in full generality. To this end, we let C be some full subcategory of Top
and define coalgebraic logic over base category C. In particular C = KHaus and C = Sob will
be of interest. Throughout this section T is an arbitrary endofunctor on C. Recall that ® is
an arbitrary but fixed set of proposition letters. We commence with defining the topological
version of a predicate lifting, called an open predicate lifting.

» Definition 8. An open predicate lifting for T is a natural transformation
A:Q" > QoT.

An open predicate lifting is called monotone in its i-th argument if for every X € C and
all ag,...,an,b€ QX we have Ax(a1,...,a4,...,a,) €S Ax(a1,...,a;Ub,... a,), and mono-
tone if it is monotone in every argument. It is called Scott-continuous in its i-th argu-
ment if for every X and every directed set A ¢ QX we have Ax(a1,...,UA4,...,a,) =
Upea Ax(a1,...,b,...,a,) and Scott-continuous if it is Scott-continuous in every argument.

A collection of open predicate liftings for T is called a geometric modal signature for
T. A geometric modal signature for a functor T is called monotone if every open predicate
lifting in it is monotone, Scott-continuous if every predicate lifting in it is Scott-continuous,
and characteristic if for every topological space X in C the collection {Ax(a1,...,a,) | A€
A n-ary,a; € QX} is a sub-base for the topology on TX.

» Remark 9. Using the fact that for any two (open) sets a,b the set {a,auUb} is directed, it
is easy to see that Scott-continuity implies monotonicity.

Scott-continuity will play a réle in Section 4, where it is used to show that the collection
of formulas modulo (semantic) equivalence is a set, rather than a proper class.

Let 8 be the Sierpinski space, i.e. the two-element set 2 = {0, 1} topologised by {@, {1}, 2}.
For a topological space X and a € UX let x, : X — 8 be the characteristic map (i.e. xq(z) =1
iff € a). Note that x, is continuous if and only if a € QX. Analogously to predicate liftings
for Set-functors [25, Proposition 43], one can classify n-ary predicate liftings as open subsets
of TS8™. This elucidates the analogy with predicate liftings for Set-functors.

» Proposition 10. Suppose 8 € C, then there is a bijective correspondence between n-ary
open predicate liftings and elements of QTS™. This correspondence is given as follows:
To an open predicate lifting X assign the set Asn(m7 ({1}),..., 7, ({1})) € QTS"™, where
m; : 8™ = 8 be the i-th projection, and conversely, for c € QTS™ define \°: Q" - QT by
N (a1, yan) = (T{(Xay,- -+ Xa, ) 1(c).

» Definition 11. The language induced by a geometric modal signature A is the collection
GML(A) of formulas defined by the grammar

pu=T|p|p1 /\()02|\/S07j‘v>\(§01a"'7¢n)7

iel
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where p ranges over the set ® of proposition letters, I is some index set and A € A is n-ary.
Abbreviate 1 :=V @. We call a formula in GML(A) finitary if it does not involve any infinite
disjunctions.

The language GML(A) is interpreted in so-called geometric T-models.

» Definition 12. A geometric T-model is a triple X = (X,~, V) where (X,7) is a T-coalgebra
and V : ® - QX is a valuation of the proposition letters. A map f: X — X' is a geometric
T-model morphism from (X,~,V) to (X',~4',V') if f is a coalgebra morphism between the
underlying coalgebras and f~' o V' = V. The collection of geometric T-models and geometric
T-model morphisms forms a category, which we denote by Mod(T).

The semantics of ¢ € GML(A) on such a model X = (X,~,V) is given recursively by

T =X, BIT =V, Teavl™=Tel* nl® IV el™ = Ulel™,

[9*(e1, .- 0] =7 Oz ([l - - [enl ).

We write X,z I ¢ iff z € [¢]*. Two states x and 2’ are called modally equivalent if they
satisfy the same formulas, notation: = =5 z'.

The following proposition shows that morphisms preserve truth. Its proof is similar to
the proof of theorem 6.17 in [26].

» Proposition 13. Let A be a geometric modal signature for T. Let X = (X,~,V) and
X' =(X',9, V') be geometric T-models and let f: X — X' be a geometric T-model morphism.
Then for all p € GML(A) and z € X we have X,z |k @ iff X', f(z) IF .

We state the notion of behavioural equivalence for future reference.

» Definition 14. Let X = (X,~,V) and X’ = (X',7',V’) be two geometric T-models and
re X, 2’ € X' two states. We say that x and a2’ are behaviourally equivalent in Mod(T)

(% ~moq(Ty ') if there exists a cospan X g, )] JLoxtin Mod(T) such that f(x) = f'(z").

As an immediate consequence of Proposition 13 we find that behavioural equivalence
implies modal equivalence. Let us give some concrete examples of functors.

» Example 15 (Trivial functor). Let 2 = {0,1} be topologised by {@,{0,1}} (the trivial
topology). Define the functor F : Top — Top by FX = 2 for every X € Top and Ff = ida,
the identity map on 2, for every continuous function f. This is clearly a functor. Consider
the open predicate lifting A : Q - Qo F given by Ax(a) = U2 for all a € QX. For a F-model
X = (X,,V) we then have X,z IF 9 ¢ iff v(z) € A([¢]*) iff [¢]* € QX. So v* =T,

Next we have a look at the Vietoris functor on KHaus. Coalgebras for this functor have
also been studied in [3].

» Example 16 (Vietoris functor). For a compact Hausdorff space X, let Vip X be the collection
of closed subsets of X topologised by the subbase

Ha={beVX |bca}, ®a:={beVmX]|anbz+a},

where @ ranges over QX. For a continuous map f: X - X' define Vi f : Vin&X = Vi X'
by Vinf(a) = fla]. If X is compact Hausdorff, then so is Vp X [21, Theorem 4.9], and if
f: X - X' is a continuous map between compact Hausdorff spaces, then Vi, f is well defined
and continuous [19, Lemma 3.8], so Vi defines an endofunctor on KHaus.
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Let X = (X,7,V) be a Vgp-model. The natural transformation A" defined by

)\E(:QX%Q(thX):aH{bEthX|b§a},

where X € Top, is such that X,z IF Q?’\Dgo iff X, 2 IF 0y (with the usual interpretation of O).

Similarly A$ : QX — Qo Vi &, given by A\$(a) = ©a, yields the usual semantics of the
diamond modality.

The functor defined in the next example generalises the monotone functor on Stone [13].

» Example 17 (Monotone functor). For a compact Hausdorff space X, let Dy X be the
collection of sets W € PX such that u € W iff there exists a closed ¢ € u such that every open
superset of ¢ is in W. Endow Dy, X with the topology generated by the subbase

Ba:={W eDypX |aecW}, ®a={WeDpX|Xa¢W},

where a ranges over QX . For continuous functions f: X — X' define Dyp f : Din X = Din X :
W {aePX | f'(a) e W}. It is proven in the report version of the current paper [4]
that this defines an endofunctor on KHaus which naturally extends the monotone functor
on Stone [13, 9]. The open predicate liftings A7, \® : Q - QT defined by A5, (a) = Ba and
2% (a) = ®a yield the usual box and diamond semantics of monotone modal logic [12].

In Section 6 it turns out to be useful to have a slightly stronger notion of open predicate
liftings, called strong open predicate liftings, as this allows us to prove that behavioural
equivalence implies so-called A-bisimilarity. Whereas the action of open predicate liftings is
defined only on open subsets, a strong open predicate lifting acts on every subset of elements
of a topological space. Recall that U: Top — Set is the forgetful functor.

» Definition 18. A strong open predicate lifting for T : C — C is a natural transformation
I (ISOU)" —~ PoUoT such that for all X € C and ai,...,an € QX the set Ax(a1,...,a,) is
open in TX. Monotonicity of strong open predicate liftings is defined in the standard way.

We call an open predicate lifting (from Definition 11) strong if it is the restriction of some
strong open predicate lifting and strongly monotone if it is the restriction of a monotone
strong open predicate lifting.

Evidently, every strong open predicate lifting restricts to an open predicate lifting, and

it is only this weaker notion of open predicate lifting that has an effect on the semantics.

Our notion of strong open predicate lifting is similar to the notion of a topological predicate
lifting for endofunctors on Stone, which were introduced in [9].

» Example 19. The predicate lifting corresponding to the box modality from Example 16

is strong, for it is the restriction of p: U = U o Vi, given by pa(u) = {b € VinX | b € u}.

Likewise, all other predicate liftings from Examples 15, 16 and 17 are strong as well.

We devote the remainder of this section to investigating strong open predicate liftings.
Recall from Example 15 that 2 denotes the two-element set with the trivial topology.

We claim that natural transformations pu : (I5 oU)" - PoUo T correspond one-to-one
with elements of PUT2, provided 2 € C: To a natural transformation 1 associate the set
p2(pr({1}),...,p; ({1})), where p; : 2" — 2 denotes the i-th projection. Conversely, for
¢ € PUT2 define p¢ by 1o (at, ... an) = (T(Xh,,- -, X4, ) (), where X is a topological
space, a € UX and x/, : X — 2 is the characteristic map. Note that x/, is continuous regardless
of whether « is open or not, hence T acts on all x,. Details of the bijection are left to the
reader.
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» Proposition 20. Let T be an endofunctor on C and suppose that C contains the spaces 2
and 8. Let s: 8 — 2 be the identity map and let c € PUT2™. The natural transformation u®
is a strong open predicate lifting if and only if (Ts™) 1 (c) c TS™ is open.

Proof. We give the proof for the case n = 1, the general case being similar. Left to right
follows from the fact that {1} is open in &, hence pg({1}) = (Tx’{l})’l(c) = (Ts) *(c) must
be open in TS. For the converse, let X be a topological space and a € QX. We need to show
that 1S (a) is open. Since a is open, the characteristic map x, : X - 8 is continuous and
hence x!, = s 0 x,. We have

pSe(a) = (Tx,) ™ (c) (definition of 1)
= (T(soxa))'(e) (Xa =5°Xa)
= (TsoTxa) () (definition of functors)
= (Txa) ™" o (Ts) !(c). (definition of inverse)

Since Tx, is continuous and (Ts)™!(c) is assumed to be open in TS, the set uS (a) is open
in TX. <

The following proposition gives two sufficient conditions on T for its open predicate liftings
to be strong. For a full subcategory C of Top let preC denote the category of topological
spaces in C and (not necessarily continuous) functions.

» Proposition 21. Let T be an endofunctor on C and suppose 2,8 € C.
1. If T preserves injective functions then every open predicate lifting for T is strong.
2. If T extends to preC, then every open predicate lifting for T is strong.

Proof. For the first item, let ¢ € QTS™ determine the n-ary open predicate lifting A°. Since s™
is injective, by assumption Ts" is as well, and hence ¢ = (UTs™)"*((UTs")[c]). Proposition
20 now implies that u(UTSn)[C] is a strong open predicate lifting. It is easy to see that
;L(UTSTL)[C] extends A°, hence the latter is strong.

For the second item we show that, under the assumption, T preserves injective functions.
Let f: X — Y be an injective function in C, then there exists a (not necessarily continuous)
function g : Y — X satisfying go f =idx. Then TgoTf =T(go f) = Tidy =idrx, so Tf
has a (set-theoretic) left-inverse, hence is injective. <

Monotone open predicate lifting for an endofunctor on KHaus are always strong:

» Proposition 22. Let T be an endofunctor on KHaus and A a monotone geometric modal
signature for T. Then A is strongly monotone.

Proof. Let A ¢ A. We need to show that A is the restriction of some strong monotone
predicate lifting. Define

Ax :PPUX - PUTX : (by,...,b,) = ({Ax(a1,...,a,) | a; € QX and a; 2 b;}.

Monotonicity of Ax ensures Ax(a) = Ax(a) for all @ € QX and X is monotone by construction.
So we only need to show that X is indeed a strong open predicate lifting, i.e. a natural
transformation P"UX — PUTX. We assume X to be unary, the general case being similar.

For a continuous map f: X - X' between compact Hausdorff spaces we need to show
that Ax o f~' = (Tf)™' o Xxr. Since, by naturality of A, the right hand side is equal to
N{x(f ()| a € QX" and V' c a'}, it suffices to show

N{Ax(c)|ceQX and f1 () cc=Nax(f () |d € QX and b’ ca'}. (2)
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If o’ is an open superset of b' then clearly f~1(b') ¢ f~1(a’). So every element in the
intersection of the right hand side is contained in the one on the left hand side and therefore
we have € in (2). For the converse, suppose ¢ € QX and f~'(b') € c. Then the set
a’ = X'\ f[X \ c] is open, contains &', and satisfies f~1(b') ¢ f~(a’) € ¢. Therefore
Ax(f71(a’)) is one of the elements in the intersection on the left hand side of (2). Since
Ax(f1(a’)) € Ax(c) this shows “2” in (2). <

4 A final model

We construct a final model in Mod(T) for a functor T where either T is an endofunctor on
Sob, or T is an endofunctor on Top which preserves sobriety. This assumption need not be

problematic: If a functor on Top does not preserve sobriety we can look at its sobrification.

Topological functors which arise as lifts from set functors using the procedure in Section 5
automatically preserve sobriety.

» Assumption. Throughout this section, fix an endofunctor T on Top which preserves
sobriety, and a Scott-continuous characteristic geometric modal signature A for T. Recall
that ® is a set of proposition letters.

» Definition 23. Call two formulas ¢ and ¢ equivalent in Mod(T) with respect to A,
notation: ¢ =t ¢, if X,z IF ¢ iff X,z |- ¢ for all X € Mod(T) and = € X. Denote the
equivalence class of ¢ in GML(A) by [¢]. Let E =E(T, A, ®) be the collection of formulas
modulo =71 4.

Recall that a finitary formula is one which does not involve arbitary disjunctions.

» Lemma 24 (Normal form). Under the assumption, every formula is equivalent to a formula
of the form V;er wi, where all the p; are finitary formulas.

Proof. The proof proceeds by induction on the complexity of the formula. Suppose ¢ = 1 Vvps.

By induction we may assume that o1 =1 A Vier¥; and @2 =t A Vjesv;, where all the
1; and v; are finitary, and we have ¢ =1 A Viejus ¥, as desired. If ¢ = @1 A g, then
@ =1A (Vier i) A (Vjes ¥3) =1.a V(ij)erxs i A ;. Lastly, suppose ¢ = 0*(Ver 1), where
all the v; are finitary. Then we have Ve ¥; = V{Vierr ;| I’ € I finite} and by construction
the set {[Vier]* | I’ € I, 1’ finite} is directed for every T-model X = (X,~,V). Hence by
Scott-continuity of A we obtain

Ax([[\/lwiﬂx) = Ax(U{[[\{, i * 11 e 1 finite}) = ({Ax([V @i [ I' < T finite}.

iel’
Therefore ¢ =1 A V{9*(Vier i) | I’ € T finite}, i.e. ¢ is equivalent to an arbitrary disjunction
of finitary formulas. The case for n-ary modalities is similar. This proofs the lemma. <

» Corollary 25. The collection E from Definition 23 is a set.

Proof. This follows immediately from Lemma 24 and the fact that the collection of finitary
formulas is a set. <

» Definition 26. Define disjunction and arbitrary conjunction on E by [p] A [¢] == [¢ A ¢]
and Vier[@i] == [Vier pi]- Tt is easy to check that E is a frame.

Set L =opno Topt: Frm — Frm. This functor restricts to an endofunctor on SFrm which
is dual to the restriction of T to Sob. Since A is characteristic, the frame LE is generated
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by {Ax([w1],---,[en]) | A€ A, 0; € GML(A)}. Define an L-algebra structure 6 : LE - E on
generators by

§:LE > E: Apu([@1],---, [@n]) = [0 (01, -, 0n)]-

To show that ¢ is well defined it suffices to verify that the images of the generators of E
satisfy the same relations that they satisfy in LE. We refer to the the report version of the
current paper for details. The dual of E will be the topological space underlying the final
model in Mod(T):

» Definition 27. Set Z := ptE and let { : Z - TZ be the composition

-1
ket (oiey

ptE —** pt(LE) —— pt(opn(T(ptE))) —=2 T(ptE),

where kt(pg) @ T(ptE) — pt(opn(T(ptE))) is the isomorphism given in Remark 7. Together

with the valuation Vz : ® - QZ : p — [p], the triple 3 = (£,{,Vz) forms a T-model.

For an object I € Z, the element (ptd)(T") is the completely prime filter

F={X@1,...,&n) € pt(opn(T(ptE))) | [0 (01, .., 0n)] €T}

in pt(opn(T(ptE))). The element ((T') is the unique element in T(ptE) corresponding to
F under the isomorphism kt(yg). By definition of kt(yg), this is the unique element in

the intersection of {\pr([¢1],---;[@n]) | [9*(p1,. .- pn)] €T} Moreover, it follows from
the definition of kr(pg) that [O*M@1,...,0n)] ¢ T implies ¢(T') ¢ Mote([p1], -5 [¢n])- The
following lemma follows from the previous discussion and a straightforward induction. Both

Lemma 28 and Proposition 29 are proven in detail in the report version of this paper.
» Lemma 28 (Truth lemma). For allT € Z we have 3,T Ik ¢ iff [p] €T.

» Proposition 29. For every geometric T-model X = (X,~,V) the map thx : X - Z given
by x> {[¢] e E| X,z Ik ¢} is a T-model morphism.

The developed theory results in the following theorem.

» Theorem 30. Let T be a sobriety-preserving endofunctor on Top and A a Scott-continuous
characteristic geometric modal signature for T. Then 3 = (Z,(,Vz) is final in Mod(T).

Proof. Proposition 29 states that for every geometric T-model X = (X,v,V) there exists a
T-coalgebra morphism thy : X - 3, so we only need to show that this morphism is unique.
Let f:X — 3 be any coalgebra morphism. Then by Proposition 13 and Lemma 28 we have
[ € f(x)iff 3, f(x) k@ iff X,z k¢ for all x € X, hence f =thy. |

» Theorem 31. Under the assumptions of Theorem 30, we have =\ = ~mod(T)-

Proof. If z and z’ are behaviourally equivalent, then they are modally equivalent by Propos-
ition 13. Conversely, if they are modally equivalent, then thy(x) = thy/(2’) by construction,
so they are behaviourally equivalent. |

» Remark 32. If T is an endofunctor on Sob rather than Top, the same procedure yields a
final model in Mod(T). In particular, T need not be the restriction of a Top-endofunctor.
However, if T is an endofunctor on KSob or KHaus the procedure above does not guarantee
a final coalgebra in Mod(T); indeed the state space Z of the final coalgebra 3 we construct
need not be compact sober or compact Hausdorff. Of course, there may be a different way
to attain similar results for KSob or KHaus. We leave this as an interesting open question.
In Theorem 51 we prove an analog of Theorem 31 for endofunctors on KSob.
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5 Lifting functors from Set to Top

In [18, Section 4] the authors give a method to lift a Set-functor T : Set — Set, together

with a collection of predicate liftings A for T, to an endofunctor on Stone. We adapt their

approach to obtain an endofunctor T, on Top. In this section the notation V' is used for

directed joins, i.e. joins over directed sets. To define the action of T, on a topological space

X we take the following steps:

Step 1. Construct a frame Fo X of the images of predicate liftings applied to the open sets
of X (viewed simply as subsets of T(UX));

Step 2. Quotient Fy X with a suitable relation that ensures \/',cgA(b) = A(V'B) whenever
A is monotone;

Step 3. Employ the functor pt: Frm — Top to obtain a (sober) topological space.

This is the content of Definitions 33, 35 and 37. Recall that U : Top — Set is the forgetful

functor and that Q is the contravariant functor sending a set to its Boolean powerset algebra.

» Definition 33. Let T : Set — Set be a functor and A a collection of predicate liftings for
T. We define a contravariant functor F, : Top — Frm. For a topological space X let FA X be
the subframe of Q(T(UX)) generated by the set

{Mx(ai,...,an) | A€ A n-ary, a1,...,a, € QX}.

That is, we close this set under finite intersections and arbitrary unions in Q(T(UX)). For a

continuous map f: X — X' let Fof:FyX' — FAX be the restriction of Q(T(Uf)) to FoX'.

» Lemma 34. The assignment Fy defines a contravariant functor.

Proof. We need to show that F, is well defined on morphisms and that it is functorial.

To show that the action of F5 on morphisms is well-defined, it suffices to show that
(FAf)OQwx(ay,...,al)) e FA(X) for all generators A\yx(al,...,al) of FAX’, because frame
homomorphisms preserve finite meets and all joins. This holds by naturality of A:

('.:Af)(/\UX’(alv s ;an)) = (Tf)_l()‘UX'(ala .- '7an)) = /\UX(f_l(al)’ .- '7f_1(a'n))'

By continuity of f we have f~'(a;) € QX so the latter is indeed in Fy X'. Functoriality of Fy
follows from functoriality of Qo T o U. <

» Definition 35. Let A be a collection of predicate liftings for a set functor T. For X € Top,
let FA X be the quotient of Fy X with respect to the congruence ~ generated by

vaEB)\(a/17"'?a’i—l?b?ai+1a'-'7an) N)\(a’17-"7ai—17vTB7a/i+l7"')an)

for all a; € QX, B ¢ QX directed, and A € A monotone in its i-th argument. Write
gx : FAX > FAX for the quotient map and [z] for the equivalence class in FAX of an
element = € FAX. For a continuous function f : X — X’ define Faf : FAX' — FAX :
[Aux(al, N ,an)] g [FA(Aux(al, e ,an))].

Quotienting by the congruence from Definition 35 ensures that the lifted versions of
monotone predicate liftings are Scott-continuous, see Proposition 43 below.

» Lemma 36. The assignment Fa defines a contravariant functor.

7:11
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Proof. We need to prove functoriality of F and that F f is well defined for every continuous
map f: X — X'. In order to show that F, is well defined, it suffices to show that Fj f is
invariant under the congruence ~. If f : X - X’ is a continuous, then

Ves(Faf) Quar(al, - ai1,0 aly, . ar,))
=Ven(TH T Nuar(al,...,al 1,0 al,,,...,a)))
=Vlyepua (f1(a)), .., M (aly), fH (), f N (akh), - F 7 (ar)
~dux (7)), 7 agsy), FH VB, T ag), - £ (a)
= FAf()‘UX(allv e ,a;—lvaBva;+17 o 0y))

so Fy f is invariant under the congruence. In the ~-step we use the fact that {f~'(b') | b’ € B}
is directed in QX . Functoriality of F f follows from functoriality of Qo T o U. <

We are now ready to define the topological Kupke-Kurz-Pattinson lift of a functor on
Set together with a collection of predicate liftings, to a functor on Top.

» Definition 37. Define the topological Kupke-Kurz-Pattinson lift (KKP lift for short) of T
with respect to A to be the functor

TA =pto ’F\A.
This is a functor Top — Top and since pt lands in Sob it restricts to an endofunctor on Sob.

Let us put our theory into action. For details see the report version of the current paper.

» Example 38 (The monotone functor). Recall the monotone functor D on Set and the
corresponding set of predicate liftings A = {\", A®} from Examples 2 and 4. It can be seen
that the topological KKP lift D of D with respect to A restricts to Dgp-

» Example 39 (The Vietoris functor). Likewise, one can show that, when restricted to KHaus,
the topological KKP lift of P with respect to the usual box and diamond lifting coincides
with the Vietoris functor from Example 16.

» Example 40. Not every endofunctor on Top can be obtained as the lift of a Set-functor
with respect to a (cleverly) chosen set of predicate liftings in the sense of Definition 37. A
trivial counterexample is the functor F : Top — Top from Example 15. For every topological
space X we have FX = 2, which is not a T space, hence not a sober space. Therefore F does
not preserve sobriety, while every lifted functor automatically preserves sobriety. Thus F is
not the lift of a Set-functor.

We describe how to lift a predicate lifting to an open predicate lifting. Recall that
Z : Frm — Set is the forgetful functor which sends a frame to its underlying set.

» Definition 41. Let A be a collection of predicate liftings for a functor T : Set — Set. A
predicate lifting A : P” > PoT in A induces an open predicate lifting A: Q" - Qo T for T via

ZkFAX

Qrx XL 7(Fax) — 22 L Z(FAX) Q(pt(FAX)) = Q(TX).

By Aux we actually mean the restriction of Ayx to Q"X ¢ P(UX). The map krx is the
frame homomorphism given by a — {p € pt(FAX) | p(a) =1}. Then A:={A|AeA}isa
geometric modal signature for Ty.

» Lemma 42. The assignment \ is a natural transformation.
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Proof. For a continuous function f: X — X’ the following diagram commutes in Set:

Zke, s

X XL () L 7(FaX) Q(pt(FaX"))
(f’l)”l l(Tf)* l(Tf)* ln(m«v)*))
VX 2FAX) g Z(FaX) g Qt(FAX))

Commutativity of the left square follows from naturality of A, commutativity of the middle
square follows from the proof of Lemma 36 and commutativity of the right square can be
seen as follows: let af,...,a), € QX'  then

Qpt((TF)™)) o Zke, 2 (Avar(afs - -, ay,)
= {q € pt(FAX) | qo (Tf)_l()‘UX’(allv e 'va;z)) = 1}
= Zkr, 2 ((TF) 7 Quar (ay, .., ay)))-

So X is an open predicate lifting. <
The nature of the definitions of T and A yields the following desirable results.

» Proposition 43. 1. Let T:Set — Set be a functor and A a collection of predicate liftings
for T. Then A is characteristic for Ty.
2. If A€ A are monotone, then X € A is Scott-continuous.

Proof. Let X be a topological space. For the first item, we need to show that the collection
{Xa1,...,an) | X € A n-ary, a; € QX} (3)

forms a subbase for the topology on TAX. An arbitrary nonempty open set of TAX is of the
form T = {p e pt(FAX) | p(x) = 1}, for z € FAX. An arbitrary element of FA X is the equival-
ence class of an arbitrary union of finite intersections of elements of the form A\yx(a1,...,a,),
for A € A and ay,...,a, € QX. So we may write x = Uid(ﬂjgi[)\ﬁjx(alld,...,af;ij)]) for
some index set I, finite index sets J;, A7 € A and open sets a;” € QX. We get

,\_/
T=U(N D@ D) =U (N 3@, ail).
iel © jeJ; N iel " jed; 7
The second equality follows from Definition 41. This shows that the open sets in (3) indeed
form a subbase for the open sets of TAX.
The second item follows immediately from the definitions. |

6 Bisimulations

This section is devoted to bisimulations and bisimilarity between coalgebraic geometric
models. We compare two notions of bisimilarity, modal equivalence (Definition 12) and
behavioural equivalence (Definition 14). Again, where C is be a full subcategory of Top and
T an endofunctor on C, we give definitions and propositions in this generality where possible.
When necessary, we restrict our scope to particular instances of C.

» Definition 44. Let X = (X,7,V) and X' = (X',7',V’) be two geometric T-models. Let
B ¢ X x X be a relation such that, equipped with the subspace topology, it is in C and
let 7: B— X,n": B - X' be projections. Then B is called an Aczel-Mendler bisimulation
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between X and X’ if for all (x,2') € B we have x € V(p) iff 2’ € V'(p), and there exists
a transition map S : B — TB that makes m and 7’ coalgebra morphisms. Two states
z e UX, 2’ e UX' are called bisimilar if there is some Aczel-Mendler bisimulation linking
them, notation z € z'.

It follows from Proposition 13 that bisimilar states satisfy the same formulas. Furthermore,
it easily follows by taking pushouts that Aczel-Mendler bisimilarity implies behavioural
equivalence. If moreover T preserves weak pullbacks, the converse holds as well [24].

However, we do not wish to make this assumption on topological spaces, since few functors
seem to preserve weak pullbacks. For example, the Vietoris functor does not preserve weak
pullbacks [5, Corollary 4.3] and neither does the monotone functor from Definition 17. (To
see the latter statement, consider the example given in Section 4 of [13] and equip the sets
in use with the discrete topology.) Therefore we define A-bisimulations for Top-coalgebras
as an alternative to Aczel-Mendler bisimulations. This notion is an adaptation of ideas in
[2, 10]. Under some conditions on A, A-bisimilarity coincides with behavioural equivalence.

In the next definition we need the concept of coherent pairs: If X and X’ are two sets
and B ¢ X x X' is a relation, then a pair (a,a’) € PX x PX' is called B-coherent if Bla] € d’
and B™'[a’] € a. For details and properties see section 2 in [14].

» Definition 45. Let T be an endofunctor on C, A a geometric modal signature for T and
X=(X,y,V)and X' = (X',+,V’) two geometric T-models. A A-bisimulation between X
and X’ is a relation B ¢ UX x UX' such that for all (z,2") € B, all p e ® and all tuples of
B-coherent pairs of opens (a;,al) € QX x QX' we have

xeV(p) iff 2" eV'(p) (4)
v(z)edx(al,...,a,) iff (") €Ay (al,...,a,). (5)

Two states are called A-bisimilar if there is a A-bisimulation linking them, notation: x €, z’.

We give an alternative characterisation of (5) to elucidate the connection with [2].

» Remark 46. Let B ¢ X x X' be a relation endowed with the subspace topology and let
7:B - X and ' : B - X' be projections. Then (a,a’) € QX x QX' is B-coherent iff
7! (a) = (7')7H(a').

Let P be the pullback of the cospan QX —2%» QB <2 QX' in Frm and let p: P —
X and p' : P - X' be the corresponding projections. Then the B-coherent pairs are precisely
(p(x),p'(x)), where x ranges over P. It follows from the definitions that equation (5) holds
for all B-coherent pairs if and only if

Qo Qyo Az op” = Q' oy 0 Axr o ()",

where A is n-ary.
As desired, A-bisimilar states satisfy the same formulas.

» Proposition 47. Let T be an endofunctor on C and A a geometric modal signature for T.
Then <5 C =4.

Proof. Let B be a A-bisimulation between geometric T-models X and X', and suppose xBz'.
Using induction on the complexity of the formula, we show that X,z IF ¢ iff X,z I+ ¢ for
all o €e GML(A). The propositional case is by definition, and A and V/ are routine. Suppose
X,z IF 0N, 0n), then y(2) € Ax([¢1]%,- .., [¢n]¥). By the induction hypothesis
([, [€i]X) is B-coherent for all i. Then o/(z') € Aar([01]%, ..., [n]¥ ) since B is a
A-bisimulation, hence X', 2" I ©*(1,...,©,). The converse is proven symmetrically. <
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The proof of the next proposition is similar to [2, Proposition 20].

» Proposition 48. Let T be an endofunctor on C and A a geometric modal signature for T.
Then € c £4.

We know by now that A-bisimilarity implies modal equivalence. Furthermore, if T is
an endofunctor on Top which preserves sobriety, modal equivalence implies behavioural
equivalence. In order to prove a converse, i.e. that behavioural equivalence implies A-
bisimilarity, we need to assume that the geometric modal signature is strong.

Recall that two elements z,z’ in two models are behaviourally equivalent in Mod(T),
notation: ~peq(Ty, if there exist morphisms f, f* in Mod(T) such that f(z) = f'(z").

» Proposition 49. Let A a strongly monotone geometric modal signature for T: C - C and
let X=(X,v,V) and X' = (X',7/, V") be two geometric T-models. Then “Mod(T) € €A-

Proof. Suppose x and z’ are behaviourally equivalent. Then there are some geometric
T-model 9 = (Y,v,Vy) and T-model morphisms f : X - 2 and f' : X’ — Q) such that
f(x) = f'(«"). We will show that

B={(uu) e X x X'| f(u) = f'(u')}. (6)

is a A-bisimulation B linking z and z’.

Clearly xBz'. Tt follows from Proposition 13 that w and u’ satisfy precisely the same
formulas whenever (u,u’) € B. Suppose A € A is n-ary and for 1 <4 < n let (a;,a;) be a
B-coherent pair of opens. Suppose uBu' and v(u) € Ax(a1,...,a,). We will show that
v'(u") € Axr(al,...,a),). The converse direction is similar. By monotonicity and naturality
of \ we obtain

7(“) € )\X(alw .. ;an) c )\X(fil(f[al])a .. '7f71(f[an])) = (Tf)il(Ay(f[al]w . .af[an]))a

so (Tf)(v(uw)) € Ay (fla1],-.-, flan])- (The f[a;] need not be open in Y, but since A is
strong, Ay (f[a1],..., f[an]) is defined.) Because f and f’ are coalgebra morphisms and

f(u) = f'(u') we have (Tf)(v(w)) = v(f(u)) =v(f'(u)) = (Tf) (7' (u)). Finally, we get
Y@ e (T Oy (flal.---, flan])

= )‘X’((f,)_l(f[al])? e (f,)_l(f[an])) (naturality of )\)
=Ax/(Blai1],...,Blay]) (strong monotonicity of \)
cAxr(al,... al). (coherence of (a;,ay)) <

» Remark 50. If C = KHaus in the proposition above, then Proposition 22 allows us to drop
the assumption that A be strong.

Let T be an endofunctor on Top and let A be a geometric modal signature for T. The
following diagram summarises the results from Propositions 47 and 49 and Theorem 31. The
arrows indicate that one form of equivalence implies the other. Here (1) holds if T preserves
weak pullbacks, (2) is true when A is Scott-continuous and characteristic and T preserves
sobriety, and (3) holds when A is strongly monotone. Note that the converse of (2) always
holds, because morphisms preserve truth (Proposition 13).

€]

-

2 —— 27— =\ T Mod(T) (7)

\_/

(3)
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As stated in the introduction we are not only interested in endofunctors on Top, but also
in endofunctors on full subcategories of Top, in particular KHaus.

The implications in the diagram hold for endofunctors on Sob as well (use Remark 32).
Moreover, with some extra effort it can be made to work for endofunctors on KSob as well.
In order to achieve this, we have to redo the proof for the bi-implication between modal
equivalence and behavioural equivalence. This is the content of the following theorem.

» Theorem 51. Let T be an endofunctor on KSob, A a Scott-continuous characteristic
geometric modal signature for T and X = (X,~,V) and X' = (X',7, V') two geometric
T-models. Then =5 = ~Moq(T)-

Proof. If z and z’ are behaviourally equivalent then they are modally equivalent by Proposi-
tion 13. The converse direction can be proved using similar reasoning as in Section 4. The
major difference is the following: We define an equivalence relation =2 on GML(A) by ¢ =5 ¢
iff [o]* =[] and [@]¥ = [¢]¥". (Note that X and X’ are now fixed.) That is, ¢ =5 ¢ iff ¢
and 9 are satisfied by precisely the same states in X and X’ (compare Definition 23). The
frame E5 := GML(A)/=2 can then be shown to be a compact frame and hence Z; := ptE; is
a compact sober space. The remainder of the proof is analogous to the proof of Theorem 31.
A detailed proof can be found in [11, Theorem 3.34]. <

We summarise the results for Top and two of its full subcategories:

» Theorem 52. Let T be an endofunctor on Top, Sob or KSob and A a Scott-continuous
characteristic strongly monotone geometric modal signature for T. If x and x’ are two states
in two geometric T-models, then

4 . — ! . !
reynr iff xExxt iff T mea(t) T
For coalgebras over base category KHaus we have:

» Theorem 53. Let T be an endofunctor on KHaus which is the restriction of an endofunctor
S on Sob or KSob and let A be a Scott-continuous characteristic monotone geometric modal
signature for S (hence for T). Then x 25 x' iff x =5 2.

Both the Vietoris functor Vi, and the monotone functor Dyy,, together with their respective
open predicate liftings for box and diamond, satisfy the premises of this theorem.

7 Conclusion

We have started building a framework for coalgebraic geometric logic and we have investigated
examples of concrete functors. There are still many unanswered and interesting questions.
We outline possible directions for further research.

Modal equivalence versus behavioural equivalence From Theorem 52 we know that modal
equivalence and behavioural equivalence coincide in Mod(T) if T is an endofunctor on
KSob, Sob or an endofunctor on Top which preserves sobriety. A natural question is
whether the same holds when T is an endofunctor on KHaus.

When does a lifted functor restrict to KHaus? We know of two examples, namely the
powerset functor with the box and diamond lifting, and the monotone functor on Set
with the box and diamond lifting, where the lifted functor on Top restricts to KHaus.
It would be interesting to investigate whether there are explicit conditions guaranteeing
that the lift of a functor restricts to KHaus. These conditions could be either for the
Set-functor one starts with, or the collection of predicate liftings for this functor, or both.
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Bisimulations In [2] the authors define A-bisimulations (which are inspired by [10]) between

Set-coalgebas. In this paper we define A-bisimulations between C-coalgebras. A similar
definition yields a notion of A-bisimulation between Stone-coalgebras, where the inter-
pretants of the proposition letters are clopen sets, see [11, Definition 2.19]. This raises
the question whether a more uniform treatment of A-bisimulations is possible, which
encompasses all these cases.

Modalities and finite observations Geometric logic is generally introduced as the logic of
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—— Abstract
This paper provides a construction on fibrations that gives access to the so-called later modality,
which allows for a controlled form of recursion in coinductive proofs and programs. The construction
is essentially a generalisation of the topos of trees from the codomain fibration over sets to arbitrary
fibrations. As a result, we obtain a framework that allows the addition of a recursion principle
for coinduction to rather arbitrary logics and programming languages. The main interest of using
recursion is that it allows one to write proofs and programs in a goal-oriented fashion. This enables
easily understandable coinductive proofs and programs, and fosters automatic proof search.

Part of the framework are also various results that enable a wide range of applications: trans-
portation of (co)limits, exponentials, fibred adjunctions and first-order connectives from the initial
fibration to the one constructed through the framework. This means that the framework extends any
first-order logic with the later modality. Moreover, we obtain soundness and completeness results,
and can use up-to techniques as proof rules. Since the construction works for a wide variety of
fibrations, we will be able to use the recursion offered by the later modality in various context. For
instance, we will show how recursive proofs can be obtained for arbitrary (syntactic) first-order
logics, for coinductive set-predicates, and for the probabilistic modal p-calculus. Finally, we use the
same construction to obtain a novel language for probabilistic productive coinductive programming.
These examples demonstrate the flexibility of the framework and its accompanying results.
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1 Introduction

Recursion is one of the most fundamental notions in computer science and mathematics, be
it as the foundation of computability, or to define and reason about structures determined
by repeated constructions. In this paper, we will focus on the use of recursion as a method
for coinductive proofs and coinductive programming.

Usually, coinductive programming is presented by means of coiteration schemes and coin-
duction as bisimulation proof principle. Coiteration schemes are a syntactic implementation of
coalgebras and their coinductive extension to a homomorphism into the final coalgebra [32, 48].
The bisimulation proof principle, on the other hand, asserts that bisimilarity implies equality
in the final coalgebra [29, 36, 60]. There are, however, also different approaches that break
with this dogma. In coinductive programming, guarded recursion [5, 6, 16, 50, 52], and sets of
recursive equations [1, 33, 61] have been used to construct elements of final coalgebras and of
coinductive types. On the side of proofs and semantics, several improvements of coinduction

© Henning Basold;
37 licensed under Creative Commons License CC-BY

8th Conference on Algebra and Coalgebra in Computer Science (CALCO 2019).
Editors: Markus Roggenbach and Ana Sokolova; Article No. 8; pp. 8:1-8:22

\\v Leibniz International Proceedings in Informatics
LIPICS Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, Dagstuhl Publishing, Germany


https://orcid.org/0000-0001-7610-8331
mailto:h.basold@liacs.leidenuniv.nl
https://doi.org/10.4230/LIPIcs.CALCO.2019.8
https://arxiv.org/abs/1802.07143
https://creativecommons.org/licenses/by/3.0/
https://www.dagstuhl.de/lipics/
https://www.dagstuhl.de

8:2

Coinduction in Flow

have been suggested: simplification of invariants [63] via up-to techniques [19, 54, 58] and
the companion [11, 55, 56], incremental techniques [38, 51], games [53, 65], and basic cyclic
proofs for stream equality [57]. In this paper, we will focus on guarded recursion because it
can be widely applied, and because it leads to clean proof and programming methods.

A concrete appearance of coinduction can be found in the modal p-calculus Ly [46, 20]
and its quantitative interpretations [39] pLy or By [49] in form of Park’s rule, which assert
that if ¢ — @[/ X], then v — v X. ¢. This rule says that an implication with a greatest fixed
point as conclusion can be proven by showing that ¢ is an invariant for ¢. Kozen [46] gave
an axiomatisation of Ly based on this rule, and its dual, that turned out to be complete [75].
Thus, this axiomatisation is expressive, but often difficult to use in practice, let alone for
proof search. It should be noted that Ly is decidable if it is interpreted in classical logic.
The goal of this work is, however, to develop techniques that can also be used to obtain
(constructive) proof objects and can be applied to more general logics. Thus, our focus will
be on improving the axiomatisation of Ly and of coinductive proofs in general.

Coming back to Park’s rule, we often find ourselves having to prove ¥ — vX. p for a
formula 1, which is not an invariant. We are then required to find an invariant 1’, such that,
1 — ¢'. Finding such an invariant can be difficult in general and it does not fit common
practice. Instead, it would be preferable if we could incrementally construct the proof for
1 — vX. o rather than guessing an invariant ¢’. Such an incremental construction leads
to a recursive proof methodology for coinductive proofs. As such incremental methods are
valuable in any theory that is based on coiteration or coinduction schemes, we set out in this
paper to replace invariant guessing by a general iterative programming and proof method.

The proposed iterative method will be given in form of a framework that introduces
recursion into coinductive proofs and programs, while preserving soundness and termination.
This framework is centred around the so-called later modality [52], which allows for us to
control the use of recursion and thereby avoid the introduction of non-termination and
inconsistencies. The later modality has been successfully used in the context of semantics [16,
72], programming [5, 6, 50], and reasoning [23, 14]. Ultimately, we generalise the work of
Birkedal et al. [16] on the topos of trees to arbitrary fibrations with the effect of much wider
applicability to, for example, quantitative reasoning and probabilistic programming.

In the case of Lu, we extend the logic with the later modality as a new logical connective.
Given a formula ¢, we thus obtain a formula » ¢. This formula should be read as “later ¢”,
which allows us to formulate that knowledge varies over time. The later modality comes
with three crucial axioms: ¢ — » ¢ (next), »(¢ — 1) — » @ — »1» (monotonicity), and
(» o = ) — ¢ (fixed point or Lob). It is the Lob rule that introduces recursion into the
logic, and it should be read as “if we can prove ¢ from the assumption that ¢ holds later,
then ¢ holds at any time”. However, the assumption » ¢ introduced by the Lob rule cannot
be used directly. We need one final axiom for that: ¢[»vX.¢/X] — vX. ¢ (step). These
axioms can be combined to obtain recursive proofs, as we will show later. As an appetiser,
the reader may have a look already at Figure 3 on Page 15.

The reader may have noticed that the first three axioms, next, monotonicity and Lob,
are independent of the logic at hand. Only the step axiom makes use of the structure of
formulas. This observation is what enables the topos of trees and the framework presented
here to work. More precisely, we will start with a given fibration p: E — B and construct a
new fibration ?: — B out of it. This fibration will have, under mild conditions, the later
modality as a map of fibrations (&>, ») on it. The next and Lob axioms correspond then to
certain morphisms in %, while monotonicity says that » is a strong functor. From a logical
perspective, it is more natural to consider another fibration p: E — B over the same base
category as the initial fibration. In this fibration, we will not only have access to the later
modality and its axioms, but also to quantifiers that are present in the original fibration p.
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Figure 1 Relation between p (base logic), ¥ (all chains in p) and P (chains with constant index).

Contributions. Apart from the applications to the probabilistic modal p-calculus and to
probabilistic programming, the technical contributions of this paper are as follows. Given a
fibration p and a well-ordered class I, we let E be the category of I°P-indexed chains in E,
that is, functors o: I°? — E. The fibration ? is given by post-composition with p and thus
maps a chain to the chain of its indices given by p. On this fibration, we construct the later
modality and find all its good properties. We then restrict our attention to the fibration
7: E — B, which consists only of chains with constant index. In other words, P is given by
the change-of-base (pullback) along the functor KB: B — % that maps I € B to the chain
that is equal to I at every position. This is indicated in the right diagram in Figure 1. The
diagram on the left summarises the most important ingredients of the framework:

the later modality is a map of fibrations »: p — p and (>, »): % — ? with a natural

transformation next: Id = » (Theorem 16 and Theorem 17);

? and p are fibred Cartesian closed categories and feature the Lob rule as morphism

16by: o™ 7 — o that fulfils a unique solution condition (Theorem 20 and Theorem 27);

fixed points of so-called locally contractive functors on % and p (Theorem 31);

the final chain construction of final coalgebras via a locally contractive functor (The-

orem 34) and up-to techniques as proof rules (Theorem 35);

if B has I°P-limits, then there is an adjunction KB - LB between B and %, and an

adjunction I 4 R between E and E (Theorem 19);

fibred I°P-limits in p give a fibred adjunction K¥ 4 LE between E and E (Theorem 19);

if p is a first-order fibration, then p is a first-order fibration and L¥ preserves truth of first-

order formulas if disjunction, existentials and equality preserve I°P-limits (Theorem 41).

Particularly interesting is that P is a first-order fibration, in other words, models first-order
logic. This result can be restricted to any subset of connectives, which allows us to extend
any logic with the later modality and its axioms. The adjunction between p and p shows
then that this yields a sound and complete axiomatisation of coinductive predicates. We
leverage this generality to devise a novel proof system for the probabilistic modal p-calculus
and a language for productive probabilistic programming with coinductive types.

Another interesting aspect of the diagram is that one of the central results used by
Hasuo et al. [35] (Lem. 3.5) appears here as the composition L¥ o R: ESE W fact, the
results in [35] tell us under which conditions we can use the finite ordinals w as index I to
obtain a sound and complete proof system for coinductive predicates.

Organisation. The framework is introduced in the following steps. First, we provide in
Section 2 a brief overview over fibrations, coinductive predicates and well-founded induction.
Next, we describe in Section 3 the chain fibrations ? and p, construct the later modality
and give some basic results. Section 4 is devoted to show that functor fibrations are fibred
Cartesian closed and to the Lob rule. In Section 5 we construct fixed points of so-called
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locally contractive functors, both, on the whole fibration and on the fibres. Moreover, we
show how the final chain arises as locally contractive functor, and how this leads to the
proof rule “step” that we saw above. This allows us also to obtain proof rules on the final
chain for compatible up-to techniques. As promised, we prove in Section 6 that p is a
first-order fibration. Furthermore, we give the adjunctions from Figure 1 that relate the
various fibrations. The flexibility of the framework is then demonstrated by providing a
recursive proof system for probabilistic Ly and a language for guarded recursive probabilistic
programming in Section 7. We conclude with a few remarks and future work in Section 8.

Related Work. To a large part, the present paper generalises the work of Birkedal et al. [16]
from the codomain fibration Set™ — Set of sets to arbitrary fibrations. That [16] was so
restrictive is not so surprising, as the intention there was to construct models of programming
languages, rather than applying the developed techniques to proofs. Going beyond the
category of sets also means that one has to involve much more complicated machinery to
obtain exponential objects, see Section 4. Later, Bizjak et al. [17] extended the techniques
from [16] to dependent type theory, thereby enabling reasoning by means of recursive proofs
in a syntactic type theory. However, also this is a very specific setting, which rules out the
main examples that we are interested in here. Similarly, also the parameterised coinduction
in categories [51] and in lattices [38] is too restrictive, as they only apply to, respectively,
propositional and to set-theoretic settings. It might be possible to develop parameterised
coinduction in the setting of fibrations by using the companion [11, 55, 56], but we leave this
question for another time. Recursion is also central to cyclic proof systems [21, 24, 26, 64].
These are particularly useful in settings that require proofs by induction or coinduction
because cyclic proof systems ease proofs enormously compared to the invariant-based method
of (co)induction schemes. Nothing comes for free though: In this case checking proofs
becomes more difficult, as the correctness conditions are typically global for a proof tree and
not compositional. For the same reason, also soundness proofs are often rather complex. The
framework we study here gives rise to proof rules that require no further global condition
on proofs, which straightforwardly yields proof checking [8] and soundness. Higher-order
recursion has also been studied in other categorical settings like topos theory [47, 40] or
monoidal categories [30, 34]. Unfortunately, these neither apply to our examples of interest,
nor do they provide the logical results and constructions that appear in this paper.

Finally, in the realm of algorithmic proofs, circular proofs have been used to automatically
prove identities of streams [57]. Else, computer-supported coinduction is usually limited to
proof checking [31, 18, 25]. There have been limited approaches to combine coinduction with
resolution [66]. In [10], we were able to go beyond the state of the art by extending uniform
proofs to coinduction and using the framework presented in this paper as logical foundation.
This shows that the framework of this paper paves the way for algorithmic proof search.

2 Preliminaries

We begin by recalling the terminology of fibrations, coalgebras, coinductive predicates,
and well-founded induction. Moreover, we discuss examples that underlie the motivating
applications of this paper.

2.1 Fibrations

One of the central notions used in this paper are fibrations [13, 41, 71], as they are an elegant
way of capturing (typed) variables in a (higher-order) predicate logic.
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» Definition 1. Let p: E — B be a functor, where E is called the total category and B the
base category. A morphism f: A — B in E is said to be Cartesian over u : I — J, provided
that i) pf = u, and i) for all g : C — B in E and v : pC — I with pg = uowv there is a
unique h : C' — A such that f oh = g. For p to be a fibration, we require that for every
BeE andu: I — pB in B, there is a cartesian morphism f: A — B over u. Finally, a
fibration is cloven, if it comes with a unique choice for A and f, in which case we denote A
by u* B and f by u B, as displayed in the diagram in Figure 2. 1

O g
'h»‘\)

uB

E

pC pg JP
~

I—pB B

Figure 2 Cartesian Lifting in a Fibration p.

On cloven fibrations, we can define for each v : I — J in B a functor, the reindezing
along u, as follows. Let us denote by E; the category having objects A with p(A) = I and
morphisms f : A — B with p(f) = id;. We call E; the fibre above I and the morphisms
in E; vertical. The assignment of u* B to B for a cloven fibration can then be extended
to a functor u* : E; — E;. Moreover, one can show that there are natural isomorphisms
id} 2 Idg, and (v ou)* & u* ov* subject to some coherence conditions.

For a fibration p: E — B and a functor F: C — B, we can form a new fibration
F*(p): F*(E) — C by pulling p back along F, see [41]. The fibration F*(p) is said to be
obtained by change-of-base. Given another fibration q: D — A, a map of fibrations p — q is
a pair (F,G) of functors F: A — B and G: D — E, with po G = F o ¢ and such that G
preserves Cartesian morphisms. This means in particular for u: I — J and A € E; that
for G(u* A) 2 (Fu)*(GA). Finally, the fibration p is said to have fibred ¢ (certain limits,
colimits, exponentials, etc.), if every fibre has ¢ and reindexing preserves these.

Let C be a Cartesian closed category. We denote for f: ¥ — X by "f7: 1 — XY the code
of f. Recall [45] that a functor F': C — C is strong if there is natural family of morphisms
sty : XY = FXTY st stk y o7 fT="Ff7. A map of fibrations (F,G): p — p is strong
if both F' and G are strong, and p st% = stf’.

As the definition of fibrations and the associated notions are fairly abstract, let us give a
few examples. There are five examples that we shall use to illustrate different aspects of the
theory: predicates over sets, quantitative predicates, syntactic logic, the codomain fibration
over the category of sets, and categories as trivial fibrations. The codomain fibration will
allow us to recover later the topos of trees. We begin with the simplest example, namely
that of predicates. Despite its simplicity, it is already quite useful because it allows us to
reason about predicates and relations for arbitrary coalgebras in Set.

» Example 2 (Predicates). The fibration Pred — Set of predicates has as objects in its
total category Pred predicates (P C X) over a set X. Each fibre Predx has a final object
1x = (X C X) and the fibred binary products are given by intersection. We note that fibred

constructions, like the above products, are preserved by a change-of-base, see [41, Lem. 1.8.4].

Hence, one can also apply the results in this paper to, for example, the fibration of (binary)
relations Rel — Set, which is given by pulling Pred — Set back along the diagonal functor
d: Set — Set with §(I) =1 x I. J
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Often, one is not just interested in merely logical predicates, but rather wants to analyse
quantitative aspects of system. Such predicates will be the foundation for the probabilistic
p-calculus. The following example extends the predicate fibration from Example 2 to
quantitative predicates, which will give us a convenient setting to reason about quantitative
properties.

» Example 3. We define the category of quantitative predicates qPred as follows.

Pred objects: pairs (X,0) with X € Set and §: X — [0, 1]
red =
4 morphisms:  f: (X,§) = (Y,y)if f: X > Y in Set and 6 <~yo f

It is easy to show that the first projection qPred — Set gives rise to a cloven fibration, for
which the reindexing functors are given for u: X — Y by u*(Y,v) = (X, Az. y(u(x))). For
brevity, let us refer to an object (X, ) in qPredy just by its underlying valuation 6. One
readily checks that in qPred fibred products can be defined by (6 X v)(xz) = min{d(x), v(x)}
and coproducts as maximum. Fibred final objects are given by the constantly 1 valuation. J

The original motivation for the work presented in this paper was to abstract away from
the details that are involved in constructing a syntactic logic for a certain coinductive relation
in [9]. In [9], the author developed a first-order logic that features the later modality to
reason about program equivalences. This logic was given in a very pedestrian way, since the
syntax, proof system and models were constructed from scratch. The proofs often involved
phrases along the lines of “true because this is an index-wise interpretation of intuitionistic
logic”. In the following example, we show how a first-order logic can be presented as a
fibration, which allows us to apply the framework to a syntactic logic.

» Example 4 (Syntactic Logic). Suppose we are given a typed calculus, for example the
simply typed A-calculus or even the category Set of sets, and a first-order logic, in which
the variables range over the types of the calculus. More precisely, let I" be a context with
IF'=xy:Ay,...,2, : Ay, where the z; are variables and the A; are types of the calculus. We
write then I IF ¢ : A if ¢ is a term of type A in context I', ' IF ¢ if ¢ is formula with variables
in I', and ' F ¢ if ¢ is provable in the given logic. This allows us to form a fibration as
follows. First, we define C to be the syntactic category that has context I' as objects and
tuples t of terms as morphisms A — I" with A IF¢; : A;. Next, we let £ be the category that
has pairs (T, ¢) with T' - ¢ as objects, and a morphism (A, ) — (T, ) in £ is given by a
morphism ¢: A — I'in C if A F ¢ — ¢[t], where ¢[t] denotes the substitution of ¢ in the
formula . The functor p: £ — C that maps (T, ¢) to I' is then easily seen to be a cloven
fibration, see for example [41]. Let us assume that the logic also features a truth formula T,
conjunction A and implication —, which are subject to the usual proof rules of intuitionistic
logic. We note that p has fibred finite products given by T and conjunction. a

As promised, the setup of Birkedal et al. [16], the topos of trees, can be recovered as an
instance of our framework.

» Example 5 (Codomain Fibration). Let Set™ be the arrow category over the category of
sets and functions. This category has maps as objects and commuting squares as morphisms.
The functor cod: Set™ — Set that sends a map to its codomain is a fibration, in which
reindexing is given by taking pullbacks, see [41]. J

The final example will allow us to apply the framework of this paper to any category.

» Example 6 (Trivial Fibration). Let 1 be the final category with one object * and only the
identity on *. Then any category C can be seen as fibration !: C — 1, such that fibred
products etc. are normal products. a
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2.2 Coalgebras and Coinductive Predicates

Let us now introduce the second central notion of this paper: coinductive predicates. For
that, we first need the notion of coalgebra [2, 42, 43, 60, 62].

» Definition 7. Let F: C — C be a functor. A coalgebra is a morphism c¢: X — FX.
Given coalgebras ¢ : X — FX andd:Y — FY, a homomorphism from c to d is a morphism
h: X =Y with Fh o ¢ =d o h. We can form a category CoAlg(F) of coalgebras and their
homomorphisms and we call a final object in this category a final coalgebra. J

Coinductive predicates are easiest introduced by taking for a moment a more abstract
perspective. Recall that we introduced fibrations as a way to talk abstractly about predicates,
relations etc. Now we use this view to define coinductive predicates over a given coalgebra
for an arbitrary notion of predicate.

» Definition 8. Let p: E — B be a cloven fibration and F': B — B an endofunctor. We say
that a functor G: E — E is a lifting of I, if po G = F op. A G-invariant in a coalgebra
¢: X - FX in B is a (¢ o G)-coalgebra in Ex. Further, a G-coinductive predicate in ¢ is
a final (¢* o G)-coalgebra. We often denote the carrier of the G-coinductive predicate in ¢ by
v(c*o@G), see [35]. A compatible up-to technique for ¢* oG is a functor T: E — E with a
natural transformation T o c* oG = ¢* oG o T, see [19, 59]. N

Let us illustrate the notion of coinductive predicate in an example.

» Example 9. In this example, we show how the semantics of the modalities of the prob-
abilistic modal u-calculus (pLu) can be modelled as liftings. Given a set X, we say that a
function p: X — [0,1] to the unit interval is a (finitely supported) probability distributions
on X, if the support supp p = {z | p(z) # 0} is finite and 3, ;) P(2) = 1. One can then
define a functor D: Set — Set that maps a set to the set of all probability distributions on
X. An (unlabelled) Segala system [69] or probabilistic transition system (PTS) is a coalgebra
for the functor S given by & = P o D, in which states have non-deterministic transitions
into probability distributions. We can now give liftings SY and 8¢ of S to qPred, which
correspond to the box and diamond modality, respectively, of pLu:

SHE: X =010 esX)= N > @) da)

deD xesuppd

S@E: X >0, esX) =\ D 6@ - d)

deD x€suppd

Suppose now that we have a PTS ¢: X — S(X) at hand, then ¢* o SP: qPredy — qPredy
yields the expected semantics of the box modality [49]. N

2.3 Well-Founded Induction

The final basic ingredient of this paper is well-founded induction. We will use a rather general
form that is based on classes, rather than sets.

» Definition 10. Let A be a class and < a binary relation on A. We say that the relation <
s well-founded, if the well-founded induction principles holds for all P C A: If for alla € A
we have that (V8 < a.f € P) = «a € P, thenVa € A.a € P.

Given a well-founded order, we can form as usual a category from the induced partial
order < with a < g if @ < 8 or a = 8. Typical examples, to which the presented framework
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applies, are the set w of finite ordinals with the successor relation; the set of ordinals below
any limit ordinal with their usual order; and the class of all ordinals Ord.

Recall that ordinals can be constructed as zero, successor and limit ordinals. We say that
Iis a classical ordinal category®, if every o € I is either zero, a successor or a limit.

3 Descending Chains in Fibrations

It is well-known that a final coalgebra of a functor F, hence also coinductive predicates,
can be constructed as limits of a°P-chains for some limit ordinal « if such limits exist and
are preserved by F' [2, 3, 7]. This observation is essential to the proof approach given
in this paper, as we rely on the fact that maps into a coinductive predicate, thus proofs,
can alternatively be given as maps into this a®P-chain. In the following, we introduce the
necessary machinery to leverage this fact.

More specifically, we build from a given fibration a new fibration of descending chains.
In this fibration, we will be able to construct the final chain as a fixed point of a certain
functor on descending chains, see Section 5.1. It should be noted though that the fibration
of descending chains allows the construction of fixed points of many more functor, so called
locally contractive functors. Thus, the reasoning power of the built fibration extends beyond
coinductive predicates as fixed points of, e.g., contravariant functors do also exist, cf. [16, 15].

The fibration of descending chains will then admit recursive proofs for coinductive
predicates and will also feature all propositional connectives and quantifiers that are present
in the fibration that we started with, see Section 6. This allows us to extend any (higher-order)
logic with recursive proofs for coinductive predicates.

3.1 Categories of Diagrams

Before we analyse the final chain of a functor, we introduce general diagrams and establish
properties of these. We fix an index category I and let [I, C] for a category C be the category
of functors from I to C, also called the category of I-indexed diagrams in C. Given a
functor F': C — D, we define a functor [I, F]: [I,C|] — [I,D] on categories of diagrams
by [I, F] (o) = F o 0. Since [I, —] preserves composition of functors and applies to natural
transformations, we obtain a strict 2-functor [I,—]: Cat — Cat. We use this to define
for a morphism f: X — Y in C, a morphism [I, f] : Kx = Ky in [I, C] where Kx is the
constant functor sending any object in I to X: Note that there is a natural transformation
K;: Kx = Ky, which is given by K, = f. Thus, we can put [I, f] = [I, K/].

The assignment of diagrams and lifting functors not only preserves 2-structure, but also
fibrational structure.

» Lemma 11. The functor [I,—| extends to an endomap of the fibration Fib — Cat.
Also adjunctions are preserved in the transition to diagrams.

» Lemma 12. If F: C > D and G: D — C with F - G, then [I, F] 4 [I,G].

3.2 Descending Chains and the Later Modality

In this section, we extend the development in [16] to fibrations. We will give some intuition
for the later modality and prove some basic results.

L We use the term “classical” here because in classical set theory, as opposed to constructive set theory,
every ordinal is given in this way.
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» Assumption 13. In the remainder of the paper, we assume that the category I is induced
by a well-founded class I.

In the construction of final coalgebras, one considers I°P-indexed diagrams, which give
rise to a functor Cat — Cat with

<(__) = [Iop’ _] ) (1)

as in the previous section. The category of descending chains in ((3_ is then the category
C, the objects of which we denote by o, 7,... More explicitly, ¢ € C assigns as a functor
0:I°° — C to each o € I an object g, € C, and to each pair a and § with 8 < «a a
morphism o(8 < «): 04 — 0g in C. A morphism in C is a natural transformation f: ¢ = 7,
in other words, a family of morphisms f,: 0o — T, With 7(8 < a) o fo = fgoo(8 < ).

From Lemma 11 we get that the functor <5: — B, given by post-composition, is a
fibration. The reindexing functors in this fibration will we denoted by u#. Since (co)limits
are constructed point-wise in functor categories, the fibration ? inherits (co)limits from p.
We obtain another fibration by change-of-base along the constant chain functor KB: B —
that sends an object I € B to the constant chain KB: I°° — B as in the diagram on the
right in Figure 1.

We note the following result, which allows us to apply, for example, Lemma 12 and The-
orem 27 to functors between fibres.

» Lemma 14. We have that Ep = E = EKB([).
Many constructions in this paper require only limits over a bounded part of I°P.

» Definition 15. Let J be a category and denote for i € J by i | J the coslice category under
i. We say that C has bounded J-limits, if for every i € J all (i | J)-limits exist in C.

As an example, we have for I = w and n € N that n | w°? = (w/n)°? = n°P, where n is
the set of all £ < n. Hence, n | w°P is finite and bounded w°P-limits are finite limits.

With this definition, we can now introduce the later modality, which is the central
construction that underlies the recursive proofs that we develop in this paper.

» Theorem 16. Suppose that p has fibred bounded I°P-limits. There are functors >: % — (E
and »: E — E given on objects by

imc, and (»0)y = limo,,

> =1
( C)a B<a B<a

together with natural transformations next”: Id = > and next: Id = ». The pair (>, »)
forms a map of fibrations % — ? and we have %(next) = next™. Moreover, » preserves
fibred finite limits. Finally, if I is a classical ordinal category, then » has a left-adjoint <.

We note that because »: E — E maps o € Ec towo € ED ¢, we can define a restricted
version »¢: E. — %C of the later modality that leaves the index chain untouched by putting

»¢ = (next?)# op.

Moreover, there is a vertical natural transformation next®: Id = », and »¢ has a left-adjoint
if I is classical and if p is a bifibration.
Another special case is obtained for the chains with constant index.

» Theorem 17. The later modality is a strong fibred functor »: 5 — p with a vertical natural
transformation next: Id = », that is, p(next) = id.
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Since the intention is to use Theorem 17 to extend a logic, let us present the results
as proof rules. The first rule is given by the strength of », the second rule is given by
composition with next, and the last rule for product preservation comes from the isomorphism
in Theorem 16. This last rule can be applied in both directions, hence the indicated by
double lines.

fiTt—=o0o fim = (o) x(»d)
nexto o fr 7T =0 fr (g xo)

mon, : o’ — »o>7

The following assumption ensures that the above proof rules are available throughout the
remainder of this paper.

» Assumption 18. p is cloven with fibred finite limits and fibred bounded I°P-limits.

So far, we have established the fibrations and the later modality in the overview diagram in
Figure 1. What remains are the adjunctions that relate the fibrations, cf. [41, Exercise 1.8.8].

» Theorem 19. If E has fibred I°P-limits, then K®: E — E has a fibred right adjoint L®,
given by LE(0) = limyey 0o. If B has I°P-limits, then KB: B — B and I: E — E have
right adjoints LB and R, given by LB(c) = limyer co and R = 7%, where mg: limyer ca — cp
are the limit projections and (—)# is reindexing in *p.

4 Cartesian Closure and the Lob Rule

Up to this point, we have only shown the existence of the next and monotonicity rule that we
used in the example in the introduction. What is missing is the recursion given in form of the
Lob rule. The goal of this section is to establish the recursion mechanism by utilising so-called
L6b induction, which is based on the later modality that we introduced in Section 3.2. To
state and prove the Loéb induction, we need exponential objects in our fibration ?: —

of chains. In the first part of this section, we show how to construct these from exponential
objects in p: E — B. The second part is the devoted to establishing the Lob rule.

4.1 Fibred Cartesian Closure of Diagrams

A fibred Cartesian closed category (fibred CCC) is a fibration p: E — B in which every fibre
is Cartesian closed and reindexing preserves this structure, see [41, Def. 1.8.2]. In a fibred
CCC we can model in particular implication, which is what we will need to formulate the
Lob rule below. Given a fibred CCC, we show now that the fibration of diagrams is also a
fibred CCC. Since the construction of exponential objects in categories of diagrams does not
depend on working with a well-founded index category, we will formulate the results in this
section for an arbitrary index category I, like we did in Section 3.1.

Let §: I°° x I — C be a functor. The end of S is an object [,_; S(i,4) in C together with
a universal extranatural transformation m: [ c19(i,4) — S. This means that 7 is a family of
morphisms indexed by objects in I, such that the diagram below commutes for all u: ¢ — j.

Jier SGyi) — S(j.5)
J/m, J{S(u,id)
S(i,i) 2 5, )

Given another extranatural transformation o: X — S there is a unique f: X — [; c1S(i,19)
with m; o f = «; for every ¢ € I. It is well-known that ends can be computed as certain limits
in C. By analysing carefully the necessary limits, we obtain the following result.
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» Theorem 20. Let I be a category and p: E — B a cloven fibration that has fibred equalisers,
fibred exponents and fibred bounded I-products. Then [L,p]: [I,E] — [I,B] is again a fibred
CCC. The exponential object of F,G € [L,E],; is given by

. « v\ U@ F(j)

o= werem Y.
V1]

» Assumption 21. In the remainder we additionally assume that p: E — B is a fibred CCC,

has fibred equalisers and fibred bounded I-products.

From Assumption 21, we get that ‘p is a fibred CCC. Since change-of-base also preserves
fibred exponentials, the fibration p that we obtained by pulling % back along the constant
chain functor in Section 3.2 is also a fibred CCC, see [41, Lem. 1.8.4] and [71].

» Example 22. Fibred exponentials exist in Predx with QFf = {r € X |z € P = z € Q}.
The fibration <P—r;1 consists then of descending chains of predicates. This means that if
o € Predx, then o is a chain with o9 D o1 O ---. Note now that each fibre Predx is a
complete lattice, hence equalisers are trivial and (bounded) limits are just given as (bounded)
infima. Hence, Theorem 20 applies and we obtain that m is a fibred CCC. Since equalisers
are trivial, it is easy to see that the exponential for o, 7 € Predx can be defined as follows.

(TU)TL = ﬂm<n TT‘Z"L"L

Since fibred exponentials are preserved by a change-of-base, see [41, Lem. 1.8.4], they also
exist in the fibration of relations Rel — Set and the associated fibration El — Set. J

» Example 23. Recall that we defined in Example 3 a category of quantitative predicates.
We note that this fibration is a fibred CCC with exponents given by

Lo 8@ <)

~v(x), otherwise

(0= 7)) = {

e._&
Again, each fibre qPredx is a complete lattice and so qPred is a fibred CCC for any I.

» Example 24. In Example 4, we defined a fibration p: £L — C for a first-order logic

with conjunction and implication. From the implication we obtain that p is a fibred CCC.

Moreover, since each fibre is a pre-order, equalisers are again trivial. If I is the poset w of
finite ordinals, then p is a fibred CCC. Explicitly, for chains ¢, of formulas in p4 above a
type A, the exponent 1) = ¢ in ? is given by a finite conjunction:

(Q;Z)é@)n: /\ 1/}777,4)%0’!)’P J
m<n

» Example 25. The trivial fibration is a fibred CCC if and only if C is Cartesian closed. In

this case, the end formula reduces to (G*) (i) = [ G(j)FY) for G, F: I°° — C. a

e

4.2 The Lob Rule

One purpose of the later modality is that it allows us to characterise maps in ?, so-called
contractive maps, of which we can construct fixed points.

» Definition 26. A map f: 7 X0 — o in %c is called g-contractive if g: 7 X B0 — o with
f =go(id xnext,). We call s: 7 — o a fixed point or solution for f, if s = fo(id,s). _
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We can now show that there is a operator in % that allows us to construct fixed points.

» Theorem 27. For every o € EC there is a unique morphism 16b¢ : o® 7 S oin Ec, such
that for all g-contractive maps f the map 16bS o Ag is a solution for f. From this we obtain
every for o € Ex a unique morphism 16b, : o™ 7 — o that solves any contractive map in Ex.

» Proposition 28. The morphisms 16b¢ and 16b are dinatural transformations.

From Theorem 27, we obtain the Lob proof rule. This rule allows us to introduce recursion
into proofs, by giving us the proof goal o as an assumption guarded by the later modality.

fiTxp»lo—o

bl oA fir oo with 16bS o Af = f o (id xnext,) o (id,16bS o Af)

5 Locally Contractive Functors and Coinduction

One of the central notions of Birkedal et al. [16] is that of locally contractive functors. Such
functors admit fixed points in the topos of trees and are closed under various constructions
like composition and products. Locally contractive functors are used in [16] as a different way
of solving recursive domain equations, which is where the name “synthetic domain theory”
comes from. In this section, we restate the definition of contractive functors, and generalise
the fixed point construction and the closure properties to the fibrations ? and p.

In the following, we use the natural transformation compy y z: XY x ZX — ZY that

composes internal morphisms. We will refer to the isomorphism » o x »7 — »(0 x 7) as §”.

T
» Definition 29. A functor F: C — C is called locally contractive if F' is strong, there
is a natural transformation CE_: w(07) — Fot' with stiT = CI_ onextyr, and fulfils
CF,owid =Tid" and compo (CE_ xCF ) = CI'_ow compod™. A lifting (F,G): V]
is locally contractive if (F,G) is strong, F' and G are locally contractive and D CY =CF.

The next theorem records the essential closure properties of locally contractive functors.

» Theorem 30. Let F,G: C — C be functors. If F or G is locally contractive, then F o G
is; if F and G are locally contractive, then F' X G is. Both, (>,»): % — % and »:p—p

are locally contractive. The constant functor AT.o is locally contractive for any o € E.

The proof of the following theorem proceeds in the same way as the one given in [16]
by first establishing for all @ € I and 8 < « that a locally contractive functor G maps any
B-isomorphism f to an a-isomorphism G f above the corresponding a-iso F (? f). An a-
isomorphism is thereby a morphism f: o — 7, such that for all 5 < « all fg are isomorphisms.

» Theorem 31. Any locally contractive lifting (F,G) has a unique fized point in %
In Section 7, we will need the following version on fibres for the semantics of pLu.

» Theorem 32. For any c € % and locally contractive functor F': %c — %c a unique fized
point of F exists in %C. Consequently, also locally contractive functors on Ex for X € B
have unique fized points by using that Ex = KB(X)-

5.1 The Final Chain and Up-To Techniques

Having laid the ground work, we come to the objects of interest: coinductive predicates. The
following definition captures the usual construction of the final chain. Recall that (—) is a
functor Fib — Fib. Thus, from ®: E; — E;, we obtain %: E; — E; by Lemma 14. The
functor @ applies thereby ® point-wise to chains.
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» Definition 33. Given a functor ®: E; — Ej, we(_deﬁne the final chain of ® to be the fized
point v(» @) of the locally contractive functor »o ®.

(_
We can now construct an adjunction between ®-invariants and coalgebras for » @, cf. [44].
This is a slightly more expressive version of the usual construction of final coalgebras.

» Theorem 34. Suppose ®: E; — E; preserves I°P-limits. Then the adjunctzon KEALE
lifts to an adjunction KE 4 LE between the categories CoAlg(®) and CoAlg(> <I>) of ®- and

><6—coalgebms. This gives vd = IA/E(V(b%)), where v(»®) is the unique fized point of ><5.

Theorem 34 will play a central role in recursive proofs, as it allows us to express maps
into v® in terms of maps into v(» @), and it allows us to unfold the final chain and thereby
to make progress in a proof. Just as important as unfolding is the ability to reason inside
syntactic contexts, use transitivity of relations etc. in a proof. Such properties are captured
by up-to techniques, see Definition 8.

» Theorem 35. Let T and ® be functors ]52_1 — Ej. If there is a natural transformation
p: T® = ®T, then there is a map p: TZ/(> <IJ) — 1/(> <I>) in BEr.

» Remark 36. Pous and Rot [56] prove a result similar to Theorem 35, namely that a
monotone functlon T on a complete lattice is below the companion of ® if and only if there
is a map TI/(> <I>) — V(> <I>). This is equivalent to Theorem 35 because the companion is
compatible. J

From Theorems 19, 34 and 35 we obtain the following proof rules, where the first initialises
a proof by moving from a coinductive predicate to the final chain.

KA—>V(><5) f:T—)PE(Z/P%) p: T® = oT f:T—)?V(V%)

%
A—v® fZT%Z/PE ?OfZT—)V(D(I))
The last result in this section, recorded here for completeness, allows us to obtain

compatible up-to techniques on fibres from global up-to techniques.

» Proposition 37. Let (F,G): p — p be a map of fibrations, ¢: I — FI a coalgebra in B,
and T: E — E a lifting of the identity Idg. Define ® :=c*oG: E; — Ej to be the predicate
transformer associated to c, see Definition 8. If there is a vertical natural transformation
p: TG = GT, then there is a vertical natural transformation p¢: T® = OT'.

6 Chains in First-Order Fibrations

The goal of this section is to show that the fibration p: E — B of I°P-chains with constant
index is a first-order fibration (FO fibration) if p: E — B is an FO fibration. This allows us
to construct out of a given FO logic another FO logic that features the later modality.

6.1 Products, Coproducts and Quantifiers for Descending Chains

Because of Lemma 14, we can apply many construction easily point-wise to chains with
constant index. For instance, we can lift products and coproducts in the following sense.

» Theorem 38. If for u: I — J in B the coproduct [[,: E; — E; along u exists, then the
coproduct [[,,: E; — E; along u is given by ﬁ Similarly, the product [],, along u is
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» Example 39. Both Pred and gqPred to have products and coproducts along any function
in Set. For instance, products in qPred along functions u: X — Y are given by

Hu(& X = [0,1])(y) = inf{d(z) | z € X,u(z) = y}.

In a syntactic logic, Example 4, one has that £ — C products and coproducts along projections
(T,x : A) — T are universal and existential quantification over A, respectively. Arbitrary
(co)products can then be defined in terms of the equality relation in the logic, cf. [41]. By
Theorem 38, all these products and coproducts lift to the fibrations of descending chains. _

Let us denote for I € B the later modality on E; by »!. We can then establish the
following essential properties about the interaction of the later modalities and (co)products,
which are analogue to those in [16, Thm. 2.7]. This theorem allows one to distribute in
proofs quantifiers over the later modality.

» Theorem 40. The following holds for fibred products and coproducts in p.
There is an isomorphism »” o[, = [[,o»’.
There is a natural transformation v: ], o > =p»'o LI, Moreover, if u is inhabited,
that is, has a section v: J — I, then ¢ has a section (".

For w: I — J in B, we can present the central results of this section as proof rules:

Jirouwe o firoLee) frutroo o fir—e’(],0)

f: [, 7—o0 vofir—w»/([1,0) f:T—>Hua f;T—>Hu(>Ia)

6.2 First Order Fibration of Descending Chains

As the name suggests, a first-order fibration models first-order logic with equality. Such an
FO fibration is a fibration p: E — B, which is a fibred pre-ordered lattice and fibred CCC,
and has products and coproducts, which satisfy the Beck-Chevalley and Frobenius conditions,
along all morphisms in B, see [41, Def. 4.2.1] for details. We now show that not only is the
fibration of constant-index chains in p an FO fibration, but is also strongly related to p.

» Theorem 41. Ifp: E — B is an FO fibration, then p: E — B is as well an FO fibration.
Furthermore, if the fibred coproducts and coproducts along morphisms preserve I°P-limits,
then L¥: E — E preserves all the FO structure except for implication. For implication, truth
is preserved, i.e., for all o,7 € E there is a morphism L(o7) — Lot™. If r = K& for some
X € Ey, then this morphism is an isomorphism. Finally, K® is a fully faithful functor.

That preservation of exponentials fails can be seen by taking o, 7 € [w°P, Predy] to be

7, =N\ {1,...,n} and o,, = {0}. Then L(c7) = {0} but Lol™ = N.

7 Examples

In this section, we show the framework in action. Specifically, we show how a novel proof
system for the probabilistic modal u-calculus pLy can be obtained, and we show a language
and its semantics for probabilistic productive coinductive programming.

7.1 Recursive Proofs for the Probabilistic Modal p-Calculus

The probabilistic modal u-calculus pLu has exactly the same syntax as the modal p-calculus
Lu. However, formulas are interpreted as probability distributions [39]. We extend the
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———— (Pr)
_PvbY assumption (Pr)
>, o)) . >, Y (= vX. (X))
¢ positive + (Next) (Mon)
>0 F (1) > Y ey = e X p(X) o positive
>, Y F (e vX. p(X)) (Step)
>, FvX. p(X) P
s Fy oD

Figure 3 ©(X) positive in X, ¢ Lu-formula, v = ¥ — vX. o(X) with assumption ¢ — ¢(1).

coinductive fragment of pLu here with the later modality and thereby obtain the following
formulas over sets At and Var of propositional variables P and fixed point variables X:

=P |P|X|T|L|vX.@|pe|Op|0p|eng|pUy|e—1,

where X must occur positively in ¢ when forming v X. ¢. Given a formula ¢ with no or one
free variable? X, a Segala system c: @ — S(Q) and an interpretation I: Q — qPred,,, we
use Theorem 30 to define a locally contractive functor (¢): ﬁedg — %@ with n =0,1,
where we only display the interesting cases. The remaining cases are given in Appendix A.

(P) = K(1(P)) (X)=» (vX. o) = v{g) Q) = c* 050 ()

This definition and the previous development gives us that the following rules are sound for
this interpretation, where double lines are rules that can be used in both directions.

AFppvX.p/X] Ak AFEp»(p—1)
St —— (Next M
AFvX.p (Step) AN % (Next) AFEpp—py (Mon)
Apopbo AFOrp  AFOPy Y .
— T (Lob) =————= ——— + normal, intuitionistic modal logic
Ar,  (Lob) Abwy  AF»Op ©

In Figure 3, we show how Park’s rule can be proven from these rules. Theorem 41 gives us
that these rules are sound and their semantics are complete for the standard semantics of
formulas that only have constant premises, i.e. pure modal formulas, in implications.

Let us make two final remarks about this example. First, note that the implication is
an internalisation of the ordering on quantitative predicates and thus has, a priori, nothing
to do with probabilities. In particular, we have (P) # (P — L]. Second, the proof rules
give rise to a constructive and recursive proof system for pLyu. This is insofar interesting, as
that the completeness proof for Kozen’s axiomatisation for Ly is non-constructive, and a

non-probabilistic version of the above presented proof system may give new insights, cf. [27].

Also an analogous version of our cut-free proof system for Horn clause theories [10] may shed
new light on cut-free proofs for (p)Lu, cf. [4].

7.2 Probabilistic Productive Coinductive Programming

In this last example, we show how one can obtain a new programming language for higher-order

probabilistic programming with coinductive types, in which all programs are terminating.

2 'We restrict ourselves to this case for simplicity. Supporting several variables is a direct generalisation.
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This is in contrast to the language provided in [74], where full recursion is essential to
coinductive programming. Full recursion introduces, however, non-terminating and non-
productive programs, which makes reasoning about programs unnecessarily difficult [73],
especially in the probabilistic setting. As such, the total programming language, which we
are about to introduce, provides us with coinductive, probabilistic types, while retaining the
good properties of terminating and productive programs.

The essential ingredient are so-called quasi-Borel spaces that were introduced by Heunen
et al. [37] as a setting for higher-order probabilistic programming. In particular, the category
gBS of quasi-Borel spaces and their morphisms is (co)complete and Cartesian closed,
see [37, 74] for details. From the framework, we obtain that gBS = [w°P, qBS] is as well a
(co)complete CCC with later modality and Lob rule. This allows us to provide a probabilistic
higher-order programming language with coinductive types.

This language has types and terms that are given in Appendix B. One coinductive example
given in [74] is that of a random walk, which produces a stream of random positions for a
given standard deviation 0. We may define the type R¥ of R-valued streams as fixed point
type by R¥ = fix X.R x » X. A random walk can be produced by the following guarded
recursive program RW : R — R — R%, where normal(p, o) draws from a normal distribution
with expected value p and standard deviation o.

RW = Xo.fix f : »(R — R*). Az.in (z, f ® next (normal (z,0)))

The details of how the above types and terms can be interpreted in qBS are given in
Appendix B. Since gBS is complete, we thus obtain an interpretation of the types and terms
in qBS, which corresponds to the expected final coalgebra semantics, see Theorem 34.

8 Conclusion and Future Work

In this paper, we have established a framework that allows us to reason about coinductive
predicates in many cases by using recursive proofs. At the heart of this approach sits the
so-called later modality, which comes from provability logic [12, 68, 70] but was later used
to obtain guarded recursion in type theories [5, 6, 17, 52] and in domain theory [15, 16].
This modality allows us to control the recursion steps in a proof without having to invoke
parity or similar conditions [22, 28, 64, 67], as we have seen in the examples in Section 7.
Moreover, even though Birkedal et al. [16] obtained similar results, their framework is
limited to Set-valued presheaves, while our results are applicable in a much wider range of
situations. In particular, we were able to devise a novel probabilistic programming language
that guarantees productivity on coinductive types.

So what is there left to do? For once, we have not touched upon how to automatically
extract a syntactic logic and models from the fibration L — C obtained in Example 24.
This would subsume and simplify much of the development in [9]. Next, we only proved
the existence of quantifiers that range over fixed domains. It would be useful to extend this
construction to indexed domains to, for example, obtain Kripke models abstractly. However,
such a construction would be similar to that of exponents in Theorem 20 and thus quite
involved. At the same time, also a category theoretical analysis of the delayed implication
in [23] is needed. Also a closer analysis of the relation to proof systems obtained through
parameterised coinduction, the companion or cyclic proof systems may shed some light
on the strength of the proof approach presented in this paper. Such an analysis requires
to understand how the causal proofs that the presented framework and the companion
support [56], and parameterised coinduction are related. Finally, after a few first step into
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the direction of proof search for coinductive Horn clause theories in [10], the results of the
present paper need to be applied to obtain proof search procedures for other logics and

theories.
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B Types and Terms for Guarded Probabilistic Programming

Type, context and term formation rules for guarded probabilistic programming:

XeA AlFA: Ty AXIFA:Ty X appears under » in A
AFX:Ty AlrpA:Ty AlFfix X. A: Ty

AFR-Tv AlFA: Ty Al-B: Ty AlFA: Ty AlFB:Ty
R:Ty AlFAxB:Ty AlFASB: Ty

I' Ctx x gl AlFB: Ty

- Ctx I' Ctx
x:AeT '-¢: A 'Ht:»(A— B) FkFs:»A
T'Fz: A I'Fnextt:p» A I't®s:» B
Fz:»AFt: A TkHt: AffixX. A/X] FHt:fixX. A
Phfixz.t: A FHint:fixX. A I'outt: Alfix X. A/ X]
Ie:AFt: B '-t:A— B Fs:A
'FXx.t:A— B 'Fts: B
I'H¢: A I's:B I't:Ax B I't:Ax B

Tk (t,s): Ax B DHfstt: A I'+sndt: B

a€eQ

'Fa R I'Fnormal :RxR — R

Before we come to the semantics, let us single out values. This will simplify the denota-
tional semantics, as values need to be embedded into the monad P that we will use to model
the probabilistic effects of the language.

vyw,u =z | a| (v,w) |inv | Az.t

We denote by ng the terms of type A in context I" and by Vali the values of type A.

Let P: gBS — gBS be the strong probability monad on quasi-Borel spaces, see [74]. As
monads lift easily point-wise to descending chain, we get a strong monad ? on ET?S with unit
% and bind operator $=. Note that the unit and multiplication of the monad lift point-wise,
while the strength needs to be defined through the unique mapping property of the end that we
used to construct exponentials in qBS. In qBS, we also find the normal distributio(n_ given as
morphism N: R x R — P(R). This gives us a morphism K(N): K(R) x K(R) = P(K(R)),
which we will use below. Next, we need a natural transformation ¢: » P = P », which is
given by 1,0 =12 P05 P1 and 14,41 = idpe, .

The interpretation of types, context, values and terms over Ei% is then given as follows.

[AlFA:Ty]: gBS® — gBS

[T Ctx] € <qT%
[-]* : Val'y - gBS([T], [A])
-]+ T — aBS (1], PL4])
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[X] =nx [» A] = »o[4]
[fix X. A] = v[A] [R] = K(R)
[A x B] = [A] x [B] [A— B] = [A] = P[B]
[1=1 [T,z : A] = [I] x [A]
[z]"™ = 7z [a]*™ = \y. K (a)
H<va>ﬂval _ <H,U]]val7 [[U)Hval> [[in ,U]]val _ 5—1 o [[,U]]val

[z ]2 = A[t]

[v]7 = Tran (™) [nexct #] 7 = ‘P(nextyap)([]7)
It@sly=[tly S [s]y S z.mon fz  [fixz. t]y = léb()\x. () S= . ] (4, y))
lintl = P¢)(I) fout 1]y = P(&) ()
[normal] v = AK(N) [ts]y =[]y SEAf [s]y S xe. fa
[t )] v = [E] 7 5= Az [s] v 5= xy. (=, y) [fst ] v = P(m)([1]7)

[snd ]y = P(m2)([] %)
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—— Abstract

In the simplest form of event structure, a prime event structure, an event is associated with a unique
causal history, its prime cause. However, it is quite common for an event to have disjunctive causes
in that it can be enabled by any one of multiple sets of causes. Sometimes the sets of causes may be
mutually exclusive, inconsistent one with another, and sometimes not, in which case they coexist
consistently and constitute parallel causes of the event. The established model of general event
structures can model parallel causes. On occasion however such a model abstracts too far away
from the precise causal histories of events to be directly useful. For example, sometimes one needs
to associate probabilities with different, possibly coexisting, causal histories of a common event.
Ideally, the causal histories of a general event structure would correspond to the configurations of its
causal unfolding to a prime event structure; and the causal unfolding would arise as a right adjoint
to the embedding of prime in general event structures. But there is no such adjunction. However, a
slight extension of prime event structures remedies this defect and provides a causal unfolding as a
universal construction. Prime event structures are extended with an equivalence relation in order
to dissociate the two roles, that of an event and its enabling; in effect, prime causes are labelled
by a disjunctive event, an equivalence class of its prime causes. With this enrichment a suitable
causal unfolding appears as a pseudo right adjoint. The adjunction relies critically on the central
and subtle notion of extremal causal realisation as an embodiment of causal history.
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1 Introduction

Work on probabilistic distributed strategies based on event structures brought us face to
face with a limitation in existing models of concurrent computation, and in particular with
the theory of event structures as it had been developed. In order to adequately express
certain intuitively natural, optimal probabilistic strategies, it was necessary to simultaneously
support: probability on event structures with opponent moves, itself rather subtle; parallel
causes, in which an event may be enabled in several distinct but compatible ways; and a
hiding operation crucial in the composition of strategies. The difficulties did not show up in
the less refined development of nondeterministic strategies; there the simplest form of event
structure, prime event structures, sufficed. The “obvious” remedy, to base strategies on more
general event structures, which do support parallel causes, failed to support probability and
hiding adequately. The problems and a solution are documented in the article [7].

That work uncovered a central construction, which we here call the causal unfolding
of a model with parallel causes. It is based on the notion of extremal causal realisation
and attendant prime extremal realisation which plays a role analogous to that of complete
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prime in distributive orders. Both concepts deserve to be better known and are expanded on
comprehensively with full proofs here. As will shortly be explained more fully, intuitively, a
prime extremal realisation is a finite partial order expressing a minimal causal history for
an event to occur, even in the presence of several parallel causes for the event. Extremal
realisations provide us with a way to unfold a model supporting parallel causes (general event
structures — Section 2.2, or equivalence families — Section 3) into a structure describing all
its causal histories — its causal unfolding. As is to be hoped, the unfolding will be a form of
right adjoint giving the causal unfolding and extremal realisations a categorical significance.

To give an idea of prime extremal realisations of events we give a short, necessarily
informal, preview of two examples from the paper. The simplest concerns a general event
structure comprising three events a, b and d where d can occur once a or b have occurred
and where all events can occur together. The events a and b constitute parallel causes of the
event d. We can picture the situation in the diagram:

Here there are two minimal causal histories associated with the occurrence of the event d,

o
@ ®)

These will be the prime extremal realisations associated with the occurrence of d. But this
example is deceptively simple. To add a level of difficulty, consider the general event structure

viz. d after a, and d after b :

which portrays an event d enabled through the occurrence of all of the events a, b and ¢ but
where c is enabled by either a or b. This time the two minimal causal histories associated
with the occurrence of the event d, one after ¢ caused by a, and the other after ¢ caused by
b, give rise to the two prime extremal realisations:

and @

There are also more subtle “non-injective” prime extremal realisations in which the same
event of a general event structure occurs in several different ways — see Example 13, though
these have been ruled out in our application to strategies with parallel causes [7].

The new adjunction, with its right adjoint the causal unfolding, supplies a missing link in
the landscape of models for concurrency [15]. The adjunction connects models with parallel
causes, such as general event structures, to those based on partial orders of events. It does
this through the introduction of a simple, new model which is based on prime event structures
extended with an equivalence relation on their sets of events.
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In systems with parallel causes it is often necessary to associate probabilities with
causal histories, and the causal unfolding provides a suitable structure on which to do this
systematically [7]. Outside probability, there is a similar need for causal unfoldings, for
example, when reversible computing encounters parallel causes [3, 4], and in extracting
biochemical pathways, forms of causal history in biochemical systems where parallel causes
are rife [5].

2 Event structures and their maps

We briefly review two well-established forms of event structure and explain the absence of
an adjunction associated with the embedding of prime into general event structures. It is
through such an adjunction one might otherwise have thought to find a causal unfolding
of general event structures to prime event structures. The absence motivates a new model
based on prime event structures with an equivalence relation. (We refer the reader to [13, 14]
in particular for background and intuitions.)

2.1 Prime event structures

A prime event structure comprises (E, <,Con), consisting of a set E of events which are
partially ordered by <, the causal dependency relation, and a non-empty consistency relation
Con consisting of finite subsets of E. The relation ¢’ < e expresses that event e causally
depends on the previous occurrence of event e’. Write [X] for the <-down-closure of a subset
of events X. That a finite subset of events is consistent conveys that its events can occur
together by some stage in the evolution of the process. Together the relations satisfy several
axioms:

[e] = {e’' | ¢ < e} is finite, for all e € E,
{e} € Con, for all e € E,

X CY e€Con = X € Con, and
XeCon&e<e eX = XU{e} € Con.

A configuration is a, possibly infinite, set of events x C E which is: consistent, X C
2 and X is finite implies X € Con; and down-closed, [x] = x. It is part and parcel of prime
event structures that an event e is associated with a unique causal history [e].

Prime event structures have a long history. They first appeared in describing the patterns
of event occurrences that occurred in the unfolding of a (1-safe) Petri net [10]. As their
configurations, ordered by inclusion, form a Scott domain, prime event structures provided
an early bridge between the semantic theories of Dana Scott and Carl Petri; one early result
being that a confusion-free Petri net unfolded to a prime event structure with configurations
taking the form of a concrete domain, as defined by Kahn and Plotkin. Generally, the
configurations of a countable prime event structure ordered by inclusion coincide with the
dI-domains of Berry — distributed Scott domains which satisfy a finiteness axiom [14]. The
domains of configuration of a prime event structure had been characterised earlier in [10] as

prime algebraic domains, Scott domains with a subbasis of complete primes.’

L A complete prime in an order which supports least upper bounds |_| X of compatible subsets X is an

element p such that p C [_| X implies p C « for some € X. In the configurations of a prime event
structure the complete primes are exactly those configurations [e] for an event e.

9:3
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2.2 General event structures

A general event structure [13, 14] permits an event to be caused disjunctively in several
ways, possibly coexisting in parallel, as parallel causes. A general event structure comprises
(E, Con, ) where F is a set of events, the consistency relation Con is a non-empty collection
of finite subsets of F/, and the enabling relation F is a relation in Con x E such that

X CY e€Con = X € Con, and
YeCon&YDODOX&XFe = Ythe.

A configuration is a subset x of E which is: consistent, X Cg, * = X € Con; and secured,
Ve € z3ey, -+ ,ep € x. e, =e & Vi <ndep,---,ei_1} b e;. We write C*(FE) for the
configurations of E and C(E) for its finite configurations. (For illustrations of small general
event structure see, for instance, Example 1 and Ey of Example 12.)

An event e being enabled in a configuration has been expressed through the existence of
a securing chain ey, - - , ey, with e, = e, within the configuration. The chain represents a
complete enabling of e in the sense that every event in the chain is itself enabled by earlier
members of the chain. Just as mathematical proofs are most usefully viewed not merely as
sequences, so later complete enablings expressed more generally as partial orders — “causal
realisations” — will play a central role.

A map f: (E,Con,+) — (E',Con’,I-') of general event structures is a partial function
f: E — E’ such that

VX € Con. fX € Con’,
VX € Con,ey,es € X. f(e1) = f(ez2) (both defined) = ¢; = es, and
VX €Con,e € E. X Fe & f(e) is defined = fX ' f(e).

Maps compose as partial functions. Write G for the category of general event structures.

W.r.t. a family of subsets F, a subset X of F is compatible (in F), written X 1, if there
is y € F such that z C y for all z € X; we write « 1y for {z,y} 1. Say a subset is finitely
compatible iff every finite subset is compatible.

We can now characterise those families of configurations arising from a general event
structure [14]. A family of configurations comprises a non-empty family F of sets such that
if X C F is finitely compatible in F then |JX € F; and if ¢ € x € F there is a securing
chain ey, -+ ,e, = e in x such that {e1, -+ ,e;} € F for all : < n.? Its events are elements of
the underlying set | JF. A map between families of configurations from A4 to B is a partial
function f : |J.A — |J B between their events such that fz € B if x € A and any event of fx
arises as the image of a unique event of . Maps compose as partial functions. Write Fam
for the category of families of configurations.

Characterisations of the orders obtained from the configurations of a general event
structure can be found in [13].3

2 The latter condition is equivalent to: (i) if e € x € F there is a finite 2o € F s.t. € € 2o € F and (ii)
(coincident-freeness) for distinct e,e’ € x, thereis y € F withy Cxst.ecy < & & v.

3 Complete irreducibles are the customary generalisation of complete primes to nondistributive orders such
as those of configurations of general event structures ordered by inclusion [13]. A complete irreducible
in an order which supports least upper bounds |_| X of compatible subsets X is an element r such that
r= |_| X implies r = « for some x € X. In the configurations of a general event structure the complete
irreducibles are exactly those minimal configurations which contain an event e. A forewarning: only in
very special circumstances will prime extremal realisations — the generalisation of complete prime of
this paper — coincide with complete irreducibles — see Example 12.
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2.3 A coreflection and non-coreflection

There is a forgetful functor G — Fam taking a general event structure to its family of
configurations. It has a left adjoint, which constructs a canonical general event structure
from a family: given A, a family of configurations with underlying events A, construct a
general event structure (A, Con,t) with X € Con iff X Cg, y, for some y € A; and with
Xtaifae A, X € Conand a € y C X U {a}, for some y € A.

The above yields a coreflection®

~—

Fam___ T =

of families of configurations in general event structures. It cuts down to an equivalence
between families of configurations and replete general event structures. A general event
structure (F, Con, ) is replete iff

Vee E3X €Con. X ke, VX e€CondreC(E) X Cz and
Xte = Jze€C(E)ecx&zCXU{e}.

A map of prime event structures is a map of their families of configurations. Write £ for
the category of prime event structures. (A map in £ need not preserve causal dependency;
when it does and is total it is called rigid.)

There is an obvious “‘inclusion”’ functor & — Fam fully and faithfully embedding the
category of prime event structures in the category of families of configurations and so in
general event structures. We might expect the functor & — Fam to be the left adjoint of a

coreflection

7

€= 1 _Jam__ T 20,

so yielding a composite right adjoint G — £ which unfolds a general event structure to a
prime event structure [14, 15]. However under reasonable assumptions this cannot exist, as
the following example indicates.

» Example 1. Consider a general event structure comprising three events a, b and d with
all subsets consistent and minimal enablings 0 - a,b and {a} F d and {b} I d. Imagine

concurrent treatments a and b of two doctors which sadly lead to the death d of the patient.

As its unfolding it is hard to avoid a prime event structure with events and causal dependency

a < dg and b < dp — the event d, representing “death by a” and the event d; “death by b” —

with the counit of the adjunction collapsing d, and d; to the common event d. (If we are
to apportion blame to the doctors we shall need the probabilities of d, and d; given a and
b [11].) In order for the counit to be a map we are forced to make {d,,ds} inconsistent. This
is one issue: why should death by one doctor’s treatment be in conflict with death by the
other’s — they could be jointly responsible? But even more damningly the tentative counit
fails the universal property required of it! Consider another prime event structure with three
events comprising a < d and b < d (“death due to both doctors’ treatments”). The obvious

4 A coreflection is an adjunction where the left adjoint is full and faithful, or equivalently the unit is iso.

9:5
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map to the family of configurations of the general event structure — the identity on events —
fails to factor uniquely through the putative counit: d can be sent to either d, or dp; the
event “death by both doctors” can be sent to either “death by a” or “death by b.” This raises
the second issue: if we are to obtain the required universal property we have to regard these
two maps as essentially the same.

The two issues raised in the example suggest a common solution: to enrich prime event
structures with equivalence relations. This will allow a broader class of maps, settling the
first issue, and introduce an equivalence on maps, settling the second. The causal unfolding
of the “doctors example” will be very simple and comprise the prime event structure a < d,
and b < dp with d, and d, equivalent events; with all events consistent. In general the
construction of the unfolding is surprisingly involved; causal histories can be much more
intricate than in the simple example.

3 Events with an equivalence, categories £~ and Fam—

We build causal unfoldings in a new model, based on the obvious extension to events with
an equivalence relation. A (prime) event structure with equivalence (an ese) is a structure

(P, <,Con, =)

where (P, <,Con) satisfies the axioms of a prime event structure and = is an equivalence
relation on P. The intention is that the events of P represent prime causes while the
=-equivalence classes of P represent disjunctive events: p in P is a prime cause of the event
{p}—. Notice there may be several prime causes of the same event and that these may be
parallel causes in the sense that they are consistent with each other and causally independent.

The extension by an equivalence relation on events is accompanied by an extension to
families of configurations. An equivalence-family (ef) is a family of configurations 4 with
an equivalence relation =4 on its underlying set A =4t |JA (with no further axioms).
Equivalence-families are the most general model we shall consider; they support parallel
causes and, later, a causal unfolding.

Let (A,=4) and (B,=p) be ef’s, with respective underlying sets A and B. A map
f:(A,=a) = (B,=p) is a partial function f: A — B which preserves =, if a1 =4 as then
either both f(a1) and f(a3) are undefined or both defined with f(a;) =p f(as2), such that

re€A = frxeB&Vay,az €x. fla1) =p flaa) = a1 =4 as.
Composition is composition of partial functions. We regard two maps
fi, f2 0 (A, =4) = (B,=5)

as equivalent, and write f; = fs, iff they are equidefined and yield equivalent results, i.e. if
f1(p) is defined then so is fo(p) and f1(p) =¢ f2(p), and if fo(p) is defined then so is f1(p)
and f1(p) =¢ f2(p). Composition respects =. This yields a category of equivalence families
Fam=; it is enriched in the category of sets with equivalence relations (also called setoids).?

Clearly from an ese (P,=p) we obtain an ef (C*°(P),=p) and we take a map of ese’s to be
a map between their associated ef’s. Write £= for the category of ese’s; it too is enriched in
the category of sets with equivalence relations. When the equivalence relations = of ese’s are

5 The Appendix provides background in categories enriched in equivalence relations.
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the identity we essentially have prime event structures and their maps. There is clearly a
full-and-faithful embedding

E= — Fam=,

which preserves and reflects the equivalence on maps. One virtue of ese’s is that they support
a hiding operation, associated with a factorisation system [7].

We sometimes use an alternative description of their maps:

» Proposition 2. A map of ese’s from P to Q is a partial function f : P — Q which
preserves = such that
(i) for all X € Conp the direct image fX € Cong and
Vp1,p2 € X. f(p1) =@ f(p2) = p1 =pp2, and
(ii) whenever ¢ <g f(p) there is p’ <p p such that f(p') =¢q.

While an ese determines an ef, the converse, how to construct the causal unfolding of an
ef to an ese, is much less clear. To do so we follow up on the idea of Section 2.2 of basing
minimal complete enablings on partial orders. A minimal complete enabling will correspond
to a prime extremal realisation. Realisations and extremal realisations are our next topic.

4 Causal histories as extremal realisations

Extremal causal realisations formalise the notion of causal history in models with parallel
causes, viz. general event structures and the most general model of equivalence-families. They
will be the central tool in constructing the causal unfoldings of such models.

4.1 Causal realisations

Let A be a family of configurations with underlying set A. A (causal) realisation of A
comprises a partial order (F, <), its carrier, such that the set {¢/ € E | ¢’ < e} is finite for
all events e € E, together with a function p : E — A for which the image pxr € A when x is

a down-closed subset of F. We say a realisation is injective when it is injective as a function.

A map between realisations (E, <), p and (E’,<'),p’ is a partial surjective function
f : E — E’ which preserves down-closed subsets and satisfies p(e) = p’(f(e)) for all e € E
where f(e) is defined. It is convenient to write such a map as p =/ p’. Occasionally we shall
write p > p/, or the converse p’ < p, to mean there is a map of realisations from p to p'.

A map of realisations p =7 p’ factors into a “projection” followed by a total map
p={ po =t 0,

where pg stands for the realisation (Ey, <g), pg where Fy = {e € E | f(e) is defined} is the
domain of definition of f; <g is the restriction of <; f; is the inverse relation to the inclusion
Ey C E; and fo : Ey — E' is the total part of function f. We are using =1 and =5 to signify
the two kinds of maps. Notice that >1-maps are reverse inclusions. Notice too that >s-maps
are exactly the total maps of realisations. Total maps p ig o’ are precisely those functions
f from the carrier of p to the carrier of p’ which preserve down-closed subsets and satisfy

p=pf.

9:7
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4.2 Extremal realisations

Let A be a configuration family with underlying set A. We shall say a realisation p is extremal
when p ig p’ implies f is an isomorphism, for any realisation p'; it is called prime extremal
when it in addition has a top element, i.e. its carrier contains an element which dominates all
other elements in the carrier. Intuitively, an extremal realisation is a most economic causal
history associated with its image, a configuration of 4; it is extremal in being a realisation
with minimal causal dependencies.

Any realisation in A can be coarsened to an extremal realisation.

» Lemma 3. For any realisation p there is an extremal realisation p' with p tg 0.

Proof. The category of realisations with total maps has colimits of total-order diagrams.
A diagram d from a total order (I, <) to realisations, comprises a collection of total maps
of realisations d; ; : d(i) — d(j) when i < j s.t. d; ; is always the identity map and if i < j
and j < k then d; ,, = d; ; o d; ;. We suppose each realisation d(i) has carrier (E;, <;) with
d(i) : E; = A. We construct the colimit realisation of the diagram as follows.

The elements of the colimit realisation consist of equivalence classes of elements of the
disjoint union F =q.¢ E'Jie ; E; under the equivalence

(i,e,-) ~ (], ej) «— Jkel.i<k& 7 < k& dzvk(et) = jJC(ej).

Consequently we may define a function pg : E — A by taking pg({e;}.) = pi(e;). Because
every d; ; is a surjective function, every equivalence class in I has a representative in E; for
every i € I. Moreover, for any e € F there is k € [ s.t.

{eE|e <pet={{ei}. | e} <kex},

where e = {e}_, so is finite. It follows that pg is a realisation. The maps f; : p; =2 pg,
where ¢ € I, given by fi(e;) = {e;}. form a colimiting cocone.

Suppose p is a realisation. Consider all total-order diagrams d from a total order (I, <)
to realisations starting from p with d; ; not an isomorphism if ¢ < j. Amongst them, by
Zorn’s lemma, there is a maximal diagram w.r.t. extension. From the maximality of the
diagram its colimit is necessarily extremal. In more detail, construct a colimiting cocone
fi 1 d(@) =2 pg, i € I, with the same notation as above. By maximality of the diagram some
fr must be an isomorphism; otherwise we could extend the diagram by adding a top element
to the total order and sending it to pg. If j should satisfy k < j then f; ody; = fi so
f,;l o fjody; =idg,. It would follow that dj ; is injective, as well as surjective, it being a
total map of realisations, and consequently that dj ; is an isomorphism — a contradiction.
Hence k is the maximum element in (I, <). If the colimit were not extremal we could again
adjoin a new top element above k thus extending the diagram — a contradiction. |

For example, as a corollary, a countable configuration of a family of configurations
always has an injective extremal realisation. By serialising the countable configuration,
ap < ay < - < ap, < ---, where {a1, -+ ,a,} € A for all n, we obtain an injective
realisation p. By Lemma 3 we can coarsen p to an extremal realisation p’ with p tg p. As
p = p' [ the surjective function f is also injective, so a bijection, ensuring that the extremal
realisation p’ is injective.

The following rather technical lemma and corollary are crucial.

» Lemma 4. Assume (R, <), p, (Ro, <o), po and (R1,<1),p1 are realisations.
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(i) Suppose f=p t{l 00 tgz p1. Then there are maps so that f = p =5* p' =" p;:

92 ’
>p

p
f1 l g1
f2 ¥
PO —=pP1
(ii) Suppose p t{l po where Ry is not a down-closed subset of R. Then there are maps so

that f1 = p =5% p' =9" po with ga not an isomorphism:

p > p

fll .v""‘>91

k
Po
Proof.
i) Construct the realisation (R, <’), o’ as follows. Define
p
R = (R\Ro) U Ry

where w.l.0.g. we assume the sets R\ Ry and R; are disjoint. Define g2 : R — R’ to
act as the identity on elements of R\ Ry and as fo on elements of Ry.
When b € R\ Ry, define

a<'b iff Jag € R. ap <b & ga(ag) =a.
When b € R;, define
a<'biff aecR &a<;b.

To see <’ is a partial order observe that reflexivity and antisymmetry follow directly
from the corresponding properties of < and <;. Transitivity requires an argument by
cases. For example, in the most involved case, where

c<"awithae€ Ry and a <" bwithbe R\ Ry
we obtain
c<jaandayg<b

for some ag € Ry with fa(ag) = a. As fo is surjective and preserves down-closed
subsets,

co <papand ag < b

for some ¢y € Ry with fa(co) = ¢. Consequently, cg < b with g2(co) = ¢, making ¢ <’ b,
as required for transitivity.

Define p’ to act as p on elements of R\ Ry and as p; on elements of Ry. Then p = p'gs
directly. We check p’ preserves down-closed subsets, so is a realisation. Let b € R’. If
b € Ry then p'[b] = p1[b]1 € A. If b € R\ Ry then p'[b]’ = pga[b] is the image under p
of the down-closed subset ga[b], so in A. Because f; preserves down-closed subsets so
does go. We already have p = p’go, making go a map of realisations p =35 p’. Define
g1 : R — R to be the reverse of the inclusion R; C R’. Because p; is the restriction
of p' to Ry, g1 is a map of realisations p’ =7' p;. By construction f = g;gs.

CALCO 2019
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(ii) This follows from the construction of (R’ <’), p’ used in (i) but in the special case where
f2 is the identity map (with Ry = Ry). Then R’ = R but <'#< as there is e € Ry with
[e]o S [e] ensuring that [e]” = [e]o # [e]. <

=

» Corollary 5. If p is extremal and p =7 p, then p' is extremal and there is po s.t. f:p =1
po = p'. Moreover, the carrier Ry of po is a down-closed subset of the carrier R of p, with
order the restriction of that on R.

Proof. Directly from Lemma 4. Assume p is extremal and p =/ p/. We can factor f into
P t{l 00 th p'. From (i), if pg were not extremal nor would p be — a contradiction; hence
f2 is an isomorphism. From (ii), the carrier Ry of pg has to be a down-closed subset of the
carrier R of p, as otherwise we would contradict the extremality of p. |

It follows that if p is extremal and p =f p’ then p’ is extremal and the inverse relation
g =def [ ~lis an injective function preserving and reflecting down-closed subsets, i.e. g[r'] =
[g(r")] for all v € R'. In other words:

» Corollary 6. If p is extremal and p =7 o/, then p' is extremal and the inverse g =gef f~*
is a rigid embedding from the carrier of p' to the carrier of p such that p’ = pg.

» Lemma 7. Let (R, <), p be an extremal realisation. Then
(i) if v’ <r and p(r) = p(r’) thenr =1';
(ii) if [r) = [r") and p(r) = p(r") then r =7r'. Here [r) =qet [r] \ {r}.

Proof.

(i) Suppose r' < r and p(r) = p(r’). By Corollary 6, we may project to [r] to obtain an
extremal realisation pg : [r] = A. Suppose r and r’ were unequal. We can define a
realisation as the restriction of pg to [r). The function from [r] to [r) taking r to r’ and
otherwise acting as the identity function is a map of realisations from the realisation
po and clearly not an isomorphism, showing pg to be non-extremal — a contradiction.
Hence r = 7/, as required.

(ii) Suppose [r) = [r') and p(r) = p(r’). Projecting to [{r,r'}] we obtain an extremal
realisation. If r and 7’ were unequal there would be a non-isomorphism map to the
realisation obtained by projecting to [r], viz. the map from [{r,7'}] to [r] sending 7’ to
r and fixing all other elements. <

In fact, by modifying condition (i) in the lemma above a little we can obtain a char-
acterisation of extremal realisations — though not strictly necessary for the rest of of the

paper:

» Lemma 8. Let (R,<),p be a realisation. Then p is extremal iff
(i) if X C[r), with X down-closed and r € R, and p(X U {r}) € A then X = [r); and
(ii) Zf [T) - [7’/) and p(”f‘) = p(r') then r = 7'/.

Proof. “Only if”: Assume p is extremal. We have already established (ii) in Lemma 7. To
show (i), suppose X is down-closed and X C [r) in R with p(X U {r}) € A. By Corollary 6,
we may project to [r] to obtain an extremal realisation pg : [r] = A. Modify the restricted
order [r] to one in which 7/ < r iff v € X U {r}, and is otherwise unchanged. The same
underlying function pg remains a realisation, call it p), on the modified order. The identity
function gives us a map f : pg =2 p{, which is an isomorphism between realisations iff X = [r).
“If”: Assume (i) and (ii). Suppose f : p =2 p/, where R’ p’ is a realisation. We show f is
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injective and order-preserving. As f is presumed to be surjective and to preserve down-closed
subsets we can then conclude it is an isomorphism.

To see f is injective suppose the contrary that f(r1) = f(re) for r1 # ro. W.lo.g. we
may suppose r; and 7o are minimal in the sense that

AT, S ey S & () = Fh) —> 1l = &= 1.
Define 1" =q¢¢ f(r1) = f(r2). Then
('] € flr] & [r'] € flra]
Furthermore, as only ' can be the image of r; and ry under the function f,
(") € flr) & [1') € flr2) .
It follows that
(') € flr1) 0 flr2) = f([r1) N [r2))

where the equality is a consequence of the minimality of 1, ro. Taking X =gt [r1) N [r2) we
have (fX) U {r'} is down-closed in R’. Therefore

p(XU{r}) =p' f(XU{r}) =p'(fXU{r'}) € A.

By condition (i), X = [r1). Similarly, X = [rs), so [r1) = [r2). Obviously p(r1) = p'f(r1) =
P f(r1) = p(r2), so we obtain . = r9 by (ii) — a contradiction, so f is injective.
We now check that f preserves the order. Let r € R. Define

X =der [{r1 <7 | f(r1) < f(r)}],

where the square brackets signify down-closure in R. Then X is down-closed in R by definition
and X C [r). We have [f(r)] C f[r] whence

fX = [Irnlf(r) =1f(r).
Therefore fX U {f(r)} is down-closed in R, so
XU {r}) = /(X U{r}) = 9 (FX U{f(r)}) € A.
Hence X = [r), by (i). It follows that
rm<r = rneX = f(r)<f(r)inR.
This shows that f preserves the order on R. <

» Lemma 9. There is at most one map between extremal realisations.

Proof. Let (R, <),p and (R',<’),p’ be extremal realisations. Let f, f' : p — p’ be maps
with converse relations g and ¢’ respectively. We show the two functions g and ¢’ are equal,
and hence so are their converses f and f’. Suppose otherwise that g # ¢’. Then there is an
<-minimal ' € R’ for which g(r’) # ¢'(r') and g[r") = ¢'[r"). Hence [g(r")) = [¢'(r')) and
p(g(r") = p' (") = p(g'(r")). As p is extremal, by Lemma 7(ii) we obtain g(r') = ¢'(+') — a
contradiction. |
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Hence extremal realisations of A under < form a preorder. The order of extremal
realisations has as elements isomorphism classes of extremal realisations ordered according
to the existence of a map between representatives of isomorphism classes. Alternatively, we
could take a choice of representative from each isomorphism class and order these according
to whether there is a map from one to the other. Recall a prime extremal realisation
is an extremal realisation with a top element, 7.e. when its carrier contains an element
which dominates all other elements in the carrier. The following is a direct corollary of
Proposition 14 in the next section.

» Proposition 10. The order of extremal realisations of a family of configurations A forms
a prime-algebraic domain [10] with complete primes the prime extremal realisations.

The proofs of the following observations are straightforward consequences of the definitions.
They emphasise that prime extremal realisations are a generalisation of complete primes.

» Proposition 11. Let (A, <4, Conga) be a prime event structure. For an extremal realisation
(R,<Rr),p of C®(A), the function p : R — pR is an order isomorphism between (R,<pg)
and the configuration pR € C*(A) ordered by the restriction of <a. The function taking
an extremal realisation (R, <pg), p to the configuration pR is an order isomorphism from the
order of extremal realisations of C*°(A) to the configurations of A; prime extremal realisations
correspond to complete primes of C*(A).

A configuration x € F, of a family of configurations F, is irreducible iff there is a
necessarily unique e € z such that Vy € F, e € y C x implies y = z. Irreducibles coincide
with complete (join) irreducibles w.r.t. the order of inclusion. It is tempting to think of
irreducibles as representing minimal complete enablings. But, as sets, irreducibles both (1)
lack sufficient structure: in the formulation we are led to, of minimal complete enablings as
prime extremal realisations, several prime realisations can have the same irreducible as their
underlying set; and (2) are not general enough: there are prime realisations whose underlying
set is not an irreducible. We conclude with examples illustrating the nature of extremal
realisations; it is convenient to describe families of configurations by general event structures.

» Example 12. This example shows that prime extremal realisations do not correspond to
irreducible configurations. First, we show a general event structure Ej (all subsets consistent)
with irreducible configuration {a, b, ¢, d} and two (injective) prime extremals E; and E5 with
tops d; and ds which both have the same irreducible configuration {a, b, c,d} as their image.
The lettering indicates the functions associated with the realisations, e.g. events d; and ds
in the partial orders map to d in the general event structure.

Fy

On the other hand there are prime extremal realisations of which the image is not an
irreducible configuration. Consider the general event structure Fy. The prime extremal Fj
describes a situation where d is enabled by b and ¢, and c¢ is enabled by a. It has image the
configuration {a, b, ¢, d} which is not irreducible, being the union of the two incomparable
configurations {a} and {b, ¢, d}.
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» Example 13. It is possible to have extremal realisations in which an event depends on
an event of the family having been enabled in two distinct ways, as in the following prime
extremal realisation, on the left; it is clearly not injective.

The extremal describes the event f being enabled by d and e where they are in turn enabled
by different ways of enabling ¢. We assume all subsets consistent.

5 The causal unfolding: an adjunction from £- to Fam—

Furnished with the concept of extremal realisation, we can now exhibit an adjunction
(precisely, a very simple case of biadjunction or pseudo adjunction) from £=, the category of
ese’s, to Fam=, the category of equivalence families. The left adjoint [ : & — Fam= is the
full and faithful functor which takes an ese to its family of configurations with the original
equivalence.

The right adjoint, the causal unfolding, er: Fam= — E= is defined on objects as follows.
Let A be an equivalence family with underlying set A. Define er(A) = (P, Conp,<p,=p)
where

P consists of a choice from within each isomorphism class of the prime extremals p of A —

we write top(p) for the image of the top element in A;

Causal dependency <p is < on P;

X € Conp iff X Cqy P and top[X]p € A — the set [X]p is the <p-downwards closure of

X,soequal to {p’ e P|3Ipe X. p <p};

p1 =p p2 iff p1,p2 € P and top(p1) =a top(p2).

» Proposition 14. The configurations of P, ordered by inclusion, are order-isomorphic to
the order of extremal realisations: an extremal realisation p corresponds, up to isomorphism,
to the configuration {p € P | p = p} of P; conversely, a configuration x of P corresponds to
an extremal realisation top : x — A with carrier (x, =), the restriction of the order of P to x.

Proof. It will be helpful to recall, from Corollary 6, that if p =/ p’ between extremal
realisations, then the inverse relation f~! is a rigid embedding of (the carrier of) p’ in (the
carrier of) p; so p’ < p stands for a rigid embedding. Suppose z € C°°(P). Then x determines
an extremal realisation

0(x) =get top: (x,3) = A.

The function #(x) is a realisation because each p in z is, and extremal because, if not, one of
the p in z would fail to be extremal, a contradiction. Clearly p’ < p implies 6(p’) C 6(p).
Conversely, it is easily checked that any extremal realisation p : (R, <) — A defines a
configuration {p € P | p < p}. If £ C y in C*(P) then ¢(z) < ¢(y). It can be checked that
6 and ¢ are mutual inverses, i.e. p0(x) = x and 6¢(p) = p for all configurations = of P and
extremal realisations p. <

9:13
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From the above proposition we see that the events of er(A) correspond to the order-
theoretic completely-prime extremal realisations [10]. This justifies our use of the term
“prime extremal” for extremal with top element.

The component of the counit of the adjunction €4 : I(er(A)) — A is given by the function

ea(p) = top(p) .

It is a routine check to see that €4 preserves = and that any configuration z of P images
under top to a configuration in A, moreover in a way that reflects =.

» Theorem 15. Let A € Fam=. For dll f : I(Q) — A in Fam=, there is a map h : Q —
er(A) in E= such that f = eq o I(h), i.e. so the diagram

A<—21(er(A))
AI(h)
1(Q)

commutes. Moreover, if h' : Q — er(A) is a map in E= s.t. f = eq 0 I(R'), i.e. the diagram
above commutes up to =, then h' = h.

Proof. Let @@ = (Q,Cong,<g,=q) be an ese and f : I(Q) — A a map in Fam=. We
shall define a map h : Q — er(A) s.t. f = eah. (As here, in the proof we shall elide the
composition symbol o, and I on maps which it leaves unchanged.)

We define the map h : Q — er(A) by induction on the depth of Q. The depth of an event
in an event structure is the length of a longest <-chain up to it — so an initial event has
depth 1. We take the depth of an event structure to be the maximum depth of its events.
(Because of our reliance on Lemma 3, we use the axiom of choice implicitly.)

Assume inductively that h(") defines a map from Q™ to er(A) where Q™ is the
restriction of Q to depth below or equal to n such that f( the restriction of f to Q™
satisfies f(") = e4h(™). (In particular, QO is the empty ese and h(® the empty function.)
Then, by Proposition 14, any configuration = of Q™) determines an extremal realisation
pz : Rz — A with carrier (h(™z, <).

Suppose ¢ € Q has depth n + 1. If f(q) is undefined take h("*t1)(g) to be undefined.
Otherwise, note there is an extremal realisation p,) with carrier (h[g), X). Extend pp,) to a
realisation pﬂ;) with carrier that of pj,) with a new top element T adjoined, and make pfg)
extend the function pp,) by taking T to f(q). By Lemma 3, there is an extremal realisation
p such that p[—;) =2 p. Because pjq) is extremal, p =1 p|,), so p only extends the order of pjy
with extra dependencies of T. (For notational simplicity we identify the carrier of p with
the set h[g) U{T}.) Project p to the extremal with top T. Define this to be the value of
R+ 1) (q). In this way, we extend h(™ to a partial function h("+1) : Q(*+1) — er(A) such that
FtD = ¢, h(" D To see that h(" 1 is a map we can use Proposition 2. By construction
h("*t1) satisfies property (ii) of Proposition 2 and the other properties are inherited fairly
directly from f via the definition of er(.A).

Defining h = J,,c,, K™ we obtain a map h : Q — er(A) such that f = eah.

Suppose ' : Q — er(A) is a map s.t. f = esh’. Then, for any ¢ € Q,

top(h'(q)) = eah’(q) =a f(q) = eah(q) = top(h(q)),

so h'(q) =p h(q) in er(A). Thus b’ = h. <
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The theorem does not quite exhibit a traditional adjunction, because the usual cofreeness
condition specifying an adjunction is weakened to only having uniqueness up to =. However
the condition it describes does specify an exceedingly simple case of a pseudo adjunction (or
biadjunction) between 2-categories — a set together with an equivalence relation (a setoid)
is a very simple example of a category. As a consequence, whereas the usual cofreeness
condition allows us to extend the right adjoint to arrows, so obtaining a functor, in this case
following that same line will only yield a pseudo functor er as right adjoint: thus extended,
er will only preserve composition and identities up to =.

The map (P, =) — er(C*(P), =) which takes p € P to the realisation with carrier ([p], <),
the restriction of the causal dependency of P, with the inclusion function [p] < P is an
isomorphism; recall from Proposition 11 that the configurations of a prime event structure
correspond to its extremal realisations. Such maps furnish the components of the unit of the
pseudo adjunction:

er
~— _
E= R B Fam=
I

» Example 16. On the right we show a general event structure (all subsets consistent) and
on its left its causal unfolding to an ese under er; the unfolding’s events are the prime
extremals.%

6 Unfolding general event structures

Recall G is the category of general event structures. We obtain a pseudo adjunction from £=
to G via an adjunction from Fam= to G. The right adjoint fam : G — Fam= is most simply
described. Given (E, Con,F) in G it returns the equivalence family (C*°(F),=) in Fam=
comprising the configurations together with the identity equivalence between events that
appear within some configuration; the partial functions between events that are maps in G
are automatically maps in Fam= — the action of fam on maps.

For the effect of the left adjoint col: Fam= — G on objects, define the collapse

col(A) =qet (E, Con, )

where

E = A_, the equivalence classes of events in A =g [JA;

X € Con iff X Chn y= =der {{a}= | a € y}, for some y € A; and

XFeiffeec E, X € Conand e € y= C X U {e}, for some y € A.
It follows that y= is a configuration of col(A) whenever y € A. From this it is easy to see
that col(A) is a replete general event structure.

Let (A,=) € Fam=. Assume that A has underlying set A. The unit of the adjunction is
defined to have typical component 14 : (A, =) — fam(col(A,=)) given by na(a) = {a}_ . It
is easy to check that n4 is a map in Fam=.

6 See [6] for further examples of the causal unfolding including an inductive characterisation in 5.2.2.
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» Theorem 17. Suppose that B = (B, Cong,Fp) € G and that g : (A,=) — (C>®(B),=) is
a map in Fam=. Then, there is a unique map k : col(A,=) — B in G such that the diagram

(A, =) - fam(col( A, =))

\ fam(k)

\
(Coo (B)7 :>
commutes.

Proof. The map k : col(A,=) — B is given as the function k(e) = g(a) where e = {a}_. It
is easily checked to be a map in G and moreover to be the unique map from col(A, =) to B
making the above diagram commute. <

Theorem 17 determines an adjunction:

fam
k—\
S

col

Fam=

The construction col automatically extends from objects to maps; maps in Fam= preserve
equivalence so collapse to functions preserving equivalence classes. The counit of the
adjunction has components ep : col((C*(E),=)) — E which send singleton equivalence
classes {e} to e. The counit is an isomorphism at precisely those general event structures E
which are replete, so cuts down to a reflection from the subcategory of replete general event
structures into equivalence families.

Composing
er fam
— k\
& 1 Jam=_ T >¢
I col

we obtain a pseudo adjunction

= -

Its right adjoint constructs the causal unfolding of a general event structure.
The composite pseudo adjunction from E= to G cuts down to a reflection, in the sense
that the counit is a natural isomorphism, when we restrict to the subcategory of G where

all general event structures are replete. Then the right adjoint provides a pseudo functor

embedding replete general event structures (and so families of configurations) in ese’s.”

7 We deal with a possible source of confusion. There is an obvious “inclusion” functor from the category of
prime event structures £ to the category £=: it extends an event structure with the identity equivalence.
Regarding £= as a plain category, so dropping the enrichment by equivalence relations, the “inclusion”
functor £ < = has a right adjoint, viz. the forgetful functor which given an ese (E, =) produces the
event structure E by dropping the equivalence. The adjunction is a coreflection because the inclusion
functor is full. Might not this coreflection compose with the pseudo adjunction from £= to G to produce
a pseudo adjunction from £ to G? No. Clearly the coreflection is not enriched in equivalence relations;
the natural bijection of the coreflection cannot respect the equivalence on maps. For this reason the two
different forms of adjunction do not compose to yield a pseudo adjunction from & to G.
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7 Conclusion

This concludes the construction of causal unfoldings of (very general) equivalence-families,
and so, in particular, general event structures. In applications it has been useful to cut down
the unfolding to subcategories. In particular, while the category of event structures with
equivalence, €=, does have bipullbacks (in which commutations and uniqueness are only up
to the equivalence = on maps) it doesn’t always have the pseudo pullbacks or pullbacks,
used in defining the composition of strategies [2, 1]. However, an important subcategory
does: define ELC to be the subcategory of £~ with objects, event structures with disjunctive
causes (edc’s), satisfying

PL,P2 <p&pr=p2 = p1=pa.

In an edc an event cannot causally depend on two distinct prime causes of a common
disjunctive event, and so rules out realisations such as that mentioned in Example 13. ELC
provides a suitable foundation for probabilistic strategies with parallel causes and is handily
related by adjunctions to general and prime event structures [7].

—— References

1  Simon Castellan, Pierre Clairambault, and Glynn Winskel. Symmetry in concurrent games.
In Joint Meeting of the Twenty-Third EACSL Annual Conference on Computer Science Logic
(CSL) and the Twenty-Ninth Annual ACM/IEEE Symposium on Logic in Computer Science
(LICS), CSL-LICS ’14, Vienna, Austria, July 14 - 18, 2014. ACM, 2014.

2 Pierre Clairambault, Julian Gutierrez, and Glynn Winskel. The Winning Ways of Concurrent
Games. In Proceedings of the 27th Annual IEEE Symposium on Logic in Computer Science,
LICS 2012, Dubrovnik, Croatia, June 25-28, 2012. IEEE Computer Society, 2012.

3 loana Cristescu. Operational and denotational semantics for the reversible pi-calculus. PhD
thesis, PPS, Université Paris Diderot, 2015.

4  loana Cristescu, Jean Krivine, and Daniele Varacca. Rigid families for CCS and the pi-
Calculus. In International Colloguium on Theoretical Aspects of Computing ICTAC, 12th ed.
Cali, Colombia, 2015.

5 Vincent Danos, Jerome Feret, Walter Fontana, Russell Harmer, Jonathan Hayman, Jean
Krivine, Chris Thompson-Walsh, and Glynn Winskel. Graphs, Rewriting and Pathway
Reconstruction for Rule-Based Models. In FSTTCS 2012, volume 18 of LIPIcs, pages 276-288.
Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik, 2012.

6 Marc de Visme. Cambridge Internship Report, ENS Paris. Available from Glynn Winskel’s
homepage http://www.cl.cam.ac.uk/~gw104/mdv-report.pdf, 2015.

7  Marc de Visme and Glynn Winskel. Strategies with Parallel Causes. In CSL 2017, volume 82
of LIPIcs. Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik, 2017.

8 G. M. Kelly. Basic concepts of enriched category theory. LNM 64. CUP, 1982.

9 Y. Kinoshita and J. Power. Category theoretic structure of setoids. T'CS, 546, 2014.

10 Mogens Nielsen, Gordon Plotkin, and Glynn Winskel. Petri Nets, Event Structures and
Domains. T'CS, 13:85-108, 1981.

11 Judea Pearl. Causality. CUP, 2013.

12 John Power. 2-Categories. BRICS Notes Series NS-98-7, 1998.

13  Glynn Winskel. Events in computation. Edinburgh University, 1980. PhD thesis, Edinburgh.

14  Glynn Winskel. Event Structures. In Advances in Petri Nets, LNCS 255, 1986.

15  Glynn Winskel and Mogens Nielsen. Models for concurrency. In Samson Abramsky and Dov
Gabbay, editors, Semantics and Logics of Computation. OUP, 1995.

9:17

CALCO 2019



9:18

Causal Unfoldings

A  Equiv-enriched categories

Here we explain in more detail what we mean when we say “enriched in the category of
pseudo
adjunction” and “pseudo pullback.” The classic text on enriched categories is [8], but for this
paper the articles [9] and [12] provide short, accessible introductions to the notions we use
from Equiv-enriched categories and 2-categories, respectively.

bRIN1Y

sets with equivalence relations” and employ terms such as “enriched adjunction,

Equiv is the category of equivalence relations. Its objects are (A, =4) comprising a set A
and an equivalence relation =4 on it. Its maps f : (A,=4) — (B,=p) are total functions
f : A — B which preserve equivalence.

We shall use some basic notions from enriched category theory [8]. We shall be concerned
with categories enriched in Equiv, called Equiv-enriched categories, in which the homsets
possess the structure of equivalence relations, respected by composition [9]. This is the
sense in which we say categories are enriched in (the category of) equivalence relations. We
similarly borrow the concept of an Equiv-enriched functor between Equiv-enriched categories
for a functor which preserves equivalence in acting on homsets. An Equiv-enriched adjunction
is a usual adjunction in which the natural bijection of the adjunction preserves and reflects
equivalence.

Because an object in Equiv can be regarded as a (very simple) category, we can regard
Equiv-enriched categories as (very simple) 2-categories to which notions from 2-categories
apply [12].

A pseudo functor between Equiv-enriched categories is like a functor but the usual laws
only need hold up to equivalence. A pseudo adjunction (or biadjunction) between 2-categories
permits a weakening of the usual natural isomorphism between homsets, now also categories,
to a natural equivalence of categories. In the special case of a pseudo adjunction between
Equiv-enriched categories the equivalence of homset categories amounts to a pair of =-
preserving functions whose compositions are =-equivalent to the identity function. With
traditional adjunctions, by specifying the action of one adjoint solely on objects, we determine
it as a functor; with pseudo adjunctions we can only determine it as a pseudo functor — in
general a pseudo adjunction relates two pseudo functors. Pseudo adjunctions compose in
the expected way. An Equiv-enriched adjunction is a special case of a 2-adjunction between
2-categories and a very special case of pseudo adjunction. In Section 6 we compose an
Equiv-enriched adjunction with a pseudo adjunction to obtain a new pseudo adjunction.

Similarly we can specialise the notions pseudo pullbacks and bipullbacks from 2-categories
to Equiv-enriched categories which is highly relevant to the companion paper [7] in which we
use pullbacks and pseudo pullbacks to compose strategies with parallel causes. Let f: A — C
and g : B — C be two maps in an Equiv-enriched category. A pseudo pullback of f and g
is an object D and maps p: D — A and ¢ : D — B such that f o p = g o ¢ which satisfy
the further property that for any D’ and maps p’ : D' — A and ¢’ : D’ — B such that
fop = goq, there is a unique map h : D' — D such that p’ = poh and ¢ = qo h;
note the insistence on the last two equalities, rather than just equivalences. There is an
obvious weakening of pseudo pullbacks to the situation in which the uniqueness is replaced
by uniqueness up to = and the equalities by = — these are simple special cases of bilimits
called bipullbacks.

Right adjoints in a 2-adjunction preserve pseudo pullbacks whereas right adjoints in a
pseudo adjunction are only assured to preserve bipullbacks.
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Probabilistic logic programming is increasingly important in artificial intelligence and related fields
as a formalism to reason about uncertainty. It generalises logic programming with the possibility of
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are given in terms of cofree coalgebras. First, the cofree F-coalgebra yields a semantics in terms
of derivation trees. Second, by embedding F into another type G, as cofree G-coalgebra we obtain
a “possible worlds” interpretation of programs, from which one may recover the usual distribution
semantics of probabilistic logic programming.

2012 ACM Subject Classification Theory of computation; Theory of computation — Logic
Keywords and phrases probabilistic logic programming, coalgebraic semantics, distribution semantics
Digital Object ldentifier 10.4230/LIPIcs.CALCO.2019.10

Funding Fabio Zanasi: partial support from EPSRC grant n. EP/R020604/1.

Acknowledgements Fabio Zanasi acknowledges support from EPSRC grant n. EP/R020604/1. The
authors thank Alessandro Facchini for useful pointers to the literature, and the anonymous reviewers
for the useful comments and feedback.

1 Introduction

Probabilistic logic programming (PLP) [23, 5, 25] is a family of approaches extending the
declarative paradigm of logic programming with the possibility of reasoning about uncer-
tainty. This has been proven useful in various applications, including bioinformatics [6, 22],
robotics [27] and the semantic web [29].

The most common version of PLP — on which for instance ProblLog is based [6], the
probabilistic analogue of Prolog — is defined by letting clauses in programs to be annotated
with mutually independent probabilities. As for the interpretation, distribution semantics [25]
is typically used as a benchmark for the various implementations of pLpP, such as pD, PRISM
and ProblLog [24]. In this semantics, the probability of refuting a goal in a program is
obtained as a sum of the probabilities of the possible worlds (sets of clauses) in which the goal
is refutable. The distribution semantics is particularly interesting because it is compatible
with the encoding of Bayesian networks as probabilistic logic programs [24], thus indicating
that pLP can be effectively employed for Bayesian reasoning.

The main goal of this work is to present a coalgebraic perspective on pLP and its distribution
semantics. We first consider the case of ground programs, that is, those without variables.
Our approach is based on the observation — inspired by the coalgebraic treatment of “pure”
logic programming [16] — that ground programs are in 1-1 correspondence with coalgebras
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for the functor M, P, where M, is the finite multiset functor on [0, 1] and Py is the finite

powerset functor. We then provide two coalgebraic semantics for ground PLP.
The first interpretation [—] is in terms of execution trees called stochastic derivation trees,
which represent parallel SLD-derivations of a program on a goal. Stochastic derivation
trees are the elements of the cofree M, P¢-coalgebra on a given set of atoms At, meaning
that any goal A € At can be given a semantics in terms of the corresponding stochastic
derivation tree by the universal property map [—] to the cofree coalgebra.
The second interpretation ((—)) recovers the usual distribution semantics of pLp. This
requires some work, as expressing probability distributions on the possible worlds needs a
different coalgebra type. We introduce distribution trees, a tree-like representation of the
distribution semantics, as the elements of the cofree D, P;Ps-coalgebra on At, where
D, is the sub-probability distribution monad. In order to characterise ((—)) as the map
given by universal property of distribution trees, we need a canonical extension of pLP
to the setting of D.,PyPs-coalgebras. This is achieved via a “possible worlds” natural
transformation M, Py = D, P;Py.

In the second part of the paper we recover the same framework for arbitrary probabilistic
logic programs, possibly including variables. The encoding of programs as coalgebras is
subtler. The space of atoms is now a presheaf indexed by a “Lawvere theory” of terms
and substitutions. The coalgebra map can be defined in different ways, depending on the
substitution mechanism on which one wants to base resolution. For pure logic programs,
the definition by term matching is the best studied, with [17] observing that moving from
sets to posets is required in order for the corresponding coalgebra map to be well-defined
as a natural transformation between presheaves. A different route is taken in [3], where
the problem of naturality is neutralised via “saturation”, a categorical construction which
amounts to defining resolution by unification instead of term-matching.

In developing a coalgebraic treatment of PLP with variables, we follow the saturation route,
as it also allows to recover the term-matching approach, via “desaturation” [3]. This provides
a cofree coalgebra semantics [—] for arbitrary pLP programs, as a rather straightforward
generalisation of the saturated semantics of pure logic programs. On the other hand, extending
the ground distribution semantics {(—)) to arbitrary PLP programs poses some challenges: we
need to ensure that, in computing the distribution over possible worlds associated to each
sub-goal in the computation, each clause of the program is “counted” only once. This is
solved by tweaking the coalgebra type of the distribution trees for arbitrary pLP programs,
so that some nodes are labelled with clauses of the program. Thanks to this additional
information, the term-matching distribution semantics of an arbitrary pPLP goal is computable
from its distribution tree.

In light of the coalgebraic treatment of pure logic programming [16, 17, 2, 3], the
generalisation to PLP may not appear so surprising. In fact, we believe its importance is
two-fold. First, whereas the derivation semantics [—] is a straight generalisation of the pure
setting, the distribution semantics ((—)) is genuinely novel, and does not have counterparts
in pure logic programming. Second, a paper dedicated to establishing the foundations of
coalgebraic PLP is a necessary preliminary step for a number of interesting applications:

as mentioned, reasoning in Bayesian networks can be seen as a particular case of PLP,

equipped with the distribution semantics. Our coalgebraic perspective thus readily applies

to Bayesian reasoning, paving the way for combination with recent works [11, 12, 4]

modelling belief revision, causal inference and other Bayesian tasks in algebraic terms.

the combination of logic programming and probabilities comes in different flavours [24]:

the more abstract viewpoint offered by coalgebra may provide a unifying perspective on
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these approaches, as well as a formal connection with seemingly related languages such
as weighted logic programming [8] and Bayesian logic programming [13].

the coalgebraic treatment of pure logic programming has been used as a formal justific-
ation [19, 14] for coinductive logic programming [15, 9]. Coinduction in the context of
probabilistic logic programs is, to the best of our knowledge, a completely unexplored
field, for which the current paper establishes semantic foundations.

We leave the exploration of these venues as follow-up work.

2 Preliminaries

Signature, Terms, and Categories. A signature Y is a set of function symbols, each
equipped with a fixed finite arity. Throughout this paper we fix a signature X, and a
countably infinite set of variables Var = {1, x2,...}. The X-terms over Var are defined as
usual. A context is a finite set of variables {x1,x2,...,2,}. With some abuse of notation,
we shall often use n to denote this context. We say a X-term t is compatible with context n
if the variables appearing in ¢ are all contained in {x1,...,2,}.

We are going to reason about Y-terms categorically using Lawvere theories. First, we
will use Ob(C) to denote the set of objects and C[C, D] for the set of morphisms C' — D in
a category C. A C-indexed presheaf is a functor F: C — Sets. C-indexed presheaves and
natural transformations between them form a category Sets®. Recall that the (opposite)
Lawvere Theory of ¥ is the category LY with objects the natural numbers and morphisms
Ly’ [n,m] the n-tuples (t1,...,t,), where each ¢; is a X-term in context m. For modelling
logic programming, it is convenient to think of each n € Ob(L3’) as representing the context
(x1,...,2n), and a morphism (¢1,...,t,) : n — m as the substitution transforming ¥-terms
in context n to X-terms in context m by replacing each z; with ¢;. We shall also refer to LY
morphisms simply as substitutions (notation 6, 7,0,...).

Logic programming. We now recall the basics of (pure) logic programming, and refer the
reader to [20] for a more systematic exposition. An alphabet A consists of a signature 3,
a set of variables Var, and a set of predicate symbols { Py, Py, ...}, each with a fixed arity.
Given an n-ary predicate symbol P in A, and 3-terms ty,...,t,, P(t1---t,) is called an
atom over A. We use A, B,... to denote atoms. Given an atom A in context n, and a
substitution § = (t1,...,¢,) : n — m, we write A6 for substitution instance of A obtained by
replacing each appearance of x; with ¢; in A. For convenience, we also use {B,..., Bx}0
as a shorthand for {B16,..., Bixf}. Given two atoms A and B (over A), a unifier of A and
B is a pair (o, 7) of substitutions such that Ac = B7. Term matching is a special case of
unification, where o is the identity substitution. In this case we say that 7 matches B with
Aif A= Br.

A (pure) logic program L consists of a finite set of clauses C in the form H « By, ..., By,
where H, By, ..., By are atoms. H is called the head of C, and By, ..., By form the body of
C. We denote H by Head(C), and {Bs, ..., B} by Body(C). A goal is simply an atom. Since
one can regard a clause H <+ By, ..., By as the logic formula By A --- A By — H, we say
that a goal G is derivable in L if there exists a derivation of G with empty assumption using
the clauses in L.

The central task of logic programming is to check whether a goal G is provable (or
refutable as in some literature) in a program L, in the sense that some substitution instance
of G is derivable in L. The key algorithm for this task is SLD-resolution, see e.g. [20]. We
use the notation L - G to mean that G is provable in L.
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Probabilistic logic programming. We now recall the basics of PLP; the reader may consult [7,
6] for a more comprehensive introduction. A probabilistic logic program P based on a logic
program LL assigns a probability label r to each clause C in L, denoted as Label(C). One may
also regard P as a set of probabilistic clauses of the form r :: C, where C is a clause in L, and
each clause C is assigned a unique probability label r in P. We also refer to r :: C simply as
clauses.

» Example 1. As our leading example we introduce the following probabilistic logic program
P+'. It models the scenario of Mary’s house alarm, which is supposed to detect burglars, but
it may be accidentally triggered by an earthquake. Mary may hear the alarm if she is awake,
but even if the alarm is not sounding, in case she experiences an auditory hallucination
(paracusia). The language of P+ includes 0-ary predicates Alarm, Eearthquake, Burglary, and
l-ary predicates Wake(—), Hear_alarm(—) and Paracusia(—), and signature ¥, = {Mary®}
consisting of a constant. We do not have variables here, so P* is a ground program. For
readability we abbreviate Mary as M in the program.

0.01 ::  Earthquake <« 0.01 ::  Paracusia(M) —
0.2:: Burglary «— 0.6 ::  Wake(M) —
0.5::  Alarm < Earthquake | 0.8:: Hear_alarm(M) <« Alarm, Wake(M)
0.9:: Alarm < Burglary 0.3::  Hear_alarm(M) < Paracusia(M)

As a generalisation of the pure case, in probabilistic logic programming one is interested
in the probability of a goal G being refutable in a program P. There are potentially multiple
ways to define such probability — in this paper we focus on the distribution semantics [7].

The probability of refuting a goal is computed in the distribution semantics as follows.
Given a probabilistic logic program P = {p; :: C1,...,pn :: Cp}, let |P| be its underlying
pure logic program, namely |P| = {C1,...,Cn}. A sub-program L of |P| is a logic program
consisting of a subset of the clauses in |P|. This justifies using P(|P|) to denote the set of
all sub-programs of |P|, and using L. C |P| to denote that L is a sub-program of P. The
central concept of the distribution semantics is that P determines a distribution pp over the
sub-programs P(|P|): for any L € P(|P[), up(L) = [Ic,er. Pi [Ic,epp(1 — pj)- The value
up(LL) is called the probability of the sub-program LL. For an arbitrary goal G € At, the success
probability Prp(G) of G w.r.t. program P is then defined as the sum of the probabilities of
all the sub-programs of P in which G is refutable:

Pe(G) = 3. @)= > ([[w [ C—p) (1)

[PIDLFG [PIDLFG C;eL  C;e|P|\L

Intuitively one can regard every clause in [P as an event, then every sub-program L can be
seen as a possible world, and pp is a distribution over the possible worlds.

» Example 2. For the program P*, consider the goal Hear__alarm(M). By definition (1), we
can compute its success probability Prp. (Hear_alarm(M)), and the result is 0.091102896.

3 Ground case

In this section we introduce a coalgebraic semantics for ground probabilistic logic program-
ming, i.e. for those programs where no variable appears. Our approach consists of two parts.
First, in Subsection 3.1, we represent PLP logic programs as coalgebras and their executions
as a final coalgebra semantics (Subsection 3.2) — this is a straight generalisation of the
coalgebraic treatment of pure logic programs given in [16]. Next, in Subsection 3.3 we show
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how to represent the distribution semantics in terms as a final coalgebra, via a transformation
of the coalgebra type of logic programs. Appendix A shows how the probability of a goal is
effectively computable from the above representation.

3.1 Coalgebraic Representation of pLp

A ground program will be represented as a coalgebra for the composite M, Ps: Sets —
Sets of the finite probability functor M,,: Sets — Sets and the finite powerset functor
P;: Sets — Sets. The definition of M, deserves some further explanation. It can be
seen as the finite multiset functor based on the commutative monoid ([0, 1],0,V), where
aVb:=1—(1—a)(1—0b). That is to say, on objects, M, (A) is the set of all finite probability
assignments p: A — [0, 1] with a finite support supp(¢) = {a € A | p(a) # 0}. For ¢ with
support {ay,...,ar} and values ¢(a;) = r;, it will often be convenient to use the standard
notation ¢ = Ele 7ia; Or ¢ =1r1a1 + -+ - + rgag, where the purely formal “+” here should
not be confused with the addition in R. On morphisms, M, (h: A — B) maps Zle r;a; to
Zle rih(ag).

Fix a ground probabilistic logic program P on a set of ground atoms At. The definition of
P can be encoded as an M, Ps-coalgebra p: At — M,,,.(Py(At)), as follows. Given A € At,

p(A4):  Pr(At) = [0,1]

r ifr: A+ Bi,...,B, is aclause in P

0 otherwise.

{B1,...,B,} — {

Or, equivalently, p(A) = > r{Bi,...,Bn}.

(r::A<By,...,Bp) € P
» Example 3. Consider program P* from Example 1. The set of ground atoms At,; is
{Alarm, Earthquake, Burgary, Wake(M), Paracusia(M), Hear__alarm(M)}. Here are some values
of the corresponding coalgebra pq;: Ata — Mp, PrAty:

pai(Hear _alarm(M)) = 0.8{Alarm, Wake(M)} + 0.3{Paracusia(M)} pq:(Earthquake) = 0.01{}

» Remark 4. One might wonder why not simply adopt Ps(Ps(—) x [0, 1]) as the coalgebra
type for pLp. Note that this encoding would not have 1 — 1 correspondence with ground pLP
programs: a clause C € Py(At) may be associated with different probabilities in [0, 1], which
violates the standard definition of PLP programs.

3.2 Derivation Semantics

In this section we are going to construct the final At x My, Ps(—)-coalgebra, thus providing
a semantic interpretation for probabilistic logic programs based on At.

Before the technical developments, we give an intuitive view on the semantics that the
final coalgebra is going to provide. We shall represent each goal as a stochastic derivation
tree in the final coalgebra. These trees are the probabilistic version of and-or derivation trees,
which represent parallel SLD-resolutions in pure logic programming [10].

» Definition 5 (Stochastic derivation trees). Given a ground pLP program P and a ground

atom A, the stochastic derivation tree for A in P is the possibly infinite tree T such that:

1. Every node is either an atom-node (labelled with an atom A’ € At) or a clause-node
(labelled with e). They appear alternatingly in depth, in this order. The root is an
atom-node labelled with A.

10:5

CALCO 2019



10:6

A Coalgebraic Perspective on Probabilistic Logic Programming

2. Fach edge from an atom-node to its (clause-)children is labelled with a probability value.

3. Suppose s is an atom-node with label A’. Then for every clause r :: A’ < B1,..., By in
P, s has exactly one child t, the edge s — t is labelled with v, and t has exactly k children
labelled with By, ..., By, respectively.

The final coalgebra semantics [—], for a program P will map a goal A to the stochastic
derivation tree representing all possible SLD-resolutions of A in P.

» Example 6. Continuing Example 1, [Hear_alarm(M)], , is the stochastic derivation
tree below. The subtree highlighted in red represents one of the successful refutations
of Hear_alarm(M) in p,;: indeed, note that a single child is selected for each atom-node
A (corresponding to a clause matching A), all children of any clause-node are selected
(corresponding to the atoms in the body of the clause), and the subtree has clause-nodes as
leaves (all atoms are proven).

o.g Hear_Alarm(M) .
< \ °
!

Wake(M) Paracusia(M)

Alarm

0-5 0.9 0.6 | 0.01 (2)
[ ] [ ] [} [}
\ \
Earthquake Burglary
0.01 | 0.2]
[ ] [ ]

Any such subtree describes a refutation, but does not yield a probability value to be associated
to a goal — this is the remit of the distribution semantics, see Example 10 below.

In the remaining part of the section, we construct the cofree coalgebra for M, Py via
a so-called terminal sequence [28], and obtain [—], from the resulting universal property.
We report the steps of the terminal sequence as they are instrumental in showing that the
elements of the cofree coalgebra can be seen as stochastic derivation trees.

» Construction 7. The terminal sequence for the functor At x M, P;(—) : Sets — Sets
consists of sequences of objects { X, }acora and arrows {(53‘: Xo = X3} p<acord constructed
by the following inductive definitions:

1 CMZLB:O

At @=0 idae X My Py (6571 B1=¢+2
I X r = =
Xo = Atx My, Pp(Xe) a=¢&+1  65:=4 7770 ¢

the limit projections « is limit, 8 < «
lim{d} [ £ < x <a} «is limit Pro) 8

universal map to Xg fis limit,a =5+1

» Proposition 8. The terminal sequence for the functor At x M, Pr(—) converges to a limit
X, such that X, = X, 1.

Proof. We need to verify the assumptions of [28, Corollary 3.3]. It is well-known that
P; is w-accessible, and M,, has the same property, see e.g. [26, Prop. 6.1.2]. Because
accessibility is defined in terms of colimit preservation, it is clearly preserved by composition,
and thus M, Py is also accessible. It remains to check that it preserves monics. For M,,,
given any monomorphism ¢ : C — D in Sets, suppose M, (7)(¢) = M, (¢)(¢’) for some
0, ¢ € Mp(C). Then for any d € D, M, (i)(¢)(d) = Mp-(1)(¢’)(d). If we focus on the
image i[C], then there is an inverse function i~! : i[C] — C, and M,,.(i)(¢) = M, (i)(¢")
implies that p(i~1(d)) = ¢'(i71(d)) for any d € i[C]. But this simply means that ¢ = ¢’. As
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the same is true for Py and the property is preserved by composition, we have that M, Py
preserves monics. We can then conclude by [28, Corollary 3.3] that the terminal sequence for
At x M, Py converges to the cofree M, Ps-coalgebra on At. <

Note that X.41 is defined as At x M,,Ps(X,), and the above isomorphism makes
Xy — At x M, Py(X,) the final At x M, Ps-coalgebra — or, in other words, cofree My, Py-
coalgebra on At. As for the tree representation of the elements of X, recall that elements of
the cofree Py Ps-coalgebra on At can be seen as and-or trees [16]. By replacing the first Py
with M., effectively one adds probability values to the edges from and-nodes to or-nodes
(which are edges from atom-nodes to or-nodes in our stochastic derivation trees), as in (2).
Thus stochastic derivation trees as in Definition 5 are elements of X,. The action of the
coalgebra map =: X, — At x M, P(X,) is best seen with an example: the tree 7 in
(2) (an element of X ) is mapped to the pair (Hear_alarm(M), ), where ¢ is the function
Ps(Xy) — [0, 1] assigning 0.8 to the set consisting of the subtrees of 7 with root Alarm and
with root Wake(M), 0.3 to the singleton consisting to the subtree of 7 with root Paracusia(M),
and 0 to any other finite set of trees.

With all the definitions at hand, it is straightforward to check that [—], mapping A € At
to its stochastic derivation tree in p makes the following diagram commute

\L<id,p>
At x M,,Ps(At)

and thus by uniqueness it coincides with the At x M,,Ps-coalgebra map provided by the
universal property of the final At x M, Ps-coalgebra X, — At x M, Pr(X,).

3.3 Distribution Semantics

This section gives a coalgebraic definition of the usual distribution semantics of probabilistic
logic programming. As in the previous section, before the technical developments we gather
some preliminary intuition. Recall from Section 2 that the core of the distribution semantics
is the probability distribution over the sub-programs (sets of clauses) of a given program P.
These sub-programs are also called (possible) worlds, and the distribution semantics of a
goal is the sum of the probabilities of all the worlds in which it is refutable.

In order to code this information as elements of a final coalgebra, we need to present it
in tree-shape. Roughly speaking, we form a distribution over the sub-programs along the
execution tree. This justifies the following notion of distribution trees.

» Definition 9 (Distribution trees). Given a PLP program P and an atom A, the distribution

tree for A in P is the possibly infinite tree T satisfying the following properties:

1. Every node is exactly one of the three kinds: atom-node (labelled with an atom A € At),
world-node (labelled with o), clause-node (labelled with e). They appear alternatingly in
this order in depth. The root is an atom-node labelled with A.

2. Every edge from an atom-node to its (world-)children is labelled with a probability value,
and they sum up to one.

3. Suppose s is an atom-node labelled with A’, and C = {Cy,...,Cp} is the set of all the
clauses in P whose head is A’. Then s has 2™ children, each standing for a subset
X of C. If a child t stands for X, then the edge s — t is labelled with probability
[Tcex Label(C) - [Terec x (1 — Label(C)) — recall that Label(C) is the probability labelling
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C. Also, t has exactly | X| children, each standing for a clause C € X. If a child u stands
forC=r: A"+ By,...,By, then u has k children, labelled with By, ..., By respectively.

Comparing distribution trees with stochastic derivation trees (Definition 5) , one can
observe the addition of another class of nodes, representing possible worlds. Moreover, the
possible worlds associated with an atom-node (a goal) must form a probability distribution —
as opposed to stochastic derivation trees, in which probabilities labelling parallel edges do
not need to share any relationship. An example of the distribution tree associated with a
goal is provided in the continuation of our leading example (Examples 1 and 6).

» Example 10. In the context of Example 1, the distribution tree of Hear_alarm(M) is
depicted below, where we use grey shades to emphasise sets of edges expressing a probability
distribution. Also, note the os with no children, standing for empty worlds.

Hear_alarm(M

m Paracusia(M

Alarm Wake(M Paracusia(M Alarm Wake 0.99 001

0. 06 0.99/\0.01 06
040 0.05

Earthquake Burglary Burglary Earthquake Burglary  Earthquake Burglary

0.99/. ?01 UO/ 0.2 ooo/ u()m 08/ ioz 0.99/ %}01 08/ ioz 0.99/ iom 08/ EUQ

In the literature, the distribution semantics usually associates with a goal a single probability
value (1), rather than a whole tree. However, given the distribution tree it is straightforward
to compute such probability. The subtree highlighted in red above describes a refutation of
Hear_alarm(M) with probability 0.000001296 ( = the product of all the probabilities in the
subtree). The sum of all the probabilities associated to such “refutation” subtrees yields the
usual distribution semantics (1) — the computation is shown in detail in Appendix A.

In the remainder of this section, we focus on the coalgebraic characterisation of distribution
trees and the associated semantics map. Our strategy will be to introduce a novel coalgebra
type D.,P;Py, such that distribution trees can be seen as elements of the cofree coalgebra.
Then, we will provide a natural transformation M,, = D, Py, which can be used to
transforms stochastic derivation trees into distribution trees. Finally, composing the universal
properties of these cofree coalgebras will yield the desired distribution semantics.

We begin with the definition of D.,Py. This is simply the composite D., Py : Sets — Sets,
where D, is the sub-probability distribution functor. Recall that D., maps X to the set of
sub-probability distributions with finite supports on X (i.e., convex combinations of elements
of X whose sum is less or equal to 1), and acts component-wise on functions.

» Remark 11. Note that we cannot work with full probabilities here, since a goal may not
match any clause. In such a case there is no world in which the goal is refutable and its
probability in the program is 0.

The next step is to recover distribution trees as the elements of the D, PsPs-cofree
coalgebra on At. This goes via a terminal sequence, similarly to the case of M, P in the
previous section. The terminal sequence for At x D,P;Ps(—) : Sets — Sets is constructed
as the one for At x M, Ps(—) : Sets — Sets (Construction 7), with D, Py replacing M,,,.
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» Proposition 12. The terminal sequence of At x D, P¢Ps(—) converges at some limit
ordinal x, and (N7 1Yy — At x Do, PrPsYy is the final At x D, PfPy coalgebra.

Proof. As for Proposition 8, by [28, Cor. 3.3] it suffices to show that D_, Py is accessible and
preserves monos. Both are simple exercises; in particular, see [1] for accessibility of D.,. <«

The association of distribution trees with elements of Y, is suggested by the type
At x Do, P;Py. Indeed, At x D, is the layer of atom-nodes, labelled with elements of At and
with outgoing edges forming a sub-probability distribution; the first P is the layer of world-
nodes; the second Py is the layer of clause-nodes. The coalgebra map Y, — At x Do, P;P;Y,
associates a goal to subtrees of its distribution trees, analogously to the coalgebra structure
on stochastic derivation trees in the previous section.

The last ingredient we need is a translation of stochastic derivation trees into distribution
trees. We formalise this as a natural transformation pw : My, = D.,Ps. The naturality of
pw can be checked with a simple calculation.

» Definition 13. The “possible worlds” natural transformation pw: My, = D, Py is

defined by pw . : p Zygsupp(w) ryY, where eachry =[] cy go(y).Hy’ESUpp(Lp)\Y(l_QD(y/)).
In particular, when supp(p) is empty, pwx (¢) = 0.

Now we have all the ingredients to characterise the distribution semantics coalgebraically,
as the morphism ((—)),: At — Y, defined by the following diagram, which maps A € At to
its distribution tree in p.

- -1 T~
AT - s X - - - - — - — — o =9
l<idApp> lu 3)
idpe X MprP ¢ ([-1p)
At X My PpAt ————> At X M, P X, o
\LidAt XPWD . (At) lidAt xpwp Xy
idat XD <1 PPy ([=1p) idatXD<1 PpPr(l)

At x DSIPfPfAt — > At X 'Dglpf'PfX,y At x DﬁlprfYX

Note the use of pw to extend probabilistic logic programs and stochastic derivation trees

to the same coalgebra type as distribution trees. Then the distribution semantics {—)),
is uniquely defined by the universal property of the final At x D.,P;Ps-coalgebra. By
uniqueness, it can also be computed as the composite ! o [—],, that is, first one derives
the semantics [—],, then applies the translation pw to each level of the resulting stochastic
derivation tree, in order to turn it into a distribution tree.

4 General Case

We now generalise our coalgebraic treatment to arbitrary probabilistic logic programs and
goals, possibly including variables. The section has the same structure as the one devoted to
the ground case. First, in Subsection 4.2, we give a coalgebraic representation for general pLP,
and equip it with a final coalgebra semantics in terms of stochastic derivation trees. Next, in
Subsection 4.3, we study the coalgebraic representation of the distribution semantics. We
begin by introducing our leading example — an extension of Example 1.

» Example 14. We tweak the ground program of Example 1. Now it is not just Mary that
may hear the alarm, but also her neighbours. There is a small probability that the alarm
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rings because someone passes too close to Mary’s house. However, we can only estimate the
possibility of paracusia and being awake for Mary, not the neighbours. The revised program,
which by abuse of notation we also call P, is based on an extension of the language in
Example 1: we add a new l-ary function symbol Neigh1 to the signature X, and a new
1-ary predicate PassBy(—) to the alphabet. Note the appearance of a variable x.

0.01 ::  Earthquake — 0.5:: Alarm + Earthquake
0.2:: Burglary — 0.9:: Alarm <+ Burglary
0.6 ::  Wake(Mary) — 0.1:: Alarm <+ PassBy(x)

0.01:: Paracusia(Mary) <« 0.3:: Hear_alarm(x) <« Paracusia(x)

0.8 ::  Wake(Neigh(x)) <« Wake(x) | 0.8:: Hear_alarm(x) <« Alarm, Wake(x)

As we want to maintain our approach a direct generalisation of the coalgebraic semantics [3]
of pure logic programs, the derivation semantics [—] for pLP will represent resolution by
unification. This means that, at each step of the computation, given a goal A, one seeks
substitutions 6,7 such that A9 = Hr for some head H of a clause in the program. As
a roadmap, we anticipate the way this computation is represented in terms of stochastic
derivation trees (Definition 20 below), with a continuation of our leading example.

» Example 15. In the context of Example 14, the tree for [Hear_alarm(x)]pa: is (partially)
depicted below. Compared to the ground case (Example 6), now substitutions applied on
the goal side appear explicitly as labels. We abbreviate Neigh as N and Mary as M.

Hear alarm(x]

Wake(N Paracusm
Alarm Wake Paracursua(M) (4)

X

0.5

Earthquake Burglary PassBy(y) PassBy(M)  PassBy(N(M))  PassBy(N(x))

Resolution by unification as above will be implemented in two stages. The first step is
devising a map for term-matching. Assuming that the substitution instance A# of a goal A
is already given, we define p performing term-matching of Af in a given program P:

r (r:H+ Bi,...,Bg) € Pand
p(A8): {Bi7,...,BkTiticicn I contains all 7 s.t. A = HT; (5)

0 otherwise.

Intuitively, one application of such map is represented in a tree structure as Example 15
by the first two layers of the subtree rooted at 6. The reason why the domain of p(A) is
a countable set {B17;, ..., BiTitiercn of instances of the same body Bi, ..., By is that the
same clause may match a goal with countably many different substitutions 7;. For example
in the bottom part of (4) there are countably infinite substitutions 7; matching the head of
Alarm < PassBy(x) to the goal Alarm, substituting = with Mary, Neigh(Mary), Neigh(x), . ...
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This will be reflected in the coalgebraic representation of pLp (see (7) below) by the use of
the countable powset functor P,.

In order to model arbitrary unification, the second step is considering all substitutions
f on the goal A such that a term-matcher for A6 exists. There is an elegant categorical
construction [3] packing together these two steps into a single coalgebra map. We will
present it in subsection 4.1, and then use it to present the derivation semantics anticipated
by Example 15 (Section 4.2). Finally we will give a coalgebraic view on the distribution
semantics for pLP (Section 4.3).

4.1 Coalgebraic Representation of pLp

Towards a categorification of general pLP, the first concern is to account for the presence of
variables in atoms. This is standardly done by letting the space of atoms on an alphabet A
be a presheaf At: LY — Sets rather than a set. Here the index category LY is the opposite
Lawvere Theory of ¥ (see Section 2). For each n € Ob(LyY), At(n) is defined as the set of
A-atoms in context n. Given a n-tuple 6 = (t1,...,t,) € LY [n,m] of X-terms in context m,

At(0): At(n) — At(m) is defined by substitution, namely At(0)(A) = A, for any A € At(n).

As observed in [17] for pure logic programs, if we naively try to model our specification
(5) for p as a coalgebra on At, we run into problems: indeed p is not a natural transformation,
thus not a morphism between presheaves. Intuitively, this is because the existence of a
term-matching for a goal A does not necessarily imply the existence of a term-matching
for its substitution instance Ac. For pure logic programs, this problem can be solved in at
least two ways. First, [17] relaxes naturality by changing the base category of presheaves
from Sets to Poset. We take here the second route, namely give a “saturated” coalgebraic
treatment of pLP, generalising the modelling of pure logic programs proposed in [3]. This
approach has the advantage of letting us work with Sets-based presheaves, and be still able
to recover term-matching via a “desaturation” operation — see [3] and Appendix B.

The Saturation Adjunction. To this aim, we briefly recall the saturated approach from [3].

The central piece is the adjunction U« - IC on presheaf categories, as on the left below.

u LY |——Lg
Sets™s’ 1 Sets/L='l Fi (6)
~_ K(F)
K Sets

Here |L$P| is the discretisation of LyY, i.e. all the arrows but the identities are dropped. The
left adjoint U is the forgetful functor, given by precomposition with the obvious inclusion
v |LYP] — LY. U has a right adjoint £ = Ranc: Sets!™®’| — Sets™® , which sends every
presheaf F: |[LYY| — Sets to its right Kan extension along ¢, as in the rightmost diagram
in (6). The definition of K can be computed [21] as follows:
on objects F € Ob(Sets"s), the presheaf K(F): LYY — Sets is defined by letting KC(F)(n)
be the product K(F)(n) = HHGL;p in,m) F (M), where m ranges over Ob(Ly). Intuitively,
every element in IC(F)(n) is a tuple with index set |, ,cop (L) LY [n, m], and its component
at index 6: n — m is an element in F(m). We follow the convention of [3] and write
2,9, ... for such tuples, and 4(0) for the component of & at index 6.
With this convention, given an arrow o € L [n,n'], K(F)(o) is defined by pointwise
substitution as the mapping of the tuple & to the tuple (£(00))y. ../ -
On arrows, given a morphism a: F — G in Sets/™s’|| K(a) is a natural transformation
K(F) — K(G) defined pointwisely as K(a)(n): @ — {c,(£(0)))

0: n—m"
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It is also useful to record the unit n: 1 — KU of the adjunction &4 -+ K. Given a
presheaf F: LYY — Sets, np: F — KUF is a natural transformation defined by ng(n): z —

(FO)(@))g. psm-

Saturation in PLP. 'We now come back to the question of the coalgebra structure on the
presheaf At modelling pLp. First, we are now able to represent p in (5) as a coalgebra map.
The aforementioned naturality issue is solved by defining it as a morphism in Sets!™s| rather
than in SetsLOEp, thus making naturality trivial. The coalgebra p will have the following type

p: UAt — M, PP UAL (7)

where (+) is the obvious extension of Sets-endofunctors to Sets' lendofunctors, defined by

functor precomposition. With respect to the ground case, note the insertion of 73\0, the lifting
of the countable powerset functor, in order to account for the countably many instances of a
clause that may match the given goal (¢f. the discussion below (5)).

» Example 16. Our program P (Example 14) is based on Aty: Ly — Sets. Some
of its values are At (0) = {Mary, Neigh(Mary), Neigh(Neigh(Mary)),...} and Aty (1) =
{x, Mary, Neigh(x), Neigh(Mary), ... }. Part of the coalgebra p,; modelling the program P* is
as follows (cf. the tree (4)).

(pai)o(Hear__alarm(Mary)) = 0.8{{Alarm, Wake(Mary)}} + 0.3{{Parasusia(Mary)}}
(pai)1(Alarm) = 0.5{{Earthquake}} + 0.9{{Burglary}}
+ 0.1{{PassBy(Mary)}, {PassBy(Neigh(Mary))}, {PassBy(Neigh(x))}, ... }

The universal property of the adjunction (6) gives a canonical “lifting” of p to a
KM, P.PrlU-coalgebra p* on At, performing unification rather than just term-matching:

Pt = At 28 KUAL BB KM, PP UAL (8)
where 7 is the unit of the adjunction, as defined above. Spelling it out, p* is the mapping

phoo A e At(n) = (pn(A0))

0: n—m*

Intuitively, pf, retrieves all the unifiers (6, 7) of A and head H in PP: first, we have A6 € At(m)
as a component of the saturation of A by nat; then we term-match H with A6 by Kp,,.

» Remark 17. Note that the parameter n € Ob(Ly’) in the natural transformation p* fixes
the pool {z1,...,x,} of variables appearing in the atoms (and relative substitutions) that are
considered in the computation. Analogously to the case of pure logic programs [17, 3], it is
intended that such n can always be chosen “big enough” so that all the relevant substitution
instances of the current goal and clauses in the program are covered — note the variables
occurring therein always form a finite set, included in {z1,...,2,,} for some m € N.

4.2 Derivation Semantics

Once we have identified our coalgebra type, the construction leading to the derivation
semantics [—],: for general pLp is completely analogous to the ground case. One can define
the cofree coalgebra for IC/T/l\pﬂ/?\c’ﬁ}Z/{ (=) by terminal sequence, similarly to Construction 7.
For simplicity, henceforth we denote the functor IC/T/l\pﬂ/?\J/);L[ (=) by S.

» Construction 18. The terminal sequence for At x S(—) : Sets™> — Sets™ consists of a
sequence of objects X, and morphisms §2: X5 — X,, for o < B € Ord, defined analogously
to Construction 7, with p* and S replacing p and M, Ps.
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This terminal sequence converges by the following lemma.
» Proposition 19. S is accessible, and preserves monomorphisms.

Proof. Since both properties are preserved by composition, it suffices to show that they
hold for all the component functors. For /T/l\p,«, 7/3: and 75}, they follow from accessibility
and mono-preservation of My, P. and P; (see Proposition 8), as (co)limits in presheaf
categories are computed pointwise. For K and U, these properties are proven in [3]. |

Therefore the terminal sequence for At x S(—) converges at some limit ordinal, say -, yielding

the final At x S(—)-coalgebra X, S A% S (X5). The derivation semantics is then defined
[-],:: At — X, by universal property, as on the right.

[-1,4
At > X,

(") lz (©)
At x S(At) —— At x S(X,)

idat X [[—ﬂpu

A careful inspection of the terminal sequence constructing X allows to infer a representation
of its elements as trees, among which we have those representing computations by unification
of goals in a PLP program. We call these stochastic saturated derivation trees, as they extend
the derivation trees of Definition 5 and are the probabilistic variant of saturated and-or trees
in [3]. Using (9) one can easily verify that [A] is indeed the stochastic saturated derivation
tree for a given goal A. Example 15 provides a pictorial representation of one such tree.

» Definition 20 (Stochastic saturated derivation trees). Given a probabilistic logic program P,
a natural number n and an atom A € At(n). The stochastic saturated derivation tree for A
in P is the possibly infinite tree T satisfying the following properties:

1. There are four kinds of nodes: atom-node (labelled with an atom), substitution-node
(labelled with a substitution), clause-node (labelled with e), instance-node (labelled with
¢ ), appearing alternatively in depth in this order. The root is an atom-node with label A.

2. Each clause-node is labelled with a probability value.

3. Suppose an atom-node s is labelled with A’ € At(n'). For every substitution 6: n' — m/,
s has ezxactly one (substitution-node) child t labelled with 6. For every clause r :: H «
By, ..., By in P such that H matches A'0 (via some substitution), t has exactly one
(clause-)child u, and edge t — w is labelled with r. Then for every substitution T such
that A'0 = Ht and By, ..., B, € At(m’), u has exactly one (instance-)child v. Also
v has exactly |{B17, ..., Bi7}|-many (atom-)children, each labelled with one element in
{By7,...,BpT}.

4.3 Distribution Semantics

In this section we conclude by giving a coalgebraic perspective on the distribution semantics
{(—) for general pLP. Mimicking the ground case (Section 3.3), this will be presented as an
extension of the derivation semantics, via a “possible worlds” natural transformation. Also in
the general case, we want to guarantee that a single probability value is computable for a given
goal A from the corresponding tree ((A)) in the final coalgebra — whenever this probability
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is also computable in the “traditional” way (see (1)) of giving distribution semantics to
PLP. In this respect, the presence of variables and substitutions poses additional challenges,
for which we refer to Appendices A and B. In a nutshell, the issue is that the distribution
semantics counts the use of a clause in the program at most once, independently from how
many times that clause is used again in the computation. To account for this aspect in our
tree representation, we need to give enough information to determine which clause is used at
each step of the computation, so that a second use can be easily detected. Note that neither
our saturated derivation trees, nor a “naive” extension of them to distribution trees, carry
such information: what appears in there is only the instantiated heads and bodies, but in
general one cannot retrieve A from a substitution 6 and the instantiation Af. This is best
illustrated via a simple example.

» Example 21. Consider the following program, based on the signature ¥ = {a"} and two
l-ary predicates P, Q. It consists of two clauses:

051 P(z1) « Q(x1) | 0.5 Par) + Q(x2)

The goal P(a) matches the head of both clauses. However, given the sole information of the
next goal being Q(a), it is impossible to say whether the first clause has been used, instantiated
with z1 — a, or the second clause has been used, instantiated with =1 — a,x2 — a.

This observation motivates, as intermediate step towards the distribution semantics, the
addition of labels to clause-nodes in derivation trees, in order to make explicit which clause
is being applied. From the coalgebraic viewpoint, this just amounts to an extension of the
type of the term-matching coalgebra:

P UAL = M, (PoPUAL x (UAE x UPAL)).

Note the insertion of (—) x (LAt x 1/17/3;At)7 which allows us to indicate at each step the head
(UAtL) and the body (UPAt) of the clause being used, its probability label being already
given by M,,.. More formally, for any n and atom A € At(n), we define

pn(A): ({Bi7iy..., BpTitiezen, (H,{Bi,..., Bi})) — {r (T::H%Bl’ oo By) € Hri = A
0 otherwise
As in the case of p in (7), we can move from term-matching to uniﬁcation by using the
universal property of the adjunction ¢ - K, yielding pt: At — ICMPT (77 PfUAt (L{At
L{PfAt)) For simplicity henceforth we denote the functor ICMW(P PfU( ) x (UAE PfI/{At))
by R.
We are now able to conclude our characterisation of the distribution semantics. The

“possible worlds transformatlon pw: M, = D, P (Definition 13) yields a natural trans-
formation pw: /\/lp,« — D<1’Pf, defined p01ntw1se by pw. We can use pw to translate R into
the functor ICD<177f(77 PfL{( ) x (UAt x PfZ/{At)), abbreviated as O, which is going to give
the type of saturated distribution trees for general PLP programs.

! As noted in Remark 17, instantiating p to some n € Ob(L) fixes a variable context {z1,...,%»} both
for the goal and the clause labels. In practice, because the set of clauses is always finite, it suffices to
chose n “big enough” so that the variables appearing in the clauses are included in {z1,...,2n}.
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As a simple extension of the developments in Section 4.2, we can construct the cofree
R-coalgebra & = At x R(®P) via a terminal sequence. Similarly, one can obtain the cofree
O-coalgebra ¥ = At x O(¥). By the universal property of U, all these ingredients get
together in the definition of the distribution semantics <<_>>;n for arbitrary pLp programs p*

!
At:::,'ﬁ,,,>¢),,,,,,,“I’,,,,::i\p
i<idAt,;;”> J{N

At x RAt 2R v RO -
iidmxic&v \LidAthp/\;v

At x OAt —2XCU) a0 dnxOCe) At x OT

where !¢ and !y are given by the evident universal properties, and show the role of the cofree
R-coalgebra ® as an intermediate step. The layered construction of final coalgebras ¥ and @,
together with the above characterisation of ((—)};u, allow to conclude that the distribution
semantics for the program p? maps a goal A to its saturated distribution tree ((A));u, as
formally defined below.

» Definition 22 (Saturated distribution tree). The saturated distribution tree for A € At(n)
in P is the possibly infinite T satisfying the following properties based on Definition 20:

1. There are five kinds of nodes: in addition to the atom-, substitution-, clause- and instance-
nodes, there are world-nodes. The world-nodes are children of the substitution-nodes, and
parents of the clause nodes. The root and the order of the rest nodes are the same as in
Definition 20, condition 1. The clause-nodes are now labelled with clauses of P.

2. Suppose s is an atom node labelled with A" € At(n’), and t is a substitution-child of s
labelled with 60: n' — m. Let C be the set of all clauses C such that Head(C) matches A'6.
Then t has 2!€! world-children, each representing a subset X of C. If a child u represents
subset X, then the edge t — u has probability label [].c x Label(C) - [I¢icc x Label(C').
Also u has | X| clause-children, one for each clause C € X, labelled with the corresponding
clause. The rest for clause-nodes and instance-nodes are the same as in Definition 20,
condition 3.

» Remark 23. Note that, in principle, saturated distribution trees could be defined coal-
gebraically without the intermediate step of adding clause labels. This is to be expected:
coalgebra typically captures the one-step, “local” behaviour of a system. On the other hand,
as explained, the need for clause labels is dictated by a computational aspect involving the
depth of distribution trees, that is, a “non-local” dimension of the system.

We conclude with the pictorial representation of the saturated distribution tree of a goal in
our leading example.
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» Example 24. In the context of Example 14, the tree ((Hear alarm(x))) capturing the
distribution semantics of Hear__alarm(x) is (partially) depicted as follows. Note the presence
of clauses labelling the clause-nodes.
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A  Computability of the Distribution Semantics (Ground Case)

Computing with distribution trees. As a justification for our tree representation of the
distribution semantics, we claimed that the probability Prp(A) associated with a goal (see
(1)) can be straightforwardly computed from the corresponding distribution tree ((A})),. This
appendix supplies such an algorithm. Note this serves just as a proof of concept, without
any claim of efficiency compared to pre-existing implementations. In the sequel we fix a
ground pLP program P with atoms At, a goal A € At and the distribution tree 7 for A in P
(Definition 9). First, we may assume that 7 does not contain loop (which implies that T is
finite). Indeed, in the ground case loops only results from multiple appearance of an atom in
some path, which can be easily detected. We can prune the subtrees of 7 rooted by atoms
that already appeared at an earlier stage: this does not affect the computation of Prp(A),
and it makes 7T finite. Next, we introduce the concept of deterministic subtree. Basically a
deterministic subtree selects one world-node at each stage. Recall that every clause-node
in 7T represents a clause in |P|, whose head is the label of its atom-grandparent, and body
consists of the labels of its atom-children.

» Definition 25. A subtree S of T is deterministic if (i) it contains exactly one child
(world-node) for each atom-node and all children for other nodes, and (i) for any distinct
atom-nodes s,t in S with the same label, s and t have their clause-grandchildren representing
the same clauses.

The idea is that S describes a computation in which the choice of a possible world (i.e., a
sub-program of P) associated to any atom B appearing during the resolution is uniquely
determined. Because of this feature, each deterministic subtree uniquely identifies a set of
sub-programs of P, and together the deterministic subtrees of 7 form a partition over the set
of these sub-programs (see Proposition 27 below).

Since 7T is finite, it is clear that we can always provide an enumeration of its deterministic
subtrees. We can now present our algorithm, in two steps. First, Algorithm 1 computes the
probability associated with a deterministic subtree. Second, Algorithm 2 computes Prp(A)
by summing up the probabilities found by Algorithm 1 on all the deterministic subtrees of T
which contains a refutation of A. Below we write label(s — t) for the probability labelling
the edge from s to t.

Algorithm 1 Compute probability of a deterministic subtree.

Input: A deterministic subtree S of T
Output: The probability of S

probList = [ ]
for atom-node s in S do
if s has child then
probList += label(s — child(s))
if probList == [ ] then
return 0
else prob = product of values in probList
return prob
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Algorithm 2 Compute probability of a goal.

Input: The distribution tree 7 of A in P
Output: The success probability Prp(A)

probSuc = 0
for deterministic subtree S of 7 do
if S refutes A then
probSuc += Algorithm 1(S)

return probSuc

The above procedure terminates because 7 is finite and every for-loop is finite. We now
focus on the correctness of the algorithm.

Correctness. As mentioned, a world-node in a deterministic subtree can be seen as a choice
of clauses: one chooses the clauses represented by its clause-children, and discards the clauses
represented by its “complement” world. For correctness, we make this precise, via the
following definition.

» Definition 26. Given a clause C in P, a deterministic subtree S of T, a world-node t and
its atom-parent s in S, we say t accepts C if Head(C) = label(s) and there is a clause-child

of t that represents C; t rejects C if Head(C) = label(s) but no clause-child of t represents C.

We say S accepts (rejects) C if there exists a world-node t in S accepts (rejects) C.

Note that Definition 25, condition (ii) prevents the existence of world-nodes ¢,t' in S such

that ¢ accepts C and t’ rejects C. Thus the notion that S accepts (rejects) C is well-defined.
We denote the set of clauses accepted and rejected by S by Acc(S) and Rej(S), respectively.

Then we can define the set SubProg(S) of sub-programs represented by S as
SubProg(S) := {IL C |P| | VC € Acc(S),C € L;VC' € Rej(S),C’ ¢ L} (10)

We will prove the correctness of the algorithm through the following basic observations on
the connection between deterministic subtrees and the sub-programs they represent:

Proposition 27. Suppose S is a deterministic subtree of the distribution tree T of A.
. {SubProg(S) | S is deterministic subtree of T} forms a partition of P(P).
. Either L+ A for all L € SubProg(S) or LI/ A for all L € SubProg(S).

. Z]Lesubpmg(s) Prp(L) = [, cs i, where the r;s are all the probability labels appearing in
S (on the atom-node — world-node edges).

W N =YV

Proof.

1. Given any two distinct deterministic subtrees, there is an atom-node s such that the
subtrees include distinct world-child of s. So by (10) the sub-programs they represent do
not share at least one clause. Moreover, given a sub-program LL, one can always identify a
deterministic subtree S such that I € SubProg(S), as follows: given the A-labelled root
of T, select the world-child w of A representing the (possibly empty) set X of all clauses
in . whose head is A; then select the children (if any) of w, and repeat the procedure.

2. Note that a sub-program IL € SubProg(S) refutes the goal A iff S contains a successful
refutation of A, and the latter property is independent of the choice of L.
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3. We refer to HT csTi as the probability of the deterministic subtree S. For each sub-
program IL € SubProg(S), its probability can be written as

Pre(L) = [ Label€)- J] (1—Label(C’)-Pre(accure) (L \ Acc(S)) (1)
CeAcc(S) C’'eRej(S)

Note that SubProg(S) can also be written as {X U Acc(S) | X C P\ (Acc(S) URej(S))},
S0

> Pryaceure) (L \ Ace(S)) = 1. (12)
LeSubProg(S)

Applying equation (12) to the sum of (11) over all L € SubProg(S), we get

> PrpL)= [] lLabelc): J] (1 Label(C")) (13)

LeSubProg(S) CeAcc(S) C’eRej(S)

For each world-node ¢ and its atom-parent s, we can use the terminology in Definition 26,
and express label(s — t) (see Definition 9) as

label(s +t) =[] Label(€)- J] (1 Label(C’)). (14)

t accepts C t rejects C’

Applying (14) to the whole deterministic subtree S, we obtain

S P2 [ tabel©)- ] (1-Label(c))

LeSubProg(S) CeAcc(S) C’€Rej(S)
P ] [ [I tebeic)- J] (1 Labeic)]
(world-node t in S) t accepts C t rejects C’
(14) H rs
r€S

If we say two world-nodes ¢ and t' are equivalent if their clause-children represent exactly the
same clauses in P, then the [ (world-node ¢ in §) 11 the above calculation visits every world-node
exactly once modulo equivalence. |

We can now formulate the success probability of A as follows

Pro() = - Prem) TEIYT ST P

|P|DL-A SHAL€eSubProg(S)
SN I abele)- T @ -tabeley)) TV OST I n
SHA CeAce(S) C’ERej(S) SFAT,ES

In words, this is exactly Algorithm 2: we sum up the probabilities of all deterministic subtrees
S of the distribution tree 7 which contain a proof of A.

B Computability of the Distribution Semantics (General Case)

Computability of the distribution semantics for arbitrary pLP programs relies on the substitu-
tion mechanism employed in the resolution. This aspect deserves a preliminary discussion.
Traditionally, logic programming has both the theorem-proving and problem-solving per-
spectives [18]. From the problem-solving perspective, the aim is to find a refutation of the
goal < G, which amounts to finding a proof of some substitution instance of G. From
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the theorem-proving perspective, the aim is to search for a proof of the goal G itself as an
atom. The main difference is in the substitution mechanism of resolution: unification for
the problem-solving and term-matching for the theorem-proving perspective. We will first
explore computability within the theorem-proving perspective. As resolution tehrein is by
term-matching, the probability Prg*(A) of proving a goal A in a pLP program P is formulated

as Prp"(A4) = Y. Prp(L), where L = A means that A is derivable in the sub-program
|P|DL= A
L (not to be confused with L - A, which stands for some substitution instance of A being

derivable in L, see (1)).

In our coalgebraic framework, the distribution semantics for general PLP programs is
represented on “saturated” trees, in which computations are performed by unification.
However, following [3], one can define the TM (Term Matching) distribution tree of a goal
A in a program P by “desaturation” of the saturated distribution tree for A in P. The
coalgebraic definition, for which we refer to [3], applies pointwise on the saturated tree the
counit eyar: UKUAL — UAt of the adjunction U 4 K (¢f. (6)). The TM distribution tree
which results from “desaturation” can be described very simply: at each layer of the starting
saturated distribution tree, one prunes all the subtrees which are not labelled with the identity
substitution id := x1 — 1,23 — Zo,.... In this way, the only remaining computation are
those in which resolution only applies a non-trivial substitution on the clause side, that is, in
which unification is restricted to term-matching.

Computability of term-macthing distribution semantics. One may compute the success
probability Prg"(A) in P from the TM distribution tree of A in P. The computation goes
similarly to Algorithm 2 : the problem amounts to calculating the probabilities of those
deterministic subtrees of the distribution tree which prove the goal. We confine ourselves to
some remarks on the aspects that require extra care, compared to the ground case.

1. The probability Prg*(A) is not computable in whole generality. It depends on whether
one can decide all the proofs of A in the pure logic program |P|, and there are various
heuristics in logic programming for this task.

2. Tt is still possible to decide whether a subtree is deterministic, but the algorithm in the
general case is a bit subtler, as it is now possible that two different goals match the same
clause (instantiated in two different ways).

3. When calculating the probability of a deterministic subtree in the TM distribution tree,
multiple appearances of a single clause (possibly instantiated with different substitutions)
should be counted only once. In order to ensure this one needs to be able to identify
which clause is applied at each step of the computation described by the distribution
trees: this is precisely the reason of the addition of the clause labels in the coalgebra type
of these trees, as discussed in Section 4.3.

We conclude by briefly discussing the problem-solving perspective, in which resolution is
based on arbitrary unification rather than just term-matching. In standard SLD-resolution,
computability relies on the possibly of identifying the most general unifier between a goal and
the head of a given clause. This can be done also within saturated distribution trees, since
saturation supplies all the unifiers, thus in particular the most general one. This means that,
on principle, one may compute the distribution semantics based on most general unification
from the saturated distributed tree associated with a goal, with similar caveats as the ones
we described for the term-matching case. However, the lack of a satisfactory coalgebraic
treatment of most general unifiers [3] makes us privilege the theorem-proving perspective
discussed above, for which desaturation provides an elegant categorical formalisation. This
is also in line with the series of works [17, 19] on coalgebraic (pure) logic programming, all
based on term-matching as substitution mechanism.
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—— Abstract

The Theory of Sequential Processes includes deadlock, successful termination, action prefixing,

alternative and sequential composition. Intermediate acceptance, which is important for the
integration of classical automata theory, can be expressed through a combination of alternative
composition and successful termination. Recently, it was argued that complications arising from
the interplay between intermediate acceptance and sequential composition can be eliminated by
replacing sequential composition by sequencing. In this paper we study the equational theory of the
recursion-free fragment of the resulting process theory modulo bisimilarity, proving that it is not
finitely based, but does afford a ground-complete axiomatisation if a unary auxiliary operator is
added. Furthermore, we prove that bisimilarity is decidable for processes definable by means of a
finite guarded recursive specification over the process theory.
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1 Introduction

Successful termination has been a source of controversy from the early days of process algebra.
The process theory CCS [18] does not make the distinction between deadlock and successful
termination at all. The process theory ACP [9] does make the distinction semantically, but,
although it includes a constant denoting deadlock, it does not, in its original formulation,
include a constant denoting the successfully terminated process. Only later proposals were
made for including such a constant [1, 24].

From a concurrency-theoretic perspective, including a constant 1 for successful termination
raises philosophical questions without clear-cut answers. For instance, what is the behaviour
of a process a.1 + 1 that may non-deterministically choose between performing the action a
and successfully terminating? Can it perform the action a at all? Is it successfully terminated
even when it can still perform activity? And what does it mean to sequentially compose
a.1+ 1 with the process .17 Can (a.1+ 1) - b.1 do a b immediately or should it wait until
a.1 + 1 has performed the a?

In the classical theory of automata and formal languages, the constant 1 has a more
accepted status. The algebras of regular expressions and p-regular expressions include a
constant 1 denoting the language consisting of the empty string. Without the inclusion of
the constant, the correspondence between regular expressions and finite automata [16], and
the correspondence between p-regular expressions and pushdown automata [17, 21] would be
? Astrid Belder, Bas. Luttik, and Jos. Baeten;
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lost. Finite automata and pushdown automata are endowed with an acceptance predicate
separate from the transition relation defined on states, and hence they admit intermediate
acceptance: states may at the same time satisfy the acceptance predicate and have outgoing
transitions.

The research presented in this paper is part of a larger project in which we are trying
to explore and strengthen connections between the classical theory of automata and formal
languages and concurrency theory [3, 4, 5, 6], with the aim to establish a unified theory. Our
aim for such a unified theory motivates us to study process algebras including a constant for
successful termination.

The operational semantics for sequential composition in the presence of a constant 1
denoting successful termination (see, e.g., [2]) prescribes that the sequential composition
(a.1 +1) - b.1 may perform the b transition immediately, on grounds that a.1 4 1 satisfies
the termination predicate. We refer to this phenomenon as transparency. In the presence
of recursion, transparency leads to considerable expressiveness; for instance, it facilitates
the specification of unboundedly branching behaviour (cf. Example 1 below). Recently,
we proposed a revised operational semantics for sequential composition that leads to a
different interplay between successful termination and sequential composition [7]. The revised
operational rules closely resembles the rules of the sequencing operator proposed by Bloom
[10], although his theory does not distinguish between deadlock and successful termination.
We shall, in this paper, reserve sequential composition (denoted by -) for the operator with
the operational semantics as described in [2] and use sequencing (denoted by ;) for the
operator with the revised operational semantics.

Under the sequencing interpretation, the process (a.1 + 1) ; b.1 cannot perform the
b-transition immediately (no transparency); first, the left argument of the sequencing op-
erator must execute until no further activity is possible. The effect of replacing sequential
composition by sequencing indirectly changes the interpretation of the constant 1: it no
longer refers to the option to terminate, but rather signals acceptance. For instance, the
process (a.1 + 1) ; (b.1 + 1) is in an accepting state since both a.1 + 1 and b.1 + 1 are
accepting; the process a.1; (b.1 + 1) on the other hand is not in an accepting state.

Replacing sequential composition by sequencing has advantages and disadvantages for
the integration of automata theory and concurrency theory. A disadvantage is that language
equivalence is not a congruence for sequencing (see Remark 5 at the end of Section 2). As was
shown in [7], advantages are that, in the theory with sequencing every context-free behaviour
can be simulated by a pushdown automaton up to strong bisimilarity, while this is not the
case in the theory with sequential composition, and that every executable processes can be
specified, up to divergence-preserving branching bisimilarity, in a process theory without
recursion but with a first-order recursive nesting operation.

In this paper, we continue the investigation of the theory of sequential processes with
sequencing instead of sequential composition.

First, we consider the equational theory of the recursion-free fragment modulo bisimilarity.
We prove that the equational theory is not finitely based (i.e., does not admit a finite
equational axiomatisation). Then, we introduce an auxiliary unary operator and prove that,
using this auxiliary operator the ground equational theory (i.e., the set of all valid equations
without variables) admits a finite axiomatisation. And finally we present arguments for the
conjecture that, even with the auxiliary operator, the full equational theory (i.e., the set of
all valid equations with variables) is not finitely based.

Then, we prove that bisimilarity is decidable for processes definable by means of a guarded
recursive specification in the theory with sequencing. To this end, we consider the seminal
proof by Christensen, Hiittel and Stirling that bisimilarity is decidable for the theory of
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sequential processes without intermediate acceptance [13], and observe that several crucial
properties needed in their argument fail in a setting with intermediate acceptance. Our
contribution is then to show that, when a form of redundant intermediate acceptance is
eliminated from recursive specifications, then these properties are restored and the proof
ideas of [13] apply to establish decidability.

This paper is organised as follows: In Section 2 we introduce the Theory of Sequential
Processes with sequential composition replaced by sequencing, illustrating the difference
between the two operators with an example. In Section 3, we consider the equational
theory of the recursion-free fragment. In Section 4, we establish decidability of bisimilarity
for processes definable by means of a guarded recursive specification over the Theory of
Sequential Processes with sequencing instead of sequential composition. In Section 5 we
present some conclusions. For elaborate proofs of the results claimed in this article we refer
to the first author’s MSc thesis [8].

2 Sequential Processes

In this section we present the Theory of Sequential Processes adopting the revised operational
semantics for sequential composition proposed in [7]. To emphasise that the operational
semantics for sequential composition deviates from that in [2], we shall refer to it by the
term sequencing and denote it by ; instead of by -, reserving - for the variant of sequential
composition in [2].

Let A be a set of actions, symbols denoting atomic events, and let P be a finite set of
process identifiers. The sets A and P serve as parameter of the process theory TSP’ (A, P)
that we shall introduce below. The set of process expressions associated with TSP (A, P) is
generated by the following grammar (a € A, X € P):

pu=0|1llap|p+p|p;p| X .

The constants 0 and 1 respectively denote the deadlocked (i.e., inactive but not successfully
terminated) process and the successfully terminated process. For each a € A there is a unary
action prefix operator a._ . The binary operators + and ; denote alternative composition
and sequencing, respectively. We adopt the convention that a._ binds strongest and + binds
weakest. For a (possibly empty) sequence p1,...,p, we inductively define Y I | p; = 0 if
n=0and Y,  p = (22:11 pi) + pn if n > 0. The symbol ; is often omitted when writing
process expressions. In particular, if a € P*, say a = X7 --- X,,, then a denotes the process
expression inductively defined by a =1 ifn=0and a = (X;--- X,—1); X, if n > 0. We
denote by |a| the length of the sequence.

A recursive specification over TSP’(A, P) is a mapping A from P to the set of process
expressions associated with TSP’ (A, P). The idea is that the process expression p associated
with a process identifier X € P by A defines the behaviour of X. We prefer to think of A as
a collection of defining equations X def p, exactly one for every X € P. We shall, throughout
the paper, presuppose a recursive specification A defining the process identifiers in P, and
we shall usually simply write X def p for A(X) = p. Note that, by our assumption that P is
finite, A is finite too.

We associate behaviour with process expressions by defining, on the set of process
expressions, a unary acceptance predicate | (written postfix) and, for every a € A, a
binary transition relation —— (written infix), by means of the transition system specification
presented in Fig. 1. We write p % for “there does not exist p’ such that p — p
for “p = for all a € A”. Furthermore, when w € A*, say w = a; ... a,, then we write p—» p’

/99

and p »
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p—p q—q PS5y XLy
a.p —=p p+qg-——p pt+qg—d X5y
def
pl al Pl X=p
1] (r+a)l (r+aq)l X{
pl ql p—p pl p» q—¢
(psa)d Pig-piq pig-—d

Figure 1 Operational semantics for TSP’ (A).

if there exist po, ..., p, such that p = pg, pi_1 —= p; (1 <i < n)and p, = p'. Also, we
write p — p’ for there exists a € A such that p —= p’. Similarly, we write p—s p’ for there
exists w € A* such that p—» p’ and say that p’ is reachable from p.

It is well-known that transition system specifications with negative premises may not
define a unique transition relation that agrees with provability from the transition system
specification [15, 11, 14]. Indeed, in [7] it was already pointed out that the transition system
specification in Fig. 1 gives rise to such anomalies, e.g., if A includes for X the defining
equation X f x ;a.1 + 1. For then, on the one hand, if X -, according to the rules for
sequencing and recursion we find that X —= 1, while on the other hand, the transition
X —%5 1 is not provable from the transition system specification.

We remedy the situation by restricting our attention to guarded recursive specifications,
i.e., we require that every occurrence of a process identifier in the definition of some (possibly
different) process identifier occurs within the scope of an action prefix. If A is guarded, then
it is straightforward to prove that the mapping S from process expressions to natural numbers
inductively defined by S(1) = $(0) = S(a.p) = 0, S(p+p2) = S(p1:p2) = S(p1) +S(p2) +1,
and S(X) = S(p) if (X et p) € A gives rise to a so-called stratification S’ from transitions
to natural numbers defined by S’(p %+ p') = S(p) for all a € A and process expressions p
and p’. In [15] it is proved that whenever such a stratification exists, then the transition
system specification defines a unique transition relation that agrees with provability in the
transition system specification.

The operational rules in Fig. 1 deviate from the operational rules for the process theory
TSP(A) discussed in [2] in only two ways: to get the rules for TSP(.A), the symbol ; should
be replaced by -, and the negative premise p - should be removed from the right-most rule
for sequencing. The replacement of ; by - is, of course, insignificant; the removal of the
negative premise p -, however, does have a significant impact. The negative premise ensures
that a sequencing can only proceed to execute its second argument when its first argument
not only satisfies the acceptance predicate, but also cannot perform any further activity. The
semantic difference between ; and - is illustrated in the following example.

» Example 1. Consider the recursive specification

X e xvy+p1 vy®¥c1+1.
Depending on whether we interpret the concatenation of process identifiers as sequential
composition (-) or sequencing (;), we obtain the transition system shown in Fig. 2 with or
without the dashed c-transitions. Note that, under the --interpretation, the phenomenon
of transparency plays a role: from Y we have c-transitions to every Y* with k < n, by
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Figure 2 The difference between ; and -.

executing the c-transition of the kth occurrence of Y, thus skipping the first £ — 1 occurrences
of Y. This behaviour is prohibited by the negative premise in the rule for ;, for, since Y — 1,
none of the occurrences of Y can be skipped.

» Remark 2. As Fig. 2 illustrates, the use of sequential composition (as opposed to sequencing)
in guarded recursive specifications may give rise to an unbounded reachable branching degree
(i.e., there need not be an upper bound on the branching degrees of states reachable from
some particular state). As far as we know, this is the only process algebra without an
operator for parallel composition that facilitates communication between parallel components
that gives rise to unboundedly branching behaviour. It is this kind of behaviour that, e.g.,
cannot be exhibited by the transition system associated with a pushdown automaton [3].

We proceed to define when two process expressions are behaviourally equivalent.

» Definition 3. A binary relation R on the set of process expressions associated with
TSP (A, P) is a bisimulation iff R is symmetric and for all p and q such that (p,q) € R:
1. If p -2 p/, then there exists a term ¢', such that ¢ = ¢, and (p,q') € R.

2. If pl, then ql.

Process expressions p and q are bisimilar (notation: p < q) iff there exists a bisimulation R
such that (p,q) € R.

The operational rules presented in Fig 1 are in the so-called panth format from which it
immediately follows that bisimilarity is a congruence [23].

» Proposition 4. The relation < is a congruence for TSP'(A,P).

» Remark 5. Note that language equivalence is not a congruence for the sequencing operator:
a.b.1+a.1 and a.(b.141) have the same language {ab, a}, but the language of (a.b.14a.1);c.1
is {abc, ac} and the language of a.(b.1 + 1) ;c.1 is {abc}.

3 Equational theory

In this section we shall consider TSP (A, 0), i.e., the recursion-free fragment of the Theory
of Sequential Processes. Let us abbreviate TSP’(A, ) by TSP (A).

For the purpose of concisely expressing equational properties, we shall use variables from
some countably infinite set V of variables. (These variables should be thought of as ranging
over process expressions, and should not be confused with process identifiers.) The set of
TSP’ (A)-terms is generated by the following grammar (a € A, z € V):

tu=0|1at|t+t|t;t|x .
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A TSP (A)-term is closed if it does not contain variables. Note that the set of closed TSP (A)-
terms coincides with the set of process expressions associated with TSP?(A, ) in the previous
section. A closed substitution is a mapping ¢ from variables to process expressions. If ¢ is a
TSP’ (A)-term and o is a closed substitution, then we denote by o(t) the process expression
obtained by replacing every occurrence of a variable z in ¢ by o(z).

Let ¢t and u be TSP’(A)-terms; an expression of the form ¢ = u is called a TSP’(A)-
equation. A TSP (A)-equation t = u is valid if o(t) € o(u) for every closed substitution o.
The equational theory of TSP(A) is the set of all valid TSP?(.A)-equations.

Let E be a set of valid equations and let ¢t = u be a TSP’(A)-equation. We shall write
FE Ft=uwift =wu can be derived from the equations in E by means of the rules of equational
logic. We wish to characterise the equational theory of TSP’(A) by giving a finite collection
E of valid TSP’(A)-equations such that E ¢t = u for every valid TSP’(A)-equation ¢ = u.
Such a collection FE is then referred to as a finite basis for the equational theory of TSP’ (A);
we say that an equational theory is finitely based if there exists a finite basis for it.

We shall prove two fundamental results pertaining to the equational theory of TSP’(A).
First, we shall establish that there does not exist a finite basis for the equational theory of
TSP’ (A). Second, we shall prove that when an auxiliary operator is added, then the resulting
ground equational theory (consisting only of all valid TSP’ (A)-equations without variables)
is finitely based. At the end of Section 3.2 we shall conclude with presenting some evidence
for a conjecture that, even with the auxiliary operator added, the full equational theory
(consisting of all valid TSP’ (A)-equations with variables) is not finitely based.

3.1 TSP’(A) is not finitely based

A central axiom of the theory of TSP(A) of [2] is the axiom (x +y) -z =22+ y - z, which
expresses that sequential composition distributes from the right over alternative composition.
For sequencing, the axiom is no longer valid in general as the following example illustrates.

» Example 6. Consider the process expressions
=(al+4+1);bland ¢=a.l;b1+1;051 .

(We write = for syntactic equality of TSP’(A)-terms and reserve = to express TSP’(A)-
equations.) Note that, one the one hand, since a.1 +1 - 1, we have that p 2. On the

other hand, since 1] and 1 -», we do have that 1;b.1 ~*+ 1 and hence q %4 1. Tt follows
that p and ¢ are not bisimilar.

Note that, a fortiori, we have that p < a.1;b.1. That the first argument of the sequencing
operator satisfies the acceptance predicate has no effect, because the second argument of the
sequencing operator does not satisfy the acceptance predicate. Thus, if the second argument
of sequencing does not satisfy the acceptance predicate, then a 1-summand in the first
argument is redundant.

We shall prove that the redundancy of 1 at the left-hand side of sequencing cannot be
finitely axiomatised without using an auxiliary operator. To this end, let us fix a,b € A and
consider the following infinite collection of valid equations (n € N):

(a.1+1) Zn: b.(b.141)° zn: (b1+1)" . (en)

(For every natural number i process expression p, p' denotes the iterated sequencing of p,
inductively defined by p° = 1 and p**! = p’; p.)
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Each of these equations expresses the redundancy of the occurrence of 1 in the subexpres-
sion a@.1 + 1 on the left-hand side of the equation. For this redundancy it is important that
the right-hand side of the sequencing operator, i.e., the process expression > ., 5(51 +1)%,
does not satisfy the acceptance predicate, since it is a summation of E-preﬁxes without
1-summand. That the number of summands is n will be used in our argument that (e, ),
for sufficiently large n € N, cannot be derived from a particular finite collection of valid
equations. Instead of referring to the notion of number of summands, it is more convenient
to refer to the notion of width that we shall now define.

» Definition 7. The width of a process expression p, written as width(p), is the cardinality
of the set {p' | p = 1/, for some a € A}. We extend the notion of width to TSP*(A)-terms
by defining, for all TSP'(A)-terms t, that width(t) = width(oo(t)) where oo denotes the
closed substitution that maps all variables to 0.

Note that variables do not contribute to the width of a TSP(A)-term.

Suppose that E is a finite set of valid equations, and let n € N exceed the maximum of
the widths of all subterms occurring in the equations in E. To prove that (e,) cannot be
derived from E, we define a predicate ¥,, on TSP’(A)-terms that is satisfied by the left-hand
side (ey), but not by the right-hand side, and that is maintained by equational derivations
from F.

» Definition 8. Let p be a process expression. For every n € N, we define that ®,,(p) holds
iff p=p1;p2 such that py © a.1+1 and py & S0 b.(b.1+1)". For everyn € N, we define
U, (p) iff pe (@l+1);3 0, B(?)l +1)% and p has a summand p; ; p2 such that one of the
following cases holds:

1. ®,(p1;p2).

2. p1 21 and ¥, (p2).

3. U, (p1) and p2 & 1.

The predicate ®,, formalises a property satisfied by the left-hand side of (e,), but not by
the right-hand side. The property ®,, is, however, not preserved by equational derivations
due to certain trivial syntactic manipulations involving, e.g., the idempotence of +, 0 being
a neutral element for + and 1 being a left- and right neutral element for sequencing (see
Table 1 below). The definition of ¥,, takes such syntactic manipulations into account. Note
that the definition of ¥,, is with recursion on the syntactic structure; it is well-defined since
in the last two cases of its definition it is evaluated on a proper subterm.

In general, bisimilarity does not preserve width as defined above, but it does hold that
if p © ¢ and there exist process expressions pi,...,p, such that p = p; and p; & Dj
implies ¢ = j for all 1 < 4,5 < n, then width(q) > n. Note that the process expression
S°%  b.(b.1 + 1) has this property. We exploit it to argue that if ¢ is a TSP*(A)-term such
that width(t) < n and o is a closed substitution such that o(t) < "1 b.(b.1 + 1), then

necessarily ¢ has a variable summand, say z, such that o(z) L. This means that with
a minor modification of o, we obtain a substitution 9, ;) such that ¥, ) (t)|. We define
V(o,z) as follows:

e or(y) = oy)+1 ify==x
()Y o(y) otherwise.

The following lemma essentially applies this idea in a slightly more general situation, where
o(t) satisfies U,,.
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» Lemma 9. Let t be a TSP’(A)-term and let n be a natural number such that width(t') <n
for every subterm t' of t. If U,,(c(t)) for some closed substitution o, then there is a variable

x such that 9, ()l and either V,,(o(x)) or o(x) L,

Proof. See the proof of Lemma 35 in Appendix A. <

The following lemma establishes the converse of Lemma 9.

» Lemma 10. Let t be a TSP (A)-term, let x be a variable, and let o be a closed substitution.
Ifo(t) < (a1+1);30 (515 (b1 +1)Y), V(o,2)(t)} and either ¥, (o(x)) or o(x) L, then
Un(o(t))-

Proof. See the proof of Lemma 40 in Appendix A. <

The following theorem states that if E is a set of valid equations and n exceeds the
maximum of the widths of all subterms of the equations in E, then equational derivations
from E preserve VU,,.

» Theorem 11. Let E be a finite set of valid TSP’ (A)-equations, and let n be a natural
number such that for each aziom t = u € E, for each subterm t' of t and each subterm v’
of u, width(t') < n and width(u') < n. Furthermore, let p and q be closed TSP’ (A)-terms
such that E + p = q. It then holds that if ¥, (p), then ¥, (q).

Proof. The proof is by induction on a derivation of the equation p = ¢q from E. So, we
distinguish cases, according to the last rule used in this derivation, and assume that for each
derivation of p’ = ¢’ that is a sub-derivation of the derivation of p = g, if ¥,,(p’) then ¥,,(¢')
(IH). Here we only consider the most interesting case in which the derivation consists of a
substitution instance of an axiom in E.

If p = ¢ is a substitution instance of an axiom in F, then there exist TSP’(A)-terms ¢ and
u and a closed substitution o such that o(t) = p, o(u) = gand t =u € E. If U,(p), then
U, (0(t)) and thus o(t) € (a.1+1); 3, (b.1;(b.1+1)). Since t = u is sound with respect

1 (
to bisimilarity, o(u) € o(t) € (@.14+1); Y7, (b.1; (b.1 4+ 1)%). Furthermore, by Lemma 9,

there must be some variable x such that 94, (t)| and either ¥, (o(x)) or o(x) LN p for
some closed TSP’ (A)-term p. Hence, since 9y 4 (t) € U(g,0) (1), also J(g,4)(u)l. Then, since
o(u) € (a1+1);37" (b.1;(b.1+1)%), and ¥y 4 (u)l, by Lemma 10, we conclude that
U, (o(u)) holds, and thus ¥,,(g) holds. <

We use Theorem 11 to prove that the equational theory of TSP’(.A) is not finitely based
by showing that no set E of valid TSP’(.A)-equations can be a finite basis. To this end, let
E be a finite set of valid TSP’(A)-equations. Then, since E has finitely many equations and
the terms occurring on both sides of these equations each have finitely many subterms, there
exists n € N that exceeds the widths of all these subterms. By Theorem 11 we have that
whenever E F p = ¢ and ¥,,(p), then also ¥, (q); it follows that E ¥ (e,). Since (e,) is a
valid TSP’ (A)-equation, it follows that E is not a finite basis for the equational theory of
TSP (A). Thus, we obtain the following corollary.

» Corollary 12. There does not exist a finite basis for TSP’ (A).
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3.2 Ground-completeness with an auxiliary operator

By the ground equational theory of TSP’(.A) we mean the set of all valid TSP’ (.A)-equations
without variables. Note that, since the equations (e,) do not include variables and the
predicate WU, is defined on process expressions, it immediately follows from Theorem 11 that
the ground equational theory of TSP’(A) is not finitely based either. We proceed to extend
TSP’ (A) with a unary auxiliary operator NT and show that ground equational theory of the
extension TSP’y(A) is finitely based.

The syntax of TSP’(A) consists of the syntax of TSP’(A) with the unary operation NT
added; this operation can be used both in the construction of process expressions associated
with TSP’y ,(A) and of TSP’ ,.(A)-terms. Intuitively, NT(p) denotes the non-terminating
part of p; for example, NT(a.p) = a.p and NT(a.p+ 1) = a.p.

p—>p/
NT(p) - p'

Figure 3 The operational rule for NT.

The operational rule for NT is presented in Figure 3. The rule is in the panth format, so
bisimilarity is a congruence also for the extended theory. Furthermore, from [22, Theorem
3.9] it follows that TSP’ ,.(A) is an operational conservative extension of TSP’(.A), meaning

that TSP’(.A) process expressions have the same operational semantics in the extended theory
TSPy (A).

Table 1 A finite basis for the ground equational theory of TSP, (A).

T4y = y+x Al
z+ (y+2) = (z+y)+= A2
T+ = =z A3
(z;y);2 = z;(y;2) A5
z+0 = z A6
0;z = 0 AT
x;1 = =z A8
1:x = =z A9
a.x;y = a(z;y) A10
NT(z+y); = NT(z);z+ NT(y); = All
(ax+y+1);NT(z) = (ax+y);NT(2) Al12
(ax+y+1);(z+1) = (axz+y);(z+1)+1 A13
NT(0) = 0 NT1
NT(1) = 0 NT2
NT(a.x) = ax NT3
NT(z+y) = NT(z)+ NT(y) NT4

Table 1 presents a finite collection of valid TSP’ ,.(A)-equations. It includes the well-
known axioms A1-3 and A5-10 adapted from TSP(A) (see [2]). Note, however, that the
axiom A4, which in TSP(A) expresses distributivity from the right of sequencing over
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alternative composition, has been omitted since it is not valid. It has been replaced by axiom
A11, which, intuitively, expresses that sequencing distributes from the right over alternative
composition only if the alternative composition does not satisfy the acceptance predicate.
Axioms A12 and A13 allows us to eliminate redundant occurrences of 1 at the left-hand side
of sequencing. Finally, axioms NT1-4 express the interaction of NT with the constants O
and 1, action prefix and alternative composition.

For detailed proofs that the axioms in Table 1 are valid we refer to [8]. We shall,
henceforth, write TSP, (A) ¢ = w if the TSP’y(A)-equation ¢ = u can be derived from
the axioms in Table 1 using the rules of equational logic. To prove that the axioms in Table 1
constitute a finite basis for the ground equational theory of TSP’ (A), we use the following
elimination theorem.

» Theorem 13. For every process expression p associated with TSP'y,.(A) there exists a
process expression q without occurrences of ; and NT such that TSPy,(A) Fp = gq.

In [2, Theorem 4.4.12] it is proved that axioms A1-3 and A6 constitute a finite basis for
the ground equational theory of BSP(.A), which is obtained from TSP’(.A) by removing ;
and NT. Hence, we get the following corollary from Theorem 13.

» Corollary 14. The axioms in Table 1 constitute a finite basis for the ground equational
theory of TSPy ,(A).

The axioms in Table 1 do not constitute a finite basis for the full equational theory of
TSP, (A). For example, it is easy to see that the valid equation NT(NT(z)) = NT(z)
cannot be derived from TSP’(A). We proceed to argue that, although the ground equational
theory of TSP, (A) is finitely based, the full equational theory of TSP’,(A) is not; the
argument will be very similar to the argument showing that TSP’y (A) is not finitely based.

Consider the equation:

(z+1);z=ax;2 . (1)
To see that it is valid, note that the symmetric closure of the relation

R={((p+1);p.p;p),(p,p) | pa TSP}, (A) process expression}

is a bisimulation relation.

Recall the equations (e;,) used in Section 3.1 to show that the equational theory of
TSP’ (A) is not finitely based. For the redundancy of the 1-summand in the left-hand side
of the sequencing operator it is essential that the left-hand side also admits a transition
while the right-hand side does not satisfy the acceptance predicate. Equation (1) above
does not satisfy this property for every closed substitution. Nevertheless, the 1-summand
is redundant, due to the fact that = appears in both arguments of the sequencing operator.
The idea can be generalised, resulting in the infinite collection of valid equations n € N):

n n

(@+1):) (@5(@l+1)) =2;) (z;(al+1)) . (er)

i=1 i=1

Similarly to the equations (e,) used in Section 3.1, the size of the right hand side of this
equation is not bounded. We conjecture that by similar reasoning as used in Section 3.1 it
can be argued that there does not exist a finite set of valid TSP’ ,.(A)-equations from which
the equations e}, can be derived for all n € N.
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4 Decidability

Christensen, Hiittel and Stirling have established that bisimilarity is decidable for processes
definable by means of a guarded recursive BPA specification [13], where BPA can be thought
of as TSP*(A) without intermediate acceptance. Our goal in this section is to extend that
decidability result to TSP'(A). Our proof closely follows the presentation of the decidability
proof for BPA in [12], and we shall focus on the extension and skip over parts that are
similar.

The starting point is the presupposed TSP’(A, P) recursive specification A, which is
finite since we have assumed that P is finite. The decision problem we wish to solve is: Given
any two process expressions p and ¢ does it hold that p & ¢7 We shall first recall a few
standard observations to simplify the formulation of the decision problem.

The first observation is that we may assume, without loss of generality, that p and ¢ are
both process identifiers. For if not then we could first solve the decision problem for process
identifiers, and then decide p € ¢ by considering TSP'(A, P’), where P’ is P with two new
process identifiers X and Y added and A’ is A with the two extra defining equations X def D
and Y & q, and determine whether X < Y.

The second observation is that we may assume, again without loss of generality, that A

is in so-called Greibach Normal Form (GNF): for every defining equation (X e p) € A we
have that

p= Zai.ai(+1) . (2)

Here we assume that n € N (recall our convention that the empty summation denotes 0),
a; € P*, and (+1) denotes an optional 1-summand. We refer to [8] for the description of an
effective procedure that associates with every recursive specification A over TSP’ (A, P) a set
P’ O P and a recursive specification A’ over TSP (A, P’) in GNF such that for all X,Y € P
we have that X € Y with respect to A if, and only if, X € Y with respect to A’. The
advantage of assuming that A is in GNF is that then every process expression reachable (by
following the transition relation) from a process identifier associated with TSP’(A,P) is an
element of P*.

The third observation is that it is semi-decidable whether p ¢ ¢. This is a straightforward
consequence of the well-known fact that for image-finite transition systems there is a stratified
characterisation of bisimilarity; see [8] for such a characterisation taking the acceptance
predicate into account. Therefore, to solve the aforementioned decision problem, it suffices
to argue that bisimilarity is semi-decidable.

The argument presented in [12] to show that bisimilarity is semi-decidable for BPA then
proceeds by showing that process identifiers X and Y are bisimilar if, and only if, there
exists a finite bisimulation base! that contains the pair (X,Y), and that it is semi-decidable
whether a finite binary relation on P* is a bisimulation base. It then follows that X < Y is
semi-decidable: enumerate all finite binary relations on P* containing the pair (X,Y) and
check, in parallel, whether one of them is a bisimulation base.

We adapt the definition of bisimulation base, originally from [13], to our setting with an
acceptance predicate. It uses the following auxiliary notation: if R is a binary relation on P*,

! Note that a bisimulation base is a bisimulation up to congruence with respect to the operation of
concatenation on finite sequences of process identifiers [20].
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R
then we denote by = the least equivalence relation that contains R and all pairs (aa’, 83)
whenever it contains the pairs («, 8) and (o, ).

» Definition 15. A binary relation R on P* is a bisimulation base if, and only if, R is
symmetric and for all pairs (a, B) € R and all a € A, it holds that:

R
if o =% o, then - ' for some 3 such that o/ = B'; and

if o, then B .

R
Our goal will be to show that there exists a finite bisimulation base R such that a =
if, and only if, a & B for all a, 8 € P*. The argument relies on a partitioning of the set of
process identifiers into normed and unnormed process identifiers.

» Definition 16. Let p be a TSP'(A,P) process expression. The norm n(p) of p is the
length of a shortest transition sequence from p to a process expression bisimilar to 1 if such
a sequence exists, and oo otherwise, i.e.,

n(p) = min ({lul | 3. p—% ' A9 € 1}U{o0})

A process expression p is normed if n(p) < oo; otherwise it is unnormed. We denote by Py,
the set of all normed process identifiers and by P, the set of all unnormed process identifiers.

In the case of BPA, which does not have intermediate acceptance, the following three
properties hold for all sequences of process identifiers «, 5 and ~:
1. if o is unnormed, then af € «;
2. |a] < n(a); and
3. if a, 8 and v are normed, then ay & (v implies a < .
These properties are crucial for pruning the cardinality of the bisimulation base. The following
example illustrate that neither of these properties holds in our setting with intermediate
acceptance:

» Example 17. Consider the following recursive specification in GNF":

X¥ oYWz +aYW+aZZ+aV  Z%p1 v o

Yy €p141 vEbU+1 w041
Then we have that U is unnormed, but UV ¢ U since U] whereas UV )/, refuting the first
property. Furthermore, [YWZ| = 3 > 2 = n(YWZ), refuting the second property. And
finally YWZ < ZZ, but YW % Z, refuting the third property.

Note that the sequences used in Example 17 to refute the properties above all suffer from
some form of redundant intermediate acceptance.
Violation of the first property can only be due to the presence of a process identifier that

is bisimilar to 1. Note that, in a recursive specification in GNF, a process identifier X is
def

bisimilar to 1 if, and only if, (X = 0+ 1) € A; let us call such a process identifier a 1-
tdentifier. Whether some process identifier is a 1-identifier can easily be decided. Furthermore,
occurrences of 1-identifiers can simply be eliminated from the right-hand sides of defining
equations of other process identifiers. Thus, it remains to solve the decision problem for
recursive specifications in GNF without 1-identifiers.

Our main contribution in the remainder of this section will be the notion of Acceptance
Irredundant Greibach Normal Form (AIGNF), a special variant of GNF that precludes
redundant intermediate acceptance from sequences reachable from process identifiers. We
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shall prove that it is enough to solve the decision problem for recursive specifications in
AIGNF and then show that the argument for the existence of a finite bisimulation base of
[13] works for such recursive specifications.

4.1 Acceptance Irredundant Greibach Normal Form

We partition the set of process identifiers P into sets Py ={X € P | X]}and Py={X € P |
XJ}. Furthermore, we define the set fy of hereditarily non-terminating process identifiers

as the largest subset of Py such that for all X € P we have that if (X ef p) € Aand Y is
a process identifier occurring in p, then Y € fy. The set P y can be computed iteratively:

start with P’ = Py and in every iteration remove from P’ all process identifiers X such that

(X et p) € A and p has an occurrence of some process identifier Y with Y ¢ P’ until a fixed

point is reached (i.e., nothing can be removed from P’ anymore). We shall say that a € P*
is acceptance irredundant if o € f}’Py’Pf UPy.

» Definition 18. A recursive specification A is in Acceptance Irredundant Greibach Normal

Form (AIGNF) if for every defining equation (X d:efp) € A we have that p =0 or

n
P = Zalaz(—i—l) )
i=1

with n € NV and each o; acceptance irredundant.

The following example illustrates how a recursive specification in GNF and without
1-identifiers can be transformed into AIGNF.

» Example 19. Consider the following recursive specification in GNF":

X vZ+aY+azZ+aVv Z%p1

Y €p1 41
As Z ), the intermediate acceptance of Y in a.Y Z is redundant. We cannot simply remove
it from the definition of Y, however, since in .Y the intermediate acceptance of Y is not
redundant. Instead, we introduce a fresh variable Y, that is defined as Y but without the
intermediate acceptance. Then, we replace all occurrences of Y of which the intermediate
acceptance is redundant with Y, resulting in:

XY oVZtaY+aZZ+aUV  Z%p1

Y €p141 Y&
The idea explained in the preceding example can be exploited to prove the following
proposition.

» Proposition 20. For every recursive specification A over TSP (A, P) in GNF without
1-identifiers there exist P' 2 P and a recursive specification A’ in AIGNF over TSP’ (A, P’)
such that for all X, Y € P we have that X < Y with respect to A if, and only if, X @Y
with respect to A'.

Let a € P*; we say that « is A-reachable if there exists X € P such that X —» «a. If Ais

in AIGNF, then it can be shown that all A-reachable sequences are acceptance irredundant.

Hence, for recursive specifications in AIGNF we now get the three properties needed for the
proof that there exists a finite bisimulation base.
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» Proposition 21. If A is in AIGNF, then for all acceptance irredundant sequences o, 3,7:
1. if a is unnormed, then aff < «;

2. |a| < n(a); and

3. if a, B and v are normed, then oy < By implies a & .

Proof. See Appendix B. |

4.2 The existence of a finite bisimulation base

By the first item of Proposition 21, we can, without loss of generality, assume that all

sequences of variables appearing in the right-hand sides of the defining equations in our

presupposed recursive specification A in AIGNF are elements of P U P P,. Then all A-

reachable sequences will not only be acceptance irredundant, but also elements of P UP*P,,.
The definition of the finite bisimulation base relies on decomposing sequences.

» Definition 22. A pair (Xa,Y ) satisfying Xa < Y is decomposable if X and Y are
normed, and there exists vy such that

X—»~v, X €Yy and ya < 3; or

Y—»v,Y & Xvyand B < a.
Two pairs (Xa,Y ) and (Xo/,Y 3') are distinct if a 2 o’ or B ¢ B'. A crucial step towards
a finite bisimulation base consists of establishing that a relation containing all indecomposable
pairs (Xa,Y ), where X, Y P U PP, are acceptance irredundant sequences such that
Xa © Y P is necessarily finite.

For the definition of a finite bisimulation base we now need just one more definition,
which allows us to choose appropriate candidates among non-distinct indecomposable pairs.

» Definition 23. The finite prefix norm ny(a) of a is defined as follows:

n¢(a) = max({n(s) | n(B) < oo and o = By for some v}).

The pre-order < on pairs is defined as:
(a1, a2) 2 (B1, B2) iff max(ng(ar),ns(az)) < max(ng(B1), ng(B2)).

In the following two lemmas, adapted from [12, Lemmas 28 and 29|, a relaxed form of
cancellation is established for A-reachable sequences of process identifiers.

» Lemma 24. If a & ~va and B € 8 for some v ¢ 1 and acceptance irredundant ya and
YB3, then a & (3.

Using this result, we will show a form of cancellation for (potentially unnormed) acceptance
irredundant sequences, if ay & B~ for infinitely many non-bisimilar ~.

» Lemma 25. Let o, 8 € P*. If for infinitely many non-bisimilar v € P* such that oy and
B~ are acceptance irredundant it holds that ary & B, then o & (3.

The following lemma is an adaptation of [12, Lemma 32] to our setting.

» Lemma 26. For all X,Y € P, every set R of the form

{(Xa,YB) | Xa, Y € Py UPEP, acceptance irredundant sequences,
Xa €2 Y, and (Xa,YB) indecomposable}

and contains only distinct pairs must be finite.
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We now have everything in place to prove the main result of this section.

» Theorem 27. Let R = {(X,a) | X € P, a € P,, such that X © a}, and let Ry be the
largest relation of the form

{(Xa,Yp) | Xa,YB € P, UP,Py are acceptance irredundant,
Xa € YS, and (Xa,YB) indecomposable}

containing only distinct pairs and minimal elements with respect to <. Then the symmetric

R
closure R of R1 U Ry is finite and satisfies a = B if and only if a < B for all acceptance
irredundant sequences o, B € Pr UPEP,.

Proof. Since A is in AIGNF, we have |a| < n(«). Hence, since X is normed and n(X) = n(«)
we have |a] < n(X), and thus a has a finite maximum length. Hence, there can only be
finitely many such « as P is finite. If follows that R; is finite. Furthermore, by Lemma 26,
R is finite. So R is finite. Hence, since < is a congruence for TSP (A), we have £ C e.
It remains to show is that 2 D <. We prove by induction on < that Xa < Y implies
Xa 2 Y 53, for all acceptance irredundant sequences Xa,Y 3 € P: U P:P,.
Suppose that (Xa,Y ) is decomposable, then X,Y € P,, and, without loss of generality,
assume that X —» 7 such that X € Yy and ya & . Then, ny(ya) < ng(Yyo) =ng(Xa)
and ng(8) < ng(YB), so (ya, B) < (X, Y3). Furthermore, since X —» v, Xa— ya and
thus ya € P¥ U PP, and ya is acceptance irredundant. Moreover, since Y3 € P* U PP,
Y 53 is acceptance irredundant and Y € P, it follows that 8 € PXUP;:P, and S is acceptance
irredundant, and hence by induction v« £ (. Finally, since ya is acceptance irredundant, ~y
is acceptance irredundant, and therefore Y is acceptance irredundant. Hence, (X,Yy) € Ry
and thus Xa £ Yrva £ Yg.

Now, suppose that (Xa,Y ) is not decomposable. Then (Xo/,Y ') € Ry for some
o € aand f € p with (¢, ) < (a, 8). We distinguish three cases.

If X,Y €V, then (o, 8), (¢, 8) < (Xa,YB), so (a, &), (B8,8") < (X, Y3). Hence, by

induction o = o and B £ B, s0 Xa £ Xd' RY 3 2 Y5.

If X € V, and Y € V,, then since § = X;...X,, for some n > 0 and Y X; £ Y

for each 0 < i < n, we find Y3 Ly, Furthermore, ny(a’) < ny(a) < np(Xa), so

(o,0) < (Xa,Y). Hence, by induction « 2 o/, and since (Xo/,Y) € Ry we find

Xa £ Xd £ Y £ Y 5. A symmetric argument applies for the case when X € V,, and

YeV,.

If XY € V,, then since « = X ... X, for some n > 0 and X X; g X for each 0 < i <mn,

we find Xa 2 X. Similarly, we find Y3 £ v and thus since (X,Y) € Ry, we derive

XaZ2xZy Eys <
It follows from Theorem 27 that bisimilarity is semi-decidable, and since also non-bisimilarity
is semi-decidable, we obtain the following corollary.

» Corollary 28. Bisimilarity is decidable for all processes definable by means of a finite

guarded recursive specification over TSP (A, P).

5 Conclusion

We have considered a variant of the Theory of Sequential Processes proposed in [7] in which
sequential composition is replaced by sequencing. The distinguishing feature of the resulting
process theory is that it includes the notion of intermediate acceptance relevant for the
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theory of automata and formal languages, without also including the complications that
arise from transparency. (We should mention here that the variant of successful termination
considered by Aceto and Hennessy in [1] also does not lead to transparency, but in their
theory a non-deterministic choice successfully terminates only if both arguments successfully
terminate, and hence it does not have intermediate acceptance.)

We have presented a finite axiomatisation of the ground equational theory of the recursion-
free fragment of the Theory of Sequential Processes using the auxiliary operator NT and
proved that a finite axiomatisation without auxiliary operators does not exist.

Processes definable by means of a finite guarded recursive specification over TSP'(.A)
may rightfully be referred to as context-free processes. Indeed, the language of a process
definable by means of a finite guarded recursive specification is context-free, and for every
context-free language there is a process definable by a finite guarded recursive specification
over TSP’(A) with that language. In [7] it was already proved that every context-free process
is bisimilar to a pushdown process. Here we have proved that bisimilarity is decidable for all
context-free processes, extending the seminal result of Christensen, Hiittel and Stirling [13]
with intermediate acceptance.

It follows from the work of Moller [19] that not every pushdown process is context-free.
We conjecture that extending TSP’(A) with propositional signals suffices to facilitate the
definability of all pushdown processes. This will be the topic of a forthcoming paper.

Another interesting remaining open problem is whether bisimilarity is also decidable for
the variant of the Theory of Sequential Processes discussed in [2]. In [8] it is argued that
properties 2 and 3 of Proposition 21 do not hold in this case, and it seems considerably more
difficult to deal with the ensuing complications.
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Proofs of Lemmas 9 and 10

In this appendix we shall provide proofs for Lemmas 9 and 10, restated below as Lemmas 35
and 40. For the formulation of our arguments, it is convenient to associate behaviour to
TSP (A)-terms with variables. We assume an extended syntax in which a constant Z added
for every variable x and include the following operational rule to the operational semantics
presented in Figure 1:
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The resulting collection of operational rules is used to derive transitions of TSP’(.A)-terms
(with variables). A transition of a TSP’(.A)-term ¢ may then either result in another TSP’ (A)-
term, or, if it is due to the transition of a variable, it may result in a term in a syntax extended
with the constant z: For every variable z, we inductively define the set of TSP*(A, z)-terms
as follows:

1. the constant z is a TSP’(A, Z)-term; and

2. if t; is a TSP’(A, T)-term and ¢, is a TSP'(A)-term, then ¢; ;t5 is a TSP/ (A, T)-term.
If t is a TSP’ (A, Z)-term and p is a closed TSP?(A)-term, then by ¢[Z := p] we denote the
TSP’ (A)-term obtained by replacing Z by p. While every variable can now “take a step”, we
do not let this contribute to the width of a term, so width(x) = 0 for every variable x.

» Lemma 29. Let ¢ be a TSP (A)-term.
1. Ift % t' for some action a, then t' is a TSP’(A)-term.
2. Ift =55 t' for some variable x, then t' is a TSP (A, z)-term.

We would like to establish a relationship between transitions from ¢ and transitions from
o(t), where o is a closed substitution. However, we cannot yet fully express that a transition
originates from a substitution in a variable. For example, consider the TSP'(A)-term ¢t = z;y
and the closed substitution o, where o(z) = 1 and o(y) = a.1. Clearly, o(t) =1;a.1 and
hence o(t) %+ 1. However, we cannot express that this a-transition originates from the
substitution in y, as ¢ 4. To be able to express this, we define the following substitution.

» Definition 30. Given a substitution o and variable x, the substitution p,, is defined as:

Moo (y) = {y fy=a

o(y) otherwise.

Referring to the example preceding Definition 30, note that sy (¢) s jand o(y) - 1.
We can establish several useful relationships between o(t) and pq.(t).

» Lemma 31. Let t be a TSP (A)-term, o a closed substitution, x a variable, p a closed
TSPi(A)-term and a an action such that o(x) — p. Then:

L if o(t) ¥, then piga(t) ¥ ;

2. if o(t) », then pgoe(t) - ;

3. ifo(t) » and o(t) |, then pyx(t) .

In the following lemma it is proven that if ¢ contains a subterm ¢ such that width(o(t2)) >
width(tz), then one of the actions that can be executed by o(t2) must come from a substitution
in some variable x.

» Lemma 32. Lett be a TSP’ (A)-term and o a closed substitution. If width(o(t)) > width(t),
then there must exist an action a, closed TSP(A)-terms p and p’, a TSP (A, Z)-term t’, and
a variable © such that o(t) == p, pies(t) — t', o(x) = p’ and p = o(t'[z := p']).

» Lemma 33. Lett be a TSP’ (A)-term, « a variable and o a closed substitution. Then:
1. ift |, then o(t) |;

2. ifo(t) |, then ¥y 5)(t) |;

3. Zf 19(0—,9:) (,uox(t)) 4, then 19(0,:70) (t)i

Using these properties we show that given a term ¢, variable x and substitution o as
described above, 94,4 (t){ indeed holds.
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» Lemma 34. Let ¢ be a TSP (A)-term, let © be a variable, and let o be a substitution. If
there exist a TSP (A, z)-term t' and a closed TSP’ (A)-term p such that t > t', o(x) = p

and o(t'[z := pl]) |, then V(g4 ()]

By utilizing the results from Lemma 32 and Lemma 34, we show that given a TSP’(A)-
term ¢ and substitution o, if ¥,,(c(¢)) holds, then ¢ must contain some variable x such that

V(0,2)(t)} and either ¥, (o(x)) or o(x) b

» Lemma 35. Lett be a TSP’ (A)-term and let n be a natural number such that width(t') < n
for every subterm t' of t. If V,,(c(t)) for some closed substitution o, then there is a variable

x such that 9, 4 ()| and either ¥, (o(x)) or o(x) by

Proof. We proceed with induction on the structure of .

Ift=0,t=1ort=a.t for some action a and TSP’(A)-term t’, then o(t) cannot have
a summand of the form ¢; ; t2, so ¥, (o(t)) does not hold for any substitution o. Hence
the implication vacuously holds.
Let t = y for some variable y, and suppose that ¥,,(c(t)) holds for some closed substitution
o. Then clearly from ¥, (c(t)) it follows that W, (¢(y)). Furthermore, since t —- § and
since o(y[y := 1]) = 1, we have that o(y[y := 1]) J. Hence, by Lemma 34, we have that
V(gy) (t)4 and thus z = y.
Let t = t1 + t2 for some TSP’ (A)-terms t; and ty. If U, (c(t)), then either o(t1) or
o(t2) must contain a summand p such that one of the three cases of the definition of
U, applies. We proceed to consider the case that p is a summand of o(¢1); the proof
in the case that p is a summand of o(t2) proceeds analogously. Note that, since p <
(@141); 37, (b.1;(b.1+1)), we find that o(t;) = p/ with p’ € 37" (b.1;(b.1+1)1).
Moreover, since o(t;) is a summand of o(t) and also o (t) € (a.1+1);3°0; (b.1;(b.1+1)7),
we find that o(t;) € (a.1+1); 3.7, (b.1;(b.1+1)%), and hence ¥,,(o(t;)). Since every
subterm of ¢; is a subterm of ¢, we also have that width(t') < n for every subterm ¢’ of ¢;.
Therefore, we may now apply the induction hypothesis to conclude that either ¥, (o(x))
or o(x) i>, and ¥, 4)(t1); clearly, from the latter it follows that 94,4 (t){-
Let t = t; ; to for some TSP’(A)-terms t; and t9, and suppose that ¥, (o(t)). Then,
considering the definition of ¥,,, one of the following three cases must apply:
1. If ®,(0(t1) ; 0(t2)), then o(t1) € a.+1 and o(tz) € S0 (b.1;(b.1+1)%). Then

o(ts) 2 (0.1 + 1)t for all 1 < i < n. Clearly, if i # j, then (b.1+ 1) ¢ (b.1+ 1),
so width(o(t2)) > n > width(t2). Tt follows by Lemma 32 that there exist an action
a, closed TSP’(A)-terms p and p’, a TSP'(A, Z)-term ¢’ and a variable x such that
o(ty) =2 p, poo(ts) — t', o(z) % p' and p = o(t'[z := p']). Clearly, we must
have a = b and p < (b.1 4 1) for some 1 < i < n. To see that V(0,2 (t)}, note that,
since o(t1) £ a.1 4 1, we have that o(t1) | and hence ¥, )(t1)}. Moreover, since
o(t'[z :=p']) € (b.1+ 1)%, we find that o(t'[Z := p']) |, and hence, by Lemma 34, we
get that ¥4, q)(ox(t2)). Finally, by Lemma 33(3), we conclude that ¥, ,)(t2)] and
thus 19(0-@) ()4

2. Ifo(t1) €1 and ¥, (o(t2)), then since every subterm of ¢2 is a subterm of ¢ we find
that width(t;) < n for all subterms t5 of ¢t3. Hence, by the induction hypothesis, for

some variable x we have that either ¥,,(c(z)) or o(z) N and, moreover, ¥, ) (t2)!.
From o(t;) € 1 it follows that o(t1) |, so, by Lemma 33(2), ¥(4,4)(t1)!, and hence

19(0'@) (t)\l,

11:19

CALCO 2019



11:20

Sequencing and Intermediate Acceptance

3. If ¥, (o(t1)) and o(t2) € 1, then the proof that ¥, ,)(t)] is analogous to the previous
case. <

We have established that if ¥,,(o(¢)) holds for some substitution ¢ and TSP’(A)-term ¢
such that width(t") < n for each subterm ¢’ of ¢, then ¢ must confirm to certain properties.
Now, for any term u such that ¢ & w, these properties must be valid as well. Hence, it
remains to show is that if u contains these properties, then ¥, (o(u)) must hold as well. This
is shown in Lemma 40. In order to prove this result, some useful properties are established
in Lemma 36 to Lemma 39.

» Lemma 36. Let p and q be closed TSP'(A)-terms and suppose that p < q. Then
depth(p) = depth(q).

Proof. Assume that p € ¢ and, for the sake of contradiction, suppose that depth(p) = n and
depth(q) = m, for some n > m. Then, by definition, p —" p’ and since p & ¢, ¢ —" ¢/,
such that p’ € ¢'. Clearly, since n > m, this contradicts depth(q) = m. Hence, we conclude
depth(p) = depth(q). <
» Lemma 37. For all closed TSP (A)-terms p1 and ps, if p1;p2 & al;> ., b.(b.1+ 1),
then one of the following cases must hold:

Lprelandpy € al;> " b(b1+1); or

2. g2 alandpy & S0 b.(b.1+1); or

.mealtlandp € al; Y b.(b1+1); or

4. pp < al;dy b.(b.1+ 1) and py & 1.

» Lemma 38. For any TSP’ (A)-term t, variable  and closed substitution o, if o(t) J and
V(0,2)(t)}, then t contains x.

Proof. Let ¢ be a TSP'(A)-term, x a variable and ¢ a closed substitution such that o(t) J
and ¥, 4 (t)}. Now suppose t does not contain x. Then, by the definition of ¥, ),
Y (0,2)(t) = o(t), which means that if o(t) )/ we should also have ¥, ,)(t)}. Since this
contradicts ﬁ(gﬁz)(tﬁ, we conclude ¢ must contain . <

» Lemma 39. For any TSP(A)-term t, variable x and closed substitution o, if t contains x
and o(x) ““8" p for some sequence of actions a...a, and closed TSP’ (A)-term p, then

1. either o(t) —* p “=%" p, for some p' and p",

2. oro(t) —"p', for some p’ such that p’ < 0.

Proof. Let ¢t be a TSP’(A)-term, x a variable and o a closed substitution such that ¢ contains
z and o(z) ““%" p for some sequence of actions a;...a,, and closed TSP’(A)-term p. It can
then be proved with induction on the structure of ¢ that one of the two cases of the lemma
must hold. |

» Lemma 40. For any TSP (A)-term t, variable x and closed substitution o, if o(t) &
(@14+1); 50, (015 (b1 + 1)), Oy (t)) and either U, (0(x)) or o(z) —=, then U,,(a(t)).

Proof. Let t be a TSP’(A)-term, x a variable and let o be closed substitution such that
o) € (a1+1);30 (015 (b1 + 1)), V(0,2)(t)} and either W, (o(z)) or o(z) by We
prove by induction on the structure of ¢ that ¥, (¢(¢)) must hold.
Ift=0ort=1,then o(t) ¥ (@1 +1); > (b1;(b.1+ 1)), hence, the implication
vacuously holds.
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If t = a.t’, then ¥, ;)(t)) which contradicts ¥, 4 (t){, hence, the implication vacuously
holds.

If t = y for some variable y, then since o(t) < (a.1+1);3°1, (b.1;(b.1+1)%), we must have
o(t) J. Moreover, since ¥4, (t){, by Lemma 38, o(t) contains x, thus we must have y = .

Now suppose o(x) %5 then o(t) —%, contradicting o (t) < (@.1+1);3°0  (b.1;(b.1+1)%).
Hence, it must be the case that ¥,,(c(x)) holds and thus also ¥,,(co(t)) holds.

Suppose t = t1 + t2 and suppose that the lemma holds for ¢; and ¢, (IH). Since o(t) <
(@14+1); 37 (b.1; (b1 4 1)%), we have o(t) J and thus both o(t1) ¥ and o(t2) .
Moreover, since ¥, 4 (t) either ¥, 5)(t1)] or ¥(gq)(t2)). Without loss of generality
assume V(g4 (t1)). Then, by Lemma 38, t; must contain z. Since either o(z) by oor
U, (o(x)) and thus o(x) —%,, by Lemma 39, either o(t1) —* q1 % for some action a
and closed TSP’ (A)-term g1, or o(t1) —* g2 for some closed TSP’ (A)-term ¢o such that
g2 © 0. The second case clearly contradicts o(t) € (a.1+1);31, (b.1;(b.1+1)%). Hence,
it must be the case that o(t1) —* ¢ %, Since o(t1) is able to execute an action and
o(t1) is a summand of o(t), we must have o'(t;) — p such that p & "1 | (b.1;(b.1+1)%).
Hence, we must have o(t;) € (@.1+1); 31 (b.1;(b.1+1)%), and thus by the induction
hypothesis we conclude ¥,,(o(t1)), and since o (1) is a summand of o(t) also ¥, (o(t)).

Suppose t = t; ; to and suppose that the lemma holds for ¢; and ¢ (IH). Since o(t) =
oty 5t2) = a(t1);0(t2), we have o(t1);0(t2) € (@.1+1);3 0 (b.1;(b.1+1)%) and thus
by Lemma 37, one of the following cases must hold:

1. Ifo(t;) € 1and o(ts) & (@1 +1); 30, (b.1; (b1 + 1)%), then, by the induction

hypothesis, U, (c(t2)). Moreover, since o(t;) < 1, by case 2 of ¥,, we conclude
W (o(t))-

2. Ifo(t;) € a1 and o(t2) & S0 (b.1; (b.1 + 1)%), then o(ty) J. Moreover, since

V(0,z)(t)} we must have ¥, ) (1)), and thus by by Lemma 38, ¢; must contain . We
distinguish two cases.
If ¥, (o(z)), then o(z) € (@1 +1); >0 (b1; (b1 + 1)) and, by Lemma 39,

either o(t;) —* ¢ N q LN qy for some closed TSP’ (A)-terms q1, ¢; and ¢f, or
o(t1) —™ go for some closed TSP’(A)-term g2 such that g2 < 0. Both cases clearly
contradict o(t;) & a.1.

If o(x) i>, then, by Lemma 39, either o(t1) —* ¢1 %5 for some closed TSP’ (A)-
term ¢q, or o(t1) —™ g2 for some closed TSP’(A)-term g2 such that g2 < 0. Again,
both cases contradict o(t1) € a.1, hence the case where o(t1) € a.1 and o(t2) &
(@1+1);3 " (b.1; (b1 + 1)) can never occur.

3. Ifo(t) € al+1and o(ty) € S0 (5.1 (b.1+1)%), then clearly ®,(a(t1); o(t2))

and thus, by case 1 of ¥,, we conclude ¥, (o(t)).

4. Tfo(t) € (@1 +1);37" (.15 (b1+1)") and o(ts) € 1, then, by the induction

B

hypothesis, ¥, (c(t1)). Moreover, since o(t2) < 1, by case 3 of ¥,, we conclude
U, (a(t)). <

Proof of Proposition 21

The three properties of Proposition 21 are proved below as Lemmas 45, 46 and 47. Throughout
this appendix it will be assumed that A is in AIGNF.

Let us first establish that then all A-reachable sequences are acceptance irredundant.

11:21
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» Lemma 41. For every sequence o € f}, if o 2 o, then o/ € f}.

» Lemma 42. For every acceptance irredundant sequence a3, we have that either o € f}
and B € P,PyPf, or a € PyPyP,* UP," and B € P}.

Using the previous lemma, we show that acceptance irredundant sequences maintain their
shape when executing an action.

» Lemma 43. If a is acceptance irredundant and o — o, then o is acceptance irredundant.
» Corollary 44. If A is in AIGNF, then all A-reachable sequences are acceptance irredundant.

» Lemma 45. Suppose that A isin AIGNF and let o, 8 € P*. If af is acceptance irredundant
and o is unnormed, then af € «.

Proof. We prove that the relation
R = {(a,ap) | af is acceptance irredundant and « is unnormed}

is a bisimulation relation.

If « = o/, then aff —= &/f and since a is unnormed, so is a’. Moreover, since o3
is acceptance irredundant, we have by Lemma 43 that o/ is acceptance irredundant and
hence (a/,a/8) € R. Furthermore, if o, then o € P,*, hence, since af is acceptance
irredundant, we have 8 € P,* and thus af}. A symmetric argument applies for the cases
where aff — o' and af]. <

» Lemma 46. Suppose that A is in AIGNF. Then for all acceptance irredundant sequences
a we have |a| < n(a).

Proof. If « contains an unnormed process identifier, then clearly « is unnormed hand hence
la| < n(a) = 00. So, suppose that a is normed. Then all process identifiers in « are normed
and must have a defining equation of the shape > | a;.c;(+1) for some n € Nt with o,
acceptance irredundant. Since every variable must be able to execute at least one action, the
norm of each variable must be greater or equal than 1. Hence, in this case also |a] < n(«a). <«

» Lemma 47. Suppose that A is in AIGNF and let oy, By € P* be acceptance irredundant.
If a, B and 7y are normed, then ay < [~ implies o & B.

Proof. It suffices to prove that
R ={(a,8) | Iv. ay & B~y and ary, S are acceptance irredundant}

is a bisimulation relation.
Suppose a —= o, then vy —— § such that 6§ & o/y. We distinguish two cases.
If 3 %5 B and 6 = 3’7, then since oy and v are acceptance irredundant, by Lemma
43, o/~ and 'y are acceptance irredundant and therefore (o, ') € R.
If B, B+, v -~ and 6 = v/, then n(B7y) = n(y) < n(ay), contradicting ary & Br.
Hence, in this case the implication vacuously holds.
Moreover, if a, then oo € P,* and since ary is acceptance irredundant also v € P,*. Hence,
we have ay] and thus v/ and ). A symmetric argument applies for the cases where
B - " and B]. <
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1 Introduction

Initial algebras for endofunctors are important in formal semantics and the theory of recursive
domain equations. Further, for state based systems represented as coalgebras, Rutten [11]
demonstrated that the terminal coalgebra formalizes behavior of states. If we work in the
category of ¢po’s as our base category, and if the given endofunctor is locally continuous,
then Smyth and Plotkin proved in [12] that the initial algebra coincides with the terminal
coalgebra. That is, the underlying objects are equal, and the structure maps are inverse to
each other.

Is there a connection between initial algebras puF and terminal coalgebras vF for set
functors F', too? In the case where F' preserves limits of w°P-chains, vF' carries a canonical
structure of a metric space and, whenever F() # (), this is the Cauchy completion of puF as its
subspace, as proved by Barr [8]. But what can we say about general set functors? There are
cases where puF is countable and vF is uncountable (e.g. FX = A x X + 1, with uF = A*
and vF' = A*) or vF does not exist:

» Example 1 (see [4]). The following set functor F' has a countable initial algebra but no
terminal coalgebra:

FX ={M C X ;card M # Np}.
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To a function f: X — Y it assigns the function Ff turning M C X to f[M] if f restricted
to M is monic or M is finite, else to (). Its initial algebra is that of the finite power-set
functor (consisting of all hereditarily finite sets).

We are going to prove that the cardinal R, is the only exception: whenever a set functor
has a nonempty initial algebra of a finite or uncountable regular cardinality, then it has
a terminal coalgebra of the same cardinality. See the Terminal-Coalgebra Theorem in
Section 4. We also prove that the existence of a fixed point F’X ~ X of an uncountable
regular cardinality implies that the set functor F' has a terminal coalgebra. This corresponds
well with the result of [15] that every set functor with a fixed point has an initial algebra.

On the way to proving these results we present a number of categories that are algebraically
complete and cocomplete. The concept of algebraic completeness, due to Freyd [9], means
that every endofunctor has an initial algebra. But Freyd did not present any examples. It may
seem that there are no “natural” examples since, as proved in [4], an algebraically complete
category cannot be complete, unless it is equivalent to a preordered class. However, we prove
that for every uncountable, regular cardinal A the category Set<, of sets of cardinality at
most A is algebraically complete and cocomplete. That is, every endofunctor F' has both
wF and vF. For A > X; (the first uncountable cardinal) the category Nom<, of nominal
sets of cardinality at most A is also algebraically complete and cocomplete. Analogously, the
category K-Vec<y of vector spaces of dimension at most A, for any field K with |K| < A,
is algebraically complete and cocomplete. Finally, if G is a group, consider the category
G- Set of sets with an action of G. For every group with 2/¢l < \ the category G- Set<)
of G-sets of cardinality at most )\ is algebraically complete and cocomplete. These results
require assuming the Generalized Continuum Hypothesis.

Returning to metric structures on terminal coalgebras, we prove that for finitary set
functors F with F') # () the initial algebra and terminal coalgebra carry a canonical ultrametric
such that the Cauchy completions of uF and vF coincide. And the coalgebra structure of
vF is determined by the algebra structure ¢ of pF" it is the unique continuous extension of
t~1 to vF. This complements the above result of Barr [8].

2  Algebraically Cocomplete Categories

For a number of categories K we prove that the full subcategory K<, on objects of power at
most A is algebraically cocomplete. Power is a cardinal we introduce as follows:

» Definition 2. An object is called connected if it is non-initial and is not a coproduct of
two non-initial objects. An object is said to have power X if it is a coproduct of A connected
objects, but not of less than A ones.

» Example 3. In Set, connected objects are the singleton sets, and power of a set X is
its cardinality |X|. In the category K-Vec of vector spaces over a field K the connected
spaces are those of dimension one, and power means dimension. In the category Set” of
many-sorted sets the connected objects are those with precisely one element (in all sorts

together), and the power of X = (X,),cg is simply | [ X;|. A nominal set is connected in
ses
the category Nom of nominal sets and equivariant maps iff it consists of a single orbit.

» Definition 4. A category K is said to have width w(K) if it has coproducts, every object

is a coproduct of connected objects, and w(K) is the smallest cardinal such that

(a) K has at most w(K) connected objects up to isomorphism, and

(b) given an object K of power a > w(K), all quotients of K have power at most «, and
there exist at most @ morphisms from a connected object to K.
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» Example 5.

(1) Set has width 1. More generally, Set® has width |S|. Indeed, in Example 3 we have seen
that the number of connected objects up to isomorphism is |S|, and (b) clearly holds.

(2) K-Vec has width |K| 4+ Ng. Indeed, the only connected object, up to isomorphism, is
K. For a space X of dimension « the number of morphisms from K to X is |X|. If K
is infinite, then « > |K| implies |X| = « (and |K| = |K| + Yg). For K finite, the least
cardinal X such that | X| < « holds for every a-dimensional spaces X with a > X is Ng
(= [K[+Ro).

(3) The category Nom of nominal sets has width Ny.

(4) For every nontrivial finite group G the category G- Set of sets with an action of the
group has width Xy. For infinite groups the width of G- Set is at most X if 2IG1 < .
For the proof of (3) and (4) see the Appendix.

We now present some technical results serving for the proof of Theorem 13 below. The
following lemma is based on ideas of Trnkova [14].

» Lemma 6. Let a commutative square
A
N
B By
B

be given in a category A. This is an absolute pullback, i.e., a pullback preserved by all
functors with domain A, provided that (1) by and by are split monomorphisms, and (2) there
exist morphisms by : B — By and as : Bo — A satisfying

Blbl = id, @2&2 = id, and aldg = Blbg. (2.1)
Proof. The given square is a pullback since given a commutative square
bicy = byey for ¢;: C — B;

there exists a unique ¢ with ¢; = a; - ¢ (i = 1,2). Uniqueness is clear since ag is split monic.
Put ¢ = ay - co. Then ¢; = ayc follows from b; being monic:

bici = bibibicy biby =id
=bibibycy bier = bacy
= braasco b1by = aqas
= bia;c C = QzC2

And ¢o = agc follows from by being monic:

baca = bicy
= bia;c c1 = aic
= bgagc b1a1 = b2a2

For every functor F' with domain A the image of the given square satisfies the analogous
conditions: Fb; and Fby are split monomorphisms and Fby, Fas verify (2.1). Thus, the
image is an (absolute) pullback, too. <

CALCO 2019
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» Corollary 7 (See [14]). Every set functor preserves nonempty finite intersections.

Indeed if A in Lemma 6 is nonempty, choose an element ¢ € A and define b, and as by

by(o) = {y i bi(y) ==
a(t) if = ¢ bi[Bi]

_ Jy if a(y) ==
a2(z) = {t itz ¢ as[A]

It is easy to see that (2.1) holds.

» Remark 8.

(a) We recall that for an infinite cardinal A the cofinality is the smallest cardinal p such
that X is a join of a u-chain of smaller cardinals. And A is regular if it is equal to its

N, .

(b) For a set X of infinite cardinality A a collection of subsets of cardinality A is called almost
disjoint if the intersection of arbitrary two distinct members has cardinality smaller than
A
Tarski [13] proved that for every set X of infinite regular cardinality A there exists an
almost disjoint collection ¥; C X (¢ € I) with |I] > A. The argument is quite simple.
Using the Maximality Principle (also known as Zorn’s Lemma), we see that a maximum

cofinality. The first non-regular cardinal is X, =/, _,,

almost disjoint collection exists on X. Assuming that it has at most A members, we
derive a contradiction. We can index that collection by ordinals ¢ < A. Given an almost
disjoint collection (Y;);<x, the following sets Z; = Y; — Uj<i Y; for i< X are clearly
pairwise disjoint and, since A is reguar, they have cardinality A. We can find a choice set
Z* C X. From |Z* N Z;| =1 it follows that |Z* NY;| < A for every i < A, thus, we can
add Z* to the given collection. This contradicts the maximality.

(c) Given an element t € X there exists a maximum almost disjoint collection Y;, i € I,
with ¢ € Y; for all ¢ € I. Indeed, take any maximum collection (Y;);cr and use Y; U {t}
instead of Y; (for i € I).

» Notation 9. Let C be a category of width w(kC). For every infinite cardinal A > w (k) we
denote by K<, the full subcategory of K on objects of power at most \.

Our main technical tool is the following

» Proposition 10. Let F' be an endofunctor of K<y and X = [ X; an object of K with
i€l
all X; connected and |I| = A. Every morphism b: B — FX, with B of power less than X,
factorizes through Fec for a coproduct injection c: C' — X where C = [[ X, and |J| < A.
jeJ
The proof can be found in the Appendix.

» Proposition 11. Let A be an uncountable regular cardinal. Every coalgebra for an endo-

functor of K<y is a colimit of a A-filtered diagram of coalgebras on objects of powers smaller
than .



J. Adamek 12:5

Proof. Let 8 : B — FB be a coalgebra. Express B = [[ B; where B; are connected and
i€l

[I] = X (the case |I| < X is trival). For every set J C I with |J| < A we are going to prove

that there exists a set J C J' C I with |J'| < A such that the summand

carries a subcoalgebra. That is, there exists 5;.: Bjy» — F By for which u;: is a homomorph-
ism. This proves the proposition: the diagram of all subcoalgebras of (B, 8) on summands of
less than A components is clearly A-filtered. And its canonical colimit is (B, ). This follows
from the fact that colimits of coalgebras are formed on the level of the underlying category.

For every set J C I with |J| < A we are to present a set J C J' C I with |J’| < A such that
By exists. Put J' = J,,,, Jn for the following w-chain of sets J,, C I with [J,| < A. First,

Jo = J. Given J,,, define J,, 11 as follows. For every subset L C J denote by uy: [[ B; — B
iel
the coproduct injection. Given j € J,, apply Proposition 10 to X = B and

b=nB;, 2, B2, FB.

There exists a set L(j) C J with |L(j)| < A such that the morphism 3-uy;y factorizes through
Fup,j. Consequently, for the set L, = |J L(j) we see that 5 - u;, factorizes through

JE€JIn
Fuy, . That is, there exists a morphism 5": [[ B; — ][ B; with Fuy, -8" =8 uy, .
i€Jn €Ly,
Define J,, 11 = J,, U Ly, , then |11 <A+ [JTA< A+ A2 =\
jed

Thus, for the union J' = J J,, we get |J'| < A because A is uncountable and regular, there-
fore | T J,| < A. And uy carries the following subcoalgebra 8,.: [ B; — F( [ Bj):

n<w JjeJ’ jeJ’
Given j € J' let n be the least number with j € J,. Denote by w: B; — [[ B; and
icJy,

v: ] B; = ]I Bj the coproduct injections. Then the j-th component of 3 is the following
€L, jeJ’
composite

B, [ B2 ([ B) 2 F(]] B)
i€Jy 1€Ly, icJ’

To prove that the following square

B
[1 B ——F(II B))
JjeJ’ jeJ’
u s FuJ/

1 B; ——— F(I1B)

i€l i€l
commutes, consider the components for j € J’ separately. The upper passage yields, since
uy -v=ur : |[ B;i— |[Bi, the result
i€L, icl

Fuy - (Fv-p"-w)=Fug, -f"-w=3 uy, w.

The lower passage yields the same result. <
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» Remark 12.

(a) Every ordinal « is considered as the set of all smaller ordinals. In particular Xq is the
set of all natural numbers, and N; the set of all countable ordinals.

(b) For cardinals A and p the power M\ is cardinality of the set of all functions from p to A.

(c) If an infinite cardinal A has cofinality p, then A* > A, see [10], Corollary 1.6.4.

(d) Recall the General Continuum Hypothesis (GCH) which states that for every infinite
cardinal )\ the successor cardinal is 2*.

Under GCH every infinite regular cardinal X fulfils \* = A for all cardinals 1< pu < A.
See Theorem 1.6.17 in [10].

» Theorem 13. Assume GCH. If K is a cocomplete and cowellpowered category of width
w(K), then K<y is algebraically cocomplete for all uncountable reqular cardinals X > w(K).

Proof. Let F be an endofunctor of K<. Form a collection a;: A; — FA; (i € I) representing
all coalgebras of F' on objects of power less than A (up to isomorphism of coalgebras). We
have |I| < A. Indeed, for every cardinal n < A let I, C I be the subset of all ¢ with A; having
power n. Given ¢ € I, for every component b: B — A; of A; we know, since A > w(K), that
there are at most A\ morphisms from B to F'A4; (recalling that F'A; has power at most \), see
(b) in Definition 4. Thus there are at most n - A = A\ morphisms from A; to F'A;. And the
number of objects A; with n components is at most w(K)™ < A™ = X (see Remark 12(d)).

Thus, there are at most A indexes in I,,. Since I = |J I,,, this proves |I| < A% = \.
n<A
Consequently A = [ A; is an object of K<x. We have the coalgebra structure a: A —
il

FA of a coproduct of (A;,«;) in CoalgF. Let e: A — T be the wide pushout of all
homomorphisms in Coalg F with domain (A, ) carried by epimorphisms of K. Since K is
cocomplete and cowellpowered, and since the forgetful functor from Coalg F' to K creates
colimits, this means that we form the corresponding pushout in K and get a unique coalgebra

structure 7: T' — F'T" making e a homomorphism:

[TAi —= F(IT4)

T4T>FT

The power of T is at most A since T is a quotient of A, see (b) in Definition 4. We are going
to prove that (T, 7) is a terminal coalgebra.

For every coalgebra §: B — F'B with B having power less than A there exists a unique
homomorphism into (7, 7). Indeed, the existence is clear: compose the isomorphism that
exists from (B, ) to some (A;, ;) , the i-th coproduct injection of (A, «) and the above
homomorphism e. To prove uniqueness, observe that by definition of (7', 7), this coalgebra has
no nontrivial quotient: every homomorphism with domain (7', 7) whose underlying morphism
is epic in K is invertible. Given homommorphisms u, v: (B, ) — (T, 1)



J. Adamek

form their coequalizer ¢: T'— @ in K. Then @ carries the structure of a coalgebra making ¢
a homomorphism. Thus, ¢ is invertible, proving u = v.

From Proposition 11 we deduce that the same holds for all coalgebras, thus (T, 7) is
terminal. <

3 Algebraically Complete Categories

All the concrete categories proved to be algebraically cocomplete above turn out to be
algebraically complete, too. Moreover, General Continuum Hypothesis need not be assumed
for this result.

» Remark 14. In this remark we assume that, for a given ordinal A, all (co)limits mentioned

below exist. We denote by 0 the intial object and by 1 the terminal one.

(a) Recall from [1] the initial-algebra A-chain of an endofunctor F: its objects F*0 for all
ordinals i < XA + 1 and its connecting morphisms w;;: F'0 — FJ0 for alli < j <A +1
are defined by transfinite recursion as follows: F°0 = 0, Fi*10 = F(F*0), and FI0 =

coiz'mFiO for limit ordinals j < A. Analogously: wo1: 0 — F0 is unique, w;t1 j+1 = Fw;j,
i<y

and w;; (i < j) is a colimit cocone for every limit ordinal j < A.
(b) The initial-algebra chain converges at A if the connecting map wx x41 is invertible. In
that case we get the initial-algebra

uF = F*0

with the algebra structure ¢ = w;& 41
(c) In particular, if F' preserves colimits of A-chains for a limit ordinal X, then uF = F*0.
(d) Dually, the terminal-coalgebra \-chain has objects F'1 (for i < A + 1) with F°1 = 1,

F*11 = F(F'1) and F71 = lim F*0 for limit ordinals j < \. Its connecting morphisms
1<
are denoted by v;; (i > j). If F preserves limits of \°P-chains, then vF = F*1. This was

explicitly formulated by Barr [8].

(e) We say that a set functor F' preserves inclusion if given a subset Y of X, then FY is a
subset of F'.X, and for the inclusion map ¢ : Y — X also F' is the inclusion map . It
follows that F' preserves monomorphisms.

For every set functor F' there exists a set functor G preserving inclusion and having the
same initial-algebra chain as F' for all infinite ordinals. Moreover, F' and G coincide on all
nonempty sets and functions and if F() # (), then GO # 0. See [7, Theorem I11.4.5] and[4,
Remark 3]. We call G the Trnkovd hull of F'.

» Remark 15. Let A be an infinite regular cardinal. We recall from [6] that an object A of a

category K is called A-presentable if its hom-functor K(A, —) preserves M-filtered colimits.

This means that if a A-filtered diagram D has a colimit cocone b; : B; — X (i € I), then
for every morphism a : A — X (i) a factorization through b; exists for some ¢ € I and (ii)
given two factorizations u,v : A — B; with a = b; - u = b; - v, some connecting morphism
d:B; = Bjof Dfulfilsd-u=d-wv.

A category K is called locally A-presentable if it is cocomplete and has a small full
subcategory D consisting of A-presentable objects whose closure under A-filtered colimits
is all of IC. This implies that every object X is a canonical colimit of the diagram of all
morphisms a: A — X with A € D. More precisely, of the A-filtered diagram

DxiD/X—)D, Dx(A,a):A.

In the case A = Xy we speak about locally finitely presentable categories.
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» Definition 16 (See [5]). A strictly locally A-presentable category is a locally A-presentable
category in which every morphism b: B — A with B A-presentable has a factorization
b=1-f-b for some morphisms b’': B — A and f: A — B’ with B’ also A\-presentable.

» Examples 17 (See [5]).

(a) The categories Set, K-Vec and G-Set, where G is a finite group, are strictly locally
finitely presentable.

(b) Nom is strictly locally N;-presentable.

(c) Set® is strictly locally A-presentable for infinite A > |S|.

(d) Given an infinite group G, the category G-Set is strictly locally A-presentable if A > 2/¢1.

» Definition 18. A category K has strict width w(K) if it has width w(K), coproduct
injections are monic, and every connected object is A-presentable for A = w(K) + Ry.

» Example 19.

(1) The category Set” has strict width |S| 4 R, since connected objects (see Example 3)
are finitely presentable.

(2) K-Vec has strict width |K| 4+ Ng: the only connected object K is finitely presentable.

(3) G-Set has strict width at most 2/ 4+ X.

(4) Nom has strict width N,.

» Lemma 20. If a category has strict width w(K), then for every infinite reqular cardinal

A > w(K) its A-presentable objects are precisely those of power less than .

Proof. If X is A-presentable and X = ][] X; with connected objects X;, then in case
i€l

card I < X\ we have nothing to prove. And if card I > A, form the M-filtered diagram of

all coproducts [[ X; where J ranges over subsets of I with card J < A. Since K(X, —)
JjeJ
preserves this colimit, there exists a factorization of idx through one of the colimit injections

v: J] X; = ]I Xi. Now v is monic (by the definition of strict width) and split epic, hence
jedJ i€l
it is an isomorphism. Thus, X ~ [[ X; has power at most card J < .
jeJ
Conversely, if X has power less than A, then it is A-presentable because every coproduct
of less than A objects which are A-presentable is A-presentable. |

» Remark 21. In every locally A-presentable category K all hom-functors of A-presentable
objects collectively reflect A-filtered colimits. That is, given a A-filtered diagram D with
objects D; (i € I), then a cocone ¢;: D; — C of D is a colimit iff for every A-presentable
object Y the following holds: (i) every morphism f:Y — C factorizes through some ¢;
and (ii) given two such factorizations u, v: Y — C, ¢; - u = ¢; - v, there exists a connecting
morphism d: D; — D; of D with d-u = d-v. This is proved for A = Xy in [5, Lemma 2.7],
the general case is completely analogous.

» Theorem 22. Let K be a strictly locally a-presentable category with a strict width. Then
K< is algebraically complete for every cardinal A > max(a, w(K)).

Proof. Following Remark 14, it is sufficient to prove that K<, has colimits of i-chains for all
limit ordinals ¢ < A, and every endofunctor of K<, preserves colimits of A-chains.

(1) K<x has for every limit ordinal 4 < X colimits of i-chains (Bj);<;. In fact, let X be the
colimit of that chain in K, then we verify that X has power at most A. Indeed, each B;
is a coproduct of at most A connected objects, thus, [[ B; is a coproduct of at most

j<i
i- A = X connected objects. The same holds for X, since it is a quotient of [] B;.
J<i
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(2) For every endofunctor F' of K<, and every A-chain B; (i < A) in K< we prove that F'
preserves the colimit

X = coliImBZ- (with cocone b;: B; — X, 1 < \).
1€

Let us choose a small subcategory D of K as in Remark 15. We verify that the functor
B: X — D/X given by i — (B;,b;) is cofinal, i.e., for every object (4,a) of D/X (a)
there exists a morphism of D / X into some (B;,b;) and (b) given a pair of morphisms w,
v: (A,a) — (B4, b;), there exists j > ¢ with w and v merged by the connecting morphism
bij: B; = Bj of our chain. Indeed, since A is A-presentable, the morphism a: A — cio<lz'Am B;
factorizes through b; for some ¢ < A. And since u, v above fulfil b; - u = b; - v (= a), some
connecting morphism b;; also merges v and v, see Remark 15.

Consequently, in order to prove that F' preserves the colimit X = colim B;, it is sufficient
to verify that it preserves the colimit of the codomain restriction D’y : D/X — K< of Dx
(see Remark 15). Indeed, since B: A — D / X is cofinal, the colimits of the diagrams F - D
and (F'B;)i<x coincide. We apply Remark 21 and verify the conditions (i) and (ii) for the
cocone Fa: FA — FX of F- Dx (in K). Thus FX = colimF - Dx in K which implies
FX = colimFD' in K<y.

Ad (i) Given a morphism f: Y — FX with Y A-presentable, then Y has power less than
A, thus, by Proposition 10 there exists a coproduct injection ¢: C — X with C' A-presentable
such that f factorizes through F¢ (which is a member of our cocone).

Ad (ii) Let u, v: Y — F A, with A A-presentable, fulfil Fa-u = Fa-v. We are to find a
connecting morphism

h: (A,a) = (B,b) in D/X with Fh-u= Fh-v.

By the strictness of IC, since A is A-presentable, for a: A — X there exist morphisms
b: B— X and f: X — B with B A-presentable and a = b- f - a. It is sufficient to put
h=f-a: A— B. Then h is a morphism of D/X since b-h = a, and Fa-u = Fb-v implies
Fh-u= Fh-v, as desired. <

» Example 23.

(1) For every uncountable regular cardinal A the category Set<) is algebraically complete
(by Theorem 22) and, assuming GCH, algebraically cocomplete (by Theorem 13). The
former was already proved in [3], Example 14, using an entirely different method.

(2) The category Set<y, of countable sets is algebraically complete, but not algebraically
cocomplete. Indeed, the restriction Py of the finite power-set functor to it does not have
a terminal coalgebra. Assuming that a (countable) terminal coalgebra T is given, we find
a contradiction as follows. For every subset A of N denote by C4 the tree with root r4
obtained from an infinite path by adding, for every number n € A, a leaf of height n + 1.
These trees are, as coalgebras for Py , clearly pairwise non-bisimilar. Consequently, the
unique homomorphisms h4 : C4 — T have the property that the elements ha(r4) are
pairwise distinct. This is the desired contradiction: T is countable, but the number of
all A’s is uncountable.

» Example 24. Let A be an uncountable regular cardinal. The following categories are
algebraically complete and, assuming GCH, algebraically cocomplete:

(a) Set?, whenever A > |S],

(b) K-Vec<y whenever X > |K|,
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(c)
(d)

4

Nomc) whenever A > N;, and
G-Set<, for groups G with A > 2161,
This follows from Theorems 13 and 22.

Terminal Coalgebras Derived from Initial Algebras

In this section we prove that a set functor F' with a non-empty initial algebra of regular

cardinality A\ (see Remark 12) has a terminal coalgebra of the same cardinality A — with one
exception: A = Ny. We first formulate a fixed-point theorem.

A fized point of an endofunctor F' is an object X isomorphic to FX.

» Theorem 25 (The Fixed-Point Theorem). Assume GCH. A set functor with a nonempty fized
point of a finite or regular uncountable cardinality A has a terminal coalgebra of cardinality

at most \.

Proof.

(1)

(2

(3)

Without loss of generality we can assume F() = (). Indeed, otherwise we prove the
theorem for the Trnkova hull G, see Remark 14. The terminal coalgebras for F and G
are the same.

F restricts to an endofunctor Fy of Set<y. Indeed, if A is a fixed point with |A] = A
, then every object Y # 0 of Set<, is a split subobject of A, hence, FY is a split
subobject of FA, proving that |FY| < |[FA| = A. We know from Theorem 13 that Fp has
a terminal coalgebra. We prove that this is also terminal for F'. For that, it is sufficient
to prove every coalgebra for F' is a colimit of coalgebras for F in Coalg F'.

Suppose that A is finite. Then we verify that the terminal coalgebra is obtained as the
limit of the following w°P-chain

2
1« F1¢5 p2p 50

Indeed, since by (1) we have |[F™1| < X for all n, there exists & < X such that some
infinite set A C N fulfils |[F"1| = k for every n € A. Observe that the connecting
maps of our chain are all epic. Hence, given n > m in A, the connecting map from F™1
to F™1 is invertible: it is monic due to |F™1| = |F™1|. Thus, the limit of the cofinal
subchain F™1 (n € A) is absolute, since this subchain consists of isomorphisms. Hence,
the original chain also has an absolute limit. This implies by Remark 14(d), that }nggu 1

is a terminal coalgebra of F'. It has k < A elements.

From now on we assume that )\ is uncountable. For every coalgebra a: A — F'A and
every subset b: B < A with |B| < A a subset b': B’ < A exists which contains b, fulfils
|B’| < A, and carries the structure 3': B — FB’ of a subcoalgebra (i.e., b': (B',') —
(A, @) is a coalgebra homomorphism). This is proved precisely as Proposition 11. It then
follows that the diagram of all subcoalgebras of (A, «) on less then A elements (and all
coalgebra homomorphisms carried by inclusion maps) has the canonical M-filtered colimit
(A, @) in Coalg F'. Indeed, the forgetful functor U from Coalg F' to Set creates colimits,
and A is (in Set) a canonical M-filtered colimit of all subsets of less than A elements. The
subdiagram of all subalgebras of less than A elements is cofinal in the above diagram,
hence, it also has the canonical colimit A. And U creates that colimit. <
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» Example 26. None of the assumptions of the Fixed-Point Theorem can be left out, as we
now demonstrate.

(1) Assuming the negation of the Continuum Hypothesis, i.e. X; < 2% we present a set
functor F' with the fixed point R (the set of all countable ordinals) which has no terminal
coalgebra. Define F' on objects by

FX=Xx¥ +{Y CX;|Y|>R orY =0}.

For every morphism f: X — X' the left-hand summand of Ff is f X idy,, and the
right-hand one is given by Ff(0)) = ) andF f(Y) = f[Y] if f restricted to Y is monic,
else 0.

Then N; is a fixed point of F: FRy = Ny x ¥y + {(} = N;. But assuming that a terminal
coalgebra 7: vF — F(vF) exists, we derive a contradiction. It is clear that every fixed
point of F' has power Xj, thus |[vF| = N;.

For every function ¢: N — N; define a coalgebra A, = (N, a,) for F' as follows: «,,
maps n to the element (n+ 1, (n)) of the left-hand summand of FFX. We have a unique
coalgebra homomorphism h,: A, — vF'. Since 7 - h, = Fhy, - a,, for every n € N we
get

7(hp(n)) = Fhy(n+1,0(n)) = (hy(n +1),0(n). (4.1)

We conclude that the elements h,(0) € vF for all ¢: N — X; are pairwise distinct:
assuming h,(0) = hy(0), we prove ¢ = ¢’ . Indeed, it is sufficient to verify that
hy(n) = hyr(n) by induction on n. This is trivial, the induction hypothesis yields, due
to (4.1), (hp(n+1),¢0(n)) = (hy(n+1),¢'(n)), and the left-hand components prove
he(n+1) =hy(n+1).
This is a desired contradiction: all elements h,(0) € T form a set of power at most
IT| = Ry, but all p: N — Ry form a set of power |[R}/| > 2% > R;.

(2) For the non-regular uncountable cardinal 8, = \/, _
with the fixed point N, not having a terminal coalgebra. Since by Remark 12(b) we

N,, we present a set functor F

have |[RY| > X, this is completely analogous to the preceding example: put FX =
X xRN, +{Y CX;|Y| >N, or Y =0}.
(3) The Fixed-Point Theorem does not hold for Xy, see Example 1.

» Theorem 27 (The Terminal-Coalgebra Therorem). Assume GCH. If a set functor F has
a nonempty initial algebra of a finite or reqular uncountable cardinality, then it also has a
terminal coalgebra of the same cardinality. Shortly:

wF ~vF.

Proof. In [7], Theorem 3.10, it is proved that the existence of pF implies that the initial-
algebra chain F0 (i € Ord), see Remark 14, converges, thus uF = F*( for some ordinal p.
Without loss of generality we assume p > w. Put A = |uF|.

By the Fixed-Point Theorem we have a terminal coalgebra 7: T — FT with |T'| < A. The
algebra (T,771) yields, as proved in [1], a unique cocone a;: F'0 — T of the initial-algebra
chain satisfying a; 11 = 771 - Fa for every ordinal i. To prove |T'| > )\, we verify that «; is
monic for all ordinals 4 > w. Thus |T'| > |F*0| for all 4, proving |T'| > |F?0| = \.

Let F preserve monomorphisms. Then all «; (¢ € Ord) are monic. This is easily seen by
transfinite induction, since ag: ) — A is monic, and ;1 = 77! - Fa; is monic whenever
Q; 18S.

12:11
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For a functor F' not preserving monomorphisms we have F() # (), since all nonempty
monomorphisms split. We apply the result of Remark 14(e) that the Trnkovd hull is a
monic-preserving set functor G which coincides with F' on all nonempty sets (and functions)
and whose initial-algebra chain is, from the ordinal w onwards, the same as that for F'. Thus,
uG ~ puF. We also have vG ~ vF since, due to F) # 0 # GO, F and G have the same
coalgebras. |

» Example 28.

(a) For set functors with countable initial algebras nothing can be deduced about the
terminal coalgebras. As we have seen in Example 1, vF need not exist. And for
every infinite cardinal A\ there exists a set functor with a terminal coalgebra such that
|uF) = Ng and |vF| > A. Define F' as the following subfunctor of the functor of
Example 1:

FX =P;X +{MC X;Ro < |[M|<\}.

This functor has a terminal coalgebra because it preserves colimits of AT-chains (see
Remark 14). And vF is uncountable. Indeed, Py has an uncountable terminal coalgebra:
the argument is as in Example 23(2). Since Py is a subfunctor of F, the terminal-
coalgebra chain of Py is also a subfunctor of the terminal-coalgebra chain of F, from
which we conlcude |vPy| < |[vF.
Furthermore, uF' = /Py is countable. And for every uncountable fixed point X ~ FX
we clearly have X ~ {M C X; |M|= A}, therefore | X| = | X|* from which it follows, by
Remark 12, that |X| > A. Hence, [vF| > A.

(b) For many-sorted sets the Terminal-Coalgebra Theorem does not hold. Indeed, given
any cardinal A there is an endofunctor F' of Set x Set that fulfils: puF exists and has A
elements, but vF' does not exist. Put

(@, ) if X =0,

FR.Y) = {(X, A+PY) else.

Given a morphism (f,¢): (X,Y) — (X', Y”’) with X nonempty, put F(f,g) = (f,id+Pg).
It is easy to see that the initial algebra of F is (), \). If F' would have a terminal coalgebra
vEF = (A, B), then A = ) (since otherwise (4, B) is not a fixed point of F). But for
any coalgebra a: (X,Y) — (X, XA + PY), with X # (), no morphism into (0, B) exists, a
contradiction.

(c) Moreover, for every pair A, < A, of infinite cardinals there exists an endofunctor F' of
Set x Set with uF' of A\, elements and vF of A, elements. On objects put F(X,Y) =
(0,2,) if X =0, else (1,\,) To every morphism F assigns the (obvious) inclusion map.

Both the initial-algebra chain and the terminal-coalgebra chain converge in one step and
yield pF' = (0,A,) and vF =(1,\,).

5 Finitary Set Functors

In the preceding section we have established, for some set functors F, an isomorphism
uwF ~ vF. But that concerned only the underlying sets! In the generality of that section,
nothing can be derived about the relationship of the algebra structure ¢: F(uF) — pF and
the coalgebra structure 7: vF — F(vF). For finitary set functors F' (i.e., those preserving
filtered colimits) with F'() # () we can say more. Firstly, uF and vF exist, and uF (considered
as a coalgebra via 171) is a subcoalgebra of vF. Second, there is a canonical ultrametric on
vF, such that for the metric subspace puF we prove that
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(a) pF and vF share the same Cauchy completion,
and
(b) ¢ determines 7 as the unique continuous extension of +~!.

This generalizes the result of Barr [8] that, in case F moreover preserves limits of
w®P-chains, vF' is the Cauchy completion of uF.

» Proposition 29 (¢ F as a subcoalgebra of vF). If a set functor F has a terminal coalgebra,
then it also has an initial algebra carried by a subset uF" C vF such that the inclusion map
m: uF — vF is the unique coalgebra homomorphism, i.e., T-m = Fm -1~ 1.

Proof.

(1) Assume first that F preserves monomorphisms. There exists a unique cocone of the
initial-algebra chain with codomain vF, m;: F'0 — vF (i € Ord) determined by the
condition below:

Mg = F(FiI0) 2™ FwF) 25 uF (i € Ord).

Easy transfinite induction verifies that m; is monic for every i. Since vF' has only a set
of subobjects, there exists an ordinal A such that all m; with ¢ > X represent the same
subobject. Thus the commutative triangle below

Wy —— 22 Ew,

vF

implies that wy 41 is invertible. Consequently, the following algebra

F(FM) -2 g

is initial, see Remark 14.
For the monomorphism my: FA0 — vF put

uF = my[F*0] C vF.

Choose an isomorphism r: uF — FA0 such that m = my - r: uF — vF is the inclusion
map. Then there exists a unique algebra structure ¢: F(uF) — pF for which r is an
isomorphism of algebras:

r(uk, 1) —— (F)‘O7w>:§+1).

The following commutative diagram

-1

uF - F(uF)
r Fr
Ao — 2 L P(FAO)
mx A Fmjy
vF F(vF)

proves that m = my - r is the unique coalgebra homomorphism, as required.
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(2) Let F not preserve monomorphisms. Therefore F) # (). Our proposition holds for
the Trnkovd hull G of Remark 14(e). Since F' and G agree an all nonempty sets and
F) # 0 # GO, they have the same terminal coalgebras. Since the initial algebra of
G is, as we have just seen, obtained via the initial-algebra chain, and F has from w
onwards the same initial-algebra chain, F' and G have the same initial algebras. Thus,
our proposition holds for F' too. |

The fact that every set functor with a terminal coalgebra has an initial algebra was proved
in [15]. Our proof above uses ideas of that paper.

Next we recall the behaviour of the terminal-coalgebra chain, see Remark 14, for finitary
set functors:

» Theorem 30 (Worrell [16]). For every finitary set functor F the terminal-coalgebra chain
converges at w + w: vF = F“t¥1. Moreover, every connecting morphism v; ., (i > w) is
monic.

» Remark 31.
(a) Consequently, vF' is a canonical subset of F“1 = lién F™1. And this endows vF with
nw
a canonical ultrametric, as our next lemma explains. Recall that a metric d is called

an ultrametric if for all elements x, y, z the triangle inequality can be strengthened to
d(z, z) < max(d(z,y),d(y, 2)).

(b) For every set functor F' there exists a unique morphism u: F“0 — F*1 with @ - wy, , =
Vyn - F™1 (where !: 0 — 1 is unique). See [2], Lemma 2.4.

(c) The homomorphism m of Proposition 29 fulfils 4 = v,4 . - m.
Indeed, since F' is finitary, we have pf' = F’0 and ¢ = w;,iurr Thus m being a coalgebra
homomorphism states precisely that

-1 .
Votwtlwtl M= Fm - wy w1

O, T = Uyt 1,wtw  FM- W, wy1. The squares defining % in Remark 31(b) thus commute
when @ is substituted by vy 4w.w - M (= Votwt1,w - FM - Wy w+1). That is, we claim that

Ve, [Uw+w+17w -Fm - ww7w+1) S W =
This is clear for n = 0. If this holds for n, i.e., if
Votwtin - FMo-wy o1 = F"
then it also holds for n 4 1: just apply F' to that equation. Thus, & = vy, - M.

» Lemma 32. Every limit L of an w°P-chain in Set carries a complete ultrametric: assign
tot # s in L the distance 27" where n is the least natural number with p,(t) # pn(s) for the
limit projections py,.

Proof. Let l,: L — A,, (n € N) be a limit cone. For the above function
d(z,y) =27"

where 1,,(z) # 1,,(y) and n is the least such number we see that d is symmetric. It satisfies
the ultrametric inequality

d(z,z) < max (d(z,y),d(y,z)) forall z,y,z2€L.
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This is obvious if the three elements are not pairwise distinct. If they are, the inequality
follows from the fact that if [,, separates two elements, then so do all l,,, with m > n.

It remains to prove that the space F“1 is complete. Given a Cauchy sequence z, € L
(r € N), for every k € N there exists r(k) € N with

d(Zr(k)s Tn) < 27%  for every n > r(k).

Choose r(k)’s to form an increasing sequence. Then d(z,x), Tr(k+1)) < 27k e, l(zrry) =
Uk (Zr(k41))- Therefore, the elements yp = I (2, (x)) are compatible: we have ap1(yrt1) = Y
for all k € N. Consequently, there exists a unique y € L with lx(y) = y for all £ € N. That
is, d(y, ,(x)) < 27%. Thus, y is the desired limit:

y = lim z,4) implies y= lim =,. |
k—o0 n— 00

We conclude that for a finitary set functor both vF and pF' carry a canonical ultrametric:

vF as a subspace of F*1 via vyqww: VF — F“1, and pF as a subspace of vF via m.

Or, equivalently, a subspace of F“1 via u, see Remark 31. Given ¢t # s in vF we have
d(t,s) = 27" for the least n € N with vyt w.n(t) # Vwtwn(S).

» Notation 33. Given a finitary set functor F' with F() # 0, choose an element p: 1 — F({.
This defines the following morphisms for every n € N:

€n =1U Wpt1w F'p: F"1 — F¥1.
We also put 7, = ey - Uy, : F¥1 = F¥1.

» Observation 34. Denote by! : § — 1 the unique map. For every n € N we have
(@) vnpyr - FPPU - F'p = idpny.

This is obvious for n = 0. The induction step just applies F' to the given square.
(b) vy ey, =1dpn1 . Indeed, in the following diagram

n

F"p Wn+1,w

F1 Frtlg F“0 “ Fv1
Vi, n+1
Frtly Vern
N
Frl Frl

the upper right-hand part commutes by the definition of u, see Remark 31(b), the
left-hand one does by (a), and the lower right-hand triangle is clear.
(c) Ywn - Tn = vy . This follows from (b): precompose it with vy, .

» Theorem 35. For a finitary set functor F with F() # () the Cauchy completions of the
ultrametric spaces pF and vE coincide. And the algebra structure ¢ determines the coalgebra
structure T as the unique continuous extension of 1~ 1.

Proof.
(1) Assume first that F' preserves inclusion, see Remark 14(e).
(a) We prove that the subset @ = V4w - m: pF — F¥1 of Remark 31(b) is dense
in F“1, thus, the complete space F“1 is a Cauchy completion of both u[uF] and
Vo [V
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(2)

For every « € F“1 the sequence r,,(z) lies in the image of e, - v, ,, which, in view of
the definition of e,, is a subset of the image of 4. And we have x = lim,_,o 7, ()
because Observation 34 (c) yields vy, (%) = vy n(rn(z)). Thus d(z,r,(z)) <
2= for all n € N.

(b) We have ultrametric subspaces pF and vF of F“1, hence, the bijections

F(uF) = pF and vF — F(vF)

make also F(uF) and F(vF) ultrametric spaces. The continuous map ¢~* has at
most one continuous extension to vF, since uF is dense in vF (even in F*1). And
T is such an extension: it is not only continuous, it is an isometry. And it extends
v~ by Proposition 29: choose an inclusion map m with 7-m = Fm -¢~'. Since Fm
is an inclusion map, 7 is an extension of ;1.
Once we have established (a) and (b) for inclusion-preserving finitary functors, it holds
for all finitary functors F. Indeed, use the Trnkova hull G that agrees with F' on all
nonempty set and functions with G # @ provided that FQ # ( , see Remark 14(e).
Consequently, the coalgebras for F' and G coincide. And the initial-algebra chains
coincide for infinite ordinals, in particular F*0 = G“0, that is, F' and G have the same
initial algebra. <

» Example 36.

(1)

(2)

For the set functor FX = X x ¥ 4+ 1 (of dynamic systems with inputs from ¥ and
deadlock states) the terminal coalgebra is obtained in w steps, since F preserves limits
of wP-sequences. It can be described as the coalgebra vF = X°° of all finite and infinite
words over X. The distance of distinct words u and v is 27" for the largest n such that
u and v have the same prefix of length n.

The initial algebra ¥* is dense in ¥X°°: every infinite word is the limit of the sequence of
its finite prefixes. The algebra structure ¢ : ¥* x ¥ + 1 — X* is given by concatenation
on the left-hand summand, and the empty word on the right-hand one. Its inverse
has a unique continuous extension to %°° assigning to every nonempty word u the pair
(head(u),tail(w)). This is indeed the coalgebra structure of vF.

For the finite power-set functor Py the initial algebra can be described as pPr =
all finite extensional trees (where trees are considered up to isomorphism), see [16].
Recall that a tree is called eztensional if for every node x the maximum subtrees of = are
pairwise non-isomorphic. And it is called strongly extensional if it has no nontrivial tree
bisimulation; for finite trees these two concepts are equivalent. Worrell proved in [16]
that the terminal coalgebra vPs consists of all finitely branching strongly extensional
trees, whereas P} consists of all strongly extensional trees. The metric on Py1 assigns
to trees t # s the distance d(t,s) = 27", where n is the least number with J,t # 0,s.
Here 0,t is the extensional tree obtained from ¢ by cutting it at level n and forming the
extensional quotient of the resulting tree.

The algebraic structure ¢: Py(uPy) — Py assigns to a set {t1,...,t,} of finite trees the

tree-tupling (consisting of a new root and n maximum subtrees ¢1,...,t,). The coalgebraic
structure 7: vPy — Py(vPy) assigns to a tree t € vPy the finite set of its maximum subtrees.
This is indeed a continuous extension of ¢ =1,

6

Conclusions and Open problems

Whereas a set functor is known to have an initial algebra iff it has a fixed point, for terminal
coalgebras fixed points are not sufficient in general. However, we have proved that a non-
empty fixed point of a finite or regular cardinality A implies that a terminal coalgebra exists
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and has at most A\ elements — with a single exception, A = Xg. From this fixed-point result we
have derived that every set functor F' with a nonempty initial algebra uF whose cardinality
is finite or regular uncountable has a terminal coalgebra vF = uF.

We have also presented a number of categories that are algebraically complete and
cocomplete, i.e., every endofunctor has a terminal coalgebra and an initial algebra. Examples
include (for sufficiently large regular cardinals A) the category Set< of sets of power at
most A, Nomc) of nominal sets of power at most A\, K-Vec<) of vector spaces of dimension
at most A, and G-Set<, of G-sets (where G is a group) of power at most A.

All these results assumed the General Continuum Hypothesis. It is an open question
what could be proved without this assumption. Another question is whether the above
relationship vF = uF can, under suitable side conditions, be proved for more general base
categories than Set.

For finitary set functors F' with F() # () we have presented a sharper result: both puF and
vF carry a canonical ultrametric and these two spaces have the same Cauchy completion.
Moreover, by inverting the algebra structure of uF we obtain the coalgebra structure of vF
as the unique continuous extension.
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Full proofs

PROOF OF EXAMPLES 5 (3) and (4).

(1)

(2

(3)

4)

(5

(6)

For 5(4) recall that objects of G-Set are pairs (X, -) where X is a set and - is a function
from G x X to X such that

h(gz) = (hg)x for h,geGandzec X,
and

er =2x for x € X (e neutral in G).

An important example is given by any equivalence relation ~ on G which is equivariant,
i.e., fulfils

g~¢g =hg~hg forall g,¢,heG.

Then the quotient set G/ ~ is a G-set (of equivalence classes [g]) w.r.t. the action
glh] = [gh]. This G-set is clearly connected.
Let (X, ) be a G-set. For every element z € X we obtain a subobject of (X, -) on the set

Gz = {gx;9 € G} (the orbit of ).
The equivalence on G given by
g~g iff gr=g'x

is equivariant, and the G-sets Gz and G/~ are isomorphic. Moreover, two orbits are
disjoint or equal: given gz = hy, then x = (g~ 1h)y, thus, Gz = Gy.

Every object (X, ) is a coproduct of at most |X| connected objects: if Xy is a choice
class of the equivalence x = y iff Gx = Gy, then

X:HGac.

x€Xo

The number of connected objects, up to isomorphism, is at most 2/ + Ry. Indeed, it
follows from the above that the connected objects are represented by precisely all G/~
where ~ is an equivariant equivalence relation. If |G| = 3 then we have at most 3%
equivalence relations. For § infinite, this is equal to 2!€, for 3 finite, this is smaller than
21G1 4+ N,.

The number of morphisms from G/~ to an object (X, -) is at most | X | < max(a, 2/¢1+Xy)
where a = |Xy| in (3) above. Indeed, every morphism p is determined by the value
xo = p([e]) since p([g]) = p(g[e]) = g - xo holds for all [g] € G/ ~.

Finally, for 5(3 )the proof is completely analogous: in (2) each orbit Sf(A)/~ ~ Sy(A)z is
a nominal set. And the number of all such orbits up to isomorphism is X, see Lemma A1l
in [5]. In (5) we have | X| < a- Ry =« for all a > N,. <

PROOF OF PROPOSITION 10. Tt is sufficient to prove this in case X has power precisely
A (otherwise put ¢ = idx ). And we can assume that B is connected. In the general case we
have B = [] By with |K| < ), and find for each k a summand ¢ : Cy, — X corresponding

keK

to the k-th component of b. Then we let ¢ : C' — X be the least summand containing each
¢g- (C has power less than A since each C}, does and |K| < A.)
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Since A > w(K), in the coproduct of A connected objects representing X at least one,
say R, must appear A times. Thus X has the form

X = H R+ Xy
A
for objects R and X, with R connected. Let X be the coproduct of the same components
as in Xg, but each taken precisely once. Thus

(a) Xo has power at most w(K), and
(b) we have a coproduct injection

m: Xo — X,
which has an (obvious) splitting

m: Xo = Xo, m-m=id.
Put

Y = H R+ X

A

and for every set M C X put

YM:IIR+X0

M

(¢) By Remark 8(b) we can choose t € X and an almost disjoint collection of sets My C A,
k € K, with

te My, |Mgl=X and |K|>\.
Consider the following square of coproduct injections for any pair k, [ € K:

YMlﬁMk

Y, Y

Y

1

This is an absolute pullback. Indeed, it obviously commutes. And by and b; are split
monomorphisms: define

Bki Y —» Y]\/[k

as identity on the summand X, whereas the i-th copy of R is sent to copy 4, if i € M}, and
to copy t else. Then

brbe = id .
Analogously for b;. Next define

a: YM; — YM;JTM;
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as identity on the summand X, whereas the i-th copy of R is sent to copy i, if i € M}, and
to copy t else. Then clearly

&kal =id and ak&l = bkbl .

Thus, the above square is an absolute pullback by Lemma 6.

(d) We are ready to prove that for a connected object B every morphism
b: B— FX

has the required factorization. For every k € K since |Mj| = A we have an isomorphism
yr: Y = HR+X0 —>]_[R+XO =Y,
A My,

which composed with by : Y3, — Y yields an endomorphism
Zk:bk'yk: Y—->Y.

We use (b) above and precompose 2z with 7 = id +m: X — Y to get the following morphisms

B Frx 2 py 2L FY (ke K).

They are not pairwise distinct because |K| > A, whereas FY has at most A components
(since F is an endofunctor of K<) so that (b) in Definition 4 implies that (B, FY') has
cardinality at most A\. Choose k # [ in K with

Fzp-Fim-b=Fz Fim-b. (A1)

Compare the pullbacks Z of z;, and 2 and Yas, nnm, of by and by:

VA4
|
Pk | P
| P
Y
Y Yrnu, Y
ag ap
Yr Y
YMk YM[
by, by
Y\

Since y; and y; are isomorphisms, the connecting morphism p between the above pullbacks is
an isomorphism, too. We know that |Mj, N M;| < X since My, M; are of our almost disjoint
family, thus the object

C=Yum = J[ R+Xo
MNM,;

has less than A summands, as required. And, due to (c), the pullback of z; and z; is absolute.
The equality (A.1) thus implies that F'mn - b factorizes through Fpg:
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/
n'FX

/
/
/
“’ sz
7 ——FY —=FY
Fpy Fz

Fr Flid +m]

Consequently, from mm = id we obtain

b=Fm-Fp,-h=Fm-Fp,-Fp ' - Fp-h.

Thus, for the coproduct injection

m-ps-p :C—X,

C

we get the desired factorization b = Fc- (Fp - h).
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—— Abstract

We introduce a new notion of “guarded Elgot monad”, that is a monad equipped with a form of
iteration. It requires every guarded morphism to have a specified fixpoint, and classical equational
laws of iteration to be satisfied. This notion includes Elgot monads, but also further examples of
partial non-unique iteration, emerging in the semantics of processes under infinite trace equivalence.

We recall the construction of the “coinductive resumption monad” from a monad and endofunctor,
that is used for modelling programs up to bisimilarity. We characterize this construction via a
universal property: if the given monad is guarded Elgot, then the coinductive resumption monad is
the guarded Elgot monad that freely extends it by the given endofunctor.

2012 ACM Subject Classification Theory of computation — Categorical semantics; Theory of
computation — Axiomatic semantics

Keywords and phrases Guarded iteration, guarded monads, coalgebraic resumptions

Digital Object Identifier 10.4230/LIPIcs.CALCO.2019.13

Funding Sergey Goncharov: Support by Deutsche Forschungsgemeinschaft (DFG) under project
GO 2161/1-2 is gratefully acknowledged.

1 Introduction

The study of monads for effects has developed in numerous directions since it was initiated
n [18]. We make two contributions to this research area. Firstly we give a new notion of
“guarded Elgot monad” — a monad equipped with a form of iteration — that includes a variety
of examples. Secondly, we give a universal property for one of these examples, the so-called
“coinductive resumption monad”. We shall explain these contributions separately.

1.1 Monads and lteration

Monads. Let us recall the basic ideas of monads for effects, where the base category is Set.
A monad T on Set, presented in “Kleisli triple” form, consists of three things.
For each set X, a set T X, of which an element represents a “computation” that may
perform various computational effects and may return an element of X.
For each set X, a map nx: X — TX. For z € X, the image nx (z) represents a “pure
computation” that just returns z.
For any map f: X — TY, we have a map f*: TX — TY. For p € TX, the image
f*(p) represents a “sequenced computation” that first executes p and then, if this returns
x € X, proceeds to execute f(z) € TY.
These must satisfy three equations, as described in [18]. A map X — TY is called a Kleisli
map, and these form the Kleisli category, denoted K1(T). It inherits coproducts from Set.
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Monads for printing. We give (in outline) some example monads for computations that
print characters. Let A be an alphabet, i.e. a set of characters. We write A* (resp. AY, AS¥)
for the set of finite sequences (resp. infinite sequences, finite and infinite sequences). Here
are our examples.
The monad X — A* x X represents computations that print several characters and then
return a value.
The monad X — A* x X + AS¥ represents such computations, but also computations
that continue forever and never return. The latter includes computations that print
finitely many characters and then diverge (i.e. hang), and also computations that print
infinitely many characters.
The monad X — A* x X 4+ A% represents computations that may return or continue
forever, but in the latter case are required to be “productive”, i.e. keep printing.
For our next series of examples, write PTX for the set of nonempty subsets of X. The
following are monads for nondeterministic printing computations.

X = PHA"xX)
X = PHA*x X + AS¥)
X = PHA*x X + A¥)

A nondeterministic printing computation has terminating traces in A* x X, divergences in A*
and infinite traces in A“. (A similar arrangement has been used in CSP semantics [21].)
The above monads identify computations that are infinite trace equivalent, i.e. that have the
same terminating traces, divergences and infinite traces.

Iterative computations. Given a Kleisli map f: X — Y + X, we would like to form a
Kleisli map f1: X — Y where, for z € X, the image fT(x) represents the following “iterative
computation”. First it executes f(x) € T(Y + X). That may return inly, in which case
the iterative computation returns ¥, or it may return inrz’, in which case the computation
represented by f(z') € T(Y + X) is executed, and so forth. Can we form fT for our example
monads?
For the monad X + A* x X 4+ AS¥, we can form fT, since the monad is able to represent
infinite computations.
For the monad X + P+ (A* x X + AS¥®), fT is formed analogously.
For the monad X +— A* x X + A“, we can form f!, provided f is guarded. That means
that for all z € X, the image f(z) € A* x (X +Y) + A“ is not of the form inl(e, inl z")
for some ' € X. This condition ensures that fT(z) represents a productive computation,
because an iterative call is possible only after at least one character has been printed.
For the monad P+(A* x X + A¥), fT is formed analogously. Here the guardedness
requirement is that, for all x € X, the image f(x) € P*(A* x (X +Y) 4+ A¥) does not
contain inl(e,inra’) for any =’ € X.
These four examples motivate the first contribution of the paper, viz. the notion of a guarded
Elgot monad. This consists of a monad on a co-Cartesian category C (i.e. category with
finite coproducts), equipped with two additional structures. Firstly a guardedness predicate,
that tells us when a Kleisli map f: X — Y + Z is guarded in the right summand. When
this condition holds, we write f: X — Y ) Z. Secondly, a guarded Conway operator that
associates to each map f: X — Y ) X a Kleisli map fT: X — Y. Each of these structures
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{ guarded Elgot }

{ Elgot J { guarded iterative ‘

[ w-continuous J completely iterative }

Figure 1 Connections between classes of monads with iteration.

must satisfy some conditions that we shall stipulate. In particular, for f: X — Y ) X, we
require fT to be a fizpoint of f, i.e. a Kleisli map g: X — Y such that

X — Lyvix
B l[id,g]
Y

commutes in the Kleisli category.

Although the above four examples are all guarded Elgot monads, they are significantly
different.

The guarded Elgot monads X + A* x X + AS® and X + P*(A* x X + AS¥) are special

because every Kleisli map f: X — Y + Z is deemed to be guarded in the right summand.

So, for every Kleisli map f: X — Y + X, we can form fT. We call these simply Elgot
monads. (They are called “complete Elgot monads” in [7].)
The guarded Elgot monad X — A* x X + A% is special because, for each map f: X —

Y ) X, the map fT is the unique fixpoint of f. We call this a guarded iterative monad [10].

For A #, the guarded Elgot monad X — PT(A* x X + A¥) is neither Elgot nor guarded
iterative. (This is proved in Example 20(5) below). So it illustrates the need for the new,
more general notion of guarded Elgot monad.

As noted in [10], every monad can be regarded as guarded iterative, by saying that a
Kleisli map f: X — Y 4+ Z is “vacuously” guarded in the right summand when it factorizes
viainr: Z =Y + Z.

1.2 Resumption Monads

Let us write py.Fy for an initial algebra of F', and v+.F7y for a final coalgebra. We note the
following.

The set A* x X can be written uy.(X + H7), where H is the endofunctor ¥ — A x Y.

The set A* x X + A“ can be written vy.(X + H~).

The set A* x X + AS“ can be written vy. Maybe(X + H+~), where Maybe Y =Y +1.
More generally, given a monad 7" and endofunctor H on a co-Cartesian category C, we form
two monads:

the inductive resumption monad T% sending X — uv.T(X + H~), provided these initial

algebras exist [6]

the coinductive resumption monad T4, sending X +— vy. T(X + H~), provided these final

coalgebras exist [20].
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For example, with C = Set, let T be the countable nonempty powerset monad and let
H:Y — AXxY. Then these monads represent countably nondeterministic printing com-
putations modulo bisimilarity. Here, the difference between T%; and TY; is that the former
represents only computations that eventually return a value, whereas the latter represents
also computations that continue forever (but are productive).

For another class of examples, let (B(a))qca be a “signature”, i.e. family of sets, and
let H be the endofunctor Y — 3 4 YB(@)  Again let T be the countable nonempty
powerset monad. In this case the monads T%; and TY; represent countably nondeterministic
computations that perform I/O. Such a computation can print an element a € A and then
pause; if the user then enters an element of B(a), the computation resumes. This is the
reason for the name “resumption monad”. The printing example is the special case where
B(a) is singleton for all a € A.

As the above examples illustrate, these monads provide a natural way of combining an
endofunctor (representing I/0) with a monad (representing other effects, e.g. nondeterminism).
So one may ask of each monad: can it be characterized via a universal property?

This has been done for T%; in [15]. We recall this result, but present it a little differently,
using the notion of free extension (defined in full generality in Definition 2 below).

1.3 Free Extensions

To explain the notion of free extension, we give a well-known example: the polynomial ring
R[Xy, X1]. This is the free extension of the ring R by the set {0,1}. That means that we
have a function and ring homomorphism

{0,1}

(here X_ reads as a map sending ¢ € {0,1} to X;) that are universal: for any function and
ring homomorphism

X_

R[Xo, X;1] R

0,1} —2 > 85" R

there is a unique mediating homomorphism

{0,1} —=— R[X,, X)] R
\v/
S

We can now describe the result of [14] as follows: the monad T%; is a free extension of T
by H. This means that we have a natural transformation and monad morphism

B P
H T*I; T

that are universal.

The second contribution of this paper is the following analogous result. If T is a guarded
Elgot monad, then T, is also guarded Elgot, and moreover it is the free extension, among
guarded Elgot monads, of T by H. This means that — in a suitable sense we shall define —
we have a guarded natural transformation and guarded Elgot monad morphism

H—L o1y 2 7

that are universal. This in turn gives a universal property for the two special cases simply
by varying the notion of guardedness in which our result is parametric.
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If T is Elgot, then T%; is Elgot, and therefore it is the free extension, among Elgot monads,
of T by H. This result appeared (with a considerably more complex proof) in [9].
If T is guarded iterative (as noted above, any monad can be so regarded), then T7% is
guarded iterative [10], and therefore it is the free extension, among guarded iterative
monads, of T by H. A similar result — using “two-sided ideals” rather than guardedness
predicates — was given in [19, Corollary 4.6], generalizing [16].
In general, a free extension of an initial object is a free object. (This is Proposition 4 below.)
For example, the ring Z of integers is initial among all rings, so Z[Xp, X1] is a free ring on
the set {0,1}. This gives some more special cases.
The identity monad is initial among all monads. So Id¥ is a free monad on H.
The identity monad is initial among all guarded iterative monads, and among all guarded
Elgot monads. So IdY; is a free guarded iterative monad, and a free guarded Elgot monad,
on H. With H = Id this yields Capretta’s delay monad v7y. -4 used for modeling
partiality in intensional type theory [5].
On Set, the Maybe monad is initial among all Elgot monads. This is true, more generally,

on any hyperextensive category [1]. So Maybe}; is a free completely Elgot monad on H.

This was previously shown in [9].
It is also worth noting that free extensions can also be described as coproducts with free
objects. (This is Proposition 5 below). For example, the free extension of a ring R by the set
{0,1} can be described as the coproduct of R and the free ring on {0,1}. This formulation
is used in [14, 13, 19, 9] and indeed we provide a coproduct characterization in this style
in Corollary 29 below. We take the view, however, the characterization in terms of free
extensions is more primitive, since it does not require the free object to exist.

2 Preliminaries

In this paper we work in co-Cartesian categories, which are categories with finite coproducts.

inr

We fix selected coproduct co-spans X - X +Y +° ¥ and initial objects 0 with []:0 =X
denoting the initial morphisms. We do not generally assume extensiveness, in particular, the
injections inl and inr need not be monic.

In a category C, we denote by |C| the associated class of objects and by C(X,Y) the set of
morphisms from X to Y. We occasionally omit indexes at natural transformation components
to improve readability. For a functor F: C — C, we denote by (vF,out: vF — FVF)
the final F'-coalgebra. Whenever possible, we use bold letters, e.g. T, for monads, to
emphasize the distinction with the underlying functor 7. A monad T over C induces
a Kleisli category KI(T) with |[KI(T)| = |C] and K(T)(X,Y) = C(X,TY). We make
free use of the well-known fact that for a co-Cartesian C and a monad T on C, the Kleisli
category KI(T) is again co-Cartesian with the coproduct co-spans X inl, T(X+Y) a0y
and [(T'inl) f, (Tinr)g]: X+Y — T(X’'+Y") being the coproduct of morphisms f: X — T X’
and g: Y — TY".

Unless stated otherwise, all diagrams we present are supposed to commute.

3 Free Extensions

We recall the following standard notion, see e.g. [3, Section 7.7].

» Definition 1 (Bimodules). For categories C and D, a bimodule O: C+~D consists of the
following data:
a family of sets (O(X,Y))xe|c|yep|, where g € O(X,Y) is called an O-morphism
g X —=Y;
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each g: X —Y can be composed with a C-map f: X' — X or D-map h: Y —Y'.
Forg: X =Y, f: X"=2X,fX -X,0:Y =YY" h:Y =Y we must have the
following:

gidx =g (W h)g =h'(hg) h(gf)=(hg)f
idyg=y g(ff)=WwhHr

For example: the bimodule Set — Ring in which O(X,Y) is the set of functions from
the set X to the ring Y. This bimodule can be seen as arising from the forgetful functor
Ring — Set.

Bimodules C+D correspond to functors C°? x D — Set. They are also called distributors
or profunctors (but some authors reverse the direction). For the rest of the section, let
O: C+D be a bimodule.

» Definition 2 (Free Extensions). Let A € |C| and B € |D|. A free extension of B by A
consists of V. € |D| ande: A=V and f: B —V, such that, for all X € |D| and g: A = X
and h: B — X, there is a unique k: V. — X such that

» Definition 3 (Free Objects). Let A € |C|. A free object on A consists of V. € |D| and
e: A=V, such that, for all X € |D| and g: A — X, there is a unique k: V. — X such that

A c )4
Xv’“
X

» Proposition 4. Let Op be an initial object in D. For any A € |C|, a free object on A
corresponds to a free extension of Op by A. The bijection sends (V,e) to

A e Vv [l

Op.

» Proposition 5. Let A € |C| and B € |D|. Let (W,d) be a free object on A. Then a
coproduct of W and B corresponds to a free extension of B by A. The bijection sends (V e, f)
to

A—4 ,w—<c syt p

4  Guardedness on Monads

In this section, let IC be a co-Cartesian category. The typical example is K = KI(T), where T
is a monad on a co-Cartesian category C.

4.1 Guardedness Predicates

The following notion is slightly adapted from [10].
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» Definition 6 (Guardedness, Guarded Monads). A guardedness predicate on K provides
for all objects X,Y,Z a subset K*(X,Y,Z) C K(X,Y + Z). We write f: X = Y ) Z for
feK*(X,Y,Z) and say that f is guarded (in the right summand). The following conditions
are required:

(trv) f: X =Y (par) [ X—=>VOWwW g Y >VIW
YO X oYYz par g X+Y S VOW

( ) [ X->Y)Z Y =>VIW h:Z —->V+W

cmp (G hf:X > VOW

A category equipped with a guardedness predicate is called guarded category. A monad T
on C is a guarded monad if K = KI(T) is a guarded category under the coproducts inherited
from C.

We write “let f: X — Y ) Z” as an abbreviation for “let f be a map X — Y + Z be a map
such that f: X - Y ) Z”

Intuitively, a morphism f: X — Y ) Z represents a program flow with inputs in X and
outputs in Y and in Z, where the latter part of the output is guarded in the sense that every
portion of the program flow from X to Z runs through a guard. The notion of guard here is
implicit and depends on the specific model. The axioms of guardedness abstractly capture
properties of guards: (trv) states that if all the output goes to Y then f: X - Y + Z is
(vacuously) guarded in Z; (par) states that guardedness jointly depends on all inputs; finally,
(cmp) states that if the program flow branches then every branch leading to the guarded
output must hit a guard at least once, specifically, h: Z — V + W need not be guarded in
W, because h receives the input from f, which ensures guarded already.

The distinction between Definition 6 and the corresponding definition in [10] is precisely
determined by the choice of the notion of coproduct: in op. cit. coproducts are treated up to
isomorphisms, while here we work with selected coproducts. The original axiomatization of
guardedness additionally involved a weakening rule, which turned out to be derivable from
the above three [8]. Let us summarize this and other consequences of the axioms. We will
need the following convention.

» Notation 7. Let us use the notation f: X - Y)Y1).. )Y, for f: X - (... (Y +Y1)+
...) + Y, meaning that o f: X — Y )>Y; 4+ ... + Y, where o is the obvious associativity
isomorphism (... (Y +Y1)+...)+Y, > Y+ MV +(...+Y,)...).

» Proposition 8. Let K be a guarded category.
1. For all objects V,W € |K|, we have []: 0 = V) W.
2. Let f: X - Y)Z. Foru:X — X and g:Y — Y and h: Z — Z' we have
(g+h)fu: X' =Y')Z.
3. (Weakening) If f: X =Y )YZ)W then f: X =Y +Z)W.
It is often useful to speak of guardedness in particular summands:
we say that f: X - Y + Z is inr-guarded if f: X - Y ) Z;
we say that f: X — Y + Z is inl-guarded if X Iy +Z=7Z+Y is inr-guarded;
we say that f: X — Y is id-guarded if X ERS ~11 +Y is inr-guarded.
Two guardedness predicates are especially important.
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» Proposition 9 (Greatest and Least Guardedness Predicates).

1.

The greatest guardedness predicate on KC says that, for every map f: X =Y + Z, we
have [: X =Y ) Z.

. The least guardedness predicate on KC says that, for f: X =Y +Z, f: X =Y ) Z iff

there is a map g: X — Y such that f factors as X gy My + Z (such g need not be
unique, since it does not follow from our running premises that coproduct injections are

monic).

We say that K is totally guarded when equipped with the largest guardedness predicate, and
vacuously guarded when equipped with the smallest.

» Example 10. Here are some examples of guardedness predicates for K = KI(T) with T
being a monad on Set.

1.

Let T be the following monad: T = () and TX =1 if X # (), under vacuous guardedness.

Now, the unique morphism 1 — T'(1 4+ 1) = 1 is inl-guarded and inr-guarded, because it

factors through 1 = T1 = T(1+1) = 1 and through 1 = T1 =% T(1+1) = 1. But

1—=T(1+1)=1 does not factor through § = 70 i, T(1+41) =1, and hence it is not
id-guarded. This example show that guardedness in two summands does not necessarily
imply guardedness in their union.

. Let P* be the non-empty powerset monad. For f: X - PH(Y + Z),say f: X =Y ) Z

when for every x € X, the set f(z) contains at least one element of the form inly.

. Let D" be the countable probability distribution monad:

D+X:{d:X—>[0,1HZd:1}.

We put f: X — Y ) Z if for every z € X, f(z)(inly) > 0 for at least one y € Y.

. For a set A, let TX = A* x X be a writer monad whose monad structure is induced by

the monoid structure of A*. For f: X — A* x (Y + Z), say f: X — Y ) Z when, for
every x € X, if f(z) = (m,inrz) then m # ¢.

. Following Section 1.1, let A be again an arbitrary set and let TX = P+(A* x X + A¥).

This yields a monad for nondeterministic programs that print characters in A, giving
semantics that records the (successful) finite and infinite traces. The monad structure
is obtained from the fact that A* is a monoid and A is a left A*-module. For f: X —
PHA* x (Y + Z)+ A%), say f: X — Y ) Z when, for every z € X, if (m,inrz) € f(x)
then m # e. Intuitively, as in the previous example, a program denoting f is prohibited
from returning a value through Z without first printing a character.

» Definition 11 (Guarded Natural Transformations and Monad Morphisms).

1.

Let T and S be guarded monads on C. A monad morphism p: T — S is guarded when the
functor Kl(p): KI(T) — KI(S) preserves guardedness. Explicitly: for f: X — T(Y + Z),
i f: X >Y)YZ inKU(T) then X L T(Y +2) 252 S(Y + Z) is guarded X — Y ) Z
in KI1(S).

. Let H be an endofunctor and T a guarded monad on C. A natural transformation

o: H— T is guarded when for all X € |C|, ox: HX — TX is id-guarded.

4.2 Guarded lteration

We now consider when guarded morphisms can be iterated in the sense of Section 1.1. The
most straightforward case is the following:
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» Definition 12 (Guarded lterative Categories). K is guarded iterative if every f: X - Y ) X
has a unique fizpoint fT: X =Y of the map [id,-] f: K(X,Y) — K(X,Y).

» Lemma 13. In any guarded category, if f: X =Y )>Z) X and g: X — Y is a fixpoint of
[id,=] f then g: X =Y ) Z.

» Definition 14 (Conway lteration). A guarded Conway (iteration) operator on K associates
to each f: X — Y )X a fizpoint fT: X — Y of the map [id,-] f, satisfying the following
principles:
naturality: for f: X =Y )X and g: Y — Z we have ((g +id)f)' = gfT;
dinaturality: ([inl, k] g)T = [id, ([inl,g]h)T)g for g : X - Y)Z and h: Z — Y )X or
g: X—=>Y+Zandh: Z =Y ) X;
codiagonal: ([id,inr] /)t = fif for f: X - Y)Y X) X.
Note that in the codiagonal equation, fTT must exist by Lemma 13.

» Remark 15. Guarded Conway operators are direct generalizations of standard (total)
Conway operators [2, 22], which arise under the total notion of guardedness. It was observed
by Hyland and Hasegawa [12, 11] that Conway operators are equivalent to monoidal trace
operators under ® = 4+ (modulo the duality of + and x). The connection between Conway
operators and traces extends to a connection between guarded Conway operators and guarded
traces [8]. In the total case, it is known that the axioms of Conway operators are incomplete
wrt nontrivial models of iteration, e.g. the category of pointed complete partial orders [22].
This led Bloom and Esik to completing the axiomatization of iteration by an infinite set of
axioms called commutative identities [2]. These identities are instance of a single versatile
quasi-equational uniformity principle, which holds true in all non-pathological models.

Let J: C — K be a functor, where C and K are guarded and have the same objects, and J is

identity-on-objects and strictly preserves co-Cartesian structure.

» Definition 16 (Uniformity). A guarded Conway operator —' on K is uniform (wrt J) when
for K-maps f: X - Y)X and g: Z —-Y ) Z and C-map h: Z — X,

A 79 Ly
Jhl lYJrJh = Jhl /
f
x — Lyix X

» Proposition 17. [10] An operation sending every f € K*(X,Y,Z) to a fizpoint f1 €
K(X,Y) is guarded Conway uniform iff it satisfies naturality, codiagonal and uniformity. In
other words, dinaturality is derivable.

» Proposition 18. Let K be guarded iterative. Then f v+ f1 is a guarded Conway operator
and uniform wrt Idg.

Proof. Except for uniformity wrt Idg, the proof is in [10, Theorem 17]. Let us verify the
missing case of uniformity. Suppose that f (Jh) = J(id + h) g for suitable f, g and h. Now,
id, fT(JRh)] g = [id, f1] J(id + h)g = [id, fT] fJh, meaning that fT(Jh) satisfies the fixpoint
equation for g'. Therefore, fT(Jh) = g. <

» Definition 19. Let T be a guarded monad, i.e. a monad with a guardedness predicate on

KI(T). We say that T is

1. a guarded iterative monad if KI(T) is a guarded iterative category;

2. a guarded Elgot monad if KI(T) has a guarded Conway operator f — f1, which is uniform
wrt the obvious functor C — KI(T);
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3. an Elgot monad when it is totally guarded and a guarded Elgot monad.
Note that for an Elgot monad T, 70 must always be inhabited because T supports (unpro-
ductive) divergence | = (ninr: 1 — T'(0 + 1)),

» Example 20. Let us revisit Example 10.
1. Every monad under vacuous guardedness can be equipped with an iteration operator and
is thus guarded iterative. Concretely, since f: X — Y ) X implies that

f=x %1y I 7y 4+ X))

for a suitable g, fT = [n, fT]* (T'inl)g = g. For Example 10 (1), therefore ff =1: X —
TY =1if Y #0and fT=[]:0— 0if Y =0, and thus X = (.

2. The powerset monad P is Elgot, because its Kleisli category (the category of relations) is
enriched over complete partial orders, and hence supports fT as a least fixpoint of [, -]* f.
This is inherited by P+ by restriction along the inclusion P+ < P. Explicitly, in the
Kleisli category of P+, for a guarded map f: X — Y ) X, the map ff: X = Y sends =
to the set

{yeY |3neN,(zg,...,2n) € X"TLx =20 A f(x0) Dinray A... A f(z,) 3 inly}.

In this style of semantics we thus do not register the possibility of divergence i.e. whether
there is a sequence (zg,z1,...) € X% such that Vi € N. f(x;) > inrz; ;. As a result, P+
is guarded Elgot.

3. Unlike its cousin, the countable subdistribution monad DX = {d: X — [0,1] | > d <
1}, D+ is not Elgot (because D*0 = 0). However, as in the previous clause, it is guarded
Elgot. Specifically, we obtain a guarded Conway operator for DT by first restricting
from the corresponding total guarded iteration operator for D, calculated as a least fixed
point, and then normalizing (guardedness ensures it is not zero) to obtain a distribution.
Thus we do not record the probability of divergence. To see the need for normalization,
consider the guarded Kleisli map f: N — 1) N where f(n) gives inlx with probability

Lo _ (1, (1,1
on 492\ 2ntl 2 9on

and inr(n + 1) with probability

1 4l (11 11
1- - (= 1.1y
42 242 <2+2n+1)/(2+2n>

Iterating f from 0 gives the probability 1/27"%2 of the transition sequence

0—=1—=-—n—%

So the probability of eventually reaching * is 1/2.

4. The writer monad T X = A* x X does not support guarded iteration for the guardedness
predicate defined in Example 10 (4) and for non-trivial A. For example, no = : 1 —
T1 = A* satisfies the fixpoint equation z = ax for any a € A. This can be remedied by
extending TX to A* x X + M were M is an inhabited left A*-module, e.g. M =1 (the
initial one), or M = A% (the final one).

5. The monad TX = PT(A* x X + A¥) for finite and infinite traces from Example 10 (5)
supports the following iteration operator. For a guarded Kleisli map f: X — Y ) X, the
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map fT: X — TY sends z to the following set:

{inl(mo +o My +myy) | In €N, (zo,...,2,) € XL
o=
Af(zo) 3 inl(mg,inrz1) A A f(2p—1) D inl(my_1,inrz,)
Af(zn) > inl(m,inly)}

U{inr(mg + -+ 4+ mu—1 +m) | In €N, (z0,...,2,) € X"
To =X
Af(xo) 3 inl(mo,inrz1) Ao A f(@p—1) D inl(my,—1,inrz,)
Af(zn) > inrm}

U{inr(m0+m1+--~) | 3(.’1,‘0,) e Xv.
zg =z AVi € N. f(x;) 3 inl(m;,inrz;41)}.

This captures three possible scenarios (separated by the U operator):
the fixpoint fT(z) is unfolded n times resulting in an output of y € Y; the actions
mog,...,Mp_1,m € A* are collected along the run and concatenated;
the fixpoint fT(z) is unfolded n times and then hits an infinite trace m € A¥; as a result,
fT(z) does not yield a value from Y, but it yields an infinite trace mo+. . .+m,_1+m €
A% where my,...,m,_1 € A* are collected along the run;
the fixpoint fT(x) is unfolded infinitely many times without ever reaching Y; this yields
an infinite trace mg +m1 + ... € A¥ computed by concatenating the traces m; € A*,
which are collected along the run. The guardedness assumption on f is crucial here,
because it ensure that each m; is non-empty and hence the above infinite sum does
indeed produce an infinite trace.
The resulting iteration operator is properly partial, and is computed neither as a least
fixpoint nor as a unique fixpoint, even though the guardedness relation we postulate is
the one standardly used in process algebra and guaranteeing uniqueness of fixpoint under
strong bisimilarity [17]. The separating example is = ax + 1, which has besides the
canonical solution z = a* + a* the solution z = a*, ignoring the infinite trace.

5 The Coinductive Resumption Monad

In this section, we present our main technical contribution, stating that guarded Elgotness
extends along the coalgebraic resumption monad transformer. It proves to be technically
more advantageous to work more generally with parametrized guarded Elgot monads, which
extend Uustalu’s parametrized monads [23].

» Definition 21 (Parametrized Guarded Elgot Monads). A parametrized guarded Elgot
monad is a functor from a co-Cartesian category C to the category of guarded Elgot monads
over C. Equivalently (by uncurrying), a parametrized guarded Elgot monad is a bifunctor
#:C x C — C, such that each — ¥W is a guarded Elgot monad, and for every f: W — W/,
- #f is a guarded Elgot monad morphism.

Since every monad is a guarded Elgot monad under vacuous guardedness, parametrized
guarded Elgot monads include all parametrized monads.
The main example of a parametrized guarded Elgot monad is as follows.

» Example 22. Given a guarded Elgot monad T and an endofunctor H on the same co-
Cartesian category C, X #Y = T(X + HY') defines a parametrized guarded Elgot monad, with
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the guardedness predicate defined as follows: for f: X - T((Y +Z)+ HW), f: X -Y)Z
in KI(— # W) iff

x4 T(Y+Z)+ HW)=2T(Y + HW) + Z) is inr-guarded in KI(T).

We use the same Kleisli style notation for parametrized guarded Elgot monads as for the
non-parametrized ones. Let us record the identities, directly implied by Definition 21, and
which we use in the subsequent calculations.
(77X7ySX—)Z#W)*:idX#WZX#W%X#VV,
(Y > Z4W)(nxy X > X$W)=f X > Z+W,
(Y Z#W) (g X=>YHW) =9 X#W—>Z+W,
(X#Eh:WaW)Nhxw: X=>X#EW)=nxw : X > X W,
Y#EhWsWNF XY HEW) =
(YH#R))(Y #h): X$W Y W,
Y#hWaWHF XY +X)$W) =((Y#LH XY $W.
The first three equations here are the monad laws for - #W and the last three equations
express the fact that — #h is a guarded Elgot monad morphism.
For the rest of the section we fix a parametrized guarded Elgot monad # and assume

that the final coalgebras Fu X = vv. X # v exist for all X € |C|. The following properties
of Fy are previously shown by Uustalu [23].

» Proposition 23.
1. For every f: X — FyY there is a unique f*: fx X — F4Y such that

F#X out X 4 F#X
f*l l((outf)#f")*
F#Y out Y# F#Y

2. given f: X =Y # Fu (X +Y), there is unique g: X — FyY, such that

X —1 S vanyv+x)
gl lY#[n’ﬁg]*
F#_Y out Y#F#Y

3. F4 forms a monad, whose unit n* at X is

X ninl X#F X out™ I8 X
- Gid HFA-

The Kleisli extension of f: X — F4Y is f*.

5.1 Transferring Guarded Elgotness
We proceed to transfer iteration from # to fi.

» Definition 24. F is guarded as follows: f: X — Y ) Z when the composite

out

XL w+2) 2 V+2) 4 1Y +2)
is inr-guarded.

See [10] for a proof that this constitutes a guardedness predicate.
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Note that when # is totally guarded then so is Fi. Using Definition 24, for every
f: X — (Y + X), we define & f = (out f) : X — Y # f4(Y + X). The idea of this
operator is as follows. Computing the iteration of f: X — Fu(Y + X) w.r.t. fi amounts to
forming out f: X — (Y + X)) 4 Fu (Y + X) first, which reveals two occurrences of X that
must be iterated away. The first one occurs at the guarded position of the parametrized
monad, and hence we can eliminate it by applying the iteration operator of - #fy (Y + X) —
this is precisely the task of ). The remaining second position of X occurs under Fy, and
can be eliminated by using the finality property of the latter.

» Theorem 25. [ is a guarded Elgot monad with the iteration operator (<)% characterized
as follows: for f: X =Y )X, ff: X — F.Y is the unique morphism satifsying

& f

X Y+ (Y +X)
7| [yeoeme
F#Y out Y # F#Y

Proof. Let us verify the relevant laws. Recall that by Proposition 17, we need not verify
dinaturality.

fizpoint is already shown in [10];

naturality: given f: X — Y )X, g: Y — fuZ, let us denote by h the morphism
[(Fsinl)g,n”inr] : Y + X — Z) X, First we show that

Q¥ f) = ((Z # Fxinl) out )" (Y 4 17) O f. (1)
Indeed,
O(h* f) = (out h*f)T /| definition of {
= ((out h)*(Y 4 h*) out f)T
= ((Z 4 Iy inl)out g)*((Y # h*)out f)T // naturality of (=)
= ((Z % Fy inl)out g)* (Y # h*) & f.
Then
out g* f* = (outg)" (Y # ¢*) (Y # [1, f1*) O f // definition of (-)*
= (outg)* (Y # (¢*[n", f1]*)) O f
= (outg)* (Y # [n", g* fH1* [(Fy inl) g, 1" inr]*) O f
= (outg)* (Y # [n",g* F*]*h*) & f
= (Z# [0, 9" F11*) ((Z # Fy inl) out g)* (Y + h*) O f /(1)
= (Z# ", g* f1]") O™ ).

This entails the requisite equality (h* f)* = g* f*, by the uniqueness property of (h* f)*.

codiagonal: let f: X — Y ) X ) X. It suffices to check that

out [ = (Y % [n”, FH]*) O(rid,inr] f)
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The proof runs as follows:

out fH = (Y 4 [n”, FH]*) O fF / definition of (=)
= (Y # [n”, fH*) (out f4)1 // definition of {
= (Y # [n", fH*) (Y +X) # [0, /%) O N)F // definition of (-)*
= (Y # [0, fH]*[0", f11%) (out f)1F
= (Y # ([0, S5, [ S5 1) (out )T
= (Y # [, fH], f11*) (out £)T / fixpoint for (-)*
= (Y # [n", f¥]* Fy[id, inr]) (out )T
= (Y 4 [, fH*) (Y # Fy[id, inr])
(([id, inr] 4 F4 (Y + X) + X)) out )T // codiagonal for (=)
= (V4 [, P ([ ] # Fylid, ine) out )T
(Y 4 [, FH]*) (out Fy[id, inr]f)T
= (Y 4 [, fH]*) O(Fylid,inr] ) /| definition of <

uniformity: assume f: X - Y)>X, g: Z =>Y)Z, h: Z — X and fh = Fu(id+ h)g.
The latter entails (out f) h = ((id + h) # F4(id + h)) out g, hence, by uniformity of (-)f,

(out /)T h = ((Y 4 Fy(id + h)) outg)'. (2)

We then have

out ffh = (Y 4 [0/, f1*) (O f)h // definition of (=)
= (Y # [0, f}]*) (out f)T h /| definition of ¢
= (Y # [0, f51*) (Y # F4(id + h)) out g)’ /7 (2)
(Y # [, f*h]*) (Outg)
= (Y 4 [0, f*h]*) ¢ /| definition of <
We thus obtained that f*h satisfies the fixpoint equation for g*, hence fth = g*. |

Recall that Ty, = f for X +#Y =T(X + HY).

» Corollary 26. Given a guarded Elgot monad T, then TY; is also guarded Elgot with the
requisite structure obtained from the parametrized guarded Elgot monad X #Y = T(X + HY').
5.2 Free Extensions of Guarded Elgot Monads

We proceed to apply the results of the previous section under X #Y =T(X + HY).

» Lemma 27. Let T be a guarded monad.
1. The natural transformation

inrf(Hn"
ninr(Hn")

HX T(X + HT,X) 22 v X

s guarded.
2. The natural transformation

T inl out

TX 2% T(X + HTHX) 25 T4 X

is a guarded Flgot monad morphism.
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Proof. The first clause is obvious by definition. For the second clause, we need to check that
the relevant morphism preserves guarded iteration, that is, given f: X — Y ) X, we need to
show that

out (Tinl) T = (out™(T'inl) f)*.
By definition of (-)*, equivalently, we prove the equation

(Tinl) fT =T(id + [n*, (Tinl) f11*) S(out™ (Tinl) f).

Indeed,
T(id + [n*, (Tinl) f11*) O(out™ (Tinl) f)
= T(id + [*, (Tinl) f11*) (T(inl +id) f)T J definition of ¢
=T(id + [, (Tinl) £1]*) (Tinl) 1 /| naturality
— (Tinl) f.
as desired. |

» Theorem 28. In the category of guarded Elgot monads, T, provided it exists, is a free
extension of T by H in the sense of Definition 2, that is, for every guarded Elgot monad S, a
guarded Elgot monad morphism & : T — S and a guarded natural transformation o : H — S,
there exists a guarded Elgot monad morphism ¢ : T% — S uniquely characterized by the
following commutative diagram

ninr Hn"

T — T PAA+HTY) —2 s 7Y 2 PId+HTY)

\ :;'/

in the obvious category of natural transformations. Concretely, every (x : Ty X — SX has

the form (THX <25 S(X + HTYyX) Bl ox 4 7w x))t

H

Proof. By Lemma 27 the candidate monad morphism T — T7% and the candidate natural
transformation H — T, are guarded. The trickiest part of the claim is the fact that T%
is indeed a guarded Elgot monad, which is shown in Theorem 25. Let us verify that ( is a
guarded monad morphism. Suppose that f: X — T/ (Y + X) is inr-guarded and show that
Cf:X — S(Y +X) is inr-guarded. We have

Cf =1 ninl, (Sinr)o]* out f / fixpoint
= [n,¢"o]" Cout f,
which can be presented as

out f

X 2 DY + X) 4 HT(Y + X)) 2 T((Y + HTL(Y + X)) + X)
[[ninl,¢*o],minr]* S(Y—FX)

The composite morphism in the upper row is inr-guarded by definition. We will be done
by (cmp) if we show that the morphism [ inl,(*o] occurring in the lower row is inr-guarded.
By (trv) and (par) this amounts to showing that (*o : HT{(Y + X) — S(Y + X) is

13:15
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inr-guarded. Indeed, o is id-guarded by definition, hence (*o is id-guarded by (cmp), which
weakens to inr-guardedness by Proposition 8.

The remaining calculations are the same as in previous work [9, Theorem 8.3] where the
analogous statement was shown in the unguarded case. |

Note that the initial guarded Elgot monad is the identity monad under vacuous guardedness.
Using Proposition 5 we obtain

» Corollary 29. Given a guarded Elgot monad T and an endofunctor H, T%; is the coproduct,
in the category of guarded Elgot monads, of T and vy.(-+H~), provided the latter exists.

6 Conclusions and Further Work

We introduced guarded Elgot monads as a common generalization of Elgot monads and
guarded iterative monads previously studied in the literature. We propose to use them as
a yardstick for analyzing sophisticated notions of iteration when the iteration operator is
neither total nor a unique solution of the corresponding fixpoint equation. Situations of
this kind indeed occur in practice, e.g. in process semantics wrt infinite trace equivalence
(Example 20 (5)). Moreover, guarded Elgotness tends to propagate along monad transformers,
which leads to further examples. We explored one such monad transformer, receiving as an
input a monad T and a functor H and returning a monad T7 of possibly non-terminating
processes under strong bisimilarity, with side-effects by T and with actions by H. Our main
theorem shows that for a guarded Elgot monad T, T7,; is canonically guarded Elgot, and
more specifically it can be characterized as a free extension of T by H in the category of all
guarded Elgot monads.

The monad transformer T — T}, is particularly important because the semantic domain
it generates is subject to (coalgebraic) strong bisimilarity, which is arguably the finest
semantic equivalence on processes. We thus hope to obtain further interesting generic process
equivalences, most importantly infinite trace equivalence, in a principled fashion, as quotients
of T%; under suitably defined iteration-congruences. We plan to explore connections between
the outlined approach to characterizing process equivalences and universal characterizations
of such equivalences, such as the final coalgebra characterization of finite trace equivalence
given in [4].
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—— Abstract

The analysis of set comonads whose underlying functor is a container functor in terms of directed
containers makes it a simple observation that any morphism between two such comonads factors
through a third one by two comonad morphisms, whereof the first is identity on shapes and the
second is identity on positions in every shape. This observation turns out to generalize into a much
more involved result about comonad morphisms to comonads whose underlying functor preserves
Cartesian natural transformations to itself on any category with finite limits. The bijection between
comonad coalgebras and comonad morphisms from costate comonads thus also yields a decomposition
of comonad coalgebras.
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1 Introduction

Containers of Abbott et al. [1] are a representation of a wide class of set functors (that
one can use as parameterized datatypes) in terms of shapes and positions. Those set
functors that enjoy this representation are called container functors. In joint work with
Chapman [3], we found that container functors with a comonad structure can be characterized
as interpretations of containers with corresponding additional structure, which we called
directedness. In a directed container, every position in a shape determines another shape
(its subshape), every shape has a designated root position, and positions in a subshape can
be translated to the original shape. Remarkably, as we only noticed later [5], the category
of directed containers is equivalent to the opposite of the category of small categories and
cofunctors. Cofunctors were introduced by Aguiar [2]; they send objects from the target
category to the source category, but maps from the source category to the target category.

Motivated by this equivalence, in this paper, we first show that an analogue of the full
image factorization of functors holds for directed container morphisms: any directed container
morphism decomposes into two whereby the first is identity on shapes and the second is
identity on positions in every shape. Since the interpretation functor from the category of
directed containers to the category of set comonads is fully-faithful, this immediately gives
also a factorization of container comonad morphisms.
? Danel Ahman and.Tarmo Uustalui
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Then we ask if a similar decomposition is possible for general comonads on general
categories. We show that only pullbacks and a terminal object (i.e., finite limits) are needed
in order to formulate suitable substitutes for the notions of identity-on-shapes container
morphism and identity-on-positions-in-every-shape container morphism for general natural
transformations, and to obtain the factorization of general comonad morphisms.

That this decomposition is possible at this level of generality is nice, we find, since an
alternative would have been to switch from containers to polynomials [7, 8]. At the basic
level, containers and polynomials can be considered each other’s notational variants, but the
concepts of polynomials and polynomial functors scale to general categories with pullbacks
[18]. However, already the definition of the polynomial analogue of the concept of directed
container is complicated (we spelled it out in [3]), not to speak of the definition of the
interpretation functor for it, or any proofs, so they are not the easiest to work with. The
shapely types of Jay and Cockett [12, 11] are a lighter concept, but we did not need even
those for our purpose.

The paper is organized as follows. In Section 2, we review containers and directed
containers, including the equivalence of the category of directed containers to the opposite of
the category of small categories and cofunctors. In Section 3, we describe our factorization
of directed container morphisms or, which is the same, container comonad morphisms. In
Section 4, we generalize this factorization to categories with finite limits. In Section 4 we
also apply our results to the factorization of comonad coalgebras. We sum up in Section 5.

2 Preliminaries: containers and directed containers

We begin with a review of containers [1] and directed containers [3]. As noted above, containers
are a representation for a certain class of set functors. Directed containers characterize, by
additional structure on containers, those container functors that carry comonad structure.!
A container comprises a set S (of shapes) and, for any shape s : S, a set P s (of positions
in shape s). A directed container is a container (S, P) equipped with three maps
1:(Zs:8.Ps)— S (the subshape corresponding to a position in a shape),
o0 :1Il,.5. P s (the root position in a given shape), and
@: ;5. (Xp: Ps.P(s] p)) — Ps (translation of a position in a position’s subshape)
satisfying the following five equations:

slog=s5 slp@sp)=(slplp
PDsOsip=D 0 Dsp=p (pDspP) Ds " =D DBs (P Bsyp D)

The 4th and 5th equations type because the 1st and 2nd hold. We note that the data and
equations of a directed container are like those of a set, a monoid, and a right action of the
monoid on the set, modulo the presence of the “minor” (subscripted) arguments and the
dependent typing. In particular, if P s, o,, and p @, p’ do not actually depend on s, then we
indeed have a set, a monoid, and a right action of the monoid.

A container (S, P) defines a set functor [S, P]° = D, called its interpretation, by

DX =%s:85Ps=X

! In what follows, subscript arguments of operations are “minor” arguments that can typically be inferred
from the subsequent arguments. We generally write — for homsets, and = for internal homs (exponential
objects). In this and the next section, where we work in Set, this plays no role, but we still use the
notation for conceptual clarity.
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Given a directed container structure (},0,) on (S, P), D obtains a comonad structure:

ex (s,v) =vos dx (s,v) = (8, p. (s L p, \p'. v (p ®s P')))

We call the comonad [S, P, |, 0, ®]% = (D, ¢,d) the interpretation of (S, P, |,0,®).

Any comonad structure (e,d) on a set functor D that is the interpretation of some
container (S, P) (i.e.,, DX =%s:S5.Ps= X) arises from a directed container structure
({,0,@) on (S, P). In fact, directed container structures on (S, P) and comonad structures on
D are in a bijection. Given a comonad structure (e, d), the corresponding directed container
structure is defined by

0s =¢€ps(s,id) sl p="fst(snd(dps (s,id))p) p s p' =snd(snd (6p (s,id)) p)p’

The following are some most prominent examples of directed containers with the corres-
ponding comonads:

Taking S to be any set, Ps =1, s | * = s, 05 = %, *x ©g * = %, we get the coreader
comonad defined by DX =S x X = 3s: 5. 1= X, e(s,2) ==z, (s,z) = (s,(s,2)).
Taking S to be any set, Ps = S, s | s’ = s, 0, = 5, s/ ®, s’ = 5", we get the
costate comonad (also called the array comonad [16]) defined by DX =S x (§ = X) =
Y5:8.8=X e(s,v)=vs,0(s,v) = (s,A8".(s',0)).

Choosing S =1, P+ =N, x| i =%, 0, =0, &, j =i+ j, we obtain the streams-
with-suffizes comonad defined by DX = X¥ = ¥s : 1.N = X, e (zg,21,...) = o,
§(xo,x1,...) = (o, 21,...), (X1, 22, .. .), .. ).

Choosing S =N, Pn =[0.n],n |l i=s—4,0, =0,7®, j =i+ J gives us the
nonempty-lists-with-suffives comonad defined by DX = X*T = ¥n : N.[0.n] = X,
e (o, X1, .-, %n) = To, 0 (X0, T1, .-, &Tn) = (X0, T1, - -, &), (X1, T2, ..., Tn), ..., (Tn)).
Take S to be the set of all bars where a bar (through the binary fan) is a finite set b of
lists over 2 = {0, 1} such that any stream over 2 has exactly one prefix in b. Take Pb to
be the set of all lists u over 2 that are a prefix of some list w in b. (A bar cuts a finite
binary tree out of the infinite binary tree by establishing the positions of its leaves). Let
blu={v|u-veb}, op=(), u®v=u-v (the empty list resp. concatenation of lists).
This gives us the labelled-finite-binary-trees comonad. The counit extracts the label of
the root node of the given tree. The comultiplication replaces the label of each node with
the subtree rooted by that node.

Other useful examples of directed containers are obtained by constructions corresponding
to the coproduct and product of two comonads, the cofree comonad on a functor, and
compatible compositions of comonads (for all these, there are corresponding constructions of
directed containers) and zipper datatypes (for those, there is a construction, called focussing,
of turning any container (S, P) into a directed container whose shape set is ¥s : S. P s, i.e.,
its shapes are shapes of the given container together with a focus position) [3, 4].

A morphism between two containers (S, P) and (S’, P’) is given by maps t : S — S’
(the shape map) and ¢ : I;.s. P’ (ts) — Ps (the position map). A morphism between
two directed containers (S, P,],0,®) and (S, P',]’,0’,®') is a morphism (¢, q) between the
underlying containers satisfying the following equations

t(slgsp)=tsl'p 0s=¢s0ts  qsPBs qsiqpp =qs (p Des D)

14:3
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Analogously to the interpretation of containers, a morphism (¢, q) between containers (.S, P)
and (S’, P’') defines a natural transformation [t,¢]° = 7 between their interpretations
[S,P]¢ = D and [S’, P']° = D’ (the interpretation of (t,q)) by

Tx(s,v) = (ts,v0qs)

Also, analogously to the interpretation of directed containers, if (¢, ¢) is a morphism between
directed containers (S, P,},0,®) and (S’, P',|',0’,®’), then 7 is a comonad morphism
between [S, P, ], 0, ]9 =(D,¢,d) and [S", P',|’,o',®']%= (D’ €', §'); we define [t,q]=r.

Any natural transformation 7 between the interpretations D and D’ of two containers
(S, P) and (S’, P’) is an interpretation of a unique container morphism, namely (¢, q) where

ts=fst(rps(s,id)) gsp =snd (Tps(s,id))p

Furthermore, if 7 is a comonad morphism between the interpretations (D, e,d) and (D', &, ")
of two directed containers (S, P,],0,®) and (S’, P',|’,0’,&’), then (t,¢) is a directed con-
tainer morphism interpreting to 7.

Some examples of directed container morphisms are the following:

Let (S, P,,0,®) and (S, P’,]’,0',&") be the directed containers for the costate comonad
for S and coreader comonad for S, respectively. Take ts = s, gs* = s. This corresponds
to the comonad morphism 7x : S x (S = X) — S x X defined by 7 (s,v) = (s,v ).

Let (S, P,{,0,®) and (S, P’,}/,0',®') be the directed containers for the nonempty lists
comonad and the streams comonad, respectively. Take tn = * and g, ¢ = min (i,n). This
corresponds to the comonad morphism 7y : XT — X% defined by 7 (xg, Z1,...,%,) =
(20, @1, ..., TnyTn,...) (i.e., nonempty lists are padded out to streams).

Let both (S, P,|,0,®) and (S, P’,}’,0’,&’) be the directed container for the nonempty
lists comonad. Let tn = n + 2 and ¢,¢ = 2 % ¢. This corresponds to the comonad
morphism 7 (zo, Z1,...,%n) = (Lo, 22, ..., Tox(ns2)) (i-e., every other element of a given
nonempty list is dropped).

Let (S, P,),0,®) and (S’, P/,|/,0’,®’) be the directed containers for the nonempty lists
comonad and the labelled finite binary trees comonad. Let tn = {w € 2* | |w| = n} and
gn u = |u|. This corresponds to the comonad morphism sending a nonempty list s to
a labelled finite binary tree whose list of labels along any path is xs (so all paths have
same length).

Let (S, P,],0,®) and (S’, P',]’,0',®") be the directed containers for the labelled finite
binary trees comonad and nonempty lists comonad. Let tb be the length of the unique
prefix in b of the stream 0%, i.e., the unique n such that 0" € b. Let q,i = 0°. This
directed container morphism (¢, q) then represents the comonad morphism that maps a
labelled finite binary tree to the non-empty list of labels along its leftmost path.

Containers and container morphisms form a monoidal category Cont (with a suitable
container composition monoidal structure), and the interpretation of containers is a fully-
faithful monoidal functor from Cont to [Set, Set] (with the functor composition monoidal
structure). Analogously, directed containers and directed container morphisms form a category
DCont, and the interpretation of directed containers is fully-faithful functor from DCont to
Comonad(Set). In fact, DCont is isomorphic to the category Comonoid(Cont) and is
the pullback in CAT of U : Comonad(Set) — [Set, Set] along [-]° : Cont — [Set, Set].

In a sequel [5] to the first directed container work [3], we related directed containers to
small categories. It turns out that directed containers are in a bijection up to isomorphism
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with small categories. Specifically, given a directed container (S, P, |, 0, ®), the corresponding
small category is obtained as follows. The set of objects is S. The set of maps with domain
s: S is Ps, which means that the total set of maps is P = ¥s : S. Ps and the domain of a
map (s,p) : P is srcp = s. The codomain of a map (s,p) : P is tgtp = s | p. The identity
map on an object s is ids = (s,05) and the 1st directed container equation ensures that its
codomain is s | 05 = s, as required. A map (s, p) can only be composed with a map (s',p’), if
s p=¢', in which case the composition is (s, p); (s',p’) = (s,p Ps p’). By the 2nd directed
container equation the codomain of this map is s | (p @5 p’) = (s | p) | P/, as required. The
3rd to the 5th equations then ensure that composition is unital and associative.

Of the above examples, the coreader comonad for S corresponds to the free category on
a set of objects S, i.e., the discrete category (the only maps are the identity maps for every
object). The costate comonad for S corresponds to the cofree category on a set of objects S,
i.e., the codiscrete category (there is exactly one map between any two objects).

Although directed containers are in a bijection up to isomorphism with small categories,
the category of directed containers is not equivalent to the category of small categories.
The reason is that directed container morphisms are nothing like functors between small
categories. Instead, they correspond to what Aguiar [2] has termed cofunctors, but with the
source and target categories swapped.

A cofunctor between small categories (S, P’ src’,tgt’,id’,;) and (S, P, src, tgt,id, ;) is
given by two maps ¢ : S — S’ (the object map) and g : (¥s: S.Xp: P'.ts = srcp) — P (the
morphism map) satisfying src (g (s,p)) = s and the following equations:

t(tgt(q(s,p)) =tet'p  ids=q(s,id;,)  G(s,p);q(tat(q(s,p)),p")=q(s,p;'p)

While a functor maps objects and maps of the source category to those in the target category,
a cofunctor’s object map is from the target category to the source category, but the morphism
map is still from the source to the target category.?

The category DCont of directed containers is equivalent to the opposite category of the
category Cat of small categories and cofunctors. Given a directed container morphism (¢, q),
the corresponding cofunctor is (¢, q) where ¢ is defined by ¢ (s, (ts,p)) = (s,qs p)-

Container functors with a monad structure can be also characterized in terms of additional
structure on containers. This structure, studied by us [17] under the name of mnd-containers,
is very different from directed containers. Mnd-containers can be seen as a version of
nonsymmetric operads where operations may have infinite arities, arguments places of
operations are identified nominally rather than positionally and arguments may be discarded
and duplicated in composition.

3 Decomposing directed container morphisms

We now show that every morphism between two (directed) containers admits a natural
factorization through a third (directed) container, an idea we promote to general functors
and comonads in the next section.

It is almost immediate that every container morphism between two containers factorizes
through a container with the shapes of the first and positions of the second container.

2 A cofunctor looks a bit like a split opcleavage, but is not one. Before we learned about Aguiar’s
terminology, we spoke of a “relative split pre-opcleavage”. See [6] for more discussion on this matter.

14:5
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» Proposition 1. Given two containers C = (S,P), C' = (S', P"), a morphism h = (t,q)
between them factorizes through a third container C* as below

h

C——C*—(C
hl 2
with the properties that
hl:C — C* is identity on shapes and
h?: C* — C' is identity on positions in every shape.

Proof. We define C* = (S8*, P*) where S* = S, P*s = P’ (ts). Le., C* has the shapes of
the first, but positions of the second container. The corresponding container morphisms are
defined as h! = (t',¢') and h? = (1?,¢%) where t' s = s, gl p=qsp, t? s =ts, ¢’p=p. =

At the level of functors and natural transformations, this is to say that a natural
transformation (Xs:S.Ps= —) — (3s: 5. P's = —), which we know must always be of
the form A(s,v). (ts,v o qs), always factors through the functor s : S. P’ (ts) = —.

Considerably more interestingly, this proposition can be strengthened to a factorization
of any directed container morphism, in other words, of any morphism between two container
comonads.

» Proposition 2. If, in the situation of Proposition 1, C and C' come with directed container
structures (},0,®) resp. (J/,0,®"), and h is a directed container morphism, then C* also
carries o directed container structure, and h', h? are directed container morphisms.

Proof. We define the directed container structure on C* as s |* p = s | ¢sp, of = 045,
p@* s p =p @ p. It is straightforward to verify that these data obey the laws a directed
container:

S\L*O::S\quoltSZS\LOSZS

s (p D*s pl) =sl qS(p ®'ts p/) =sl (qsp Ds QS¢qup/)
= (51 qsp) 4 qsyqupl’ = (s 17 D) L qop=pp’ = (s L* p) 1" 1

olf @*s p= Olts @Its p=p
pP&Ts 05, =D ©'ts 0'¢(s1p) =P D'ts 0't(s1q.p) =P D'ts O'tsyrp =P

(p&*sp) & sp' =&t p) &ts P =p &'ss (0 B'ts17p 1)
=P @lts (P/ @/t(sj,qsp) p”) =p D% (P/ @*siqsp p//) =P D% (pl @*si*p p//)

That h' and h? satisfy the directed container morphism laws is also straightforward. |

Let us now see what this means on our examples of directed container morphisms.

Let (S, P,),0,®) and (S’, P',|',0’,®’) be the directed containers for the nonempty lists
comonad and the streams comonad respectively. Recall that we considered the directed
container morphism given by tn = % and ¢, ¢ = min (i,n). This directed container
morphism factors through the directed container (S*, P*,|*, 0*, ®*) defined by S* =N,
P*n=N,nl*i=mn-—min(in), of =0,i ®*, j =i+ j. This corresponds to
the comonad defined by D*X = Nx X¥ 2 ¥n : NN = X, " (n,(x9,21,...)) =
xo, 0% (n, (zo,x1,...)) = (n, ((n, (X0, z1,...)),(n =1, (x1,22,...)), ..., (0, (T, Tnt1,--.)),
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(0, (Tnt1, Tnt2s---)),--.)). It may be helpful to think of elements of this type as streams
with a trusted initial segment: in the datastructure (n,(zo,z1,...)), the elements
(xo,21,...,2,) are trusted.

Let both (S, P,},0,®) and (S, P’,]’,0',®") be the directed container for the nonempty
lists comonad. Let us consider tn = n + 2 and ¢, ¢ = 2 % 4. This directed container
morphism factors through the directed container (S*, P*,]*, o*, ®*) defined by S* = N,
P'n=[0n=2,nl*i=n—2x%i,05=0,i®*, j =i+ j. This corresponds to the
comonad defined by D*X = 2x X+ 2 ¥n: N.[0.n+2] = X, * (b, (z0, T1,-- -, Tm)) = X0,
0% (b, (0, 1,y Zm)) = (b, (b, (xoyZ1,- -y Tm)), (b, (X1, .oy Zm)), .., (b, (zm))). Here
the thinking is that to recover n from m = n + 2, one has to also know the parity b of n.
Let (S, P,|,0,®) and (S’, P',]’,0',®") be the directed containers for the nonempty lists
comonad and the labelled finite binary trees comonad. Let tn = {w € 2* | |w| = n}
and g, v = |u|. This directed container morphism factors through the directed container
(S*, P*,}*, 0", ®*) defined by S* =N, P*n ={u € 2* | |u] < n},n " u=mn—|u,
of = () and u ®&*, v =wu-v. This is the comonad of labelled perfectly balanced binary
trees.

Let (S, P,},0,®) and (S’, P',]’,0',®") be the directed containers for the labelled finite
binary trees comonad and nonempty lists comonad. Let tb be the length of the unique
prefix in b of the stream 0%, i.e., the unique n such that 0™ € b. Let g5 i = 0°. The direc-
ted container morphism (¢, q) factors through the directed container (S*, P*,|*, o*, &%)
defined by S* = “bars”, P*b=[0..tb], bl i ={v |0 -vE b}, 0f =0,i®* j=1i+].
This is a comonad of finite binary trees labelled along the leftmost path only. The counit
extracts the label of the root node of the given tree. The comultiplication replaces the
label of each node on the leftmost path with the subtree rooted by that node.

That the above-described factorization of container comonad morphisms should be possible
is curious and by no means “granted”. Strengthening the factorization of Proposition 1 to
morphisms between container monads, for instance, does not work: the middle container
functor is generally not a monad and the two natural transformations are not monad
morphisms. Indeed, should C, C' be mnd-containers in the sense of [17], C* will in general
not be a mnd-container. For it to be one, from the given operations e : (¥s: S.Ps=S5) — S
and e’ : (Xs: 5. P's = S') — S’ (the shape maps for the multiplications of the corresponding
monads), we would need to produce an operation e* : (Xs:S. P’/ (ts) = S) — S (the shape
map for the multiplication of a hypothetical middle monad). To define such an operation e*
in terms of o, we would need a way to turn a given function v : P’ (ts) — S into a function
v': Ps— S, but we cannot, since we cannot invert g, : P’ (ts) — P s. To define e* in terms
of o we would need to be able to convert a given shape s : S’ into a shape s’ : S, but we
cannot invert ¢ : S — S’ in general.

Let us also note that, in the light of the equivalence of DCont and (E?t)om our
factorization of directed container morphisms is reminiscent of the full image factorization
of functors [15]. In fact, it was the full image factorization that first lead us to the above
factorization of directed container morphisms. Specifically, given a functor F' : C — D, its full
image is the category im F with as objects the objects of C, and as morphisms X — Y the
morphisms FX — FY of D. The full image of F' also comes with two functors: F' : C — im F
that acts as identity on objects and as F' on morphisms, and F' : im F' — D that acts as F on
objects and as identity on morphisms. As such, F' is the analogue of h! and F' the analogue
of h? in the factorization of a directed container morphism h, as defined above. In the next
section, we will see that we are indeed dealing with an analogue of full image factorization
for cofunctors.

14:7
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Given a container C’ = (S, P’), a coalgebra structure with carrier S of [C']¢ is a map
v:S8 = Xs:S.P's= S5, which splits into ¢t : S — 5" and ¢ : ;5. P’ (ts) = S. These
are exactly the data of a container morphism from the costate container for S to C’. If
E' = (S, P ], 0o,&") is a directed container, then ~ is a coalgebra of the container comonad
[E]de iff t, g satisfy t (gsp) =t s ) p, s = qs0'tsy Qgup P’ = qs (p @15 p’). These laws coincide
with those of a directed container morphism from the costate directed container for S to E’.

Hence the factorization of morphisms between container functors (comonads) immediately
gives us a factorization of container functor (comonad) coalgebra structures: a functor
(comonad) coalgebra structure v : S — Xs : S.P's = S given by (¢,q) factors as a
composition of a functor (comonad) coalgebra structure v* : S — 3s: S. P’ (ts) = S given
by (ids, ) and a natural transformation (comonad morphism) given by (¢, As.idp/(ss))-

4 Decomposing general comonad morphisms

We now proceed to showing that the observations we made about morphisms between
container comonads on Set hold about general comonads on general categories, under some
assumptions. Specifically, they hold for comonad morphisms to comonads whose underlying
functor preserves Cartesian natural transformations to itself on any category C with finite
limits. For this, we first need to generalize identity-on-shapes and identity-on-positions-in-
every-shape directed container morphisms to general comonad morphisms.

For an endofunctor D, which we think of as a datatype, we proceed from the idea that
the shape of a datastructure in DX is its image under D!x in D1, which we treat as the
object of shapes of D. A natural transformation ¢ : D — D’ between two datatypes can
thus be considered bijective as a shape map if ¢; : D1 — D’1 is an isomorphism.

We avoid introducing any objects of positions. We just think of a natural transformation
1 : D* — D’ as bijective as a position map for any shape in D*1 and its image under 1)1 in
D'1 if 1) is Cartesian, i.e., if all its naturality squares

D x . px
D* fJ/ \LD’ f
D*Y ——=D'Y
Py
are pullbacks. This is motivated by the following considerations. In the presence of a
terminal object 1, it is sufficient (while trivially necessary) for Cartesianness of ¢ that just
the naturality squares for maps !x : X — 1, i.e.,

DX . prx
D*'X¢ \LDIIX

D*1——D'1
P1

are pullbacks (cf. [14, Sec. 3.2]), because then, for any f : X — Y, both the bottom square
and outer square in the following diagram are pullbacks, and hence so is the top square,
which is the naturality square for f:

D*X




D. Ahman and T. Uustalu 14:9

In the case of C = Set, the naturality square for !x being a pullback means that D*X is
isomorphic to the set of pairs (s,zs) : D*1 x D’X such that ¢ s = D' !x xs, i.e., a shape s
for D* together with a datastructure xs in D’X whose shape is the image of s under the
shape map 1. Since the map ¢ x is, up to this isomorphism, just the 2nd projection, and it
is also natural in X, it must send datastructures in D*X to datastructures in D’X linearly,
i.e., without discarding or duplicating any data (elements of X) contained in them.

We need to work with endofunctors preserving Cartesian natural transformations to
themselves. We say that an endofunctor D’ preserves Cartesian natural transformations to
D' 3 if, for any endofunctor D and Cartesian natural transformation 7 : D — D’, the natural
transformation with components D’'rx : D’DX — D’D’X is also Cartesian. This may sound
like a peculiar concept but was also needed by Kelly in his work on clubs and datatypes [14,
Prop. 3.1]. Container functors have this property since they preserve arbitrary pullbacks.

We first show that natural transformations factorize as expected in the above sense.

» Theorem 3 (cf. [14, Sec. 3.2]). Given a category C with finite limits and two endofunctors
D and D', a natural transformation T from D to D' admits a factoring through a third
endofunctor D*, as depicted here,

X
DX D*X D'X
dx Px

with the properties that
¢1: D1 — D*1 is an isomorphism and
v : D* — D’ is Cartesian.

Proof. For any X, we construct D*X together with ¢x : D*X — D’X and 7x : D*X — D1
as a pullback. Further, we construct ¢x : DX — D*X as a unique map to this pullback.

DX

AD*X X DX

ﬂ’xl lD'Ix

The latter construction presupposes commutation of the outer square above, which is
immediate by the naturality of 7. Note that B gives us the desired factorization of 7.

For any f: X — Y, we construct the map D*f : D*X — D*Y as a unique map to the
pullback D*Y:

D*x X prx
e D f

AD*Y Y pry

WY\L A iD/!y

D'f

3 More precisely, composition with D’ from the left preserves them. The terminology is from Garner [9].
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This presupposes the commutativity of the outer square, which follows straightforwardly
from A and uniqueness of maps to 1. We omit the identity and composition preservation
proofs — these follow straightforwardly from idp«x and D*go D* f satisfying the same unique
map properties as D*idx and D*(g o f).

The naturality square of ¢ for a map f: X — Y follows from both paths in it satisfying
the properties of the unique map to the pullback D*Y in the diagram

px -2’ py

‘i’xl ¢Yi B
* p A
p'x 2L prv s pry

12 iwy A iD’!y

s D].?D/].

TY

Y

The commutativity of the outer square above follows from C , the naturality of 7, and
uniqueness of maps to 1.

The naturality of ) and « are just D and E .

To show that ¢; : D1 — D*1 is an isomorphism, we prove m; : D*1 — D1 to be its
inverse. That the equation w1 o ¢1 = idp; holds is proved as follows:

D1
&\
c D*1
D!y
:
D1

The equation ¢; o m; = idp~1 holds because both sides satisfy the properties of the unique
map to the pullback D*1 in the diagram

D1 D*1——D'1

Wll A \LD/II
D!y

D1 ——D'1

T1

where the outer square commutes because D!y = idp; and D’!y = idp/1. Indeed, ¢1 o my
makes the two triangles above commute as follows:

D*1

\
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And so does idp=1:

D*lﬂm\
1

D*1 o D1

N

D1

Finally, we must show that 1 is Cartesian, i.e., that the naturality squares

D*X —=D'X
D*!X\L \LD'!X
D*1 ——=D'1
Y1

for Iy : X — 1 are pullbacks. This follows from D*X being a pullback if we replace the node
D1 by D*1, which we know to be isomorphic:

D*X —= D'X

<

Next we establish that not only do natural transformations factorize, but comonad
morphisms do as well.

» Theorem 4. [f, in the situation of Theorem 3, D' preserves Cartesian natural transform-
ations to D', both D and D' carry a comonad structure, and T is a comonad morphism,
then the constructed functor D* also carries a comonad structure, and ¢ and 1 are comonad
morphisms.

Proof. We define the counit €* straightforwardly by

= DX Popx Xy

We construct the comultiplication §* as a unique map to D*D* X as a pullback obtained
by pasting three pullbacks (of those, the right upper one is a pullback because D’ preserves
Cartesian natural transformations to D'):

Px

D*X - D'X
Tl 5 5
TX T X X
BN Vp*x D'yx
D1 D'D*X ———— > D'D*X ——— s> D'D'X
X + Cart. i/D’D*!X o O \LD’D’!X
1 !
DD1 Dirx piax (B D'D1—2Y L prp
P iD’m m1iso H
D*D1 D'D1 D'D'1
YD1 D'ry
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This presupposes that the outer square above commutes, which is proved as follows:

D*X D'X
o
X A D''x
T
D1 : D'l 5 D'D'X
nat.
7 pres. comul.
51 5
DD1 TD1 D'D'lx

P

" D*Dl——~=D'Dl——= D'D'1
YD1 D'

Next, we prove comonad laws for D*. The counital laws €},. y 0 0% = idp-x = D*e% 0d%
hold because all three sides satisfy the properties of a unique map to the pullback D*X:

D*X

oy >
D*X —D'X

lﬂx A lD’IX

For idp«x, the two triangles above commute trivially. That they also commute for
€ph«x © 0% is proved as follows:

D1 D’ 1. coun.

——=D'D'X

epxx
D'mx ¢’ nat.

D/Dl e’ nat. DX4>DX

T pres. coun. T™X
/
€p1

D1
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And that they also commute for D*e% o ¢% is proved as follows:

DDl D*D*X 22X, p'prx D' r. coun,

¢ nat. D*D1 A D*D'X @nat. D'D'X

D*7q , D*EIX
D*D'!
X DIE{X

D*Dll e’ nat. D*X

T p.cu. D*ly ¥x
D*s'l m nat. | TX

D1 —" - D1

D'X

The coassociativity law 0},.y 0 0% = D*6% o d% holds because both sides satisfy the
properties of a unique map to D*D*D* X as a pullback obtained by pasting together four
pullbacks (of those, the middle and the right upper one are pullbacks since D’ preserves
Cartesian natural transformations to D’):

¥ Y
D*X —=—=D'X = D'D'X
X
D's’,
D1 x
51 )
A Yp*prx D'y« x D'D'yx
DD1 D*D*D*X ——= D'D*D*X —— DDDX D'D'D'X
\L 1 Cart. \L
Sp1 1 Cart. 1 Cart. D'D'D*ly D'D'D''x
/D/
DDD1 D*D*rx p'pry | D'oinx [ B D'D'D*1 22 p'p' Dt

;o Ty iSO
D'D"mq
$¢DD1

DDDlDH-DDDIHDD DIHDDDIFDDDI

D1 D*D1 D'4ypy
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That 05« x © 0% satisfies the two triangles in the above diagram is verified as follows:

D*X vx
%
TX F
P p*
D1 D*D*X orx — X . DDX D'D'X
L. & L
N = X . X natx \LD 5/
DD1 D*rx DDDXHDDDXHDDDXHDDDX
VYp*p*x D'ypxx
¢p1
ép1 §* nat.
DDD1 D*D1 D*D*ry

5*
¢DD1

DDD1*>DDD1

(This uses that ¢ preserves comultiplication, which is proved below.)

That also D*0% o 0% satisfies the same diagrams is checked as follows:

Px

D*X D'X
5 x
TX F
D/
; D1 D*D*X D DX X D'D'X
! D's%
51 G 1/1 nat. F D'§’' X
D coass.
DD1 DD1 frx DDDX%—DDDX%DDDX%DDDX
Yp*p* x D'px x D'D'x
$D1
Déy G
Sp1 "
DDD1 ¢ nat. D*D1 D*D*mx
% P

D*DD1 ——s D*D*D1
D*¢p1

That 1 is a comonad morphism is straightforward. Indeed, the counit preservation law
holds by the definition of €* while equation F is the comultiplication preservation law.

It remains to prove that ¢ is also a comonad morphism.
The counit preservation law * o ¢ = € is proved as follows:

DX X prx X, prx

The comultiplication preservation law 0% o ¢x = D*¢x o ¢ppx o dx holds because both
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the left-hand and right-hand sides satisfy the properties of a unique map to D*D*X:

DX — = D'X
D!x el
D1 T piprx —P2X L piprx — P Y= piprx
\ o Cart. ¢D’D*!X ,’/’ o \LD’D’!X
01 ! y* D 4y Ryl
DD1 Dy prx (B D'D'1—— - D'D'1
¢\ ¢D/7T1 mT1iso H
ot D*D1 D'D1 D'D'1

YD1 D'm

That 6% o ¢x satisfies the two triangles in the above diagram is verified as follows:

D*D1

That D*¢x o ¢px o dx also satisfies the same two triangles is checked as follows:

DX i D'X
ox
\ T pres. comul.
Dix DDX ; X
d nat. w B » ,
D1 ppix  D*DX % D'DX — - D
X pro\ L v S B
DD1 C D*D*X ——=D'D*X ——= D'D'X
¢ nat. Yp*x D'yx
¢p1 J{D ™

D*D1
<

Let us briefly compare the situation of Theorem 4 with the full image factorization of
functors discussed in Section 3. Given a functor F' : C — D, the category im F', together with
the associated functors F' and F, arises as in the following pullback diagram in Cat:

F

c—

imFp ——>

! e

codisc(Cy) codisc(Dy)

E—
codisc(Fp)

where codisc(Cp) is the codiscrete category on the set of objects of C (the cofree category).
The arrows !¢ and !P are the unique identity-on-objects functors.

CALCO 2019



14:16

Decomposing Comonad Morphisms

We are dealing with the following pullback diagram in Comonad(C):

D—

AR D D
¢/ V(D’!,s’)
D1 x — — D'l x —
T1 X —

(D!,e)

This is obtained from the first diagram in the proof of Theorem 3, read as a diagram in
[C,C] rather than C, by replacing the constant functors D1 and D’1 by the corresponding
cofree comonads (the coreader comonads for D1 and D’1). The special case for container
comonads is, in the view of the equivalence of DCont and (at)ol’, an analogue of full image
factorization for cofunctors: a pushout diagram in at involving discrete categories.

We do not prove it here, but the factorization asserted in Theorem 3 is unique up to a
unique natural isomorphism (cf. [14, Sec. 3.2]). The factorization of Theorem 4 is unique
up to a unique isomorphism of comonads. Thus in fact we have factorization systems on
[C,C] and on the full subcategory of Comonad(C) given by underlying functors preserving
Cartesian natural transformations to themselves. The “epis” of these factorization systems
are natural transformations resp. comonad morphisms ¢ such that ¢; is an isomorphism; the
“monos” are Cartesian natural transformations resp. comonad morphisms.

We conclude by specializing the above results to the factorization of functor coalgebras
and comonad coalgebras. This uses the costate functor and costate comonad.

» Proposition 5. In a Cartesian closed category C, given an object S, the functor D¥ =
S % (8 = —) (the costate functor for S) carries a comonad structure (the costate comonad ).

Proof. Immediate from the fact that D® is defined as the composition of the adjoint

functors S x — and S = —. Accordingly, the counit and comultiplication £° and §° are
constructed from the counit and unit of the adjunction: 3 =evg x : S x (S = X) — X,
6% =S x coevgsx 1 SX (S=X) = Sx (5= (Sx(S=X))). <

Coalgebras of functors (resp. comonads) are the same as natural transformations (resp.
comonad morphisms) from the costate functor (resp. comonad). This result is analogous to
the well-known result about algebras of functors (resp. monads) and natural transformations
(resp. monad morphisms) to the continuation functor (resp. monad) [13, 10].

» Proposition 6.

1. In a Cartesian closed category C, given a strong functor D', there is a bijection between
maps from S to D'S and natural transformations from D° to D'.

2. If D' is a comonad, the same bijection restricts to a bijection between comonad coalgebras
of D' with carrier S and comonad morphisms from D° to D'.

Proof (sketch). We use that tensorially strong functors are internally functorial. We con-
struct the bijection as follows.
Given a map v : S — D'S, we define a natural transformation 7 : D — D’ by

. D’
yxifuncg x e&Vprs plx

Tx = Sx(S= X) —25 D'S x (D'S = D'X) D'X

If D’ is a comonad and ~ satisfies the laws of a comonad coalgebra structure, then 7
satisfies the laws of a comonad morphism.
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Given a natural transformation 7 : D% — D', we define a map v : S — D'S by

R  ELLL. LR VSN S )

If D’ is a comonad and 7 satisfies the laws of a comonad morphism, then ~ satisfies the
laws of a comonad coalgebra structure.
The two transformations are mutual inverses. <

Using what we have learned about the costate functor and costate comonad, we obtain a
decomposition of functor coalgebras and comonad coalgebras.

» Theorem 7.

1. Given a Cartesian closed finitely complete category C, a strong functor D' preserving
Cartesian natural transformations to D', and a map v : S — D'S, then v admits a
factoring through the object D*S for another functor D*, as depicted below

vy
ST~ D*§ D'S
vy Ps

with the properties that
D*lo~*: S — D*1 is an isomorphism and
Y : D* — D' is Cartesian.
2. If D’ is a comonad and 7y is a comonad coalgebra structure, then D* is a comonad, v* is
a comonad coalgebra structure and 1 is a comonad morphism.

Proof (sketch). This is a corollary of Theorems 3, 4 and the last two propositions.

The given map v : S — D’S induces a natural transformation 7 : D¥ — D’. From
this, we get a functor D* and two natural transformations ¢ : D — D* and 1 : D* — D/,
whereby ¢ : D51 — D*1 is an isomorphism and ¢ is Cartesian. We construct v* : S — D*S
as the composition ¢g o (S x iidg) o (idg,!s). The map D*!o~* is an isomorphism thanks to
commutation of the diagram

y
ST S x 11— s S % (8= §) — = D8
~ DS D*!

5 Conclusion

We have demonstrated that two observations about comonads that are immediate for
container comonads on Set also hold more generally for comonads whose underlying functor
preserves Cartesian natural transformations to itself on any finitely complete category. These
observations concern shapes and positions (in terms of comonad morphisms being bijective
on shapes or bijective on positions between corresponding pairs of shapes), and demonstrate
that comonads generally, not just container comonads, are usefully analyzed in terms of
shapes and positions and exhibit noteworthy properties expressible in these terms.

14:17
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Decomposing Comonad Morphisms

In other work [6], we have shown that container comonad coalgebras and container

comonad morphisms can be seen as generalized asymmetric (i.e., server-client) lenses, which

are a device for keeping a client’s view of a database in synch with the master copy at a

server. Shapes in the two directed containers are states of the two databases, positions are

updates. The factorization results presented in this paper say that such lenses factorize into

two lenses, whereof the first is identity on states and the second is identity on updates for
every state.
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—— Abstract

We argue that cartesian bicategories, often used as a general categorical algebra of relations, are
also a natural setting for the study of the axiom of choice (AC). In this setting, AC manifests itself
as an inequation asserting that every total relation contains a map. The generality of cartesian
bicategories allows us to separate this formulation from other set-theoretically equivalent properties,
for instance that epimorphisms split. Moreover, via a classification result, we show that cartesian
bicategories satisfying choice tend to be those that arise from bicategories of spans.
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Introduction

Cartesian bicategories were introduced by Carboni and Walters [8] as a categorical algebra of
relations and an alternative to Freyd and Scedrov’s allegories [14]*. In recent years they have
been receiving renewed attention by researchers interested in string-diagrammatic languages.
Indeed, thanks to the compact closed structure induced by Frobenius bimonoids, cartesian
bicategories have proved to be an appropriate mathematical playground for compositional
studies of different kinds of feedback systems. For instance, signal flow graphs [21], which
are circuit-like specifications of linear dynamical systems, form a cartesian bicategory [3].
Moreover, the fact that cartesianity only holds laxly makes them able to serve as “resource-
sensitive” syntax, as outlined in [4], where free cartesian bicategories were proposed as a
resource-sensitive generalisation of Lawvere theories.

Free cartesian bicategories were also used in [5], where we showed that their algebraic
presentation can be seen as an equational characterisation of well-known logical preorders,
namely those arising from query inclusion of conjunctive queries (aka regular logic). The
deep relationship between cartesian bicategories and regular logic — already alluded to in [8] —
was also recently touched upon by Fong and Spivak [11].

In cartesian bicategories, it is important to distinguish between arbitrary morphisms —
which can be thought of as relations — and a certain class of morphisms called maps, which can
be thought of as functions. A fundamental result [8, Theorem 3.5] states that, for a cartesian
bicategory B satisfying the property of functional completeness, (i) the subcategory of maps
(denoted by Map B) is regular and (ii) the category of relations over the category of maps
(Rel(Map B)) is biequivalent to B. Unfortunately, this beautiful result is not relevant for

1 RFC Walters referred to the modular law of allegories as a formica mentale, a “complication which pre-
vents thought” (http://rfcwalters.blogspot.com/2009/10/categorical-algebras-of-relations.
html).
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The Axiom of Choice in Cartesian Bicategories

free cartesian bicategories: for instance the categories obtained by the algebraic presentations
in [4] and [5] do not arise from the Rel(-) construction.

For this reason in [5], we needed to rely on an alternative construction Span™ that we
believe is of independent interest. First, it requires less structure of the underlying category:
while Rel(+) requires a regular category, Span™ requires merely the presence of weak pullbacks.
Second, while in the category of sets and functions both constructions yield the usual category
of relations, as we shall see, there are important cases in which they differ.

Our main contribution is an analogue of the aforementioned result for Span™, namely
that Span™ Map B is biequivalent to B. In this setting, Carboni and Walters’ functional
completeness can be relaxed to a weaker condition that we call having enough maps, but an
additional assumption is necessary: B has to satisfy the aziom of choice. Indeed, our main
result (Theorem 30) asserts that a cartesian bicategory B with enough maps satisfies the
axiom of choice if and only if B is biequivalent to Span™ Map B.

This characterisation motivates a closer look at the axiom of choice, one of the best
known — and most controversial — axioms of set theory [16]. It has many ZF-equivalent
formulations, some requiring only very basic concepts. One is:

Every total relation contains a map.

Our starting observation is that this condition is natural to state in the language of cartesian
bicategories. Another way of viewing our main result is, therefore, a characterisation of
cartesian bicategories with enough maps that satisfy the axiom of choice as precisely those
that arise via the Span™ construction.

Given the innovations of topos theory [19] in foundations of mathematics, the question
of whether or not to accept the axiom of choice is nowadays less absolute (and therefore
less heated). Indeed, if a topos is a mathematical “universe”; then it holds in some and
not in others, thus accepting/rejecting choice turns from a philosophical question into a
practical matter. Interpreting choice inside a category does not need the full power of the
internal language of a topos — it suffices if the category in question captures basic properties
of relations. Cartesian bicategories can therefore be seen as an amusing setting for the study
of the axiom of choice. Indeed, the advantage of a weaker language is a finer grained analysis:
e.g. we shall see that properties well-known to be equivalent to choice in ZF (e.g. surjective
functions split) are different as properties of cartesian bicategories.

Structure of the paper. We start by giving an overview of a few important concepts of
cartesian bicategories in Section 1. In Section 2 we define the axiom of choice in cartesian
bicategories, the property of “having enough maps” and discuss ramifications of this, including
a useful characterisation. In Section 3 we introduce the Span™ construction and prove several
useful results that are necessary for showing the classification theorem in Section 4. In
Section 5, we compare the constructions Rel(C) and Span™C and show that they coincide if
regular epis split in C.

We would like to thank Aleks Kissinger and the team behind TikZiT, which was used to
create the diagrams in this paper.

1 Cartesian bicategories

We start by recalling the notion of cartesian bicategory [8]. We will often use string
diagrams [23] as a graphical notation for morphisms: given a symmetric monoidal category B
with monoidal product ® and monoidal unit I, a wire —X— denotes idx, the identity for an
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arbitrary object X of B, while a box Y denotes an arbitrary morphism R: X — Y of

B;forR: X - Y and S: Y — Z, the composition R; S: X — Z is depicted as Z;
X [pLY
forR: X »Yand S: Z > W, R®S5: X®Z — Y ®W is depicted as , p § Symmetries

X Y .
0: X®Y =Y ®X aredrawn as < ; the identity for I as an empty diagram 37”; . When

Y X
clear from the context, we will avoid labelling wires.

» Definition 1. A cartesian bicategory is a symmetric monoidal category B enriched over
the category of posets. Every object X € B is equipped with morphisms

{:X%X@X and Xe:X 1

such that

{ and X @ form a cocommutative comonoid, that is they satisfy

—XC and X e have right-adjoints DX— and e~ respectively, that is

x X
- x
X < _Xgq @X ° X.S}”“

The Frobenius law holds, that is

P

Each morphism R: X — Y is a lax comonoid homomorphism, that is

Y Y

The choice of comonoid on every object is coherent with the monoidal structure? in the

sense that
X
Xovg — Y. X®Y, _
e = v

A morphism of cartesian bicategories is a monoidal functor preserving the ordering and the
chosen monoids and comonoids.

2 In the original definition of [8] this property is replaced by requiring the uniqueness of the comonoid/-
monoid. However, as suggested in [22], coherence seems to be the property of primary interest.
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The Axiom of Choice in Cartesian Bicategories

The archetypal example of a cartesian bicategory is the category of sets and relations Rel,
with cartesian product of sets, hereafter denoted by x, as monoidal product and 1 = {e} as
unit I. To be precise, Rel has sets as objects and relations R C X x Y as arrows X — Y.
Composition and monoidal product are defined as expected:

R; S ={(z,2)|Jy s.t. (z,y) € R and (y,2) € S},

R®S ={((x1,22), (y1,92)) | (z1,51) € R and (x2,y2) € S}.

For each set X, the comonoid structure is given by the diagonal function X — X x X and
the unique function X — 1, considered as relations. That is —XC ={(z, (z,2)) |z € X}
and Xe = {(z,e)|z € X}. Their right adjoints are given by their opposite relations:

¥ = {((z,2),2) |z € X} and ¥~ = {(e,z)|z € X}. The reader can easily check

that the four inequalities are satisfied and that, moreover, the Frobenius law holds. The
right adjoints also enjoy an additional property that holds in any cartesian bicategory.

» Lemma 2. DX— and @X— form a commutative monoid, that is

To appreciate the property that every morphism is a lax-comonoid homomorphism, it is
useful to spell out its meaning in Rel: in the first inequality, the left and the right-hand side
are, respectively, the relations

{(z,(y,9) |(z.y) € R} and {(z,(y,2))|(z,y) € R and (,2) € R}, (1)

while in the second inequality, they are the relations
{(z,0)|Fy €Y st. (z,y) € R} and {(z,e)|xz€ X}. (2)

It is immediate to see that the two left-to-right inclusions hold for any relation R C X x Y,
while the right-to-left inclusions hold exactly when R is a function: a relation which is single
valued and total®. This observation justifies the following definition.

» Definition 3. Let R be a morphism in a cartesian bicategory. We call R

- ; total if e
< ; surjective if e—

By translating the last two inequalities in Rel, similarly to what we have shown in (1)
and (2), the reader can immediately check that these correspond to the usual properties of
injectivity and surjectivity for relations. Moreover, since the converses of these inequalities
hold in cartesian bicategories, the four inequalities are actually equalities.

single valued if

IN

IN

injective if

;

3 Requiring every morphism to be a comonoid homomorphism would make ® the categorical product [13]
and thus the whole category would be cartesian. Ensuring just laz-comonoid homomorphism makes ®
a certain kind of bi-limit, called in [8], bi-product. This fact explains the name cartesian bicategory.
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We can characterise all the notions of Definition 3 equivalently in terms of opposite
morphisms R°P which are defined for any morphism R as follows:

» Proposition 4. Let R be a morphism in a cartesian bicategory.

< —— iff R is single valued. —— < iff R is total.
< —— iff R is injective. — < iff R is surjective.

In particular, R is surjective iff R°P is total and R is injective iff R°P is single valued.

Proof. We show the proofs for single valued and total. The proofs for injectivity and
surjectivity are analogous. The last statement follows from the others and the fact that
(R?) = R

Let R be single valued. Then

9

Conversely, if

IN

, then
e [afales (e

<

» Definition 5. A map in a cartesian bicategory is a morphism f that is a comonoid
homomorphism, i.e. is single valued and total.

We will write to denote a map f and for its opposite. Note that we use

lower-case letters for maps and upper-case for arbitrary morphisms. Following the analogy
with Rel, we will often call arbitrary morphisms of a cartesian bicategory relations.

The original treatment of cartesian bicategories in [8] introduces maps as those morphisms
that admit a right-adjoint. We show below that this amounts to the same notion.

CALCO 2019
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» Proposition 6. A morphism is a map if and only if it has a right adjoint — a

morphism R such that < and —— < . In that case, necessarily

Proof. If is a map, then is a right-adjoint by Proposition 4.
On the other hand, if has a right-adjoint R, then it is a map since

and

by :
Therefore, is indeed a map and = by uniqueness of adjoints. <«

The identity is a map, and maps are easily shown to be closed under composition, so they
constitute a category.

» Definition 7. Given a cartesian bicategory B, we define its category of maps, Map(B) to
have the same objects of B and as morphism the maps of B.

By the following proposition, the ordering of B becomes trivial when restricted to maps.

» Proposition 8. Let f, g be maps such that f < g. Then f =g.

Proof. Since {7} < o), also (s} < ~(v} . Therefore
< < < «

We have seen that Rel is source of intuition for cartesian bicategories. There are many
other similar examples; for instance LinRel, the category of linear relations of vector spaces
where the monoidal product is the direct sum of vector spaces. Nevertheless, there are
examples of cartesian bicategories that are significantly different, e.g. in which — concretely
speaking — the monoidal product does not act as cartesian product on the underlying sets.

» Example 9. Recall that a prop is a strict symmetric monoidal category where the objects
are the natural numbers and monoidal product on objects is addition. The prop ERel of
equivalence relations [25, 12, 9, 10, 6] (also called the prop of corelations) has objects natural
numbers, where n € N is thought of as the finite set {0,...,n — 1}. A morphism n — m is
an equivalence relation on n +m. Composition of an equivalence relation on n +m with one
on m + o is given by taking the smallest equivalence relation they generate on n +m + o and
restricting it to n + 0. Monoidal product is given by disjoint union.

Another important example is the prop PERel of partial equivalence relations. These
are symmetric and transitive, but not necessarily reflexive, and have been used in the study
of the semantics of higher order A-calculi [17, 24] and quantum computations [18, 15]. In
PERel a morphism n — m is a partial equivalence relation on n 4+ m; composition similar
to that in ERel, taking the smallest induced partial equivalence relation. Again ® is given
by disjoint union. See [25, Definitions 2.52 and 2.63] for additional details.

Both ERel and PERel carry the structure of cartesian bicategories after taking into
consideration their posetal enrichment. Here the ordering < is the opposite of set inclusion:
R < S iff R 2 S. Note that for PERel, we need some extra care. We consider partial
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equivalence relations R, S: n — m as equivalence relations R, S over (n-+m)U{ L} and then
take R < Siff R D S. In particular, notice that the completely undefined partial equivalence
relation is represented by the chaotic relation on (n +m) U {L}, and is thus — according to
this ordering — the least element in its homset.

To define the comonoid structure it is enough to consider 1, since for arbitrary n it
is forced by coherence (Definition 1). For both ERel and PERel { : 1 — 2 is the
equivalence relation equating all the elements of the set 1 +2 and —e : 1 — 0 equates
the single element of the set 1. The monoid structure } :2—1land e— : 0 — 1is
defined in a similar way.

In order to illustrate what maps are in these categories, it is convenient to write [i] for
the set {j | (¢,j) € R}. Both in ERel and PERel a morphism R: n — m is

total iff for all ¢, j € n, (i,7) € R implies ¢ = j, and (3)

single valued iff for all ¢ € m, either [i]g = @ or there is j € n such that (i,j) € R. (4)

Thus } is single valued but not total; @— is total but not single valued. In PERel,
the undefined relation 0 — 1, hereafter denoted , is both total and single valued.

2 Choice in Cartesian bicategories

One of the many equivalent formulations of the axiom of choice in set theory is
Every total relation contains a map.

In a total relation every element in the domain is related to at least one element in the
codomain. A map is obtained by choosing, for each element in the domain, exactly one
related element in the codomain. This can be stated in the language of cartesian bicategories.

» Definition 10 (Choice). Let BB be a cartesian bicategory. We say that B satisfies the axiom
of choice (AC), or that B has choice, iff the following holds for any morphism R: X — Y:

—e < (R is total) implies Jmap f: X — Y such that < (AC)

Observe that the converse implication holds in any cartesian bicategory.

» Lemma 11. If {f) < then —e < ,
Proof. Obvious, since if S is total and S < R, then R is total: > > —e.

<

» Example 12.
The usual axiom of choice implies that Rel satisfies (AC).
ERel is an example of a cartesian bicategory that does not satisfy (AC). Recall from
Example 9 that the ordering is the reverse of inclusion. Therefore, for (AC) to hold
would mean that every equivalence relation that satisfies (3) could be included in one
that satisfies both (3) and (4). Now consider @#— : 0 — 1. As seen in Example 9, it is
total, but not single valued. Since equivalence relations have to be reflexive, this is also
the only morphism of type 0 — 1: clearly AC fails here.
Interestingly, PERel does satisfy (AC). For example, &— : 0 — 1 is included, as an
equivalence relation over (04 1) U{L}, in .

15:7
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Another common formulation of the axiom of choice in set theory is the assertion that
every surjective function 7: X — Y splits, namely, there exists a function p: ¥ — X such
that p ; m = idy. A standard categorification of the notion of surjectivity is the notion of
epi(morphism): 7 is epi iff 7 ; f = 7 ; g entails f = g. In order to clarify the picture and
justify our Definition 10 we will now investigate epimorphisms in cartesian bicategories.

» Lemma 13. Let be a map in a cartesian bicategory B. Then is an epi

in B if and only if it is surjective.

Proof. Let 7 be an epi in B. Since 7 is a map, by Proposition 4, — e <
and therefore

.-
Since is epi, = —e 50 is total, hence is surjective

by Proposition 4.

Assume is surjective. Then = — by Proposition 4. If now R, S
are morphisms such that = , then
- - - <
» Lemma 14. Surjective maps split in any cartesian bicategory with choice.

Proof. Let m: X — Y be a surjective map. Therefore, 7°P: Y — X is a total relation, so by
(AC) there is a map g: Y — X such that

19- < (F

Now we have

DB < @D = —

and since both the left hand side and the right hand side of that inequality are maps, we
have by Proposition 8 that g ; 7 = idy. <

2.1 Cartesian bicategories with enough maps

The converse of Lemma 14 does not hold in general. The reason is that a general cartesian
bicategory might not have enough maps to “cover” all its morphisms in a suitable sense. In
order to prove the converse, we need to assume a saturation property.

» Definition 15. We say a cartesian bicategory has enough maps if for every morphism
R: X — I there is a map f: Z — X such that

—r] = Gl

The intuition for this notion is the following: a morphism R: X — I can be considered
as a predicate on X. Then having enough maps ensures the existence of a function f that
picks out the subset of X where R holds.
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» Example 16. The description above shows that Rel has enough maps. Also ERel and
PERel have both enough maps. We briefly describe the construction for ERel, the one for
PERel is similar. For any morphism R: n — 0 in ERel, take e to be the number of the
equivalence classes of R. Choose a total ordering for these equivalence classes, so that for
each i € e = {0,...e — 1}, we denote by R; the i-th equivalence class of R. Then, define
f: e — n as the equivalence on e +n

RU{(i,j)|i€eand j € R} U{(i,j)|j €eand i€ R;}.
It is immediate to see that f satisfies (3) and (4) and that = —(/}-o.

» Remark 17. A similar property, functional completeness, was already considered in [8].

The important difference is that we don’t require f to be mono. Ours is a more general
notion: every functionally complete cartesian bicategory also has enough maps.

» Lemma 18. If a cartesian bicategory has enough maps, then for every morphism R: X =Y,
there are maps f: Z — X and g: Z — Y such that

-
We call this a comap-map factorisation of R.

Proof. Since there are enough maps, there is a map h: Z — X ® Y such that

Let )~ = ) and ) - 1) ", then

oy (5

where the step marked * uses coherence of the comonoid and the fact that h is a map.

Therefore we have

» Proposition 19. A cartesian bicategory with enough maps satisfies (AC) iff surjective
maps split.

<

Proof. By Proposition 14, it suffices to prove that (AC) holds if surjective maps split. So let

R: X =Y be a total relation and take a comap-map factorisation = with
maps f,g. Since R is total,

.- -
so f is surjective. Since surjective maps split, there exists a map h that is a pre-inverse of f,
so h; f =id. Then

< -
and therefore < = , so R contains a map. <

15:9
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3 The Span™ construction

In [5], we used a construction that, for any category with finite limits, gives rise to a

cartesian bicategory. Since it plays a key role in our main result (Theorem 30), we recall the

construction and extend it to arbitrary categories with finite products and weak pullbacks.
We start by recalling the standard notion of bicategory of spans.

» Definition 20 (Span). Let C be a finitely complete category. A span from X to Y is a pair
of arrows X < A —Y in C. A morphism a: (X <+~ A—=Y)= (X + B—Y)is an arrow
a: A — B in C s.t. the diagram below commutes. Spans X < A — Y and X + B = Y are

idx idx

isomorphic if « is an isomorphism. For X € C, the identity span is X +— X —= X. The
composition of X + A LyandY < B Zis X« A X g B — Z, obtained by taking
the pullback of f and g. This data defines the bicategory [1] Span(C): the objects are those
of C, the arrows are spans and 2-cells are homomorphisms. Finally, Span(C) has monoidal
product given by the product in C, with unit the final object 1 € C.

A
o M
X la Y
Ny oA
B

To avoid the complications of non-associative composition, it is common to consider a
category of spans, where isomorphic spans are equated: let SpanSC be the monoidal category
that has isomorphism classes of cospans as arrows. Note that, when going from bicategory
to category, after identifying isomorphic arrows it is usual to simply discard the 2-cells.
Differently, we consider Span=C to be locally preordered with X+ A-Y)< (X «+
B — YY) if there exists a morphism a: (X <~ A —Y) = (X < B —Y). It is an easy
exercise to verify that this (pre)ordering is well-defined and compatible with composition
and monoidal product. Note that, in general, < is a genuine preorder: i.e. it is possible that
(X2 A« Y)< (X > B+«Y)<(X > A+ Y) without the cospans being isomorphic.

Since SpanSC is preorder enriched, rather than poset enriched, it is not a cartesian
bicategory. However, one can transform a preorder enriched category into a poset enriched
one with a simple construction: for Span=C, one first defines ~=< N >, namely (X «
A—=Y)~ (X« B—=Y)iff there exists a: (X + A =>Y) = (X « B —=Y) and
B:( X+ B—-Y)= (X + A—Y), and then one takes equivalence classes of morphisms of
Span=C modulo ~. It is worth observing that pullbacks are no longer necessary to compose
~-equivalence classes of spans: weak pullbacks are sufficient, since non-isomorphic weak
pullbacks of the same cospan all belong to the same ~-equivalence class.

» Definition 21 (Span™). Let C be a category with finite products and weak pullbacks. The
posetal category Span™C has the same objects as C and as morphisms ~-equivalence classes
of spans. The order is defined as in Span=C. Composition is given by weak pullbacks in C.
Identities, monoidal product and unit are as in Span(C).

Like in Rel, the comonoid structure is given for any object X by the diagonal and final
morphism in C: { isthe span X + X —- X x X and Xe is X + X — 1.

» Proposition 22. Let C be a category with finite products and weak pullbacks. Then Span™C
is a cartesian bicategory.

Proof. For DX— we take the span X x X <~ X — X and for X~ we take 1 + X — X.
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With this information, one has only to check that the inequalities in Definition 1 hold:

each of them is witnessed by a commutative diagrams in C. As an example, we illustrate
—X < Xeo X . The left hand side is the span X JX x X, X The right
hand side is the composition of X X x Ljand 14 X 9% X, Since the product
X &8 X x X B X is a pullback of X Lid X, the composition turns out to be exactly
the span X <+ X x X =% X. Now the diagonal A: X — X x X makes the following

diagram in C commute. Therefore A witnesses the inequality — X < X o X .

idff/ X \ijlx
X A X
N A

T T2

X x X

The following is a characterisation of Span™C maps: a span X < A — Y is a map iff it is
idx

~-equivalent to X +— X L ¥ for some f in C. Moreover it is surjective iff f is a split epi.

» Proposition 23. Let C be a category with finite products and weak pullbacks. Then
Map(Span™C) = C and surjective maps in Span™~C are exactly split epis in C.

Proof. Since C has finite products, it is endowed with a cartesian monoidal structure. This
means in particular that —e = for all g in C.
Let F': C — Span™C be the identity on objects and mapping a morphism f: X — Y to

the span X M x Ly 1pis easy to check that F' is a monoidal functor.

Since every morphism in C is a comonoid homomorphism, F' factors as C =, Map(Span~C) —
Span™C. To conclude that F’ is an isomorphism, it is enough to show that every Span™C

map is the ~-equivalence class of some span X Jx x i> Y.

Now, if X L7%visa map in Span~C, in particular
—e < -
Therefore, by Definition of the ordering in Span™C, there is a morphism h: X — Z such that

X X

idX{ idX{ \h;g
X lh commutes, and therefore — y lh y -
N N+ oA
Iz Iz’

The two spans are thus equal in Span™C, since they are both maps.

We can now prove the second part of the proposition. If 7: X — Y is a map in C such
that F () is surjective in Span™C, then we have

Y .
idy
o < and therefore there is t: Y — X such that JL > %
7(71'
X
so 7 is a split epi. The converse direction is obvious. |

» Proposition 24. Span™C has enough maps.

15:11
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Proof. In a cartesian bicategory, for all R: X — I we have R < —X¢. In the special
case when R is a map g: X — I, by Proposition 8, it holds that ¢ = *Xe. Now take a

morphism R: X — [ in Span™C. By definition, R is a span X <L A % I. Observe that by
Proposition 23, both f and g are maps in Span~C. Therefore ¢ = —*eo and Span™C has
enough maps. |

By Proposition 19, the two propositions above entail the following.
» Corollary 25. Span™C satisfies (AC).

» Example 26. Let FinSet be the category with natural numbers as objects and as morph-
isms functions (as in Example 9, natural numbers are regarded as finite sets). The category
Span”™ FinSet°” = Cospan™ FinSet satisfies (AC) by Corollary 25. This category is particu-
larly relevant for different reasons. First, it is the cartesian bicategory on one object (see [5,
Theorem 31]) or, using the terminology in [4], it is the Carboni-Walters category freely
generated by the empty Frobenius theory. Moreover, after forgetting its posetal enrichment,
it is the PROP Frob of special Frobenius bimonoids which appears to be of fundamental
importance in several works (e.g. in [20, 2]). Finally, the cartesian bicategory of equivalence
relations, ERel from Example 9, can be obtained as quotient of Cospan™ FinSet: to pass
from cospans to equivalence relations, it suffices to equate

oo = | .
L

Since ERel does not satisfy (AC), by Corollary 25, there is no category C, such that
ERel is Span™C. Instead, PERel can be put in Span™ form: it is Span™ FinSetgID =
Cospan™ FinSet,, for FinSet,, being defined as FinSet but with partial functions as morph-
isms. Indeed, as we will see in the next section, any cartesian bicategory with enough maps
that satisfies (AC) arises from the Span™ construction.

4 Characterising cartesian bicategories with choice

In this section, we prove our characterisation result (Theorem 30). First, we observe that (AC)
allows us to construct maps witnessing certain inequalities.

» Lemma 27. Let B be a cartesian bicategory with choice and

f/ \g
B C
N A
heop Tk

a diagram of maps such that < . Then there is a map w: A — D (called

witness) such that the following diagram commutes.
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Proof. Consider R: A — D given by

- )
D,
One readily checks that < and < :

R is total, since

D

so by the axiom of choice, there is a map w < R. This satisfies

and
< < < {9
and since both side are maps we have equality by Proposition 8. |

» Lemma 28. Let B be a cartesian bicategory and consider the following diagram in Map B.

B C (5)

1. < if and only if (5) commutes.
2. If B has choice and = , then (5) is a weak pullback.
3. If B has choice and enough maps then = iff (5) is a weak pullback.

Proof. 1. If the diagram commutes, then

< -UHHOGF = <
Conversely, if (fHo)» < n)(k}], then
< ADUHAR =< <

and since both sides are maps, they are equal by Proposition 8.

2. Let now B satisfy (AC) and = . We want to show that (5) is a weak

pullback. Given a commutative diagram of solid arrows below,

b ~ c
AN
N
B C
AL
D
we need to construct the dotted arrow. By Lemma 28.1, we get

and therefore by Lemma 27 we get w: T'— A as desired.

CALCO 2019
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3. Let now B have also enough maps and let (5) be a weak pullback. By Lemma 28.1, it

suffices to prove that < - By Lemma 18, take =

to be a factorisation with 8: T'— B and v: T'— C. By Lemma 28.1, the external square
of the following diagram commutes.

LN
’;l><9’ﬂ
N4

Since (5) is a weak pullback, there is «: T'— A making the above commute. With this
we get

- = (HeHoH o < <«
By the third point of the above lemma and Lemma 18 we immediately get the following.

» Corollary 29. Let B be a cartesian bicategory with enough maps and choice. Then Map(B)
has weak pullbacks given by the comap-map factorisation.

We can now state our main result.

» Theorem 30. Let B be a cartesian bicategory with enough maps. B satisfies (AC) if and
only if there is a category C with products and weak pullbacks such that B = Span™~C. More
precisely, (AC) holds if and only if there exists a functor F': Span™ Map(B) — B that is an
isomorphism.

Proof. By Corollary 25, Span™ Map(B) satisfies (AC), so if there is an isomorphism F also
B satisfies (AC).

Now assume that B has enough maps and satisfies (AC). Since every morphism in Map(B)
is a comonoid homomorphism, Map(B) is a cartesian monoidal category and hence has finite
products, see [8, Theorem 1.6]. It furthermore has weak pullbacks by Corollary 29. We define
F': Span™ Map(B) — B to be the identity on objects and mapping a span X L 7%y into
the composite f°P ; g in B. To prove that F preserves the ordering, observe that if

C
f]/ \g
e
N A
h'p k

is a commutative diagram in Map(B), then

CHor = GHeHoHD- < GHer

That F' indeed preserves composition follows from the weak pullback being given by comap-
map factorisation (Corollary 29). The functor F is identity-on-objects and full by Lemma 18.
By Lemma 27, the functor reflects the ordering. Therefore it is faithful, hence an equivalence.

<4
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5 Related work

Another common example of cartesian bicategories, considered in [8], is the category of
relations of a regular category. The following definitions can be found in [7].

» Definition 31. Let C be a category. A kernel pair of a morphism f: X — Y is a pair of
p1,p2: P — X such that the diagram below is a pullback. An epimorphism is regular if it is
the coequaliser of some pair of morphisms. C is regular if it has finite limits, coequalisers of
kernel pairs and regular epis are stable under pullback.

P2 X
PQ\L \Lf
x Ly

Regular categories admit a well-behaved factorisation system, where every morphism
factors as a regular epi followed by a mono. The factorisation is used to define the cartesian
bicategory of relations of a regular category.

» Definition 32. Given a regular category C, let Rel(C) be the category with the same

objects as C and morphisms X — Y jointly mono spans, i.e. spans X L A% Y such

that the induced map A M X x Y is mono. For an arbitrary span, X Loaz Y,

its ¢mage is the jointly mono span given by taking the regular epi-mono factorisation of

A M X x Y. The composition of two jointly mono spans is given by first composing

them as spans via pullback and then taking the image of the resulting span. The identity
X — X is given by the jointly mono span X Jx x MX ¥ Similar to Span™C, the
categorical product of C induces a monoidal product on Rel(C). Furthermore, the ordering is
defined as for Span™C: (X + A —=Y) < (X + B —Y) if there exists a morphism of spans

a:(X+A-Y)= (X« B-=Y).

Since Rel(C) is a cartesian bicategory [8, Example 1.4], it is important to compare the
Rel(C) and Span™C constructions. In general the two do not coincide. To see this, it is
enough to take FinSet°’: Rel(FinSet’) is ERel which, as discussed in Example 26, is a
proper quotient of Span™ FinSet®?. This is an instance of a more general fact:

» Proposition 33. There is a full monoidal functor F: Span™C — Rel(C) given by mapping
a span to ils image.

The proof of the above and the following statements can be found in the Appendix.
» Lemma 34. Rel(C) has enough maps.
» Proposition 35. Span™C = Rel(C) if and only if (AC) holds in Rel(C).

It is known that surjective maps in Rel(C) are precisely regular epis in C, see [8, Theorem
3.5]. Using Proposition 19, we have the following.

» Corollary 36. Span™C = Rel(C) iff regular epis split in C.
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A  Proof of Section 5

Proof of Proposition 33. F preserves the ordering, because of the universal property of
the image. Therefore F' is well-defined, since equivalent spans in Span™C are mapped to
isomorphic spans in Rel(C). It is easily verified that F' preserves identities and composition.
Since monos and regular epis are closed under product, F' preserves the monoidal structure.
Finally, F' is full because any jointly monic span is its own image. <

Proof of Lemma 34. By [8, Theorem 3.5], Rel(C) is functionally complete (see Remark
17). <

Proof of Proposition 35. If Span™~C = Rel(C), then Rel(C) satisfies (AC) by Corollary 25.
If on the other hand, Rel(C) satisfies (AC), then, since it has enough maps, Proposition 19
guarantees that surjective maps split. Now surjective maps in Rel(C) are regular epis in C
([8, Theorem 3.5]), hence the latter split in C. We prove that in that case F' — defined and
shown to be full in Proposition 33 — is furthermore faithful, for which it suffices to show
that it reflects the ordering. So let A LB cand adl B L O be spans such that the
image of the first is included in the image of the second under F. Assume without loss of

generality that A is terminal, which we can achieve by bending the input around to the right.

Let B = J % C be a regular epi-mono factorisation of g and likewise for g’. Then there is a
morphism a: J — J’

Since 7’ is regular epi, it splits by the preceding observation, and thus there is 8: B — B’
such that

B L C
w/g,

B/

It follows that the inclusion between the spans holds in Span™C. <
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—— Abstract

GP 2 is an experimental programming language based on graph transformation rules which aims to
facilitate program analysis and verification. However, implementing graph algorithms efficiently in a
rule-based language is challenging because graph pattern matching is expensive. GP 2 mitigates
this problem by providing rooted rules which, under mild conditions, can be matched in constant
time. In this paper, we present linear-time GP 2 programs for three problems: tree recognition,
binary directed acyclic graph (DAG) recognition, and topological sorting. In each case, we show the
correctness of the program, prove its linear time complexity, and also give empirical evidence for the
linear run time. For DAG recognition and topological sorting, the linear behaviour is achieved by
implementing depth-first search strategies based on an encoding of stacks in graphs.
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1 Introduction

Rule-based graph transformation was established as a research field in the 1970s and has
since then been the subject of countless articles. While many of these contributions have a
theoretical nature (see the monograph [8] for a recent overview), there has also been work on
languages and tools for executing and analysing graph transformation systems.

Languages based on graph transformation rules include AGG [18], GReAT [1], GROOVE
[10], GrGen.Net [13], Henshin [3] and PORGY [9]. This paper focuses on GP 2 [14], an
experimental graph programming language which aims to facilitate formal reasoning on
programs. The language has a simple formal semantics and is computationally complete
in that every computable function on graphs can be programmed [15]. Research on graph
programs has provided, for example, a Hoare-calculus for program verification [16, 17] and a
static analysis for confluence checking [12].

A challenge for the design and implementation of graph transformation languages is to
narrow the performance gap between imperative and rule-based graph programming. The
bottleneck for achieving fast graph transformation is the cost of graph matching. In general,
matching the left-hand graph L of a rule within a host graph G requires time size(G)¥#e(L)
(which is polynomial since L is fixed). As a consequence, linear-time imperative graph
algorithms may be slowed down to polynomial time when they are recast as rule-based graph
programs.
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To mitigate this problem, GP 2 supports rooted graph transformation which was first
proposed by Dorr [7]. The idea is to distinguish certain nodes as roots and to match roots in
rules with roots in host graphs. Then only the neighbourhood of host graph roots needs to
be searched for matches, allowing, under mild conditions, to match rules in constant time.
In [5], fast rules were identified as a class of rooted rules that can be applied in constant
time if host graphs have a bounded node degree and contain a bounded number of roots.

The condition of a bounded number of host graph roots can be satisfied by requiring
unrooted input graphs and using in loops only rules that do not increase the number of roots.
This simply means that no such rule must have more roots in its right-hand side than in its
left-hand side. (A refined condition considers the “root balance” of all rules in a loop body
simultaneously.) The condition that host graphs must have a bounded node degree depends
on the application domain of a program. For example, traffic networks or digital circuits can
be considered as graphs of bounded degree.

The first linear-time graph problem implemented by a GP 2 program with fast rules was
2-colouring. In [6] it is shown that this program colours connected graphs of bounded degree
in linear time. The compiled program even matches the speed of Sedgewick’s textbook C
program [19] on grid graphs of up to 100,000 nodes.

In this paper, we continue to provide evidence that rooted graph programs can rival the
time complexity of graph algorithms (on bounded-degree graphs) in conventional programming
languages. We present three new case studies: recognition of trees, recognition of binary
DAGs, and topological sorting of acyclic graphs. Each of these problems is solvable in linear
time with algorithms in imperative languages. For each problem, we present a GP 2 program
with fast rules, show its correctness, and prove its linear time complexity on graphs of bounded
node degree. We also give empirical evidence for the linear run time by presenting benchmark
results for graphs of up to 100,000 nodes in various graph classes. For DAG recognition
and topological sorting, the linear behaviour is achieved by implementing depth-first search
strategies based on an encoding of stacks in host graphs.

It is worth noting that rooted rules per se are not a blueprint for imitating algorithms
in imperative languages. This is because GP 2 intentionally does not provide access to the
graph data structure of its implementation. As a consequence, for example, currently there
seems to be no way of traversing arbitrary disconnected graphs with GP 2 in linear time.

2 The Graph Programming Language GP 2

This section briefly introduces GP 2, a non-deterministic language based on graph-transfor-
mation rules, first defined in [14]. Up-to-date versions of the syntax and semantics of GP 2
can be found in [4]. The language is implemented by a compiler generating C code [6].

2.1 Graphs, Rules and Programs

GP 2 programs transform input graphs into output graphs, where graphs are directed and
may contain parallel edges and loops. Both nodes and edges are labelled with lists consisting
of integers and character strings. This includes the special case of items labelled with the
empty list which may be considered as “unlabelled”.

The principal programming construct in GP 2 consist of conditional graph transformation
rules labelled with expressions. For example, the rule i0_push in Figure 6 has two formal
parameters of type list, a left-hand graph and a right-hand graph which are specified
graphically, and a textual condition starting with the keyword where.
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The small numbers attached to nodes are identifiers, all other text in the graphs consist
of labels. Parameters are typed but in this paper we only need the most general type list
which represents lists with arbitrary values.

Besides carrying expressions, nodes and edges can be marked red, green or blue. In
addition, nodes can be marked grey and edges can be dashed. For example, rule 10_push in
Figure 6 contains red and blue nodes and a blue edge. Marks are convenient, among other
things, to record visited items during a graph traversal and to encode auxiliary structures in
graphs. The programs in the following sections use marks extensively.

Rules operate on host graphs which are labelled with constant values (lists containing
integers and character strings). Formally, the application of a rule to a host graph is
defined as a two-stage process in which first the rule is instantiated by replacing all variables
with values of the same type, and evaluating all expressions. This yields a standard rule
(without expressions) in the so-called double-pushout approach with relabelling [11]. In the
second stage, the instantiated rule is applied to the host graph by constructing two suitable
pushouts. We refer to [4] for details and only give an equivalent operational description of
rule application.

Applying a rule L = R to a host graph G works roughly as follows: (1) Replace the
variables in L and R with constant values and evaluate the expressions in L and R, to
obtain an instantiated rule L = R. (2) Choose a subgraph S of G isomorphic to L such
that the dangling condition and the rule’s application condition are satisfied (see below). (3)
Replace S with R as follows: numbered nodes stay in place (possibly relabelled) edges and
unnumbered nodes of L are deleted, and edges and unnumbered nodes of R are inserted.

In this construction, the dangling condition requires that nodes in S corresponding to
unnumbered nodes in L (which should be deleted) must not be incident with edges outside
S. The rule’s application condition is evaluated after variables have been replaced with the

corresponding values of L, and node identifiers of L with the corresponding identifiers of S.

For example, the condition indeg(1) = 0 of rule 10_push in Figure 6 requires that node g(1)
has no incoming edges, where g(1) is the node in S corresponding to 1.

A program consists of declarations of conditional rules and procedures, and exactly

one declaration of a main command sequence, which is a distinct procedure named Main.

Procedures must be non-recursive, they can be seen as macros. We describe GP 2’s main
control constructs.

The call of a rule set {rq,...,r,} non-deterministically applies one of the rules whose
left-hand graph matches a subgraph of the host graph such that the dangling condition and
the rule’s application condition are satisfied. The call fails if none of the rules is applicable
to the host graph.

The command if C' then P else @ is executed on a host graph G by first executing C
on a copy of G. If this results in a graph, P is executed on the original graph G; otherwise,
if C fails, @ is executed on GG. The try command has a similar effect, except that P is
executed on the result of C’s execution.

The loop command P! executes the body P repeatedly until it fails. When this is the
case, P! terminates with the graph on which the body was entered for the last time. The
break command inside a loop terminates that loop and transfers control to the command
following the loop.

In general, the execution of a program on a host graph may result in different graphs,
fail, or diverge. The operational semantics of GP 2 defines a semantic function which maps
each host graph to the set of all possible outcomes. See, for example, [15].
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2.2 Rooted Programs

The bottleneck for efficiently implementing algorithms in a language based on graph trans-
formation rules is the cost of graph matching. In general, to match the left-hand graph L of a
rule within a host graph G requires time polynomial in the size of L [5, 6]. As a consequence,
linear-time graph algorithms in imperative languages may be slowed down to polynomial
time when they are recast as rule-based programs.

To speed up matching, GP 2 supports rooted graph transformation where graphs in rules
and host graphs are equipped with so-called root nodes. Roots in rules must match roots in
the host graph so that matches are restricted to the neighbourhood of the host graph’s roots.
We draw root nodes using double circles. For example, in the rule prune of Figure 2, the
node labelled y in the left-hand side and the single node in the right-hand side are roots.

A conditional rule (L = R, ¢) is fast if (1) each node in L is undirectedly reachable from
some root, (2) neither L nor R contain repeated occurrences of list, string or atom variables,
and (3) the condition ¢ contains neither an edge predicate nor a test e;=es or e;! =es where
both e; and ey contain a list, string or atom variable.

Conditions (2) and (3) will be satisfied by all rules occurring in the following sections; in
particular, we neither use the edge predicate nor the equality tests. For example, the rules
prune and push in Figure 2 are fast rules.

» Theorem 1 (Complexity of matching fast rules [5]). Rooted graph matching can be imple-
mented to Tun in constant time for fast rules, provided there are upper bounds on the mazimal
node degree and the number of roots in host graphs.

When analysing the time complexity of rules and programs, we assume that these are
fixed. This is customary in algorithm analysis where programs are fixed and running time is
measured in terms of input size [2, 20]. In our setting, the input size is the size of a host
graph. The implementation of GP 2 does match fast rooted rules in constant time [6].

3 Recognising Trees

A tree is a graph containing a node from which there is a unique directed path to each node
in the graph. It is easy to see that it is possible to generate the collection of all trees by
inductively adding new leaf nodes to the discrete graph of size one. Thus, given an input
graph, if we prune leaf nodes as long as possible and end up with the discrete graph of size
one, then the start graph must have been a tree. Figure 1 is an implementation of this idea
in GP 2.

Main = not_empty; prune!; if Check then fail
Check = {two_nodes, has_loop}

not_empty(a,x,y:list) prune(a,x,y:1list)
®-06 @@ - ®
1 1 1 1
two_nodes(x,y:list) has_loop(a,x:1list)

®0-00 @ @,

Figure 1 The GP 2 program is-tree-slow.
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» Definition 2 (Tree recognition specification). The tree recognition specification is as follows.
Input: An arbitrary labelled graph with every node coloured grey, no root nodes, and no
other marks.

Output: Fail if and only if the input is not a tree.

» Theorem 3 (Correctness of is-tree-slow). The program is-tree-slow fulfills the tree
recognition specification.

Proof. Similar to the proof of Theorem 7. |
» Proposition 4 (Termination of prune!). prune! terminates after at most |Vg| steps.

Proof. If G = H, then |Vg| > |V|. Suppose there were an infinite sequence of derivations

Gy = G1 = G2 = - -, then there would be an infinite descending chain of natural numbers
Vaol > |Va,| > |Va,| > -+, which contradicts the well-ordering of N. The last part is
immediate since there are only Vi natural numbers less than V. <

» Theorem 5 (Complexity of is-tree-slow). Given an input graph of bounded degree,
is-tree-slow will terminate in quadratic time with respect to the number of nodes in the
input graph.

Proof. Clearly not_empty and Check run in linear time. Unfortunately prune is not a fast
rule, and so it takes linear time to find a match. Finding a match for prune takes linear time
and so by Proposition 4, prune! terminates in quadratic time. |

Unfortunately, our program does not run in linear time due to our rules not being such
that we have constant time matching. We need to modify the program so that we can always

perform a match in constant time. Figure 2 is a refined implementation, using root nodes.

We will see that this program is not only correct, but always terminates in linear time.

Main = init; Reduce!; if Check then fail
Reduce = {prune, push}
Check = {two_nodes, has_loop}

init(x:1list) two_nodes(x,y:1list) has_loop(a,x:1list)
® - @0-00 -G

1 1 1 2 1 2 1 a 1 a
prune(a,x,y:list) push(a,x,y:1list)

®0 - © 0 0@

Figure 2 The GP 2 program is-tree.

» Proposition 6 (Correctness of Reduce!). Let G be a rooted input tree and G =5, guee H-
Then, either |Vig| =1 or H is not in normal form.

Proof. By Lemma 17, |Vg| > 1. If |[Vz| = 1, then G is in normal form. Otherwise, either
the root node has no children, or it has at least one grey child. In the first case, prune must
be applicable, and in the second, push. Suppose G =75, e H- If |Vi| =1, then H is in

normal form by the proof to Lemma 17. Otherwise, by Lemma 16 H is a tree and |V | > 1.

Now, the root-node in H (Lemma 17) must have a non-empty neighbourhood. If it has
no children, then prune must be applicable. Otherwise, push must be applicable, since by
Corollary 19, there must be a grey node child. So H is not in normal form. <
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» Theorem 7 (Correctness of is-tree). The program is-tree fulfills the tree recognition
specification.

Proof. The init rule will fail if the input graph is empty, otherwise, it will make exactly
one node rooted. The Reduce! step derives the singleton discrete graph if and only if the
input was a tree (Proposition 6 and Lemma 16). Finally, by Lemma 17, Reduce! cannot
derive the empty graph, so it is sufficient for Check to test if there is more than one node, or
a loop edge. |

» Proposition 8 (Termination of Reduce!). Reduce! terminates after at most 2|Vg| steps.

Proof. Let #G be the number of nodes, and LJG be the number of grey nodes. If G =p,une H,
then #G > #H and OG > UOH. If G =5, H then #G = #H and OG > OH. Suppose
there were an infinite sequence of derivations Gog = G; = G2 = - - -, then there would be an
infinite descending chain of natural numbers #Goy + UGy > #G1 +0G, > #Go+0Gy > - -,
which contradicts the well-ordering of N. To see the last part, notice that OG < #G for all
graphs G, so the result is immediate since there are only 2#G natural numbers less than

2#@. |

» Theorem 9 (Complexity of is-tree). Given an input graph of bounded degree, is-tree
will terminate in linear time with respect to the number of nodes in the input graph.

Proof. Clearly init and Check run in linear time. Since push and prune are fast rules, they
take only constant time (Theorem 1), and then by Proposition 8, Reduce can only be applied

a linear number of times. Thus, Reduce! terminates in linear time too. |
(a) Star Graph. (b) Grid Graph.
(c) Binary Tree. (d) Linked List.

Figure 3 Types of Graph.

We have performed empirical benchmarking to verify the complexity of the program,
testing it with Linked Lists, Binary Trees, Grid Graphs, and Star Graphs (Figure 3). Star
Graphs are not of bounded degree, so we saw quadratic time complexity as expected. The
other graphs are of bounded degree, thus we observed linear time complexity (Figure 4).

4 Recognising Binary DAGs

A directed acyclic graph (DAG) is a graph containing no directed cycles. A DAG is binary if
each of its nodes has an outdegree of at most two.
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(a) Star Graphs and Linked Lists. (b) Bounded Degree Input Graphs.

Figure 4 Measured performance of is-tree.

Main = try SearchIndegONodes then (if nonempty_stack then skip else fail;
ReduceIndegONodes); if anything then fail

nonempty_stack (x:list) anything (x:list)
- CR
1 1 1 1

Figure 5 The GP 2 Program is-bin-dag.

SearchIndegONodes and ReduceIndegONodes are defined in Subsection 4.1. The idea
behind recognising connected binary DAGs is as follows. First, using SearchIndegONodes,
all indegree-0 nodes of the input graph are identified. Then, in ReduceIndegONodes, if any
indegree-0 nodes have been found, one of them is deleted, and all of its children that become
a new indegree-0 node get designated as such. This is repeated until no indegree-0 nodes are
left. Every time an indegree-0 node is checked, the number of its children are checked as
well. If there are any leftover nodes (i.e. nodes that never had indegree-0 in the execution),
then there were no directed cycles, and the input graph is a DAG.

» Theorem 10 (Correctness of is-bin-dag). The program is-bin-dag fulfills the following
specification.

Input: A connected graph G with grey unrooted nodes and unmarked edges.

Output: The empty graph if G is a binary DAG, and failure otherwise.

Proof. If G is the empty graph, a DAG, SearchIndegONodes fails by Proposition 11,
anything does not match, and the output is the empty graph. So assume G is non-empty.

If G has no indegree-0 nodes, SearchIndegONodes succeeds by Proposition 11 and does
not mark ny nodes blue. So nonempty_stack will not match, and fail will be invoked. So
assume G has indegree-0 nodes.

Then Propositions 11 and 12 can be applied to deduce the following. SearchIndegONodes
succeeds, nonempty_stack matches, then ReduceIndegONodes gets applied. If G is a binary
DAG, the host graph becomes the empty graph, anything will not match, and the output is
the empty graph. If G is not a binary DAG, there’s failure, or a non-empty graph which
results in failure since anything is matched. |
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4.1 Correctness of Procedures

The proof of Theorem 10 depends upon the correctness of the procedures SearchIndegONodes
and ReduceIndegONodes. We will now give their definitions and prove their correctness.

SearchIndegONodes, as seen in Figure 6, is an undirected modification of depth first
search (DFS) as implemented by Bak and Plump [5] [4], with a few key differences. Using
DFS ensures that each node is visited. The blue nodes linked with blue edges are a GP 2
implementation of stacks. The top of the stack is the only blue root, making it accessible
in constant time. The rules with bidirectional edges (a GP 2 construct) in Figure 6 are
semantically equivalent to a non-deterministic rule set call of two distinct variations of that
rule with directed edges. The edges in the right and left hand side of these rules have the
same orientation.

SearchIndegONodes = init; (iO_forward!; try i0_push else (try iO_stack);
try i0_back_red else (try i0_back_blue else break))!
init (x:1list) i0_forward (a,x,y:list)
® - - @@
1 1 1 2 1 z
i0O_push (x,y:1list) i0_stack (x:1list)
- @ © =
1 2 1 2 1 1
where indeg(1)=0 where indeg(1)=0
i0_back_red (a,x,y:list) i0_back_blue (a,x,y:list)
®'@ ®*©®
- = - =
1 2 1 1 2 1 2

Figure 6 The SearchIndegONodes procedure.

Figure 7 Example execution of SearchIndegONodes.

Between the forward and back steps lies the command sequence try i0_push else (try
i0_stack). Its purpose is to push the node currently visited by the DFS if it has indegree-0.
If the stack is nonexistent, there are no blue nodes, and i0_push fails. So the program tries
to apply 10_stack, turning the node into the initial stack element (if its indegree is 0). After
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the stack has been created, i0_push will always be applicable for indegree-0 nodes.

Since the current node may be marked blue by the stack operations after the previous
command sequence has been executed, the back step needs to account for that. Hence the
program first tries to apply i0_back_red, and if that fails, it tries to apply 10_back_blue,
an alternate version considering a blue current node. In the latter case, the blue node is
rooted since we want to keep accessing the top of the stack in constant time.

» Proposition 11 (Correctness of SearchIndegONodes). The procedure SearchIndegONodes
fulfills the following specification.
Input: A connected graph G with grey unrooted nodes and unmarked edges.
Output: If G is the empty graph, then failure. Otherwise, G with all non-indegree-0
nodes marked red, at most one of which is a root; indegree-0 nodes marked blue; and the
blue nodes connected via newly created blue edges, forming a linked list, of which the head
(no incoming blue edges) is a root.

Proof. If G is empty, init cannot match, causing failure. Otherwise, the output conditions
are satisfied by Lemmata 21 and 22. <

The absence of a red root in the output is an edge case caused by init being applied to
an indegree-0 node. Because then, either i0_stack or i0_push will be the last rule that is
applied, and the red root becomes a blue root.

The procedure ReduceIndegONodes starts by trying to apply unroot to get rid of any
red roots left over by SearchIndegONodes. Then it enters the loop Reduce!. The blue root
in each iteration shall be called the “top root”. First, the program checks whether the top
root has more than two children, i.e. whether its outdegree is greater than three, since the
blue stack edge needs to be taken into account. If there are too many, the fail statement is
invoked.

nontrivial_stack checks whether the stack has more than one element. If it does not,
add_bottom artificially adds a node to the bottom of the stack, in order for the following
rules to still match.

Next is a non-deterministic choice of rules that cover every case of the number of children
the top root has, and how many of those are indegree-0 nodes. In each case, they pop the
top root, and push the children that would have indegree 0 after the deletion. pop! serves
to pop childless indegree-0 nodes for as long as there are any.

» Proposition 12 (Correctness of ReduceIndegONodes). Let G be a connected graph with
red non-indegree-0 nodes containing at most one root, and blue indegree-0 nodes that are
connected with blue edges forming a path graph. The blue node with no incoming blue edges
is a root. If G minus the blue edges is a binary DAG, ReduceIndegONodes yields the empty
graph. Otherwise, it yields a non-empty graph.

Proof sketch. First consider the case of G minus the blue edges being a binary DAG. Assume,

for the sake of a contradiction, that the output of ReduceIndegONodes contains a node v.

By Lemmata 24 and 25, v cannot have been an indegree-0 node when ignoring blue edges at
any point during execution. Furthermore, v must have a parent that never was an indegree-0
node ignoring blue edges, because otherwise it would have been marked blue by one of the
rule set call rules. The same argument can then be applied to the parent’s parent, and so on
indefinitely. Since the input is finite however, two of these ancestors must be equal, meaning
that there is a cycle. This contradicts the input minus the blue edges being a DAG.

Next, assume G is not a DAG. Then it has a directed cycle consisting of consecutive
nodes vy, va,...v,. None of these nodes have indegree 0 ignoring blue edges, so they are
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ReduceIndegONodes = try unroot; Reduce!; pop!; try final_pop

Reduce = if too_many_children then fail; if nontrivial_stack then skip
else add_bottom; {two_of_two, one_of_two, none_of_two, one_of_double,
none_of_double, one_of_one, none_of_one }; pop!

unroot (x:list) nontrivial_stack (x,y:list) add_bottom (x:1list)
@®@-&6 00-00 -@® O
T 1 T 2 T 2 T T
pop (x,y:list) two_of_two (a,b,x,y,z,t:1list)
® O - ® © ©
1 T

a b

0 = 0
final_pop (x:list) O
= w 1 2 @ @

one_of_two (a,b,x,y,z,t:1list) none_of_two (a,b,x,y,z,t:1list)

® ©® ® ® ®

where indeg(1)=1 and indeg(2)=1

a b 0 : 0 a b 0 :> [
2 1 Q 1 2 1 2
where indeg(1)>1 and indeg(2)=1 where indeg(1)>1 and indeg(2)>1
one_of_double (a,b,x,y,t:list) none_of_double (a,b,x,y,t:list)
aab - | aab | :>. |
1 Q 1 1
where indeg(1)=2 where indeg(1)>2
one_of_one (a,x,y,t:1list) none_of_one (a,x,y,t:1list)
a 0 :> 0 a 0 :> 0
1 Q 1 1
where indeg(1)=1 where indeg(1)>1

too_many_children (x:list)

©-0

where outdeg(1)>3

Figure 8 The ReduceIndegONodes procedure.

= = =@r'r " = = :>©:>:>@
gﬁ@”@%o@

Figure 9 Example execution of ReduceIndegONodes.
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never matched by the rule set call rules that would mark them blue. Since there are no
rules that delete red nodes (only rules that mark them blue), vy, va,... v, never get deleted.
Thus the output is non-empty. Failure cannot occur since every rule and procedure of
ReduceIndegONodes is either preceded by try or followed by !.

Now assume that G minus the blue edges is a DAG but is not binary. Consider a node v
of G with no incoming unmarked edges, which exists since G minus the blue edges is a DAG.
The aim is to show that, if v has more than two children (excluding blue edges), then the
output is non-empty. By Lemma 24, v gets marked blue at some point of the execution. This
can only happen in the rule set call rules. Assume v has just been marked blue by one of these
rules. We can also assume that v is rooted since, by Lemma 25, every blue node gets deleted
at some point, which can only happen in one of the rule set call rules or in pop. The case of
it happening in pop shall be discarded since that would mean v has no children (disregarding
blue edges). Back in the execution right after execution of one of the rule set call rules, since
pop! cannot fail, the loop Reduce! enters its next iteration. The procedure tries to apply
too_many_children to the blue root. If v has more than two children (disregarding blue
edges), it succeeds, and the fail statement is invoked, terminating the loop Reduce!. Since
v has children, both pop and final_pop do not get applied, for the dangling condition is
not satisfied. So the output contains v and is therefore non-empty. <

4.2 Performance

We will show that our binary DAG recognition program always terminates in linear time,
given a connected input graph of bounded degree. We have also included empirical evidence
for this.

» Theorem 13 (Complexity of is-bin-dag). Given a connected input graph of bounded
degree, the program is-bin-dag terminates in linear time.

Proof. The Main procedure of is-bin-dag contains no loops. SearchIndegONodes termin-
ates in linear time by Lemma 20.

Now consider ReduceIndegONodes. By Lemma 23, the procedure terminates. All of its
rules are fast, and are hence applied in constant time by Theorem 1 (the input is assumed
to have bounded degree, and form the input specification, the fact that unroot removes a
red root if it is present, and the fact that all the other rules conserve the number of roots,
there are at most two roots in the host graph at any given point of the execution). So it
is enough to show that each of the constantly many rules gets applied a linear number of
times. unroot and final_pop get applied at most once since they are not inside loops. By
the proof of Lemma 23, add_bottom gets applied at most twice, and each rule set call rule as
well as pop at most |Viz| + 2 times. too_many_children and nontrivial_stack can only
get reapplied if the rule set call does not fail, which can only happen at most |V | 4 2 times.
Hence ReduceIndegONodes terminates in linear time.

nonempty_stack matches in constant time by Theorem 1 since it is a fast rule. anything
also matches in constant time since any node is a valid match. |

In order to support the linear time complexity of is-bin-dag, performance will be
measured on two graph classes, one consisting of binary DAGs, and the other of non-DAGs.

Consider the following class of binary DAGs. For n > 1, the grid chain GC(n) consists of
n grids of size n X n, joint by the nodes of indegree and outdegree 1 in order to form a chain.
This class was chosen for having an unbounded number of indegree-0 nodes, meaning that
the implemented stack is relatively large.
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S 3

(a) Grid Chain GC(3). (b) Sun Graph SG(6

Figure 10 Input Graph Classes.

Now consider the following class of non-DAGs. For n > 3, the sun graph SG(n) consists
of a directed cycle of n nodes, each of which has an an additional neighbour connected by an
incoming edge. The reason for using this class is, in addition to half the nodes having indegree
0, the other half are part of the cycle, and therefore never get deleted by ReduceIndegONodes.
This causes an unbounded amount of nodes to be left over.

0.4 ,
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Execution time (s)
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|

Grid Chain
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T T
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Number of nodes in input -10°

Figure 11 Measured performance of is-bin-dag.

5 Topological Sorting

Given a DAG G, a topological sorting is a total order (an antisymmetric, transitive, and
connex binary relation) < on Vg, the set of nodes of G, such that for each edge of source
u and target v, u < v (topological property). Topological sortings cannot exist for graphs
containing directed cycles, since there is no way to define a total order on the nodes of a cycle
such that the topological property is satisfied. Furthermore, every DAG has a topological
sorting.

There are two commonly used linear-time algorithms for finding a topological sorting
[20, 19]. One seeks out indegree-0 nodes, adds them to the total order, deletes them, and
repeats this process until all nodes have been added to the order. The other traditional
algorithm, which is used as the basis for the program top-sort, traverses the graph using
depth first search (DFS). Upon completion of a node in that DFS, that node is added as the
new minimum element of the total order. Note that our DFS will be directed, in the sense
that the direction of the edges needs to be respected in order to get a topological sorting in
the end. However, this is not enough since that would only visit the nodes reachable from
the initially rooted node, which is not necessarily the entire input graph. Hence an operation
is needed that efficiently finds an unvisited node once the directed DFS gets stuck.
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Searching for an unvisited node with a simple rule application will not work because
overall it may need to be applied a linear number of times, with single matches requiring
linear time. Instead, once the program top-sort runs out of unvisited nodes, it uses a second
DFS that ignores edge orientation to find a node that has not been sorted yet, and then
continues the SortNodes DF'S on said node. The DFS applications that look for unsorted
nodes attach red loops to visited nodes in order to visit any node only once. In this way, the
amortized cost of all undirected DFS applications will be linear.

5.1 The Program

Main = init; SearchUnsortedNodes

SearchUnsortedNodes = ((try unsorted then SortNodes; search_forward)!;
try search_back else break)!

SortNodes = (sort_forward!; try sort_back_push else (try sort_back_stack
else (try red_push else red_stack; break)))!

init (x:list) unsorted (x:list)
®-© 0 >

1 1 1 1
search_forward (a,x,y:list) search_back (a,x,y:list)

@0-0  &Q-&Q

where not edge(2,2)

sort_forward (a,x,y:list) red_stack (x:list)
- @@ O®-00

1 2 1 Pl 0 1 0 1
red_push (x,y:list) sort_back_stack (a,x,y:list)

®@ © Q@ @0
©0® 00 O @

[

sort_back_push (a,x,y,z:1list)

0 ©0
0® 06

Figure 12 The GP 2 program top-sort.

We give the GP 2 implementation of topological sorting in Figure 12 and show its
correctness. We have added the restriction that the input graph must be connected since in
the current version of GP 2, there is no known way to implement a DFS that is linear-time
for graphs with an unbounded number of connected components. We have also included an
example execution of the program in Figure 13.
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Figure 13 Example execution of top-sort.

The subgraph induced by the blue edges is a path graph, or linked list, containing all the
nodes from the input graph. So the binary relation < on the set of nodes defined by u < v if
there is a path of blue edges from w to v is a total order, which is a necessary property for a
topological sorting. Similarly to the SearchIndegONodes procedure descibed in Subsection
4.1, the blue nodes and edges implement a stack. However, this time the top of the stack is
denoted with a green root pointing towards it with a green edge in order not to interfere
with a DFS in SortNodes.

The program starts by rooting an input node and endowing it with a red loop, as well as
creating an unmarked, unlabelled root that is disconnected from the rest of the graph. This
root will point to the top of the stack, and shall hence be called the “pointer”.

SearchUnsortedNodes is a DFS implementation that seeks out a node that has not been
visited by SortNodes yet. Instead of using a red mark to designate a node as visited, it uses
a red loop. Since the input is assumed to be a DAG, it has no loops. This leaves the use of
marks to the DFS in SortNodes. So in order for the forward step to only match unvisited
neighbours of the root, a predicate to forbid loops is needed. The “any” mark ensures that
colour does not matter. Right before each application of the forward step, unsorted tests
whether the current root has been visited by SortNodes yet, i.e. whether it is grey. At the
same time, said root is initialised for SortNodes by being marked red.

Next, SortNodes is applied. It performs a DFS with directed edges. Similarly to
SearchIndegONodes from Section 4, it pushes the current root onto the stack during its
back step. sort_back_push is applied when the stack has at least one element, otherwise
sort_back_stack creates the stack. The pointer being green represents the stack being
non-empty. The break statement is preceded by try red_push else red_stack, since when
the back step can no longer be applied, the current root is still pushed onto the stack. Again,
two rules are needed to cover the cases of the stack being empty or not. Because of the
repeated application of the back step, the root ends up where it was at the beginning of
SortNodes, meaning that the DFS of SearchUnsortedNodes can resume undisturbed.

» Theorem 14 (Correctness of top-sort). The program top-sort fulfills the following
specification.
Input: A connected DAG G with no roots whose nodes are all marked grey, and whose
edges are unmarked.
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Output: G with additional blue edges that define a topological ordering on V. The nodes
of G are marked blue and each have a red loop. One of these nodes is rooted. Furthermore,
there is an additional unlabelled green root node with an outgoing green edge pointing to a
node with no incoming blue edges.

Proof sketch. None of the rules of try unsorted then SortNodes modify red looped edges
(used by the DFS). Also, after application of SortNodes, the red root remains at the same
place, and the same edges remain dashed. One can check that SearchUnsortedNodes visits
every node of its input graph.

SearchUnsortedNodes applies SortNodes to each of these visited nodes that are marked
grey, say v, and implements a stack on Desc(v) (Definition 27), defining a topological sorting
(Lemma 28). Clearly, the subgraph induced by the union of all these descendant graphs is
just the output graph. So the concatenation of their topological sortings is a topological
sorting of the entire output graph. |

The additional constructs in the output graph, apart from the blue edges, are needed for
the execution of the program. One could define a linear-time cleanup procedure to remove
these constructs. The green root and its outgoing edge can be deleted in constant time, since

access to roots is constant. Similarly, the blue rooted node can be unrooted in constant time.

A DFS can be used to remove the red loops or unmark all the nodes in linear time.

5.2 Performance

Finally, we show that, given a valid input graph of bounded degree, our topological sorting
program will always terminate in linear time.

» Theorem 15 (Complexity of top-sort). Given a connected DAG of bounded degree with
only grey unrooted nodes whose edges are unmarked as an input, the program top-sort
terminates in linear time.

Proof sketch. First, let us give an upper bound to the number of applications of each rule.

init is applied exactly once. Since init is the only rule having an unmarked root in its
right hand side, and the input has no unmarked roots, red_stack and sort_back_stack
can be matched at most once (in total). unsorted and sort_forward reduce the number
of grey nodes by one. Since all the other rules conserve the number of grey nodes, and the
input graph has |Vg| grey nodes, they can be applied at most |V| times in total. Similarly,
search_forward (and init) reduce the number of nodes with no red looped edge by one. So
they can also only be applied at most |V| times in total. red_push and sort_back_push
(as well as red_stack and sort_back_stack) are the only rules not to conserve the number
of blue nodes, and reduce the number of non-blue nodes by exactly one. Since the input
graph has no blue nodes, they can be applied at most |Vg| times in total. One can check
that search_back is applied an at most linear amount of times, since SortNodes conserves
the number of dashed edges by Lemma 29.

init is the only rule to increase the number of roots, specifically by two. All the other
rules conserve the number of roots. So since the input graph has no roots, there is a constant
number of roots at any point during the execution of top-sort.

The only rules that are not fast are init due to the lack of roots, and search_forward
due to the edge predicate. So by Theorem 1, all the other rules can be matched in constant
time since the input has bounded degree. init is matched in constant time since it matches
any input node. As for search_forward, since the input has bounded degree and the
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rules cannot create an unbounded number of edges incident to a single node, the predicate
edge(2,2) only has to check a constant number of incident edges.

Since each rule is matched a linear number of times in constant time, and the program
terminates by Lemma 26, top-sort terminates in linear time. |
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Figure 14 Measured performance of top-sort on grid chains.

In order to support the linear time complexity of top-sort, we make use of the grid
chains from Subsection 4.2. They are DAGs, the type of graph top-sort is meant to be used
on. Furthermore, they have an unbounded number of indegree-0 nodes. Since indegree-0
nodes are unreachable from any other node, and SortNodes can only visit nodes reachable
from the red root it is called on, SortNodes will have to be applied at least once for each
indegree-0 node, i.e. an unbounded number of times. Thus these input graphs can adequately
illustrate the linearity of top-sort. Figure 14 is a plot of the program timings, demonstrating
linear time complexity.

6 Conclusion

The polynomial cost of graph matching is the performance bottleneck for languages based on
standard graph transformation rules. GP 2 mitigates this problem by providing rooted rules
which under mild conditions can be matched in constant time. We presented rooted GP 2
programs for three graph algorithms: tree recognition, connected binary DAG recognition,
and topological sorting. The programs were proved to be correct and to run in linear time
on graphs of bounded node degree. The proofs demonstrate that graph transformation
rules provide a convenient and intuitive abstraction level for formal reasoning on graph
programs. We also gave empirical evidence for the linear run time of the programs, by
presenting benchmark results for graphs of up to 100,000 nodes in various graph classes. For
DAG recognition and topological sorting, the linear behaviour was achieved by implementing
depth-first search strategies based on an encoding of stacks in graphs.

In future work, we intend to investigate for more graph algorithms whether and under
what conditions their time complexity in conventional programming languages can be reached
in GP 2. The more involved the data structures of those algorithms are, the more challenging
will be the implementation task. This is because in GP 2, the internal graph data structure
is (intentionally) hidden from the programmer and hence any data structures used by an
algorithm need to be encoded in host graphs. A simple example for this is the encoding of
stacks as linked lists in the programs for DAG recognition and topological sorting.
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Additional future work is the automated refinement of programs, adding root nodes in

order to improve matching performance. It is highly non-obvious how to do this in general,
or what refinement tactics could be used. It is possible that DFS can provide a framework

for combining procedures in an efficient way.

The three programs in this paper and also the 2-colouring program of [6] need host graphs

of bounded node degree in order to run in linear time. A topic for future work is therefore to
find a mechanism that allows to overcome this restriction. Clearly, such a mechanism will
require to modify GP 2 and its implementation.
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A Appendix: Proofs

This appendix consists of lemmata and proofs omitted from the main sections.

A.1 Tree Recognition Lemmata

By rooted input graph, we mean an arbitrary labelled GP 2 input graph with every node
coloured grey, exactly one root node, and no additional marks. That is, a valid input graph
after init has been applied. By rooted input tree, we mean an rooted input graph that is a
tree. In this appendix, we give the proofs of the lemmata needed to support Proposition
6 and Theorem 7 from Section 3. Note that an equivalent characterisation of a tree is a
non-empty connected graph without undirected cycles such that every node has at most one
incoming edge.

» Lemma 16. If G is a tree and G =75, guee H, then H is a tree. If G is not a tree and
G = Reduce! H, then H is not a tree.

Proof. Clearly, the application of push preserves structure. Suppose G is a tree. prune is
applicable if and only the second node is matched against a leaf node, due to the dangling
condition. Upon application, the leaf node and its incoming edge is removed. Clearly the
result graph is still a tree. If GG is not a tree and prune is applicable, then we can see the
properties of not being a tree are preserved. That is, if G is not connected, H is certainly
not connected. If G had parallel edges, due to the dangling condition, they must exist in
G\ g(L), so H has parallel edges. Similarly, cycles are preserved. Finally, if G had a node
with incoming degree greater than one, then H must too, since the node in G that is deleted
in H had incoming degree one, and the degree of all other nodes is preserved. So, we have
shown Reduce is structure preserving, and then by induction, so is Reduce!. |

» Lemma 17. If G is a rooted input graph and G =%, 4uce H, then H has exactly one root
node. Moreover, there is no derivation sequence that derives the empty graph.
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Proof. In each application of prune or push, the number of root nodes is invariant since
the LHS of each rule must be matched against a root node in the host graph, so the other
non-roots can only be matched against non-roots, and so the result holds by induction. To
see that the empty graph cannot be derived, notice that each derivation reduces #G by at
most one, and no rules are applicable when #G = 1. <

» Lemma 18. If G is a rooted input graph and G =%, 4ucc H- Then, every blue node in H
either has a blue child or a root-node child.

Proof. As there are no blue nodes, G satisfies this. We now proceed by induction. Suppose
G =heduce H = Reduce H' where H satisfies the condition. If prune is applicable, we

introduce no new blue nodes. Additionally, any blue parents of the node 1 are preserved.

Finally, if push is applied, then the new blue node has a root-node child, and the blue nodes
in H'\ h(R) have the same children. So H' satisfies the condition. <

» Corollary 19. Let G be a rooted input tree and G =5oquce H- Then the root-node in H
has no blue children.

Proof. By Lemma 17, H has exactly one root node, and by Lemma 18, all chains of blue
nodes terminate with a root-node. If said root-node were to have a blue child, then we would
have a cycle, which contradicts that H is a tree (Lemma 16). <

A.2 Binary DAG Recognition Lemmata

In this appendix, we give the proofs of the lemmata needed to support Propositions 11, 12,
and Theorem 13 from Section 4.

» Lemma 20 (Complexity and Partial Correctness of SearchIndegONodes). Given a connected
input graph G with grey unrooted nodes an unmarked edges, SearchIndegONodes terminates,
and the subgraph H induced by the edges that have been dashed during the execution is a
spanning tree. Furthermore, if G has bounded degree, the procedure terminates in linear time.

Proof sketch. Similar to the proofs in those given by Bak and Plump [5] [4]. <

» Lemma 21. Given a non-empty connected input graph G with grey unrooted nodes an
unmarked edges, at any point of the execution of SearchIndegONodes, there is at most one
red root.

Proof sketch. init introduces a red root, and is only applied once and in the beginning.

The other rules that do not preserve red roots are i0_push, i0_stack and i0_back_blue. If
either 10_push or i0_stack are applied, the red root vanishes. Subsequently, 10_back_red
cannot be applied. If i0_back_blue then gets applied the red root is reintroduced, conserving
the existence of a red root within the iteration of the loop. If i0_back_blue does not get
applied, the break statement is invoked and the procedure terminates. <

» Lemma 22. Given a non-empty connected input graph G with grey unrooted nodes and
unmarked edges, SearchIndegONodes outputs G where all the indegree-0 nodes (and only
those) are marked blue and connected with blue edges forming a path graph. The blue node
with no incoming blue edge is rooted.

Proof sketch. If G has no indegree-0 nodes, then the lemma is trivially satisfied. So assume
G has at least one.
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By Lemma 20, SearchIndegONodes visits all nodes. Every node in the output graph is
marked red or blue. Blue nodes can only come from indegree-0 nodes matched by i0_push
or i0_back_blue.

Since the right hand side of each rule only contains red and blue nodes, every node is
marked either red or blue. The only rules that introduce a blue mark are i0_push and
i0_back_blue, and they turn a red root into a blue root. These rules only get applied if the
indegree of said red node is 0. Furthermore, the only edges introduced by SearchIndegONodes
are blue edges between two blue nodes (in i0_push), hence the indegree of a red node is
the same as its indegree in the input graph. So only indegree-0 nodes are marked blue.
Furthermore, since SearchIndegONodes visits, i.e. roots every node of the input graph at
some point, all indegree-0 nodes are marked blue, and all non-indegree-0 nodes red.

All rules apart from i0_push and i0_stack preserve the structure of the subgraph
consisting of blue nodes and edges. i0_stack only is applied only if i0_push is not applicable.
But the left hand side of i0_push contains a blue root, which can only be created by itself or
i0_stack. So i0_push cannot be applied until i0_stack is applied. Since G cannot consist
of only indegree-0 nodes (which would mean G is disconnected), i0_push can always be
matched if the red root has indegree 0. If the red root does not have indegree 0, 10_stack
cannot be matched either. So the only way for these two rules to match is for i0_stack to
be matched first and only once, followed by i0_push being matched any number of times.
Thus, a blue root is created, and then, repeatedly, a new blue node gets connected to the
blue root with an outgoing blue edge, while the root moves to the newly added blue node.
This construction results in the blue nodes and edges forming a path graph where the node
with no incoming edges is a root. |

» Lemma 23 (Termination of ReduceIndegONodes). Let G be a connected graph with red

non-indegree-0 nodes containing at most one root, and blue indegree-0 nodes that are connected

with blue edges forming a path graph. The blue node with no incoming blue edges is a Toot.
Given a G as an input, ReduceIndegONodes terminates.

Proof sketch. pop can only be applied a finite number of times since it reduces the number
of nodes in the host graph. So pop! terminates. One can check that during the execution
of ReduceIndegONodes, add_bottom gets applied at most twice. The rules in the rule set
call and pop reduce the number of nodes in the host graph by exactly one. So by the claim,
they can be applied at most |V| + 2 times each. So at some point in the loop, they will
no longer be applicable. Neither will add_bottom since it can only be applied twice. So
Reduce! terminates. <

» Lemma 24. Given an input graph G as described in Lemma 23, every node that has no
incoming unmarked edges (called quasi-indegree-0 node) in some host graph of the execution
of ReduceIndegONodes gets marked blue.

Proof sketch. Indeed, the input graph has all quasi-indegree-0 nodes marked blue already.
The only rules deleting edges are those from the rule set call (pop and final_pop cannot
delete unmarked edges incident to the node they delete because the dangling condition
needs to be satisfied for them to match). So these are the only rules that can create new
quasi-indegree-0 nodes. If one of said nodes has indegree 0, it gets detected by the condition
of a rule and marked blue. These rules cover each case of how many children their quasi-
indegree-0 parent can have in a binary DAG, namely one, one with two parallel edges, and
two. The case of no children is covered by pop afterwards. They also cover all cases of how
many of these children are quasi-indegree-0. So at each execution step, the newly created
quasi-indegree-0 nodes get marked blue, proving this lemma. <
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» Lemma 25. Given an input graph G as described in Lemma 23, every node that is marked
blue during execution of ReduceIndegONodes is not present in the output.

Proof sketch. Nodes can only be marked blue if an already existing blue node is matched.
So it is enough to show that, at some point of the execution, there will be no blue nodes.
There are three potential ways to exit the loop Reduce!. The first is through the fail
statement after matching too_many_children. This will never happen since the input minus
the blue edges is binary, and every rule conserves the blue root having exactly one outgoing
blue edge. The second way is for add_bottom to fail. This can only happen when there is
no blue root. The only rule deleting a blue root is final_pop, which is only called after
termination of Reduce!. Since furthermore, the input is assumed to have a blue root, and
every other rule conserves the existence of a blue root, add_bottom is always applicable.
The third and final way to exit the loop is when none of the rules in the rule set call are
applicable. The blue root not having an element below it in the stack cannot be a reason
for that, since in that case, add_bottom would have been applied. So the current blue root
v does not have red neighbours. Since pop! has been applied in the previous iteration of
Reduce!, v was the only blue node in the previous iteration, otherwise it would have been
popped. Hence in the current iteration, add_bottom was applied, and so the only blue nodes
are v and the node created by add_bottom, say w. By Lemma 23, Reduce! terminates, so
this always happens for the given input. As established, v has no children. Neither does w
since it was created by add_bottom and there is no rule with edges incident to red nodes in
its right hand side. Thus pop deletes v, then final_pop deletes w, causing all previously
blue marked nodes to be deleted. |

A.3 Topological Sorting Lemmata

In this appendix, we give the proofs of the lemmata needed to support Theorems 14 and 15
from Section 5.

» Lemma 26 (Termination of top-sort). Given a connected DAG G with no roots, grey
nodes, and unmarked edges as an input, top-sort terminates.

Proof sketch. sort_forward! terminates since in each iteration, the number of grey nodes
decreases.

For the termination of SortNodes, consider the following lexicographical ordering >.

H; > Hs if one of the following three statements are satisfied. H; has more grey nodes than
H,, or they have the same number of grey nodes but H; has more dashed edges, or they have
the same number of grey nodes and dashed edges but H; has more red nodes. Let H; be the
input of an arbitrary iteration of SortNodes, and Hs its output. If sort_forward is applied
any number of times, H; > Hs since the number of grey nodes are reduced. Otherwise, if
either sort_back_push or sort_back_stack is applied, H; > H» since the number of grey
nodes is conserved and the number of dashed edges decreases in both rules. Otherwise, either
red_push or red_stack have to be applied, which conserve the number of grey nodes and
dashed edges, but decreases the number of red nodes. So in any case, H; > Hs. For a given
graph H; consider how many graphs Hs satisfy H; > Hs. By definition of >, H; gives a
(finite) upper bound on the number of grey nodes, dashed edges, and red nodes. Hence there
are only finitely many possible Has. Since sort_forward! terminates, and each iteration of
the loop reduces the host graph with respect to <, SortNodes terminates.

Consider (try unsorted then SortNodes; search_forward)!. If search_forward
cannot be applied, the loop terminates. It is the only rule in this loop that increases the
number of looped edges in the graph. Due to its predicate, it can only add looped edge to a
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node if it does not already have one. Furthermore, no rule decreases the number of looped
edges. So for an arbitrary input graph H for the loop, at most |Vy| looped edges can be
added before search_forward fails. Hence the loop terminates.

Finally, consider the loop that SearchUnsortedNodes consists of. Furthermore, consider
the lexicographic ordering > defined by H; > Hs if Hy has more nodes with looped edges
than H;, or they have the same number of nodes with looped edges but Hs has less dashed
edges than H;. By an argument similar to that made by Bak for termination of DFS [4],
SearchUnsortedNodes terminates. |

For the correctness of SortNodes, the following concepts needs to be defined. In a graph
G, a directed path from a node v to a node w is a sequence of distinct nodes vy, va,. .., vy,
such that v; = v and v,, = w, and for each ¢ where 1 < i < n — 1, there is an edge of source
v; and of target v; 1. A directed path from v to w is called grey-noded if all the nodes it
consists of, except possibly v, are marked grey.

» Definition 27 (Descendants). Given a node v in a DAG G, let its descendants Descg(v)
be defined as the subgraph of G induced by the set

{w € Vg | there is a directed grey-noded path from v to w} U {v}.

» Lemma 28 (Correctness of SortNodes). Assume the input graph of top-sort has no blue
edges. Let G be a connected DAG with a single red root v, where the nodes of Desci(v) are
unrooted. Furthermore, let G have an additional root that is either unmarked and disconnected,
or green and connected to the rest of the graph with an outgoing green edge. Let H be the
output of SortNodes applied on G. Consider the binary relation < on nodes of Descy(v)
defined by uw < w if there is a directed path from u to w, such that all of the involved edges
are blue. Then < defines a topological sorting on Descy(v) minus the blue edges.

Proof sketch. Since the input graph of top-sort has no blue edges, any that are present in
the host graph were created by rules. Whenever these rules create blue edges, they mark
the incident nodes blue. No rule removes a blue mark, so the subgraph of the host graph
induced by the blue edges always exclusively consists of blue nodes. Furthermore, every rime
a node gets marked blue, the green root points towards it. And when a new blue edge gets
created, the target node must also have the green root pointing towards it, and the source
node must be a red root. So the procedure only adds a blue edge from a non-blue to the
node that has most recently been marked blue. From this construction, we can infer that
the graph induced by the blue edges is a path graph. Furthermore, no blue looped edges are
introduced. So there can be no path from a node u to a node w and vice versa. Hence if
u < w and w < u, v and w must be equal by definition of <, i.e. < is antisymmetric.

From the definition of <, it is clear that transitivity holds due to path concatenation
resulting in paths.

One can show that SortNodes turns every node of Descg(v) into a red root. Furthermore,
all the red roots become blue nodes incident to blue edges. So < is connex.

To show that the topological property holds, consider two nodes u and w of Descy (v),
both of which being distinct from v (v itself will be handled later). So by definition, there
is path of non-blue edges from v to u, and one from v to w. We can assume without loss
of generality that u becomes a red root before w. If there is no edge between v and w, the
topological property imposes no constraint on said pair of nodes. If there is an edge from
u to w, sort_forward gets applied again, dashing said edge and turning w into a red root.
Hence later in the execution, w gets pushed before u, ensuring that the topological property
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is satisfied. If there is an edge from w to w, there can be no non-blue path from v to w since
the input is a DAG. Hence u will be pushed before w, satisfying the topological property
again. As for v, any condition involving it must have it as the source node by definition of
Descy (v). Since v is pushed last, the topological property is satisfied.

<

» Lemma 29. Given an input G as described in Lemma 28, the output of SortNodes has
the same dashed edges, and the red root in the same place as G.

Proof sketch. Let v be the red root of G. During the execution of SortNodes, there is
always a path of dashed edges from v to the current red root, since sort_forward is the only
rule of SortNodes with dashed edges in its right hand side and generates a path graph of
red nodes and dashed edges, and since sort_back_stack and sort_back_push only remove
the latest node from that path graph. The only way for their encompassing loop to end
is for both of these rules not to be applicable. By the previous argument, this means that
there are no dashed edges in said path graph left, and v is the red root when SortNodes
terminates. <
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—— Abstract

We present a tool for the specification and verification of reconfigurable systems. The foundation

of the tool is provided by a generic method, called hybridisation of institutions, of extending an
arbitrary base institution with features characteristic to hybrid logic, both at the syntactic and the
semantic level. Automated proof support for hybridised institutions is obtained via a generic lifting
of encodings to first-order logic from the base institution to the hybridised institution. We describe
how hybridisation and lifting of encodings to first-order logic are implemented in an extension of the
Heterogeneous Tool Set in their full generality. We illustrate the formalism thus obtained with the
specification and verification of an autonomous car driving system for highways.
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1 Introduction

A reconfigurable system is one with different modes of operation, called configurations, and
with the ability to commute between them during its execution along transitions between
these modes, called reconfigurations. Such systems appear naturally in many domains,
including automobile industry, robotics and medical devices. An overview can be found in
[9]. We present H [3], a tool for the formal specification and verification of reconfigurable
systems that supports their correct and efficient development.

The mathematical foundation underlying the tool is provided by a generic construction
on institutions (8], called hybridisation, explained briefly in Sec. 2. It has the modalisation
of institutions [7] as its source; part of that work was extended to hybrid logics in [10] in
a simple form, and it took a rather complete shape in [5]. Hybridisation is done using a
two-layered approach: the base layer represents a specific logic for expressing requirements
at the configuration (static) level, in other words at the data level. This layer is treated
abstractly as an institution that can be instantiated to concrete logical formalisms that
are most adequate for the specification of the data part of particular problems. On top
of this base layer the characteristic syntactic and semantics features of hybrid logic are
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developed, notably a flexible choice of quantifications on nominals and/or symbols from the
base institution and various semantic constraints on the accessibility relations and on the
interpretation of symbols in possible worlds of a Kripke model of the hybridised institution
(also see [5]). While the base layer deals with the data level, the upper layer deals with
the dynamics of the configurations. The choice of hybrid logic for expressing the latter
comes naturally as it is a prominent kind of modal logic that provides adequate syntactic
capabilities — names of possible worlds, formulas that hold at named states.

The specification part of our tool is complemented by a verification part, whose foundation
is given by a general encoding of hybridised institutions into first-order logic. This encoding
follows the two-layered structure of the hybridised institutions. If a translation of the logic
used at the base level to first-order logic already exists, it is lifted to a translation of the
hybridised institution to first-order logic via a generic construction, introduced in [6]. At
this level, the semantic constraints give rise to first-order formulas. As a result, we obtain a
verification-by-translation method where a problem in a hybridised institution is translated
to first-order logic and solved there using automated first-order theorem provers.

The H tool was implemented as an extension of the Heterogeneous Tool Set (HETS) [13],
a tool for the heterogeneous multi-logic specification and modeling of software systems and
for ontology development. In all these fields, there is a large number of logics and languages
in use, each better suited for a different task or providing better support for a different aspect
of a complex system. Instead of trying to integrate the features of all these logics into a single
formalism, the paradigm of heterogeneous multi-logic specification is to integrate all logics by
means of a so-called Grothendieck construction over a graph of logics and their translations
[12, 4]. Thus, for each logic we can make use of its dedicated syntax(es) and proof tools.
The specifier has the freedom to choose the logic that suits best the problem to be solved,
offers best tool support and is most familiar with. HETS provides an implementation of this
paradigm, and also supports the verification-by-translation method. HETS has been designed
as a flexible tool: adding a new logic or a new logic translation can be done by instantiating
a class and adding the new instance to the list of known logics and translations. First-order
logic and several state-of-the-art automated provers for it are already supported by HETS.

A HETS implementation of the hybridisation method was presented in [14]. It was realized
in two directions: an implementation of the hybridisation of an extension of CASL logic with
rigid symbols (enabling user-defined sharing, when only the symbols explicitly marked as rigid
are subject to semantic constraints in the models of the hybridised institution), together with
a translation from this hybridisation to first-order logic, and a generic construction, similar
to a Grothendieck one, that appears as a single logic in HETS, used to hybridise a number of
HETS logics. No translation from this logic to first-order logic is available, and no choice
can be made on the kind of quantification and the semantic constraints that a hybridised
institution should have. In contrast, our implementation supports all variations and is fully
generic: the parameters of the hybridisation method can be specified in a declarative way
and new instances of the main Logic class of HETS are generated for each new definition
of a hybridised institution. Generating different institutions for different hybridisations is
crucial for defining comorphisms from them to first-order logic, which is also implemented in
our tool as a generic method, thus enabling proof support for each newly added hybridised
institution.

2 Institutions and their hybridisation

Institutions [8] provide a model-theoretic formalization of the concept of logical system. The
basic components of an institution are: a notion of signature, defining the non-logical symbols
in the language, a notion of logical sentence over a signature, a notion of model giving the
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interpretation of the symbols in a signature in some semantic domain and a satisfaction
relation between the models and the sentences of a signature. This is complemented by a
dynamic view on the language: instead of working over an arbitrary but fixed (and implicit)
signature, different signatures are related by signature morphisms, which induce translations
of sentences and reduction of models. These must be consistent with one another, which means
that no change of notation induced by a signature morphism can alter the satisfaction of
sentences. This is expressed formally by the so-called satisfaction condition. Institutions are
a formalization of the above using category theory, thus achieving a high level of abstraction
and not making unnecessary assumptions about the components of a logical system.

The hybridisation method [5] was introduced at this abstract level. Given an arbitrary base
institution Z as a first parameter, it constructs a hybridised institution HZ whose signatures
extend the signatures of Z with nominals (for reconfigurable systems, these correspond to
names of configurations) and modalities (names of events causing reconfigurations). Signature

morphisms in Z pair signature morphisms in Z with mappings of nominals and of modalities.

For a signature in Z, the sentences can be Z-sentences over the base signature, nominals,
modal box- and diamond-sentences over modalities, retrieve sentences (meant to hold at a

given state), combinations of sentences using Boolean connectors, or quantified sentences.

The latter sentences depend on a class D of signature morphisms of HZ that defines the kind
of variables that can be quantified, nominals and/or symbols from Z, and forms the second
parameter of hybridisation. Models of a HZ signature are Kripke structures such that each
possible world is assigned a Z-model of the base signature, each nominal is interpreted as one

of the possible worlds and each modality as an accessibility relation between these worlds.

The third parameter of hybridisation is a set of logic-specific semantic constraints on the
accessibility relations and on the interpretation of symbols in possible worlds. For example,
the accessibility relation may be reflexive and transitive, as in the modal logic S4, or the
interpretation of all symbols of a certain kind may be the same in all possible worlds.

Institution comorphisms [11] capture the intuition that an institution is included or
encoded into another one. A comorphism from an institution Z; to an institution I maps
7, -signatures to Zp-signatures along a functor ®, Y-sentences in Z; to ®(X)-sentences in
T, for a Z-signature ¥ and Zy-models of ®(X) to Z;-models of ¥. Again, a satisfaction

condition must hold, stating that satisfaction of sentences is not altered by change of logic.

Sometimes the cost of encoding an institution Z; into another one 7, is that Z;-signatures

are mapped to Zs-theories, i.e. not just signatures, but also a set of sentences over them.

These theories grow in size with the number of symbols in the original signature.

Given an institution comorphism from an institution Z to the institution of multi-sorted
first-order logic FOL™?, [6] introduces a generic method of lifting it to a comorphism from a
hybridisation HZ of Z to FOL™®. A hybrid signature A get translated to a FOL™*-theory
(X, E) as follows: first the base signature is translated along the base comorphism, and we
obtain a first-order theory. This theory is extended with a new sort for states, its predicates
and function symbols get a new argument of sort state, and the sentences of the theory are
universally quantified over a variable of sort state that is introduced in all predications and
all terms. Domain predicates are introduced for each sort and state, giving the interpretation
of that sort in each world. Nominals are constants of sort state and modalities are predicates
on states. Moreover, semantic constraints get translated to sentences over this extended
signature. The reduction of a (3, E)-model to a A-model is done by taking as the set of
worlds the interpretation of the sort for states, and by keeping the interpretation of nominals
and modalities as in the first-order model. The local models are obtained for each world w by
taking the reduct along the base comorphism of the first-order model obtained by interpreting
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each sort as its domain in w and each function/predicate symbol as the restriction of its
interpretation in (X, E) when the extra state argument is always w. Sentence translation is
done by adding an universal quantification on a variable w of sort state and then inductively
on the structure of the formula, with the base cases of nominals ¢ being translated to i = w
and base formulas e being first translated along the base comorphism and then adding w
in the resulting first-order sentences as the extra argument of sort state. Details of the
interesting cases of box- and diamond formulas and quantification can be found in [6].

3 Hybridisation in HETS

The parameters of the generic hybridisation method are:

(1) the base institution being hybridised, using the name of a known logic in HETS or even
of one of its sublogics, written in HETS syntax as LogicName.SublogicName,

(2) the kind of symbols allowed to appear in a quantification, which can be nominal or a
kind of symbols of the base institution, referred to by its HETS name,

(3) the constraints made on the models of the hybridised institution, which can be of two
kinds: on the accessibility relations between possible worlds (reflexive, transitive etc.) or
on the interpretation of symbols of a certain kind (universes, nominals, or a kind from
the base institution) in the possible worlds.

Listing 1 shows how the hybridisation of the extension of the CASL logic with rigid symbols,

that will be used in the example in Sec. 4, is specified!: first we define HRigidCASL as the

hybridisation of RigidCASL with quantification on rigid constants and nominals. After this
definition is analyzed by HETS, it is recorded for further extensions: HRigidCASLC adds the
constraints that rigid sorts, rigid predicates and rigid total functions share the interpretation
and rigid partial functions share the domain of definition in each possible world of a model.

HETS generates for each of these two definitions a new instance of the class Logic, which

will become available for specification in HETS once the newly generated code is compiled.

The resulting logic will inherit the syntax of the base institution for declarations of base

symbols and for base sentences, and will use generic syntax for declarations of nominals and

modalities, and for hybrid sentences. Full details of the syntax are available at [2].

Listing 1 Hybridisation of RigidCASL.

newhlogic HRigidCASL =

base: RigidCASL

quant: rigid const, nominal

end
newhlogic HRigidCASLC =

hlogic: HRigidCASL

constr: Samelnterpretation(rigid sort), SameInterpretation(rigid op),

SameInterpretation(rigid pred), SameDomain(rigid partial)
end

The process of lifting a comorphism to first-order logic from a base institution to its
hybridisation has only two parameters: the HETS name of the comorphism being lifted
and the name of the hybridisation of the base institution that will be the source of the
lifted comorphism. The latter is needed because a base institution admits more than one
hybridisation. Again, HETS analyses this definition and generates source code that must be
compiled to make the comorphism available for translation and proofs by translation.

L More examples can be found at https://ontohub.org/forver.
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Figure 1 The modes and reconfigurations of the highway pilot.
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Listing 2 Lifting the translation to first-order logic of RigidCASL to HRigidCASLC.

newhcomorphism HRigid2CASL =
basecomorphism: Rigid2CASL
sourcehlogic: HRigidCASLC
end

4 Case Study: specification and verification of a highway pilot

We now discuss the example of an autonomous driving system for passenger cars and heavy
trucks, called highway pilot (HP). The problem description is adapted from [16]. HP can only
be activated when driving on a highway. After activation, the electronic system will keep
driving the car on the highway, relying on information from radar and camera sensors. These
sensors may exhibit faults or may fail to give a correct interpretation of the surroundings,
depending on weather, traffic and road conditions. Unlike bad conditions, faults will not
disappear after some time unless the sensors are physically repaired. Faults and bad conditions
may be undetected for some time. If a fault or bad conditions are detected when HP is
on, the system will enter a so-called degraded driving mode, where a safer driving style
is adopted, typically including driving slower, and the driver is alerted that he/she should
take over driving. If the driver does not deactivate HP mode within a time limit after being
alerted, an emergency stop will be performed. If the bad conditions disappear (all unreliable
sensors become reliable) before the time limit for HP deactivation is reached and there are
no faulty sensors, the system will return to HP mode and stop alerting the driver.

The modes of the systems and the events causing changes of modes are depicted in Fig. 1.
In Listing 3 we show how they are specified, together with axioms stating that there are
no other modes, that the system can change from the manual to HP and degraded modes
and that the only transitions from the modes HP and degraded along the reconfiguration
deactivateHP are to the manual mode.

Listing 3 Modes.

nominals manual, hp, degraded, emergency
modalities activateHP, deactivateHP, problemDetected,
noDriverResponse, badSensorsRecovered : 2

manual \/ hp \/ degraded \/ emergency %(no_other_states)’
@ manual : <activateHP> (hp \/ degraded) %(manual_to_hp_or_degraded)}
not (manual \/ emergency)

=> <deactivateHP> manual /\ [deactivateHP] manual % (back_to_manual)i

CALCO 2019
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We also keep track of the current state of the HP system, using a different transition
system than the one between modes. The system states are loosely specified with the help
of observers for the current speed, the current status of the sensors (working, detected bad
conditions, detected fault, undetected bad conditions, undetected faults), flags for checking
whether the driver alert is on or off and if the driver has turned the HP off and a time
counter for checking the time limit in the degraded mode. The transitions between states
are given by a non-rigid predicate step. In each mode, transitions are possible only from
the states that are valid in that mode, as defined by a non-rigid predicate isValid. Recall
that non-rigid symbols admit different interpretations in different possible worlds. Listing 4
shows the definition of valid states for the mode hp: those reached after HP was activated
from manual mode, those reached after bad sensors recovered in degraded mode and those
that are reached from a valid state in the hp mode and do not satisfy the conditions for
reconfigurations.?

Listing 4 Highway pilot mode.

@ hp : forallH S’ : State . isValid(S’) <=> crtDeactivateTime(S’) = 0 /\
(( existsH S : State . @ manual
isValid (S) /\ step(S, S8’) /\ activateHPWorkingCond(S’))
\/ ( existsH S : State . @ degraded
isValid(S) /\ step(S, S’) /\ badSensorsRecoveredCond(S’))
\/ ( existsH S : State . @ hp :
isValid (S) /\ step(S, S’) /\
not hpDeactivated(S’) /\ not problemDetectedCond(S’)))
%(def_isValid_hp)%

The other modes are specified in a similar way3. We can now verify that the valid states
of each mode have the expected properties. The corresponding sentence for the mode hp,
stating that all valid states have no detected faulty or unreliable sensors is shown in Listing 5.
We can prove this conjecture in HETS by translation, using the SPASS prover with a time
limit of 70 seconds on a modern machine. Proving that in every state valid in degraded
mode there is at least one faulty or unreliable sensor takes significantly more time (time limit
of 500 seconds with SPASS) and requires the introduction of a lemma. This is typical for
proofs in first-order logic, especially in the case of very large theories as the one obtained in
this case via translation.

Listing 5 Conjectures.

forallH S : State . (@ hp : isValid(S))
=> not exists s : Sensor
status (S, s) = detectedBad \/ status(S,s) = detectedFault
%#(no_detected_problems_hp)% %implied

5 Conclusions and future work

By implementing in HETS the hybridisation method and the lifting of translations introduced
in [5, 6], we obtain a framework for specification and verification of reconfigurable systems.
Proofs are done by translation to first-order logic using the first-order provers already
integrated with HETS. Given the large variety of hybrid institutions that can be specified,
this is often the only tool support available. An interesting enterprise would be to implement

2 Note that forallH and existsH are the universal and existential quantifiers introduced via hybridisation;
their semantics does not always subsume that of quantification in the base logic, see [5].
3 The complete specification of the HP system is available under https://ontohub.org/forver/hp.dol.
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a generic parameterized prover for hybrid logics, possibly following the ideas of [1], and
to make it available in HETS for each generated hybridised institution. The results of [15]
hold for a restricted form of hybridisation, without quantifications on nominals and with no
constraints on models and therefore cannot be applied in our setting.
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A Implementation

In this appendix we give an overview of how the hybridisation method was implemented
in HETS. We have made some simplifications and changes of the actual names used in the
HETS source code to ease understanding.

A.1 Adding a new logic in HETS

HETS has an abstract interface for logics, in the form of a Haskell multiparameter type class
with functional dependencies, called Logic. The parameters are types for the constituents
of a logic: its identifier, its signatures and signature morphisms, its symbols of signatures
with their kinds, its low-level, human readable syntax in the form of basic specifications for
theories, lists of symbols for convenient use during structuring and symbol maps for signature
morphisms, its sublogics and its proof trees. Being a type class, Logic provides a list of
methods that must be provided for each particular choice of the parameter types in order
to obtain a new instance of the type class. These include, among others, composition of
signature morphisms, parsers, printers, static analysis of basic specifications, symbol lists
and symbol maps, sentence translation along signature morphisms, various operations on
signatures and signature morphisms. The functional dependency between the type logic
identifier and all other types is used to determine the missing types and thus the correct
instance of a function in the type class. This means that all methods in the class Logic take
as first argument the logic identifier, and this determines the logic uniquely.

To sketch an example, propositional logic has as identifier a singleton type, called
Propositional. Types must be provided for its constituents: signatures are sets of names
(implemented in HETS using the datatype Id) of propositional symbols, signature morphisms
are maps between these sets, where we also store the source and the target signature for each
morphism, and so on.

Listing 6 Signatures in propositional logic.

newtype PropSign = PropSign {items :: Set Id}

The type class Logic contains a method for union of signatures: signature_union ::
lid -> sign -> sign -> Result sign, where the type Result a is a polymorphic type
with variable a used for dealing with errors (the union of signature may not give a legal
signature for each institution). We must provide an implementation of this method for
propositional logic, and this will be done as a method signatureUnion :: PropSign ->
PropSign -> Result PropSign. Then we must provide an instance declaration for the
types for components of propositional logic where we say how the methods of the type class
are implemented.

Listing 7 Propositional logic.

instance Logic -- the type class
Propositional -- the logic identifier

PropSign -- the type of signatures
PropMorphism

where

signature_union Propositional = signatureUnion
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To sum up, adding a new logic in HETS requires creating a new instance of the Logic class,
and this is achieved by defining types for the constituents of that logic and by implementing
the methods of the Logic class for these types.

A.2 Generic implementation of hybridisation in HETS

The first step is to define the generic types for the constituents of a hybridised institution.
We used type variables for the parts that come from the base institution. For example, the
type of hybrid signatures is presented in Listing 8.

Listing 8 Hybrid signatures.
data HSign sig = HSign {

baseSig :: sig,
noms :: Set Id,
mods :: Set Id}

where the variable sig stands for the base signatures. Then we need to implement the
methods of the Logic class over these generic types. Typically this will require that the
corresponding method in the base institution is involved, and we need to make it accessible.
This is achieved by giving as an argument the logic identifier of the base institution and
imposing the condition that the type variables that appear in the generic types introduced
at the first step will be instantiated with the corresponding types from the base institution.
For example the method for union of hybrid signatures presented in Listing 9 will have to
make the union of the base signatures. We add the requirement that the argument for the
type variable sig is the type of signatures of the base institution, as recorded in the Haskell
context of the method sigUnion. The identifier baseLid allows us to properly identify the
Logic instance of the base institution, and thus signature_union baseLid will invoke the
implementation of signature union in the base institution, for the base signatures of the
hybrid signatures that we want to unite. Then we unite the sets of nominals and modalities,
respectively, and return the result.

Listing 9 Union of hybrid signatures.

sigUnion :: (Logic baselid ... sig ...)
=> baselid -> HSign sig -> HSign sig -> Result (HSign sig)
sigUnion baselLid hsigl hsig2 = do
usig <- signature_union baselid (baseSig hsigl) (baseSig hsig2)
let uNoms = Set.union (noms hsigl) (noms hsig2)
uMods = Set.union (mods hsigl) (mods hsig2)
return $ HSign usig uNoms uMods

As a result of these two steps, we obtain generic types for hybrid institutions and generic
implementations of the methods in the Logic class for these types. Let us assume we want
to extend HETS with the hybridisation of propositional logic, with no quantification and no
semantic constraints on models. This is written as in Listing 10.

Listing 10 Hybridisation of propositional logic.

newhlogic HProp =
base: Propositional
end

When HETS analyzes this definition, it generates a new instance of the Logic class, whose
component type for signatures is HSign PropSign, and similarly for the other component
types of a logic. The instance declaration in Listing 11 states that the implementation of
signature union for the new logic HProp is given by the method sigUnion introduced in
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Listing 9. It uses partial application: the methods on both sides of the equal sign take as
arguments two hybrid signatures. HProp is the unique value of the singleton type HProp
generated as a logic identifier for the new hybridised logic that we want to define.

Listing 11 Logic instance for hybrid propositional logic.

instance Logic
HProp

(HSign PropSign)
where

signature_union HProp = sigUnion Propositional
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1 Introduction

One reason for the success of string diagrams, see [19] for an overview, can be formulated by
the slogan “only connectivity matters” [4, Sec.10.1]. Technically, this is usually achieved by
ordering input and output wires and using their ordinal numbers as implicit names. We write
n ={1,...n} to denote the set of n numbered wires and f : n — m for diagrams f with n
inputs and m outputs. The approach of using order to implicitly name wires is particularly
convenient for the generalisations of Lawvere theories known as PROPs [16]. In particular,
the paper on composing PROPs [13] has been influential [2, 3].

On the other hand, if only connectivity matters, it is natural to consider a formalisation
of PROPs in which wires are not ordered. Thus, instead of ordering wires, we fix a countably
infinite set A of “names” a,b,..., on which the only supported operation or relation is
equality. Mathematically, this means that we work internally in the category of nominal sets
introduced by Gabbay and Pitts [8, 18]. In the remainder of the introduction, we highlight
some of the features of this approach.

Partial commutative vs total symmetric tensor. One reason why ordered names are
convenient is that the tensor @ is given by the categorical coproduct (addition) in the
skeleton F of the category of finite sets. Even though n & m = m @ n on objects, the tensor
is not commutative but only symmetric, since the canonical arrow n & m — m @ n is not the
identity.
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On the other hand, in the category nF of finite subsets of A/ (which is equivalent to F as
an ordinary category), there is a commutative tensor AW B given by union of disjoint sets.
The feature that makes commutativity possible is that @ is partial with AW B defined if and
only if AN B = 0.

While it would be interesting to develop a general theory of partially monoidal categories,
our approach in this paper is based on the observation that the partial operation & : nFxnF —
nF is a total operation W : nF * nF — nF where * is the separated product of nominal sets
[18].

Symmetries disappear in 3 dimensions. From a graphical point of view, the move from
ordered wires to named wires corresponds to moving from planar graphs to graphs in 3
dimensions. Instead of having a one dimensional line of inputs or outputs, wires are now
sticking out of a plane [12]. As a benefit there are no wire-crossings, or, more technically,
there are no symmetries to take care of. This simplifies the rewrite rules of calculi formulated
in the named setting. For example, rules such as

1

are not needed anymore. For more on this compare Figs 3 and 4.

Example: Simultaneous Substitutions. Substitutions [a—b] can be composed sequentially
and in parallel as in

[a—b]; [b—c] = [ar—>] [a—b] W [c—d] = [a—b, c—d).

We call W the tensor, or the monoidal or vertical or parallel composition. Semantically,
the simultaneous substitution on the right-hand side above, will correspond to the function
f:{a,c} = {b,d} satisfying f(a) = b and f(c) = d. Importantly, parallel composition of
simultaneous substitutions is partial. For example, [a—b] W [a—c| is undefined, since there is
no function {a} — {b, ¢} that maps a simultaneously to both b and c.

The advantages of a 2-dimensional calculus for simultaneous substitutions over a 1-
dimensional calculus are the following. A calculus of substitutions is an algebraic repres-
entation, up to isomorphism, of the category nF of finite subsets of A/. In a 1-dimensional
calculus, operations [a—b] have to be indexed by finite sets S

[a—bls : SU{a} = SU{b}

for sets S with a,b ¢ S. On the other hand, in a 2-dimensional calculus with an explicit
operation W for set union, indexing with subsets S is unnecessary. Moreover, while the
swapping

{a,b} — {a,b}
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in the 1-dimensional calculus needs an auxiliary name such as ¢ in [a—>c]py ; [b—a] ey ; [c—al
it is represented in the 2-dimensional calculus directly by

[a—b] W [b—al

Finally, while it is possible to write down the equations and rewrite rules for the 1-dimensional
calculus, it does not appear as particularly natural. In particular, only in the 2-dimensional
calculus, will the swapping have a simple normal form such as [a—b] W [b—a] (unique up to
commutativity of W).

Overview. In order to account for partial tensors, Section 3 develops the notion of a
monoidal category internal in a monoidal category. Section 4 is devoted to examples, while
Section 5 introduces the notion of a nominal PROP and Section 6 shows that the categories
of ordinary and of nominal PROPs are equivalent.

2 Setting the Scene: String Diagrams and Nominal Sets

We review some of the terminology but need to refer to the literature for details.

2.1 String Diagrams and PROPs

String diagrams are a 2-(or higher)-dimensional notation for monoidal categories [12]. Their
algebraic theory can be formalised by PROPs as defined by MacLane [15]. There is also the
weaker notion by Lack [13], see Remark 2.9 of Zanasi [22] for a discussion.

A PROP (products and permutation category) is a symmetric strict monoidal category,
with natural numbers as objects, where the monoidal tensor & is addition. Moreover,
PROPs, along with strict symmetric monoidal functors, that are identities on objects, form
the category PROP. A PROP contains all bijections between numbers as they can be be
generated from the symmetry (twist) 0: 1@ 1 — 1@ 1 and from the parallel composition @
and sequential composition ; (which we write in diagrammatic order). We denote by oy, m,
the canonical symmetry n @ m — m @ n. Functors between PROPs preserve bijections.

PROPs can be presented in algebraic form by operations and equations as symmetric monoidal
theories (SMTs) [22].

An SMT (X, E) has a set ¥ of generators, where each generator v € X is given an arity
m and co-arity n, usually written as v : m — n and a set E of equations, which are pairs of
Y-terms. Y-terms can be obtained by composing generators in ¥ with the unit id : 1 — 1

and symmetry o : 2 — 2, using either the parallel or sequential composition (see Fig 1).

Equations E are pairs of X-terms with the same arity and co-arity.

Given an SMT (X, E), we can freely generate a PROP, by taking Y-terms as arrows, modulo
the equations stating that, together with id, the compositions ; and ® form monoids
the equations of Fig 2
the equations F

PROPs have a nice 2-dimensional notation, where sequential composition is horizontal
composition of diagrams, and parallel /tensor composition is vertical stacking of diagrams

(see Fig 1). We now present the SMTs of  bijections B , |injections | , surjections S ,
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Yyim—=neyx id:1—1 c:2—>2
t:m—n t:o—=p t:m—n s:n—o0
tet':m+o—n+p t;s:m—o0

Figure 1 SMT Terms.

01,1501,1 = idg (SMT—sym)
(s;t) @ (u;v) = (s @ u); (t ) (SMT-ch)
(t@id.);0n,: = 0Om,; (id, B ) (SMT-nat)

Figure 2 Equations of symmetric monoidal categories.

functions F , partial functions P, |relations R| and monotone maps M .! The diagram

in Fig 3 shows the generators and the equations that need to be added to the empty SMT, to
get a presentation of the given theory. To ease comparison with the corresponding nominal

monoidal theories in Fig 4 later we also added on a striped background the equations for

wire-crossings that are already implied by the naturality of symmetries (SMT-nat). These
are equations that are part of the definition of a PROP in the sense of MacLane [15] but not

in the sense of Lack [13]. The right-hand equation for 'bijections B is (SMT-sym) and holds

in all symmetric monoidal theories. We list it here to emphasise the difference with Fig 4.

2.2 Nominal Sets

Let N be a countably infinite set of “names” or “atoms”. Let & be the group of finite?
permutations AV — A. An element z € X of a group action & x X — X is supported
by S C N if 72 =z for all 7 € & such that 7 restricted to S is the identity. A group
action & x X — X such that all elements of X have finite support is called a nominal set.
We write supp(z) for the minimal support of x and say that a is fresh for z if a ¢ supp(x).
Nom for the category of nominal sets, which has as maps the equivariant functions, that is,
those functions that respect the permutation action. Our main example is the category of
simultaneous substitutions:

The theory of monotone maps M does not include equations involving the symmetry o and is in fact

presented by a so-called PRO rather than a PROP. However, in this paper we will only be dealing with
theories presented by PROPs (the reason why this is the case is illustrated in the proof of Proposition 20).
2 A permutation is called finite if it is generated by finitely many transpositions.
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>
rd

.
\

Figure 3 Symmetric monoidal theories (compiled from [14]).

» Example 1 (nF). We denote by nF the category of finite subsets of A with all functions.

While nF is a category, it also carries additional nominal structure. In particular, both the
set of objects and the set of arrows are nominal sets with supp(A4) = A and supp(f) = AUB
for f: A — B. The categories of injections, surjections, bijections, partial functions and
relations are further examples along the same lines.

3 Internal monoidal categories

We introduce the notion of an internal monoidal category. Given a symmetric monoidal
category (V,I,®) with finite limits, we are interested in categories C, internal in V, that
carry a monoidal structure not of type C x C — C but of type C® C — C. This will allow us
to account for the partiality of W discussed in the introduction. We present our motivating
example before we give Definition 11.

» Example 2.

= The symmetric monoidal (closed) category (Nom, 1, x) of nominal sets with the separated
product * is defined as follows [18]. 1 is the terminal object, i.e. a singleton with empty
support. The separated product of two nominal sets is defined as A x B = {(a,b) €
A x B | supp(a) Nsupp(b) = 0}.

= The category nF of Example 1 is an internal monoidal category with monoidal operation
given by AW B = AU B if A, B are disjoint and fW f' = fU f'if A, A’ and B, B’ are
disjoint where f: A — B and f': A’ — B'.

(nF, 0, W) as defined in the previous example is not a monoidal category, since W, being
partial, is not an operation of type nF x nF — nF . The purpose of this section is to define
the notion of internal monoidal category and to show that (nF,{, W) is an internal monoidal
category in (Nom, 1, *) with W of type
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W: nF*nF — nF.

To this end we need to extend * : Nom x Nom — Nom to

 : Cat(Nom) x Cat(Nom) — Cat(Nom)

where we denote by Cat(Nom), the category of (small) internal categories in Nom. The
necessary (and standard) notation from internal categories is reviewed in Appendix A.

» Remark 3. Let C be an internal category in a symmetric monoidal category (V,I,®)
with finite limits. Since ® need not preserve finite limits, we cannot expect that defining
(C®C)y=Cyr®Chand (C®C); =C; ®Cy results in C® C being an internal category.

Consequently, putting (C® C); = C; ® C; does not extend ® to an operation Cat(V) x
Cat(V) — Cat(V). To show what goes wrong in a concrete instance is the purpose of the
next example.

» Example 4. Define a binary operation nF % nF as (nF % nF)y = nFg *nFg and (nF % nF); =
nF; x nFy. Then nF % nF cannot be equipped with the structure of an internal category.
Indeed, assume for a contradiction that there was an appropriate pullback (nF * nF)s and
arrow comp such that the two diagrams commute:

(nF * nF)y comp nFy * nFy
T | T2 dom | cod
dom
nFi * nF; nFo x nFy
cod

Let 03y : {x} — {y} be the unique function in nF of type {z} — {y}. Then ((dac, dpa), (dcb,
d4a)), which can be depicted as

{a) = (e} == (1)

(b} —— {d} —— {a}

is in the pullback (nF % nF)s, but there is no comp such that the two squares above commute,
since comp((dac, Ovd), (Ocb, 0da)) would have to be (d4p, dpa ), Which do not have disjoint support
and therefore are not in nFy * nF. <

The solution to the problem consists in assuming that the given symmetric monoidal
category with finite limits (V, 1, ®) is semi-cartesian (aka affine), that is, the unit 1 is the
terminal object. In such a category there are canonical arrows natural in A and B

j:A®RB— AxB

and we can use them to define arrows j; : (C® C); — Cy x Cy that give us the right notion
of tensor on arrows. From our example nF above, we know that we want arrows (f,g) to
be in (C ® C); if dom(f) N dom(g) = O and cod(f) N cod(g) = 0. We now turn this into
a category theoretic definition, which, in fact, is an instace of the general and well-known
construction of pulling back an internal category C along an arrow j : X — Cgy to yield
an internal category X with Xo = X and X; the pullback of {(domc, codc) along j x j, or,
equivalently, the limit in the following diagram
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X4 J Ci
codx dome : . codc
domx Y
4 J <
Xo Co
Xo . Co
J
which we abbreviate to
X, n C
domy l l codx domcl i codc (1)
Xo - CO

J

Next we define i : Xqg — X; as the arrow into the limit X; given by

from which one reads off
domx o ix = idx, = codx o ix
Next, X5 is the pullback
X
7\
X1 X1
X

Recalling the definition of j; from (1), there is also a corresponding js : Xo — Co due to the
fact that the product of pullbacks is a pullback of products.

2
0

Xo 2 C,
7TX1/ \71')(2 7TX1/ \7TC2
SN C
Xy X3 of LG (3)
S N 1
cfk Anx ) COd\‘\ Amc
Xo ! Co
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Recall the definition of the limit X; from (1). Then compy : Xo — X; is the arrow into X

X3 -

compcoj2

compy

X1 J1 Cl (4)
domxomx1 l \Lwdx domcl icodc
Xo Co

from which one reads off
domy o compy = domx o Tx1  codx © compy = codx 0 Tx2  J1 © COMPx = COMP¢ O jJo

and the remaining equations compy o (ix o domx, idx, ) = idx, = compy o (idx; ,ix © codx)
are also not difficult to prove.

We have seen that the pullback of an internal category C along an arrow j with codomain
Cy is an internal category:

» Proposition 5. Given an internal category C and an arrow j : X — Cy there is an internal
category X and an internal functor j : X — C such that Xg = X and jo = j.

Moreover, this internal category X, or rather j : X — C, has a universal property known
as a cartesian lifting. To make this precise, we recall the notion of a fibred category, or
fibration.

» Definition 6 (Fibration [11, 20]). If P: W — V is a functor, then j : X — C is a cartesian
lifting of j : X — PC if for all K : W — C and all h : PW — X with Pk = j o h there
is a unique h : W — X such that joh = k and Ph = h. Moreover, P : W — V is called
a (Grothendieck) fibration if all j : X — PC have a cartesian lifting for all C in W. If
P :W — V is a fibration, the subcategory of W that has as arrows the arrows f such that
Pf = id¢ is called the fibre over C.

The next lemma is a strengthening of Proposition 5.

» Lemma 7. Let V be a category with finite limits. The forgetful functor Cat(V) — V is a
fibration.

Instantiating Lemma 7 with C x D for C and j : Co ® Dy — Cy x Dy for j : X9 — Cy,
gives us the desired result that internal categories can be pulled back along arbitrary arrows
between objects-of-objects:

» Corollary 8. The arrow j : Cy ® Dg — Cy x Dg lifts to a morphism of internal categories
J:C®D — C x D. Moreover, j is the cartesian lifting of j.

To show that this construction is functorial we need to use that ® : ¥V xV — V is
functorial and that j : Co ® Dg — Cy x Dy is natural in C and D. In order to lift such natural
transformations, which are arrows in the functor category Vt(V)xCat(V) ' ye use

» Lemma 9. If P : £ — B is a fibration and A is a category, then P4 : €4 — BA is a
fibration.
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Instantiating the lemma with P = (=)o : Cat(V) — V and A = Cat(V) x Cat(V), we
obtain as a corollary that lifting the tensor ® : VxV — V to ® : Cat(V) x Cat(V) — Cat(V)
is functorial:

» Theorem 10. Let (V,1,®) be a (symmetric) monoidal category with finite limits in which
the monoidal unit is the terminal object. Let (—) : Cat(V) — V be the forgetful functor
from categories internal in V. Then the canonical arrow j : Cop ® Dy — Cy x Dg lifts to a
natural transformation j : C® D — C x D. Moreover, (Cat(V),l,®) inherits from (V,1, ®)
the structure of a (symmetric) monoidal category with finite limits in which the monoidal
unit is the terminal object.

In this paper we only need internal monoidal categories that are strict. In the same way
as a strict monoidal category is a monoid in (Cat, 1, x), an internal strict monoidal category
is a monoid in (Cat(V), |, ®):

» Definition 11 (Internal monoidal category). Let (V,1, ®) be a symmetric monoidal category
with finite limits in which the monoidal unit is the terminal object and let (Cat(V), I, ®)
be the induced symmetric monoidal category of internal categories in V. A strict internal
monoidal category C is a monoid (C, @, ®) in (Cat(V), |, ®).

More explicitly, a strict internal monoidal category C has operations
g:1=-C ©:CeC—=C

satisfying the laws of a monoid. For example, in the category nF of finite sets of names, @
is the empty set and W = © is, on objects, union of disjoint sets and, on arrows, union of
functions with both disjoint domains and disjoint codomains. It follows from Remark 34
that an internal monoidal category satisfies the interchange law

(C X C)Q compX comp —> (C X C)l
©2 O1
C2 comp C1

which can also be written as
(fof)igod)=(fi9e(fd)
The move from X to ® means that it is now possible that the right-hand side of the equation

is defined while the left-hand side is not. But, as we will see, in nominal sets, the right-hand
is always a-equivalent to one for which a left-hand side exists.

4 Examples

Before we give a formal definition of nominal PROPs and nominal monoidal theories (NMTs)
in the next section, we present as examples those NMTs that correspond to the SMTs of
Fig 3. The significant differences between Fig 3 and 4 are that wires now carry labels and
that there is a new generator 4o which allows us to change the label of a wire.
Moreover, in the nominal setting rules for wire crossings are not needed.
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4
l‘
lI
ll
ll
lI
lI
ll
ll
lI
lI
ll
lI
ll
lI
ll
lI
lI

, -7 surjections nS | functions nF , partial functions nP  and

"' Figure 4 Nominal monoidal theories.

» Theorem 12. The calculi of Fig 4 are sound and complete, that is, the categories presented
by these calculi are isomorphic the categories of finite sets of names with the respective maps.

The proof follows the same general lines as the well-known proofs for SMTs (see eg
Lafont [14]) and proceed by showing that each diagram f: A — B can be rewritten to one
in normal form, with the normal form being a direct syntactic representation of the semantic
function/relation represented by f. The proofs for NMTs seem easier than the corresponding
proofs for SMTs due to the absence of wire crossings. For example, in the case of bijections, it
is immediate that, using the grey rules of Fig.4, every nominal diagram rewrites to a normal
form which is just a parallel composition of diagrams of the form R/

'5  Nominal monoidal theories and nominal PROPs

In this section, we introduce nominal PROPs as internal monoidal categories in nominal sets.
We first spell out the details of what that means in elementary terms and then discuss the
notion of diagrammatic alpha-equivalence.

5.1 Nominal monoidal theories

A nominal monoidal theory (X, E) is given by a nominal set 3 of generators and a nominal
set E of equations. The set of nominal generators is itself generated by a set ¥, of “ordinary”
generators v : n — m, each vy giving rise to a set of nominal generators [a)y(b] : A — B
where a, b are unique lists of size n, m and whose underlying sets are A, B respecitvely. The
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nominal generators X are closed under permutations
m-la)yy(b] :m- A — 7w B=[r(a))y(r(b)]. (m-def)

The set of terms is given by closing under the operations of Fig 5, which should be compared
with Fig 1.

y:im —n € X,

[a)y(b]: A — B idg : {a} — {a} dap = {a} — {b}

t:A— B t':A— B t:A— B s:B—=C t:A— B

twt': Aw A’ - By B’ t;s: A= C (ab)t:(ab)-A—(ab)-B

Figure 5 NMT Terms.

Every NMT freely generates a monoidal category internal in nominal sets by quotienting the
generated terms by:

the equations that state that id and ; obey the laws of a category

the equations stating that idy and W are a monoid

the equations of an internal monoidal category of Fig 6 3

the equations of permutation actions of Fig 7

the equations on the interaction of generators with bijections § of Fig 8

the equations F

tWs=sWt (NMT-comm)
(s;t) W (u;v) = (sWu); (tWv) (NMT-ch)

Figure 6 NMT Equations of .

(a b)idy = id b).x (a b)0zy = 0(a b)-z (a b)y (ab)y=(ab) v
(ab)(zWy) = (ab)xW(ab)y (ab)(z;y) = (a b)x;(a b)y

Figure 7 NMT Equations of the permutation actions.

For terms to form a nominal set, we need equations between permutations (not listed

here) to hold, as well as the equations of Fig 7 that specify how permutations act on terms.

All the equations presented in the figures above are routine, with the possible exception of
those of Fig 8, specifying the interaction of renamings § with the generators [a)v(b] € 3,
which we also depict in diagrammatic form:

3 The main difference with the equations in Fig 2 is that the interchange law for W is required to hold only
if both sides are defined and that the two laws involving symmetries are replaced by the commutativity
of .
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5ab 5 6bc = 6ac

[a)fy(bl,...,bi,...,bn] : A—)B&J{bl}
[@)y(b1,...,bi ..., 0,]; (idp W p,z) = [@)y(b1,...,x,... by]

(NMT-right)

[a1,... a4 ... am)y(b] : {a;,} WA — B

NMT-left
(Opa, Wida)s[at,...yas .. yam)y(b] = [a1,..., T, ..., am)y(b] ( )

Figure 8 NMT Equations of renamings.

Instances of these rules can be seen in Fig 4, where they are distinguished by a striped

background.

5.2 Diagrammatic alpha-equivalence

The equations of Fig 7 and Fig 8 introduce a notion of diagrammatic alpha-equivalence, which
allows us to rename “internal” names and to contract renamings.

» Definition 13. Two terms of a nominal monoidal theory are alpha-equivalent if their
equality follows from the equations in Fig 7 and Fig 8.

Every permutation 7 of names gives rise to bijective functions 74 : A — 7[A] = {7 (a) |

L are parallel compositions of 4

a € A} =7 - A. Any such 7y, as well as the inverse 7
for suitable a,b € N. In fact, we have m4 = Haca dar(a)- We may therefore use the w4 as

abbreviations in terms.

» Proposition 14. Let ¢ : A — B be a term of a nominal monoidal theory. The equations in
Fig 7 and Fig 8 entail that -t = (74) " 1;t;7p.

I
7[A] ——— [B]

t

The next two corollaries show that internal names can be renamed. We call this diagram-
matic a-equivalence.

» Corollary 15. Let t : AW {c} - BW{c} be a term of a nominal monoidal theory and d be
fresh for t. Then t = (0cq W ida);(c d) - t; (04c W idp).

» Corollary 16. Let t : A — B be a term of a nominal monoidal theory. Modulo the
equations of Fig 7 and Fig 8, the support of ¢ is AU B.

The last corollary shows that internal names are bound by sequential composition. Indeed,
in a composition A Lo B, the names in C'\ (AU B) do not appear in the support of ¢; s.
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5.3 Nominal PROPs

From the point of view of Section 3, a nominal PROP is an internal strict monoidal category
in (Nom, 1, %) that has finite sets of names as objects and at least all bijections as arrows. A

functor between nominal PROPs is an internal functor that preserves objects and bijections.

We spell this out in detail.

» Remark 17. A nominal PROP C is a small category, with a set Cy of “objects” and a
set Cy of “arrows”, defined as follows. We write ; for the sequential composition (in the
diagrammatic order) and W for the monoidal composition.
Cy is the set of finite subsets of a countably infinite set A'. The permutation action is
given by 7+ A = n[A] = {n(a) | a € A} for all finite permutations m : N" — N.
C; contains all bijections (“renamings”) w4 : A — 7- A, ma(a) = 7(a), for all finite
permutations 7 : N” — A and is closed under the operation mapping an arrow f : A — B
tor-f:m-A— 7 Bdefined as - f = (74) L fi7B.
A W B is the union of A and B and defined whenever A and B are disjoint. This
makes (Cy, (), §) a commutative partial monoid. On arrows, we require (Cy, 0, W) to be
a commutative partial monoid, with f W g defined whenever domf N domg = () and
codf N codg = .
The interchange law (f W f'); (gWg') = (f;9) W (f';¢’) holds whenever the left-hand side
is defined.

From this definition on can deduce the following.

» Remark 18.

A nominal PROP has a nominal set of objects and a nominal set of arrows.

The support of an object A is A and the support of an arrow f: A — B is AU B.

In particular, supp(f;g) = dom(f) U cod(g). In other words, nominal PROPs have
diagrammatic alpha equivalence.

There is a category nPROP that consists of nominal PROPs together with functors that
are the identity on objects and bijections and are strict monoidal and equivariant.
Every NMT presents a nPROP. Conversely, every nPROP is presented by at least one
NMT given by all terms as generators and all equations.

6 Equivalence of nominal and ordinary string diagrams

We show that the categories nPROP and PROP are equivalent. To define translations between
ordinary and nominal monoidal theories we introduce some auxiliary notation. We denote
lists that contain each letter at most once by bold letters. If @ = [ay,...a,] is a list, then
a ={ay,...a,}. Given lists @ and a’ with a = @’ we abbreviate bijections in PROP (also
called symmetries) mapping i +— a; = a’; > j as (ala’). Given lists a and b of the same
length we write [a|b] = ) d4,p, for the bijection a; — b; in an nPROP.

» Proposition 19. For any PROP S, there is an nPROP
NOM(S)

that has for all arrows f : n — m of S, and for all lists @ = [aq,...a,] and b = [by,...by]
arrows [a) f(b] € NOM(S). These arrows are subject to equations
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[a)f;9(c] = [a)f(b];[b)g(c] (NOM-1)

la+4+c)f © g(b+d] = [a)f(b] W [c)g(d] (NOM-2)
[a)id(b] = [a|b] (NOM-3)

[a) (BY); f (c] = [alb]; [b') f(c] (NOM-4)

[a) [ (bIb') (c] = [a)f{b];[V|c] (NOM-5)

Proof. To show that NOM(S) is well-defined, we need to check that the equations of S are
respected. We only have space here for the most interesting case which is the naturality of
symmetries given by the last equation in Fig 2. We write a™ for a list of a’s of length m.

(@™ 4 %) (£ @ id.); 02 (b 4 B7]
= ([@™)t ("W [a®)id, (x7]); [x" # =) oy - (b° + b"] (NOM-1,2)
= ([a®)id, (] W [a™) t (x™]); [x" H %) 0, » (b° + D" (NMT-comm)
= [a® #a™)id, Bt (x® H# z"]; [x" # x°) 0, (b° H# b"] (NOM-2)
= [a® # a™)id, ®t{x® H# z"]; [2" # °) (" H# |z H ") (b # b"] (o-def)
= [a® #a™)id, t{x® # x"];[z" +ch\a: + x7]; [2® H# 2"|b” + b"|
=[a® # a™)id, Dt {x® H# x"];[x* 4 =" |b° # b"] Oaa = idy)
= [a® #a™)id, EBt( + b"] (\()\ -5)
= [a™ # a®|la™ # a®] ; [@® # a™)id, ®t(b* H b"] (Oaa = 1dy)
= [a" # a®) (@™ # a®|a® #a™); (id, B t) (b° 4 b"] (NOM-4)
=[a" H#a®)om,; (id, Bt) (b° +# b"] (o-def)

Note how commutativity of W is used to show that naturality of symmetries is respected. <«

» Proposition 20. For any nPROP 7T there is a PROP
ORD(T)

that has for all arrows f: A — B of T, and for all lists @ = [a1,...a,] and b = [by, ... by]
arrows (a]f[b). These arrows are subject to equations

Proof. To show that ORD is well-defined we need to show that the equations of an NMT
are respected. The most interesting case here is the commutativity of W since the & of SMTs
is not commutative.
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(a; 4 ag|t W s[b; + bs)

= (a¢]t[by) ® (as] s [bs) (ORD-2)

= ((a¢]t[by) ;5 idpp,|) © (idjq,| ; (@s] 5 [bs)) (id;a =a = a;id)

= ((a¢] t[be) ®id)q,)) ; (idp,| ® (as] s [bs)) (SMT-ch)
= ((adt[be) ©idja,)) ; Oyl las] 3 Tlacl byl 5 (idjb,| & (as] s [bs)) (SMT-sym)
= Ola,l fa.| 5 (ija,| © (@] t[be)); Ola,| b, ; (idjp,| © (as]s[bs)) (SMT-nat)
= Olal,la| } (idja,| © (@] t[be)) 3 ((as]s[bs) ©idpp,|) 5 Opp, )b, (SMT-nat)
= Olaylla.| 5 ((1dja,| 5 (@s] s[bs)) @ ((@d t[be) 5 idjp,()) 5 O, )b (SMT-ch)
= Ola,|la.|  (@s 4 ai] sWt[bs 4 be) s opp, | b, (id;a = a, ORD-2)
= (a; # aslas H# ay) ; (as H a;) sWE[bs H by) ; (bs H by |by 4 by) (o-def)
= (a: 4 as][as H# atlas H ai] ; sWt ; [bs 4 bi|bs 4 by [bs 4 bs) (ORD-4,5)
= (a; # as] sWt[b # by) (0aq = id,)

Note how naturality of symmetries is used to show that the definition of ORD respects
commutativity of W. <

Having described the maps NOM and ORD and shown they are homomorphisms, we
now describe functors NOM (F') and ORD(F).

» Proposition 21. NOM : PROP — nPROP is a functor mapping an arrow of PROPs
F:8 — § to an arrow of nPROPs NOM(F') : NOM(S) — NOM(S) defined by

NOM(F)([a) g (b]) = [a) Fyg (b]. (NOM-F)

» Proposition 22. ORD is a functor mapping an arrow of nPROPs F': 7 — 7T to an arrow
of PROPs ORD(F) : ORD(T) — ORD(T) defined by

ORD(F)({a] f [b)) = (a] F'f [b) (ORD-F)

The next proposition has a variation in which we take PROPs in the weaker sense of
Lack [13]. Then the unit S - ORD(NOM(S)) is not an iso. To see where we need to be
careful, the next example illustrates how the commutativity of W in an nPROP translates
into the naturality of the symmetries in a PROP.

» Example 23 (Commutativity of W translates to naturality of symmetries). If S is a PROP
in the sense of Lack [13] generated by a “lollipop” A : 0 — 1 then we can show that A\ & id
and (id ® A\); 01,1 in S are sent to the same arrow in ORD(NOM(S)), namely we can show
(a)la)\ @ id(b, c][b, c) = (a][a)(id & N); 01.1(b, ][D, c):

(a][a) X @ id(b, c][b, c) = (a][)A(b] W [a}id{c][b, c) (NOM-2)
= (a][a)id{c] W )X (b][b, c) (NMT-comm)
= (a][a)id & A{c, b][b, c) (NOM-2)
= (a][a)id ® X{c,b]; [b, c|b, c|[b, c) (a =aj;id,b4q = idy)
= (a][a)(id ® N); {c, b]b, c) (b, c][b, c) (NOM-5)
= (a][a)(id ® X);01,1(b, c][b, c) (o-def)

which is an instance of (SMT-nat) and does not hold in S.
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As we can see from the example, the naturality of symmetries in a PROP is necessary in
order to obtain that S — ORD(NOM/(S)) is an iso in the next proposition.

» Proposition 24. For each PROP S, there is an isomorphism of PROPs, natural in S,
A:S — ORD(NOM(S))

mapping f € S to (a]la) f (b][b) for some choice of a, b.

» Proposition 25. For each nPROP 7T, there is an isomorphism of nPROPs, natural in T,
NOM(ORD(T)) =T
mapping the [¢)(a] f [b)(d] generated by an f:a — bin T to [c|a]; f; [b|d].

Since the last two propositions provide an isomorphic unit and counit of an adjunction,
we obtain

» Theorem 26. The categories PROP and nPROP are equivalent.

» Remark 27. If we generalise the notion of PROP from MacLane [15] to Lack [13], in other
words, if we drop equation (SMT-nat) of Fig 2 expressing the naturality of symmetries, we
still obtain an adjunction, in which NOM is left-adjoint to ORD. Nominal PROPs then are
a full reflective subcategory of ordinary PROPs. In other words, the (generalised) PROPs
that satisfy naturality of symmetries are exactly those which are nominal PROPs.

7 Conclusion

The equivalence of nominal and ordinary PROPs (Theorem 26) has a satisfactory graphical
interpretation. Indeed, comparing Figs 3 and 4 we see that both share, modulo different
labellings of wires mediated by the functors ORD and NOM, the same core of generators
and equations while the main difference lies in the equations expressing, on the one hand,
that & has natural symmetries and, on the other hand, that generators are a nominal set and
W is commutative. In fact, this can be taken as a justification of the importance of naturality,
which, informally speaking, compensates for the irrelevant detail induced by ordering names.

There are several directions for future research. First, the notion of an internal monoidal
category has been developed because it is easier to prove the basic results in general rather
than only in the special case of nominal sets. Nevertheless, it would be interesting to explore
whether there are other interesting instances of internal monoidal categories.

Second, internal monoidal categories are a principled way to build monoidal categories
with a partial tensor. For example, by working internally in the category of nominal sets with
the separated product we can capture in a natural way constraints such as the tensor f ® g
for two partial maps f,g: N — V being defined only if the domains of f and g are disjoint.
This reminds us of the work initiated by O’Hearn and Pym on categorical and algebraic
models for separation logic and other resource logics, see eg [17, 9, 6]. It seems promising to
investigate how to build categorical models for resource logics based on internal monoidal
theories. In one direction, one could extend the work of Curien and Mimram [5] to partial
monoidal categories. Another question is whether there is a more general strictification result
characterising when a symmetric tensor can be replaced by a partial but commutative one.

Third, there has been substantial progress in exploiting Lack’s work on composing PROPs
[13] in order to develop novel string diagrammatic calculi for a wide range of applications,
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see eg [1, 2, 3, 22|. Tt will be interesting to explore how much of this technology can be
transferred from PROPs to nominal PROPs.

Fourth, various applications of nominal string diagrams could be of interest. The original

motivation for our work was to obtain a convenient calculus for simultaneous substitutions

that can be integrated with multi-type display calculi [7] and, in particular, with the multi-

type display calculus for first-order logic of Tzimoulis [21]. Another direction for applications

comes from the work of Ghica and Lopez [10] on a nominal syntax for string diagrams. In

particular, it would be of interest to add various binding operations to nominal PROPs.
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» Definition 28 (internal category). In a category with finite limits an internal category is a

diagram
o Czigf;Tj: Ty——> — dom —>
Ay compl —> Ay — C(;mp — A = id Ao (5)
left — ! co

such that
A2 g Al

1. the “pairs of arrows”-object A mi ldom is a pullback,
Al cod AO

2. the “triple of arrows”-object As is a pullback

R .

right
Ay —— Ay

leftl \LW1

™2

A24>A1

where, intuitively, left “projects out the left two arrows” and right “projects out the right

two arrows”

dom o comp = domom; and codo comp = cod o Ty,
domoi =1ida, = codot,

comp o (i o dom,id,) = idy, = comp o (id 4, ,1 o cod)

comp o compl = comp o compr

where we use the auxiliary notation

(todom,ida,): Ay — Ag and (ida,,io cod) : Ay — A are the arrows into the pullback
As pairing i o dom,ida, : Ay — Ay and ida,,i0 cod : Ay — Ay, respectively,
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compl is the arrow composing the “left two arrows”

As -

72 0 right

N >
Ay ——— 4y

i ldm

d
A1L>Ao

comp o left

compr is the arrow composing the “right two arrows”

As -

comp o right

T2

N
Ag Ay

i ldm

Al cod AO

71 o left

» Remark 29. 1. and 3. define A; as the “object of composable pairs of arrows” while
4. and 5. express that the “object of arrows” A; has identities. 2. and 5. formalise asso-
ciativity of composition. Since A; and As are pullbacks, the structure is determined by
(Ao, A1, dom, cod, i, comp) alone. We included Ay, Az as well as compr, compl, right, left, ma, 71
to improve readability of the equations.

» Definition 30. A morphism f: A — B between internal categories, an internal functor, is
a pair (fo, f1) of arrows such that the six squares (one for each of ma, comp, w1, dom, cod,

i)

To——> — dom —>
A2 — comp —> Al <1 0
T ———> cod —>
P f1 fo (6)
To———> — dom —>
BQ — comp —> Bl <1 BO
T — cod —>

commute.

» Remark 31. Because Bs is a pullback f; is uniquely determined by f;. In more detail,
if ' = By is any arrow then, because Bs is a pullback, it can be written as a pair

(l,7r): T — By (7)
of arrows [, : I' — By and f5 is determined by f; via

fao(l,r)=(fiol, fior) (8)

Even if fy is not needed as part of the structure in the above definition, including fs
makes it easier to state that f; preserves composition.
Similarly, Bs is a pullback, and there is a unique arrow f3 such that (fo, f1, f, f3) together
make further 4 squares commute, one for each of right, compr, compl, left, see (5). We
may include f3 in the structure whenever convenient.
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» Definition 32. A natural transformation « : f — g between internal functors f,g: A — B,
an internal natural transformation, is an arrow o : Ay — By such that, recalling (7),

domoa = fy cod o = gg comp o {f1, a0 cod) = comp o (o dom, g1)

» Remark 33. Internal categories with functors and natural transformations form a 2-category.
We denote by Cat()) the category or 2-category of categories internal in V. The forgetful
functor Cat(V) — € mapping an internal category A to its object of objects Ag has both left
and right adjoints and, therefore, preserves limits and colimits. Moreover, a limit of internal
categories is computed component-wise as (lim D); = lim(D;) for j =0, 1, 2.

» Remark 34. A strict monoidal category can be thought of both as a monoid in the category
of categories and as a category internal in the category of monoids. To understand this in
more detail, note that both cases give rise to the diagram

domx dom

As X Ay compx comp —> A1 X A; Ay x Ag
cod X cod
ma mi mo
dom
A2 comp A1 AO
cod
where

in the case of a monoid A in the category of internal categories, m = (mg, my,mg) is an
internal functor A x A — A and, using that products of internal categories are computed
component-wise, we have compomsg = my o (comp X comp), which gives us the interchange
law

(f;9)-(f59)=(f-f)i(g-9)

by using (8) with m for f and writing ; for comp and - for my;

in the case of a category internal in monoids we have monoids Ag, A1, A> and monoid
homomorphisms 4, dom, cod, comp which, if spelled out, leads to the same commuting
diagrams as the previous item.
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We present a diagrammatic approach to quantum dynamics based on the categorical algebraic
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1 Introduction

It is hard to overstate the importance of quantum dynamics: in a very deep sense, it truly
makes the world go round. In computer science, more specifically, it is the driving force
behind the processes which underpin the entirety of quantum computation. Despite this
crucial role, quantum dynamics is rarely considered directly in quantum information and in
the foundations of quantum computing, being instead relegated to a lower level of abstraction.
In this work we aim to change that, bringing dynamics on a par with information and circuits
by developing a fully diagrammatic approach based on categorical algebra.

Our work fits within the framework of categorical quantum mechanics [1,2,7] and uses the
graphical calculus of string diagrams for symmetric monoidal categories [20,26]. We consider
a particularly well-behaved kind of Hopf algebras/bialgebras — closely related to compact
quantum groups [30,31] and sometimes known as interacting quantum observables [5,10] —
arising as strongly complementary pairs of symmetric {-Frobenius algebras [9,27]. We show
that the algebras of a certain dagger Frobenius monad [18] correspond to quantum dynamical
systems, that the morphisms between algebras correspond to equivariant transformations
and that the natural tensor product in the category of algebras corresponds to synchronised
parallel composition of dynamical systems. We further show that the dagger monoidal
structure corresponds to symmetry-observable duality between time and energy, so that
the Hamiltonian observables for quantum dynamical systems arise as the coalgebras of the
corresponding dagger Frobenius comonad.
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A Diagrammatic Approach to Quantum Dynamics

To showcase the expressive power of our formalism, we derive some cornerstone results of
quantum dynamics in a diagrammatic fashion: the Weyl Canonical Commutation Relations,
Schrédinger’s Equation, Stone’s proposition and von Neumann’s Mean Ergodic proposition.
We use non-standard analysis [14,15] to deal with infinite-dimensional quantum systems.

2 Interacting Quantum Observables

2.1 Quantum Observables

If G is an object in a dagger symmetric monoidal category, a {-Frobenius algebra © on G is a
pair of a monoid (G, 4 ,0) and a comonoid (G,¥,9) := (G, AT,61) related by Frobenius law:

R S

A 7-Frobenius algebra is quasi-special if the comultiplication is an isometry up to some
invertible scalar £ and it is special if it is an actual isometry (i.e. £ = 1):

= ¢
(2)

The positive scalar Ng := £7¢ is known as the normalisation factor for the algebra. Every
quasi-special {-Frobenius algebra is proportional to a special one, which we shall see shortly
to have physical significance: we use quasi-special algebras merely for reasons of notational
convenience. The cup and cap induced by a T-Frobenius algebra satisfy the snake equation:

3)

A t-Frobenius algebra is symmetric if the cup and cap it induces are symmetric:

e W@

Special symmetric {-Frobenius algebras are of fundamental importance to quantum in-
formation, because they correspond exactly to quantum observables (more precisely, to
finite-dimensional C*-algebras [27]). Special commutative {-Frobenius algebras in particular
correspond to non-degenerate quantum observables, i.e. orthonormal bases. The basis vectors
are exactly the classical states |g) for the algebra:

Yoy

The leftmost two equations are the copying and deleting of the classical elements, while

()

the rightmost equation says that classical elements are self-conjugate with respect to the
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observable. More generally, quasi-special commutative -Frobenius algebras © correspond to
orthogonal bases in which all vectors have the same square norm (g|g) = Ng. Because of
this correspondence, we will henceforth liberally refer to quasi-special symmetric {-Frobenius
algebras as quantum observables, as customary within the categorical quantum mechanics
literature.! We write K (0) for the set of classical states.

2.2 Interacting Quantum Observables

» Definition 1. Let (G,0,®) be a pair of quasi-special symmetric T-Frobenius algebras on
the same system G. We say that (G,0,®) is a strongly complementary pair — or a pair of
interacting quantum observables — if the following equations — the bialgebra law, the two
coherence laws and the bone law — are satisfied:

I TN 1,

As part of the definition, we also require that the unitary map 0 : G — G defined below — the
antipode — is self-adjoint (or equivalently self-inverse):

L

Interacting quantum observables automatically satisfy Hopf’s law and are thus examples of
Hopf algebras:

? (8)

Because we are working in a dagger symmetric monoidal category, all equations above imply
their dagger versions, so that (G,0,®) is a pair of interacting quantum observables if and
only if (G,®,0) is. To get some intuition as to the meaning of the defining equations, we look
at the characterisation [16,21] of the pairs with O special and commutative in the category
fHilb of finite-dimensional Hilbert spaces and complex linear maps.

» Proposition 2. The pairs (G,0,®) of interacting quantum observables in fHilb where ©
is special and commutative are exactly the group algebras C[G] for finite groups G, with ©
corresponding to some orthonormal basis (|g))gec labelled by the group elements, & :=|1g)
and & the linear extension of the multiplication of G:

1 Though the term is usually referred to special algebras, our generalisation to quasi-special maintains an
exact correspondence with observables in fHilb and hence does not change the semantics.

9)
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Then antipode always corresponds to the group inverse:
% :

The classical states |x) for G are exactly those in the following form, where x : G — C is a
multiplicative character for G:

)= x(9)l9) (11)

geG

(10)

If G is abelian, then the pair (G,®,0) corresponds to the Pontryagin dual group G”.

By thinking of the comonoid (¥',9) as copying/deleting group elements and of the monoid
(&,90) as a “coherent”/linear version of the group multiplication and unit, the defining
equations for interacting quantum observables acquire a rather obvious meaning;:

1. the bialgebra law and left coherence law say that group multiplication sends elements
which can be copied/deleted to elements which can be copied/deleted;

2. the right coherence law and the bone law say that the group unit is itself and element
which can be copied/deleted;

3. the requirement that the antipode is self-inverse is necessary to prove Hopf’s law, which
in turn implies that elements have inverses (given by the antipode itself);

4. the requirement that the antipode is self-inverse also implies that group multiplication
sends self-conjugate elements for O to self-conjugate elements for © and the the group
unit is itself self-conjugate for o [10,16].

This means that we can think of interacting quantum observables as “coherent groups”, i.e.
groups embedded into an environment in which {-Frobenius algebras are available (e.g. in the
compact-closed complex linear context). This is consistent with the fact that such coherent
groups are particularly well-behaved examples of compact quantum groups [13,30,31] — at
least within the context of dagger compact categories of finite-dimensional vectors spaces
over a field equipped with a self-inverse automorphism (acting as conjugation).

2.3 Dagger Frobenius Monads

Given any monoid (G, &, @ ) in a monoidal category, we can always define a monad by sending
H—HRG, f— f®idg and considering the following multiplication and unit:

Y Y

m{:* w= | @

HG G H (12)

The monad laws reduce to associativity and bilateral unitality for the monoid itself:

(13)

If the category is dagger monoidal and the monoid is part of a {-Frobenius algebra, then the
monad is in fact a dagger Frobenius monad [18], i.e. it satisfies the following law relating it
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to the comonad induced by the comonoid (G,¥, @ ):

(14)

Because no ambiguity can arise, we write __ ® @ to denote both the monad given by (G, &, ¢ )
and the comonad given by (G, ¥, @ ). The algebras for the dagger Frobenius monad _ ® @
are the morphisms a : H ® G — H such that:

In the original [18], these are referred to more specifically as FEM-algebras, for Frobenius
FEilenberg-Moore algebras. Just as the “Eilenberg-Moore/EM” qualifier is customarily dropped
for algebras of a monad, we shall here also drop the “Frobenius/FEM” qualifier for the
algebras of dagger Frobenius monads, because FEM-algebras are the natural notion in the
dagger Frobenius context.

» Proposition 3. When (G,0,®) is a pair of interacting quantum observables, the right-
most condition above in the definition of algebras for the monad _ @ @ can be equivalently
reformulated as follows:

af

| (16)

3 Quantum Clocks

In a very practical sense, time is ticked by clocks. If we know that a dynamical system and a
clock are synchronised, then we can know the exact state of the system without ever looking
at it, by just knowing what time the clock is displaying (assuming we know the initial state
for the system). The kinds of dynamics admissible for systems synchronised with a given
clock depend on the structure of the clock: clocks with more time states can be synchronised
with more systems. If one interprets dynamics as time-translation symmetry — the approach
that we take in this work — this means that the dynamical system has to be a representation
for whatever time-translation group is associated with the clock.

The interpretation of dynamics as time-translation symmetry may appear causally prob-
lematic: after all, what does it mean to have entanglement across time? A full discussion of
this issue would take more words than can fit in the margins of these pages, but we hope the
following will at least convince the reader that the point of view we’ve adopted might not be
as preposterous as it may at first seem.

When thinking about time, we can take two perspectives: an internal perspective —
reflecting time as dynamically experienced by those immersed in its flow — and an external
perspective — reflecting time as statically experienced by those staring at it from the outside.
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Mathematically, the internal perspective roughly corresponds to the idea of time evolution as
the solution of differential equations: an instantaneous state is given and propagated forward
instant by instant according to the laws of dynamics. The external perspective, on the other
hand, corresponds to the idea of spacetime: everything which happens in the entire history
of a mathematical objects is already crystallised in front of the eyes of those studying it, its
evolution merely a matter of choosing and relating equal-time slices.

In the case of quantum dynamics, the external perspective amounts to thinking of
dynamical systems as static, their entire history of evolution (|i:)): encoded in an entangled
state ), [1) ®|t), where we selected a suitably large ancillary quantum system G — a quantum
clock, as we shall call it — equipped with a choice of time observable © labelling the time
states |t). This idea was already clear in the formulation of Feynman’s clock [11,12]: therein,
the computation of the dynamics of a quantum system is reduced to the computation of the
ground state of a certain Hamiltonian, resulting precisely in the system-clock entangled state
detailed above. Causality and dynamics arise from the choice of a specific group structure
on the time states — the time-translation group — corresponding to a strongly complementary
quantum observable @: the time observable chooses the time slices for the dynamical system,
the group structure relates them causally and dynamically.

For an internal observer, living inside the quantum dynamical system, the classical evolu-
tion (|¢1)): is indistinguishable from the external application of time-translation symmetry
to slices of definite time value [t): to such an internal observer, time behaves as an external
classical parameter. To an external observer, on the other hand, the difference between the
two perspectives is truly one of expressive power: taking the internal perspective forces them
to work in the time observable for the quantum clock, while taking the external perspective
allows the to freely change their point of view, yielding additional insights and more direct
proofs of canonical results.

3.1 Quantum clocks from interacting quantum observables — Take |

Here, we restrict our attention to four inter-related kinds of dynamics: discrete periodic,

discrete, continuous periodic and continuous.

1. Systems with continuous dynamics correspond to the the usual choice of time-translation
group R (continuous time).

2. Systems with continuous periodic dynamics correspond to a choice of time-translation
group in the form R/TZ for some positive period T' € R. They are exactly the systems
with continuous dynamics where the dynamics are periodic.

3. Systems with discrete dynamics correspond to the choice of time-translation group Z.
Sampling systems with continuous dynamics at equally spaced discrete intervals of time
yields systems with discrete dynamics. These are the systems which are effectively
synchronised with ordinary clocks (as long as we assume access to infinite time counters
which never cycle).

4. Systems with discrete periodic dynamics correspond to a choice of time-translation group
in the form Zy for some positive period N € N. Sampling systems with continuous
periodic dynamics (with period T' € R) at equally spaced discrete intervals of time (spaced
by some positive At € R dividing the period T') yields systems with discrete dynamics
(with N := T'/At). These are the systems which are effectively synchronised with ordinary
clocks having finite time counters — from 12-hour wall clocks, with their 43200 time states,
to high-precision atomic clocks.

When G is one of the time-translation groups above, a dynamical system governed by G — i.e.

one which can be synchronised with clocks having G as the associated time-translation group

— is simply a representation (Uy)4ec of G in some appropriate category modelling the physical
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context of interest. In particular, a quantum dynamical system is just a unitary representation
(Ug)gec of G on some Hilbert space H, with appropriate continuity requirements impose
where necessary.

The identification of quantum dynamical systems with unitary representations is the
mainstream view in quantum dynamics, but it introduces an unpleasant asymmetry between
the physical systems — which are quantum — and time — which is instead a classical parameter
external to the quantum realm. This asymmetry did not escape the attention of the founders
of quantum mechanics, and the history of attempts to quantise time is long and rife with
controversy. We refer the reader interested in such history to some very good works dedicated
specifically to the topic [4,19,23,24]: in this work, we will instead avoid such controversies
altogether, by taking an external “static” view of quantum dynamical systems.

For the purposes of dynamics, we have seen that a clock — a physical system — can be
abstracted to a time-translation group G — an algebraic structure that it can be endowed
with. If we take an ordinary clock — the states of which are the possible instants of the
time ticks — and we quantise it, we obtain a quantum clock — the states of which are now
wavefunctions over the space of states for the original clock. In this interpretation, quantum
clocks should be quantum systems equipped with the structure of a group algebra C[G| for
the time-translation group G.

In the case G = Zy of discrete periodic dynamics we already know what to do: a
quantum clock is finite-dimensional Hilbert space G — a quantum system, living in the dagger
compact category fHilb — endowed with a pair (G,0,®) of interacting quantum observables
corresponding to C[Zy] — a pair of categorical algebraic structures. Unlike classical clocks
— where a single algebraic object was needed — quantum clocks need an interacting pair of
algebraic structures: one to pin down the time states (the observable ©) and another one to
endow them with the Zy group structure (the observable @).

3.2 Infinite-dimensional quantum systems

This approach — modelling quantum clocks using interacting quantum observables — will
work well for finite-dimensional quantum dynamical systems with discrete periodic dynamics,
which are by themselves of significant interest: they were extensively studied by Weyl [28,29]
and can be used to formalise Feynman’s clock construction [11,12,22]. However, it cannot
immediately be generalised to the other kinds of dynamics which we are interested in: the
only pairs of interacting quantum observables in the dagger symmetric monoidal category
Hilb of Hilbert spaces and continuous linear maps are the ones corresponding to finite groups.
Technically, Hilb doesn’t even have quantum observables as we defined them: an orthonormal
basis (|e;})$2; of an infinite-dimensional separable Hilbert space is still associated with pair
of a commutative comultiplication ¥ := Y7 (|e;) ® |e;)) (e;] and multiplication & =¥'f
satisfying the Frobenius law — as well as an alternative equation making classical states
self-conjugate — but we have to let go of the counit ¢ and unit ¢ in the passage from finite-
to infinite-dimensional Hilbert spaces [3]. Indeed, the unit for such an algebra would have to
take the form & = Y"°° |e;), a vector which would have infinite norm.

In order to gain access to interacting quantum observables corresponding to infinite group
algebras, we work in a symmetric monoidal category of non-standard Hilbert spaces and
*C-linear maps known as *Hilb [14,15], where *C is the field of non-standard complex numbers.
The objects of *Hilb are non-standard Hilbert spaces which are hyperfinite-dimensional, i.e.
which have orthonormal bases in the form (|e;))?_; where n € *N is a non-standard natural
number (the dimension of the non-standard Hilbert space); in particular, *Hilb contains
symmetric monoidal sub-categories equivalent to fHilb and Hilb (up to infinitesimals). Even
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though n may be an infinite natural, from a non-standard perspective the objects of *Hilb are
finite-dimensional spaces: this means that *Hilb is dagger compact, has special symmetric
t-Frobenius algebras and contains the extra strongly complementary pairs which we need to
talk about quantum dynamics.

The easiest way to work with *Hilb is by using the Transfer Principle: if a construction
indexed by n can be made on n-dimensional Hilbert spaces for all n € N, then it can be
uniquely extended to n-dimensional non-standard Hilbert spaces for all n € *N. For an
extensive introduction to non-standard analysis and the Transfer Principle we refer the reader
to Refs. [17,25]. For example, if (|e;))?_; is an orthonormal basis for an n-dimensional Hilbert
space, we can always define the unit for the associated quantum observable as & = >~ | |e;):
by the Transfer Principle, this means that we can also do so for an orthonormal basis
(lei))i—; of an object of *Hilb where n is an infinite natural. The vector & = >""" | |e;) has a
well-defined infinite square norm Y. (e;|e;) = n and can be normalised to # St lei) as
one would ordinarily do in a finite-dimensional Hilbert space. This latter example shows
that, when n is infinite, *Hilb features some genuinely new quantum states: ﬁ S led) is
finite, in the sense that it has finite norm, but not near-standard, in the sense that it is not
infinitesimally close to any vector in the corresponding standard Hilbert space. These extra
states are the key to constructing the interacting quantum observables we need.

The trick to constructing quantum clocks in *Hilb is to think of all time-translation
groups as actually discrete and periodic, at least in the non-standard sense. Consider the
abelian group *Z,, formed by the non-standard integers modulo some positive non-standard
natural w € *N. When w is finite, these are the usual finite cyclic groups. When w is infinite,
however, these groups are always very large, and contain Z as a subgroup. Indeed, we can
take the following representatives for the elements of *Z,:

*Z, = ({— V;lJ ot EJ } ,+,0) (17)

If ¢,5 € Z then ¢ + j is always finite and no modular reduction ever occurs, so that addition
of i and j in *Z,, is the same as addition in Z. Now let wyy,w;; € *R be non-infinitesimal
positive non-standard reals with wyywi; = w € *N and consider the following subset of *R:

Lz, ::{ " e*R ne{—{w;Jﬂ;J}} (18)

Wuv Wuv
The subset %*Zw inherits the group structure of *Z,,. The uv/ir suffixes for the numbers
wyy and wj, originate from a habit, typical of quantum field theory, to distinguish between

“infra-red” infinities — arising because space is infinitely large — and “ultra-violet” infinities —
arising because space is infinitely fine: the parameter wy, controls how fine the subdivision
of *R specified by W—L*Zw is, while the parameter wj, = w/wyy controls how large a portion
of *R it covers.

For different choices of parameters wyy,wir € *R, the discrete periodic non-standard
groups ﬁ*zw can be used to approximate all the time-translation groups which we are

interested in. In what follows, we write (L*Zw)ﬁ for the subgroup formed by the finite
n

Wuv
elements, i.e. by those elements which are finite reals. 2 If x € (%*Zw)ﬁ , we write st (z)
uv n

for the unique standard real which is infinitesimally close to x.

2 Note to the reader versed in non-standard analysis: this is an external subgroup and is only used for
the purpose of connecting the non-standard groups to their standard counterparts. It is never used in
any constructions within *Hilb.
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» Proposition 4. Let wy,, wi € *R be non-infinitesimal positive non-standard reals such that
W = Wywir € *N is integer. The time-translation groups G for discrete periodic, discrete,
continuous periodic and continuous dynamics are exactly the standard groups which can be
obtained as quotient by infinitesimals of the subgroup of finite elements of %M*Zw :

oe((22) ) "

More specifically, we have the following combinations:
1. if wyy 1s finite and wy- is finite we obtain the discrete periodic case G =

1 ~ .
st(wWuv) Zy =2y

2. if wyy s finite and wy- infinite we obtain the discrete case mz =Z;

3. if wyy s infinite and w; is finite we obtain the continuous periodic case R/ st (wy) Z;

4. if wyy is infinite and w;, is infinite we obtain the continuous case R.

Hence all standard time-translation groups listed above can be approrimated, up to infinites-

imals, by the subgroup of finite elements of a discrete periodic non-standard group.

3.3 Quantum clocks from interacting quantum observables — Take ||

Armed with our dagger compact category *Hilb and with approximations of our favourite
time-translation groups by discrete periodic non-standard groups, we are finally in a position
to define our quantum clocks.

» Definition 5. A quantum clock is a pair of interacting quantum observables (G,0,®) in
*Hilb with © special commutative, equipped with a group isomorphism (K (0), 4, ) = W%U*Zw
for some non-infinitesimal positive Wy, Wi € *R with w := wywi € *N. We refer to TM*ZW

as the time-translation group and to st ((U}*Zw>ﬁ ) as the associated standard time-
uv n

translation group. We refer to the classical states K (0) of O as the (clock) time states —
which we index as |t) using the elements t € %*Zw — and to the observable O as the clock
time observable.

Note that the specific choice of %*Zw — i.e. the specific choice of parameters wyy,wi — is
part of the data of a quantum clock. We will only mention it explicitly when relevant, to
lighten the notation.

» Proposition 6. Quantum clocks with non-standard time-translation group %*Zw exist for
all non-infinitesimal positive Wy, Wi € *R with w 1= wy,wi- € *N.

In the case of infinite-dimensional quantum clocks, working in the non-standard setting
gives us access to a lot of states and linear maps which would not be well-defined in the
standard setting, let alone continuous. On a quantum clock with time-translation group
w—iv*Zw, for example, we can construct the following plane-wave states indexed by all
E e w%r*Zw (note the switch from wyy to wiy):

By = > (20)

te-L-~*z,

wuv

In particular, we have that (E|t) = e *?"Pt. This is exactly the phase that an energy
eigenstate with energy E acquires after time ¢ has passed. As the following result shows, this
is no coincidence: in a quantum clock (G,0,®), the classical states |F) for @ always label the

possible energy values that the corresponding dynamical systems can have.
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» Proposition 7. In a quantum dynamical system with standard time-translation group G,
the possible values for energy are always canonically labelled by the elements of the Pontryagin
dual G™. If (G,0,®) is a quantum clock with time-translation group %M*Zw, the classical
states for @ are the plane-wave states of Equation (20) and we have (K (@),&,6) & W%_T*Zw.
If G is the standard time-translation group associated to the quantum clock then:

o -e((22) ) o

Hence the classical states of @ canonically label the possible energy levels for quantum
dynamical systems that can be synchronised with the clock.

When FE and t are both finite — i.e. when they have direct physical significance — we can
manually check that st (e"Q”Et) yields the expected phase in the various models. In all four
cases we have st (e~2™Ft) = ¢~ 27 st(E)st(t) " with the domains of st () and st (E) ensuring
that the expression is well-defined under all circumstances.

1. For continuous dynamics, st (t) € R and st (E) € R and there are no issues.

2. For continuous periodic dynamics, st (t) € R/TZ, so we need st (E) € £Z for the phase
to be well-defined. Indeed, %Z is the standard group we obtain when wy, = T.

3. For discrete dynamics, st (t) € Z and values of st (E) differing by 1 will give the exact
same phase: to have an exact correspondence, we therefore need st (E) € R/Z. Indeed,
R/Z is the standard group we obtain when wy, = 1.

4. For discrete periodic dynamics, we have st (t) € Z,,. This combines the requirements on
st (E) from both the previous cases: values of st (E) differing by 1 will correspond to the
same phase, and the phase is only well-defined if st (F) is divisible by w. Indeed, the
standard group we obtain in this case (wyy = 1 and w;, = w) is st (E) € %Zw.

In light of the above, we adopt the following definition.

» Definition 8. Let (G,0,®) be a quantum clock. We refer to the classical states |E) of @
as clock energy states and to the observable ® as the clock energy observable.

4 Quantum Dynamical Systems

In the previous Section, we have shown that certain pairs of interacting quantum observables
in the dagger compact category *Hilb can be used to model quantum clocks, i.e. quantum
systems with additional structure singling out certain clock time states and the desired
time-translation group structure on them. In this Section, we switch our attention to quantum
dynamical systems.

4.1 Quantum Dynamical Systems

Let (G,0,®) be a quantum clock and consider an algebra o : H ® G — H for the dagger
Frobenius monad _ ® ®. We look at the endomorphisms «a; : H — H obtained by evaluating
the algebra on clock time states [t):

N

«
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In terms of those endomorphisms, the defining equations for algebras take the following form:

| (23)

But these are exactly the equations defining a unitary representation («;); of the time-
translation group! Clearly, we are off to a good start.

Algebras for the monad _ @@ form a category, with morphisms ® : & — § from an algebra
a:H®G — H to another algebra 8 : K ® G — K given by the linear maps ® : H — I which
satisfy the following equation:

) &)

| -

T | (24)

Because the monad __ ®@ is obtained from a monoid which is part of a pair (0, ®) of interacting
quantum observables with © commutative, the category of algebras has a symmetric monoidal
structure, with the tensor product a ® § of two algebras defined as follows:

| |
a 8

(25)

The following result shows that the category of algebras captures exactly quantum dynamical
systems, equivariant maps between them and their natural notion of composition.

» Proposition 9. Let (G,0,®) be a quantum clock. The algebras « for the dagger Frobenius
monad _ @ @ such that oy is near-standard for all t correspond to quantum dynamical
systems for the standard time-translation, i.e. strongly continuous unitary representations
(st (ou))se(t)e of the standard time-translation group. Morphisms between algebras correspond
to equivariant maps for the representations. Tensor product of algebras corresponds to
synchronised composition of quantum dynamical systems:

(a®pB) = = Qb
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» Definition 10. Let (G,0,®) be a quantum clock. A quantum dynamical system for the
quantum clock is an algebra for the dagger Frobenius monad _ @ ®@. Morphisms of algebras
will be referred to as equivariant maps between quantum dynamical systems. Tensor product
of algebras will be referred to as synchronised parallel composition of quantum dynamical
systems.

4.2 States and histories

States of a system are a static concept. In a quantum dynamical system, we are instead
more interested in the evolution of states under the dynamics:

«
For a generic dynamical system H — e.g. seen as a topological space — the evolution of a
state under the dynamics is usually written as a flow-line ¥ : R — H, a map from the time
object to the dynamical system associating a state U(t) € H to each instant point ¢ in time
(with the obvious generalisation from continuous dynamics to the other three kinds). This is
not, however, an exact correspondence in general: a given map R — H is often not going to
be the flow-line of a state.

As we mentioned before, the traditional perspective on time in quantum dynamics is that
time is an external classical parameter, so the definition of state evolution through flow-lines
suffers from the issue described above. In our framework, on the other hand, “time” lives
inside the same category as the quantum systems it governs, incarnated into the quantum
clocks that tick it. We can exploit the additional algebraic structure available to show that

flow-lines, realised inside the category of algebras, correspond exactly to the evolutions of
states in quantum dynamical systems.

(27)

» Proposition 11. Let (G,0,®) be a quantum clock and o : H ® G — H be a quantum
dynamical system for it. Then & is also a quantum dynamical system for it — the quantum
clock itself, governed by its own time. The morphisms of algebras ¥ : & — «:

| (28)
are exactly the evolutions of states of H under the dynamics of a. We refer to such morphisms
as the histories of states.

4.3 Hamiltonians

Hamiltonians are often the very first concept that students of quantum dynamics are
introduced to, so it may be surprising that we have not mentioned them so far. The reason
for such a delay is that this work adopts a view of dynamics as time-translation symmetry,
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rather than as solution of certain differential equations: our objects of primary concern are
unitary representations, not their infinitesimal generators. That said the Hamiltonian — as
the energy observable of a quantum dynamical system — is of paramount physical interest, so
we now proceed to characterise it in our framework.

In previous sections, we have considered the dagger Frobenius monad _ ® @ (with
associated dagger Frobenius comonad _ ® @) and we have seen that the algebras of _ ® @
capture dynamics. We have also seen, when talking about quantum clocks, that the other
quantum observable in the interacting pair, namely O, is somehow associated with energy:
one naturally wonders whether there is an algebraic connection between © — which is dual to
@ — and Hamiltonians — which are dual to dynamics.

An alternative characterisation of a quantum observable is in terms of complete families
of projectors. A complete family of projectors (Pg : H — H)gex is characterised by the
following equations:

\
Pp

\ = dpr | Py e | P = P}, = P
Pg

(29)

If the labels for the projectors Pg are taken from the clock energy states F, as necessary for
the projectors associated with a Hamiltonian, then the equations above can be equivalently
rewritten diagrammatically as the equations for coalgebras of the dagger Frobenius comonad
_®0:

(30)

In the literature, these are also referred to as projector-valued spectra [8]. We can give such
coalgebras an operational interpretation as coherent versions of quantum measurements: if
we feed a state 1) of H in input, we obtain in output an entangled state >, Pg [¢) ® |E)
of H® G. Subsequently measuring G in the (|E))g basis yields the usual von Neumann
non-demolition measurement corresponding to the complete family of orthogonal projectors
(Pg)g: if outcome E is observed, the state in H has collapsed to Pg [1)).

Given a quantum dynamical system «, we now show how to obtain the coalgebra for

__ ® 0 corresponding to its Hamiltonian. We will do so by proving Schrédinger’s Equation.

In its differential version, Schrodinger’s Equation states that if |¢)g) is an energy eigenstate
with energy F then the evolution of [¢)g) in a quantum dynamical system « is given by the
following equation:

d
ih—at[YE) = E|¢E) (31)

The following exponentiated version of Schrédinger’s Equation provides the symmetry
equivalent of the usual differential equation:

ay [p) = e " [Yg) (32)

where we have chosen energy and time units such that h := 27h = 1.
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» Proposition 12. Let (G,0,®) be a quantum clock and o : H ® G — H be a quantum
dynamical system for it. Then of : H — H ® G is a coalgebra for the dagger Frobenius
comonad _ ® O, with projectors Pg labelled by clock energy states |E):

:
PE =

(@)

| (33)

Note that % = ﬁ is the normalisation factor for the state |E). The states invariant under

projector Pg satisfy Schrodinger’s Fquation for energy E:

(a)t - =

(03

recalling that (E|t) = e~?"Ft. Hence the projectors P are exactly the projectors onto the
energy eigenspaces of the quantum dynamical system, so that of is the projector-valued
spectrum for the Hamiltonian observable.

(34)

» Definition 13. Let (G,0,®) be a quantum clock with time-translation group U%W*Zw and
let a: H®G — H be a quantum dynamical system for it. The Hamiltonian for a is the
coalgebra of . The energy eigenstates for o corresponding to clock energy E € W%_T*Zw are the
states |¢) satisfying the following equation: '

-

The simplicity and elegance of the characterisation given above for the Hamiltonian — the
coalgebra obtained as adjoint of the algebra capturing the quantum dynamical system —
showcases the power of the coherent approach we have adopted. By quantising clocks, the
dual information about time/dynamics and energy is now held by the very same object: if
we want to switch perspective, we only need to switch observable. This form of diagrammatic

(35)

time/energy duality will make it possible, in the coming section, to derive extremely compact
diagrammatic proofs for some result of fundamental importance in quantum dynamics.

5 Cornerstone Results

In the previous Section, we have established a clear parallel between the language of quantum
dynamics and the language of algebra. In this Section, we use that parallel to re-establish
three cornerstone results of quantum dynamics in diagrammatic terms.
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5.1 Weyl Canonical Commutation Relations

Traditionally, the Heisenberg Canonical Commutation Relations characterise the duality
between position and momentum observables in the differential generators picture. The
Weyl Canonical Commutation Relations characterise the corresponding duality of position
and momentum observables in the symmetry picture, by specifying a braiding relation
between the space-translation symmetry and the momentum-boost symmetry. When time is
quantised, the duality between time-translation symmetry 7; and energy-shift symmetry Sg
in a quantum clock can similarly be characterised by the Weyl CCRs, as follows:

SpT, = ™ F'T, Sy (36)

This can be equivalently expressed in terms of the adjoint of Sg, to match the exact
formulation of our result below:

SLT, = e~ 7Bt 81 (37)
In our formalism, the Weyl CCRs are an immediate consequence of a diagrammatic axiom of
interacting quantum observables.

» Proposition 14. The Weyl CCRs for time and energy duality are an immediate consequence
of the bialgebra law:

recalling that (E|t) = e—i2mEL

5.2 Stone’s Theorem on 1-parameter unitary groups

Stone’s Theorem on 1-parameter unitary groups is a key result in dynamics, showing that
dynamics can be uniquely reconstructed from the Hamiltonian observable. In the symmetry
picture, it can be stated as follows:

o = / e Bt pLdE (39)
G/\

where G is the time-translation group, « is the quantum dynamical system and Pg are the
projectors on the energy eigenspaces. We are working in the non-standard settings, so that
the integral fGA dFE is really just a sum. [25]

» Proposition 15. Stone’s Theorem is a consequence of diagrammatic time-energy duality:

(40)
recalling that (E|t) = e~?27Et,
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5.3 von Neumann’s Mean Ergodic Theorem

In a rather precise sense, von Neumann’s Mean Ergodic Theorem is the inverse of Stone’s
Theorem, showing that the Hamiltonian observable can be reconstructed from the dynamics.
The usual formulation of von Neumann’s Theorem only talks about the ground energy
eigenspace, but an equivalent formulation can be used to reconstruct all energy eigenspaces:

1 .
Py = —/ e B, dt f (41)
G| Je

where G is the time-translation group, « is the quantum dynamical system and Pg are
the projectors on the energy eigenspaces. By |G| we literally mean the size of G, which
is a well-defined scalar |G| = w in the non-standard world: physically, this is the volume
W = wyywir of time-energy configuration space. The equation above is the limit-free, non-
standard equivalent of the usual formulation of von Neumann’s theorem in terms of limits.
As with Stone’s Theorem before, the integral [ ¢ dt is really just a sum > in the non-standard
setting.

» Proposition 16. von Neumann’s Mean Ergodic Theorem is a consequence of diagrammatic
time-energy duality:

: \

= = @ Zt Qg
af
:

recalling that (t|E) = 7Pt

6 Conclusions

In this work, we have presented a diagrammatic framework to reason about quantum
dynamics, using algebras and coalgebras for a monad and a comonad induced by a pair
of interacting quantum observables. We have been able to treat dynamics, both discrete
and continuous, of finite- and infinite-dimensional quantum systems, thanks to the rich
tool-set provided by hyperfinite non-standard Hilbert spaces. We have shown that our
framework yields completely straightforward diagrammatic proofs of some key results in
quantum dynamics.

In future work, we will explore the foundational and computational implications of our
new framework. Specifically, we will detail the applications to the problem of time observable
and to the formulation of Feynman’s Clock, already sketched in the author’s DPhil Thesis [13].
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A Categorical Quantum Mechanics

Categorical quantum mechanics takes its roots in the seminal work [1,2] and a detailed
treatment of the first decade of work in the field can be found in the 900+ page monograph [7].
Here we recap some fundamentals of the formalism, for the benefit of readers from different
communities who may be unfamiliar with them.

A.1 Symmetric monoidal categories

The general motivation behind the application of category-theoretic tools lies in the intuition
that the features distinguishing quantum theory from classical physics can be understood in
terms of the way quantum processes compose, sequentially and in parallel: this forms the
basis of the process-theoretic description of quantum theory. The mathematical arena for
such process-theoretic description is that of symmetric monoidal categories:

physical systems are objects;

processes between systems are morphisms;

sequential composition of processes is composition of morphisms;

parallel composition of processes is tensor product of morphisms;

the process of doing nothing to a system is the identity morphism;

the tensor product of objects is interpreted as a joint system;

the tensor unit is interpreted as a trivial system.
Of special interest in categorical quantum mechanics is the symmetric monoidal category
fHilb of finite-dimensional Hilbert spaces and complex linear maps between them (with the
tensor product of Hilbert spaces as tensor product of objects and the Kronecker product of
complex matrices as tensor product of morphisms).

Monoidal categories have a natural diagrammatic formalism — see [26] for a comprehensive
survey — in which systems/objects A are depicted as wires and processes/morphisms f : A —
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B are depicted as boxes.

A

B - W

A (43)
Tensor product of systems is depicted by stacking the corresponding wires side-by-side
horizontally. As a convention, we draw our diagrams bottom-to-top, so that the wire(s)
corresponding to the domain of a morphism (the inputs of the process) are at the bottom
and the wire(s) corresponding to the codomain of a morphism (the outputs of the process)
are at the top, so that a generic morphism/process f : 41 ® ... ® A, = B1 ® ... ® By, is
depicted as follows:

outputs — By - By,

inputs - A; - A, (44)

Sequential composition go f : A — C of two processes f: A — B and g : B — C is depicted
by stacking the corresponding boxes vertically and connecting the output wires of f to the
input wires of g; parallel composition f® g: AR C — B ® D of two processes f: A — B
and g : C' — D is depicted by stacking the corresponding boxes side-by-side horizontally; the
symmetry isomorphisms A ® B — B ® A are depicted by a crossing of the wires:

C
\
B D
B A
g \ \
| f g
f \ \
‘ A C A B
A

(45)

Two diagrams are considered equal if they are equal up to isotopy, keeping the (relative
ordering of the) input and output endpoints fixed: this principle is often referred to as “only
topology matters”. For example, a special case of bifunctoriality for the tensor product
holds by “sliding” the two boxes vertically (on the left), while naturality of the symmetry
isomorphism is obtained by “sliding boxes through each other” over a wire crossing (on the
right):

Planar isotopy is sufficient for monoidal categories. For symmetric monoidal categories, on
the other hand, a little amount of 4d space is used for sliding across wire crossings.

(46)

19:19

CALCO 2019



19:20

A Diagrammatic Approach to Quantum Dynamics

A.2 States, scalars and effects

Special cases of boxes are those without any input and/or any output wires:

P a 3

no inputs no outputs no inputs/outputs ( 47)

Boxes with no input wires are called states and they correspond to the process of producing
something in a system starting from nothing (aka the trivial system). In the category fHilb,
states correspond exactly to vectors in a Hilbert space, i.e. to kets [¢)). Boxes with no inputs
nor outputs are called scalars. In the category fHilb, scalars correspond to complex numbers
¢ and we will write them as floating numbers. Finally, boxes with no outputs are called
effects. In the category fHilb, effects correspond exactly to covectors in a Hilbert space,
i.e. to bras (a|. Effects can be though of as the process of conditioning on the outcome of
a (non-degenerate demolition) quantum measurement: applied to a state in a system, an
effect returns a complex number (the norm squared of which yields the outcome probability,
according to the Born rule).

A.3 Dagger symmetric monoidal categories

The symmetric monoidal categories of interest in categorical quantum mechanics are equipped
with an involutive op-functor, the dagger, which sends morphisms f : A — B to morphisms
ff: B — A. In the diagrammatic formalism, the dagger is depicted as a vertical mirror
symmetry:

Bl Brn Al An
N N I
! — 1
]
Al An Bl Bm (48)

In the dagger symmetric monoidal category fHilb, the dagger is (chosen to be) the operation
of taking the adjoint (i.e. the conjugate transpose of matrices). In particular, the dagger
sends a state [¢) to the corresponding effect (1| and vice-versa. On scalars, the dagger acts
as complex conjugation & = ¢*.

A.4 Quantum observables

Some boxes have special significance and a special notation is reserved to them. The most
important case is that of symmetric special {-Frobenius algebras © := (H,4A,6,%,9): these
are depicted by coloured dots with wires connected to them — lovingly referred to as spiders
in the literature — and the axioms defining them are given in the main text.

The reason why special symmetric t-Frobenius algebras are of key interest in categorical
quantum mechanics is their correspondence in the category fHilb to quantum observables,
i.e. to finite-dimensional C*-algebras [27]. In particular, commutative special {-Frobenius
algebras — often referred to as classical structures in the literature — correspond bijectively to
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orthonormal bases, where the basis vectors |g) in each basis are given by the classical states
for the algebra, i.e. those satisfying the Equation (5). For a given orthonormal basis (|g)),,
the comultiplication is obtained as ¥ := 3_ (|g) ® |g)) (g], i.e. the map |g) — [g) @ |g),
the counit as ¢ := 3~ (g, i.e. the map |g) — 1, the multiplication & and unit ¢ as their
adjoints. More generally, the orthogonal projectors p : H — H in a quantum observable can
be characterised as the central, self-adjoint, idempotent elements for the algebra.?

A.5 Dagger compact structure

In the category fHilb, each system H is equipped with a classical structure © for each choice
of orthonormal basis. Each such classical structure — and more generally each symmetric
special f-Frobenius algebras on ‘H — induces a self-duality on H through its cup and cap,
because of the snake equation (3), which holds by planar isotopy. The cup and cap are
symmetric and related by the dagger, making fHilb a dagger compact category.

A.6 Infinite-dimensional categorical quantum mechanics

The main obstacle to the extension of categorical quantum mechanics to infinite dimensions
is the disappearance of symmetric special {-Frobenius algebras: while it is true that for a
complete orthonormal basis one can still define the comultiplication ¥ = "> | (|n) ® |n)) (n|

and multiplication & [3], the unit/counit would give rise to infinite-norm states & = 3> | |n).

While [3] suggests it may be possible to overcome the absence of units in this context, the
non-existence of infinite group algebras — necessary to this work — is intrinsically related to
the presence of infinities and cannot be fixed directly.

Enter non-standard analysis. Because approzimate units ¢ *) = > _, |In) for the algebra
associated to a basis exist for all v € N, by Transfer Theorem [17,25] we can take v to be
some infinite natural number and obtain a genuine unit ¢ =Y _ |n), multiplication, counit

and comultiplication ¥ =Y _ (|n) ® |n)) (n| for a special commutative {-Frobenius algebra.

Moreover, by Transfer Theorem we can also formulate group algebras for all abelian groups
with v elements. The full details can be found in [14,15] and in Section 3.5 of the author’s
DPhil thesis [13].

TL;DR: we work in the dagger compact category *Hilb of non-standard Hilbert spaces with
dimension some non-standard natural number v € *N: from the non-standard perspective
these spaces are finite-dimensional, so the Transfer Theorem can be used to lift many of the
structures and properties of the dagger compact category fHilb. In particular, the algebraic
manipulation of vectors, matrices and scalars in *Hilb is analogous to that of their fHilb
counterparts. When related back to standard Hilbert spaces, however, the objects of *Hilb
cover much more than fHilb, including both the separable infinite-dimensional Hilbert spaces
used in traditional quantum mechanics and the non-separable ones arising in quantum field
theory.

B Proofs

Proof of Proposition 3

Proof. Substitute the antipode for its definition and apply the snake equation for ©. |

3 See [27] for the full proof and Section 2.4.2 of the author’s DPhil thesis [13] for a summary, noting that
a left-to-right diagrammatic convention is adopted in the latter.
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Proof of Proposition 4

Proof. If we take wy, finite and wj, finite, then w = N € N, all elements in %*Zw are finite
and taking the standard part yields ﬁ . If we take wy, finite and wj, infinite, then the
finite elements in K*Z are those in the form wl Z and taking the standard part yields

WZ If we take wyy infinite and w;, finite, then we have the following subgroup inclusion

1 Wi nwj
* ir % ir
Way w w

c *zw} < *R/wy*Z (49)

All elements are finite and taking the standard part yields R/ st (wj,) Z. If we take wj, infinite
and wyy infinite, finally, we have the following subset inclusion:

wiv*zw:{wzv ne{— V;lJ,...ﬁB}J}}C*R (50)

The finite elements cover the finite elements of *R with infinitesimal mesh, hence taking the
standard part yields R. |

Proof of Proposition 6

Proof. Because w := wyywir € *N, by the Transfer Principle we always have an object G
of *Hilb with orthonormal basis (|e;))ic+z,. Let © be the special commutative {-Frobenius
algebra associated to the orthonormal basis, define ¢ to be |0) and £ to be the linear
extension of the multiplication in 1 —*Z,. Then (G,0,®) is a pair of interacting quantum
observables in *Hilb corresponding to the group algebra *C[ L *Z w), as we wanted. <

Proof of Proposition 7

Proof. The possible values of energy E must correspond bijectively with the possible unitary
group homomorphisms G — C yielding the phases acquired under time-translation by energy
eigenstates. Canonically, such homomorphisms are the elements of the Pontryagin dual G”.

Checking that the plane-waves |E) are the classical states for @ is straightforward.
Because clock time states form an orthonormal basis, we can biject the effects (E| with the
multiplicative characters xp : t +— e 7Pt ¢ G*. The (adjoint of the) copy condition is
multiplicativity of characters xg(t + s) = xg(t)xr(s). The (adjoint of the) delete condition
is the condition that xg(0) = 1. The (adjoint of the) self-conjugacy condition, finally, is
unitarity of characters xg(t)" = xg(—t).

Under the identification of (F| with g, it is immediate to see that & acts as pointwise
multiplication of characters and that ¢ corresponds to the trivial character, so that G* is
obtained by taking the standard part of the finite elements in w%r*Zw. <

Proof of Proposition 9

Proof. By requiring a; to be near-standard for all ¢ we have singled out exactly those
representations of the non-standard group which yield representations st (ast(t)) for the
corresponding standard group. The defining equations for unitary representations are already
satisfied. The defining equation for a morphism ® : @« — 3 implies that ®a; = 5;P for all ¢,
so that morphism of algebras give equivariant maps of representations. Synchronised parallel
composition speaks for itself. <
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Proof of Proposition 11

Proof. The proof is entirely by straightforward diagrammatic manipulation, based on the
observation that ¥ is exactly the time evolution of the state ¥(0):

Proof of Proposition 12

Proof. That af is a coalgebra for _ ® 0 is a straightforward diagrammatic check using the
algebra equations for o and the snake equations. The fact that Schrédinger’s Equation holds
for the eigenstates of projectors is another straightforward diagrammatic check. |

Proof of Propositions 14, 15 and 16

The proofs are already essentially in the respective diagrammatic statements.
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1 Introduction

String diagrammatic theories are increasingly important in computer science. They have
been recently been used in a number of applications, including enabling the simplification
of quantum circuits using the ZX-calculus [10], compositional descriptions of models of
concurrency such as Petri Nets [18, 6], compositional accounts of signal flow graphs in control
theory [7, 11, 1] and Bayesian reasoning [8, 14, 13]. These examples, as well as many others,
work with the language of symmetric monoidal categories (SMCs). This paper addresses the
need for tool support for symmetric monoidal theories - graphical rewriting systems of SMCs.

CARTOGRAPHER is a graphical editor and proof assistant for symmetric monoidal theories.
It provides a graphical string diagram editor to construct morphisms, and a prover in
which rewrite rules can be specified and executed. Further, CARTOGRAPHER has a firm
theoretical foundation, its rewriting backend based on recent work in the area [5, 3, 20, 4].
The goal of this paper is to motivate CARTOGRAPHER, explain the basic features of the
backend and the front end, and describe some of the technical challenges that were solved
in creating it. The tool and its user guide are available on the CARTOGRAPHER website at
http://cartographer.id/.

Our motivating example is the rewriting system in Figure 1. The intended semantic
interpretation is that of binary circuits, where each wire carries an n bit number for some
fixed n. Green nodes with two outputs copy numbers, those with no outputs discard their
input, while red nodes perform addition modulo 2™.
© Pawel Sobocinski, Paul W. Wilson, and Fabio Zanasi;
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Figure 1 Example rules for binary circuits with copying ({), adding (})7 and discarding (e ).

As well as the rules in Figure 1, this rewriting system implicitly uses three generators;
atomic sub-diagrams, each with some number of inputs and outputs. These are the copy
(-« ), add ("y-), and discard (-e ) operations. The laws of symmetric monoidal categories
permit moving generators around up to an isotopy made precise in [15, 19]. For our purposes,
it suffices to say informally that generators can be slid along wires, and moved around on
the page, but not rotated. By way of example, consider the equivalent diagrams in Figure 2.

Figure 2 Example of string diagrams considered equal under the laws of SMCs.

CARTOGRAPHER allows reasoning modulo the laws of symmetric monoidal categories.
The user can deform morphisms up to the SMC laws without making proofs unsound, and
the prover does not require (e.g. when matching the Lh.s. of a rule) the user to explicitly use
the laws of symmetric monoidal categories. Put another way, the user should not have to
“untangle” the wires of the diagram before applying a rule of some theory.

To put this into context, compare CARTOGRAPHER to two “competing” tools: Quan-
tomatic [17] and Globular [2] (or its more recent descendant, homotopy.io). In a sense,
CARTOGRAPHER sits between them: providing a more general setting than Quantomatic,
while at the same time being more focussed than Globular.

software generality geometric intuition

Quantomatic  compact-closed generators can implicitly be moved and wires bent back
Cartographer symmetric monoidal generators can implicitly be moved

Globular higher categories no implicit deformations permitted

Quantomatic deals with compact closed categories, in which not only may generators be
moved, but wires may be “bent backwards”. In terms of our circuit analogy, this would allow
for feedback, e.g. as used in a simple latch. CARTOGRAPHER allows such feedback, but as an
explicit compact closed structure in the theory at hand, not implicitly assumed to exist by
the underlying tool. On the other hand, Globular is much more general, aiming to support
diagrammatic reasoning in higher categories. While this allows more freedom, when working
with SMCs it comes at the cost of having to explicitly use SMC laws in proofs, e.g. using the
functoriality of the monoidal product to slide two generators past each other.

Contributions

The contribution of CARTOGRAPHER is twofold. First, in the back end we implement an
algorithm for matching and rewriting modulo the laws of SMC based on the adequacy result
of [5]. The algorithm works with a data structure for Open Hypergraphs, which we introduce
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P. Sobocinski, P. W. Wilson, and F. Zanasi

in this paper. Second, in the front end, we use an algorithm for the layout of these directed
acyclic open hypergraphs which behaves well under rewriting and deformation of diagrams.

2 Directed Acyclic Open Hypergraphs

The main problem of implementing rewriting modulo symmetric monoidal structure is in
finding a data structure in which equivalent terms have a single representation. For example,

the two equivalent diagrams of Figure 2 should have the same underlying representation.

Our approach is principled, because it uses the isomorphism between equivalent terms and
cospans of hypergraphs found in [5]. Starting from this result, we propose an alternative but
equivalent representation which is more convenient to work with.

We begin with an overview of the open hypergraphs of [5], and the CARTOGRAPHER data
structure — illustrated in Figure 3 along with the corresponding string diagram. Beginning
with the central (open) hypergraph, hyperedges are denoted Ti 7, and represent the
generators of the string diagram. There are two kinds of nodes, both denoted e. Firstly
(ordered) boundary nodes, which are connected to a single wire (input or output, but not
both). Secondly, internal nodes, having exactly one input and one output wire. These
two conditions are the “monogamicity” requirement of [5], and effectively ensure that the
hypergraph corresponds to a string diagram. For full details, see [5, Definition 3.6].

In contrast, the hypergraphs of CARTOGRAPHER are closed, and so nodes are rendered
simply as wires, each with exactly one input and one output connection. Boundary nodes
are replaced by adding special generators to the signature of the hypergraph, s (boundary
source) and ¢ (boundary target). Nodes are then uniquely identified by the two “ports” they
connect — a port being a specific position on the boundary of a hyperedge.

Figure 3 From left to right: a string diagram, its open hypergraph representation with signature
¥ = {a, c,d}, and the equivalent closed hypergraph with signature ¥’ = X U {s, t}.

» Definition 1. A k¥ — m CARTOGRAPHER hypergraph (3, E, W) consists of:
the signature 3, which can be thought of as the set of types of hyperedges. Each has
arity ar : ¥ — N x N, giving the number of inputs and outputs. We require that the X
contains boundary generators o, 7, with ar(o) = (0, k) and ar(7) = (m,0);
the set of hyperedges E, with a function typ : E — X that assigns types to hyperedges.
Moreover, there are boundary hyperedges {s,t} C E s.t. typ~ (o) = {s}, typ~ (1) = {t};
the set of wires W. Given a hyperedge e € E, if ar(typ(e)) = (p,q) then we say e has
p input ports, denoted e', e?,...,e?, and g output ports denoted eq,es, ..., eq- A wire
w € W is an ordered pair (e;, f7) of a source port e; and a target port f7, denoting a
directed connection from the i** output of e to the j** input of f.

3 \Visualising and Editing Open Hypergraphs

In contrast to Quantomatic [17] which uses a force-directed layout, and Globular [2] which
has a fixed style for morphism layout, we use a layered graph drawing algorithm similar to
that of Dot [12]. Our reasons for choosing layered graph drawing are as follows. Firstly, it
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was an aesthetic choice to represent string diagrams similarly to how they appear in the
literature. Secondly, string diagrams drawn with the layered discipline retain a closer link
with the underlying algebraic description of morphisms, since the term can by easily be
read off the string diagram in the form of a composition-of-monoidal-products. Thirdly, in
contrast to force-directed approaches, the elements of a layered graph layout do not move
around on the page, which is problematic from a user-experience perspective, because they
are harder for the user to click. Additionally, force-directed layouts can change significantly
after a rewrite rule is applied, with little control over the resulting diagram. This can be
confusing for the user, because the string diagram may look very different. Finally, using
layered hypergraphs offers a simple and intuitive way to enforce acyclicity: users may only
connect, generators if the target appears to the right of the source.

Interactive Layered Graph Drawing

We briefly summarise the interactive layered graph drawing approach of CARTOGRAPHER.
By “interactive”, we mean to distinguish CARTOGRAPHER’s layout algorithm from other
layered graph drawing approaches — such as Dot’s — in which a static graph is given as
input, and positions of nodes and edges are returned. CARTOGRAPHER allows for the
incremental construction of hypergraphs, meaning that users begin with a blank canvas, and
add generators and connections one-by-one. We call it a layered graph drawing approach
because it uses two key ideas from those approaches: the user of layers, and of pseudonodes.

» Definition 2. Given a CARTOGRAPHER hypergraph (X, E,W) and e # ¢’ € E, there is
a directed path from e to €’ if there exists a sequence (ey,...,e,) where e¢; € E, e; = e,
e, = €' and for each e;, e;41 there exist ji,j2 such that ((e;);,, (€;+1)72) € W. A layering is
a function L : E — N such that:

(i) if there is a directed path from e to €’ then L(e) < L(€);

(ii) for every non-boundary hyperedge e € E, L(s) < L(e) < L(t).

The layering L essentially serves as the “x coordinate” of each hyperedge. The second
idea from layered graph layout is the use of pseudonodes, which are conceptually related to
the edge-points of Dixon and Kissinger’s Open Graphs [9], but used here only for layout
purposes: they prevent wires from crossing generators. For a concrete example of why this is
desirable, consider Figure 4. In the left-hand diagram, the wire from z to z passes through y
and it is not clear whether z is connected to y and y to z, or if = is directly connected to z.
Inserting pseudonodes into the graph clears up the ambiguity.

Figure 4 Left, a diagram with only generators (rendered e and o), center, the same diagram after
inserting pseudonodes (rendered ), and right, the diagram as it appears with pseudonodes hidden.

The Layout Algorithm

We briefly outline the layout algorithm used in CARTOGRAPHER . Because the algorithm is
interactive, it takes the form of a layout state, and a number of actions that the user can
take. We model these actions as functions of the layout state.
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The layout state is a tuple (H, G) of a hypergraph H as in definition 1, and an integer
grid G, which keeps track of the positions of generators and pseudonodes as two dimensional
vectors. Users can perform two actions on the layout state:

1. Placing a generator at a specific position on an integer grid
2. Moving a generator from one position to another
3. Connecting a source port to a target port

Moving and placing a generator is straightforward: if a generator e is moved or placed
such that it would overlap with another generator f, then f is moved down within the same
layer to make space. However, when connecting ports we must ensure that the hypergraph
H remains acyclic. This is enforced using the following constraints:

If generators e, f have layers such that L(e) < L(f), then outputs of f may not be
connected to inputs of e.
If a generator f is reachable from e, then f may not be moved such that L(f) < L(e).

These constraints ensure that layering respects the properties of Definition 2, preserving
acyclicity. Finally, for every operation, the set of required pseudonodes is maintained, along
with their positions in G. In particular, this means updates for any operation which changes
connectivity, or modifies the number of layers between two generators.

4 Matching, Convexity, Rewriting

As well as an interactive string diagram editor, CARTOGRAPHER enables diagrammatic
reasoning. A derivation consists of a series of rewrites, using a set of rules specified by the
user. A rule consists of two CARTOGRAPHER hypergraphs, the lhs and the rhs, with identical
boundaries. Rewriting is implemented by double-pushout rewriting of hypergraphs, with
soundness and completeness guaranteed by [5, Theorem 5.6].

Applying a rule to a string diagram consists of three steps: finding a match for the lhs a rule,
checking for convexity, and applying the rewrite rule. A match is an hypergraph embedding
(an injective, homomorphic mapping of hyperedges and nodes) of open hypergraphs, with
one subtlety: the boundary ports of the pattern match can map to non-boundary ports in
the target. CARTOGRAPHER builds matches incrementally by using the backtracking logic
library logict [16]. Roughly speaking, wires and generators are added to the working match
until either there are no more unmatched wires or generators, or a contradiction is reached,
in which case the search backtracks. Candidate matches are then checked for convexity [5],
which is needed for a rewrite to be valid modulo the laws of SMCs. Roughly speaking, all
directed paths that start and end in a matched region must remain within the match. Once a
convex match has been identified, the internal hyperedges of the matched region are removed
and replaced with the right hand side of the rewrite rule.

The CARTOGRAPHER Ul shows a list of matches of rules found in the current proof term.

Users can apply rewrites by hovering over each match to see which part of the graph will be
rewritten, and then clicking to apply the rewrite.

5 Conclusions and Future Work

CARTOGRAPHER is still in early stages of development. We are working on:
improving the layout algorithms by adapting heuristics from other tools that work with
layered graphs;
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