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ABSTRACT. We universally characterize the produoidal category of monoi-
dal lenses over a monoidal category. In the same way that each category
induces a cofree promonoidal category of spliced arrows, each monoidal cat-
egory induces a cofree produoidal category of monoidal spliced arrows; mo-
noidal lenses are the free normalization of the cofree produoidal category of
monoidal spliced arrows.

We apply the characterization of symmetric monoidal lenses to the
analysis of multi-party message-passing protocols. We introduce a mini-
malistic axiomatization of message passing — message theories — and we
construct combinatorially the free message theory over a set. Symmetric
monoidal lenses are the derivations of the free message theory over a sym-
metric monoidal category.

MonoIDILISTE KONTEKSTIDE TEOORIA

KokkuvoTe. Karakteriseerime monoidiliste l44tsede produoidilise kategoo-
ria universaalomaduse abil. Nii nagu iga kategooria indutseerib pleissitud
noolte kovaba promonoidilise kategooria, indutseerib monoidiline kategoo-
ria monoidiliste pleissnoolte kovaba produoidilise kategooria; monoidilised
ldatsed on monoidiliste pleissnoolte kovaba produoidilise kategooria vaba
normalisatsioon.

Kasutame siimmeetriliste monoidiliste l44tsede karakterisatsiooni mitme
osapoole sonumiedastusprotokollide analiitisimiseks. Toome sisse sonumiedas-
tuse minimalistliku aksiomatisatsiooni — sonumiteooriaid — ja konstrueerime
vaba sonumiteooria etteantud hulgal. Stimmeetrilised monoidilised ladtsed
on siimmeetrilise monoidilise kategooria vaba sonumiteooria tuletised.
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Preface

Understanding and correctly designing intelligent and explainable systems
could be both, if we get it right, one of the most beneficial human advancements;

and, if we get it wrong, an existential risk for humanity | |. Humanity’s
need for languages and formalisms for trustworthy complex systems is now an
urge.

Mathematics may possibly be the only right tool for this; but mathematics
has not always been concerned with complex and interconnected systems. John
von Neumann, talking about the intelligent and complex system that is the human
brain, famously noted that

the outward forms of our mathematics are not absolutely rele-
vant from the point of view of evaluating what the mathemati-
cal or logical language truly used by the central nervous system
is. However, the above remarks about reliability and logical
and arithmetical depth prove that whatever the system is, it
cannot fail to differ considerably from what we consciously and
explicitly consider as mathematics.
— John Von Neumann, The Computer and The Brain | |

Meanwhile, when we try to describe big interconnected networks with linear
algebra, geometry and calculus, even with all of our achievements, we seem to
miss the point: things get extremely complicated, computationally intractable,
humanly unimaginable; and we declare our defeat, we resort to vague analogies,
and we ask an impenetrable pile of linear algebra to be our oracle.

This does not need to be our strategy: mathematics and computer science
do not advance with bigger computations; they advance with new conceptual
understanding. The past century saw the rise of conceptual mathematics and
theoretical computer science — the kind of mathematics that took seriously the
most elementary notions and cultivated them to tame complex abstractions and
systems [ , , |. Slowly but surely, the development of the concep-
tual theory of categories has brought us to a point where we can forget about
comforting but vague analogies and start talking about complex systems formally
and scientifically.

This thesis is part of the ongoing effort to find better languages and reasoning
tools for science, epistemology, causality and probability: both intuitive graphical
syntaxes for humans to reason with, and formal languages for computers, linked
by a trusted and transparent mathematical formalism.
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Introduction

Processes and Diagrams. Processes come intuitively to us; descriptions
of processes arose independently all across science and engineering, in the form of
diagrams, flowcharts or prose. We reason with them and we depict them all the
time, but that does not mean that we always know how to interpret them: many
diagrams in computer science and elsewhere do not have clear formal semantics,
so we relegate them to serving merely as sources of intuition and inspiration.

The notation has been found very useful in practice as it

greatly simplifies the appearance of complicated tensor or spinor
equations, the various interrelations expressed being discern-

able at a glance. Unfortunately the notation seems to be

of value mainly for private calculations because it cannot be

printed in the normal way. — Penrose and Rindler, Spinors

and Spacetime | |

Diagrams deserve better: we can lift diagrams from mere intuitions to math-
ematical structures; we can defend the legitimate and exceptional conceptual
mathematics we now have to talk about processes and diagrams. This thesis
follows the framework of symmetric monoidal categories. Processes that pass
resources around and that compose sequentially and in parallel form symmetric
monoidal categories; diagrams that depict these processes are no less than a sound
and complete formal syntax for symmetric monoidal categories (e.g. Figure 1).

We will develop formal syntaxes for the compositional description of process,
in particular for — but not restricted to — probabilistic, effectful and non-classical
processes. We make use of category theory as a foundational tool: category the-
ory allows us to characterize a syntactic construction as the one generating a
universal semantics object and, at the same time, it provides a robust classifica-
tion framework for mathematical structures.

FIGURE 1. String-diagrammatic correctness proof for the One-time
pad protocol (Proposition 5.10, | D-
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Algebra and Duoidal Algebra. The main technical idea of this thesis is
natural: in the same way that the analysis of classical algebraic theories required
the development of multicategories — and more precisely, of cartesian multicate-
gories and Lawvere theories — the analysis of process theories, which are them-
selves two-dimensional algebraic theories, requires the development of monoidal
multicategories and duoidal categories.

Multicategories, or colored operads, are mathematical structures that de-
scribe algebraic theories. In 1963, Lawvere introduced a categorical approach to
universal algebra | |: a theory can be captured by the cartesian multicate-
gory containing all of its derived operations, and this notion is invariant to the
specific primitive operations we choose to present the theory. This idea opens the
field of functorial semantics: theories are categories, models are functors, and ho-
momorphisms are natural transformations. More importantly, Lawvere’s thesis
gives a robust account of classical algebra that can be modified to suit our needs:
the same framework can be employed for deductive systems | ], higher-order
algebra | |, relational algebra [ |, or partial algebra |

How does it apply to process theories? Monoidal categories and multicate-
gories are not structured enough for the task of describing 2-dimensional struc-
tures themselves: we need duoidal categories and produoidal categories [ |
Intermediate algebraic expressions with variables are not complete expressions;
they are only conterts into which we can plug values, and context is of cen-
tral importance in computer science: we model not only processes but also the
environment in which they act. While the algebra of 1-dimensional context is
commonplace in applications like parsing | |, the same concept was miss-
ing for 2-dimensional syntaxes, which are still less frequent in computer science

[ ; B522].

LA
] (A LA
X A 71
y 1y 1A TX TX |',(]
" ? JB l__d [wd R
?B f1(13,

Sl B B Bl

FIGURE 2. A depiction of monoidal lenses, or incomplete processes.
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Duoidal categories are well-known and there is a reasonable body of literature
primarily concerned with applications in pure algebra and algebraic topology
[ , |; but the usage of duoidal categories to study processes is less
frequent: two notable examples are the treatment of commutativity in the work of
Garner and Lopez Franco | |, and the study of “compositional dependencies”
in the recent work of Spivak and Shapiro | |. In this text, duoidal categories
and monoidal multicategories allow us to postulate axioms for modularity and
message passing; these axioms apply to any symmetric monoidal category, or any
process theory.

Fundamental Structures for Message Passing. This main idea has an
immediate consequence that we explore in the second part of this thesis: we
can now develop an algebra for incomplete processes and their communication.
While concurrent software has been intensively studied since the early 60s, the
theoretical research landscape remains quite fragmented: we do not have a satis-
factory understanding of the underlying mathematical principles of concurrency,
and the proliferation of models has not helped us understand how they relate.
Indeed, Abramsky | | argued in 2006 that we simply do not know what the
fundamental structures of concurrency are.

A way to identify such principles and arrive at more canonical models is
to look for logical or universal properties. An example of the former is the
discovery of and work on Curry-Howard style connections between calculi for
concurrency and fragments of linear logic, which led to the development of ses-
sion types | , |. We take the latter route: departing from monoidal
categories and their theory of context, we universally characterize a minimalistic
axiomatization of message passing in process theories.

Concurrent message passing assumes two principles: interleaving and po-
larization. Polarization is a categorical technique to construct dualities; and
in message passing, it constructs the duality between sending and receiving
[ , |. Interleaving is well-known in concurrency, and it mod-
els the ability of multiple processes to advance in parallel by mixing their global
effects: imagine multiple processes determined by a sequence of statements; their
concurrent execution may shuffle these statements in any possible order — the only
requirement is to preserve the relative order of statements within any single pro-
cess. We will not only propose a minimalistic axiomatization of message passing
from these two principles, but we will also characterize the universal structures
for message passing on a process theory.

Briefly, we assume polarized types, X*® and X°, that correspond to sending
and receiving; and ordered lists of types describe sessions. Our axioms ask that
(i) a sending port can be linked to a receiving port; (i) echoing allows us to
receive and then send; (4ii) sequences of actions can be interleaved by a shuffling
7; and (iv) there exists a no-operation that does nothing.
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T, X* X° A
———  (com)

T A W (sPw) ———— (SHF;) — (NOP)

([, A) 0

F1GURE 3. Type-theoretic presentation of a message theory.

This is a naive logic of message passing, but its strength is that it can be char-
acterized mathematically using duoidal categories and, more concretely, physical
monoidal multicategories, which we introduce. This paves the way to an ad-
junction that characterizes the free message theory on top of any process theory.
The idea is simple but powerful: in order to construct message theories, we need
to add global effects for sending and receiving to our process theories | I;
Theorem 5.9 notices that the diagrams for resulting effectful process theories can
be wired precisely in the ways that the minimalistic logic of message passing

A
e

I
e

r

i

FIGURE 4. One-time pad protocol, split in four actors, mixed with
a shuffle.

This means that the only addition to our process are two global effects (send-
ing and receiving), that we depict using special red wires in the string diagrams.
Each party in a session will have one of these red wires, and the logic of message
passing allows us to combine them together. For instance, if the one-time pad
protocol consists of a party (say, Alice) sending a message to another party (say,
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Bob), with an attacker (say, Eve), sharing a Stage that only allows broadcasting
of messages; then these are four parties that connect together (Figure 4).

Global Effects. It remains then to explain the idea of global effects. Most
imperative programming languages assume that there exist a global state that
the program affects. Full parallelism is not possible when two programs need to
change this global state in a specific order: they could run into race conditions
[ I

However, mathematical theories of processes often assume no global state;
processes do not interact with each other except when it is explicit that they
do. This property is called purity in some functional programming languages
[ | and that makes it easier to reason with them. The problem is that
even pure functional programming languages need some techniques to change
global state, and mathematical structures like monads | | or arrows | |
achieve precisely this — they take a pure theory and endow it with global effects.

Effects, monads and arrows create premonoidal categories [ , |
These are not monoidal categories, but Alan Jeffrey | | still introduced a
string diagrammatic calculus for them: it is similar to the string diagrammatic
calculus of monoidal categories, but it adds a red wire to control effects. This
thesis proves that the extra red wire ensures a sound and complete graphical
calculus for premonoidal categories.

Monoidal Context Theory. All these ideas align to produce a theory
of contexts, or incomplete processes, in monoidal categories. Each monoidal
category can generate a premonoidal category with the global effects of sending
and receiving. The string diagrams of this new premonoidal category can be
combined using the logic of message theories, and in fact, they form the free
message theory on top of the original process theory: we can use them to reason
and decompose multi-party processes in arbitrary process theories.
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Overview

Chapter 1: Process Theories. Chapter 1 is an introduction to monoidal
categories and their string diagrammatic syntax. Section 1 defines strict monoi-
dal categories in terms of process theories and introduces their string diagrams.
Section 4 defines their symmetric counterpart and their type theory in terms of
do-notation, while Sections 2 and 3 extend string diagrams to non-strict monoidal
categories and bicategories, variants that we will employ later.

Section 6 is an introduction to premonoidal categories and effectful categories.
Section 7 gives their string diagrammatic calculus and proves its soundness and
completeness. Finally, Section 5 studies linearity, copying and discarding in terms
of monoidal categories. This concludes a basic treatment of processes in terms of
monoidal categories.

Chapter 2: Context Theory. Chapter 2 introduces profunctors, in Sec-
tion 1, and multicategories, in Section 2, as the mathematical tools to analyze
decomposition. Profunctors provide a canonical equivalence relation, dinatural-
ity, that we use whenever we study decomposition; in fact, it brings us to consider
malleable multicategories in Section 3. Section 4 presents the splice-contour ad-
junction between a category and its malleable multicategory of incomplete terms,
or contexts.

Chapter 3: Monoidal Context Theory. Chapter 3 brings context the-
ory to the monoidal setting. Section 1 and Section 2 introduce duoidal categories
and normal duoidal categories. The duoidal counterpart of malleable multicate-
gories are produoidal categories and we introduce their splice-contour adjunction
in Section 3. The idempotent normalization monad of produoidal categories is
constructed in Section 4, and it is used in Section 5 to normalize monoidal spliced
arrows and obtain a universal characterization of monoidal lenses.

Chapter 4: Monoidal Message Passing. Chapter 4 starts defining mes-
sage theories in Section 1. Section 2 studies its categorical semantics in terms of
physical monoidal multicategories. Section 3 introduces polarization and opens
the way for Section 4 to define polar shuffles and prove that they form a free
polarized monoidal multicategory. Section 5 constructs an adjunction between
process theories and message theories.
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Contributions

The main results of this thesis are Theorem 5.3 and Theorem 5.9. They
universally characterize, in two different ways, the produoidal structure of in-
complete diagrams: the former is used for a theory of monoidal context, the
latter is used for message passing.

The definition of message theory (Definitions 1.1 and 1.2 and proposition 1.4)
is novel. There does not seem to be literature specifically on physical monoidal
multicategories (Definition 2.4) nor on the observation that shuffles form the free
one (Proposition 2.9) — even when, admittedly, these are all variations on the idea
of physical duoidal categories and an old result by Grabowski [Gragl]. We give a
different presentation of polarization in monoidal categories (Proposition 3.4), we
discuss the problems of polarization in monoidal categories (Proposition 3.6) and
we propose a solution describing polarization in physical monoidal multicategories
(Definition 3.7). The definitions of polar shuffle (Definitions 4.1 and 4.2) and their
physical monoidal multicategory (Theorem 4.7) are new contributions, as it is its
proposed characterization as a free polarized physical monoidal multicategory
(Theorem 4.11). Our main contribution is the final adjunction between sessions
and processes (Theorem 5.9).

Duoidal categories are well-known, but we write down some observations
about coherence in Proposition 1.6 and we contribute the definition of the phys-
ical tensor (Definition 2.14). Our main contribution is not only the monoidal
splice-contour adjunction (Theorem 3.10); the adjunctions between produoidal
categories and normal produoidal categories, and between symmetric produoidal
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categories and physical produoidal categories, with the construction of an idem-
potent monad Theorems 4.6 and 4.10, are contributions to pure category the-
ory. Theorem 5.3 consitutes the first universal characterization of the whole
produoidal category of lenses.

Even when do-notation is well-known, a categorical treatment like the one in
Theorem 4.21 seemed to be missing from the literature; it is based in an exposi-
tion of string diagrams that is unusual in that it takes adjunctions as the main
construction (Theorem 2.5). The string diagrams for premonoidal categories and
effectful categories are a new formalization (Theorem 7.8) that is detailed in other
papers by this author [ ]. We propose a new way of seeing coend calculus
(Section 1.4) that is used briefly in this thesis but that is more extensively ex-
plained in other papers by this author | |. The only contribution that we
claim while translating the splice-contour adjunction to promonoidal categories
is realizing their characterization as malleable multicategories (Proposition 3.10),
which is admittedly a new spin on the usual characterization as closed multicat-
egories.

Publications

The following is the list of publications authored or coauthored during the
preparation of this thesis. As is customary in mathematics, we list authors in
alphabetical order.

(1) Bryce Clarke, Derek Elkins, Jeremy Gibbons, Fosco Loregian, Bartosz
Milewski, Emily Pillmore, and Mario Roman. Profunctor optics, a cate-
gorical update. Accepted at Compositionality, preprint abs/2001.07488,
2020, | |
The author wrote the manuscript, proved the main theorem and prepared
the literature review. The main ideas come from discussions with all the
authors during the Applied Category Theory School. Bartosz Milewski
proposed the original research problem. Jeremy Gibbons provided feed-
back and supervised previous work by this author on a similar topic.
Derek Elkins and Fosco Loregian helped improve the mathematical pre-
sentation. Emily Pillmore revised and improved the Haskell implemen-
tation. Bryce Clarke noticed an important mistake in the first version
of this work and proposed a solution.

(2) Mario Roman. Open diagrams via coend calculus. Applied Category
Theory 2020. Electronic Proceedings in Theoretical Computer Science,
333:65-78, Feb 2021, | ].

The author is the single author of this manuscript. The author defined
the research question and all of the results of the paper.
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Guillaume Boisseau, Chad Nester, and Mario Roméan. Cornering op-
tics. In Applied Category Theory 2022, Preprint abs/2205.00842, 2022,
[BNR22]

The author found a problem with the initial versions of the draft and
helped resolving it. The main idea for this paper is due to Guillaume
Boisseau and Chad Nester. Chad Nester wrote the final version.

Mario Romén. Promonads and string diagrams for effectful categories.
In Jade Master and Martha Lewis, editors, Proceedings Fifth Interna-
tional Conference on Applied Category Theory, ACT 2022, Glasgow,
United Kingdom, 18-22 July 2022, volume 380 of EPTCS, pages 344—
361, 2022, | ].

The author is the single author of this manuscript. The author defined
the research question and all of the results of the paper.

Elena Di Lavore, Alessandro Gianola, Mario Romén, Nicoletta Saba-
dini, and Pawel Sobocinski. A canonical algebra of open transition
systems. In Gwen Salaiin and Anton Wijs, editors, Formal Aspects of
Component Software - 17th International Conference, FACS 2021, Vir-
tual Event, October 28-29, 2021, Proceedings, volume 13077 of Lecture
Notes in Computer Science, pages 63-81. Springer, 2021, | ]
The author proposed and proved the main theorem. The author wrote
the manuscript together with Pawel Sobocinski and Elena Di Lavore.
Nicoletta Sabadini proposed the research topic. Alessandro Gianola pro-
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CHAPTER 1

Monoidal Process Theory

Monoidal Process Theory

This chapter gives an overview of monoidal categories, their variants and their
syntaxes. Monoidal categories are our framework of choice for process theories:
we claim that the minimalistic axioms of monoidal categories capture what a
process theory is and we assume them for the rest of the thesis.

Section 1 recalls monoidal categories and their string diagrams. Section 2
shows that the same axioms and syntax apply to non-strict monoidal categories
and Section 3 extends them to bicategories, which we will briefly use later. Sec-
tion 4 presents our definitive notion of process theory: symmetric monoidal cate-
gories. Symmetric monoidal categories have two syntaxes that are not commonly
presented together: a string diagrammatic syntax in terms of hypergraphs and a
term theoretic syntax — Hughes’ do-notation | |. We argue that these two
syntaxes further justify symmetric monoidal categories as a natural setting for
processes.

There is a final concept that has been traditionally left out of monoidal
categories: computational effects. We argue in Sections 6 and 7 that, far from
being a problem that requires an extension of monoidal categories, as usually
assumed, computational effects can still use the same diagrammatic syntax of
string diagrams. This will be crucial for the next chapters in message passing:
messages will constitute a computational effect, but our results in this chapter
allow us to model them without having to leave the syntax of monoidal categories.
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1. Monoidal Categories

1.1. Strict Monoidal Categories. Monoidal categories are an algebra of
processes, with minimal axioms. The definition of monoidal category — and this
thesis — follow a particular tradition of conceptual mathematics: category the-
ory. Category theory aims to extract mathematical structures in an abstract and
general form. As one such structure, monoidal categories are permissive: pro-
cess theories like quantum maps and Markov kernels form monoidal categories

[ , , |; and even relations among sets or the homomorphisms
of modules over a ring form monoidal categories [ , ]. We start by
reinterpreting MacLane’s axioms for a monoidal category [ | in terms of
processes.

Definition 1.1. A strict monoidal category C consists of a monoid of objects,
or resources, (Copj, ®,I), and a collection of morphisms, or processes, C(X;Y),
indexed by an input X € C,; and an output Y € Cy;. A strict monoidal
category is endowed with operations for the sequential and parallel composition
of processes, respectively

(3): C(X3Y) x C(Y; Z) — C(X; 2),
(®): C(X;YV)xC(X V) -C XX YoV,

and a family of identity morphisms, idx € C(X; X). Strict monoidal categories
must satisfy the following axioms.

(1) Sequencing is unital, f¢idy = f and idx § f = f.

(2) Sequencing is associative, f§(gsh) = (f39)3h.

(3) Tensoring is unital, f ® id; = f and id; ® f=1r

(4) Tensoring is associative, f ® (g®@ h) = (f ® g) ® h.

(5) Tensoring and identities interchange, id4 ® idg = idagB.
(6) Tensoring and sequencing interchange,

(fsge(f'sd)=(ef)sed).

Remark 1.2 (Process theories). Objects are also known as types or resources
[ |. If X and Y are both resources, it is reasonable to assume their joint
occurrence is also a resource, X ® Y'; this joining operation, called tensor (®),
must be unital with the empty resource I. Morphisms represent transformations
or processes. If we have a process transforming X into Y and a process transform-
ing Y into Z, we can sequence them (3) and create a process that transforms X
into Z. The process that does nothing, the identity (id), is neutral for sequential
composition. Similarly, transforming X into Y and transforming X’ into Y’ gives
a way of transforming the joint object X ® X’ into Y ® Y/. Whenever we accept
these basic constructions and axioms, we end up with strict monoidal categories.
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Once we have accepted these basic axioms, the next sections develop a syntax
for monoidal categories: string diagrams. String diagrams are an intuitive syntax
for process that is sound and complete for the previous axioms.

1.2. Some Words on Syntax. What makes a mathematical syntax prac-
tical? Different syntaxes highlight different aspects of a proof, and we consider
better those that make the more bureaucratic steps invisible. Syntaxes are an ex-
plicit construction of the free mathematical object with some algebraic structure;
what makes them efficient is how we construct them.

For instance, how to prove that, in a group, the inverse of a multiplication is
the reversed multiplication of the inverses? Usually, we simply observe that

(0oy) e ) =gy =
that is, a simple computation checks that each letter is cancelled by its inverse.
But we could be more bureaucratic and argue that the correct proof is, actually,

@) -t Loyt

@y e

This proof uses associativity (i, ), the definition of inverse (7, v), and unitality
(iv). What makes these two proofs different? We can argue that, implicitly, they
are using different syntaxes, constructed in different ways | |

The bureaucratic syntax implicitly assumes the tautological construction of
a free group. The free group on a set is generated by the elements of the set, the
binary multiplication (-), the unit (e), and the inverse unary operator (~!); then,
it is quotiented by associativity, unitality, and the inverse axioms. Tautological
constructions only allow bureaucratic proofs — but we can do better.

How does one construct free objects non-tautologically? The usual strategy
is to first show that some combinatorial structure possesses the desired algebraic
structure (say, it forms a group with some selected elements). This combinatorial
structure will be as simple as possible, will relegate most steps to computation,
and will use minimal quotienting. The result that makes this recipe work is
freeness: the fact that it defines an adjunction (say, there exists a unique map to
any group with some elements).
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More concretely, in our example, we know of a better classical construction of
the free group: reduced words. Reduced words are lists containing some genera-
tors and their inverses. The only condition is that they cannot contain ocurrences
of a generator followed by its inverse: they get automatically cancelled out.

Definition 1.3. Given a set A, the reduced words over it, Word(A), are lists of
polarized elements of A — that is, a or a~! for each @ € A — not containing the
substrings aa~! or a~'a for any element a € A.

Definition 1.4. The multiplication of two reduced words is inductively defined:
if the first word is empty, then the multiplication is defined to be the second,
e - wy = wao; however, if the first word consists of a letter and a word, aw; or
a~'wi, then we consider two cases: we first compute w; - wo by induction; if this
word starts by the inverse of the first letter, a=! - w’ or a - w’, then they both
reduce and the multiplication is w’ - ws, otherwise, we just append the first letter,
a(wy - wa).

Remark 1.5. It is non-trivial to prove that this multiplication is associative: the
effort we put in here is the ease we get in return every time we use the syntax.
We spare the reader this proof and we focus only on showcasing the syntax.

Proposition 1.6. The inverse of a multiplication is the reversed multiplication
of the inverses.

PROOF. Reduced words form a group, in fact, the free group over some
generators. In the group of reduced words, (zy)-(y~tx~1) = e holds by definition.
Because of freeness, there is a unique group homomorphism mapping this equality

to any two elements of any other group. (I

The core of this argument has been to construct, combinatorially, a left ad-
joint Words: Set — Group to the forgetful functor Forget: Group — Set. This
thesis will use adjoints as a more compositional way to discuss syntax. Let us
start with the first of these syntaxes: string diagrams for monoidal categories.

1.3. String Diagrams of Strict Monoidal Categories. Monoidal cat-
egories have a sound and complete syntax in terms of string diagrams | I,
which is the one we will use during this text. We may prefer the classical axioms
of monoidal categories when proving that some category is indeed monoidal, but
proving equalities in a monoidal category is easier using deformations of string di-
agrams — we will not need to remember the formulas. Accepting string diagrams
and deformations as a criterion for equality is equivalent to accepting the axioms
of strict monoidal categories: whenever we accept one, we accept the other.

A first example of this syntax describing a process is in Figure 1 | |.
String diagrams construct an adjunction between a category of polygraphs and
a category of strict monoidal categories.
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FIGURE 1. Process of preparing a Crema di Mascarpone, adapted
from Sobocinski.

Definition 1.7. A polygraph G (analogue of a multigraph | ]) is given by
a set of objects, Gopj, and a set of arrows G(Ao,...,An; Bo,...,By,) for any
two sequences of objects Ay, ..., A, and By, ..., By. A morphism of polygraphs
f: G — H is a function between their object sets, fo: Gopj — Hopj, and a family
of functions between their corresponding morphism sets for any two sequences of
objects

f: g(A07 e 7An7 BOa vy Bm) — H(f0A07 sy foAn; f0B07 ey foBm)'
Polygraphs with polygraph homomorphisms form a category, PolyGraph.

Definition 1.8. A strict monoidal functor, F': C — D, is a monoid homorphism
between their object sets, Fopj: Copj — Dopj, and an assignment taking any
morphism f € C(X;Y) to a morphism F(f) € D(FX;FY). A functor must
preserve sequential composition, F(f ¢ g) = F(f) ¢ F(g); parallel composition,
F(f®g) = F(f) ® F(g); and identities, F(id) = id. Strict monoidal categories
with strict monoidal functors form a category, MlonCats,.

Definition 1.9. A string diagram over a polygraph G (or progressive plane graph
in the work of Joyal and Street | , Definition 1.1]) is a graph I' embedded in
the squared interval such that

(1) the boundary of the graph touches only the top and the bottom of the
square, 6I" C {0,1} x [0, 1];
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(2) and the second projection is injective on each component of the graph
without its vertices, I' — I'g; this makes it acyclic and progressive.

We call to the components of I' — I'g wires, W; we call the vertices of the graph
nodes, I'g. Wires must be labelled by the objects of the polygraph, o: W — G,
nodes must be labelled by the generators of the polygraph, m: I'g — G; and each
node must be connected to wires exactly typed by the objects of its generator —
a string diagram must be well-typed.

Lemma 1.10. String diagrams over a polygraph G form a monoidal category,
which we call String(G). This determines a functor,

String: PolyGraph — MonCats;,.

PROOF SKETCH. The objects of the category are lists of objects of the poly-

graph, which we write as [Xo, ..., X,], for X; € Gop;. These form a (free) monoid
with concatenation and the empty list.
Morphisms [Xo,...,X,] = [Yo,..., Y] are string diagrams over the poly-

graph G such that (i) the ordered list of wires that touches the upper boundary
is typed by [Xo, ..., Xn], and (i) the ordered list of wires that touches the lower
boundary is typed by [Yo,...,Yn].

H o x’oo Xu
Cee o P %o ¥n
. |
L3 'ﬂ e
A B Bl | Bl B [
e T ees Teee T —
TR % % Ve 20 7 % X
{ ®® ol s id.

FIGURE 2. Strict monoidal category of string diagrams.

Figure 2 describes the operations of the category. The parallel composi-
tion of two diagrams «: [Xo,...,X,] = [Yo,..., Y] and o: [X{,..., X])] —
[Yy, ..., Y, ] is their horizontal juxtaposition. The sequential composition of two
diagrams a: [Xg,...,Xn] = [Yo,..., Y] and 8: [Yo,..., Y] = [Zo,..., Zk] is
the diagram obtained by vertical juxtaposition linking the outputs of the first to
the inputs of the second. The identity on the object [Xo, ..., X,] is given by a
diagram containing n identity wires labelled by these objects. ([

Lemma 1.11. Forgetting about the sequential and parallel composition defines a
functor from monoidal categories to polygraphs,

Forget: MonCats;, — PolyGraph.
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PROOF. Any monoidal category C can be seen as a polygraph Forget(C)
where the edges are determined by the morphisms,

Forget(C)(Ag, ..., An; Boy-- -, Bin) =C(Ag®...® A,,, By ® ... ® Bp,),

and we forget about composition and tensoring. It can be checked, by its defini-
tion, that any strict monoidal functor induces a homomorphism on the underlying
polygraphs. O

THEOREM 1.12 (Joyal and Street, [ , Theorem 2.3]). There exists an
adjunction between polygraphs and strict monoidal categories, String - Forget.
Given a polygraph G, the free strict monoidal category String(G) is the strict
monoidal category that has as morphisms the string diagrams over the generators
of the polygraph; the underlying polygraph determines the right adjoint.

1.4. Example: Crema di Mascarpone. This first example shows how to
construct morphisms in a monoidal category. The theory for preparing crema di
mascarpone contains the following resources,

{egg, white, yolk, shell, whisked white, sugar, mascarpone, paste, thick paste, crema}.

These resources are the objects of the polygraph also containing the following
seven generators, as in Figure 3.

1) crack: egg — white ® shell ® yolk,

2) beat: yolk ® yolk ® sugar — paste,

3) stir: paste ® mascarpone — thick paste,

4) whisk: white ® white — whisked whites,

5) fold: whisked whites ® thick paste — cream,

6) swap: yolk ® white — white ® yolk,

7) discard: shell — 1.

All these resources form a polygraph C. Thanks to the adjunction between poly-
graphs and monoidal categories, deciding how to interpret the resources and the
generators of the polygraph in any monoidal category, C — Forget(D), is the
same as creating a strict monoidal functor that interprets string diagrams in that
category, String(C) — D. In particular, it interprets Figure 1 as a morphism in
the monoidal category D.

Usually, discarding and swapping are better understood as global structure
with which all of the objects of the category are endowed. Even better than
asking for the last generator in Figure 3, we will ask for the ability to copy or to
swap resources freely. This is done via cartesian monoidal categories or symmetric
monoidal categories, respectively.

Py

1.5. Bibliography. Monoidal categories, together with their coherence the-
orem, were first introduced by MacLane | , ], explicit equivalence the-
orems are given later by Joyal and Street | |. String diagrams as progressive
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F1GURE 3. Polygraph for the theory of mascarpone.

graphs were introduced by Joyal | ]. Our presentation follows the resource
theories of Coecke, Fritz and Spekkens [ ]

Petri nets and process calculi are alternative mathematical approaches to
process theory; at the same time, they are arguably particular cases of monoidal
categories | |. Monoidal categories as circuits and processes are explicitly
pioneered by Sabadini, Walters, Carboni and Street | , |. The string
diagrammatic recipe for “crema di mascarpone” is an adaptation of a blog post
by Sobocinski | ]. We also follow the ideas of Shulman on categorical logic

[ |-
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2. Non-Strict Monoidal Categories

We have just argued for the axioms of strict monoidal categories as our pro-
cess theories and string diagrams as our syntax. The bad news is that there
exists a technicality preventing many interesting examples from ever forming a
strict monoidal category; the good news is that neither the axioms of monoi-
dal categories nor our string diagrams need to change at all to accommodate this
technicality: this curious phenomenon is possible thanks to MacLane’s strictifica-
tion and coherence results | |. This section introduces non-strict, or general
monoidal categories, and it immediately details how MacLane’s results ratify the
axioms of strict monoidal categories.

2.1. Non-Strictness. The axioms of strict monoidal categories are enough
to study a broader class of mathematical structures: non-strict monoidal cate-
gories.

What is a non-strict monoidal category? In a monoidal category, the tensor
(®) is not required to be associative or unital. Because of how we usually con-
struct our definitions, it is not always the case that X @ (Y @ Z7) = (X ®Y)® Z.
Consider the theory of sets and functions, with the cartesian product (x) as the
tensor. If we define

XxY={(z,y) | reX,yeY},

then, simply, X x (Y x Z) # (X xY) x Z. However, it is still the case that there
exist two functions X x (Y xZ) - (X xY)xZ and (X xY)xZ — X x (Y xZ) and
that these functions are mutual inverses for sequential composition. Whenever
this happens in a category, we say these two objects are isomorphic (&) and
the morphisms are isomorphisms. In a monoidal category, the tensor is not
associative and unital but it is still associative and unital up to an isomorphism.
This may sound like a minor technicality, but it makes many examples fail to
form a monoidal category.

Definition 2.1. A monoidal category, (C,®, I, a, A, p), is a category C equipped
with a pair of functors (®): C x C — C, and I € C, called tensor and unit re-
spectively. and three families of isomorphisms called the coherence maps:

(1) the associator axyz: (X ®Y)Z=X® (Y ® Z),

(2) the left unitor Aa: I ® A = A and

(3) the right unitor p4: A® I = A.
These three families of maps must be natural, meaning they commute with other
well-typed morphisms of the monoidal category. Moreover, these must be such
that every formally well-typed equation between coherence maps holds.

Proposition 2.2. A strict monoidal category is precisely a monoidal category
where a, A, and p are identities.
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PROOF. The naturality of the coherence maps, whenever these are identities,
is the same as the associativity and unitality of the tensor (3 and 4). Functo-
riality of the tensor is the same as the interchange axioms (5 and 6); while the
functoriality of the unit is trivially true. O

2.2. Coherence. The conditions of the definition of a non-strict monoidal
category may seem too strong: we are asking that a wide family of equations (all
the formally well-typed ones) hold. Fortunately, the coherence theorem shows
that simply checking two families of equations is enough.

THEOREM 2.3 (MacLane, | ). The three different families of coherence
maps (a, A, p) satisfy all formally well-typed equations between them whenever
they satisfy the triangle and pentagon equations:

(1) ax 1y (ldx ® /\y) =px ® idy, and
(2) (ax,y,z®id) saxyezw s (dx @ ayvzw) = axey,z,w § OX,y,2eW-

Finally, the theorem that allows strict monoidal categories to talk about
non-strict monoidal categories is the strictification theorem that says that any
monoidal category is monoidally equivalent to a strict one. This does determine
an adjunction with extra structure, making it a 2-adjunction | |

THEOREM 2.4 (Joyal and Street, | ). Any monoidal category is equivalent
via a strong monoidal functor to a strict one. There exists a 2-adjunction between
the category of monoidal categories and strong monoidal functors and the category
of strict monoidal categories with strict monoidal functors. Moreover, the unit of
this 2-adjunction is an equivalence.

2.3. String Diagrams of Monoidal Categories. While it is true that we
can construct the free strict monoidal category on a polygraph, it is not true yet
that we know how to construct the free monoidal category (the non-strict one)
over a polygraph; in fact, this seems to be impossible. This could be misread
as saying that string diagrams are not equally sound and complete for monoidal
categories. Nothing is further from the truth: even if there are now multiple ways
of interpreting a string diagram in a monoidal category, these are essentially equal
— they define isomorphic functors.

THEOREM 2.5. There is a pseudoadjunction between the locally discrete 2-
category of polygraphs and the 2-category of monoidal categories, strong monoidal
functors and monoidal natural transformations.

PrOOF SKETCH. This pseudoadjunction arises as a combination of two dif-
ferent 2-adjunctions. The first one is the adjunction between polygraphs and
strict monoidal categories we have studied before. The second one is described
in Theorem 2.4, and its unit defines an equivalence: every monoidal category is
equivalent to a strict one.
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FIGURE 4. Pseudoadjunctions between polygraphs and monoidal
categories.

It is well known that each time that we have two adjunctions in this dispo-
sition we can reduce one along the other, provided that the unit of the former is
invertible (see Proposition 3.10). In this case, the unit is not exactly invertible
but merely an equivalence: as a consequence, we obtain not another 2-adjunction
but merely a pseudoadjunction. This concludes the proof. O

2.4. Bibliography. The coherence results go back to MacLane, Joyal and

Street [ , |; Hermida arrived at the same result via multicategories
[ , |; and there is a more modern account by Becerra detailing the
2-adjunction between strict and non-strict monoidal categories | |, which

Campbell studies for bicategories | |
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3. String Diagrams of Bicategories

Bicategories are the second extension of monoidal categories that we will
employ during the text. If monoidal categories were well-suited to reason about
process theories, bicategories, one level up, are well-suited to reason about cate-
gories themselves; however, their string diagrammatic syntaxes are very close.

String diagrams of monoidal categories can be easily extended to bicategories
if we allow ourselves to color the regions. Coloring the regions simply constrains
which objects can be tensored: this algebraic structure is a bicategory, also known
as a weak 2-category. In a bicategory, two objects must coincide along a boundary
to be tensored.

Definition 3.1. A strict 2-category B consists of a collection of objects, or 0-cells,
Boy;, and a category of morphisms or 1-cells between any two objects, B(A; B).
A strict 2-category is endowed with operations for the parallel composition of
1-cells,

(5): B(A; B) x B(B; C) — B(A; C),
(1a): B(4; A),

that are associative and unital both on objects and morphisms, meaning that
(X3Y);Z=X3;(Y;Z),and 143 X = X = X ; Ip. Bicategories must satisfy
the following axioms, making parallel composition a functor:

(1) parallel composition is unital, f;id = f, and id ; f = f;

(2) parallel composition is associative, f;(g;h) = (f39)3h;

(3) compositions are unital, id ;id = id;

(4) compositions interchange, (f59);(f'59") = (f35/)3(g959).

Remark 3.2. A single-object strict 2-category is exactly a strict monoidal cat-
egory.

3.1. String diagrams of 2-categories. Let us briefly comment on how
the string diagrams of monoidal categories extend to bicategories. We repeat
the same definitions and the same theorems, just taking care of matching the
boundaries this time.

Definition 3.3. A bigraph, or 2-graph, B is given by a set of objects, Boy;; a set
of arrows between any two objects, B(A; B); and a set of 2-arrows between any
two paths of arrows, B(Xo, ..., Xn;Yo0,...,Ym).

A bigraph homomorphism, f: A — B, is a function between their object
sets, fo: Aop; — Bopj; a family of functions between their corresponding arrow
sets, f: A(A; B) — B(f(A), f(B)); and a family of functions between their cor-
responding 2-arrow sets,

f: A(Xo,...,Xn;Yo,...,Ym) — B(fXQ,,an,fYO,,me)
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Bigraphs with bigraph homomorphisms form a category, BiGraph.

Definition 3.4. A string diagram over a bigraph A is a string diagram over
the polygraph formed by arrows and 2-arrows, additionally satisfying that each
region is labelled by an object of the bigraph, and in such a way that any wire is
labelled by an arrow connecting the labels of the two regions.

THEOREM 3.5. There is an adjunction between bicategorical graphs and 2-
categories with strict 2-functors between them. The left adjoint is given by colored
string diagrams over the bigraph.

3.2. Bicategories. Strict monoidal categories have a weak analogue that
still shares the same syntax — (weak, or non-strict) monoidal categories. In the
same way, strict 2-categories have a weak analogue that shares the same syntax:
weak 2-categories, sometimes called bicategories.

Definition 3.6. A bicategory (B,;, I, a, A, p) is a collection of 0-cells, By, to-
gether with a category B(A; B) between any two 0-cells, A, B € B, and functors

(3): B(A; B) x B(B; C) — B(A;C), and I4: B(A; A),

that are associative and unital up to isomorphism, meaning that there exist
natural isomorphisms describing associativity ax v z: (XQY)®Z = X®(Y®Z),
left unitality Ax: [4 ® X = X and right unitality px: X ® Ip = B.

Conjecture 3.7. There is a pseudoadjunction between the locally discrete 2-
category of bicategorical graphs and the 2-category of bicategories, pseudofunctors
and icons (see Campbell, Garner and Gurski’s work for the higher structure of
the strictification adjunction [ , ).

3.3. Example: Adjunctions. We exemplify the usage of string diagrams
for bicategories in an abstract definition of adjunctions. We then use string
diagrams to prove a theorem about adjunctions.

Definition 3.8. The theory of a duality in a bicategory contains two 0O-cells A
and B; it contains two 1-cells between them, L: A — B and R: B — A, and it
contains two 2-cells, e: LsR — I and n: I — R3L, that satisfy (id®n)s(e®id) = id
and (n®id) § (Id ® ) = id.

Remark 3.9. Adjunctions are dualities in the bicategory of categories, functors,
and natural transformations.

Proposition 3.10 (Reducing an adjunction). Let F: A - C and HsU: C — A
determine an adjunction (F,H 3U,n,e) and let P: B — C determine a second
adjunction (P, H,u,c) such that the unit w: I — P § H is a natural isomorphism
(as in Figure 6). Then, F § H is left adjoint to U.
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FIGURE 6. Setting for reducing an adjunction.

PROOF. We employ the string diagrammatic calculus of bicategories for the
bicategory of categories, functors and natural transformations | |. We define
the morphisms in Figure 7 to be the unit and the counit of the adjunction. We
then prove that they satisfy the snake equations in Figures 7 and 8.

\ae

=g
g
Esg

h
=
[

FIGURE 7. Unit and counit of the reduced adjunction (left). First
snake equation (right).

In the first snake equation, in Figure 7, we use (i) that there is a duality
(n,€), and (i) that u is invertible. In the second snake equation, in Figure 8, we
use (i) that there is a duality (u,c), (#) that u is invertible, (i) that there is a
duality (u,c), again; and (4v) that there is a duality (n,€). O

3.4. Bibliography. String diagrams for bicategories are usually interpreted
as the Poincaré dual of globular pasting diagrams, which were used by Bénabou
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FIGURE 8. Second snake equation.
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since the introduction of bicategories | |. Marsden uses string diagrams for
bicategories to study basic formal category theory | ].
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4. Symmetric Monoidal Categories and Do-Notation

Setting strictness asside, an extra axiom sharpens monoidal categories for
the study of process theories: symmetry. Symmetry states that the position that
resources occupy is not important: A ® B is worth the same as B® A. Assuming
symmetry simplifies process syntax drammatically — in fact, it also enables a new
syntax that mimics imperative programming — and it is arguably an axiom that
we need before we can really talk of processes.

This section introduces symmetric monoidal categories, their specialized string
diagrams in terms of hypergraphs | |, and their do-notation syntax | |

4.1. Commutative Monoidal Categories. So far, the meaning of the
tensor (®) in process theories has arguably been too general: so far, we have
asked A® B to represent the juxtaposition of resources — resources form a monoid.
Why not a commutative monoid? If we interpret objects as bags of resources, it
seems clear that a commutative monoid would be more appropriate. However,
imposing commutativity naively fails catastrophically: the individuality of each
resource disappears [ ]

Definition 4.1. A commutative monoidal category is a strict monoidal category
(C,®,I) where objects form a commutative monoid, A ® A’ = A’ ® A for each
A, A" € C,pj, and the tensor of morphisms is also commutative, f ® f' = f' @ f
for any two f: A— Band f': A — B’.

Proposition 4.2. In a commutative monoidal category, resources do not have
individuality: it does not matter to which of them we apply a transformation, and
not even the order in which we apply them. More formally,

(f39)@id=(feg)=id® (95 f)

for each two transformations of the same resource, f: X =+ X and g: X — X.

This may be useful in specific applications. Indeed, it is one of the crucial
ideas behind the formalization of Petri nets as monoids in the work of Meseguer
and Montanari | | — commutativity represents the “collective token philos-
ophy” of Petri nets | |. However, for our purposes, we will need a more
refined notion that does not destroy the individuality of our resources: this notion
is given by symmetric monoidal categories.

4.2. Symmetric Monoidal Categories. Symmetric monoidal categories
do not assume that the monoid of objects is commutative; they only assume
that there is a family of processes that allow us to reorder resources, making
it commutative “up to an invertible process”. In practice, this means that even
when X ® Y # Y ® X, there exists a process oxy: X ® Y — Y ® X that is
invertible. These are our definitive notion of process theory.
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Definition 4.3. A strict symmetric monoidal category (or a permutative cat-
egory) is a strict monoidal category (C,®,I) endowed with a family of maps
oxy: X®Y =Y ®X that satisfy the following equations describing how to
(1) swap nothing, o7 x =idx = ox 1;
(2) swap resources on the left, ox ygz = (ox,y ®idz) § (dy ® 0x,2);
(3) swap resources on the right, oxgy,z = (idx ® oy,z) § (0x,z ® idy);
(4) reverse a swap with a swap, oxy §oy,x = idx ®idy;
(5) swap and apply transformations, oxy $ (f®¢9) = (g® f)s0x/v;
(6) and swap in any order,

(UX7Y ®ld) 5 (id®0)()z) 5 (Uy)z ®ld) = (id@ay)z) 5 (UX7Z ®ld) 5 (id®0’X’y).

The first three axioms are especially important for clarifying all the rest: they
say that the swapping process of any two objects in a freely generated monoidal
category is determined by the swapping process of the generators. This already
allow us to have a first string diagrammatic calculus for symmetric monoidal
categories: the swap on the generators is represented by wires crossing; the swap
on arbitrary objects is constructed from it; the rest of the axioms are better
understood in terms of string diagrams (Figure 9).

A

FIGURE 9. Theory of strict symmetric monoidal categories.

However, this is an inefficient syntax: it forces us to explicitly deal with
the axioms of the swap. A better syntax would make them transparent, and
state that the only thing that matters in a string diagram for symmetric mo-
noidal categories is where the wires are ultimately connected — that is, we only
care about the underlying hypergraph. A detailed presentation of the string dia-
grams of symmetric monoidal categories as hypergraphs is in the work of Bonchi,
Sobocinski, Zanasi, and others | , ]

Definition 4.4. A hypergraph (V, E) consists of a set of nodes, V, and a set
of directed hyperedges E connecting lists of vertices to lists of vertices, that is,
e: [v1,...,0,] = [wy,...wy] for each e € E. We say a hypergraph is acylic if
contains no loops.

Definition 4.5. A hypergraph labelled over a polygraph G, is a hypergraph (V, E)
such that each vertex v € V is assigned an object of the polygraph, [(v) € Go;,



44 1. MONOIDAL PROCESS THEORY

and each hyperedge e: [v1,...,v,] = [w1,...w,,] is assigned an edge
l(e): l(vl)a AR l(’l}n) - l(wl)a AR l(wm)a

preserving the type of its vertices.

Definition 4.6. A symmetric string diagram from [X1,...,X,] to [Y1,..., Y]
is an acyclic hypergraph (V, E) labelled by a polygraph G, such that each vertex
appears exactly once as an input and exactly once as an output, and endowed
with two distinguished unlabelled hyperedges:

the input i: [] = [z1,...,2,], and the output o: [y1,...,ym] — [,
typed by l(xl) = Xla .. 7l(xn) = X, and l(yl) = Yla . al(ym) =Yn.

Proposition 4.7. Symmetric string diagrams over a polygraph G form a sym-
metric monoidal category, String, (G).

Y{ )'m Y; Yl;l' Zi
X0 X3 / d T

FIGURE 10. Symmetric monoidal category of string diagrams.

PROOF. A summary of the construction is in Figure 10: wires are ver-
tices and hyperedges are nodes. Let us describe the category. The objects
are lists of objects of the polygraph. Tensoring of string diagrams of type
X1,y Xn] = [Y1,..., Y] and [ XY, ..., X]] — [YY,..., Y, ] is defined by the dis-
joint union of the hypergraphs — merging input and output edges — into a string
diagram [Xq,..., X, X1, ..., X.] = [Y1,.... Y, Y, ..., Y ]. Composition of string
diagrams of type [X1, ..., X,,] = [Y1,..., Vin] and [Y1, ..., Y] — [Z1, ..., Z,] is con-
structed by glueing the vertices along the output edge of the first and the input
edge of the second, which disappear producing a string diagram [X,...,X,] —
[Z1,...,Zp]. Generators are included as single hyperedges labelled by them.
The identity, [X1,...,X,] — [X1, ..., X,], consists only of the input and output
edges, connected by a list of vertices. Symmetries are defined by twisting the
connections of the input and output edges. Finally, we can check that string
diagrams satisfy the axioms of symmetric monoidal categories. O
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Definition 4.8. A strict symmetric monoidal functor between two strict symme-
tric monoidal categories, F': C — D, is a strict monoidal functor that moreover
preserves symmetries: F(o): F(X)® F(Y) —» F(Y) ® F(X) is the symmetry
on F(X) and F(Y). Strict symmetric monoidal categories and strict symmetric
monoidal functors form a category, SymMonCats;,.

Proposition 4.9. The construction of symmetric string diagrams extends to a
Sfunctor from polygraphs to symmetric monoidal categories,

String,, : PolyGraph — SymMonCatg,,.

Proposition 4.10. There exists a forgetful functor from strict symmetric monoi-
dal categories to polygraphs that takes the objects as the vertices of the polygraph
and the morphisms as the edges,

Forget: SymMonCatg,, — PolyGraph.

THEOREM 4.11. String diagrams for symmetric monoidal categories form
the free strict symmetric monoidal category over a polygraph: there ezists an
adjunction String, - Forget.

PROOF SKETCH. We have already shown that string diagrams form a sym-
metric monoidal category. It only remains to show that there exists a unique
strict symmetric monoidal functor to any strict symmetric monoidal category.
The assignment is determined by the fact that each string diagram is constructed
from the generators and the operations of a symmetric monoidal category, the
difficulty is in showing that this assignment is well-defined. We refer the reader
to the work of Bonchi and others | ] O

The syntax of symmetric string diagrams as hypergraphs is more efficient: to
check equality, only the connectivity of the wires matters, and we no longer need
to track the specific blocks forming the diagram.

4.3. Do-Notation. There is a second practical syntax for symmetric mo-
noidal categories that links string diagrams to programming: Hughes’ arrow
do-notation | , ]. Tt comes from functional programming, but it is
precisely a representation of imperative programming. The main idea is that, in
a string diagram, we can label the wires by variable names, and simply declare
which nodes take which inputs and outputs to reconstruct the string diagram.
In a certain sense, this is the graph encoding of a string diagram, but it closely
resembles an imperative program.

Example 4.12 (Crema di Mascarpone in Do-notation). Consider the same pro-
cess for “crema di mascarpone” that we detailed in Section 1.4. This time, we can
directly assume that we are in a symmetric monoidal category. The translation
of the string diagram of Figure 1 is the following code in Figure 11.
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cremaDiMascarpone(eggl, egg2, sugar, mascarpone):
crack(eggl) -> (whitel, shelll, yolkl)
crack(egg2) - (white2, shell2, yolk2)
whisk(whitel, white2) -> whiskedWhites
beat(yolkl, yolk2, sugar) -> paste
stir(paste, mascarpone) -> thinkPaste
fold(whiskedwhites, thickPaste) - crema
return(crema)

FIGURE 11. Do-notation recipe for Crema di Mascarpone.

Let us formalize do-notation in the style of a type-theory: we will work
with variables, we consider them to be unique and we work implicitly up to a-
equivalence (or renaming of variables). Our notion of signature is again that of
a polygraph: our basic types will be the objects of the polygraph, and we will
have a rule for each one of the generators in the polygraph.

Definition 4.13. A derivation in the proof theory of do-notation over a poly-
graph is defined inductively to be either
(1) a single return statement, given by a permutation; or
(2) the application of a generator f: Ag,..., A, — Bo,..., By, given by a
choice of generator and an insertion of variables, followed by a deriva-
tion.

R
ag:do, ..., aniAn > () Freturn(ag,...,an) : A ®...® A, (RETURN)

bo:Bo,...,bm: By, I'Ft: A

ap:Ag,...,an:A, >>Tl"|—f(a0,...,an)—>b0,...,bm3t:A (£

FIGURE 12. Do-notation for symmetric monoidal categories.

Before continuing, then, it is important to understand what an insertion is.
An insertion captures how many ways we have of inserting some n new terms
into a list of m terms. The new n terms can be freely permuted, but the list of
m terms must preserve their relative order. This is the combinatorial structure
that will track how variables are used in a derivation.

Definition 4.14. We define the family of insertions of n terms into m terms,
Ins(n, m), inductively. There exists a single way of inserting zero terms into any
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list of terms, Ins(0,m) = 1; inserting n + 1 terms into a list of m terms amounts
to choosing the position of the first among m + 1 possible choices, and inserting
the rest of the terms,

Ins(n+1,m) = (m+1) X Ins(n, m + 1).

As a consequence, the number of possible insertions is Ins(n,m) = (m + n)!/ml.

We write aq,...,a, >, I to refer to the list resulting from the insertion of
the variables aq,...,a, into the list I', of length m, according to the insertion
T € Ins(n,m).

Remark 4.15. Accordingly, the only information that a return statement may
carry is that of an insertion Ins(n,0), which is equivalently a permutation of
the n elements that are being returned. The information carried by a generator
statement is not only a generator n-to-m but also an insertion Ins(n, #I') of n
variables on the context of the derivation.

Example 4.16. Let us provide an example of the correspondence between the
different notations: a Rosetta’s stone translating between string diagrams, terms
of do-notation, and their corresponding derivations (Figure 13).

z.Z,w:W F return(z,w) : Z@ W
Xk y 2:Z,b:B,w:W,yY F hib,y) — 03

return(z,w) : Z @ W
a:A,b:BwW, x:X,y:Y F f(a,x) = z¢

h(b,y) = 03
{‘ K return(z,w) : Z@ W
Z

xX,y:Y Fg() = (a,b,w)¢
W f(a,x) = z3
h(b,y) = ()%
return(z,w) : Z @ W

FI1GURE 13. String diagram and derivation of a term.

4.4. Symmetry in Do-notation. At this point, using insertions may seem
complicated: why not simply assume an exchange rule that allows us to permute
variables freely? The problem we would encounter is that exchanges introduce
redundancy: there would be multiple ways of writing the same term, depending
on where we place the symmetries (Shulman describes the same problem for a
different notation | ). This is not a catastrophic problem — we could still
quotient them out appropriately — but it would make the construction much more
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complicated than simply dealing with the combinatorial structure of insertions
upfront.

The better solution is to have exchange appear as a derived, admissible rule,
rather than a primitive.

Proposition 4.17. Exchange is admissible in Do-notation for symmetric monoi-
dal categories. Any derivation I',x,y, A F t : X admits a derivation I',y,x, A F
t: X.

PROOF. We proceed by structural induction. The base case is a single return
statement, written as ag,...,X,y,...,an >, () F return(ag,...,%,...,y,...an) :
X. Permuting x,y in the insertion 7 gives us a new insertion 7,, deriving the
same statement under a different context

a0, -+, ¥ Xy oo yan o () Freturn(ag, ..., %, ...y, . an) 0 X.
Consider now an application of a generator,
ag,...,an >, ['Ff(ag,...,an) = bo,..., by gterm: X.

There are two possible cases here: (1) if any of x, y is among the inserted variables,
ag,...,an, then we may simply exchange them by changing the order in which
they are inserted; (2) if not, then I' = IV, x,y, A/, and we apply the induction
hypothesis over the derivation I, x,y, A’ F term : X. O

Indeed, this is enough to ensure that terms do correspond to derivations: we
may simply write a term and there is a unique way it could have been extracted
from the context.

Proposition 4.18. Do-notation terms in a given context have a unique deriva-
tion.

PRrROOF. By structural induction, a term is either a single return or an appli-
cation of some generator (f). Any single term xo,...,x, b return(ag,...,a,) has
a unique derivation: namely, the one that inserts the a’s into the x’s permuting
them in the only possible order. The insertion 7 must be the only one making
T(Xi) = aj.

Consider now an application of a generator, A F f(ag,...,a,) = bg,...,bm§t:
X. We know that it must come from A = (ag,...,a, >, I'), and this forces
I' = (A —{ag,...,an}) and the value of the insertion 7: it is the only one that
turns I' into A. Once I' has been determined, we apply the induction hypothesis
to get the derivation of by, ..., by, ['Ft: X. O

4.5. Quotienting Do-notation. Our logic is freely constructed, but it is
not yet a logic of monoidal categories: technically, it misses interchange. As it
stands, it is actually a logic for symmetric premonoidal categories, which we will
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study later. We shall only add the following rule — the interchange rule — in order
to convert it into a calculus of symmetric monoidal categories.

Interchange rule. Consider a derivation of the following term, where by, ..., by
and co,...c, are two lists of distinct variables, meaning that no b; appears in ¢;

— and conversely, no d; appears in a;. Then, we can interchange the two first
statements of the term.

'k f(ag,...,an) = bo,...,bms 'k g(co,...,¢p) = do,...,dp3
glco,...,¢p) = do,...,dp 3 = f(ag,-.-,an) — bo, ..., bm ¢
term : A term : A

FIGURE 14. Interchange rule.

Proposition 4.19. We show this is well defined. Whenever the left hand side

of the interchange rule is a valid term, and variables are distinct, the right hand
side is also a valid term.

PROOF. First, we reason that the term on the left-hand side must have a
derivation tree of the following form.

do,...,dq,bo,...,bm, A term: C

bo, ..., bm, (co,...,cp >, A) F g(co,...,¢cp) = (do,...,dq) 5
term : C

ag, ... an o (co,...,¢p >, A) Ff(ag,...,an) = (bo,...,bm)

5
g(Co,...,Cp) — (d07...,dq)$
term : C
We now argue for this. In the second line of the derivation we use that, because
of variables being distinct, the only possible context (cg,...,cp) >, ¥ we can

use must factor as by, ..., bm, (co,...,¢p) >, A for some A and p. We can then
check by the form of the rules that the final context I' must be of the form

ag,...,an o (Co,...,Cp >, A) for some insertion o. All this means that the
following derivation is also valid.

bo,...,bm,do,...,dq, A term : X
do,...,dq, (co,...,cp > A) F f(ag,...,an) = bo,...,bm3
t: X
ag,...,an > (Co,...,cp > A) F glco,...,¢p) = (do,...,dq) 3

f(ao,...,an)—>(b0,...,bm)§
term : X
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This derivation proves that the right side term is also valid. ([l

Finally, we can start proving that do-notation terms are a syntax for symme-
tric monoidal categories: they form the free strict symmetric monoidal category
over a signature.

Lemma 4.20. Do-notation terms over a polygraph G, quotiented by the inter-
change rule, define a monoidal category, Do(G). This construction induces a
functor Do: PolyGraph — SymMonCatsg,,.

PROOF SKETCH. We will describe the operations of this strict symmetric
monoidal category. Let us start by composition: consider derivations I' F
t: B1®...® By, and b1:By,...,bn:By Fs: W. We will construct, by induction
over t, a derivation I' - comp(t, s): ¥, that will define their composition. If t is a
return statement, then I" is a permutation of by:B1, ..., bm:B,, and, by exchange,
we obtain I'  s: ¥ and we define it as the composition. Whenever t consists of
a generator followed by a derivation, I' - ¢: ¥ must be of the form

(X1y- e Xn) ST FF(X1, 000 s%Xn) = Y15 -5 Ym st 0 0,

and we define comp(¢, s) to mean f(x1,...,Xn) = Y1,--.,¥Ym s comp(t’,s), using the
Yiy- o Ym, I/t B1®...Q B,, we just obtained. Put simply, we have removed
the last return statement from one of the derivations, taking care of permutations,
and then concatenated both (see Figure 15).

Let us now define tensoring: consider derivations I' - ¢: A and IV = ¢/: A’.
We start by noticing that, if we have a derivation I' F t: A, we can construct, by
induction, a derivation I';z:Z F t,: A® Z for any z:Z: the return case consists of
adding an extra variable to the permutation, the generator case is not affected by
the presence of an extra variable. Repeating this reasoning and using exchange,
we can obtain terms IV F tr: A®TY and A, TV + t'A: A ® A’ that we can
compose into I', T F comp(tr/,t'as): A® A’. The order of composition does not
matter because of the interchange law. Put simply, we write the two terms one
after the other, taking care not to mix the variables (see Figure 15, for a graphical
intuition).

[-t:A [-x:A

:IA — |2
Ars:Y Jv [ex:A |- S
rebun. ¥ return. AeA

FiGURE 15. Composition and tensoring in do-notation.
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Finally, we must define identities, generators and symmetries. These
are the following three terms.

ai,...,an Freturn(ay, ..., a,)
ai,...,an Ff(a1,...,a,) = (b1,...,bm) greturn(by, ..., by)
ai,...,an,by,...by Freturn(by,... by,a1,...,2a,)

We can check that these operations define a category and a monoidal category.
The interchange law of monoidal categories is extracted from the interchange law
that we imposed in do-notation. O

THEOREM 4.21. There is an adjunction between polygraphs and the category
of strict symmetric monoidal categories given by do-notation terms, Do 4 Forget.
Moreover, do-notation terms and string diagrams are naturally isomorphic.

PRrROOF SkETCH. We have already proven that do-notation constructs a sym-
metric monoidal category over a polygraph. We need to show that there is a
unique map out of the category constructed by do-notation that commutes with
any assignment of the polygraph to a monoidal category.

The first part would be to prove the initiality of the syntax. We can do so
by structural induction: any term is either a return statement or a composition
of a generator with a symmetry and a term. In the first case, the symmetry
determined by the return statement must be mapped to the corresponding sym-
metry in any symmetric monoidal category; in the second case, the image of the
generator is determined, and the rest of the term is determined by structural
induction. In conclusion, the image of any do-notation term is determined in any
symmetric monoidal category over which we map the polygraph of generators.

The core of the proof is in showing that this unique possible assignment is
well-defined: the only equality imposed on do-notation is the interchange law, but
this law corresponds, under the assignment, to the interchange law of symmetric
monoidal categories.

Finally, both functors,

Do, String,, : PolyGraph — SymMonCatg,,

have been found to be left adjoints to the same forgetful functor. This implies
they are isomorphic functors. O

4.6. Example: the XOR Variable Swap. Let us provide an example of
the formal usage of both do-notation and string diagrams, by reasoning about a
simple process. In imperative programming languages, swapping the value of two
variables usually requires a third temporary variable. However, the XOR variable
swap algorithm uses the properties of the exclusive-or operation (XOR, @) to ex-
change variables without needing a temporary variable. Let xor(x,y) = (x ®y,y).
The code is in Figure 16.
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xorExchange(x,y):
xor(x,y) = (x,vy)
xorCy,x) = (y,x)
xor(x,y) = (x,y)
return (x,vy)

FIGURE 16. XOR variable exchange.

The property that makes this algorithm possible is the nilpotency of the
XOR operation: x @& x = 0 for any n-bit word x € 2". This means that we can
prove the correctness of the XOR variable exchange in the abstract setting of
nilpotent bialgebras. In fact, consider a polygraph X with a single object and
the generators depicted in Figure 17.

ST B o

FI1GURE 17. Signature for a bialgebra.

We now want to impose a set of equations, E C String(X) x String(X), on
top of this signature. This can also be done via the adjunction: the equations
give two maps E — Forget(String(X)), or equivalently, String(E) — String(X).
The coequalizer of the latter two describes the universal monoidal category with
some generators and satisfying some equations. Back to our example, the theory
of a nilpotent bialgebra satisfies the following equations in Figure 18.

Given any nilpotent bialgebra in any strict symmetric monoidal category,
there exists a unique monoidal functor from the string diagrams quotiented by
these equations to that signature.

Proposition 4.22. Let a nilpotent bialgebra in a symmetric monoidal category.
The XOR variable exchange algorithm is equal to the swap morphism.

PROOF. In the theory of nilpotent bialgebras over a symmetric monoidal
category, the following equation in Figure 19 holds.

The left hand side represents the XOR variable exchange while the right hand
side represents swapping the contents of two variables. We have shown both are
equal. ([

4.7. Bibliography. Symmetric monoidal categories and their hexagon co-
herence equations were already stated by MacLane | , ], Bénabou
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FIGURE 18. Theory of a nilpotent bialgebra.

ot

defined commutations on a monoidal category and an abstract notion of commu-
tative monoid | |. String diagrams for symmetric monoidal categories are
already described by Joyal and Street | , |; we follow the representation
in terms of hypergraphs by Bonchi, Gadducci, Kissinger, Sobocinski and Zanasi
[ |]. The XOR example was known to Erbele | | and Sobocinski. The
idea of using a Rosetta stone to translate between categories and logics comes
from Baez and Stay | |

Do-notation comes from the Haskell programming language | |, where
it takes semantics in a strong promonad [ , ] (also known as an arrow
[ ). We have studied here an adaptation to the monoidal setting. Our pre-
sentation of do-notation follows the style of Shulman’s categorical logic [ ]

FiGURE 19. XOR variable exchange.
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5. Cartesianity: Determinism and Totality

Our process theories are, by default, linear on resources: every variable must
be used exactly once. This may seem like a limitation, but it is a more general
case that can be particularized into the classical case when necessary: we say that
a process theory — a monoidal category —is classical or cartesian whenever it has
processes representing copying and discarding and satisfying suitable axioms.

Non-classical theories can become so in two ways: either because they do
not allow copying, or because they do not allow discarding. Theories without
copying model stochasticity and non-determinism: running a computation twice
is different from just running it once and assuming its result will be the same
next time. Theories without discarding model partiality: even if we do not care
about the result, we cannot assume anymore that any computation will succed.

5.1. Cartesian Monoidal Categories. Cartesian monoidal categories give
a universal property to their tensor: the tensor of two objects, A x B, is such that
pair of maps to A and B are in precise correspondence to single map to A x B.
This universal property, in some sense, ensures that the tensor contains nothing
more and nothing less than its two constituent parts; this is what characterizes
classical theories.

Definition 5.1. Cartesian monoidal categories are monoidal categories, (C, x, 1),
such that

(1) each tensor, A x B, is endowed with projections, m1: A x B — A and
mo: A x B — B, that make it a product: for each object X € C,y; and
any pair of morphisms, f: X — A and g: X — B, there exists a unique
(f,g): X — A x B such that

(fig)sm=f and (f.g)sm=g;
2) the unit, 1, is terminal: for each object X € C,p; there exists a unique
j
morphism 7: X — 1.

Fox’s theorem is a characterisation of classical theories, cartesian monoidal
categories, in terms of the existence of a uniform cocommutative comonoid struc-
ture (copy and delete) on all objects of a monoidal category.

THEOREM 5.2 (Fox, | ). A symmetric monoidal category (C,®,I) is
cartesian momnoidal if and only if every object X € C has a commutative co-
monoid structure (X,ex,dx), every morphism of the category f: X — Y is a
comonoid homomorphism, and this structure is uniform across the monoidal cat-
egory, meaning that exgy = €x ® €y, that e = id, that §; = id and that
dxey = (0x ®dy) s (id ® ox,y ®id).

Fox’s characterization has a direct translation to string diagrams: the first
conditions impose a natural commutative comonoid structure on each generator
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bihe (el et (e &
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FI1GURE 20. Theory of cartesian categories.

(Figure 20); the last conditions state that the structure on all the objects follows
from that of the generators.

We can add a slight improvement. Most sources ask the comonoid structure
in Fox’s theorem (Theorem 5.2) to be cocommutative | , |. However,
cocommutativity and coassociativity of the comonoid structure are implied by
the fact that the structure is uniform and natural. We present an original refined
version of Fox’s theorem.

THEOREM 5.3 (Refined Fox’s theorem). A symmetric monoidal category,
(C, ®, I), is cartesian monoidal if and only if every object X € C has a counital
comagma structure (X,ex,0x), or (X,éx,dx), every morphism of the category
f: X =Y is a comagma homomorphism, and this structure is uniform across
the monoidal category: meaning that exgy = €x ® €y, €7 = id, d; = id and
5X®y = (5)( X 5y); (ld Koxy ® ld)

PROOF. We prove that such a comagma structure is necessarily coassociative
and cocommutative. Note that any comagma homomorphism f: A — B must
satisfy 64 5 (f ® f) = f30p. In particular, 0x: X — X ® X must itself be a
comagma homomorphism (see Figure 25), meaning that
(1) dx3(dx ®Ix) = dx30xex = 0x § (0x ®dx); (i[d®@oxy @id),

where the second equality follows by uniformity.

F1Gure 21. Comultiplication is a comagma homomorphism.

Now, we prove cocommutativity (Figure 22): composing both sides of Equa-
tion (1) with (ex ® id ® id ® ex) discards the two external outputs and gives
0x = dx sox. Then, we prove coassociativity (Figure 23): composing both sides
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b

FiGure 22. Cocommutativity

rql:ﬁ% ;rglgu‘zlpj;
F1GURE 23. Coassociativity

of Equation (1) with (id ® ex ® id ® id) discards one of the middle outputs and
gives dx 5 (ld® dx) = dx ¢ (dx ®1id).

A coassociative and cocommutative comagma is a cocommutative comonoid.
We can then apply the classical form of Fox’s theorem (Theorem 5.2). O

5.2. Partial Markov Categories. If process theories were all cartesian,
we could use the commutative comonoid structure on every object to simplify
calculations. However, most of the theories that pose a challenge to computer
science (like stochastic processes, partial processes, or quantum maps) are not
cartesian. The rest of this thesis will not assume cartesianity: let us give a good
example and motivation for doing this.

Cartesianity in a category with copy and discard processes can be divided
in two concepts: determinism and totality. All pure functions, for instance, are
deterministic and total, but stochastic functions are not deterministic (tossing
a coin twice is different from tossing it once and copying the result twice), and
partially computable functions are not total (because even if we do not care about
the output, they could diverge and make the whole process wait).

Definition 5.4. In a symmetric monoidal category with uniform commutative
comonoids, (C,®, 1,4, ¢ o), a morphism f: X — Y is deterministic if it can be
copied, f sy = dx ¢ (f® f), and it is total (or causal) if it can be discarded,
/38y = éx. Moreover, we say it is quasitotal (or quasicausal), if it can be copied
on the side and discarded, f =dx 5 ((f i¢y) ® f). See Figure 24.

Let us provide a single theory where these three assumptions fail: the theory
of discrete partial Markov categories | |, which we will use to study partial
stochastic functions. Apart from copy (&): X — X ® X and discard (3): X — I,
we also consider a comparator morphism ('¥): X ® X — X. Copying, discarding
and comparing interact as a partial Frobenius algebra | |
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FIGURE 24. Deterministic, total, and quasitotal morphisms.

Definition 5.5. A discrete partial Markov category is is a symmetric monoidal
category (C, ®, I') such that every object has a partial Frobenius monoid structure
(A, 8,'?) that satisfies the axioms in Figure 25 and uniformity, meaning that

(1) (M) xey = (dx @dy) 5 (idx ® 0 ®idy) and (&), = id;
(2) (Y)xey = (idx ® o ®idy) 3 (Yx ® ¥y) and (¥); = id;
(3) M)xey = (bx ®éy) and (?); =id.

e (o[- R
URIPRCRT i
-

F1GURE 25. Theory of a partial Frobenius algebra.

Proposition 5.6. A subdistribution on a set X is a function d: X — [0,1] that
s non-zero on a finite number of elements and that adds up to less or equal than

one,
> d(
d(z)>0
Subdistributions form a monad, and the Kleisi category of the subdistribution
monad forms a discrete partial Markov category [ .

PROOF. Let us write D<;(X) for the set of subdistributions over a set.
We claim that this extends to a monad in the category of sets and functions
D<;: Set — Set. The multiplication p: D<;(D<1(X)) — D<1(X) is defined
by p()(x) = > )=o), and the unit n: X — D<i(X) is defined by the
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Dirac’s delta, n(xo)(x) = [x = xp], which is valued to 1 whenever x = z( and is
valued to 0 otherwise.

The Kleisli category of this monad has morphisms the partial stochastic chan-
nels f: X = D<1(Y). We write f(y|z) € [0,1] for the value of f(z) on the input
y € Y, capturing the usual notation for conditionals in probability. Under this
notation, composition on the Kleisli category becomes

(f39)(=l2) = Y flyle) - g(zly).

yeYy

While tensoring is (f ® f')(y, |z, 2") = f(ylz) - f'(y'|2’). The copy morphism
is defined by (4)(z,y|z) = [x = y = z]; the discard morphism is defined by
($)(|x) = 1; and the comparator is given by (¥)(z|y,2) = [z =y = z]. Tt is direct
to check that these satisfy the axioms of a partial Frobenius algebra. (]

Remark 5.7 (Effect algebras). The set of partial stochastic channels between
two sets, X — D<;(Y), forms a particular algebraic structure known as an effect
module.

An effect algebra | , | is a set E with a partial binary
operation (®): Ex E — FE, a unary operation (¢)*: £ — E, and a constant
0 € E. We write 2Ly whenever z @ y is well-defined and we write 1 = 0+. The
effect algebra must satisfy

(1) Commutativity, z ®y = y ® x, where Ly implies y Lx.

(2) Unitality, z®0 =2 =0 ® x, where z_L0.

(3) Associativity, @ (y @ z) = (z ® y) @ z, where having both y_Lz and
x1(y & z) implies both x Ly and (z & y)Lz.

(4) Complementarity, = is unique such that x* @z = 1 and x Lz=.

An effect algebra homomorphism f: E — F must satisfy f(1) = 1, and 2 Ly must
imply f(z)Lf(y), with f(z®y) = f(x) @ f(y). Effect algebras form a symmetric
monoidal category.

The unit interval, [0, 1], forms an effect algebra with the binary sum (when-
ever it is contained on the interval), the unary complement 2+ = 1 — z, and the
zero; moreover, the unit interval [0, 1] with multiplication forms a monoid in the
monoidal category of effect algebras.

Partial stochastic channels also form an effect algebra, with the same point-
wise operations, but moreover, we can multiply them by a ‘scalar’ from the unit
interval [0,1]: they form a module in the monoidal category of effect algebras.
The structure of effect module interplays well with composition and tensoring of
partial stochastic channels; so we will employ it later in Section 5.5.

Remark 5.8 (Bayesian inversions). The Bayesian inversion of a stochastic chan-
nel g: X — Y with respect to a distribution f: I — X is the stochastic channel
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g}: Y — X classically defined by
9(y|z) - f(x)
secx 9(YlTe) - f ()

Bayesian inversions can be defined synthetically in any partial Markov category
[ ]. The Bayesian inversion of a morphism ¢g: X — Y with respect to f: I —
X is a morphism g} 1Y — X satisfying the equation in Figure 26, which translates
to the above when the partial Markov category is that of subdistributions.

0.8

FIGURE 26. Bayesian inversion.

g} (aly) = 5

The definition of a partial Markov category includes asking a quasitotal
Bayesian inversion for every morphism, with respect to any other morphism:
this is the notion of quasitotal conditional | |, which we will not need in this
thesis.

Finally, let us justify that this process theory is enough to capture many
of the features of classical probability theory. We will prove a synthetic version
of Bayes theorem using the syntax of discrete partial Markov categories. The
classical Bayes theorem prescribes that, after observing the output of a prior
distribution through a channel, we should update our posterior distribution to
be the Bayesian inversion of the channel with respect to the prior distribution,
evaluated on the observation.

THEOREM 5.9 (Synthetic Bayes’ Theorem). In a discrete partial Markov cat-
egory, observing a deterministic x: I — X from a prior distribution f: 1 — A
through a channel g: A — X is the same, up to scalar, as the Bayesian inversion
evaluated on the observation, g; (z): I — A.

PRrROOF. We employ string diagrams (Figure 27). Equalities follow from (i)
the definition of Bayesian inversion, (i) the partial Frobenius axioms, and (%)
determinism of y. O

5.3. Bibliography. Fox’s theorem, in its original formulation, is the con-
struction of a right adjoint to the forgetful functor from cartesian monoidal cat-
egories to Monoidal categories. This right adjoint is given by the category of
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FIGURE 27. Bayes theorem.

cocommutative comonoids over a monoidal category | |. The version here
presented is esentially equivalent; in fact, it is called “Fox’s theorem” in the work
of Bonchi, Seeber and Sobocinski | |

The categorical approach to probability theory based on Markov categories
is due to Fritz | | and prior work of Cho and Jacobs [ |. Multiple results
of classical probability theory have been adapted to the framework of Markov
categories by multiple authors | , , , |. Markov categories
have been further applied for formalising Bayes networks and other kinds of
probabilistic and causal reasoning in categorical terms [ , , |
Their partial counterpart and the application to decision theory was introduced
in joint work with Di Lavore | |. Effect algebras are due to Foulis and Bennett
[ |; Jacobs employed them for a probabilistic categorical logic | |; van
de Wetering | | characterized the unit interval in terms of effect algebras.



6. PREMONOIDAL CATEGORIES 61

6. Premonoidal Categories

It might seem that monoidal categories are limited to pure imperative pro-
gramming without effects. After all, the interchange law seems to imply that the
order in which two independent are executed does not matter. This is true, but
again, category theory has a solution for us: premonoidal categories.

Category theory has two successful applications that are rarely combined:
monoidal string diagrams | | and programming semantics | |. We use
string diagrams to talk about quantum transformations | |, relational queries
[ |, and even computability | ]; at the same time, proof nets and the
geometry of interaction | , | have been widely applied in computer
science | , ]. On the other hand, we traditionally use monads and
comonads, Kleisli categories and premonoidal categories to explain effectful func-
tional programming | , , , |. Even if we tradition-
ally employ Freyd categories with a cartesmn base [ |, we can also consider
non-cartesian Freyd categories | |, which we call effectful categories.

This section introduces premonoidal categories and effectful categories. The
next section will study their string diagrams in terms of monoidal categories,
reducing them to a particular consideration on top of the theory of monoidal
categories.

6.1. Premonoidal Categories. Premonoidal categories are monoidal cat-
egories without the interchange low, (f ® id) 3 (id® g) # (d ® g) ¢ (f ® id).
This means that we cannot tensor any two arbitrary morphisms, (f ® g), with-
out explicitly stating which one is to be composed first, (f ® id) ¢ (id ® g) or
(id®g) ¢ (f ®id), and the two compositions are not equivalent (Figure 28).

P74

FicURE 28. The interchange law does not hold in a premonoidal
category.

In technical terms, the tensor of a premonoidal category (®): C x C — C is
not a functor, but only what is called a sesquifunctor: independently functorial
in each variable. Tensoring with any identity is itself a functor (e ® id): C — C,
but there is no functor (e @ e): C x C — C.

A practical motivation for dropping the interchange law can be found when
describing transformations that affect a global state. These effectful processes
should not interchange in general, because the order in which we modify the
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global state is meaningful. For instance, in the Kleisli category of the writer
monad, (X* x e): Set — Set for some alphabet ¥ € Set, we can consider
the function print: ¥* — ¥* x 1. The order in which we “print” does matter
(Figure 29).

*] ("woeld®]  |["helloworld™]  [“world hello”]  [“hello™ ] [“word*
= # =
ant [_F prink prink [_F
FIGURE 29. Writing does not interchange.

Not surprisingly, the paradigmatic examples of premonoidal categories are
the Kleisli categories of Set-based monads T': Set — Set (more generally, of
strong monads), which fail to be monoidal unless the monad itself is commutative
[ , , |. Intuitively, the morphisms are “effectful”, and these
effects do not always commute.

However, we may still want to allow some morphisms to interchange. For in-
stance, apart from asking the same associators and unitors of monoidal categories
to exist, we ask them to be central: which means that they interchange with any
other morphism. This notion of centrality forces us to write the definition of
premonoidal category in two different steps: first, we introduce the minimal set-
ting in which centrality can be considered (binoidal categories | ]) and then
we use that setting to bootstrap the full definition of premonoidal category with
central coherence morphisms.

Definition 6.1 (Binoidal category). A binoidal category is a category C endowed
with an object I € C and an object A® B for each A € C and B € C. There are
functors (A ® e): C — C, and (e ® B): C — C that coincide on (A ® B). Note
that (e ® e) is not being defined as a functor.

Again, this means that we can tensor with identities (whiskering), functori-
ally; but we cannot tensor two arbitrary morphisms: the interchange law stops
being true in general. The centre, Z(C), is the wide subcategory of morphisms
that do satisfy the interchange law with any other morphism. That is, f: A — B
is central if, for each g: A’ — B/,

(f®ida) s (iddp ®g) = (ida ® g) 3 (f ®idpr), and
(idar ® f) 3 (9 ®@1idp) = (9 ®ida) § (idp @ f).

Definition 6.2. A premonoidal category is a noidal category (C,®, I) together
with the following coherence isomorphisms a4 gc: A®(BRC) - (A®B)®C,
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pa: AT — Aand Ay: I ® A — A which are central, natural separately at each
given component, and satisfy the pentagon and triangle equations.

A premonoidal category is strict when these coherence morphisms are iden-
tities. A premonoidal category is moreover symmetric when it is endowed with a
coherence isomorphism 04 p: A® B — B® A that is central and natural at each
given component and satisfies the symmetry condition and hexagon equations.

Remark 6.3. The coherence theorem of monoidal categories still holds for pre-
monoidal categories: every premonoidal is equivalent to a strict one. We will
construct the free strict premonoidal category using string diagrams. However,
the usual string diagrams for monoidal categories need to be restricted: in pre-
monoidal categories, we cannot consider two morphisms in parallel unless any of
the two is central.

6.2. Effectful and Freyd Categories. Premonoidal categories immedi-
ately present a problem: what are the premonoidal functors? If we want them
to compose, they should preserve the centrality of the coherence morphisms (so
that the central coherence morphisms of F § G are these of F after applying G),
but naively asking them to preserve all central morphisms rules out important
examples | |. The solution is to explicitly choose some central morphisms
that represent “pure” computations. These do not need to form the whole centre:
it could be that some morphisms considered effectful just “happen” to fall in the
centre of the category, while we do not ask our functors to preserve them. This
is the well-studied notion of a non-cartesian Freyd category, which we shorten to
effectful monoidal category or effectful category.

Effectful categories are premonoidal categories endowed with a chosen family
of central morphisms. These central morphisms are called pure morphisms, con-
trasting with the general, non-central, morphisms that fall outside this family,
which we call effectful.

Definition 6.4. An effectful category is an identity-on-objects functor V. — C
from a monoidal category V (the pure morphisms, or “values”) to a premonoidal
category C (the effectful morphisms, or “computations”), that strictly preserves
all of the premonoidal structure and whose image is central. It is strict when both
are. A Freyd category | | is an effectful category where the pure morphisms
form a cartesian monoidal category.

Effectful categories solve the problem of defining premonoidal functors: a
functor between effectful categories needs to preserve only the pure morphisms.
We are not losing expressivity: premonoidal categories are effectful with their
centre, Z(C) — C. From now on, we study effectful categories.

Definition 6.5 (Effectful functor). Let V. — C and W — D be effectful cat-
egories. An effectful functor is a quadruple (F, Fy, ¢, 1) consisting of a functor
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F:C — D and a functor Fy: V — W making the square commute, and two
natural and pure isomorphisms e: I' = F(I) and p: F(A® B) = F(A) @ F(B)
such that they make Fjy a monoidal functor. It is strict if these are identities.

When drawing string diagrams in an effectful category, we shall use two
different colours to declare if we are depicting either a value or a computation
(Figure 30).

l“_u‘m_ﬂ “helo™] [Mword"
: # |
R

FIGURE 30. “Hello world” is not “world hello”.

Here, the values “hello” and “world” satisfy the interchange law as in an
ordinary monoidal category. However, the effectful computation “print” does not
need to satisfy the interchange law. String diagrams like these can be found in the
work of Alan Jeffrey [Jef97h]. Jeffrey presents a clever mechanism to graphically
depict the failure of interchange: all effectful morphisms need to have a control
wire as an input and output. This control wire needs to be passed around to all
the computations in order, and it prevents them from interchanging.

FIGURE 31. An extra wire prevents interchange.

Our interpretation of monoidal categories is as theories of resources. We can
interpret premonoidal categories as monoidal categories with an extra resource —
the “runtime” — that needs to be passed to all computations. The next section
promotes Jeffrey’s observation into a theorem.

Remark 6.6. After the next section, which reduces premonoidal categories to
monoidal categories, the rest of this thesis deals mostly with monoidal categories.
Why not study premonoidal categories instead of just monoidal categories? Pre-
monoidal categories should be more general: they do not assume the interchange
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law, which is false in stateful systems. However, we give an argument for study-
ing only monoidal categories in the next section: any premonoidal category can
be reinterpreted as a monoidal category carrying an extra resource (an extra
wire) representing the global state. We do not need to write a new theory of
premonoidal categories: premonoidal categories are already monoidal categories,
in which one wire is hidden. The following section makes this idea formal.

6.3. Bibliography. This chapter follows closely the first part of “Promon-
ads and String Diagrams for Effectful Categories”, by this author | |

Effectful categories are the monoidal counterpart of a well-known notion:
that of “Freyd categories”. The name “Freyd category” sometimes assumes carte-
sianity of the pure morphisms, but it is also used for the general case; choosing
to call “effectful categories” to the general case and reserving the name “Freyd
categories” for the cartesian ones avoids this clash of nomenclature. There exists
also the more fine-grained notion of “Cartesian effect category” [ |, which
generalizes Freyd categories and may further justify calling “effectful category”
to the general case.
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7. String Diagrams for Premonoidal Categories

Premonoidal categories give us a generalization of monoidal categories ac-
counting for effectful computation but, at the same time, they do not need us
to change our syntax yet. String diagrams for premonoidal categories can be
reduced to string diagrams for monoidal categories: they rely on the fact that
the morphisms of the monoidal category freely generated over a polygraph of
generators are string diagrams on these generators, quotiented by topological
deformations, as we saw in Section 1.3.

7.1. Effectful Polygraphs. We justify string diagrams for premonoidal
categories by proving that the freely generated effectful category over a pair of
polygraphs (for pure and effectful generators, respectively) can be constructed as
the freely generated monoidal category over a particular polygraph that includes
an extra wire. In the same sense that polygraphs are signatures for generating
free monoidal categories, effectful polygraphs are signatures for generating free
effectful categories.

Definition 7.1. An effectful polygraph is a pair of polygraphs (V, G) sharing the
same objects, Vobj = Gobj. A morphism of effectful polygraphs (u, f): (V,G) —
(W, H) is a pair of morphisms of polygraphs, u: V — W and f: G — 7—[, such
that they coincide on objects, fobj = Uobj-

7.2. Adding Runtime. Recall from Section 1.3 that there exists an adjunc-
tion between polygraphs and strict monoidal categories. Any monoidal category
C can be seen as a polygraph, Forget(C), where the edges are morphisms

Forget((C)(Ao, ..., A,; By, .. 7Bm) = (C(AO ... A, By ®...® Bm),

and we forget about composition and tensoring. Given a polygraph G, the free
strict monoidal category, which we will now write as Mon(G) = String(G), is
the strict monoidal category that has as morphisms the string diagrams over the
generators of the polygraph.

We will construct a similar adjunction between effectful polygraphs and ef-
fectful categories. Let us start by formally adding the runtime to a free monoidal
category.

Definition 7.2 (Runtime monoidal category). Let (V,G) be an effectful poly-
graph. Its runtime monoidal category, Mong.,(V,G), is the monoidal category
freely generated from adding an extra object — the runtime, /7 — to the input and
output of every effectful generator in G (but not to those in V), and letting that
extra object be braided with respect to every other object of the category.

In other words, it is the monoidal category freely generated by the follow-
ing polygraph, Run(V,G), (Figure 32), assuming Ay, ..., A, and By, ..., B, are
distinct from R
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° le(v,g)obj = gobj + {/1)} = Vobj + {/\)},

e Run(\V,G)(R,Ag,...,An; R,Bo,...,Bn) =G(Ao,...,An; Bo,...,Bn),
e Run(V,G)(Ao, ..., An; Bo,...,Bn) =V(Ao, ..., An; Bo, ..., Bn),

o Run(V,G)(R, Ag; Ao, R) = Run(V, G)(Ao, R; R, Ag) = {o},

with Run(V,G) empty in any other case, and quotiented by the braiding axioms
for R (Figure 33).

R A A,

=R NI

{orJéG(& ﬂn-B.,u.B..bmdve'l)(ﬂm ﬂn-B..,.B..b

FIGURE 32. Generators for the runtime monoidal category.

ol el e T

FI1GURE 33. Axioms for the runtime monoidal category.

Somehow, we are asking the runtime 72 to be in the Drinfeld centre | |
of the monoidal category. The extra wire that R provides is only used to prevent
interchange, and so it does not really matter where it is placed in the input and
the output. We can choose to always place it on the left, for instance — and
indeed we will be able to do so — but a better solution is to just consider objects
“up to some runtime braidings”. This is formalized by the notion of braid clique.

Definition 7.3 (Braid clique). Given any list of objects Ao, ..., A, in Vopj =
Gobj, we construct a clique | , | in the category Mong,,(V,G): we
consider the objects, Ag®...® ;) ®...® Ay, created by inserting the runtime
R in all of the possible 0 < ¢ < n + 1 positions; and we consider the family of
commuting isomorphisms constructed by braiding the runtime,

Gij: A0 ® ... ORy®...0 Ay 5 A ®...0 Rjy ® ... ® Ap.
We call this the braid clique, Braid ; (Ao, ..., A,), on that list.
Definition 7.4. A braid cligue morphism,
f: Braidr(Ao,...,A,) — Braidr(Bo, ..., Bm),



68 1. MONOIDAL PROCESS THEORY

is a family of morphisms in the runtime monoidal category, Mong,,,(V, G), from
each of the objects of first clique to each of the objects of the second clique,

fik: AQ@@R@)@@An —)Bo®...®R(k)®...®Bm,
that moreover commutes with all braiding isomorphisms, f;; § o = 0y § f.

A braid clique morphism f: Braidz(Ao,...,A4,) — Braidz(By,...,By) is
fully determined by any of its components, by pre/post-composing it with braid-
ings. In particular, a braid clique morphism is always fully determined by its
leftmost component fyg: PR A)R ... A, > R®By® ... R Byy,.

Lemma 7.5. Let (V,G) be an effectful polygraph. There exists a premonoidal
category, Eff(V,G), that has objects the braid cliques, Braidr(Ao,...,A,), in
Mongu,(V,G), and as morphisms the braid clique morphisms between them. See
Appendiz.

PROOF. First, let us give Eff (V, G) the structure of a category. The identity
on Braidi (Ao, ..., A,) is the identity on 2 ® A. The composition of a morphism
R® A — R® B with a morphism ? ® B — R ® C is their plain composition in
Mongu, (V, G).

Let us now check that it is moreover a premonoidal category. Tensoring
of cliques is given by concatenation of lists, which coincides with the tensor in
Mong,,(V,G). However, it is interesting to note that the tensor of morphisms
cannot be defined in this way: a morphism R ® A — R ® B cannot be tensored
with a morphism ?® A’ — R® B’ to obtain a morphism R® A®Q A’ - RQB®B'.

Whiskering of a morphism f: R ® A - R ® B is defined with braidings in
the left case, R C® A — R ®C ® B, and by plain whiskering in the right case,
RRARC — R® B® C, as depicted in Figure 34. Finally, the associators and

I

FIGURE 34. Whiskering in the runtime premonoidal category.

unitors are identities, which are always natural and central. O

Lemma 7.6. Let (V,G) be an effectful polygraph. There exists an identity-on-
objects functor Mon(V) — Eff(V, G) that strictly preserves the premonoidal struc-
ture and whose image is central.
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PROOF. A morphism v € Mon(V)(A4, B) induces a morphism (idp ® v) €
Mongu,(V,G)(R® A, R® B), which can be read as a morphism of cliques (id; ®
v) € BEff(V,G)(A, B). This is tensoring with an identity, which is indeed functo-
rial.

Let us now show that this functor strictly preserves the premonoidal struc-
ture. The fact that it preserves right whiskerings is immediate. The fact that it
preserves left whiskerings follows from the axioms of symmetry (Figure 35, left).
Associators and unitors are identities, which are preserved by tensoring with an
identity. Finally, we can check by string diagrams that the image of this functor

FI1GURE 35. Preservation of whiskerings, and centrality.

is central, interchanging with any given z: R ® C — R ® D (Figure 35, center
and right). O

Lemma 7.7. Let (V,G) be an effectful polygraph and consider the effectful cate-
gory determined by Mon(V) — Eff(V,G). Let V — C be a strict effectful category
endowed with an effectful polygraph morphism F: (V,G) — U(V,C). There ex-
ists a unique strict effectful functor from (Mon(V) — Ef(V,G)) to (V — C)
commuting with F' as an effectful polygraph morphism.

PROOF. By freeness, there already exists a unique strict monoidal functor
Hy: Mon(V) — V that sends any object A € Vo to Fopj(A). We will show there
is a unique way to extend this functor together with the hypergraph assignment
G — C into a functor H: Eff(V,G) — C. Giving such a functor amounts to give
some mapping of morphisms containing the runtime 7 in some position in their
input and output,

f:A4Q..9R®...0A, 2 B®...9 RQ...® B,

to morphisms H(f): FAy® ... FA, - FBy®...® FB, in C, in a way that
preserves composition, whiskerings, inclusions from Mon (), and that is invariant
to composition with braidings. In order to define this mapping, we will perform
structural induction over the monoidal terms of the runtime monoidal category
of the form Mong,,(V,G)(40®... @ RD®...Q Ay, R®By®...@ RV ®...®B,,)
and show that it is the only mapping with these properties (Figure 36).
Monoidal terms in a strict, freely presented, monoidal category are formed
by identities (id), composition (3), tensoring (®), and some generators (in this
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case, in Figure 32). Monoidal terms are subject to (i) functoriality of the tensor,
ideid=id and (fsg)® (hek) = (f®h)¢(g®k); (ii) associativity and unitality
of the tensor, f®id; = f and f® (9@ h) = (f ® g) ® h; (iii) the usual unitality,
feid= f and idg f = f and associativity f$(g3h) = (f;g) s h; (iv) the axioms
of our presentation (in this case, in Figure 33).

H([) = idas H(I) “idgs HE)=idys H(ﬁ) H() s W) s

H( ) H(eH)oid 5 o v () = i . (505 (Hr)oid 4
H (22 ) = . (G2Dloid s ido H(ER) - o (i) sh. (ED)oid 5
H()=F(!)s H(ED) = rors H(K) = H(K) = ids

FIGURE 36. Assignment on morphisms, defined by structural in-
duction on terms.

e If the term is an identity, it can be (4) an identity on an object A € (V,G),,;, in
which case it must be mapped to the same identity by functoriality, H(id4) =
id4; (4i) an identity on the runtime, in which case it must be mapped to the
identity on the unit object, H(id ) = idy; or (i) an identity on the unit object,
in which case it must be mapped to the identity on the unit, H(idy) = id;.

e If the term is a composition, (f$¢g): Ag®... R®...0A, > (CH®... R®

.. ® C%, it must be along a boundary of the form By ® ... ® R ® ... ® By,:
this is because every generator leaves the number of runtimes, R, invariant.
Thus, each one of the components determines itself a braid clique morphism.
We must preserve composition of braid clique morphisms, so we must map
H(fsg)=H(f)sH(g)

o If the term is a tensor of two terms, (z ®u): 49 ® ... ® R®...® A, —
By®... R®...® B,,, then only one of them was a term taking R as input
and output (without loss of generality, assume it to be the first one) and the
other was not: again, by construction, there are no morphisms taking one
R as input and producing none, or viceversa. We split this morphism into
xT: A0® . ®R® . -®Ai—1 — Bo® . ®B® . .®Bj_1 and u: Az® . ®An —
Bj®...® By,

Again by structural induction, this time over terms u: 4; ® ... ® 4, —
B; ® ... ® B,,, we know that the morphism must be either a generator in
V(A;,...,Ap; Bj,...,By) or a composition and tensoring of them. That is, u
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is a morphism in the image of Mon(V), and it must be mapped according to
the functor Hy: Mon(V) — V.

By induction hypothesis, we know how to map the morphism z: Ay®...®
R®...0 Ai-1 - By®...® R®...® B;j_1. This means that, given any
tensoring z ® u, we must map it to H(z ® u) = (H(z) ® id) § (id ® Ho(u)) =
(id ® Ho(u)) ¢ (H(x) ® id), where Hy(u) is central.

e If the string diagram consists of a single generator, f: R® A — R ® B, it can
only come from a generator f € Run(V,G)(R, Ao,...,An; R, Bo,...,Bn) =
G(Ao,...,An; Bo,...,Bp), which must be mapped to H(f) = F(f) € C(4p®
. ® An, By ® ... ® By,). If the string diagram consists of a single braiding,
it must be mapped to the identity, because the want the assignment to be
invariant to braidings.

Now, we need to prove that this assignment is well-defined with respect to
the axioms of these monoidal terms. Our reasoning follows Figure 37.

e The tensor is functorial. We know that H(id ®id) = H(id), both are identities
and that can be formally proven by induction on the number of wires. Now, for
the interchange law, consider a quartet of morphisms that can be composed or
tensored first and such that, without loss of generality, we assume the runtime
to be on the left side. Then, we can use centrality to argue that

H((z®@u)s(y@v)) = (H(z)®id) 5 (id @ Ho(u)) 5 (H(y) ©®1d) 5 (id @ Ho(v))
= ((H(z) 5 H(y)) ®id) 5 (id ® (Ho(u) § Ho(v)))
=H((z35y) @ (usv)).

e The tensor is monoidal. We know that H(x ® id;) = (H(z) ® idy) § (id ®
id;) = H(z). Now, for associativity, consider a triple of morphisms that can
be tensored in two ways and such that, without loss of generality, we assume
the runtime to be on the left side. Then, we can use centrality to argue that

H{(z®u)®v)=((H(z)®id) 3 (id ® Ho(u))) ® id) §id ® Hy(v)
= (H(z)®id) s (id ® Ho(u) ® Ho(v))
— Hz® (o))

e The terms form a category. And indeed, it is true by construction that H(z §
(y22)) = H((z3y)s2) and also that H(z 3id) = H(x) because H preserves
composition.

e The runtime category enforces some axioms. The composition of two braidings
is mapped to the identity by the fact that H preserves composition and sends
both to the identity. Both sides of the braid naturality over a morphism v
are mapped to Hp(v); with the multiple braidings being mapped again to the
identity.
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FUNCTORIALITY OF THE TENSOR

H()oid s et () - HE) s
H(f#)od, id o, (1) s H(FR)od 5 ide . (52)
(H(%0)s H(EDoaL 5 i (. (55H) 5. ()

MONOIDALITY OF THE TENSOR.

H(E)oids o, () - H(H)
( Joid 5 doH(ﬁ)edsdaH(ﬁ)
H(tH)oid s ido . (1) . ()

CATEGORY AxXIOMS

(H(S8)s H()) s HOR) = H(ED)s(H(ER)) s H(ER)
H()s H(IT) - (i)

RunTiME fixioms.

H(K)sH(K) =ads H(R)sH(K)=ids
()ch wleH( ) s H(r)
M%) 5 () oid 5 do M)

o H(l)s . (out s ()
H(SY) sid ov (52) s ] oia

F1GURE 37. The assignment is well defined.
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Thus, H is well-defined and it defines the only possible assignment and the only
possible strict premonoidal functor. O

THEOREM 7.8 (Runtime as a resource). The free strict effectful category over
an effectful polygraph (V,G) is Mon(V) — Eff(V,G). Its morphisms A — B are
in bijection with the morphisms RQ A — R® B of the runtime monoidal category,

Eff(V,G)(A, B) 2 Mong,,(V,G)(R® A, R® B).

PROOF. We must first show that Mon(V) — Eff(V, G) is an effectful category.
The first step is to see that Eff(V, G) forms a premonoidal category (Lemma 7.5).
We already know that Mon()) is a monoidal category: a strict, freely generated
one. There exists an identity on objects functor, Mon(V) — Eff(V,G), that
strictly preserves the premonoidal structure and centrality (Lemma 7.6).

Let us now show that it is the free one over the effectful polygraph (V,G).
Let V — C be an effectful category, with an effectful polygraph map F: (V,G) —
U(V,C). We can construct a unique effectful functor from (Mon(V) — Eff(V, G))
to (V — C) giving its universal property (Lemma 7.7). O

Corollary 7.9 (String diagrams for effectful categories). We can use string dia-
grams for effectful categories, quotiented under the same isotopy as for monoidal
categories, provided that we do represent the runtime as an extra wire that needs
to be the input and output of every effectful morphism.

7.3. Example: a Theory of Global State. Let us provide an example
of reasoning using the string diagrams for premonoidal categories. Imperative
programs are characterized by the presence of a global state that can be mutated.
Reading or writing to this global state constitutes an effectful computation: the
order of operations that affect some global state cannot be changed. Let us
propose a simple theory of global state and let us show that it is enough to
capture the phenomenon of race conditions.

Definition 7.10. The theory of global state is given by a single object X; two
pure generators, (&): X - X ® X and (¢): X — I, allowing copy and discard;
and two effectful generators, put: X — I and get: I — X, quotiented by the
equations in Figure 39.

rlerJ(J'\

¢t topy Jl.scard.

FIGURE 38. Generators of the theory of global state.



74 1. MONOIDAL PROCESS THEORY

These two put and get generators, without extra axioms, are enough for
capturing what happens when a process can send or receive resources; in further
sections, we will develop this theory. Right now, we are only concerned with the
theory of a single global state, accessed by a single process: we can impose some
axioms that assert that the memory was not changed by anyone but this single

RO

5&-3& 3d:-o('5car¢i. [;ul:-gd:

B A e

ru.l:put copy - discard, gek-puk

FIGURE 39. Axioms of the theory of global state.

The equations in Figure 39 say that: (i) reading the global state twice gets us
the same result, (i) reading the global state and discarding the result is the same
as doing nothing, (i) writing something to the global state and then reading it
is the same as keeping a copy of it, (iv) writing twice to the global state keeps
only the last thing that was written, (v) copying and discarding a copy is doing
nothing, and (vi) reading something and immediately writing it to the global
state is the same as doing nothing.

Proposition 7.11 (Race conditions). Concurrently mizing two processes that
share a global state, f and g, can produce four possible results: (i) only the result
of the first one is preserved, (ii) only the result of the second one is preserved, or
(iii,iv) the composition of both is preserved, in any order, f$g or g f.

PROOF. We work in the theory of global state adding two processes, f: X —
X and ¢g: X — X, that can moreover be discarded, meaning f e = gse =¢c. We
employ the string diagrams of premonoidal categories. The first three diagrams
in Figure 40 correspond to the first three cases, the last one is analogous to the
third one. (]

7.4. Bibliography. Alan Jeffrey pioneered a string diagrammatic represen-
tation of programs using an extra wire to represent runtime | ], all the credit
for this idea should go there. Staton and Mggelberg [ | already showed how
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-

r--
M\

FIGURE 40. Race conditions in the theory of global state.

any premonoidal category could be reinterpreted as the Kleisli category of a state
promonad.

We take these ideas a step further, showing that a particular syntax for mo-
noidal categories can be used to talk about premonoidal categories as well. Our
study may demystify premonoidal categories, or at least make them more accessi-
ble to a category theorist already interested in monoidal categories: premonoidal
categories are simply monoidal categories with a hidden state object.






CHAPTER 2

Context Theory

Context Theory

Our goal in this thesis is to study how processes compose from their con-
stituent parts while keeping for each one of these incomplete parts (each context)
a meaning of its own: the meaning — the semantics — of the whole process is then
determined by the semantics of each one of its parts, and how they compose.
This is the principle of compositionality.

In the categorical framework, the structures that govern composition and
decomposition are Lambek’s multicategories: categories where morphisms have
multiple inputs that get composed into a single output. We will decompose
multicategories and compare them to monoidal categories using profunctors and
dinaturality, which we claim to be the right mathematical tools to talk about
abstract process composition in Section 1.

We give a short exposition of multicategories in Section 2, and then introduce
a type of multicategory with the particular property that every transformation
can be decomposed into smaller ones: malleable multicategories, which we prove
equivalent to promonoidal categories in Section 3. Our main result in this section
is a characterization of the multicategory that governs how morphisms compose in
a category — the malleable multicategory of spliced arrows — as cofreely generated
by the category, Section 4. This result is a variant on a recent result by Melliés
and Zeilberger [ |; and Chapter 3 will extend this theory for the first time
to the setting of monoidal categories.

7
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1. Profunctors and Coends

1.1. Profunctors. A profunctor from a category A to a category B is a
functor P: A? x B — Set | ]. Profunctors describe families of processes
indexed functorially by the objects of two different categories. The canonical
example of a profunctor is the one that returns the set of morphisms between
two objects of the same category, A(e;e): A°? x A — Set. Profunctors, however,
do not need to be restricted to a single category: this makes them useful to study
the relation between processes of different categories.

Categorically, profunctors can be seen as a categorification of the concept of
relations, functions A x B — 2. Under this analogy, existential quantifiers cor-
respond to coends. This section will first introduce profunctors (Definition 1.1),
then a naturality relation for them (Definition 1.4) and, finally, their composi-
tion using coends (Sections 1.3 and 1.4). We connect them explicitly to process
theories in Section 1.5.

Definition 1.1. A profunctor (P, <,>) between two categories, A and B, is a
family of sets, P(A, B), indexed by objects A € Ay and B € B, and endowed
with jointly functorial left and right actions of the morphisms of the two categories
A and B, respectively.

Explicitly, types of these actions are

(=): A(A’; A) x P(A"; B) — P(4; B)
(<): P(A; B) x B(B; B") — P(A; B)
These two actions must be compatible, (f = p) <g = f > (p < g), they must
preserve identities, id>p = p, and p<1id = p, and they must preserve composition
(p=f)=g=p=(fsg)and f-(9-p)=(f59) - p.
More succinctly, a profunctor P: A — B is the same as a functor P: AP x

B — Set. When presented as a family of sets with a pair of actions, profunctors
have been sometimes called bimodules.

Definition 1.2 (Parallel composition). Two profunctors P: A’ x B; — Set and
Q: AJY x By — Set compose in parallel into a profunctor P x Q: AP x AP x
B; x By — Set defined by

(P x Q)(A,A's B,B') = P(A; B) x Q(A"; B').

Remark 1.3. We will consider profunctors between product categories explicitly:
a profunctor P: Ag X ... x A,, = By X ... X B, is a functor

P:AZP..x A% x By x ... x B, — Set.

For our purposes, a profunctor P(Ay, ..., Ay; Bo, ..., Bm) is a family of processes
indexed by contravariant inputs Ay, ..., A, and covariant outputs By, ..., By,.-
The profunctor is endowed with jointly functorial left (>, ..., >,) and right
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(<0, .-, <m) actions of the morphisms of Ay,...,A, and By, ..., B,,, respectively
[ ) |. We will simply use (</>) without any subscript whenever the
input/output is unique.

Composing profunctors sequentially is subtle: the same processes could arise
as the composite of different pairs of processes, so we need to impose an equiva-
lence relation. Imagine we try to connect two different processes:

pE P(Ao, .y Ap; Bo, ... ,Bm), and q € Q(Co, s Cr; Do, ... ,Dh);

and we have some morphism f: B; — C; that translates the i-th output port of p
to the j-th input port of ¢. Let us write (;|;) for this connection operation. Note
that we could connect them in two different ways: we could

(1) change the output of the first process p<; f before connecting both, thus
obtaining (p < if) il ¢

(2) or change the input of the second process f >; q before connecting both,
thus obtaining p;|; (f >; ¢).

These are different descriptions, made up of two different components. How-
ever, they essentially describe the same process: they are dinaturally equal.
Indeed, profunctors are canonically endowed with this notion of equivalence
[ , |, precisely equating these two descriptions. Profunctors, and their
elements, are thus composed up to dinatural equivalence.

1.2. Dinaturality and Composition. Dinaturality is a canonical notion
of equivalence for profunctors: it arises naturally from the construction of the
bicategory of profunctors, but it also has a good interpretation in terms of pro-
cesess.

Definition 1.4 (Dinatural equivalence). For any functor P: C°? x C — Set,
consider the set
Sp =Y P(M;M).
MeC
Dinatural equivalence, (~), on the set Sp is the smallest equivalence relation
satisfying (r > p) ~ (p < r) for each p € P(M; N) and each r € C(N; M).

Coproducts quotiented by dinatural equivalence construct a particular form
of colimit called a coend. Under the process interpretation of profunctors, taking
a coend means plugging an output to an input of the same type.

Definition 1.5 (Coend). Let P: C°? x C — Set be a functor. Its coend is the
coproduct of P(M, M) indexed by M € C, quotiented by dinatural equivalence.

/MEC P(M; M) = (Z P(M;M)/ ~> .

MeC
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That is, the coend is the colimit of the diagram containing a cospan P(M; M) «
P(M;N)— P(N;N) for each f: N — M.

Definition 1.6 (Sequential composition). Two profunctors P: A°? x B — Set
and Q: B°? x C — Set compose sequentially into a profunctor Po@Q: A°? x C —
Set defined by

BeB
(PoQ)(A:C) = / P(A; B) x Q(B: ).

The hom-profunctor hom: A°? x A — Set that returns the set of morphisms be-
tween two objects is the unit for sequential composition. Sequential composition
is associative up to isomorphism.

1.3. Coend Calculus. Coend calculus is the name given to the algebraic
manipulations of coends that prove isomorphisms or construct natural transfor-
mations between profunctors using the behaviour of coends. MacLane | ]
and Loregian | | give presentations of coend calculus.

Proposition 1.7 (Yoneda reduction). Let C be any category and let F': C — Set
be a functor; the following isomorphism holds for any given object A € Cgp;.

XeC
/ C(X;A) x FX ~ FA.

Following the analogy with classical analysis, the hom profunctor works as a
Dirac’s delta.

Proposition 1.8 (Fubini rule). Coends commute between them; that is, there
exists a natural isomorphism

X,€eC Xq€C XseC X,€eC
/ / P(Xl,Xz;Xl,XQ)%/ / P(Xy, Xa; X1, Xs).

In fact, they are both isomorphic to the coend over the product category,

(Xl,Xz)ECXC
/ P(X1, Xa; X1, Xo).

Following the analogy with classical analysis, coends follow the Fubini rule for
integrals.

1.4. The Point of Coend Calculus. In the same way that regular logic
links relations, a coend calculus expression is a list of profunctors linked by some
objects that are bound to a coend. Usually, the isomorphisms that we construct
are never made explicit, and it is difficult for the reader to compute the precise
map we constructed.

Fortunately, this has a straightforward solution. We propose to point the
coends: to write an profunctorial expression, P, together with the generic element
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it computes, P,. An expression of pointed coend calculus is a coend bounding
some objects and a series of pointed profunctors. For instance, we may write

[N P(A; M,N); x Q(M; B), x C(N;C);,, instead of just
MY P(A; M, N) x Q(M; B) x C(N;C).

Coends quotient expressions by dinaturality, meaning that any left action on
the covariant occurrence of a bounded variable can be equivalently written as a
right action on its contravariant occurrence. In terms of pointed profunctors, this
means that

N M
/ P(A;N)(r<n) X Q(N; B), =/ P(A; M)y x Q(M; B) (1g)-

Proposition 1.9. Let C be a category and let F': C°P — Set and G: C — Set be
a presheaf and a copresheaf, respectively. The following are natural isomorphisms
of pointed profunctors,

X
/ CXA)y x F(X)n 2= F(A) jny:

X
/ (C(A,X)f X G(X)h =~ G(A)(h<f).
We call these isomorphisms the “pointed” Yoneda reductions.

Remark 1.10. Using pointed coends, any derivation does also include the com-
putation of the isomorphism it induces. As an example, compare the following
with the usual coend derivation of a cartesian lens | l,

Proposition 1.11. In a cartesian monoidal category, the pairs of morphisms
C(A; M x X) and C(M x Y; B), quotiented by dinaturality, are in bijective cor-
respondence with the pairs of morphisms C(A; M) and C(M x Y; B).

PROOF. A function is explicitly constructed by the following derivation.
M
/ CAMxX); xC(M xY;B),
>~ ( by the adjunction A x)

M
/ C(A;M)(fswl) X (C(A;X)(fgﬂ.z) X (C(M X Y;B)g

~

>~ ( by pointed Yoneda lemma )
C(A; X) (3ma) X C(X XY B)((f3m1)0id)s-

The function mapping an equivalence class [f,g] to (f ¢ mo; (f §m1) ® id) is a
bijection because it has been constructed from composing bijections.
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Indeed, in the first step, we have used that the adjunction (A - x) is given by
postcomposition with projections and; in the second step, we use that the action
on the last profunctor is defined as h > g = (h ® id) § g. The bijection has been
explicitly constructed as sending the pair (f;g) to (fsme; ((fsm1) ®id)sg). O

1.5. Promonads. Promonads are to profunctors what monads are to func-
tors: to quip, a promonad is just a monoid in the category of endoprofunc-
tors. It may be then surprising to see that so little attention has been devoted
to them, relative to their functorial counterparts. The main source of exam-
ples and focus of attention has been the semantics of programming languages
[ , , ]. Strong monads are commonly used to give categori-
cal semantics of effectful programs | |, and the so-called arrows (or strong
promonads) strictly generalize them: they coincide with our previous definition
of effectful category | |

Part of the reason behind the relative unimportance given to promonads
elsewhere may stem from precisely from that fact: promonads over a category can
be shown in an elementary way to be equivalent to identity-on-objects functors
from that category | |. The explicit proof is, however, difficult to find in the
literature, and so we include it here (Theorem 1.14).

Under this interpretation, promonads are new morphisms for an old category.
We can reinterpret the old morphisms into the new ones in a functorial way. The
paradigmatic example is again that of Kleisli or cokleisli categories of strong
monads and comonads. This structure is richer than it may sound, and we will
explore it further during the rest of this text.

Definition 1.12. A promonad (P, *,°) over a category C is a profunctor P: C°Px
C — Set together with natural transformations for inclusion (°)x y: C(X;Y) —
P(X;Y) and multiplication (x)xy: P(X;Y) x P(Y;Z) — P(X;Z), and such
that

i. the right action is premultiplication, f° xp = f = p;

ii. the left action is postmultiplication, p x f© =p < f;

iii. multiplication is dinatural, p* (f > q) = (p < f) x q;

iv. and multiplication is associative, (p1 * p2) x ps = p1 * (P2 * P3)-
Equivalently, promonads are promonoids in the double category of categories,
where the dinatural multiplication represents a transformation from the compo-
sition of the profunctor P with itself.

Lemma 1.13 (Kleisli category of a promonad). Every promonad (P, *,°) induces
a category with the same objects as its base category, but with hom-sets given by
P(e,e), composition given by (x) and identities given by (1d°). This is called its
Kleisli category, Kleisli(P). Moreover, there exists an identity-on-objects functor
C — Kleisli(P), defined on morphisms by the unit of the promonad.
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The converse is also true: every category C with an identity-on-objects func-
tor from some base category V arises as the Kleisli category of a promonad.

THEOREM 1.14. Promonads over a category C correspond to identity-on-
objects functors from the category C. Given any identity-on-objects functori: C —
D there exists a unique promonad over C having D as its Kleisli category: the
promonad given by the profunctor homp(i(e),i(e)).

1.6. Bibliography. Coends, the Yoneda lemma, and their calculus, were
introduced in MacLane’s monograph | ]. A more modern presentation of
coend calculus and its applications is in the work of Loregian | ]. This author
has also written on the importance of pointed profunctors for open diagrams
[ | and collages | |
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2. Multicategories

2.1. Multicategories. Multicategories will provide an algebra for compos-
ing multiple pieces into one. A multicategory is like a category where every
morphism has a list of inputs instead of a single one. A multicategory, M, con-
tains a set of objects, My, as a category does; but instead of a set of morphisms,
M(X;Y), for every pair of objects X,Y € M, it will have a set of multimor-
phisms,

M(X,...,X,;Y), for each list of objects X1,...,X,,,Y € My,;.

As in sequent logic, it is easier to denote lists of objects by metavariables. For
instance, we will use I' = X4,..., X, and write M(T; V) for the set of multimor-
phisms M(X,..., X,,;Y).

Definition 2.1. A multicategory, M, is a collection of objects, Myp;, together
with a collection of multimorphisms, M(T"; Y), for each list of objects ' = Xo,..., X, €
Mp; and each object Y € My;.

For each object X, there must be an identity multimorphism, idx € M(X; X).
For each three lists of objects I', I'1, I's and each two objects Y and Z, there must
exist a composition operation (we omit superscripts when clear from the context),

(5512 M(T;Y,) x M(Ty,Y;,Tg; Z) — M(Dy, T, Ty; Z).

Composition must be unital, meaning that idx $x f = f and fsidy = f
every time that the equation is fomally well-typed. Composition must be also
associative, meaning that (h$xg)sy f = hix(gsy f); and gsy (hsx f) = hsx (g3v f)
must hold whenever they are formally well-typed, see Figure 1.

FIGURE 1. Associativity for a multicategory.

2.2. The Category of Multicategories. In the same way categories are
the first step towards the theory of functors and natural transformations, multi-
categories are the first step towards the theory of multifunctors and multinatural
transformations. In the same way the formal theory of categories is synthetised by



2. MULTICATEGORIES 85

the 2-category Cat of categories, functors and natural transformations; the study
of multicategories is synthetised by the 2-category MultiCat of multicategories,
multifunctors and multinatural transformations.

Definition 2.2. A multifunctor between two multicategories, F': M — N, con-
sists of an assignment on objects Fp;: Ml — N and an assignment on multimor-
phisms of any arity,

Fnl IMI()(l7 . ,Xn;Y) — N(Foijl, . 7Foijn; Foij),
that preserves identities, F';(idx) = idp,,, (x), and composition of multimor-
phisms, Fnerfl(f Y g) = Fn(f) ;Fobj(Y) Fm(g)~
Definition 2.3. A multinatural transformation 6: F — G between two multi-
functors F, G: M — N is given by a family of multimorphisms 0y € N(FX;GX)
such that, for each multimorphism f € M(X;,..., X,;Y), the following natural-
ity condition holds

Ox,31---3n—10x, $G(f) = F(f)s0y.

Proposition 2.4. Multicategories with multifunctors between them form a cate-
gory, Mult.

2.3. Application: Shufflings. Let us exemplify multicategories with an

example that will become increasingly relevant in this thesis. Shufflings are per-
mutations that preserve the relative ordering of some blocks. We can always
count shufflings combinatorially, but multicategories provide the extra structure
that allows us to track how different shufflings compose.
Example 2.5. A shuffling is a permutation of the elements of multiple blocks
that preserves their relative ordering. The multicategory of shufflings has objects
the natural numbers and morphisms the shufflings, o € Shuf(py, ..., pn;q) that
reorganize po, . . . , Pp €lements into ¢ = pg+- - - +p,, without altering their internal
ordering.

o . . . .

ST
f\./..///’

FIGURE 2. Example of a 1,2,3-shuffling.

More explicitly, the number of shufflings Shuf(po,...,pn;q) is given by a
multinomial coefficient whenever ¢ = pg + - - - + pn,

(Po + -+ pn)!

#Shuf (po,...,pnspo+ - +pn) = — ,
pO' e e .pn.

)
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and it is zero in any other case.

Shufflings exhibit a particular property that motivates our next section: mal-
leability. Any shuffling of pg, p1 and ps can be factored uniquely in two different
forms: we can first shuffle pg and p; and then shuffle the result, pg + p1, with
po; or we can first shuffle p; and po, and then shuffle pg with the result, p; + po.
For instance, any 1,2, 3-shuffling splits uniquely into a 2, 3-shuffling followed by
a 1, 5-shuffling, but also uniquely into a 1, 2-shuffling followed by a 3, 3-shuffling.

| S X

R S

FI1GURE 3. Two factorizations of the previous shuffling.

This is a global property: any shuffling can be uniquely factored into smallest
shufflings, in whichever arrangement we pick. Any morphism of the multicategory
Shuf can be factored into any possible shape, uniquely. We say that the mul-
ticategories that satisfy this property are “malleable multicategories™ shufflings
form a malleable multicategory.

3. Malleable Multicategories

A malleable multicategory is a multicategory where each morphism can be
morphed uniquely into any possible shape. This means that there exist unique
factorizations of each morphism into each one of the possible shapes. Formally,
we will define malleable multicategories to have an invertible composition, up to
the morphisms of some underlying category.

Definition 3.1. The unary morphisms of a multicategory form a category | ]
In other words, given a multicategory M, the underlying category, M", has the
same objects as the multicategory, Mgbj = Mp;, and morphisms defined from
the unary multimorphisms of the multicategory, M*(X;Y) = M(X;Y). Compo-
sition and identities are exactly those of the multicategory.

Remark 3.2. The multimorphisms of a multicategory determine profunctors
over the underlying category of the multicategory. The underlying category acts
on the multimorphisms by composition,

(=): M*(X; X') x M(T'y, X', T9;Y) — M(T'y, X, T2 Y),
(<): M(T;Y) x M*(Y;Y’) — M(T; Y).
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In any multicategory, composition of multimorphisms is dinatural with respect to
the underlying category. This follows from the associativity for multicategories,

(f=h)sx, 9= (F3x, M) sx; 9= Ffsx: (hsx; 9) = f3x, (h=g).

As a consequence, composition is well-defined under dinaturality. We define
dinatural composition to be composition lifted to the equivalence classes of the
dinaturality equivalence relation, which are written as a coend,

() (J"YEM M(L;Y) x M(To, Y, Ty Z)) — M(To,T,T; 2).

Definition 3.3. A malleable multicategory is a multicategory where dinatural
composition is invertible.

Proposition 3.4. Malleable multicategories with multifunctors between them
form a category, mMult. This is a wide subcategory of the category of mul-
ticategories.

Remark 3.5. If a multicategory is malleable, we can reconstruct it up to iso-
morphism from its binary and nullary maps. When defining a malleable multi-
category, it is usually easier to provide its binary, unary and nullary maps, and
deduce from those the rest of the structure. The situation is similar in monoi-
dal categories: we do not need to provide the n-ary tensor in order to define a
monoidal category, we only provide the binary and unary tensors.

This suggests that we will really work with a biased version of malleable
multicategories, one that privileges the binary and nullary tensors over the others.
Biased malleable multicategories are better known as promonoidal categories.

3.1. Promonoidal Categories. In the same sense that multicategories
provide an algebra for the composition of multiple pieces into one, promonoidal
categories provide an algebra for the coherent composition of multiple pieces into
one. A category C contains sets of morphisms, C(X;Y). In the same way, a pro-
monoidal category V contains sets of joints, V(Xo<1X1;Y), morphisms, V(X;Y),
and units, V(IN; X), where N is the virtual tensor unit. Joints, V(X < X1;Y),
represent a way of joining objects of type X and X; into an objects of type Y.
Morphisms, V(X;Y'), as in any category, are transformations of X into Y. Units,
V(N;Y), are the atomic pieces of type Y.

These compositions must now be coherent. For instance, imagine we want
to join X, X7 and X5 into Y. Joining Xy and X; into something (e), and then
joining that something (o) and Xo into Y, should be doable in essentially the
same ways as joining X1 and X into something (e), and then joining X, and
that something (e) into Y. Formally, we are saying that,

U |4
/V(quxl;U)xV(Uq)(Q;Y)g/ V(X1 <9X0; V) x V(XoaV;Y),
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and, in fact, we usually just write V(X <X <X2;Y) for the set of such decom-
positions, even when it is only defined up to isomorphism.

Definition 3.6. Promonoidal categories are the 2-monoids of the monoidal bi-
category of profunctors, which is equivalent to the following definition. A pro-
monoidal category is a category V(e;e) endowed with two profunctors

V(e<e;0): VxV -V, and V(N;e): 1 - V.

Equivalently, these are functors
V(e<e;0): VP x VXV — Set, and V(N;e): V¥ — Set.
Moreover, promonoidal categories must be endowed with the following natural
isomorphisms,
V(Xo<aX1;0)0oV(ea X0 Y) V(X1 a4Xg;0)0V(XgaeY);

V(N;0) o V(e X; V)X V(X;Y);

V(N; @) o V(X <e;Y) X V(X;Y);
called a, A, p, respectively, and asked to satisfy the pentagon and triangle coher-
ence equations, a s a = (aoid)sa g (idoa), and (poid) = a g (A eid).

Definition 3.7 (Promonoidal functor). Let V and W be two promonoidal cate-
gories. A promonoidal functor F: V — W is a functor between the two categories
together with natural transformations

Fi: V(X994 X;Y) > WEFEFXg<FX1;FY), and Fy: V(N; X) - W(N;Y),
that satisfy AsFpap = (Fq X EFN)3A, p§Fmap = (Fax Fn)sp, and ad(Fgx Fq)si =
(Fq XF<])$7;$OC.

Proposition 3.8. Promonoidal categories with promonoidal functors between
them form a category, Prom.

3.2. Promonoidal Categories are Malleable Multicategories. In this
section, we show that the category of promonoidal categories is equivalent to that
of malleable multicategories. In this sense, the study of malleable multicategories
is the study of promonoidal categories.

Definition 3.9 (Underlying malleable multicategory). Let V be a promonoidal
category. There is a malleable multicategory, V™ that has the same objects
but multimorphisms defined by the elements of the promonoidal category. By
induction, we define

V™ (X0, X1,T3Y) = [V V(XoaX1; V) x V(V,T;Y),
V(X Y) =V(X;Y),
V™(;Y) = V(N; ).
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In other words, the multimorphisms are elements of the left-biased tree reductions
of the promonoidal category, seen as a 2-monoid. Dinatural composition is then
defined to be the unique map relating two tree expressions in a 2-monoid, which
exists uniquely by coherence,

(coh): (fXEVV(F;X) x Vm(ro,x,rl;y)) 5 V™(Do, T, Ty; X).

Coherence maps are isomorphisms, and so dinatural composition is invertible,
making the multicategory coherent. By coherence for pseudomonoids, composi-
tion must satisfy associativity and unitality.

Proposition 3.10. The category of promonoidal categories and the category of
malleable multicategories are equivalent with the functor ()™ : Prom — mMult
induced by the construction of the underlying malleable multicategory of a pro-
monoidal category. See a polycategorical analogue at Proposition 2.16.

PROOF. First, let us show that a promonoidal functor, F': V — W, induces
a multifunctor, F™: V™ — W™ between the underlying multicategories. On
objects, we define it to be the same, F obj = Fovj- On multimorphisms, we define
the binary, unary and nullary cases using the promonoidal transformations:

F{ = Fy, with F* = F,,p and Fy = F,.

Then, we extend this definition to the n-ary case by induction, using F? =
Fyx FY_,. We now verify that this assignment is functorial: the only remarkable
case is that of checking that the inductive case preserves composition.

(F30): 2 (F3G)ax (F3G)_, Y (FysGa) x (F 3GY_))

n—1 —

D (Fyx B!y x (Gax Gi_y) @ Frs 6.

This equation holds because (i) of the inductive definition, (7i) the composition
of promonoidal functors and the inductive hypothesis, (i) the interchange law
for functions, (iv) and the inductive definition.

We will now show that this is a fully faithful functor. It is hopefully clear that
it is faithful because F'* = G* directly implies Fip; = Gopj, Fo = Gq, Fn = Gn
and Fyap = Gmap- Let us show that it is also full. Let G:V, — W, be a
multifunctor between malleable multicategories. We will construct a promonoidal
functor G* such that G** = G. We start by defining that Gy = Gy, that
Grap = G1 and that G% = G2. Now, we need to prove that (G*™), = G,.
This is definitionally true for binary, unary and nullary multimorphisms; then,
by induction,

i)

G, @ decomp ¢ (G2 x Gy,) @ decomp ¢ (G5" x G:*) (i Grt.
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Here, we use (i) malleability, (i) the induction hypothesis, and (i) the definition
of the underlying multifunctor. We have shown that we have a fully faithful
functor.

Finally, we will show that U: Prom — mMult is essentially surjective.
Given any malleable multicategory M, we can define M” to be the promonoidal
category with the same objects and only binary, unary and nullary morphisms.
We now note that there is an isomorphism, M 2 M’“, that is the identity on
objects. It is defined to use the invertible dinatural composition that exists by
malleability,

M;L(thXTMY) = IUM(X(JaleU) X M(U7X277XTL7Y)
& M(X1, ..., Xn; V).

This makes the functor fully faithful and essentially surjective, defining an equiv-
alence of categories. O

3.3. Bibliography. What makes monoidal tensors universal? Products
and coproducts have a universal property, but that is the exception and not
the rule. Hermida’s work | | explains that tensors are universal because
they represent a relevant multimap structure, a multicategory. For instance, the
monoidal category of vector spaces with their tensor product represents functions
linear in each variable: a linear function A ® B — C'is the same as a multilinear
function A, B — C. Indeed, Lambek | | first introduced multicategories as
the underlying structure that unified Gentzen’s sequents and multilinear maps.
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4. The Splice-Contour Adjunction

4.1. Contour of a multicategory. This last section characterizes the cofree
malleable multicategory of spliced arrows, which governs how incomplete mor-
phisms can be nested. Any multicategory freely generates another category, its
contour | |. This can be interpreted as the category that tracks the pro-
cesses of decomposition that the multicategory describes. The construction is
particularly pleasant from the geometric point of view: it takes its name from
the fact that it can be constructed by following the contour of the shape of the
decomposition (Figure 4).

X1 X1 An4 Xn

/

Y

FI1GURE 4. Contour of a multimorphism.

Definition 4.1. Let M be a multicategory. Its contour, Contour(M), is the
category presented by two polarized objects, X° and X*®, for each object X €
M5
(1) for each multimorphism f € M(Xy,...,X,;Y), the following genera-
tors,

for Yo = X7 f1: X3 = X5, oy fac1: Xp 1= X[ X =YY

with only an fo: Y° — Y* for the case n = 0;

(2) requiring contour to preserve identities, (idx)o = idxe. and (idx); =
idxe;

(3) and requiring contour to preserve compositions, meaning that for each
feM(Xq,...,X,;Y;) and each g € M(Y,...,Y,,; Z), the contour of
their composition is defined by the following five cases

gj when j < 1,
gi;fo When.j:iv
(f;X1 g)]: fj—i Wheni<j<i+n,

Jn$git1 when j=i+mn,
Jj—n+1 when i +n < j <n+m,

with the special case (f $x, 9)i = g: § fo§ gi+1 Whenever n = 0.
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A recent article by Mellies and Zeilberger | | develops the notion of a
context-free grammar over a category as a multicategorical functor to the mul-
ticategory of spliced arrows. The multicategory of spliced arrows is a universal
construction over a category that produces a multicategory of “contexts” over the
category.

4.2. Spliced Arrows. The multicatgeory of spliced arrows is formed by
arrows containing blanks or holes that could be filled to constuct a morphism.
This multicategory gives an algebraic theory of context for the category.

Definition 4.2 (Spliced arrows). Let C be a category. The multicategory of
spliced arrows has objects pairs of objects in C, and the multimorphisms are
given by sequences of arrows in C separated by n gaps

n—1

SpliceC (31,..., 57 %) = C(X; X1) x [ [ C(Ve, Xiy1) x C(Voi; )

k=1
which we write as foss...s0¢ f,,. That is, the sequence goes from X to Y,
with holes typed by {X; — Y, }o<i<n. Composition is defined by substitution

(fosOs...5035 fn) =i (g0505...3039m) =
(gos05...59:5 fos0s. 505 fasgirrs--- 505 gm),

and the identity morphism in () is idx 0 ¢ idy.
Proposition 4.3. The multicategory of spliced arrows is a malleable multicate-
gory.

Proor. We will show that dinatural composition is invertible by exhibiting
an inverse to the composition operation, up to dinaturality. Consider a spliced
arrow ho § -+~ 0% hpym—1 with (n +m + 1) holes; we can decompose n of its
holes at position ¢ with the following operation.

decomp; (ho ¢ 0O+ 0 ¢ hpym—1)
=(hosO--hi §05hiyn - O§hngm-1) | (([d30O5hip1- - hitn_1503id)
= (ho3O---id§O3id - O3 hngm—1) | (Ri 303 hig1 - hiyn-1§05 hivn).
This operation is an inverse to dinatural composition. It follows by construction

that (>); § decomp,; = id, and we now check that decomp, §(>); is an identity up
to dinaturality. Let fosO---0O¢ f, and go 30 --5% g, be two spliced arrows,

decomp; ((fo3O... 03 fn) =i (903 0... 05 gm))
= decomp;' (g0 §0... 59§ fo305... 05 fnsgir150---059m))
= (905395 f08 05 nsgir15.--89m) | (dsO5 f15...8 fno1505id)
= (90%---39:303gi+15---39m) | (fo305f15.-. 3 fu1505 fn)-
We have shown that dinatural composition is invertible. ([
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4.3. Splice-Contour Adjunction. A first explicit account of splice-contour
adjunction is due to Melliés and Zeilberger | |. In later joint work with Earn-
shaw and Hefford | ], we showed that this adjunction produced not only
multicategories but malleable multicategories.

THEOREM 4.4. Splice is right adjoint to contour.

PRrROOF. Let M be a multicategory. We will show that any multifunctor to
a spliced arrow multicategory, F': M — Splice(C), factors through a canonical
multifunctor 7': M — Splice(Contour(M)) that is followed by a unique functor
F*: Contour(M) — C. First, we construct 7: M — Splice(Contour(M)), the
multifunctor that sends any object X to the pair of polarized objects (§:); and
that sends any multimap f € M(Xo,...,X,;Y) to the spliced arrow

. X3 X° vy°
fosOs...s0¢ f,, € Splice(C) (XE""’XE;Y’>'

We check now that T is indeed a multifunctor: by construction, it sends T'(f $x,
g9) = f>igand it sends T(idx) = (idxe § 0 ¢idxs).

We will now show that there exists a unique functor F*: Contour(M) — C
factoring the multifunctor F', such that F' = T 3 Splice(F#). The contour is a
category presented by some generators and equations: to define a functor from
it, it suffices to define it on the generators and show that it preserves the equations
of the presentation. We do so next. Consider the objects, for each X € My;,
assume F'(X) = (#). We must have that

Splice(F#)(T(X)) = Splice(F¥) (¥2) = (F10) = (4).
which forces F*#(X°) = A and F¥(X*) = B. Consider now the morphisms, for
each f € M(Xo,...,X,;Y). We must have that

Splice(F*)(T(f)) = Splice(F*)(fo5...5 fa) = Fifo30s...s 03 F¢f,,

which forces F*(f;) = F(f);. This uniquely determines the value of F'* in all of
the morphisms of the contour. We must finally check that that F* satisfies the
equations. We first notice that, by functoriality of F', we have

F*((f3x, 9)5) = F(f 5x, 9); = (F(f) 5rx, F(9));,

and, using this and the previous F*(f;) = F(f);, we simply check the five cases
of contour composition,

F(g); F*(g;)

F(g)i s F(f)o F¥(g:)  F*(fo)
FH(f3x,9)5) = 4 F()j—i =S FH(f)j-i

F(f)ns F(9)it1 FA(f)n 3 F*(g)it1

F(gj,nﬂ) Fﬁ(g)j—n-i-l
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This proves the existence of F*, but it also proves that it is the unique possible
functor such that F' = T § Splice(F*). O

4.4. Promonoidal Splice-Contour. We have commented on how any mal-
leable multicategory induces a promonoidal category. The malleable multicate-
gory of spliced arrows induces a promonoidal category of spliced arrows. This
promonoidal category is precisely the one that arises from the adjunction between
any category and its opposite category in the monoidal bicategory of profunctors.

Remark 4.5. The promonoidal splice could be seen as a particular case of the
more general multicategorical splice. However, we will see that it is usually better
behaved: technically, it is the 2-monoid arising from the 2-duality of a category
with its opposite category, CHC°P, in the monoidal bicategory of profunctors. We
will not use this particular fact too much, but it will inspire its generalization. In
the next chapter, we repeat a monoidal version of the splice-contour adjunction
that, by default, uses only the malleable version.

Proposition 4.6 (Promonoidal spliced arrows). Let C be a category. The pro-
monoidal category of spliced arrows, SpliceC, has as objects pairs of objects of
C. It uses the following profunctors to define morphisms, splits and units.

(1) Splice(C) (5 5) = C(4; X) x C(Y, B);

(2) Splice(C) (¥ < Y”B) C(A; X) x C(Y; X') x C(Y'; B);

(3) Splice(C)(N;4) = C(4; B).

In other words, morphisms are pairs of arrows f: A — X and g: Y — B.
Splits are triples of arrows f: A — X, g: Y — X' and h: Y/ — B. Units are
simply arrows f: A — B. We use the following notation for

(1) morphisms, (f5059): () = (5);

(2) joins, (f5059305h): (£)<(§) = (3);
(3) and units, f: N — (4).

Definition 4.7. The contour of a promonoidal category P is the category Contour(IP)
presented by two polarized objects, X° and X*, for each object X € Py;; and
generated by the arrows that arise from contouring the decompositions of the
promonoidal category.

XY

X
0, Y =X o e H CoZ>X
XY b b,=x—’x x'_)yO
d‘l-] o XK'=y L}E I < e

Y

F1GURE 5. Contour of a promonoidal category.
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Specifically, the contour is the category presented by the following generators,
as depicted in Figure 5:
(1) ap: Y° — X° and a;: X* — Y*, for each morphism a € P(X;Y);
(2) bg: X° — X*, for each unit b € P(NV; X);
(3) a triple of generators, ¢p: Z° — X°, ¢1: X®* - Y° and ¢o: Y* — Z°,
for each split c e P(X «Y; Z).

We impose several equations over these generators, all depicted in Figure 6. The
equations come from the decomposition of categories and they form the theory

of contour.
& &) e
(=) Granth

&y b )
) C) ] C%) inplies 3‘255.";23’: ?c,b ";E;
G® o

®) e 428

i @ mplies  0,303304= b,

__
"

o8

(sl (E:) . 302 =50

mplies 0330305 = b3
Cb 03 0z =B, gby

it
I

FIGURE 6. Theory of contour.






CHAPTER 3

Monoidal Context Theory

Monoidal Context Theory

This section develops a theory of context, or incomplete parts, for arbitrary
monoidal categories. In the same way that the theory of context for categories re-
quired malleable multicategories or promonoidal categories; the theory of context
for monoidal categories will require duoidal categories and produoidal categories.

Duoidal categories combine a sequential tensor (<) with a parallel tensor
(®); and it is well known that they can be used for process description | ,

|. However, lifting context theory to monoidal categories will come with a
few technical surprises that we develop; the most important one is a normalization
monad in the category of produoidal categories: this becomes a crucial step in
creating a theory of monoidal context that allows incomplete morphisms to take
any shape. The morphisms of the produoidal category of contexts have been
called lenses and combs in the literature, and we characterize them by a universal
property.

We revisit the literature on duoidal categories and normalization in Sections 1
and 2. Produoidal categories and their splice-contour adjunction are introduced
in Section 3. We take a technical aside in Section 4 to construct the normalization
monad, and we immediately use it in Section 5.

97
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1. Duoidal categories

1.1. Duoidal Categories. Duoidal categories result from the interaction of
two monoidal categories. By the Eckmann-Hilton argument, each time we have
two monoids (*,0) such that one is a monoid homomorphism over the other,
(aob)*(cod) = (axc)o(bx*d), we know that both monoids coincide in a single
commutative monoid.

However, an extra dimension helps us side-step the Eckmann-Hilton argu-
ment. If, instead of equalities or isomorphisms, we use directed morphisms, both
monoids (which now may become 2-monoids) do not necessarily coincide, and
the resulting structure is that of a duoidal category.

Definition 1.1 (Duoidal category). A duoidal category | | is a category C
with two monoidal structures, (C,®, I, a, A, p) and (C, <, N, 3, k, ) such that the
latter distribute over the former. In other words, it is endowed with a duoidal
tensor, (<): C x C — C, together with natural distributors

P (X <Z2)@Y <W) = (XY)1(ZaW),
Yo: I =11,

p2: N® N - N, and

wo: I = N,

satisfying the following coherence equations (Appendix 1, Figures 1 to 5). A
duoidal category is strict when both of its monoidal structures are.

Remark 1.2. In other words, the duoidal tensor and unit are lax monoidal
functors for the first monoidal structure, which means that the laxators must
satisfy the following equations.

(1) (Y2 ®id)seha s (a<a)=ajg(id®1h2)$ s, for the associator;

(2) (o ®1id)3eha g (A <) = A, for the left unitor; and

(3) (id®1g) $12 3 (p < p) = p, for the right unitor;

(4) a3 (id® p2) 52 = (P2 @ id) § 2, for the associator;

(5) (o ®id)§p2 = A, for the left unitor; and

(6) (id ® @o) § w2 = p, for the right unitor.

1.2. Communication via Duoidals. The operations of a posetal duoidal
structure can be interpreted as speaking about the communication of processes
[ |. Let (®,i) and (<,n) form a duoidal structure on a poset. We read the
elements of this poset as being processes and we interpret

(1) x®y as “a and y happen together, in parallel and independently”;
(2) z <y as “y happens after x, and may depend on it”;
(3) i as a process that “interrupts communication”;

(4) n as a process that “does nothing”;

(5) & — y as “channels of z are included in channels of 3.
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Under this interpretation, the rules of a duoidal category say that

(1) (z<y)®(z<w) = (z®2) < (y ®w), adds intermediate communication;
(2) i — i <1, allows to interrupt an interrupted process;

(3) n®n — n, simplifies parallelism that does nothing; and

(4) i — n, allows new communications.

We can already picture this interpretation in terms of communication diagrams.
Processes are boxes, and wires represent the information flow: a path from a
process to another one means that the first can communicate to the second (Fig-

ure 1).
l
@] T - E}J
Xey Xy

I N X—=Yy

FIGURE 1. Communication diagrams.

The axioms of a duoidal category impose the following transformations of
communication diagrams (Figure 2).

We can take these diagrams seriously: they are string diagrams of a monoidal
bicategory where processes are endocells. The only structure that we ask of the
single object generator is that of an adjoint monoid.

4
4
4

FI1GURE 2. Communication diagram axioms.

1.3. Duoidals via adjoint monoids. Let (C, ®, I) be a monoidal category;
let (A,'¥,?) be a monoid and let (B,#,$) be a comonoid. The set of morphisms
C(4; B) forms a monoid with the operation of convolution, fxg=&s(f ®g) ¥
and the biunit, e = é 3¢9, as in Figure 3.

Convolution and composition interact duoidally whenever the monoid and
the comonoid are adjoint to each other. This is the notion of an adjoint monoid.
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FIGURE 3. Convolution monoid.

Definition 1.3. An adjoint monoid, in a monoidal bicategory B, is an object
endowed with both 2-monoid and 2-comonoid structure (A,'¥,%,4,4), such that
the multiplication is adjoint to the comultiplication (‘*¥-&) and the unit is adjoint
to the counit (¢ 9).

iy Lo, b L O
= |3 = H - | 3 [ e 1 H

T |-

FIGURE 4. Adjoint monoid.

This means that there exist 2-cells, eg: & 'Y — id and 7ng:id — &35,
witnessing the adjunction (¥ 4&\); and that there exist 2-cells, e7: é39 — id and
nr: id — 639 witnessing the adjunction (? -8), as in Figure 4.

THEOREM 1.4 (Garner, Lopez Franco | ). The endocells of an adjoint
2-monoid form a duoidal category with convolution and composition.

PROOF. Let (4,%,9,4,4) be an adjoint monoid, and let X, Y € B(A; A) be
endocells. We define the sequential tensor as the composition, X <Y = X ;Y
with the unit being the identity, N = I. We define the parallel tensor as the
convolution, X @ Y = &5 (X XY) s'¥, with the unit being the pair of monoid
units, I = ¢39. The duoidal interchangers are constructed out of the 2-cells of the
adjoint monoid, taking Figure 2 seriously as the string diagrams of a monoidal
bicategory.

(1) The first interchanger, (X <W)® (Y <Z) - (X QY)<1 (W ® Z), is
constructed from the tensor adjunction unit, ng: id — ‘¥’ § &,

(2) the second interchanger, I — I < I, is constructed from the unit of the
unit adjunction, n7: id — 93 ¢;

(3) the third interchanger, I — N, is constructed from the counit of the
unit adjunction, e7: ¢§¢ — id; and

(4) the fourth interchanger, N ® N — N, is constructed from the tensor
adjunction counit, £g: &§'Y — id.
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Finally, we need to check that all of the structure diagrams commute. This
is usually left to the reader | |; we can visualize the equations as surface
diagrams. O

Remark 1.5 (Day convolution). A particular case is the convolution of two
parallel profunctors P,Q: C — I between monoidal categories. A monoidal
category determines an adjoint monoid in the monoidal bicategory of profunctors.
Convolution is the operation that constructs a profunctor P x Q: C — I defined
by

(PxQ)(A,B) = [M Y A, XoV)x P(X, X)) x Q(Y,Y') x D(X' @Y, B).

Whenever we particularize to presheaves over a monoidal category C, we recover
Day convolution of presheaves.

(FxG)(A) = [CVCA,X0Y) x F(X) x G(Y).

In particular, the endoprofunctors over any monoidal category form a duoidal
category, this is the duoidal category that we study in Section 3.

1.4. Be Careful with Duoidal Coherence. Monoidal categories possess
a coherence theorem that determines that any two parallel morphisms constructed
out of structure isomorphisms commute. In contrast, duoidal categories do not
satisfy that same statement. This causes some confusion around coherence for
duoidal categories. I bring an example of how this confusion may arise, hop-
ing that it will help the interested reader and that it may further justify the
importance of expository category theory.

We could be tempted to provide an alternative definition of duoidal categories
that avoids asking for a bunch of commutative diagrams by simply asking that
any formal such diagram commutes. In fact, this may possible for the physical
duoidal categories studied by Spivak and Shapiro | |, who comment that

alternatively, duoidal categories can be defined by the two mo-
noidal structures along with the generating structure maps |[...J
(4) mnatural in a,b,c,d which satisfy equations guaranteeing
that any two structure maps built from those in (4) between
the same two expressions in Yg, Yq, D, < are equal.

One of the first, most complete and comprehensive accounts of duoidal cat-
egories is the monograph by Aguiar and Mahajan | ]. Tt includes a passing
comment that could suggest that this version can be proven correct. It says that

“...] if two morphisms A — B are constructed out of the struc-

ture maps in C (including the structure constraints of the mo-
noidal categories (C,o,1) and (C,*,J)), then they coincide.”
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However, intepreted literally and strictly, this turns out to not be true. Two
parallel morphisms constructed out of the structure maps of a duoidal category
do not need to coincide.

Proposition 1.6. There exist two different maps of type I <I — I constructed
out of the structure maps of a duoidal category.

PROOF. We can consider two maps of type I <I — I, depending on which of
the two parallel units we decide to convert to a sequential unit using the laxators.
Explicitly, we are saying that (I <g) $ pq and (o <) § Aq do not coincide; and
the more intuitive string diagrams for bicategories for adjoint monoids confirm
this (Figure 5). We will construct an explicit example of this phenomenon.

~

#

T_/T

FIGURE 5. Bicategorical string diagrams for the two coherence maps.

Consider the duoidal category of endoprofunctors over a monoidal category.
This is one of the first examples of duoidal category described by Street | I;
it is also described by Garner and Lopez Franco | |, even when the axioms
are not explicitly checked in print. In this category of endoprofunctors over C,
parallel tensor is the profunctor I(X;Y) = C(X;I) x C(I;Y), and sequencing
two of them gives

(I<)(X;Y) =hom(X;I) x hom(I;I) x hom(I;Y).

In this case, the two maps send the triple (f,a,g) to (f $a,g) and (f,a ¢ g),
respectively. However, these two pairs do not need to be equal if a € hom(I; I)
is a non-identity morphism. ([l

Example 1.7 (Graded spaces). We look for a more classical source of examples
in the theory of graded spaces. Let (V,®,I) be a monoidal category with coprod-
ucts that are preserved by the tensor; let (G, +,0) be a commutative monoid.
We say that the functor category [G,V] is the category of G-graded V-spaces.
This category has a rich structure; we highlight two of its tensor products: the
pointwise or Hadamard tensor product

(VeoW),=V,®W,, for each n € G, with unit I, = I;
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and the convolution or Cauchy tensor product
(VeW), = Zk+m:n Vi @ Wy, with unit 1,, = 0 except for 19 = I.

These two tensors interact in a duoidal category with a laxator as follows; see for
instance the work of Lopez Franco and Vasilakopoulou | |.

> vk®wk®Um®Znﬁ< > Vk1®Uml>®< > Wk2®Zm2>-

k+m=n ki+mi=n, ka+mo=ns

Proposition 1.8. Dually, there exist two different maps of type J — J Q@ J
constructed out of the structure maps of a duoidal category.

PrOOF. This follows from the previous Proposition 1.6, by considering the
opposite duoidal category. However, let us comment a second example [AM].
Consider the duoidal category of graded spaces over a monoid G. The two maps,
I-I®1—>IxTlandl - 1®I — I®I, correspond to inclusions of the vector
space graded by ¢g € G into the summand indexed by (g,0) or (0, g), respectively;
these are different in general. O

In fact, the stronger statement of coherence does not seem to be used explic-
itly in any of these two texts, and the definition of duoidal categories as com-
pletely coherent strucutres is not usually found in the literature. Most authors,
like Aguiar and Mahajan | |, and Garner and Loépez Franco | |, revert
to the definition of duoidal category as a 2-monoid in the monoidal bicategory of
monoidal categories.

Aguiar and Mahajan | ] do actually point out that the expected coher-
ence theorem should follow from the coherence theorem for lax monoidal functors.
The confusion can arise if we do not realize that this coherence theorem does not
actually prove that any two parallel maps coincide: in particular, coherence for
lax monoidal functors does not prove that the two maps F(I) ® F(I) — F(I)
coincide. In this case, however, the problem is better known — it is mentioned by
Malkiewich and Ponto [ ], who cite a short mention in the original proof by
Lewis | | and Kelly and Laplaza | .

1.5. Bibliography. I thank Marcelo Aguiar and Swapneel Mahajan [AM]
for their generosity, helping me confirm the problem and specially for providing
the second counterexample; I thank Brandon Shapiro and David Spivak for help-
ing me follow this same idea on their work. I thank Matt Earnshaw for sharing
his knowledge of the literature on duoidal categories.
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2. Normal Duoidal Categories

Duoidal categories seem to contain too much structure: of course, we want
to split things in two different ways, sequentially (<) and in parallel (®); but
that does not necessarily mean that we want to keep track of two different types
of units, parallel (I) and sequential (N). The atomic components of our decom-
position algebra could be the same, without having to care if they are atomic for
sequential composition or atomic for parallel composition; when this is the case,
we talk of normal duoidal categories.

Definition 2.1. A normal duoidal category is a duoidal category in which the
map ¢o: I — N is an isomorphism.

While duoidal categories are useful to track communication between pro-
cesses; symmetric normal duoidal categories track dependencies — whether a pro-
cess’ input depends on the output of another — structuring a dependency poset.
This idea is explored by Garner and Lopez Franco | | and Spivak and Shapiro
[ |, and it has a formal counterpart in Theorem 2.9.

Most duoidal categories we have seen so far — and particularly those arising
from adjoint monoids — have two different units. There exists a well-known
abstract procedure that, starting from some duoidal category, constructs a new
duoidal category that is normal: both units are identified. This procedure is
known as normalization, and it can only be applied to duoidal categories with
certain coequalizers preserved by the tensor.

2.1. Normalization of duoidal categories. Garner and Loépez Franco
construct the normalization of a well-behaved duoidal category, using a new
duoidal category of bimodules | .

Remark 2.2. Let M be a bimonoid in the duoidal category (V,®,1I,<,N),
with maps e: I — M and m: M @ M — M; and with maps u: M — N and
d: M — M <1 M. Consider now the category of M®-bimodules. This category
has a monoidal structure lifted from (V, <, N):

(1) the unit, N, has a bimodule structure with

MeNoM"“®“Ne NN — N;

(2) the sequencing of two M®-bimodules is a M®-bimodule with
M®A<B)@M
- (M<aM)®(A<B)® (M aM)
> (MAQM)d(M®B®M)—> A<B.

Moreover, whenever V admits reflexive coequalizers preserved by (®), the cate-
gory of M®-bimodules is monoidal with the tensor of bimodules: the coequalizer

AQM @B =A®B — A®Q) B.
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In this case (Bimod$,, @y, M, <1, N) is a duoidal category.

THEOREM 2.3 (Normalization of a duoidal, [ D). Let (V,®,I,<1,N) be
a duoidal category with reflexive coequalizers preserved by (®). The category of
N-bimodules is then a normal duoidal category,

N (V) = (Bimod%, ®y, N, <, N).
We call this category the normalization of the duoidal category V.

2.2. Physical duoidal categories. The interaction of dependent and in-
dependent composition of normal duoidal categories is a recurrent idea in physical
models: categorical models of spacetime exhibit this structure | , |; but
it is also exhibited by parallel and sequentially composing programs [ |; or
more simply, by the category of partially ordered sets.

In most of these cases, the normal duoidal category has an extra property:
the parallel tensor (®) is symmetric. This is what motivates the name physical
duoidal category for the ®-symmetric normal duoidal categories.

Definition 2.4. A physical duoidal category is a normal duoidal category en-
dowed with a symmetric monoidal category structure for its parallel tensor.

Posets are a canonical example of a physical duoidal category: in fact, it is
known that a subcategory of the category of posets and poset inclusions forms
the free physical duoidal category over a generator. In that precise sense, duoidal
expressions are dependency tracking posets.

Definition 2.5. The category of poset shapes, PosetSh, is the skeleton of the
category of finite posets with bijective-on-objects monotone functions. Objects
are isomorphism classes of finite posets, and morphisms are inclusions.

Proposition 2.6. Poset shapes form a physical duoidal category.

Proor. The sequential tensor is constructed by sequentially joining the
posets. Let (P,<p) and (Q,<g) be two posets; their sequentiation, P < @,
is a poset that contains a copy of P, a copy of (), and an edge p; < g; for each
p; € P and ¢; € Q; that is,

PaQ=P+Q,<p+=<g+{pi<q|picPyqcQ}).

The parallel tensor, P ® @, is defined to be the disjoint union of posets, P® @ =
(P+Q,<p + <g), which defines a symmetric monoidal structure. The empty
poset is the unit for both sequential and parallel tensoring, making PosetSh a
physical duoidal category. O

The category of poset shapes is not posetal: there are, for instance, two
possible inclusions of the discrete two-element poset into itself. This prompts
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FIGURE 6. Poset inclusion.

us to label the nodes to indicate inclusions, as in Figure 6, but we work up to
relabelling, or a-equivalence.

What makes this physical duoidal category particularly relevant is that it
contains the free physical duoidal category over a generator. Every formal normal
duoidal expression constructs a poset: we simply substitute each variable by
the singleton poset and we interpret the expression in the duoidal category of
poset shapes. Every formal structure map between normal duoidal expressions
corresponds to an inclusion; for instance, Figure 6 documents the structure map
(Pag)®@(ras) = (pe7r)<(q®s).

Formalizing this result needs a bit of care, though: while all formal physical
duoidal expressions correspond to posets, not every poset shape corresponds to a
physical duoidal expression. The poset shapes that arise from applying duoidal
operations to the singleton poset are called expressible, and we have a character-
ization result for them.

Definition 2.7. Expressible poset shapes are those inductively constructed from
(1) the empty poset, N;
(2) the singleton poset, {A};
(3) the union of posets, P® Q = (P + Q,<p + <g); and
(4) the sequencing of posets,
PaQ=P+Q,<p+=<q+{pi<aq|pi€PqjcQ}).
Expressible poset shapes form a full duoidal subcategory of the physical duoidal
category of poset shapes, ExprSh.

Proposition 2.8 (Grabowski, | |). Not every poset shape is expressible. In
fact, a poset shape is not expressible if and only if it admits an inclusion of the
Z-poset, shape defined by Figure 7.

q.-——ios

P"'—'>°l'

FIGURE 7. The Z poset shape.
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THEOREM 2.9 (Shapiro and Spivak, | ). The physical duoidal category
ExprSh of expressible poset shapes is the free physical duoidal category on a
single object. There exists exactly one structure map between any two objects of
the free physical duoidal category for each inclusion of their associated expressible
posets.

Remark 2.10 (Coherence for normal duoidal categories). Coherence for duoidal
categories needs some care: not any two morphisms between distinctly-typed
expressions in the free duoidal category are equal (Proposition 1.6). However,
the previous theorem implies that the same statement is true for normal duoidal
categories.

Corollary 2.11. Any two morphisms between distinctly typed expressions in the
free duoidal category over a set of objects are equal.

2.3. Physical Lax Tensor of a Physical Duoidal Category. Let us
recap our interpretation of physical duoidal categories: they track an underlying
poset of dependencies. The sequential tensor, X <Y, says that X occurs before
Y, but Y <X says that Y occurs before X; consequently, it is not symmetric. The
parallel tensor, X ® Y, states that both X and Y occur independently. This final
section of our introduction to physical duoidal categories shows what happens
when we want to consider both X and Y but we do not know at all how they
interact: the tensor that tracks this case is a derived operation, the physical
tensor, X XY.

The physical tensor simply says that both occur at some point: it does not
impose independence, but it does not impose any particular dependency either.
The physical tensor X K'Y says that X may occur before Y, or Y before X, or
both in parallel and in that case it does not matter how we regard the dependency.
This is a tool that we will employ later to discuss a version of monoidal context
that does not track dependency: wiring diagrams ([ |, Conjecture 5.11).

Remark 2.12. The binary physical tensor, X XY, is easy to define: it is the
pushout of the two structure maps X®Y — X<Y and X®Y — Y <X. However,
unlike most tensors, its n-ary version cannot be deduced from its binary and
nullary versions; the physical tensor is only a lax tensor.

Definition 2.13 (Leinster | ). A laz monoidal category is a category C
endowed with a family of lax tensor n-fold tensor functors (X): C" — C — written
as X1 ... X X, with the O-ary case F — and a family of associator natural
transformations that unbias the application of the lax tensor,

a: B, (&f;oxj) SXIR.. . RXE K. RXPR. . KRX]

such that all formally well-typed equations hold.
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Definition 2.14. Let (C,®,I,<, N) be a physical duoidal category. The physical
tensor, (K), is an additional lax monoidal tensor, defined as the glueing of the
sequential tensor (<) along the parallel tensor (®); that is, it is the pushout on
the following family of structure maps, indexed by permutations

lo: X1®...0 X, = X514...9X5p, for o € P(n).

Remark 2.15. This only forms a lax tensor for a good reason. Consider the
simpler case of three elements, X XY X Z. This expression allows all of the
possible six permutations to occur: (i) X <Y < Z; (i) X <Z<Y; (i) Y <X < Z;
(iv) Y<Z<X; (v) ZaX <Y, and (vi) Z<Y < X. However, when we consider
(XXY)X Z, we are only allowing a certain subset of these cases to occur.
Namely, only those where Z does not happen between X and Y: (i) X <Y < Z;
(i) YaXaZ; (i) Z<X<aY; and () Z<4Y 9 X. This is why the physical
tensor is only lax. We have two inclusions: (X XY)XR Z — X XY K Z and
XX (YXZ)— XXKY K Z, but these are not isomorphisms.

Proposition 2.16. The physical tensor defines a lax monoidal structure. Given
any physical duoidal category (C,®,<, N), the physical tensor defines a lax mo-
noidal category (C,X, N).

PROOF. The definition of the laxator follows from the universal property of
the pushout; the coherence equations hold by uniqueness of the maps constructed
out of this universal property. (]

2.4. Bibliography. The original monograph on duoidal categories is due
to Aguiar and Mahajan | | — duoidal categories were originally known as
“2-monoidal categories™; Street first described multiple examples that we recall
[ |, and Garner and Lépez Franco mention for the first time the connection
to adjoint monoids [ ]. The reason duoidal categories do not have a corre-
spondence in lower dimensional algebra is the Eckmann-Hilton argument | ,
Theorem 1.12].

Physical duoidal categories follow the definition and nomenclature of Spivak
and Shapiro | |; their work makes the case for interpreting them as expressing
dependencies between processes and argues initiality of the category of express-
ible posets. It seems originally due to Grabowski | ] that expressible posets
are precisely those not containing a Z, and Gischer recognized the lax interchange
of normal duoidal categories as subsumption of posets | |. Even if the phys-
ical lax tensor does not seem to appear in the related literature, its definition
and its consideration as a lax tensor follow the work of Leinster | | and the
abstraction of commutativity by Garner and Lopez Franco | ]. T thank Matt
Earnshaw for multiple pointers to the literature.
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3. Produoidal Decomposition of Monoidal Categories

3.1. Produoidal categories. Produoidal categories, first defined by Booker
and Street [ |, provide an algebraic structure for the interaction of sequential
and parallel decomposition. A produoidal category V not only contains mor-
phisms, V(X;Y), as in a category, but also sequential joints, V(Xo < X1;Y),
and sequential units, V(N; X), provided by a promonoidal structure; and parallel
joints, V(Xo ® X1;Y) and parallel units, V(I; X), provided by another promo-
noidal structure.

These splits must be coherent. For instance, imagine we want to join Xg,
X1 and X5 (sequentially) into Y. Joining Xo and X; into something (e), and
then joining that something with X5 to produce Y should be doable in essentially
the same ways as joining X7 and X4 into something (e), and then joining that
something with X, to produce Y. Formally, we are saying that

V(Xo<Xi;0)oV(eaXe; V) 2V(X;<Xo;0)0V(Xg<e;Y),

and, in fact, we just write V(Xo <1X; <1 X2;Y) for the set of such transformations.
This is precisely what we ask for in a promonoidal structure.

Definition 3.1 (Produoidal category). A produoidal category is a category V
endowed with two promonoidal structures,

V(e e;0): VxV =V, and V(I;e): 1 =V,
V(e<e;0): VxV—V, and V(N;e): 1 =V,

such that one laxly distributes over the other. This is to say that it is endowed
with the following natural lax interchangers:

(1) Y2: V(X 1Y) @ (Z<aW);0) 2 V(X R Z) (Y @ W);e),

(2) tho: V(I;0) > V(I <),

(3) p2: V(N ® N;e) — V(N;e), and

(4) po: V(I;0) = V(N;e).
Interchangers, together with unitors and associators, must satisfy coherence con-
ditions (see Appendix 1). We denote by ProDuo the category of produoidal
categories and produoidal functors.

Proposition 3.2. Let'V be a produoidal category, then its category of copreshea-
ves, [V, Set], is a duoidal category.

Remark 3.3 (Nesting profunctorial structures). Notation for nesting functorial
structures, say (<) and (®), is straightforward: we use expressions like (X7 ®
Y1) < (X2 ®Y2) without a second thought. Nesting the profunctorial (or virtual)
structures (<) and (®) is more subtle: defining V(X ® Y;e) and V(X <Y;e)
for each pair of objects X and Y does not itself define what something like
V(X1 ®Y7)<(X2®Y2); ) means. Recall that, in the profunctorial case, X7 <Yy
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and X; ® Y7 are not objects themselves: they are just names for the profunctors
V(X7 <Y7;e) and V(X; ® Y7;e), which are not representable.

Instead, when we write V((X; ® Y1) < (X2 ® Y3); @), we formally mean the
composition of profunctors V(X; @ Y1;e1) ¢ V(X3 ® Yo; e3) © V(e <1 e3;e). By
convention, nesting profunctorial structures means profunctor composition in this
text.

Remark 3.4. Should we reverse the direction of the interchangers? Depending
on the author, promonoidal categories and produoidal categories are reversed.
It seems that both conventions have their advantages. The one we follow here
[ | makes intuitive sense: it follows the multicategorical and operadic point
of view — multiple ingredients produce a result. The opposite one | | gets
the interchangers to be those of a duoidal category and it becomes clear that there
is a correspondence between produoidal categories and closed duoidal categories
on preshaves.

3.2. Monoidal Contour of a Produoidal Category. Any produoidal
category freely generates a monoidal category, its monoidal contour. Contours
form a monoidal category of paths around the decomposition trees of the pro-
duoidal category. Contours follow a pleasant geometric pattern where we follow
the shape of the decomposition, both in the parallel and sequential dimensions,
to construct both sequential and parallel compositions for a monoidal category.

Definition 3.5 (Monoidal contour). The contour of a produoidal category B is
the monoidal category mContour(B) presented by two polarized objects, X° and
X*, for each object X € B,,;; and generated by arrows that arise from contouring
both sequential and parallel decompositions of the promonoidal category.

bo : x° —’x‘ @ g:::ﬁ.:i.
X X

a,:Y°=>X° o we
N> XoYy°—7Z°
v do 7" ! &

FIGURE 8. Generators of the monoidal category of contours.

Specifically, monoidal contour is the monoidal category presented by the
following generators in Figure 8:
(1) ap: Y° = X° and a;: X®* — Y*, for each morphism a: X — Y;
(2) bp: X° — X°, for each sequential unit, b: N = X;
(3) ¢o: X° = T and ¢;: I — X°, for each parallel unit, ¢: I — X
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(4) a triple of generators dp: Z° — X°, dy: X®* —» Y° and do: Y* — Z°,
for each sequential join d: X 4Y — Z; and

(5) a pair of generators eg: Z° = X°®Y° and e;: X*®Y*® — Z* for each
parallel join, e: X ® Y — Z.

We impose all the equations of the theory of contour. Additionally, we also
impose all of the equations depicted in Figure 9. Together, these form the the-
ory of monoidal contour, which adds to the theory of sequential contour a new
monoidal dimension.

gj e qz%ﬁm = ),
67%@4%2 mm,.
a1 A R
s % P«EE W@J‘E,

-%51@0 "L*?i

£

§

2
G

FIGURE 9. Extra equations for the theory of monoidal contour.
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Proposition 3.6. Monoidal contour extends to a functor

mContour : ProDuo — MonCat.

PROOF. Definition 3.5 defines how the functor acts on objects. We define
the action on produoidal functors, the morphisms of the category of produoidal
categories. Given a produoidal functor, F : V — W, let us define the strict
monoidal functor mContour(F') : mContour(V) — mContour(W) by the following
morphism of generators:

(1) objects X° and X* are mapped to F(X)° and F(X)®;
(2) for each a: X — Y, the morphisms ag : X° — X°, a7 : X* — Y* are
mapped to F(a)g and F(a);;
(3) for each b: I — X, both by : X° — I and by : I — X* are mapped to
F[(b)o and F[(b)l;
(4) for each ¢: N — X, the morphism ¢y : X° — X* is mapped to Fy(c)o;
(5) for each d: X <Y — Z, the morphisms dy : Z° — X°, dy : X* = Y°
and dg : Y* — Z* are mapped to Fq(d)o, Fq(d); and Fq(d)s;
(6) for each e: X «Y — Z, the morphisms ¢y : Z° — X° ® Y°, and
e1: X*®Y*® — Z* are mapped to Fqy(e)o, and F(e);.
To show that this defines a morphism of presentations, we need to prove that
the assignment of generators preserves the equations of the theory of contour, in
Definition 4.1. Because F' : V — W is a produoidal functor, the images of the
generators do satisfy all of the contour equations of the target category. As a
consequence, this assignment extends to a strict monoidal functor.

Finally, when idy : V — V is an identity, the resulting functor is an identity
because it is the identity on generators. Let G : U — V be another produoidal
functor, then mContour(G § F') = mContour(G) § mContour(F') follows from the
composition of produoidal functors. ([

3.3. Produoidal Splice of a Monoidal Category. We want to go the
other way around: given a monoidal category, what is the produoidal category
that tracks the decomposition of arrows in that monoidal category? This subsec-
tion finds a right adjoint to the monoidal contour construction: the produoidal
category of spliced monoidal arrows.

Definition 3.7. Let (C,®, I) be a monoidal category. Its produoidal category of

spliced monoidal arrows, mSplice(C), has objects formed by pairs, mSplice(C)qp; =

(C°P x C)opj, and is defined by the following profunctors, depicted in Figure 10.
(1) mSplice(C) (¢ 5) = C(4; X) x C(Y, B),

mSplice(C)(¥ < ¥/ 4) = C(4; X) x C(Y; X') x C(Y'; B);

’

(2) (C)(

(3) mSplice(C)(¥ ® X1 4) = C(4; X ® X') x C(Y © V', B):
(4) mSplice(C)(N; 4;) = C(4; B);

(5) mSplice(C)(I;4) = C(A;1) x C(I; B).
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Proposition 3.8. Spliced monoidal arrows indeed form a produoidal category.

PROOF SKETCH. The complete proof constructs all of the necessary natural
isomorphisms using coend calculus. We refer to joint work of this author with
Earnshaw and Hefford, where the equations are proven in full detail | . O

Remark 3.9. The produoidal algebra of spliced arrows is a natural construction:
abstractly, we know that there exists a duoidal structure on the endomodules of
any monoidal category | , | — monoidal spliced arrows form its explicitly
constructed produoidal counterpart. What may be more surprising is that spliced
arrows have themselves a universal property as part of an adjunction.

THEOREM 3.10. Spliced monoidal arrows form a produoidal category with
their sequential and parallel splits, units, and suitable coherence morphisms and
lazators. Spliced monoidal arrows extend to a functor mSplice : MonCat —
ProDuo. The monoidal contour and the produoidal splice are left and right
adjoints to each other, respectively.

PROOF. Monoidal contour mContour(B) is presented by generators and equa-
tions: to specify a strict monoidal functor mContour(B) — M, it is enough to
specify images of the generators and then prove that they satisfy the equations.

Let (M, ®as, ) be a monoidal category. Then a strict monoidal functor
mContour(B) — M amounts to the following data satisfying some extra condi-
tions.

(1) For each object X € By, a pair of objects X°, X*® € Mp;;

(2) for each element f: N — X, a morphism fp: X° — X°;

(3) for each unit f: I — X, a choice of fo: X° = T and f1: [ — X°*;

(4) for each morphism f: X — Y, a choice of fo: Y° — X° and f;: X°* —
Y*;

(5) for each sequential split f: X <Y — Z, a choice of morphisms fy: Z° —
X° plus fi: X* =Y and fo: Y®* — Z°;
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(6) for each parallel split f: X ® Y — Z, a choice of morphisms fy: Z° —
X°®Y°and fi: X°QY* — Z°.

In order to construct a well-defined strict monoidal functor, the previous
assignments must satisfy the following conditions for each one of the two promo-
noidal categories:

(1) a(a$1 b) = (ci2d) in the promonoidal category implies ag § (bp ® id) =
co3(id®dp) and (b ®id) 3a; = (ild ® dy) ¢ ¢1 in the monoidal category;
(2) Aagrb) = ¢ = p(dsae) in the promonoidal category implies ag$(by®id) =
co =dps(id®eg) and (by ®id) a1 = ¢; = (id®e7) §d; in the monoidal
category;
Moreover, they must also satisfy the following conditions for the produoidal cat-
egory.
(1) Ya(a|b|c)=(d]|e] f) in the promonoidal category implies ag § (bg ®
Co) = dgseo,b1®cl = 618d1§f0 and (b2®02)‘9’a1 = fl;dZ in the
monoidal category;
(2) ¢o(a) = (b | ¢ | d) in the promonoidal category implies ag = by § co,
id = ¢y $b1 §dp, and a; = dy § by in the monoidal category;
(3) wa2(a|b]c)=dinthe promonoidal category implies ag$(bo®co)sa1 = do
in the monoidal category;
(4) po(a) = b in the promonoidal category implies ag § a1 = by in the
monoidal category.

On the other hand, a produoidal functor B — mSplice(M), also amounts to
the following data. We will state it in multiple points and finally confirm that
each one of these points has a correspondence on the first part of the proof,
finishing the definition.

(1) For each object X € Bopj, an object (X°, X*) € mSplice(M)
(2) for each element f: N — X, a morphism fy: N — (§:) ;

(3) for each unit, f: I — X, aunit (fo || f1): I — (£+);

(4) for each morphism f: X — Y, a splice (fo505 f1): (¥e) = (Ve)s
()

obj;

X y*
5) for each seq. join f: X 1Y — Z, a spliced arrow
(fos035 f1505 fa): (Fe) a(Ye) = (Ze)
(6) for each par. join f: X @ Y — Z, a spliced arrow
(fo30@0sf1): (2) @ (Fe) = (%)
The following conditions must hold for each one of the promonoidal cate-

gories. These correspond definitionally to the conditions for the two promonoidal
structures we imposed before.

(1) a(a|b) = (c|d) in the produoidal category implies «(Fa | Fb) = (Fe |
Fd) for the spliced arrows;
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(2) AMa|b) =c=p(d|e) in the produoidal category implies A\(Fa | Fb) =
Fc = p(Fd| Fe) for the spliced arrows.

Finally, all the following conditions must also hold for the produoidal cate-
gory. These are definitionally equal to the conditions for the produoidal category
we imposed before.

(1) ¢a(a|blc)=(d]e]| f) in the produoidal category implies
Us(Fa| Fb| Fo) = (Fd| Fe| Ff);
(2) 9o(a) = (b|c|d) in the produoidal category implies
Yo(Fa) = (Fa | Fe| Fd);
(3) w2(a|b]c)=din the produoidal category implies
p2(Fa | Fb| Fc) = Fd,
(4) ¢o(a) = b in the produoidal category implies po(Fa) = Fb.
Each of these points is exactly equal by definition to the relative point in the

first part of the proof: this establishes the desired adjunction. In other words,

the definition of monoidal splice is precisely the one that makes this proof hold
definitionally — even when we gave multiple different characterizations of it. [

3.4. A Representable Parallel Structure. A produoidal category has
two tensors, and neither is, in principle, representable. However, the cofree pro-
duoidal category over a category we have just constructed happens also to have
a representable tensor, (®): spliced monoidal arrows form a monoidal category.

Remark 3.11. This means mSplice(C) has the structure of a virtual duoidal

category | | or monoidal multicategory, defined by Aguiar, Haim and Lopez
Franco | | as a pseudomonoid in the cartesian monoidal 2-category of
multicategories.

Proposition 3.12. Parallel joins and parallel units of spliced monoidal arrows
are representable profunctors. Explicitly,

mSplice(C) (¥ ® ¥/; 4) = mSplice(C) ();g)),(,'; ﬁ) , and

mSplice(C) (I; 4) = mSplice(C) (£ 4).

In fact, these sets are equal by definition. However, we argue that there
is a reason to work in the full generality of produoidal categories: produoidal
categories can always be normalized.

Remark 3.13. Normalization is a procedure to mix both tensors of a duoidal
category, (®) and (<), but not every duoidal category has a normalization | |.
It is folklore that one loses nothing by regarding non-representable produoidal
structures as representable duoidal structures on presheaves, dismissing that they
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are moreover closed | |; thus, one would expect only some produoidal cate-
gories to be normalizable — after all, only some duoidal categories are. Against
folklore, we prove that every produoidal category, representable or not, has a
universal normalization, a normal produoidal category which may be again rep-
resentable or not.

3.5. Bibliography. Motivated by language theory and the representation
theorem of Chomsky and Schiitzenberger, Melliés and Zeilberger | | were the
first to present the multicategorical splice-contour adjunction. We are indebted to
their exposition, which we extend to the promonoidal and produoidal cases. Our
contribution is to show how monoidal contexts arise from an extended produoidal
splice-contour adjunction; unifying these two threads.

Street already noted that the endoprofunctors of a monoidal category had a
duoidal structure | |; Pastro and Street described a promonoidal structure
on lenses | | and Garner and Lopez-Franco contributed a partial normaliza-
tion procedure for duoidal categories | ]. We build on top of this literature,
putting it together, spelling out existence proofs, popularizing its produoidal
counterpart and providing multiple new results and constructions that were pre-
viously missing (e.g. Theorems 3.10, 4.6 and 5.3).

This section takes its main ideas from joint work of this author with Matt
Earnshaw and James Hefford | ]. Earnshaw and Sobocinski [ ] have
described a syntactic congruence on formal languages of string diagrams using
monoidal contexts.
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4. Interlude: Produoidal Normalization

4.1. Normal Produoidal Categories. Produoidal categories seem to con-
tain too much structure: of course, we want to split things in two different ways,
sequentially (<) and in parallel (®); but that does not necessarily mean that
we want to keep track of two different types of units, parallel (I) and sequential
(N). The atomic components of our decomposition algebra should be the same,
without having to care if they are atomic for sequential composition or atomic
for parallel composition.

Remark 4.1. The monoidal spliced arrows we just introduced are a perfect
example: if we simply want a hole in a string diagram, the type it may take
depends on the wires we want to leave to each side (see Figure 35). We would
prefer to construct a new category — a Kleisli category on top of this one — where
the bureaucracy of the units was already handled for us.

:'}AJ }ﬂ :I(ﬂ }ﬂ }ﬂ
X ; X5 X ; j bukue ;
18 B ) 18 18
B1-6ls noy)-(el Blon-(e)s neffJon-(g) Bilels

FIGURE 11. Multiple units complicate types.

4.2. The Normalization Monad. Fortunately, there exists an abstract
procedure that, starting from any produoidal category, constructs a new pro-
duoidal category where both units are identified. This procedure is known as
normalization, and the resulting produoidal categories are called normal.

Definition 4.2 (Normal produoidal category). A normal produoidal category is
a produoidal category where the unit interchanger n: V(I;e) — V(N;e) is an
isomorphism.

Normal produoidal categories form a category with produoidal functors be-
tween them, nProDuo. As a consequence, it is endowed with a fully faithful
forgetful functor &/ : nProDuo — ProDuo.

THEOREM 4.3. Let Vg 1 o N be a produoidal category. The profunctor
Nor(V)(e;8) = V(N © e & N; )

forms a promonad. Moreover, the Kleisli category of this promonad is a normal
produoidal category with the following profunctors.
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(1) Nor(V)( X @dnY;Z) =VIN® X @N®Y ® N; Z);
(2) Nor(V)(X anY;2) =V(N®@ X @N)a(N®Y ®N); Z); and
(3) Nor(V)(In; X) = Nor(V)(N; X) = V(N: X).

PROOF. Let us prove that Nor(V) is a promonad. We now define the multipli-
cation and unit for the promonad, Nor(V). They are constructed out of laxators
of the produoidal category V and Yoneda isomorphisms; thus, they must be as-
sociative and unital by coherence. The unit is defined by (i) unitality of V, (%)
the laxator of V, and (%ii) by definition of Nor(V).

VX;)2VIX®LY) > VIN® X ®@N;Y) = Nor(V)(X;Y).

Multiplication is constructed as follows, using (i) the definition of Nor(V), (i)
Yoneda reduction, (i) the laxators of V, and (iv) the definition of Nor(V).

TY Nor(V)(X;Y) x Nor(V)(YV;2) = [YS'VIN® X @ N; V) x V(N® Y @ N; Z)
~*VINoN® X @oN@N;Y) 5 VIN® Y @ N; Z) = Nor(V)(X; Z).

Associativity and unitality follow from those of the produoidal category.

The second part of this proof will show that Nor(V) is indeed a produoidal
category: we will construct its associators, unitors and laxators from those of
V and Yoneda isomorphisms. The right unitor is constructed as follows; the
left unitor is constructed in a similar way: (i) by definition of Nor(V), (i) by
associativity, (74) by definition, (iv) by Yoneda reduction, (v) by definition, and
(vi) by unitality.

fMeNor(V)Nor(V)(N;M) x Nor(V)(X ®@n M;Y) -
[MENINGH(V)(N; M) x VIN® X @ N @ M @ N; Y) =~
fMeNor(V ) PEV Nor(V)(N; M) x VIN®@ M @ N; P) x VIN® X @ P;Y) =
JMENDLPEVN o (V) (N; M) x Nor(V)(M; P) x VIN® X @ P;Y) =~
[P<"Nor(V)(N; P) x V(N® X ® P;Y) -
[PEYYIN;P) x VIN® X ® P;Y) =

VIN® X @ N;Y).

Let us now construct the associator in two steps: we will show that both sides of
the following equation

fPeNor(V)Nor(V)(y ®n Z; P) x Nor(V)(X @y P; A) =
fMeNor(V)Nor(V)(X ®NY; M) x Nor(V)(M @y Z; A)

are isomorphic to VIN® X @ N®Y @ N® Z ® N; A). The first side is isomorphic
by (i) definition of Nor(V), (i) associativity of V, (iii) definition of Nor(V), (iv)
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Yoneda reduction, (v) definition of Nor(V), and (vi) associativity. The second
side is analogous.

TMENTINGH(V) (Y @ Z; M) x Nor(V)(X @y M; A) B
fMeNor(V Nor(V)(Y @n Z; M) x VIN® X @ N @ M ®@ N; A) =
fMGNor PEVN I’(V)(Y®N Z’M)XV(N(X)M@N,P)XV(N ®X®P;A) =

SN (W) (Y @y Z; M) x Nor(V)(M; P) x V(N ® X © P; A)

[P Nor(V)(Y @y Z; P) x V(N ® X ® P; A)x =
[TVINe Y @ N® Z@N; P) x V(N® X ® P; A)
VIN® X@N®Y @N® Z® N; A).

Il

1

Finally, let us construct the four interchangers that define the produoidal cat-
egory. Three of them are immediate: they are either identities or unitors:
Nor(V)(In, A) = Nor(V)(In <In; A) is the first, Nor(V)(N® N; A) = Nor(V)(N; A)
is the second, and Nor(V)(In;A) = Nor(V)(Ny; A) is the last one. We note here
that this produoidal category is natural because of these isomorphisms. Thus, we
only need to construct the first interchanger morphism of a produoidal category,

NOF(V)((Xl <1Y1) X (X2 <1Y2),A) — NOF(V)((Xl ®X2) < (Y1 ®Y2),A),

which is defined by the following reasoning. Here, we abbreviate N ® X ® N by
X@N and we apply (i) the definition of the tensors of Nor(V), (ii) the interchanger
of V, (ii1) unitality in V, and (%) the definition of tensors of Nor(V).

Nor(V)((X1<n Y1) ®n (X2 <y Y2); A)

VIN® (XPN PV @ N (XN aVPY) @ N; 4)

VN XPNoN@ YEN @ N) <« (No XN @ N @ YEN @ N); A)
VIN® X1 oN®@ YT @ N)®Na(N® Xo @ N® Yo @ N)EN: A)
Nor(V)((X1 @n Y1) v (X2 @n Y2); A).

Ll

The structure equations of the laxators follow from those of the base category V.
This finishes the construction of a produoidal category on the Kleisli category of
the promonad. O

Lemma 4.4. Normalization extends to an idempotent monad.

PROOF. The first part of the proof will show that Nor(V) is the free normal
produoidal category over V by constructing the a monad structure on top of
the functor Nor: nProDuo — nProDuo. Let us construct the unit and the
multiplication of the monad. The unit 7y : V — Nor(V) is defined as the identity-
on-objects functor associated to the promonad; it and acts on morphisms by
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the unit of the promonad. Let us show that this is a produoidal functor by
constructing the following components; all of them use the map I — N from the
base produoidal category,

(1) ng: V(X®Y;A4) 2 VI X®I®Y®I;A) - VIN® X®N®Y @N; A);

(2) nr = V(I; A) = V(N; A);

() Na: V(X <aY;A) - V(I X)<(IY®I);A) > V(IN® X ®@N)«
(N®Y ®N); A);

(4) nn = V(N; A) — V(N; A) is simply an identity.

these preserve laxators and coherence maps since they are constructed only from
laxators and coherence maps.

Let us construct now the multiplication of the monad, wy : Nor(Nor(V)) —
Nor(V), and show that it is an isomorphism, making it an idempotent monad.
The underlying functor is identity on objects, and it acts on morphisms by the
normality of the already normalized produoidal category,

Nor(Nor(V))(X;Y) = Nor(V)(N®@n X @y N;Y) =2 Nor(V)(X;Y).

The following components make this functor a produoidal functor, they are con-
structed again from the normality of the already normalized produoidal category:

(1) U - Nor(Nor(V))(X QNN Y A) = NOF(V)(N ANX ANNRNY ®n N; A) =
Nor(V)(X @n Y; A);

(2) My - NOV(NOI’(V))(X <NN Y,A) = NOI’(V)((N RN X RN N) <N (N RN Y N
N); A) = Nor(V)(X ay Y; A);

(3) per = Nor(Nor(V))(N; A) = Nor(V)(N; A);

(4) pn : Nor(Nor(V))(N; A) = Nor(V)(N; A),

Finally we verify the monad laws. mary ¢ py is an identity-on-objects; on mor-
phisms, it applies left and right unitors followed by their inverses; as a conse-
quence, its underlying functor is the identity. The components of the natural
transformations are also identities, since the interchanger I — N is an identity
for the normalized produoidal category Nor(V); they are otherwise composed of
unitors followed by their inverses. The last step is to check the associativity of the
monad, finor(vy § v and Nor(gy) § py; this is simply the identity on objects, so we
simply apply left and right unitors twice on morphisms and their components. [

Lemma 4.5. A produoidal category V has exactly one algebra structure for the
normalization monad when it is normal, and none otherwise.

PROOF. Let (F,Fg, Fr,Fn, Fn): Nor(V) — V be an algebra. This means
that the following commutative diagrams with the unit and multiplication of the
normalization monad must commute.
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vV —1 Nor(V Nor(Nor(V)) —2— Nor(V)
\ J Nor(F)l JF
Nor(V) ———— V

Now, consider how the interchanger ¢y : V(I; ) — V(N; e) is transported by these
maps.

/l\

JMM
\_/

id
We conclude that n; = g, but also that Fy = id. As a consequence, g is invert-
ible and F; must be its inverse. We have shown that any produoidal category
that is an algebra for the normalization monad must be normal.

We will now show that this already determines all of the functor F. We know
that ng,n4,n are isomorphisms because they are constructed from the unitors,
associators, and the laxator vy, which is an isomorphism in this case. This
determines that Fg, Fiq, F' must be their inverses. By construction, these satisfy
all structure equations. O

THEOREM 4.6 (Free normal produoidal). Normalization determines an ad-
Junction between produoidal categories and normal produoidal categories,

Nor: ProDuo = nProDuo: Forget.
That is, Nor(V) is the free normal produoidal category over V.

PRrROOF. We know that the algebras for the normalization monad are exactly
the normal produoidal categories (Lemma 4.5). We also know that the normaliza-
tion monad is idempotent (Theorem 4.6). This implies that the forgetful functor
from its category of algebras is fully faithful, and thus, the algebra morphisms
are exactly the produoidal functors. As a consequence, the canonical adjunction
to the category of algebras of the monad is exactly an adjunction to the category
of normal produoidal categories. O

Remark 4.7. Garner and Lopez Franco | | introduced a partial normal-
ization procedure for duoidal categories. We contribute a general normalization
procedure for produoidal categories and we characterize it universally. Produoidal
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normalization behaves slightly better than duoidal normalization: it always suc-
ceeds, and we prove that it forms an idempotent monad (Theorem 4.6). The
technical reason for this improvement is that the original duoidal normalization
required the existence of certain coequalizers in V; produoidal normalization uses
coequalizers in Set.

In the previous Section 3.3, we constructed the produoidal category of spliced
monoidal arrows, which distinguishes between morphisms and morphisms with a
hole in the monoidal unit. This is because the latter hole splits the morphism
in two parts. Normalization equates both; it sews these two parts. In Section 5,
we explicitly construct monoidal contexts, the normalization of spliced monoidal
arrows. Before that, let us also introduce the symmetric version of normalization.

4.3. Symmetric Normalization. Normalization is a generic procedure
that applies to any produoidal category, it does not matter if the parallel join
(®) is symmetric or not. However, when ® happens to be symmetric, we can also
apply a more specialized normalization procedure: symmetric normalization.

Definition 4.8 (Symmetric produoidal category). A symmetric produoidal cat-
egory is a produoidal category Vg n,g,; endowed with a natural isomorphism
c: V(X ®Y;2) 2 V(Y ®X;Z) satisfying the symmetry and hexagon equations.

THEOREM 4.9. Let V be a symmetric produoidal category. The profunctor
sNor(V)(e;e) = V(N ® ;)
forms a promonad. Moreover, the Kleisli category of this promonad is a normal
symmetric produoidal category with the following profunctors.
(1) sNor(M)(X @nY;Z2)=V(IN®XQY;2);
(2) sNor(V)(X anY;2) =V(N®X)<(N®Y);Z); and
(8) sNor(V)(In; X) = sNor(V)(Ny; X) = V(N; X).

THEOREM 4.10. Normalization determines an adjunction between symmetric
produoidal and normal symmetric produoidal categories,

sNor: symProDuo = nSymProDuo: U.

That is, sNor(V) is the free normal symmetric produoidal category over V.

4.4. Bibliography. Garner and Lopez-Franco contributed a partial nor-
malization procedure for duoidal categories | ], all of the credit for this ele-
gant idea goes there.

We contribute its produoidal counterpart. The reader could think that this
is an automatic process: extending an argument by Day | |, produoidal cat-
egories could be understood as closed duoidal categories in some sense. However,
we show that there are some technical differences that make this case impor-
tant: in the work of Garner and Lopez-Franco, not every duoidal category has a
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normalization, and this prevents us from constructing a monad. We prove that
produoidal normalization is always possible and defines an idempotent monad.
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5. Monoidal Lenses

Monoidal lenses — the name we give to monoidal contexts |
| — formalize the notion of an incomplete morphism in a monoidal cat-
egory. The category of monoidal lenses will have a rich algebraic structure: we
shall be able to still compose contexts sequentially and in parallel and, at the
same time, we shall be able to fill a context using another monoidal context.
Perhaps surprisingly, then, the category of monoidal lenses is not even monoidal.
We justify this apparent contradiction in terms of profunctorial structure:
the category is not monoidal, but it does have two promonoidal structures that
precisely represent sequential and parallel composition. These structures form a
normal produoidal category. In fact, we show it to be the normalization of the
produoidal category of spliced monoidal arrows. This section constructs explicitly
this normal produoidal category of monoidal lenses.

) )

5.1. The Category of Monoidal Lenses. A monoidal lens — an element
of type () — (4) — represents a process from A to B with a hole admitting
a process from X to Y. In this sense, monoidal lenses are similar to spliced
monoidal arrows. The difference with spliced monoidal arrows is that monoidal
lenses allow for communication to happen to the left and to the right of this hole.

Definition 5.1 (Monoidal lens). Let (C, ®, I) be a monoidal category. Monoidal
lenses are the elements of the profunctor

My, M
mLens (5; 4) = / C(A; M1 @ X @ M) x C(M; Y @ Ma; B).

In other words, a monoidal lens from A to B, with a hole from X to Y, is
an equivalence class consisting of a pair of objects M, N € C,; and a pair of
morphisms f € C(A4;M @ X @ N) and g € C(M ® Y ® N; B), quotiented by
dinaturality of M and N.

Definition 5.2. Let (C, ®, I') be a monoidal category. Its normal produoidal cat-
egory of monoidal lenses, mLens(C), has objects formed by pairs, mLens(C)op; =
(C°P x C)gpj, and is defined by the following profunctors.

(1) Morphisms are diagrams with a single typed hole.

My, M>
mLensC (5%; 4) =/ C(A;M; ® X @ My) x C(M1 ® Y ® My; B),
(2) Sequential joins are diagrams with a pair of sequential holes.

My,Ms
mLensC (5 <1§,(,'; 4:) = / CA;M; @ X @ My) x C(M; Y @ Mo;
M;® X' ®@ M) x C(M3®Y' @ My; B);
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(3) Parallel joins are diagrams with a pair of parallel holes.

Mq,M2,M3
mLens(C)(§®§,’;g):/ CAM ®@X ®Ms® X' @ Ms)x

C(M,®9Y ®@My®Y' @ Ms; B)

(4) Units are complete diagrams with no holes, mLens(C)(N; ) = C(X;Y).

Reading the profunctorial notation can be unenlightening. We provide the in-
complete string diagrams for these profunctors in Figure 12 | ].

LA
| 1A LA
X EEM 4
y 1 LA TX TX]. 1x
h ? J y 17y
X B l__q l_q
B B

SEhE B B0 -l

THEOREM 5.3. The category of monoidal lenses forms a normal produoidal
category with its units, sequential and parallel joins. Monoidal lenses are the free
normalization of the cofree produoidal category over a category. In other words,
monoidal lenses are the normalization of spliced monoidal arrows,

mLens(C) 2 Nor(mSplice(C)).

PRrROOF. The core of this result is in Theorem 4.6, which says that the normal-
ization procedure yields the free normalization over a produoidal category. It is
only left to check that this produoidal category of monoidal lenses that we have
explicitly constructed in this section is precisely the normalization of the pro-
duoidal category of spliced arrows. We do so for morphisms, the rest of the proof
is similar; the proof shows that mSplice(C) (N ® ¢ ® N; 4), the normalization of
spliced monoidal arrows, is isomorphic to monoidal lenses, mLens(C) (4;5). We
employ the Yoneda lemma on both V' and V'.

U,V,U',V'eC
/ CATRX2U) xC(VaY @V:B) x C(U;V) x C (U V) =

U,U’eC
/ CAU XU )xCU®Y oU';B)
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The rest of the profunctors follow a similar reasoning. O

5.2. Symmetric Monoidal Lenses. A symmetric monoidal lens of type
smlens(C)(s5; 44) represents a process in a symmetric monoidal category with a
hole admitting a process from X to Y.

Symmetric monoidal lenses are monoidal lenses, but we stop caring where the
hole is. Again, the category of symmetric monoidal lenses has a rich algebraic
structure; and again, most of this structure exists only virtually in terms of
profunctors. In this case, though, the monoidal tensor does indeed exist: contrary
to monoidal lenses, symmetric monoidal lenses form also a monoidal category.
This is perhaps why applications of monoidal lenses have grown popular in recent
years | |, with applications in decision theory [ |, supervised learning
[ , | and most notably in functional data accessing | , ,

, |. The promonoidal structure of optics was ignored, even when,
after now identifying for the first time its relation to the monoidal structure of
optics, we argue that it could be potentially useful in these applications: e.g. in
multi-stage decision problems, or in multi-stage data accessors.

This section explicitly constructs the normal symmetric produoidal category
of symmetric monoidal lenses. We describe it for the first time by a universal
property: it is the free symmetric normalization of the cofree produoidal category.

Definition 5.4. Let (C,®,I) be a symmetric monoidal category. Symmetric
monoidal lenses are the elements of the profunctor

M
smLensC (5% 4) :/ C(A4M®X)xC(M®Y;B).

In other words, a symmetric monoidal lens from A to B, with a hole from X to
Y, is an equivalence class consisting of a pair of objects M € C,;; and a pair of
morphisms f € C(4; M ® X) and g € C(M ® Y; B), quotiented by dinaturality
of M.

Definition 5.5. Let (C,®,I) be a symmetric monoidal category. Its normal
symmetric produoidal category of symmetric monoidal lenses, smLens(C), has
objects formed by pairs, smLens(C)_,. = (C° x C)op;, and is defined by the
following profunctors.

obj
(1) Morphisms are diagrams with a single typed hole.
M
smLens(C) (%5; 8) :/ CAMe2X)xC(M®Y;B),

(2) Sequential joins are diagrams with a pair of sequential holes.

’

My, M
smLens(C)(¥ <5 8) = / CAM X)xC(M®Y;
My @ X') x C(Ma ® Y'; B):
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(3) Parallel joins are diagrams with a hole encompassing parallel wires.
M
smLens(C)(¥ ® ¥/ 8) = / CAMXeX)xC(MeY ®Y';B).

(4) Units are complete diagrams with no holes, smLens(C)(N; 4) = C(4; B).
Reading the profunctorial notation can be unenlightening. We provide the in-
complete string diagrams for these profunctors in Figure 12 | ]. The only
substantial difference with monoidal lenses is that we do not need to keep track
of where the hole is placed.

R = R =
@ & L Ly
3

B B
GE-E © 0 B0 Be9-R

FIGURE 13. Symmetric monoidal lenses.

The term “monoidal lenses” has usually been reserved for the morphisms of
this category; in the literature, the sequential splits — the lenses with multiple
holes — get a name from their distinctive shape: these are combs or quantum
combs | |.

5.3. Towards Message Theories. Lenses, or combs, can be interpreted as
incomplete morphisms, but also as morphisms that send and receive resources.
The next chapter will exploit this intuition.

Remark 5.6 (Session notation for combs). We will write A° = (4) and B® =
() for the objects of the symmetric produoidal category of lenses that have a
monoidal unit as one of its objects. Thanks to A° ® B® = (4), these are enough
to express all objects.

Proposition 5.7. Let (C,®,1I) be a symmetric monoidal category. There exist
monoidal functors

(°): C — smLens(C), and (*): C°? — smlLens(C).
Moreover, they satisfy the following properties definitionally: ( a4 B%e) &
C(A* @ B*;e); (A® B)” = A°® B°; C(A°<B°;e) X C(A°® B e); (A® B)'
A* ® B*; and C(A° < B*;e) =2 C(A° ® B*;e).
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ProOF. We define f© = (fs0sid;) and ¢* = (id; §03% g), and then check
that compositions and tensoring of morphisms are compatible with composition
and tensoring of monoidal lenses, this is straightforward. Moreover, we can see
that, by definition,

(A®B)° = (198) = () @ () =A°®B°, and
(A®B)* = (adp) = D) ® (h) =A@ B".

This proof appears with a different language in the work of Riley | ,
Proposition 2.0.14]. In fact, there, the combined identity-on-objects functor (o x
e): C x C? — smLens(C) is shown to be monoidal. O

Example 5.8. Let us give a first example of how to employ combs for the
description of concurrent protocols. Broadbent and Karvonen | ] propose a
formalization of the one-time pad encryption protocol in a symmetric monoidal
category endowed with a Hopf algebra with an integral.

[%]5 45 (H‘l;kTJ;T;

_ b

—(f

“e

“e
-

.

- 4 B -4
-/ Q-
lfﬁ oXiy
é%?’ rlfﬁ

FIGURE 14. Theory of a Hopf algebra with an integral.

.9,
e
LY)

e

]

Definition 5.9. A Hopf algebra with an integral, (X, &, $,'¥,9,4,d), is a commu-
tative bialgebra endowed with an antipode map i: X — X, representing inversion;
and endowed with an integral map, d: I — X, representing a non-determined
value, or pure noise. These must satisfy the equations in Figure 14.
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The one-time pad is a mathematically secure encryption technique. It works
as follows: (i) the two parties communicating — say, Alice and Bob — start by
preparing some random bits and sharing them; () when the message is ready,
Alice applies bitwise XOR with the random bits to encrypt the message, and then
broadcasts the encrypted message — a potential attacker, Eve, will receive this
encrypted message; (iii) finally, Bob receives the encrypted message and applies
again bitwise XOR with the random bits to decrypt the message (Figure 15).

e

F1GURE 15. Description of the one-time pad.

Proposition 5.10. The one-time pad is secure, meaning that it is equal to the
process that sends a message from Alice to Bob and outputs random noise through
the attacker’s channel.

PRrROOF. We repeat the proof from Broadbent and Karvonen | . We
employ string diagrams of symmetric monoidal categories, in Figure 16, to show
that the morphism is equal to an identity tensored by the integral of the Hopf
algebra. O

FIGURE 16. Correctness of the one-time pad.

The interesting part comes when we want to split the morphism into its
different constituents: there should be a stage where the three actors play; Alice
does not control the fact that the encrypted message will be broadcast; Eve, the
attacker, can only attack at the end; Bob will need to keep a bit in memory. These
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considerations are part of the problem statement the one-time pad is solving. It
is easy to come up with a morphism that connects an input to an output: the
problem the one-time pad is solving is to do so on a stage that has been preset.
The components of the one time pad are not simply morphisms of a monoi-

dal category (Figure 17). They must be understood as monoidal lenses. After
this section, we can declare that a possible typing for these components is the
following:

(1) Alice: N — (¥¢X);

(2) Bob: X*<X° — ({);

(3) Eve: N — (£);

(4) Stage: X° 4 X*qaX*<4X°<aX*aX*1X°aX® = (x2x);

L?J

l Stage
FiGUrRE 17. Components of the one-time pad.

Still, at this stage it is not easy to talk about message passing with this
syntax. It is true that the new produoidal types can track all the exchanges that
happen along a boundary; but these types are tedious — see, for instance, the long
type of Stage — and it is not clear how to compose them. What we are missing
is a combinatorial description of the different ways we can combine elements of
this produoidal algebra.

This is what the next chapter will solve: we will propose a combinatorial
algebra of message passing and show that lenses, the normalized cofree produoidal
algebra over a symmetric monoidal category have a second universal property —
they also constitute the free message theory.

5.4. Bibliography. Lenses | | are a notion of bidirectional trans-
formation that can be cast in arbitrary monoidal categories. The first mention
of monoidal lenses separate from their classical database counterparts | ]
is due to Pastro and Street | |, who identify them as an example of a promo-
noidal category. However, it was with a different monoidal structure | | that
they became popular in recent years, spawning applications not only in bidirec-
tional transformations [ | but also in functional programming [ )
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|, open games | |, polynomial functors | | and quantum
combs | |. Relating this monoidal category of lenses with the previous pro-
monoidal category of lenses was an open problem; and the promonoidal structure
was mostly ignored in applications. We solve this problem, proving that lenses
are a universal normal symmetric produoidal category (the symmetric monoidal
lenses), which endows them with a novel algebra and a novel universal property.
This also extends work on the relation between incomplete diagrams, comb-shaped
diagrams, and lenses | , ]
Lenses themselves have been applied to protocol specification | |. Spivak
[ | also discusses the multicategory of wiring diagrams, later used for incom-
plete diagrams | | and related to lenses | |; we conjecture that this
multicategory of wiring diagrams is precisely the produoidal category of lenses,
once we stop tracking dependencies explicitly.

Conjecture 5.11. Fach physical produoidal category induces a multicategory
given by its physical lax tensor (Section 2.3). The multicategory of wiring dia-
grams [ [ of symmetric monoidal categories is the multicategory induced by
the produoidal category of monoidal lenses.

The promonoidal categories we use can be seen as multicategories with an
extra coherence property. In this sense, we contribute the missing algebraic
structure of the universal multicategory of wiring diagrams relative to a monoidal
category.






CHAPTER 4

Monoidal Message Passing

Monoidal Message Passing

This chapter develops message passing in monoidal categories following the
theory of context we just constructed. We have already defined what incomplete
morphisms in monoidal categories are: we will now study the structure of all
their possible compositions. This includes not only the obvious operations of
composition but any possible wiring of a diagram that could combine them while
respecting the acyclicity of string diagrams.

Studying seriously the combinatorial structure of string diagram composition
arrives at the same conclusion as axiomatizing a naive theory of message passing:
message theories. Indeed, we prove that the polarized shufflings that describe
string diagram composition have as algebras precisely the message theories.

Section 1 introduces our minimalistic theory of message passing, with axioms
that should hopefully be acceptable to any reader. Section 2 starts developing
the categorical semantics for message theories, based on physical monoidal multi-
categories (a variant of duoidal categories); it then shows that shufflings from the
free physical monoidal multicategory. Section 3 provides the second ingredient
for this categorical semantics: polarization. We then combine both ingredients
in Section 4: polar shuffles form the combinatorial structure that combines in-
complete string diagrams; message theories are precisely the algebras of physical
monoidal multicategory of polar shuffles. This chapter ends with an adjunction
between message theories and symmetric monoidal categories, which ensures that
we can construct a free message theory on top of any symmetric monoidal cate-
gory.

133
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1. Message Theories

1.1. Message Theories. Message passing requires the interplay of at least
two mathematical structures: the ability to interleave events in time and the
ability to connect a sender and a receiver. Let us propose a minimally axiomatized
algebra of interleaving and sending/receiving: interleaving will correspond to a
normal duoidal algebra, and sending/receiving will correspond to polarization.

Definition 1.1. A message theory M consists of a set of types, My,; with extra
structure: a send/receive session type is a polarized list of types; for each session
type, we have a collection of sessions with that type,

M(XT, ..., X ), for each X1,..., X, € My, and each polarization ¢; € {o, e}.

A message theory must contain operations for (i) binary shuffling, (i) and nullary
shuffling, (4i) linking a sent message to immediately receive it, and (iv) spawning
a channel that receives a message and sends it immediately.

(1) sHF,: M(T") x M(A) — M(o(T", A)), shuffling two processes;

(2) NoP: M(), a no-operation, doing nothing;
(3) LNkL#A: M(T, X*, X°, A) — M(T, A), linking send to receive;
(4) spwli®: M(T, A) — M(T, X°, X*, A), a receive to send channel.
Message theories may be better understood in the notation of a logic, as in
Figure 1. Types form a free polarized monoid; each term describes a possible
communication protocol.

T A I, X* X° A A

AL (SHF,) TTA (LNK) X X" A (sPw) g (NoP)

FIGURE 1. Type-theoretic presentation of a message theory.

A message theory must satisfy the following axioms: (i) shuffles compose
as in their symmetric malleable multicategory, where we write (o §17) to be the
same by associativity as (7/$20"), we write (x) for the trivial shuffle, and we write
& for the symmetric counterpart of o; (i) linking is natural with respect to the
shuffles; (i) spawning is natural with respect to the shuffles; (iv) linking is dual
to spawning; and (v) independent linkings and spawnings commute.

(la) SHF.(SHF,(mims),m3) = SHF,/ (m1, SHF . (M2, m3));

) SHF.(m,NOP) = m;
) SHF,(mi, mg) = SHF5(ma, my);
2a) SHF, ,(LNKLUT2(my), mo) = LnkL020T 282 (sup,, o (my, ma));
) SHF, ,(m1, LNKS122(my)) = LNKL0A0T282 (SHE, o (my, ma));
)

x
SHF, . (SPWL1T2(my), my) = spwlvA1il2:82 (sHp, (my,ms));
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(3b) SHF, . (m1, SPWSLA2(mg)) = spwhtA1l282 (SHR, —(my, ma));

(4a) LNkL-X" A(SPWF XA (m)) =m

(4b) LN F X* A(spwl X5A () = m;

(53,) LNKFI’F2YF3 (SpngXFZ,FS (m ) SPWF1F2’F3 (LNKFIVFZFB( ))’

(5b) LNKEIXTTs (pw T2V TS (1)) = gpwT Tl (L1 X (1))

(5C) SPWFI’F2YF3 (SPWFIFQ’FS( )) SPWFIXF2’F3 (SPWFthFS( ))’

(5d) LNKFl’F2F3 (LNKFIXP2’F3( )) LNKF1F2’F3 (LNKFI’F2YF3( ))
These axioms are again better understood in loglc notation, as equations between
derivations, see Figure 2.

imy im
im, r!. rﬁs

|"1 I' Mmoo m,
T B R, LT ® ., L AW A
MRl [GLhsGlde [lAs)e GAle 01 °
m, G x.i;ar A"K, I_rl!a I_EIEI. A‘K;
XX, imy (7)) X, s 1, D2 1 W
Gl Mba = [HALX XCh:bie i‘fl' . O ChiMle, [hidde 3
E“%Mn“'ﬁﬁ’k EE;A«]c.EI'i;A'ﬂz ..Aa,.’f,x tﬁ.An Thibels, XK, CasAdle
im, im,im,
n MO T AXKA AR _x‘_l"r)% Gy At Ml

r":r "|A1 = [n-Aﬂc,X X,[ﬁ.Aﬂt % o [ﬂ.A«] [r 1] )
CR:Me, ChasAale [l’;,A;l,,l'.I'i.Aﬂ: [h:Ade, KX, CsAdle l'.l'i;Aq]cﬁl,X',l'.l'i:Aﬂ:

r,x".A XA
LCXXXA LA 5 TRXRA Wy ;
XA LA
XX GG XL, LAY LAYV
4, 2,13 AT ANLENE ) 4,12 3 WAR? 213
TXXLYYG 00 T Rhh . BXCLyynh % fah
A A AL r.,\r\r L T KX r,,r, XL °
im im
G0 n r,,rs XX Yy LXXLYY N
CXXGG 00 _TEVYG . TLXXLG O G TRAYVG
XX LYY = XX LYy ° hnh A

FIGURE 2. Axioms of a message theory.

Definition 1.2. A message functor F': M — N between two message theories,
M and N, is a function on objects Fyp;: Myy; — Nyp; that extends to a family of
functions on session sets,

F:M(X$,...,X?2) — N(FXS,...,FX?).

This function must (i) preserve shuffling, F(SHF,(f, g)) = SHF,(F f, Fg); (ii) pre-
serve spawning, F'(SPW,) = SPWp,; (i) connecting, F(LNK;(f)) = LNK,(Ff);
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and (iv) the no-operation, F(NOP) = Nop. Message theories form a category
Msg with message functors between them.

1.2. Properties of a Message Theory. Our goal is to prove a coherence
theorem for message theories. Building up to this result, let us reason with
message theories to understand the basic properties that can be derived from the
axioms.

Proposition 1.3. Message theories have a derived operation for each shuffling;
moreover, these operations compose as in the multicategory of shufflings.

shufl - Tn s M(TY) x ..o x MU(T,) — MI([T'y, ..., Tuls)

PROOF. We have defined an operation for binary and nullary shufflings, and
we have defined them to compose exactly as shufflings do. Because shufflings
form a malleable multicategory, each n-ary shuffling can be recovered uniquely
from the binary and nullary shufflings. O

Proposition 1.4. A session can always send later and receive sooner, but it
cannot send sooner nor receive later. Formally, there exist derived operations
waity ™Y M(T, X*, A, %) — M(T', A, X*, ),
rush % M(T, A, X°, W) — M(T, X°, A, ¥).
PROOF. We can construct the derivation trees of both operations. They both

spawn a new channel, shuffle its ends to the origin and target position, and they
connect the channel.

rxeAv  xoxe CTW rAxew  xoxe oW
T X° XA Xo g o) [ X° A Xo Xo g o)
(com) (com)

T,A, X°, 0 T, X° AT

FIGURE 3. Derivation of wait and rush.

The explicit construction is in Figure 3. Note how, thanks to polarization,
it is not possible to use the same technique to send sooner nor receive later.
In fact, we can reason by contradiction that sending sooner, M(T', A, X* ¥) —
M(T, X*, A, ¥), is impossible: the only possible operations we can apply in an
arbitrary message theory to an arbitrary session are shufflings with a spawned
channel and connections; we require at least a connection to eliminate the X*®, but
because the X° must come from shuffling a spawned channel, the corresponding
X*® must be placed strictly after it. O
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Proposition 1.5. In particular, we can always swap the order of objects with
the same polarity,

swapl Y58 M(T, X°,Y°,A) — M(T, Y°, X°, A),
swapl YA M(D, X*,V*,A) - M(T,Y*, X*, A).

These are self-inverses, forming not only braidings but symmetries in the under-
lying monoidal category of positively or negatively polarized objects.

PROOF. Swaps are constructed from rushing and waiting (Proposition 1.4);
explicitly,

DA r.X° o XY
swapE’X’Y’A*rushy’ . X554

r,y*,w
and swap, .

= waity/

im im
X8 Yoy CXY8 Yoy

ISR AN LYY Y58 XX
CYOGA XX @ “TLXyxXxysys @
TXY XA © FXCYS A

FXYSA

im
im — rnx:yo;A XX
CXOYRA Yoy XX @ CLXAGX YA Yoy
CXYXX Y YsA 7 LXYIXXIYIYSA
rXY54 F.Xy. A

im im
rXYA XX rXY5A
KXXTR FGXXYSA
R v o CERSEE w
CXYYsA~ = TXYNY
FXYB FXY.A

3

FIGURE 4. Swaps are self-inverses.

Let us prove that they are self-inverses; we do so with the negatively-polarized
one (Figure 4), the other case is analogous. We reason using naturality of linking,
between shuffling and spawning (v), and the duality between spawning and linking
(vi). O

Proposition 1.6. We can link sooner or later without changing the result. For-
mally, the equations in Figure 5 hold.
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rhx.:"’.rt Aﬂ.X':Y".Az s 1
r‘a.‘Pa X'.ﬁ. A!. X.A‘g - rl.X'.‘I’.l'z A-.X‘.Y‘.Aa
b, [9Y0e, X8 [R:bde.  — _[GAde, XoXo [¥9Y%s, [Giddde

5
[F:80e, [¥:Y°)x, [GiBale [:Ade, [95Y0lx, [G:Da)e
r"w:xo'rz A.ly.:x.l& % H
nLX,Y.0 AuXeYhaa  _ _ MW KR ALYIXA
[GAde, XoXo V0 lsbde .~ [Giblde, [9Y°)e, XoX° [G:iBade 3
[F:A:d0, [¥5Y°)e, [G:D:de (Ao, [¥5Y°)x, [G:0:1p

FI1GURE 5. Linking sooner or later does not change the restult.

ProOOF. We will prove the first one (Figure 6), the second one follows anal-

as shuffles (Proposition 1.3); (iv) naturality of linking; and (v) that swaps are
self-inverses (Proposition 1.5). O

rl; X.. L4 » [} AI.X'.V". A2 N 3 X'. L 3 £} X°,X' H
ML Kol AnyoXod _  LXXW. KR AuXeYhM
Fiddo, [¥95Y°)e, XOXO [GiBade.  — LY, X ALYS X0
[:Ade, [k, [R:D:e (iAo, [9Y]e, XOX5 [R:bdle
e, [¥5Y0k, [G:Bade
.: A‘l X'. yoo A‘l Au X'. yoo A‘l
X9 XX ALYS XS A H XOR®  ALYS XA
= _[6Ade, XOX°, [5YSl, XSXS YOYS[GiAde _ TLXLW.R  AXCYS XOX% A0
[G:Ade, [5Yo)e, [G:D)e T A, XWX, [95Yle, XX [Ribele
i [G:Ade, [95Ye, [RiDele
Al 3 X'. y‘. A‘l
xolx. Al.y". X'. A‘l
H AXC,Y8 X X8, Ba : :
XYW, ALXSYS Ay MXW,R AXSYS M
[:Ade, X°X°, [¥:Y0):, [R:Da)e _ _[GAls, XX [$5Yle, [Gidale
[:Ade, [¥5Y%)e, [R:Dde . [:Ade, [¥5Y)e, [R:A:1e

FIGURE 6. Proof of Proposition 1.6.
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Proposition 1.7. Any spawning factors as the spawning of a single channel
followed by a shuffling. Formally,

SPWEEA(m) = SHFp, xo, x*,A (M, SPW (NOP)).
ProOF. This is a direct consequence of Axioms (3a,3b). O

Theoretically, it would be possible to reason with message theories at the
level of derivations. However, as we have done through this text, we will try
to find better categorical semantics and a better combinatorial expression of the
free message theory. We will be most interested in the categorical semantics of
message theories and how do they interplay with process theories, in the sense
of monoidal categories. We introduce specialized semantics in terms of physical
monoidal multicategories, which are another instance of the idea of partially
representing a physical duoidal category. For all of this, we will need a coherence
theorem.

1.3. Coherence for Message Theories. Symmetric monoidal categories
are not perfectly coherent: easily, we can find that there are two formally well-
typed structure maps A ® A — A ® A, the identity and the swap. However,
what is indeed true is that any two distinctly typed structure maps in the free
symmetric monoidal category are equal. “Distinct typing” is a notion that only
makes sense in the free symmetric monoidal category over some generators; it
means that the generators comprising the lists that are our objects appear only
once with each variance: arrows A ® B® C - B ® C' ® A are distinctly typed,
but arrows A® A - A® A are not, because A appears twice with each variance.

Shufflings satisfy a similar form of coherence: there is a unique way of shuf-
fling two words into a third one if these words are distinctly typed. This section
proves that message theories satisfy the same form of coherence. It is not true
that any two parallel formal arrows are equal in any message theory: for instance,
there are two ways of deriving X°, X° from X° and X°. It is true, however, that
there is a unique arrow for any distinctly typed domains and codomain.

THEOREM 1.8. Message theories are coherent. In the free message theory
over a set of objects, there is at most a single derivation between any distinctly
typed premises and conclusion.

PRrROOF. Consider distinctly typed premises and conclusion. There must be
three different classes of types in this derivation: () those that appear twice
on the conclusions with different polarity, (2) those that appear twice on the
premises with different polarity, and (3) those that appear once in the premises
and once in the conclusions with the same polarity.

We will construct a non-unique normal form for derivations in a message
theory, taking into account each one of these cases.
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In the first case, the types must have been created by spawning a chan-
nel. Using naturality of spawning (Axioms 3a, 3b, 5c), we can move
these spawning operations to be shuffled at the end of the derivation.
Note that it is not true that we can move all spawning to the end of
the derivation, but if the types appear only in the conclusions, then we
can always do so.

In the second case, these variables must get linked to each other. We can
always move the linkings to the end of the derivation (before spawning
new objects) using again the naturality of the linkings (Axioms 2a, 2b,
5a).

For the third case, only a shuffling, rushing and waiting can be involved
(any linking or spawning that does not involve rushing or waiting has
already been moved to the end). Rushing and waiting can be moved to
the beginning of the derivation because of naturality of spawning and
linking (Axioms 2a, 2b, 3a, 3b).

All of this argues that we can always factor a derivation in a message theory as
(i) rushing and waiting, (i7) a shuffle, (%) linkings, (iv) spawnings and shufflings
of new variables; but we have not yet shown that this derivation is unique.

Imagine that we know the premises (I'1,...,I';,) and the conclusion (A) of
a derivation in a message theory. Let us argue that there is at most a unique
derivation between these two.

(1)

Removing the objects that appear twice in the conclusion (A), we obtain
a new conclusion (Ay); there is, at most, a unique way of getting from
(A1) to (A) using spawnings and shufflings: spawning all the possible
variables in any order and employing the only possible shuffle (using
Proposition 1.3, axioms la, 1b, 1lc); the order of spawning does not
matter because shuffles are symmetric (Axioms lc, 5¢).

Adding all of the objects that get linked and appear twice with differ-
ent polarities on the premises, in any order, we obtain a new conclusion
(Ag). There is a unique way of getting from (As) to (A1) because of the
interchanging axioms of linking (Axioms 5b and 5d). The only obstruc-
tion to uniqueness here is that we could choose different conclusions
(As) depending on where they place the variables that will be linked;
however, we have already shown that all possible choices lead to the
same result (Proposition 1.6).

We are left with a shuffle and some rushings and waitings. From the
conclusion (Ay) we obtain now a sequence of premises (I}, ..., ") that
are the same as the original premises (I'y,...,I',) with the only differ-
ence that the objects appear ordered as in the conclusion (Ajy). There
is a unique possible shuffling from (T'},...,T,) to (As).
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(4) Finally, for each premise, there will be rushings and waitings. Rushings
and waitings interchange (Proposition 1.5), and so there is a unique way
of going from the original premise I'; to the new premise I',.

A summary of the proof can be found in Figure 7: Aj is determined from A; Ay

is not, but all the possible choices lead to the same result (Figure 5); I'},..., T
are determined from As and I'y,...,T",; we have argued that in each one of the
steps of the proof there is a single possible derivation. O
K] M
T+ T
Az

FIGURE 7. Schema for the proof of uniqueness.

Bibliography. Honda pioneered binary session types in the 90s | I;
and further work with Yoshida and Carbone extended them to the multi-party
case | |. Session types | , | are the mainstay type formalism
for communication protocols, and they have been extensively applied to the 7-
calculus | ]. Our approach is not set up to capture all of the features of
a fully-fledged session type theory | |. Explicitly, our framework of mes-
sage theories can be compared to asynchronous session types without choice.
Arguably, this makes it more general: it always provides a universal way of
implementing send (A°) and receive (A®) operations in an arbitrary process the-
ory represented by a monoidal category. For instance, recursion and the inter-
nal/external choice duality | , | are not discussed, although they could
be considered as extensions in the same way they are to monoidal categories: via
trace | | and linear distributivity [ ].
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2. Physical Monoidal Multicategories, and Shufflings

Physical monoidal multicategories are physical duoidal categories | |
where the parallel tensor (®) is not representable. They follow the same idea
of produoidal categories, but they will be a better framework for message pass-
ing. The theory of physical monoidal multicategories will need of three ingredi-
ents: (i) symmetric multicategories, which correspond to the symmetry of the
parallel tensor (®); (ii) monoidal multicategories, which correspond to the half-
representable sequential tensor (<); and (74) normality, which we will need to
reinterpret in this setting.

2.1. Symmetric Multicategories. Symmetric multicategories | ,

] are to multicategories what symmetric monoidal categories are to monoi-
dal categories. Let us write o € S(n) for an element of the permutation group
on n points. Let us write o1 + 02 € S(n + m) for the disjoint union of two per-
mutations, o1 € S(n) and o2 € S(m). Let us write as o2 (k1,...,kn): ko1 +...+
kon — k1 + ... + k,, the thickening of a permutation o € S(n) to a permutation
S(ky +---+ky,) that applies it considering each block of k,, elements separately.

Definition 2.1. A symmetric multicategory is a multicategory M together with
the following family of functions

o M(Xo1,. ., Xon; V) = M(Xy, ..., X,,;Y), for each o € S(n),

that moreover satisfy the following axioms: (%) functoriality, (750)*(f) = 7*(c*(f))
and id*(f) = f; (i) preservation of disjoint unions, o5 (f1)$1---3n—105(fn)sng =
(o144 0on)(f181--3n=1 fning); and (iii) naturality, f131...3n—1 fnino™(g) =
(O’l (kla R kn))*(fo'l 91+ 9n—1 fo'n on g)a for any fn haVing arity k.

In physical monoidal multicategories, symmetry appears with the non rep-
resentable parallel tensor (®); while the sequential tensor will still form a repre-
sentable monoidal category, this is the notion of monoidal multicategory.

2.2. Monoidal Multicategories. Multicategories helped us describe typed
algebras: the objects of the multicategory were the types, and the multimor-
phisms were the operations we were allowed to use in that algebra. As we saw
with produoidal categories, we need a second dimension if we want to study par-
allelism: what happens when the types themselves form a monoid? Monoidal
multicategories are the monoidal version of algebra.

A monoidal category was a 2-monoid on the 2-category of categories, functors
and natural transformations. Analogously, a monoidal multicategory, sometimes
called a virtual duoidal category | | or monoidal operad, is a 2-monoid of the
2-category Mult of multicategories, multifunctors, and multinatural transforma-
tions.
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Definition 2.2. A monoidal multicategory (M, <, N, m,4,$) is a multicategory
(M, 3) with a tensor and a unit both on objects (<): Mop; X Moy; — Mop; and
N : My, and a tensor and unit on multimorphisms,

My M(X 1,00, X0 V) x M(XT, .., X05Y) - M(X; <X, X, < XY YY),
nyp: 1 — M(N,.7.,N;N).

These are associative and unital up to multinatural transformations axy,z €
M(X<«(Y<Z);(X<4Y)<Z), Ax e M(I<X; X) and px € M(X «I; X), satisfying
the pentagon and triangle equations.

Remark 2.3. Any monoidal multicategory has an underlying monoidal category.
Multifunctors between representable multicategories are lax monoidal functors,
and multinatural transformations are lax monoidal transformations. This implies
that a representable monoidal multicategory is exactly a duoidal category | |-

2.3. Physical Monoidal Multicategories. Bringing the notion of nor-
mality to the context of monoidal multicategories is not completely trivial: here,
there is no map between the two units I — N. Instead, what we will have
is a map between the hom-sets, given by the precomposition of the multimap
ng € M(; N) that we have because of the monoidality of the unit.

Definition 2.4. A physical monoidal multicategory is a symmetric multicategory
(M 3,id) that is moreover monoidal forming a virtual duoidal category (M, <, N)
and that contains an invertible composition with the unit map. That is, the
following composition is an isomorphism,

(ngse) ' M(Xo,."., X,;Y) = M(Xo,...,N,...,X,;Y).

Remark 2.5. We know the structure we need, but we will need to be able
to compute with it. A better combinatorial description of physical monoidal
multicategories will be possible once we characterize the free ones. The next
section shows that the physical monoidal multicategory of shufflings is the free
normal symmetric monoidal multicategory over a set of objects.

2.4. Shuffling. Shuffling events is the principle on which we have based our
definition of message theories. The first step towards endowing them with cate-
gorical semantics is to show that shuffling arises naturally in a categorical setting:
if physical duoidal categories represented inclusions of posets, physical monoidal
multicategories will represent inclusions of linear posets, which correspond to

shuffling.

Definition 2.6. Let A be an alphabet. The monoidal multicategory of shuffling
words, wShuf 4, has as objects the set A* of words on the alphabet A. The
multimorphisms wShuf 4 (w1, ..., wy,;w) are precisely the shufflings of the letters
of the words w1, ...,w, that result into the word w. The monoidal tensor is
given by concatenation of words.
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Remark 2.7. This multicategory is not posetal: for instance, there exist two
multimaps wShuf 4(a, a; aa) for any letter a € A. More generally, the number of
shuffles of a repeated letter is given by the binomial coefficients,

#wShuf(a™, ... a™;a™ T H) = (s +|. - T;Lk*)!.

ny:...Ng:!
However, it is true that, if each letter appears at most once on the component
words, then the shuffle, if it exists, must be unique. For instance, there exists a
unique shuffle wShuf(zy, wz; xwyz), and so we can refer to it without explicitly
specifying it. In other words, there exists at most one morphism between formal
distinctly-typed expressions; shuffles are coherent.

Remark 2.8. This monoidal multicategory is symmetric and normal. In other
words, it is a physical monoidal multicategory.

Proposition 2.9. Shuffling words are the free physical monoidal multicategory
on a set of objects.

PRrROOF. We have already shown how they form a physical monoidal multi-
category; we need to show that it is the free one. Let V be any physical duoidal
category, for each map A — V,; there must exist a unique physical monoidal
multifunctor wShuf 4 — V that factors on objects through the former map.

First, we argue that the physical monoidal multifunctor is forced. Any shuffle
can be reconstructed from the operations of a physical monoidal multicategory,
and so any shuffle must be mapped accordingly. For instance, if we want to
reconstruct the shuffle V(zy, z; xzy), we multiply together: first V(z,;x), then
V(i, z; 2), and finally V(y, i;y).

Let us do this in general. Assume a shuffle wShuf(wy, ..., w,;w), where the
words are w; = aj1...a;x,;. We position each one of the letters in their posi-
tion: for instance, if a;; appears in the jth-word, we can use the normalization
isomorphism

V(aj,i; aj,l-) = V(I, e ,a;{i), ey I, aj,i)
to position it in the jth input, via the identity multimorphism. Then, we can
multiply all of the letters forming the shuffle, using monoidality, and obtain the
desired shuffle in any physical monoidal multicategory,
H v(,... at) o Tag) = Viwg, ... wp;w).

) ng )
a; i ew
We have used exactly one factor for each letter of the resulting word.

Finally, we need to prove that this assignment is well-defined and that it
defines a physical monoidal multifunctor. These will be both a consequence of
the same fact: there exists at most a unique shuffle between words with different
letters and there exists at most a unique formally distinctly typed map between
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any poset shapes. To prove this, we use the characterization of the free duoidal
category as poset shapes: there is a single formally well-typed map between
any two poset shapes, so there is a single formally well-typed map between any
two duoidal expressions; in particular, there exists at most one multimorphism
between any words with distinct letters in a physical monoidal multicategory.
This renders the map well-defined: there is at most one way of constructing any
shuffle, and we have shown that it is possible. On the other hand, this also makes
the map a physical monoidal multifunctor: all the equations are formal and thus
they hold automatically. O

Shuffling takes care of the first and most important aspect of message theo-
ries: message theories are algebras for the shuffling words physical monoidal mul-
ticategory of their objects. However, message theories do have an extra structure:
each object is a left dual, naturally with respect to these shufflings — the second
ingredient for message theories is polarization.

2.5. Bibliography. This formulation of symmetric multicategories is a par-
ticular case of Shulman’s definition of multicategory over a faithful cartesian club
[ , §2]. The theory of symmetric multicategories is less developed than the
theory of cartesian multicategories, which are well-known to correspond to Law-
vere theories. Monoidal multicategories are also not particularly explored, but
Shulman has a note relating them directly to duoidal categories and proposing
the name virtual duoidal category for them | |-
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3. Polarization

Polarization is not a property of our structures, but more of a particular
way of constructing free structures. This is, we do not say that a monoid is
“polarized”; but we have constructed free polarized monoids when talking about
message theories. Saying that a monoid is polarized would seem to imply that
all of its elements have a sign, which is not what happens in the free polarized
monoid: generators do appear with a sign, but the words on the monoid are
combinations without a particular sign.

Remark 3.1 (Polarization of a monoid). Given any monoid M, we can consider
its polarization, Polar(M), to be the monoid generated by two copies of each
element of M, denoted a® € Polar(M) and a® € Polar(M), and quotiented by the
equations a®b® = (ab)® and a°b® = (ab)°.

Taking seriously this idea, we will not regard polarization as part of an al-
gebraic structure (as it happens with monoidal categories). Instead, polarization
will arise as a left adjoint. To quip, polarization is left adjoint to taking left ad-
joints. Let us see first how this works in the context of monoidal categories; we
will later extend it to physical monoidal multicategories.

3.1. Monoidal Polarization. Every monoidal category has a notion of
duality inside it. It does not suffice to say that some objects have duals: a duality
is not only a property. Instead, we need to specify the maps that constitute the
duality. Dualities in a monoidal category form a monoidal category themselves.
Polarization is the left adjoint to taking this category of dualities.

Definition 3.2 (Category of dualities). Let (C, ®, I') be a monoidal category. We
define the category of left duals, Duals(C) to have objects the dualities (LR, e, )
of the monoidal category and morphisms

(flnfR): (L4R7€7n) — (LI%R/aglfr)/)

to be pairs of morphisms fr: L — L’ and fgr: R’ — R such that the equations
in Figure 8 hold.

Pl
R L R L

FIGURE 8. Morphism of adjunctions.

k\
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The category of left duals is a monoidal category where the tensor of two
dualities, (L 4 R,e,n) and (L' 4 R’,&’,n’), is defined to be

(L®L'4AR' @R, (ld®e®id)se’,ns (id ®n®id)).

Taking the left duals extends to an endofunctor Duals: MonCat — MonCat.
This endofunctor has a right adjoint Polar: MonCat — MonCat.

Definition 3.3 (Polarization). Let (C,®,I) be a strict monoidal category. Its
polarization, Polar(C), is a monoidal category presented by the following data. It
contains two objects, A® and A°, for each object of the original category A € Cop;,
and quotiented by equalities (A ® B)®* = A* ® B® and (A® B)° = B° ® A°.

It contains two morphisms, f®: A®* — B® and f°: A° — B°, for each mor-
phism f: A — B; it also contains a pair of morphisms €4: A®* ® A° — [ and
na: I — A° ® A®. These are quotiented by equations explicitly asking for func-
toriality: f*$9° = (f39)® and id®* = id, and also f°5¢° = (¢ f)° and id° = id.
Moreover, they are quotiented by equations asking for a duality A® 4 A°: that
is, €4 §ma = id and 04 $e4 = id, with the duality being monoidal, and satisfying
both eaop = €4 5ep and Nagp = NB § N4, and moreover €7 = ny = id;.

Proposition 3.4. Polarization is left dual to taking left duals.

ProOOF. We already know that Duals: MonCat — MonCat is a functor;
we only need to construct a universal arrow my: M — Duals(Polar(M)). The
universal arrow will be given by 7(X) = (X° -4 X?*,¢,n), which uses the fact that
X° - X*® determines an adjunction. This assignment extends to a functor that
sends a morphism f: X — Y to a morphism of dualities (f, f*): (X°4X°®,e,n) —
(Y°HY?*,e,n), where f*: Y* — X* is the dual of f: X° — Y°. This constructs
the candidate universal arrow.

Let us show that it is indeed universal. Consider a functor H: M — Duals(N)
and pick an object X € My, that is sent to H(X) = (A4 A", e4,n4). We will
show that there is a unique H*: Polar(M)) — N such that H = ny § Duals(H™).
To make this equation hold, it is necessary that H*(X°) = A and H*(X*) = B.
Moreover, this forces H*(f°) = H(f), but also H*(ex) = €4 and H*(nx) = na.
Because (A 4 A’,e4,m4) forms a duality, this assignment satisfies all necessary
equations. This determines the value of H* on all of the generating maps while
satisfying all of the equations of Polar(M). O

3.2. Monoidal Polarization is Not Enough. An important insight of
some works into the categorical semantics of message passing is the importance
of polarization. Given this, one could expect that the polarization of a process
theory is its corresponding message theory. Indeed, this chapter will claim that
the polarization of a symmetric monoidal category exhibits the necessary struc-
ture to discuss message passing; however, at the same time, it will claim that



148 4. MONOIDAL MESSAGE PASSING

the algebraic structure that allows it to do so is not that of a polarized monoidal
category: it is that of a message theory.

Remark 3.5. Some simpler interleavings of events can be expressed using du-
alities in a monoidal category. For instance, let us consider the polarization of
a symmetric monoidal category: wires with the same sign can be swapped, but
wires with different sign cannot. We can interleave two maps f: I — X°<Y°<Z*
and g: I — U°<V*® to produce amap h: I — X°<qU°<qV*<qY°<Z*® as in Figure 9
— note how we use the adjunction to contort the wires and allow wires to pass
over wires with different polarization.

xo
UO
Vo

==

——2

FIGURE 9. A shuffling, using polarization.

In general, thanks to the dualities, a receiving resource can be used later,
X°<9A — A< X°, and a sending resource can be sent sooner, A< X® — X®*< A,
but not the other way around. These two laws govern which wires can pass over
other wires. A natural question, then, is to ask if all possible interleavings can
be expressed in the same way: polarizing objects, and using dualities.

Proposition 3.6. It is not the case that every shuffling of events can be expressed
in a category with polarized objects and dualities.

PROOF. Consider two cells as in Figure 10, with types
f:I—X*<aY°<qZ*aW° and g: I - A*<aB°<C°<4D*<E®*qF°
and imagine we want to interleave them into A®* < B° 4 X®*<YoaC°aD®*<Z%<«
We < E® < F° using only the dualities. There are two possible cases: (i) we place
f before g and we try to position the wires of f correctly; or (i) we place g before
f and we try to do the same.

In the first case, we will find that we can pass the wire X° over A® <« B° —
but the same cannot be done with the wire Y'®*. Therefore, we are forced to pass
the wire Y'® over C° < D® < E® < F°, using the dualities; but then there will be no
way of moving the wire Z*® to its place.

In the second case, the first two wires, A® < B°, are automatically correctly
placed. The third, C°, must pass over Z*®* <W*° because it could not do the same
with X® <Y°; so D®* would be forced to do the same, but it cannot. O
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FIGURE 10. A shuffling that cannot be expressed.

Then, if this algebra is not what we are using about the polarization of a
monoidal category, what are we using exactly? It happens that the polarization of
a monoidal category posesses extra structure: its states (the morphisms without
input) can always be split into morphisms that take negative objects on the left
and produce positive objects on the right. This property is what makes it possible
to express any interleaving of events.

With this in mind, the polarization of a monoidal category seems interesting
not only because it produces a category with duals (or, in the work of Nester
[ |, a proarrow equipment, or a cornering), but because it constructs a full
message theory. We do not only care about the free polarization, we care about
its message theory.

3.3. Polarization of a Physical Monoidal Multicategory. Every phys-
ical monoidal multicategory has a notion of dual, inherited from that of its un-
derlying monoidal category. The next section will construct the free polarized
physical monoidal multicategory over a set of objects. Let us define here the right
adjoint: the functor that picks the set of left adjoints of a physical monoidal mul-
ticategory.

Definition 3.7. Let (M, <, I) be a physical monoidal multicategory. We define
the set of left duals, Duals(M), to have objects the dualities (L - R, e,7) where
e € M(L<R;I)and n € M(I; R< L) are 1-to-1 multimorphisms satisfying the
adjoint equations, (¢ <idz) s (idg <n) =idy and (idg <€) § (n<idg) = idg.

3.4. Bibliography. A categorical treatment of polarization appears in the
work of Cockett and Seely | |, which points to the connection with Abramsky-
Jagadesaan games | |. “Polarized category” takes a different meaning there:
it is a pair of categories endowed with a profunctor between them. However, we
do follow the same core idea: using walking adjunctions for sending and receiving.

Nester notices the importance of polarization for message passing | |
via a single-object proarrow equipment; and all the credit for this idea should
go there. This was later extended by Nester and Voorneveld | ] to include
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iteration and choice. The reader will find a discussion of its relationship with
lenses in a joint paper of this author with Nester and Boisseau | |. The
graphical calculus of proarrow equipments was described by Myers | |; we
can reuse this calculus to explain polarization in monoidal categories. Here, we
prefer to avoid discussing polarization through proarrow equipments, noticing
that this adjunction already works at the level of monoidal categories.
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4. Polar Shuffles

4.1. Polar Shuffles. Polarization in a physical monoidal multicategory leads
us to consider polar shuffles: shufflings endowed with a polarization for each one
of its elements. This section will show that polar shuffles are the free polarized
monoidal multicategory.

The objects of the category of shuffles could be seen as the finite ordinals:
finite linear posets with inclusions on each other, preserving the ordering. Simi-
larly, the objects of the category of polar shuffles are polarized finite ordinals.

Definition 4.1. A polar list over a set of types T is a list of types X € T*
endowed with a function p: X — {o,e}. In any polar list, we consider the
negative elements, X° = p~'(o), and the positive elements, X* = p~1(e).

Definition 4.2. A polar shuffle over a set of types T', from a multiset of polar
lists X, ..., X, to a single polar list Y, is a bijection

X+ + X+ Y Y + X7+ + X,
preserving the types and such that the directed graph containing all polar lists

(as linear posets) and an edge © — f(z) for each element in X} +...+ X2 +Y°,
is acyclic.

For instance, an untyped polar shuffle (or typed over the singleton set) of
shape pShuf(o e ce, 0o @ e 0;00 @ e0), is given by the following acyclic graph in
Figure 11. In black, we depict the edges that come from the graph of a function.
In blue, the edges that come from the linear finite posets.

( 2ol ] 0>0rere o

o,
fLYS

FIGURE 11. A polar shuffle.

4.2. Encoding of polar shuffles. Polar shuffles are ultimately graphs, and
they can be encoded as such. We propose a notation suggestive of multiparty
session calculi.

The session encoding of polar shuffles assigns a variable name to each polar
list (say, f,g,h,...) and to each edge of the graph outside a polar list (say,
a,b,c,x,y,z,...). The encoding of a polar shuffle starts by declaring the list of
edges incident to the output polar list, together with their polarization. Then,
enclosed in braces, we write the polar lists and the edges that incide on them.

For instance, the encoding of the polar shuffle in Figure 11 is in Figure 12.
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1@, %, v d) glBod, o ct) heed)
@>0>@ { ]

k orore (a?,b?,c!,d!,e?) {
4‘) f(a?,x!,y7,d!),
g(b,x?,y!,c!),
( h(e?) }
0>0>9>0

(a,p,c,d,e)

FIGURE 12. Encoding of a polar shuffle.

Remark 4.3. Parsing this notation requires checking whether the graph is
acyclic. Checking if a graph is acyclic can be done in linear time on the sum
of vertices and edges, O(v + €). The number of vertices in a polar shuffle is the
sum of the lengths of all of the polar lists involved, e = # X1 4+ ... + #X,, + #Y,
and each vertex receives at most three edges, giving a bound e < 2v. This means
that checking if a polar shuffle is valid is linear in the length of its polar lists,
O(#X1+ ... +#X, +#Y).

The second implication of this encoding is that, if we label the vertices of a
polar shuffle with types, there exists at most one polar shuffle with any distinctly
typed sources and targets.

Proposition 4.4. Polar shuffles are coherent. There exists at most a single
polar shuffie between some distinctly typed polar lists: we say that a polar list
is distinctly typed if each variable (each type) appears in the premises and the
conclusion exactly twice, each time with a different variance.

PROOF. In this combinatorial structure, coherence works almost by defini-
tion. Note that a polar shuffle is ultimately a bijection satisfying certain extra
properties; but the distinct typing already forces where each element must be
sent: to the only element with different variance but same type. Whether the po-
lar shuffle exists at all depends on whether it satisfies the acyclicity property. [

4.3. The Multicategory of Polar Shuffles. Polar shuffles form a multi-
category, as their shape already suggests. The composition and the rest of the
structure follow that of the category of shufflings. For instance, the composition
of polar shuffles is defined to be the substitution of the resulting polar list of a
shuffle into the input polar list of another shuffle. See Figure 13 for an example.

Proposition 4.5. The composition of two polar shuffles, s € pShuf(Xy,..., X,;Y)
and t € pShuf(Yy,...,Y,..., Y Z), along a polar list Y, is a polar shuffle ob-
tained by substituting the entire graph of the former into the polar list of the
latter,

Sy t e pShuf(Yl,...,Xl,...,Xn,...,Ym;Z).
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C\\k\%‘(t;} L‘t;ﬂ?'k_y)"

FiGURE 13. Composition of two polar shuffles.

Substituting a polar shuffle into the inputs of a polar shuffle forms again a polar
shuffle. That is, composition is well-defined and preserves acyclicity.

ProoF. Composition happens across the resulting polar list of a polar shuf-
fle, which coincides with one of the input polar lists of another polar shuffle; we
say that this polar list is the border. The proof argues that two acyclic graphs
glued along a linear graph are again acyclic.

Let us prove this by contradiction. Imagine there was a cycle in the multicat-
egorical composition of polar shuffles. It must contain edges on both components
of the composition, simply because each component is itself acyclic. This means
that the cycle should cross the border between both components of the polar
shuffle at least twice and always an even number of times — it must take two
different directions.

ol s ofode
D CJ

e

FiGURE 14. Composition along the borders of two polar shuffles.

Because the border is a linear poset, it must split the cycle (at least) in two
parts, creating two undirected cycles to the two sides of the border. At least one
of these two is forced to be directed, thus contradicting acyclicity on that side of
the composition. O
Proposition 4.6. The tensoring of two polar shuffles of the same arity,

s € pShuf(Xo, ..., X,,;Y) and t € pShuf(X'q,..., X ;Y"),

18 a polar shuffle on the pointwise concatenation of the polar lists
(s<t): pShuf(XoX'g,..., XpX,; YY),
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defined by the disjoint union of the two acyclic graphs determining the polar
shuffles. The tensoring of two polar shuffles is well-defined and it is again a
polar shuffle. See Figure 15 for an example.

] (o] >0re 0>0 0>9r0r0»re >0>»0»0
/—J S -%)‘_:7))
a4 2 =
o>e o C\O
FI1GURE 15. Parallel composition of polar shuffles.

PROOF. The graph of the tensoring is the disjoint union of two acyclic graphs,
together with the edges determined by the polar lists. The directed edges coming
from the polar lists always go from the first graph to the second; thus, they will
not create cycles and the resulting graph with be acyclic. (I

THEOREM 4.7. Polar shuffles over a set of types are the morphisms of a
physical monoidal multicategory, pShuf, that has the polar lists as objects.

PROOF. We define the identity polar shuffle on a polar list to be the identity
bijection linking each sign to itself. The identity polar shuffle is acyclic because
the identity bijection preserves the linear ordering. We have already defined
the composition and shown that it is acyclic in Proposition 4.5. Associativity
of composition follows from associativity of glueing graphs; unitality follows by
construction. We have already defined the tensoring in Proposition 4.6, and the
tensor on objects is the concatenation of polar lists. The unit for the tensoring is
the empty polar list, and because it does not appear in a polar shuffle, it makes
the monoidal multicategory normal. (]

4.4. Message Theories are Algebras of Polar Shuffles. What makes
polar shuffles relevant to the discussion of message-passing is that they promise
us a better syntax for message theories. Instead of thinking of the operations
of a message theory as generated by a few primitives satisfying equations, we
can give them a combinatorial characterization in terms of polar shuffles. This
section shows that message theories are precisely the algebras for the operations
given by polar shuffles.

Definition 4.8. An algebra over a multicategory, (M, ¢,1d), is the assignment of
a set S(X) to each object X € My, and the assignment of a function

S(f): S(X1) % ... x S(X,) = S(Y),
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for each multimorphism f € S(X1,...,X,;Y). The assignment must preserve
compositions, S(f sx g) = S(f) ¢x S(g) and identities, S(id) = id. Alternatively,
it is a multifunctor to the cartesian monoidal category of sets and functions.

Proposition 4.9. Message theories are precisely the algebras of the free polarized
physical monoidal multicategory over their respective sets of types. In other words,
the derivations of a message theory form the free polarized physical monoidal
multicategory over its set of types.

ProoOF. This will follow almost by definition. The definition of message
theories includes an operation for each shuffling, and these operations compose
as shufflings (Proposition 1.3 and Axioms la, 1b, and 1c); equivalently, this is
saying that message theories are in particular algebras of the multicategory of
shufflings, the free physical monoidal multicategory over their set of types.

The rest of the axioms of message theories are exactly asking that each object
is a left adjoint: the spawning and linking operations are describing the unit and
the counit of the adjunction; the rest of the axioms are saying that: the unit
of the adjunction is natural with respect to shufflings (Axioms 2a and 2b); the
counit of the is natural with respect to shufflings (Axioms 3a and 3b); unit and
counit satisfy the snake equations (4a and 4b); and they are natural with respect
to each other (Axioms 5a, 5b, 5¢ and 5d). O

Corollary 4.10. Polarized physical monoidal multicategories are coherent; there
exists at most one multimorphism between any distinctly typed objects of the free
physical monoidal multicategory over some objects.

PRrROOF. This is now a consequence of Proposition 4.9 and Theorem 1.8.
The derivations of a message theory form the free polarized physical monoidal
multicategory, but we have already shown that they are coherent. O

THEOREM 4.11. Polar shuffles form the free polarized physical monoidal mul-
ticategory over a set of types.

PROOF. Polar shuffles are coherent (Proposition 4.4), and polarized physical
monoidal multicategories are coherent as well (Corollary 4.10); this simplifies
the proof because, to show that they coincide, we only need to show that a
polar shuffle between some types exists if an only if a multimorphism in the free
polarized physical monoidal multicategory exists.

If a multimorphism of a certain type exists in the free polarized physical
monoidal multicategory, then it exists in all polarized physical monoidal multi-
categories and, in particular, in polar shuffles (Theorem 4.7).

Let us prove the converse implication: if a polar shuffle between some types
does exist, then there is a multimorphism in the free polarized physical monoidal
multicategory between these types. For this, we will use that a polar shufflecan be
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always factored (not necessarily uniquely!) in the following way: (i) we exchange
positions inside each polar list to get them to their final relative position; (i)
we use a series of spawnings, or polar shuffles I — X° < X*; (iii) we use a pure,
non-polarized shuffle; and (iv) some final linkings of type X® < X° — I. This is
easy to verify topologically: we can always ‘pull down the linkings’ and ‘pull up’
the spawnings, and we can always factor any shuffle in two parts — a pure shuffle
and a shuffle internal to each one of the components. For instance, consider the
following example in Figure 16, adapted from Figure 15 with an extra spawning.

0>0>0>0re 0>0»0»0

)4 655 \

0>0>0>0>0

FIGURE 16. Factored polar shuffle.

Spawning, linking, shuffling, waiting and rushing are all operations on a
physical monoidal multicategory (see Section 1); so this proves that there is
at least one multimorphism in the free physical monoidal multicategory with
these types. We do not care about the specific choice of multimorphism because
polar shuffles are coherent (Proposition 4.4), and polarized physical monoidal
multicategories are coherent as well (Corollary 4.10) u

Corollary 4.12. Message theories are the algebras of the physical monoidal mul-
ticategory of polar shuffies.

PROOF. We will use that polar shuffles are the free polarized physical mo-
noidal multicategory (Theorem 4.11) and that message theories are precisely the
algebras of the free polarized physical monoidal multicategory over their objects
(Proposition 4.9). O

4.5. Bibliography. The definition — and the notation — of polar shuffles
takes inspiration from a different concept: Hughes’ partial leaf functions | |
Partial leaf functions are the Int-construction — the free compact closed category
over a traced monoidal category — applied to the category of finite sets and partial
functions | |; here we follow a similar idea, but we work over finite sets and
bijections, which are not traced. Not only the Int-construction, but also the idea
of shuffling two traces point back to game semantics | ]
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5. Processes versus Sessions

5.1. Processes of a message theory. Inside of a message theory, we call
processes the sessions that happen in two parts: (i) first they ask for some inde-
terminate number of resources (possibly zero), X3, ... X2 and (i) then, they give
some indeterminate number of resources (possibly zero), Y1, ..., Y,». This simple
definition builds a symmetric monoidal category inside any message theory, and
we will find a left adjoint to this construction.

Proposition 5.1. Let M be a message theory. There exists a symmetric mo-
noidal category, Proc(M), whose objects are the lists of objects of the message
theory, Proc(M)oy; = M, ;, and whose morphisms are the sessions that first ask
some resources and then provide some resources,

ProcM)(X1 ®...@ Xp;Y1®...0Y,,) =M(X?,... X1 Y!,...,Y)).

m

Note how we reverse the order of inputs; this will make reasoning easier even if
it is unnecessary: the monoidal category will be symmetric in any case.

PROOF. Let us define the composition and identities. Composition is given
by the polar shuffle that connects the middle outputs to inputs, see Figure 17;
because message theories are algebras of polar shuffles, such a polar shuffle defines
an operation, composition, that takes two sessions to a third one.

F1GURE 17. Composition of processes of a message theory.

Identities are created by spawning channels, see Figure 18. Again, because
message theories are algebras of polar shuffles, each message theory must contain
a constant given by the polar shuffle that spawns a list of channels. Composition
and identities are associative and unital: it can be checked from the definition
that we are using the duality from spawning and connecting channels.

Symmetries are given by the polar graph that spawns a channel for each one
of the objects and then shuffles them so that the inputs and the outputs are
divided in two blocks and positioned in reverse order, see Figure 23.
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FIGURE 18. Identity process of a message theory.
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FIGURE 19. Symmetries of processes in a message theory.

Tensoring is given by the polar shuffle that preserves all outputs and inputs
but passes the outputs of a process pass the inputs of the other, see Figure 20.
This operation is again associative and unital with the empty polar shuffle that
represents the monoidal unit.

oo XYW o R XY %

°\\>\7\\N

oy ->o->o+ cor POPOP o0 FOPO> o0 O
oo XiXR . XIV .. VAYL .. YA

FI1GURE 20. Tensor of processes in a message theory.

It concludes the proof to check, by following the connections of the polar shuf-
fles, that tensoring behaves functorially with composition so that the interchange
law of monoidal categories holds. O
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Proposition 5.2. The construction of the symmetric monoidal category of pro-
cesses extends to a functor

Proc: Msg — SymMonCatg,,.

ProOOF. We will show that any message functor F': M — N induces a strict
symmetric monoidal functor Proc(F'): Proc(M) — Proc(N). Because the category
of processes is freely generated on objects, it suffices to explain that the object
X € M, is sent to the object FX € N,,. On morphisms, we already have a map

F-M(X! ... X'y, ,Y)) s NFX! ... FX] FY!, . .. FY))
that gets reinterpreted as a map
Proc(M)(X:1®...0X,;Y1®...QYs,) = Proc(N)(F(X:1®...0X,); F(Y1®...QY,)).

Composition, identities and tensoring are operations constructed as polar shuffles,
and so they must be preserved by a message functor; this means that Proc(F)
becomes a strict monoidal functor. g

5.2. Sessions of a process theory. We will now construct message ses-
sions over an arbitrary process theory, and we will do so in a minimalistic theory.
Message passing consists of two effects: sending and receiving. Premonoidal cat-
egories already are a framework for effectful computation in process theories, so
we employ them here.

Definition 5.3. The effectful category of sessions over a strict symmetric mo-
noidal category C is the effectful category C — Session(C) generated by
(1) all of the morphisms of the original monoidal category, C, quotiented
by the equations of the original monoidal category, as pure morphisms;
(2) and a pair of send and receive generators for each object X € Cgp;
imposing no further equations. We write these generators as (o) x: X —
I'and (e)x: I — X.

R X R

(—}:I—-Px L+:)(—>:l‘:

x R R

FIGURE 21. Session runtime generators.

This naive theory of message passing on top of a monoidal category may
remind us of the combs that we were studying before: instead of using incomplete
diagrams, we are marking the interchanges explicitly now. This intuition can be
made formal: we will now prove that combs of type X7<...<X: — (#) correspond
to sessions A — B where the events are exactly X7,..., X, and happen in that
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specific order. First, note that we can define a sequence of events associated with
a particular session.

Definition 5.4. The sequence of events of a session is the list of effectful gen-
erators obtained by following only the effectful wire on the diagram. Formally,
it is defined by structural induction over the premonoidal category of sessions as
follows.
(1
(2

It is the empty list for a pure morphism.

It is invariant to whiskering.

(3) Tt contains a single element [X°] for each generator (o)x: I — X.
(4) It contains a single element [X*] for each generator (e)x: X — I.
(5) It concatenates the lists for a composition of morphisms.

— —— — —

It becomes straightforward to check that the sequence of events is well-defined.
We write Session(A; B)[X7T, ..., X?] for the set of sessions A — B with a sequence
of events X7,..., X7.

Proposition 5.5 (Combs are sessions). Sessions from A to B with a sequence
of events X7,..., X, are in bijective correspondence with combs with the same
events happening sequentially,

Session(4; B)[X7T,..., X5] & mlens (X7 <... <X 5 4).

PROOF. We proceed by structural induction over the presentation of the
cteogry of sessions. The base case consists of a morphism that is pure: by defi-
nition, those are the combs mLens(N; 4).

The inductive case considers a morphism A — B with at least one first
occurrence of the effectful generators, (o)x or (e)x. We assume without loss of
generality that this is (e)x: I — X so its sequence of events is X*,I" — the other
case is analogous. We consider it as a string diagram for a monoidal category,
quotiented by the equations of the base monoidal category C, the symmetries
and only up to interchange by isotopy. We may split the diagram into two
parts (as in Figure 22); we leave everything before the generator (e)x to one
side, f € C(A; X ® M), and everything after the generator to the other side
g € Session(M, B)[I']. This procedure constructs the following comb,

MeC
/ C(A; M ® X)5 x Session(A4; B)[I',.

Of course, the usual problem with this kind of definitions that split a string
diagram is that we need to prove that they are well-defined. We need to show
that this definition is invariant to isotopy; we do so by cases: (i) if the isotopy
interchanges two boxes before the cutting line, then there were two pure mor-
phisms and it is captured by an equation of C; (i) if the isotopy interchanges two
boxes after the cutting line, then it is defining an equation of sessions; (4i) if the



5. PROCESSES VERSUS SESSIONS 161
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FIGURE 22. Splitting the diagram of a session.

isotopy interchanges two morphisms across the cutting line, then it is captured
by dinaturality.

At the same time, note that these are exactly all of the equations imposed
to combs: those of the original symmetric monoidal category and dinaturality;
so the correspondence is bijective. Finally, by the induction hypothesis,

Session(4; B)[X*,T] & fMeC C(A4; X ® M) x Session(4; B)[T
>~ [MEC C(A; X @ M) x mLens (T; 4)
~ mlens (X*<T;4),
which concludes the proof. O

The next step is to show that sessions over a process theory actually define
a message theory. For this, we will only need sessions with no inputs or outputs:
we write Session[I'] for Session(I; I)[T.

Proposition 5.6. Sessions over a strict symmetric monoidal category, Session(C),
form a message theory. This construction extends to a functorial assignemmnt

Session: SymMonCatg,, — Msg.

PRrROOF. We will show that sessions over a strict symmetric monoidal cate-
gory, Session(C), form an algebra for the multicategory of polar shuffles. Consider
a family of sessions, s; € Session(T';); and consider a polar shuffle

p € pShuf(Ty, ..., Tn; A),

we need to construct a new session of type A.

The construction follows a topological intuition: consider the hypergraph
defining the string diagrams of the sessions; and consider at the same time the
acyclic graph defined by the polar shuffle. We glue the string diagram of each
s;, along its runtime wire, to the inputs and outputs, I';, of the polar shuffle,
removing these nodes on the process. The crucial step happens now: we have a
graph containing nodes of the premonoidal category of sessions, and it has been
constructed by gluing acyclic graphs along linear boundaries — it must be acyclic,
and it must be a string diagram.
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We define the composition of the sessions s; € Session(T';) along the polar
shuffle p € pShuf(I'y,...,T',; A), to be the session represented by the string dia-
gram here obtained. This assignment preserves the composition of polar shuffles —
which is also defined topologically by gluing — and thus it determines an algebra.

Finally, the assignment is functorial with respect to the base monoidal cat-
egory because (i) the construction of the sessions is functorial and (ii) we only
apply operations of a symmetric premonoidal category when we build a string
diagram over this premonoidal category of sessions. (I

Example 5.7. Consider two morphisms, f: A - M ® X and g: M ® Y — B,
determining a session of type [A°, X*,Y°, B*]; and consider two other morphisms,
h: XU — Nand k: N — Y®V, determining a session of type [X°,U°,V* Y*].
They can compose along the polar shuffle we defined in Figure 12; the result is
in Figure 23.

FIGURE 23. Two sessions compose along a polar shuffle.

5.3. Sessions versus Processes. The final result of this section is to prove
that sessions over a process theory are the free message theory over a symmetric
monoidal category.

Lemma 5.8. There exists a strict symmetric monoidal functor
inProc: C — Proc(Session(C))

that includes a monoidal category in the processes of its message theory.

PROOF. The functor will act as the identity on objects. We already know
that combs are sessions (Proposition 5.5), and we can use this fact to construct
the assignment on morphisms.

Proc(Session(C)(A; B)) = Session(C)[A°, B®*] = mLens(A°, B*; 1) = C(4; B).

It only remains to show that this assignment defines a strict symmetric monoidal
functor: we need to show that it preserves composition, tensoring, identities and
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symmetries. This is straightforward, as we only need to check that the operations
that we defined for the process theory of a message theory, Proc(M), correspond
to the operations of a symmetric monoidal category. Let us explicitly check
composition, inProc(f) §inProc(g) = inProc(f ¢ g), in Figure 24, the rest follow a
similar pattern.

FIGURE 24. The inclusion of processes preserves composition.

Checking the rest of the cases concludes the construction. O

THEOREM 5.9. Sessions and processes form an adjunction, Session 4 Proc;
where sessions, Session: SymMonCatg, — Msg, construct the free message
theory over a symmetric monoidal category, and where processes, Proc: Msg —
SymMonCatg,,, construct the cofree symmetric monoidal category over a mes-
sage theory.

PRrROOF. Consider a strict symmetric monoidal category, C, and a message
theory, M, endowed with a strict symmetric monoidal functor F': C — Proc(M).
We will construct a message functor F'*: mLens(C) — M and prove that it is the
unique one satisfying inProc § Proc(F*) = F.

Let us show that such a message functor, if it were to exist, would be unique.
Firstly, the image on message types is already determined to be F#(A) = F(A).
Secondly, the image on sessions consisting on a single morphism, inProc(f): [A°, B®],
is determined, F*(inProc(f)) = F(f): [FA°, FB®]. We will show now that
this reasoning can be extended to all sessions: we know that sessions of type
[X?,...,X2] are combs (Proposition 5.5) of type

(fol .o |fn): X7<...< X2 = (h).
This determines their image: combs can be factored as the composition, in the
message theory of multiple sessions consisting of a single morphism (Figure 25).
Accordingly, their image, F*(fo|...|f), should be the composition, on the mes-
sage theory, of these pieces (Figure 25).

Let us now show that we have constructed a well-defined assignment. Our
construction should preserve the dinaturality equivalence relation imposed to
combs. This happens, indeed, and the proof simply checks that the images of
two combs,

(fos (id®@ ho)|f13(d @ h1)|...|fn) = (fol(dd @ ho)$ f1]...[(d @ hp-1)§ fn),

are equal (Figure 26). We have constructed a well-defined assignment on sessions.
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FIGURE 26. The assignment of combs to sessions preserves dinaturality.

Finally, we need to check that F* is a message functor preserving all of the
operations determined by polar shuffles. In the theory of combs, applying a polar
shuffle corresponds to a rewiring into another comb; applying the polar shuffle in
M must result in the same rewiring of the pieces forming the comb — which, as
we have already shown, is precisely the image of that comb. This forces F* to
preserve the application of a polar shuffie.

We have shown that F*# is indeed a message functor and that it is the only
possible one satisfying inProc § Proc(F*) = F. O

5.4. Example: One-Time Pad, as a Message Session. Let us come
back to Example 5.8, where we discussed a decomposition of the one-time pad.
We now know that there is an adjunction between symmetric monoidal categories
and message theories, let us use it to provide semantics to the decomposition of
the one-time pad example.
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The theory for the one-time pad problem can be expressed in a message
theory @ where we have a single object generator for the type of a message, X,
and a single session generator for each one of the actors.

(1) Stage: X°<X°*<X®,

(2) Bob: X* < X°aX*,

(3) Alice: X°aX°<X®,
(4) Eve: X° < X®.
We will interpret these generators in the free message theory over the category
of finite sets and stochastic maps: thanks to the adjunction, we know that, if we
could interpret each one of the components presenting the category of finite sets
in any message theory, then we can interpret this whole example inside it.

We already gave an interpretation to each one of the components in terms of
combs. We rewrite now the example explicitly separating each one of the parts
that form it (Figure 27).

Proposition 5.10. The session describing the one-time pad protocol is equal to
a session where Alice and Bob communicate the message directly and Eve attacks
a signal representing pure noise.

EA
5

e

7/

FIGURE 27. One-time pad, complete session.



166 4. MONOIDAL MESSAGE PASSING

PROOF. Evaluating the session that describes the one-time pad example us-
ing the components described before, in Example 5.8, obtains the following polar
shuffle applied to multiple combs. Evaluating the polar shuffle, as in Figure 27,
produces the desired result. O

Remark 5.11. This discussion is not restricted to the modularity of the string
diagrams: it affects the modularity of the code itself. Recall that we have a
notation for sessions and polar shuffles; we use it in Figure 28 to write the one-
time pad.

oneTimePad(?msg, !crypt, !decrypt) = {
bob(!key, ?cryptBob, !decrypt),
alice(!msg, ?key),
eve(!lcryptEve),
stage(?crypt, !cryptBob, !cryptEve),

FIGURE 28. Notation for the one-time pad session.

At the same time, we have second a notation for sessions: sessions are ul-
timately morphisms of an effectful category, so we can use do-notation without
the interchange axiom to represent them. The sending and receiving effects can
be written as (!/?7) respectively. Lenses are tuples of morphisms, and they can
be represented in do-notation using that exact characterization. The following
Figure 29 shows a modular implementation of the one-time pad that separates
each one of the actors into a different module.

Which notation should we settle for? It seems that both interplay nicely
together: the best way of writing a message session seems to be to write its
underlying polar shuffle, as in Figure 28, while the best way of writing processes
may be the usage of do-notation as in Figure 29, which is well-known and imposes
a human-readable order on the operations.

5.5. Case Study: Causal versus Evidential Decision Theories. Leib-
niz’s dream was to see philosophical debates reduced to mathematical calculation,
to have a formal language for decision theory and an algorithm to solve any dis-
pute.

"[...] if controversies were to arise, there would be no more
need of disputation between two philosophers than between
two calculators. For it would suffice for them to take their
pencils in their hands and to sit down at the abacus, and say
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oneTimePad(alice,bob,eve,msg) = do alice(msg, key) = do
key <- bobe() crypt <- xor(msg,key)
crypt <- alice(msg, key) return crypt

() <- eve(crypt)
msg <- bobi(crypt)

return msg \
bob() = do

key <- randomBit

'key
?crypt
eve(crypt) = do msg <- xor(crypt,key)
return crypt return msg

FIGURE 29. Do-notation for the one-time pad.

to each other (and if they so wish also to a friend called to
help): calculemus (let us calculate)."

However, our modern decision theory seems far from this dream. For in-
stance, Monty Hall’s problem caused famous controversies and confident blunders
of some experts [v5] while being relatively simple to describe. It could seem that
the passage from the statement to its formal encoding is more of an art than a
science.

Let us try to understand one of these debates: causal versus evidential deci-
sion theory on Newcomb’s problem | , , |. We will use message
theories to set up the scene and partial Markov categories to compute the solu-
tion.

Definition 5.12. Newcomb’s problem | | is a famous decision problem that
sets apart Evidential and Causal Decision Theory. An agent (&) is in front of
two boxes: a transparent box filled with 1€ and an opaque box (88). The agent
is given the choice between taking both boxes (two-boxing, T) and taking just
the opaque box (one-boxing, O). However, the opaque box is controlled by a
“perfectly accurate” predictor (A). The predictor placed 1000€ in the opaque
box if it predicted that the agent would one-box and left it empty otherwise. The
agent knows this. Which action should the agent choose?

At the risk of oversimplifying, most philosophers are divided in two schools
[ , |. Those that follow causal decision theory would claim that no
matter what the predictor does, the lower row of the table in Figure 30 contains
strictly more utility; they prescribe two-boxing. Those that follow evidential
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Ore | f
o

FI1GURE 30. Newcomb’s problem: table of utilities.

decision theory claim that, because the predictor is omniscient, one-boxing is the
only way of ensuring the biggest prize is on the box.

The analysis of the problem starts by dividing it into different parties: (i) the
agent (&) must only make a choice on whether to one-box or two-box; (ii) the
stage (89) takes the choice of the agent, the prediction of the predictor, broadcasts
the choice of the agent and computes the final utility of the agent, and (iii) the
predictor (A) sends a prediction and, only afterwards, can see the choice of the
agent. Let us call X = {O, T} to the set containing one-boxing or two-boxing;
we are claiming to have three elements of a message theory: the agent, (&): X*;
the predictor, (A): X*® < X°; and the stage, (@8): X°<X° <1 X* < X",

& AL oobr
X

FIGURE 31. Newcomb’s problem: components of a message theory.

The Evidential Decision Theory Solution: Let us take as an axiom that these
components are constructed out of total stochastic channels; in other words, the
message theory we use is the free message theory over the Kleisli category of the
subdistribution monad, Session(Kleisli(D<1)).

We cannot assume anything about the agent, but because of the construc-
tion of out free message theory (Definition 5.3), it must be given by a single
stochastic channel (&): I — X. Even without assuming anything about the pre-
dictor, because of the construction of the free message theory (Definition 5.3),
we know that must be constructed of two parts: the one that sends the pre-
diction, (A);: I — M ® X, and the one that receives the choice of the agent,
(A)g: M®X — I; of the first part we know nothing, but we have postulated that
we will observe it to be perfectly accurate with the prediction, meaning that the
second part will fail if it is not. Thus, we deduce it must factor as in Figure 32.

The wiring of the components is given by the statement: agent and predictor
send choice and prediction to the stage, which answers giving back the choice to
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F1GURE 32. Evidential reading of the predictor.

the predictor and computing the output (Figure 35). We then reason (i) comput-
ing the polar shuffle; (i) we analyze the agent by cases, the agent two-boxes (T)
with probability a or one-boxes (O) with probability (1 — a); (i) because both
cases are deterministic, they can be copied; (iv) we analyze then the predictor,
it two-boxes (T) with probability p or one-boxes (O) with probability (1 —p); (v)
we compute according to Figure 30, canceling the incompatible equality checks;
and vi assuming that the first term is just an order of magnitude larger than the
second, we can bound it by p - 1000€, where we take a = 1: the agent should
one-box.

D gp(100€) ea-umﬁe) 9 plaese).

FI1GURE 33. Newcomb’s problem: the solution from Evidential De-
cision Theory.



170 4. MONOIDAL MESSAGE PASSING

The Causal Decision Theory Solution: Let us assume the same components
(Figure 30). The only hypothesis over which we will place suspicion is that the
predictor can be “perfectly accurate” without violating causality in some way.
Causal decision theory assumes that all processes are causal, or total. That
means that, after receiving the news of what the agent has chosen, the predictor
can do nothing: there must exist a unique total morphism X @ X — I.

n

“we

g

FIGURE 34. Causal reading of the predictor.

The wiring of the components is again the same, but the computation is now
different: (i) we compute the polar shuffle; (i7) we analyze the agent by cases, the
agent two-boxes (T) with probability a or one-boxes (O) with probability (1 —a);
(#ii) we analyze in the same way the predictor; (iv) we compute according to Fig-
ure 30, canceling the incompatible equality checks; and (v) we bound everything
by the case where a = 0: this time, to maximize utility, the agent must two-box.

Was this formal analysis better than a pure discussion? We can now claim
that the advantage is that the computations go from a starting diagram that
represents our reading of the problem to a utility that we can maximize. We
have turned most of the problem into a problem of computation: not only looking
at the table of utilities (Figure 30) but at the whole statement of the problem.
Of course, our formalization does not solve the debate on Newcomb’s paradox,
but at least it moves the controversy to a more fundamental point: are we fine
with using the action of the agent to reason acausally about the predictor? The
algebra of partial Markov categories provides a mathematical framework where
it makes sense to assume so; the algebra of message theories takes care of the rest
of the discussion.

Bibliography. The idea of using send/receive effects for encoding sessions
is not new. Message passing can be also seen as a core component of game seman-
tics, which has a vast literature | , , |. Game semantics has the
ambition to provide the mathematical structures that describe coordination be-
tween distributed agents, starting from a duality between the Player’s moves and
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FI1GURE 35. Newcomb’s problem: the solution from Causal Decision
Theory.

the Opponent’s moves; one of its achievements is to provide syntax-independent

semantics for different extensions of PCF | |, including one with global
state | ]

Game semantics and session types | | have been called “two sides of the
same coin” |. Orchard and Yoshida | | discuss two mutual embeddings
between an effectful A-calculus (PCF) and a session 7w-calculus; further work
also implemented the corresponding do-notation | ]. In our framework, this
correspondence occurs between premonoidal categories and message theories; and

thus between do-notation and polar shuffies.

Particularly relevant is Melliés’ categorical approach to game semantics in
the form of template games | |. The crucial difference between the present
proposal and Melliés’ line of work is that it starts from labelled transition systems
as the basic notion. Melliés introduces asynchronous graphs — graphs with a set
of commuting squares — and many of the same ingredients that we use here.
Asynchronous graphs explain shuffles, polarization, and a failure of interchange
in the form of a Grey tensor product | |. We would be interested to compare
our approach to message passing with the framework of template games, and
especially the points where they diverge: we land on normal duoidal categories
while template games are based on Girard’s linear logic [ ]

Finally, Newcomb’s problem (or paradoz) was first stated by Nozick | ].
Evidential decision theory is defended in the work of Ahmad | |; both
Everitt, Leike and Hutter | |, and Yudkowsky and Soares | | have for-
malized comparisons of evidential decision theory, causal decision theory, and
further variants.






CHAPTER 5

Conclusions and Further Work

Conclusions

Monoidal Context Theory. We have universally characterized the normal
produoidal category of monoidal lenses (Theorem 5.3) as a free normalization of
the cofree produoidal category on top of a monoidal category. The interpretation
of this result is relevant: the splice-contour adjunction (] ], Theorem 4.4)
relates each category to its cofree promonoidal category of incomplete terms; in
the same way, we have constructed a monoidal splice-contour adjunction relating
each monoidal category to its cofree produoidal category of incomplete processes.
The category underlying this universal produoidal category is familiar: it is the
category of monoidal lenses.

Monoidal lenses have gained recent popularity in applications of category

theory, apart from their classical counterparts in database theory [ |: they
have spawned applications in bidirectional transformations | | but also in
functional programming | , |, open games | ], polynomial
functors | ] and quantum combs | |. Moreover, a different promonoidal

structure for lenses had been already studied in the past by Pastro and Street
[ |]. Apart from lenses, incomplete processes have appeared implicitly multi-
ple times in recent literature. Kissinger and Uijlen | | describe higher-order
quantum processes using contexts with holes in compact closed monoidal cate-
gories. Ghani, Hedges, Winschel and Zahn [ ] describe economic game
theory in terms of lenses and incomplete processes in cartesian monoidal cat-
egories. Bonchi, Piedeleu, Sobociriski and Zanasi | | study contextual
equivalence in their monoidal category of affine signal flow graphs. Di Lavore,
de Felice and Roman | | define monoidal streams by iterating monoidal
context coalgebraically. This situation prompted a question: why are lenses so
prevalent? why do they appear in seemingly unrelated applications? We can
now claim a conceptual answer with a mathematical justification. Lenses are
the universal algebra for decomposing morphisms in process theories. The recent
applications of lenses all describe incomplete processes.

Incomplete processes have two uses: on the one hand, they track the depen-
dencies between monoidal processes; on the other hand, they allow us to split

173
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the multiple agents of a multi-party process. The former is quite useful in itself:
duoidal categories provide two different tensors — a sequential, (<), and a parallel
one (®) — that can track dependencies between different processes (as we saw
in Section 1.2). Signalling and non-signalling conditions are important to the
study of quantum theories, and recent work by Wilson and Chiribella [ ]
and Hefford and Kissinger | | has studied signalling using structures close to
monoidal lenses; we hope that the universal characterization of lenses as cofree
produoidal categories may help extracting the exact structure needed for these
physical frameworks. Even forgetting about dependencies explicitly, the theory
of monoidal contexts allows us to pursue branches of computer science that were
classically restricted to 1-dimensional syntaxes: the recent work of Eanrshaw and
Sobocinski | | studies monoidal regular languages as the natural monoidal
analogue of the classical notion of regular language.

However, it is the second application of incomplete processes the one that
this author found more surprising: we can now separate the different agents of a
multi-party process in an arbitrary monoidal category. Message passing was not
the main goal of this thesis, but developing it has brought interesting connections
to game semantics.

Monoidal Message Passing. Symmetric monoidal categories have two op-
erations: sequential composition (3) and parallel composition (®). Naively, we
would think then that there are two ways of decomposing monoidal processes:
sequentially and in parallel. This is not false, and for many applications this
may be the simpler way of dealing with this; after all, glueing sequentially and
in parallel is the only thing we need to separate a string diagram in its atomic
parts. However, this misses the rich algebra of incomplete morphisms and their
compositions: monoidal lenses can be composed according to any polar shuffle,
and that is the algebra that we are implicitly using when we cut a string diagram
into pieces that do not necessarily follow the sequential and parallel divisions.
We can now argue that the algebra of message passing for process theories is
that of message theories. Message theories try to be a minimalistic axiomatiza-
tion of what it means to communicate different processes that send and receive
messages: we have argued for these axioms in Section 1, in a way that should ap-
peal any reader not familiar with the categorical framework behind them. Their
combinatorial characterization in terms of polar shuffles only makes them more
concrete.

We have developed a theory of context on top of monoidal categories and we
have used it to develop a canonical theory of message passing in monoidal cate-
gories. We have argued that this a fundamental structure for concurrency, and
we have characterized it universally; however, we could still argue that it does not
address the problem posed by Abramsky of finding the fundamental structures of
concurrency | ]. The main limitation of this framework is that it does not
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provide most of the features that we expect from fully-fledged session types: how
can we model choice, or synchrony | , |? how can we model itera-
tion, feedback, or other common programming constructs | |? Minimalism,
however, may be a good thing to separate these concerns from the fundamental
structure: if we want to model choice, we can do so using distributive categories

[ |, or linear actegories | ]; if we want feedback and iteration, we can
recall traced categories | |, categories with feedback | |, and notions
of monoidal automata | |. Precisely because our framework is minimal,

it seems that it is robust enough to support these additions; we will be interested
in constructing models of game semantics in further work.

Future Work. Monoidal game semantics was not the original goal of this
project but it became its most promising avenue; last section gives us a recipe to
construct a session do-notation calculus on top of any monoidal category, which
would include stochastic, non-deterministic and partial variants of a multi-party
do-notation calculus. Levy, Power and Thielecke | ] discuss the correspon-
dence between premonoidal categories and call-by-value languages; we would be
interested in extending this correspondence into message passing | |. Once
there, it seems plausible that we can connect this idea to the literature on game se-
mantics for fully-fledged programming semantics | ]. Specifically, we would
like to construct a model of probabilistic programming allowing for message pass-
ing, choice and iteration; multiple developments in categorical probability (such
as quasiborel spaces | | or Markov categories | |) make this possible.

The existence of a vast literature on message passing in terms of linear ac-
tions | | makes it particularly important to understand exactly how duoidal
categories and linear logic relate. We conjecture that physical duoidal categories
also form isomiz linearly distributive categories | ], and this may be a cat-
egorical justification behind this connection.

For conciseness, we have not discussed approaches to iteration in monoidal
categories. Joint work of this author with Di Lavore and de Felice | |
has shown that it is possible to reason coinductively with automata in monoidal
categories, using precisely monoidal lenses to describe incomplete processes. It
seems plausible then, that mixing coinduction with message passing allows us to
talk about networks of stochastic iterative processes: these have remarkable ap-
plications in scientific modelling, where we can write causal networks of stochastic
processes in which unknown components are approximated stochastically.
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A. SUPPLEMENTARY MATERIAL

1. Coherence diagrams for a duoidal category

(A<B)®(C<D)®(E<F) —= (A<B)®((C<D)®(FE<F))
¢2®idl lid®¢2
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FIGURE 1. Coherence diagrams for associativity of a duoidal category.
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FIGURE 4. Associativity and coassociativity for N and I in a
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196 A. SUPPLEMENTARY MATERIAL

2. Polycategories

This extra section repeats the splice-contour adjunction for polycategories.
It is a detour from the main text; and it is not necessary for its development:
this does not seem to be the direction we want to follow to study context in
categories or monoidal categories. It is, however, another proof of the resilience
of the splice-contour adjunction: the duality between a category and its opposite
induces a pseudofrobenius algebra on the monoidal bicategory of profunctors.

2.1. Polycategories. A polycategory is like a category where every mor-
phism has both a list of inputs and a list of outputs | |. This does not
mean that its inputs and outpuss start forming a monoid, as in strict monoidal
categories; morphisms really have different multiple inputs and outputs, and we
need to choose a single one to compose along it. A polycategory, P, contains
a set of objects, Py, as categories and multicategories; but instead of a set of
morphisms, it will have a set of polymorphisms,

P(Xl,...,Xn;Yl,...,Ym),

for each two lists of objects X1,...,X,,,Yo,...,Y € Py;. As in linear logic,
we denote both sides of a derivation by two metavariables, I' = X4,..., X,, and
A=Yy,...,Y,, and write P(I’; A) for the set of polymorphisms.

Definition 2.1. A polycategory P is a collection of objects, Py, together with
a collection of polymorphisms, P(Xo,...,Xn;Y0,...,Yn), for each two lists of
objects Xg,..., X, € Pand Yy,...,Y,, € P. For each object X € P,;, there
must be an identity, idx € Po;(X; X); and for each pair of composable maps,
f S ]P(Fa Ala X7 AQ) and g € P(tha F27 A)7
where either Ay or I'1, and either Ay or 'y, are empty,

there must be a composite polymorphism f§x g € P(I'1,I',I'y; A1, A, Ay). This
means that there are four possible types of composition (Figure 6), and they yield
the same polymorphism whenever they overlap.

r 1) I r ' T Ig r
(1) (1) (1) (/)
(9) (9) (9) (9)
AL A A A, A AL A Ay

FIGURE 6. Four planar polycategorical compositions.
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Moreover, polycategories must satisfy the following two unitality axioms,
fixidx = fandidxsx f = f; two associativity axioms, f3x (gsyh) = (fsxg)syh
and fx (g5 h) = géy (f5xh); and an interchange axiom, (f349)55h = (f35h)34g;
whenever any of these is formally well-typed.

Remark 2.2. Asking for an identity on each object, idx € P(X; X), is different
from asking for an identity on each list of objects,

idXO7~~~an c IP)(X(), A ,Xn; ‘X()7 A ,Xn)
The latter gives rise to isomiz categories | | and we will not discuss it here.

Example 2.3. A polyfunctional relation, R € MultiFun(A;, ..., A,; B1,...,Bn),
is a relation R: A1 X ...x A, — By X ... X B, together with representing func-
tions that, given an element of the relation missing exactly one element, return
the element missing. Explicitly, there exist two families of functions,

fj:Alx...xAanox?.J/.me—)Bj and
gi:Alxﬁ{.xAanox...me%Ai,

such that R(ai,...,by) if and only if f;(ai,...,bn) = b; and if and only if
gi(a,...,by) = a; for each two indices ¢ and j. Polyfunctional relations form a
polycategory with relational composition.

A (1, 1)-polyfunctional relation is a pair of inverse functions. A (2,1) or (1,2)-
polyfunctional relation is a triple functions fo: Ay X As — Ag, f1: As X Ay — A4
and fo: Agx Ay — Ag such that fq(a1,a2) = ag if and only if f; (a2, a¢) = a1 and
if and only if f2(ap,a1) = as. Polyfunctional relations are a decategorification of
the multivariable adjunctions in the work of Shulman | |

2.2. The Category of Polycategories. Analogously to the categorical
and multicategorical case, the theory of polyfunctors and polynatural transfor-
mations is synthetised in the 2-category PolyCat of polycategories, polyfunctors
and polynatural transformations.

Definition 2.4. A polyfunctor, F': P — Q, between two polycategories P and Q,
is an assignment on objects, Fop;: Poy; — Qop; together with an assignment on
polymorphisms

Fn,m: P(X(), s aXn; Y07 s 7}/'rn) — @(FoijOa R Foijn; FoijOa R Foijm)-

This assignment must be functorial, in that F(f sx, g) = F(f) sx, F(g) and that
F(idx) = idpx, whenever these are formally well-typed.

Definition 2.5. A polynatural transformation 6: ' — G between two poly-
functors F,G: P — Q is given by a family of polymorphisms 0x € Q(FX;GX)
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such that, for each polymorphism f € P(X4,...,X,;Y1,...,Y:), the following
naturality condition holds

O0x,5...50x, sG(f)=F(f)30y,5...30y,,.

Definition 2.6. Polyfunctors between polycategories form a category, PolyCat.
This is moreover a 2-category with polynatural transformations.

Remark 2.7. In the same sense that a multifunctor from the terminal multicat-
egory picks a monoid, a polyfunctor from the terminal polycategory should pick
a polyoid — instead, we call these Frobenius monoids.

2.3. Polycategorical Contour.

Definition 2.8. Let P be a polycategory. Its contour, ContourP, is the category
presented by the following generators and equations:

e two polarized objects, X* and X7, for each object X € Pobj;
e for each polymorphism, f € P(X4,...,X,;Y1,...,Y,), the following genera-
tors,

fre Xt X5 o Xt X XD Sy,
IR D ST LT G ST LT S ¢

having instead f*: Y{ — Y7 when n = 0, having instead f¢: X7 — X{ when
m = 0, and using no generators for (0, 0)-polymorphisms;

to which we impose equations requiring contour to preserve identities, (idx )" =
id ¢ and (idx)? = idx-; and requiring contour to preserve compositions, meaning
that foreach f € P(X4,...,X,;Y1,...,Y,,) andeachg € P(Z1,...,Z,;Q1,...,Qq)
such that Y,, = U1, the contour of the composition along Y,, = U is defined by
the following eight cases

(fsx, 9)" = f" (fsx,9)i=fi, fori=1,....,n—1;
(f 3v. 95 = [ 5975 (fsymg)§—g] ne forj=mn+1,.. n+p-—2
(f 3v.. 9" = g% (F3v, g)f=fl fori=1,....,m—2;
(f $v.n 9) -1 = fn 15 (f3v 9)?—95777”17 forj=m+1,....m+q—2;

and similar conditions for the rest of the compositions. These equations are
depicted in Figure 7.

Proposition 2.9. Contouring extends to a functor from the category of polycat-
egories to the category of categories, C: PolyCat — Cat.
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FiGURE 7. Contour of a morphism, composition of contours, and
identity contours.

2.4. Malleable Polycategories. A malleable polycategory is a polycate-
gory where each morphism can be morphed uniquely into any possible shape.
This means that there exist unique factorizations of each morphism into each one
of the possible shapes for composition.

Definition 2.10. The (1,1)-polymorphisms of a polycategory P form an under-
lying category P*. The polymorphisms form profunctors over the polycategory
and their composition, in its four possible forms, is dinatural with respect to
the underlying category. This means that the following four operations are well-
defined:

(51 (fXEP" P(T; A, X) x P(X, F’;A’)) — P(D,I"; A, A),
(3)2: (fX@P’" P(T; X, A) x (I, X; A')) S PI,T;A, A,
(5)s: (S P AL X, 80) x P(X;A) ) = P(T A1, A, A),
(5)a: (fXEP" P(T; X) x P(T'y, X, FQ;A)) — P(I,T,Ta; A).

Definition 2.11. A malleable polycategory is a polycategory where dinatural
composition, in all its four forms, is invertible.

Remark 2.12. If a polycategory is malleable, we can reconstruct it up to iso-
morphism from its binary, cobinary, nullary and conullary maps. When defining
a malleable polycategory, it is usually easier to provide these binary, cobinary,
unary, nullary and conullary maps, and deduce from those the rest of the struc-
ture. The situation is now similar to that of linearly distributive categories: we
do not need to provide all n-ary tensors in order to define a linearly distributive
category, we only provide the binary (®,%) and unary (I, Z) tensors.

This suggests that we will really work with a biased version of malleable
polycategories, one that privileges the binary and nullary tensors over the oth-
ers. Biased malleable polycategories are what we will call prostar autonomous
categories.
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2.5. Prostar-Autonomous Categories. Prostar-autonomous categories
provide an algebra for both coherent composition and decomposition. Apart
from the usual morphisms, V(X;Y); and the joints, V(X ® X1;Y), and units,
V(T;Y), of a promonoidal category; a prostar-autonomous category has splits,
V(X;Yo®Yy), and atoms, V(X; L). As in the case of multicategories, these
compositions and decompositions must be coherent, which translates into the
existence of natural isomorphisms witnessing a Frobenius rule, the Frobenius dis-
tributors

o [V C(A;CB W) x C(W @ B; D) = C(A® B;C 3 D), and
or: [V C(A®W;C) x C(B;W 3 D) 5 C(A® B;C 3 D).

In summary, after this section, we will have developed the relation between
malleability and profunctorial structures in an analogous way for both multicat-
egories and polycategories.

Multicategory ‘ Malleable Multicategory ‘ Promonoidal category
Polycategory ‘ Malleable Polycategory ‘ Prostar autonomous category

Definition 2.13. Prostar-autonomous categories are the 2-Frobenius monoids
of the monoidal bicategory of profunctors, which is equivalent to the follow-
ing definition. A prostar autonomous category is a category C endowed with
a promonoidal structure (C,®, T), and procomonoidal structure (C, %, 1), that
interact as a Frobenius pseudomonoid | , |. That is, it is a category
endowed with four profunctors, suggestively written C(e ® o;e), C(T;e), C(e; L)
and C(e; e 7% @), as if they were representable. These profunctors form two pro-
monoidal categories [ | with coherent associators and unitors. Further, they
are endowed with invertible Frobenius distributors,

or: [V C(A;CBW) x C(W ® B; D) = C(A® B;C 3 D),
or: [V C(A@W;C) x C(B;W B D) = C(A® B;C 3 D),

such that every formal diagram formed of these distributors and promonoidal
coherences commutes.

Prostar autonomous categories have a canonical prostar given by profunctors
C(e®e; L) and C(T;e% e). We may think of a prostar autonomous category as
a category C equipped with sets of polymorphisms C(e ® ... 2 e;07% ... % e). The
Frobenius isomorphisms let us decompose polymorphisms into combinations of
the pro(co)monoidal structures: this decomposition is unique up to dinaturality.
Informally, prostar autonomous categories are to polycategories what promonoi-
dal categories are to (co)multicategories.
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Definition 2.14. A prostar functor F': V — W is a quintuple (Fu;, Fig, Fo, F'r, F1)
where (Fop;, Fg, F7) and (Fopj, F2, F'|) are promonoidal functors that together
strictly preserve the Frobenius distributors, in that ¢;§(Fg x F) = (Fx x Fg)s¢)
and ¢, 3(Fg x F3) = (Fg X Fiz)3¢l.. Prostar functors between prostar autonomous
categories form a category, ProStar.

2.6. Prostar Autonomous are Malleable Polycategories. In this sec-
tion, we show that the category of prostar autonomous categories is equivalent
to that of malleable polycategories. In this sense, the study of malleable polycat-
egories is the study of prostar autonomous categories.

Definition 2.15 (Polycategorical analogue of Definition 3.9). Let W be a prostar
autonomous category. There is a malleable polycategory, W™, that has the same
objects but polymorphisms defined by the elements of the prostar autonomous
category. By induction, we define

W (XO,Xl,F A)=["w X0®X1,V) X Wm(V,T; A),
A) = [V W(TV) x W(V; A),
W™ (X;Yo,Y1,A) = fVWm X:V,A) x W(V: YR Y),
W (X;) =W(X;1).
In other words, the polymorphisms are elements of the left-biased tree reductions
of the promonoidal category, seen as a 2-monoid. The four forms of dinatural

composition are then defined to be the unique map relating two tree expressions
in a 2-Frobenius monoid, which exist uniquely by coherence,

(coh); : (fXEWm W3 A, X) x W(X,T; A’)) WD, T A, AY),
(coh)s: (fxewm Wm(T; X, A) x W(I, X; A’)) S WTI, T A, AY),
(coh)s: (fXGW" W(T; Ap, X, Ag) X W’”(X;A)) S WD AL A, A),
(coh)a: (fXEWm Wm(L; X) x Wy, X, Ta; A)) s W1, T, Ta; A).

Coherence maps are isomorphisms, and so dinatural composition is invertible,
making the polycategory malleable. By coherence for pseudomonoids, composi-
tion must satisfy associativity and unitality.

Proposition 2.16. The category of prostar autonomous categories and the cate-
gory of malleable polycategories are equivalent with the functor (e)™: ProStar —
mPoly induced by the construction of the underlying malleable polycategory of
a prostar autonomous category. This is the polycategorical analogue of Proposi-
tion 3.10.
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PROOF. First, let us show that a prostar functor, F': V— W, induces a poly-
functor, F'™: V™ — W™ between the Underlying polycategories. On objects,
we deﬁne it to be the same, F7}. = Fyp;. On polymorphisms, we can define the
binary, nullary, cobinary, conullary and unary using the prostar functor structure,

F;fl = Fg; F(Tl = Ir; Iy = Fy; Fl% = F; and Fﬂ’l =F.
O
2.7. Splice of a Polycategory.

Definition 2.17. Let C be a category. Its prostar autonomous category of
spliced arrows, SC, has underlying category C°P x C. Intuitively, its profunctors
are defined by spliced circles of morphisms.

+ - + - + -
X X P v+ X X X X
g Q XxT a Y-
NG T h 4
- +
Y z z+t zZ- Yyt Y- y+ '

Explicitly, it is defined by the following profunctors (below, left). The co-
herence isomorphisms are defined by glueing circles along the desired boundary
and composing the relevant arrows; two compositions are isomorphic if and only
if they determine the same arrows (below, right).

Remark 2.18. This structure appeared in Day & Street | , Ex. 7.3|, where
it was noticed that the canonical promonoidal category induced by a small cat-
egory | | has an involution. As a multicategory, it was rediscovered by
Mellies & Zeilberger [? ]|. Monoidal spliced arrows were explicitly introduced
and characterized as an adjunction in a joint work | ]

Splice(C) (X+, YR ZT) —C(Y X ) x C(X 5 27) x C(ZH Y 7);
Splice(C) (X* ©Y727) = C(Zh XT) x C(X Y ) x C(Y 3 27);
Splice(C (X+ Y7 =

)
C(X7:X);

)=
)
) —C(YH X)X C(X—;Y7);
Splice(C ( Xt
)

Splice(C (T YY) =yt yo).
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o 8¢
=0 () 4@'&

FIGURE 8. Holds if fo = ko § ho, f1591 = h1, g2 = ha §k1, go § f2 = ke.

Remark 2.19. Splice(C) has a representable prostar, given on objects by

() = (%)
X~ xt)-
Proposition 2.20. Spliced arrows extend to a functor, Splice : Cat — ProStar.

THEOREM 2.21. Contour extends to a functor Contour: PolyCat — Cat,
splice extends to a functor Splice: Cat — ProStar. Contour is left adjoint to
Splice composed with the forgetful functor, Contour = Splice § Forget; and Contour
composed with the forgetful functor is left adjoint to Splice, meaning Forget ¢
Contour - Splice.

PROOF. The proof extends our previous one | , Theorem 3.7]. O

2.8. Bibliography. Polycategories were defined by Szabo [ ] in the

symmetric case; Cockett and Seely contributed the planar version we study here
[CS9TD, BZ20].
Street | | prove that Frobenius pseudomonoids in Prof are equivalent
to what Day & Street | | call “sx-autonomous promonoidal categories”. The
minor twist we take, “prostar autonomous”, emphasizes that the canonical prostar
may not be representable. When all of the structure including the prostar is
representable, we obtain x-autonomous categories.
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introduced by Katis, Sabadini and Walters, satisfies a universal property. By
itself, this is a justification of the canonicity of this model of concurrency. How-
ever, the universal property is itself of interest, being a formal demonstration of
the relationship between feedback and state. Indeed, feedback categories, also
originally proposed by Katis, Sabadini and Walters, are a weakening of traced
monoidal categories, with various applications in computer science. A state boot-
strapping technique, which has appeared in several different contexts, yields free
such categories. We show that Span(Graph)* arises in this way, being the free
feedback category over Span(Set). Given that the latter can be seen as an algebra
of predicates, the algebra of open transition systems thus arises - roughly speak-
ing - as the result of bootstrapping state to that algebra. Finally, we generalize
feedback categories endowing state spaces with extra structure: this extends the
framework from mere transition systems to automata with initial and final states.
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1 Introduction

Software engineers need models. In fact, models developed in the early years of
computer science have been extremely influential on the emergence of software
engineering as a discipline. Prominent examples include flowcharts and state
machines, and a part of the reason for their impact and longevity is the fact that
they are underpinned by relevant and well-understood mathematical theories.

However, while concurrent software has been intensively studied since the
early 60s, the theoretical research landscape remains quite fragmented. Indeed,
Abramsky [1] argues that the reason for the proliferation of models, their some-
times overly locally-optimised techniques, and the difficulty of understanding
and relating their expressivity, is the fact that we still do not have a satisfactory
understanding of the underlying mathematical principles of concurrency.

A way to identify such principles and arrive at more canonical models is to
look for logical or mathematical justifications. An example is the recent discovery
and work on of Curry-Howard style connections between calculi for concurrency
and fragments of linear logic, which guided the development of session types [15].
Another possible route is to search for models that satisfy some universal prop-
erty.

The latter approach is the remit of this paper: we focus on the Span(Graph).,
model of concurrency, introduced by Katis, Sabadini and Walters [33] as an al-
gebra of open transition systems, and show that it satisfies a universal property:
it is the free feedback category over the category of spans of functions.

The free construction is in itself interesting and can be described as a kind
of “state-bootstrapping”. We thus position our main result within the theoret-
ical context of feedback categories, their relationship with state, and the more
restrictive—yet better known—mnotion of traced monoidal categories. Our explo-
ration of this wider context is justified, given the panoply of related, yet partial,
accounts in the literature.

The relationship between feedback and
state is well-known by engineers. In fact, a

remarkable fact from electronic circuit design Set A
is how data-storing components can be built

out of a combination of stateless components

and feedback. A famous example is the (set- A
reset) “NOR latch”: a circuit with two stable Reset

configurations that stores one bit. Fig. 1: NOR latch.

The NOR latch is controlled by two in-
puts, Set and Reset. Activating the first sets
the output value to A = 1; activating the second makes the output value return
to A = 0. This change is permanent: even when both Set and Reset are deacti-
vated, the feedback loop maintains the last value the circuit was set to*—to wit,

4 In its original description: “the relay is designed to produce a large and permanent
change in the current flowing in an electrical circuit by means of a small electrical
stimulus received from the outside” ([17], emphasis added).
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a bit of data has been conjured out of thin air. The results of this paper allow
one to see the latch as an instance of a more abstract phenomenon.

Indeed, there is a natural weakening of the notion of traced monoidal cate-
gories called feedback categories [36]. The construction of the free feedback cate-
gory coincides with a “state-bootstrapping” construction, St(e), that appears in
several different contexts in the literature [7,29,32]. We recall this construction
and its mathematical status (Theorem 3.11), which can be summed up by the
following intuition:

Theory of Processes + Feedback = Theory of Stateful Processes.

The Span(Graph) model of concurrency, introduced in [33], is an algebra
of communicating state machines, or — equivalently — open transition systems.

Let us first explain some terminology. A span X — Y in a category C is a
pair of morphisms /: A — X and r: A — Y with a common domain (Defini-
tion 4.1). When C has enough structure, spans form a category. This is the case
for the category of graphs Graph, where objects are graphs and morphisms are,
intuitively, pairs of functions that respect the graph structure (Definition 4.6).
Summarizing the above, the morphisms of Span(Graph) are given by pairs of
graph homomorphisms, I: G — X and r: G — Y, with a common domain G.
We think of a span of graphs as a transition system, the graph G, with boundary
interfaces X and Y.

Open transition systems interact by synchronization along a common bound-
ary, producing a simultaneous change of state. This corresponds to a composition
of spans, realized by taking a pullback in Graph (see Definition 4.7). The dual
algebra of Cospan(Graph) was introduced in [35] (see Definition 4.17).

Informally, a morphism X — Y of Span(Graph) is a state machine with
states and transitions, i.e. a finite graph given by the ‘head’ of the span. The
transition system is equipped with left and right interfaces or communication
ports, X and Y, and every transition is labeled by the effect it produces in all
its interfaces. Let us focus on some concrete examples.

Let B = {0, 1}. We abuse notation by considering B as a single-vertex graph
with two edges, corresponding to the signals 0 and 1. Indeed, as we shall see
in examples below, it is useful to think of single-vertex graphs as alphabets of
signals available on interfaces.

In Figure 2, we depict two open transition systems as arrows of Span(Graph).
The first represents a NOR gate B x B — B. To give an arrow of this type in
Span(Graph) is to give a span of graph homomorphisms

BxB<— N -"5B.

The graphical rendering (Figure 2, left) is a compact representation of the com-
ponents of this span: the unlabeled graph in the bubble is N, and the labels wit-
ness the action of two homomorphisms, respectively [: N — BxBandr: N — B.
Transitions represent the valid input/output configurations of the NOR gate. For
example, the edge with label ((8)7 1), witnesses a transition whose behaviour on
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the left boundary is (8) and on the right boundary 1. Note that, since the graph
N has a single vertex, gates are stateless components.

The second component is a span L = {Set, Reset, Idle} — {A A} = R that
models a set-reset latch. The diagram below right (Figure 2), again, is a conve-
nient illustration of the span L <— D — R. Latches store one bit of information,
they are stateful components; consequently, their transition graph has two states.

O Idle,A Reset,A
[}

Set,A

Reset, A .\j
Set,A Idle, A

Fig.2: A NOR gate and set-reset latch, in Span(Graph).

In both transition systems of Figure 2 the interfaces are stateless: indeed,
they are determined by a mere set — the self-loops of a single-vertex graph. This
is a restriction that occurs rather frequently: in fact, transition systems with in-
terfaces are the arrows of the full subcategory of Span(Graph) on objects that
are single-vertex graphs, which we denote by Span(Graph).. The objects of
Span(Graph). represent interfaces, and a morphism X — Y encodes a transi-
tion system with left interface X and right interface Y. Analogously, the relevant
subcategory of Cospan(Graph) is Cospan(Graph)., the full subcategory on
sets, or graphs with an empty set of edges.

Definition. Span(Graph). is the full subcategory of Span(Graph) with ob-
jects the single-vertex graphs.

The problem with Span(Graph), is that it is mysterious from the cate-
gorical point of view; the morphisms are graphs, but the boundaries are sets.
Decorated and structured spans and cospans [19,3] are frameworks that capture
such phenomena, which occur frequently when composing network structures.
Nevertheless, they do not answer the question of why they arise naturally.

As stated previously, the main contribution of this paper is the characteriza-
tion of Span(Graph), in terms of a universal property: it is the free feedback
category over the category of spans of functions. We now state this more formally.

Theorem. The free feedback category over Span(Set) is isomorphic to the full
subcategory of Span(Graph) given by single-vertex graphs, Span(Graph).,.
That is, there is an isomorphism of categories

St(Span(Set)) = Span(Graph)..

Universal constructions, such as the “state-bootstrapping” St(e) construction
that yields free categories with feedback, characterize the object of interest up
to equivalence, making it the canonical object satisfying some properties. Recall
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that Abramsky’s concern [1] is that the lack of consensus about the intrinsic
primitives of concurrency risks making the results about any particular model
of concurrency too dependent on the specific syntax employed. Characterising a
model as satisfying a universal property side-steps this concern.

Given that Span(Set), the category of spans of functions, can be considered
an algebra of predicates [4,10], the high level intuition that summarizes our main
contribution (Theorem 4.12) can be stated as:

Algebra of Predicates + Feedback = Algebra of Transition Systems.

We similarly prove (in Section 4.4) that the free feedback category over
Cospan(Set) is isomorphic to Cospan(Graph),, the full subcategory on dis-
crete graphs of Cospan(Graph).

Finally, Section 5 shows how the same framework of feedback categories can
be extended from transition systems to categories with a structured state space
(Theorem 5.6), such as categories of automata. As examples, we recover Mealy
deterministic finite automata (Proposition 5.10) and we introduce span automata
(Definition 5.11).

1.1 Related Work

This article is an extended version of “A Canonical Algebra of Open Transition
Systems” [39], presented at the International Conference on Formal Aspects
of Component Software (FACS) 2021. With respect to the conference version,
we significantly generalised the framework of feedback categories: Section 5 is
completely new material. At the same time, Sections 3 and 4 extend the orig-
inal manuscript adding new proofs (to propositions 4.9 and 4.10, lemma 4.11,
and theorem 4.12) and giving a more complete account of the algebra of spans
(Sections 4.1 and 4.2). In an effort to make the paper more self-contained, we also
include a new preliminary Section 2, which summarises the necessary concepts
from category theory.

Span/Cospan(Graph) has been used for the modeling of concurrent sys-
tems [9,21,22,23,33,35,49,52,53]. Similar approaches to compositional modeling
of networks have used decorated and structured cospans [19,3]. However, these
models have not previously been characterized in terms of a universal property.

In [36], the St(e) construction (under a different name) is exhibited as the
free feedback category. Feedback categories have been arguably under-appreciated
but, at the same time, the St(e) construction has made multiple appearances as
a “state bootstrapping” technique across the literature. The St(e) construction
is used to describe a string diagrammatic syntax for concurrency theory in [7]; a
variant of it had been previously applied in the setting of cartesian bicategories
in [32]; and it was again rediscovered to describe a memoryful geometry of in-
teraction in [29]. However, a coherent account of both feedback categories and
their relation with these stateful extensions has not previously appeared. This
motivates our extensive preliminaries in Sections 3.1 and 3.2.
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1.2 Synopsis

Section 2 consists of background material on symmetric monoidal categories
and equivalences between them. Section 3 contains preliminary discussions on
traced monoidal categories and categories with feedback; it explicitly describes
St(e), the free feedback category. It collects mainly expository material. Section 4
exhibits a universal property for the Span(Graph), and Cospan(Graph),
models of concurrency and Section 4.5 highlights a specific application. Section 5
extends the framework of feedback categories to capture categories of automata.

2 Preliminaries: Symmetric Monoidal Categories

2.1 Theories of Processes

Resources and processes. We start by setting up an abstract framework for what
it means to describe a theory of processes. A theory of processes contains two
kinds of components: some resource types, which we name A, B, C, . ..; and some
processes, which we name f, g, h,....

Each process f has an associated input resource type (say, A); and an as-
sociated output resource type (say, B). Executing the process f will require
some inputs of type A and will produce some outputs of type B. We write this
situation as f: A — B.

Throughout the paper, we make use of string diagrams: a formal diagram-
matic syntax for theories of processes [30,40]. In a diagram, every ocurrence of a
resource type is represented by a laballed wire; every process is represented by
a box, with input wires representing its input type on the left, and output wires
representing its output type on the right (Figure 3).

A N
input <J L> output
g- process

Fig. 3: String diagram for a process f: A — B.

Operations in a theory of processes. Theories of processes allow two operations
on processes: sequential composition (3) and parallel composition (®). The for-
mer is depicted as horizontal concatenation of diagrams, the latter as vertical

(-TH) () - ()

()= () - ()
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Joining resources. In a theory of processes, resources can be joined. Given a
resource type A and a resource type B, we can construct the joint resource type
A® B, which puts together resources of type A and type B. Resource joining may
be implemented in diverse ways, depending on the theory of processes. However,
it must satisfy some basic axioms:

e joining three process resource types together can be done in two ways; these
should coincide,

A®(B®C)=(A® B)®C, (1)
A A
= ——8B
B—
C C

e there must exist a resource type representing the absence of resources, which
we call the unit resource type I; it must be neutral with respect to process
joining

ARI=A=ARI. (2)

Sequential composition. In a theory of processes, we can compose processes in
two different ways. The first is sequential composition: given two processes such
that the output type of the first coincides with the input type of the second, say
f: A— Band g: B— C, their sequential composition is the process (fsg): A —
C that results from executing f and using its output to execute g.

Composing may mean different things in different process theories, but it
must always satisfy the following axioms:

e sequencing together three processes f: A - B, g: B — C and h: C — D
can be done in two different ways, these should coincide,

(fs9)sh=1rs(gsh); 3)

THoHa-= {7 H

e there must exist a process representing “doing nothing” with a resource A
that we write as id4 — the identity transformation — which must be neutral
with respect to sequential composition,

idasf=/f=fsidg. (4)

We say that a process f: A — B is reversible if it has a reverse counterpart,
f7': B — A, such that executing one after the other is the same as having done
nothing, f§f =idy and 3 f = idp. This is usually called an isomorphism.
In this situation, we say that A and B are isomorphic, and we write that as
A= B.
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Parallel composition. The second way of composing two processes is to do so
in parallel. Given any two processes f: A — B and f': A’ — B’, their parallel
composition is a process (f ® f/): A® A — B ® B’ that results from jointly
executing both processes over the joint input resource type, so as to produce the
joint output resource type.

The implementation of parallel composition will usually be related to the im-
plementation of resource joining in the same theory. It must satisfy the following
axioms:

e composing three processes in parallel can be done in two ways; these should
coincide,
felgoh) =(fogeh (5)

e doing nothing with no resources should be the unit for parallel composition;
the identity transformation on the unit resource type I must satisfy

f®idr=f=id; ® f; (6)

A f B = = [— = ==7
BRI P Ny

e executing two processes in parallel and then other two processes in parallel
must yield the same result as executing in parallel the sequential composi-
tions of both pairs,

(fegshek)=(fsh) @ (gsk). (7)

Swapping. Finally, we want to be able to route resources to each specific process.
Any theory of processes, given any two resource types A and B, must contain
a process 04,5 A® B — B ® A. This process is called the swap, which only
permutes the order in which resources are organized. It must satisfy the following
axioms.

e Swapping twice is the same as swapping once with a joint type,

oA,Bgc = (0a,B3idc) § (idp ® 04,0); (8)
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oagB,c = (idasop,c)s(0ac ®idp). 9)

e Swapping two process inputs is the same as swapping the executing place
and swapping the output.

(f®g)sopp =044 5(9® f). (10)

EPC O

e Swapping and swapping again is the same as doing nothing.

0AB30B,A=1dagB- (11)

Symmetric monoidal categories. The algebraic structures that capture this no-
tion of process theory are “symmetric monoidal categories” [40]. The resource
types are usually called objects, while the processes are usually called morphisms.
Reversible processes are called isomorphisms.

Definition 2.1. A symmetric monoidal category [40] is a tuple
C= (Cobj7 Cmor7 (;)7 ld (®)obja (®)m0ra 17 0)7

specifying a set of objects, or resource types, Copj; a set of morphisms, or pro-
cesses, Cmor; a composition operation; a family of identity morphisms; a tensor
operation on objects and morphisms; a unit object and a family of swapping
morphisms; satisfying all of the axioms of this section (1-11), possibly up to
reversible coherence isomorphisms of the form,

aapc: (A®B)@C - A® (B®C),
A I®A— A, and
PA: ARI — A.
Coherence isomorphisms must commute with all suitably typed processes and

must satisfy all possible formal equations between them. We usually denote by
C(A, B) the set of morphisms from A to B.
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Note that we do allow the axioms to be satisfied up to a reversible coherence
isomorphism. For an example, consider the theory of pure functions between sets
joined by the cartesian product. It is not true that, given three sets A, B and
C, the following two sets are equal, A X (B x C) = (A x B) x C; they are merely
in a one-to-one correspondence. A symmetric monoidal category is strict only if
these reversible transformations are identities. It was proven by MacLane (his
Coherence Theorem, Theorem 2.8 [40]) that the axioms (1-11) are valid for both
strict and non-strict monoidal categories.

Ezample 2.2. The paradigmatic theory of processes uses mathematical sets as
types and functions as processes. We can check that the following functions,
with the cartesian product, satisfy the axioms (1-11), thus forming a symmetric
monoidal category.

Set = (Sets,Functions, (o), id, X, (e, ®), 1, (a, (b,¢)) — ((a,b),c),

(a, %) — a, (x,a) — a, (a,b) — (b,a)).

Ezample 2.3. The theory of linear transformations uses dimensions (natural
numbers) as types and matrices over the real numbers as processes. We can
check that matrices, with the direct sum, satisfy the axioms (1-11), thus forming
a symmetric monoidal category.

Mat = (N,Matrices, (+), (+),®,0,LI, LI, S),

where I is the identity matrix and S is the permutation matrix,

0O ... 01 ... 0
1 0 n
— - 1
In = no | Sn,m (1) 88 0
0 1
O
0O ... 10 ... 0

FEzample 2.4. It can happen that two theories of processes share the same ele-
ments, but differ on how they are combined. The theory of choice in finite sets
uses again functions, but instead of the cartesian product, it uses the disjoint
union. We can check that the following functions satisfy again the axioms (1-11).

FinSet = (FinSets,Functions, (0),id, (4), [e, ®],0, (a|(blc)) — ((a|b)|c),
(ald) = a, (@) — a, (a|b) = (b]a)).

When designing software, the advantage of an algebraic structure such as
monoidal categories is reusability: we can encapsulate the operations of our the-
ory of processes into a separate module, and we can abstractly work with them
without knowing the particulars of the theory of processes at hand. The axioms
(1-11) are straightforward to check for most theories of processes — even if we
will not take the time to do so in this text — but they are a powerful abstraction:
once the axioms are satisfied, we can start reasoning with string diagrams.
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2.2 Monoidal Equivalence

In this final preliminary section, we recall what it means to have a transforma-
tion between monoidal categories (symmetric strong monoidal functor, Defini-
tion 2.5), what it means to have two equivalent monoidal categories (monoidal
equivalence, Definition 2.7) and the statement of the Coherence Theorem: every
monoidal category is equivalent to a strict one (Theorem 2.8).

Monoidal functors. Every time we consider an algebraic structure, it is natural
to also consider what is a good notion of transformation between two such al-
gebraic structures. A transformation of algebraic structures should preserve the
key ingredients of the algebraic construction. In the case of symmetric monoidal
categories, these transformations are called monoidal functors, and they preserve
the operation of composition.

Definition 2.5. A symmetric strong monoidal functor between two symmetric
monoidal categories with coherence isomorphisms

C= (Cob.17 Cmon (;)7 idv (®)0bj’ (®)mora I-, aC’ /\07 pC, UC)? and
D= (Dobj, Duor, (3)7 id, (®)obj, (®)mor, 1, aD, )\D7 PD, UD)

is a tuple F = (Fopj, For, ¢, ), consisting of

e a function that assigns objects of the first category to objects of the second
category, Fopj: Cobj — Dobj,

e and a function that assigns morphisms of the first category to morphisms of
the second category, Fior: Cmor — Dmor-

e a coherence isomorphism ¢ap: FA® FB — F(A® B),

e and a coherence isomorphism ¢: J — F1I.

Traditionally, functions both on objects, Fo,; and morphisms, Fi,or are denoted
by F. The functor must be such that every morphism f: A — B is assigned
a morphism F(f): FA — FB, whose source and target are the images of the
original source and target. Moreover, it must satisfy the following axioms,

e compositions must be preserved, F(f3g) = F(f) ¢ F(g),
o identities must be preserved, F(ida) = idpa,
e tensoring must be transported by the natural transformations, meaning that

F(fog) =ps(F(f)®F(@)sn,

e associators, unitors and swaps must be transported by the natural transfor-
mations, meaning that

Fa€) =3 (u" ®id) 3P 5 (id @ p) 3 1,
FOX®) = p75 (¢ @id) § AP,

F(p) =p3(idee™) 5P,
F(o®)=p"50"5p.
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Ezample 2.6. For instance, there is a strong monoidal functor translating from
the theory of choice in finite sets, FinSet (Example 2.4), to the theory of linear
transformations Mat (Example 2.3) that sends the finite sets A = {ag, ..., an—1}
and B = {bg,...,bm—1} to their cardinalities, n and m; and each function
f: A — B to the matrix Fj;: n — m that contains a 1 on the entry Fj; when
f(a;) = b;, and contains a 0 otherwise.

Definition 2.7. A monoidal equivalence of categories is a symmetric strong
monoidal functor F: C — D that is

1. essentially surjective on objects, meaning that for each X € Dyyj, there exists
A € Cgpj such that F(A) = X;

2. essentially injective on objects, meaning that F(A) = F(B) implies A = B;
it can be proven that every monoidal functor is essentially injective, so this
condition, though conceptually important, is superfluous;

3. surjective on morphisms, or full, meaning that for each g: FA — FB there
exists some f: A — B such that F(f) = g;

4. injective on morphisms, or faithful, meaning that given any two morphisms
f:A— B and g: A— B such that F(f) = F(g), it holds that f = g.

In this situation, we say that C and D are equivalent, and we write that as
C = D. Moreover, when the monoidal functor is injective and surjective on
objects, we say that C and D are isomorphic.

Theorem 2.8 (Coherence theorem, [40, Theorem 2.1, Chapter VII]).
FEvery monoidal category is monoidally equivalent to a strict monoidal category.

Let us comment further on how we use the coherence theorem. Each time we
have a morphism f: A — B in a monoidal category, we have a corresponding
morphism A — B in its strictification. This morphism can be lifted to the original
category to uniquely produce, say, a morphism (A4 §f3Ap ): I® A — I ® B.
Each time the source and the target are clearly determined, we simply write f
again for this new morphism.

The reason to avoid this explicit notation on our definitions and proofs is
that it would quickly become verbose and distractive. Equations seem concep-
tually easier to understand when written assuming the coherence theorem — and
they become even clearer when drawn as string diagrams, which implicitly hide
these bureaucratic isomorphisms. In fact, in the work of Katis, Sabadini and
Walters [36], strictness is assumed from the start for the sake of readibility, even
though—as argued above—it is not a necessary assumption.

Theorem 2.8 and Section 2.1 can be summarized by the slogan:

“Any theory of processes satisfying the azioms of symmetric monoidal
categories (1-11) can be reasoned about using string diagrams”.
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3 Feedback Categories

In this section we recall feedback categories, originally introduced in [36], and
contrast them with the stronger notion of traced monoidal categories in Sec-
tion 3.2. We discuss the relationship between feedback and delay in Section 3.3.
Next, we recall the construction of the free feedback category in Section 3.4, and
give examples in Section 3.5.

3.1 Feedback Categories

Feedback categories [36] were motivated by examples such as Elgot automata [18],
iteration theories [6] and continuous dynamical systems [34]. These categories
feature a feedback operator, fbk(e), which takes a morphism S® A — S ® B and
“feeds back” one of its outputs to one of its inputs of the same type, yielding
a morphism A — B (Figure 4, left). When using string diagrams, we depict
the action of the feedback operator as a loop with a double arrowtip (Figure 4,
right): string diagrams must be acyclic, and so the feedback operator cannot be
confused with a normal wire.

fiS©A—>S®B s

fbks(f): A — B
Fig. 4: Type and graphical notation for the operator fbkg(e).

Capturing a reasonable notion of feedback requires the operator to interact
coherently with the flow imposed by the structure of a symmetric monoidal
category. This interaction is expressed by a few straightforward axioms, which
we list below.

Definition 3.1. A feedback category [36] is a symmetric monoidal category C
endowed with an operator fbkg: C(S® A, S® B) — C(A, B), which satisfies the
following axioms (A1-A5, see also Figure 5).

(A1). Tightening. Feedback must be natural in A, B € C, its input and output.
This is to say that for every morphism f: S® A — S ® B and every
pair of morphisms u: A’ -+ A andv: B — B/,
u g fbkg(f) ¢v =fbkg((id®@wu) ¢ f ¢ (id @ v)).
(A2). Vanishing. Feedback on the empty tensor product, the unit, does nothing.
That is to say that, for every f: A — B,
fbk,(f) = f.

(A3). Joining. Feedback on a monoidal pair is the same as two consecutive
applications of feedback. That is to say that, for every morphism f: S®
TROA—-S®T®B,

fbky (fbks(f)) = fbksgr(f)-
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(A4). Strength. Feedback has the same result if it is taken in parallel with
another morphism. That is to say that, for every morphism f: SQ A —
S ® B and every morphism g: A" — B’,

fbkg(f) ® g = fokg(f ® g).

(A5). Sliding. Feedback is invariant to applying an isomorphism “just before”
or “just after” the feedback. In other words, feedback is dinatural over the
isomorphisms of the category. That is to say that for every f: T®@ A —
S ® B and every isomorphism h: S — T,

fokp(f 5 (h®id)) = fbkg((h ®@id) § f).

T S

f g . f (h isomorphism)
A B A B

Fig. 5: Diagrammatic depiction of the axioms of feedback.

The natural notion of homomorphism between feedback categories is that of
a symmetric monoidal functor that moreover preserves the feedback structure.
These are called feedback functors.

Definition 3.2. A feedback functor F': C — D between two feedback categories
(C, k) and (D, bkP) is a strong symmetric monoidal functor such that feed-
back is transported, that is,

F(fbk§ (f)) = fokPes) (s Ff 5 17),

where pia,p: F(A)QF (B) — F(A®B) is the isomorphism of the strong monoidal
functor F. We write Feedback for the category of (small) feedback categories and
feedback functors. There is a forgetful functor U: Feedback — SymMon.
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Remark 3.3. Thanks to the coherence theorem (Theorem 2.8), we can present
the axioms of a feedback category as in Definition 3.1, omitting associators and
unitors. In fact, to be explicit, the statement of the vanishing axiom is

fok;(Aasf3A™) = f

because the feedback operator, fbk;, needs to be applied to a morphism I ®
A — I ® B, and the only morphism whose strictification has type A — B is
Masfsde): I®A— I® B (see Theorem 2.8). Similarly, the joining axiom
really states that

fokg(foky (£)) = foksgr(asr.as f5a5y p)-

Remark 3.4. Our feedback operator takes a morphism S® A — S ® B with the
first component S of the tensor in both the domain and the codomain being the
object “fed back”. Given that S appears in the first position in both the domain
and the codomain, we refer to this as aligned feedback.

An alternative definition is possible, and appears in the exposition of traces
by Ponto and Shulman [45]. We call this twisted feedback: here fbk(e) is an
operator that takes a morphism S ® A — B ® S—note the position of S in the
codomain—and yields a morphism A — B.

fiS®A>B®S
foks(f): A — B

The advantage of using twisted feedback is that sequential composition of pro-
cesses with feedback does not require symmetry of the underlying monoidal cat-
egory (see [32], where the authors consider a category with twisted feedback).
However, parallel composition does require symmetry. Given that we study the
monoidal category of feedback processes, and aligned feedback diagrams are
more readable, we use only aligned feedback in this paper.

| .
f f

Fig. 6: Twisted vs. aligned feedback

3.2 Traced Monoidal Categories

Feedback categories are a weakening of traced monoidal categories, which have
found several applications in computer science. Indeed, since their conception [30]
as an abstraction of the trace of a matrix in linear algebra, they were used in
linear logic and geometry of interaction [1,24,25], programming language seman-
tics [27], semantics of recursion [2] and fixed point operators [28,5].
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Between feedback categories and traced monoidal categories there is an inter-
mediate notion called right traced category [50]. Here, the sliding axiom applies
not only to isomorphisms but rather to arbitrary morphisms. This strength-
ening is already unsuitable for our purposes (see Remark 3.12). However, the
difference in the sliding axiom is not dramatic: we will generalize the notion of
feedback category to allow the choice of morphisms that can be “slid” through
the feedback loop (Section 5). For example, it is possible to require the sliding
axiom for all the morphisms, as in the case of right traced categories, or just
isomorphisms, as in the case of feedback categories. The more serious concep-
tual difference between feedback categories and traced monoidal categories is
the “yanking axiom” of traced monoidal categories (in Figure 7). The yanking
axiom is incontestably elegant from the geometrical point of view: strings are
“pulled”, and feedback (the loop with two arrowtips) disappears.

-

Fig. 7: The yanking axiom.

Strengthening the sliding axiom and adding the yanking axiom yields the
definition of traced monoidal category.

Definition 3.5. A traced monoidal category [30,50] is a feedback category that
additionally satisfies the yanking axiom fbk(c) = id and the sliding axiom,
foky(f 3 (h®id)) = fbkg((h®id) ¢ f), for an arbitrary morphism h: S — T. We
commonly denote by tr(e) the feedback operator of a traced monoidal category.

Fig. 8: Diagram for the NOR latch, modeled with a trace in Span(Graph).

There is scope for questioning the validity of the yanking axiom in many
applications that feature feedback. If feedback can disappear without leaving
any imprint, that must mean that it is instantaneous: its output necessarily
mirrors its input.® Importantly for our purposes, this implies that a feedback
satisfying the yanking equation is “memoryless”, or “stateless”.

5 In other words, traces are used to talk about processes in equilibrium, processes that
have reached a fized point. A theorem by Hasegawa [28] and Hyland [5] corroborates
this interpretation: a trace in a cartesian category corresponds to a fizpoint operator.
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In engineering and computer science, instantaneous feedback is actually a
rare concept; a more common notion is that of guarded feedback. Consider signal
flow graphs [51,41]: their categorical interpretation in [8] models feedback not
by the usual trace, but by a trace “guarded by a register”, that delays the signal
and violates the yanking axiom (see Remark 7.8 op.cit.).

Ezample 3.6. Let us return to our running example of the NOR latch from Fig-
ure 1. We have seen how to model NOR gates in Span(Graph) in Figure 2,
and the algebra of Span(Graph) does include a trace. However, imitating the
real-world behavior of the NOR latch with just a trace is unsatisfactory: the
trace of Span(Graph) is built out of stateless components, and tracing state-
less components yields a stateless component (see Figure 8, later detailed in
Section 4.2).

3.3 Delay and Feedback

As we have discussed previously, the major conceptual difference between feed-
back categories and traced monoidal categories is the rejection of the yanking
axiom. Indeed, a non-trivial delay is what sets apart feedback categories from
traced monoidal categories.

We can isolate the delay component in a feedback category. Consider the
process that only “feeds back” the input to itself and then just outputs that
“fed back” input. The process interpretation of monoidal categories (Section 2.1)
allows us to understand this process as delaying its input and returning it as
output [16]. This process, 04 = fbk,(04,4), is called the delay endomorphism
and is illustrated in Figure 9.

Fig. 9: Definition of delay.

If a category has enough structure, feedback can be understood as the com-
bination of trace and delay in a formal sense. Compact closed categories are
traced monoidal categories where every object A has a dual A* and the trace is
constructed from two pieces e: A® A* — I and n: I — A*® A. While not every
traced monoidal category is compact closed, they all embed fully faithfully into
a compact closed category.® In a compact closed category, a feedback operator
is necessarily a trace “guarded” by a delay.

Proposition 3.7 (Feedback from delay [7]). Let C be a compact closed
category with bk€ @ feedback operator that takes a morphism S A — S® B to
a morphism A — B, satisfying the azioms of feedback (in Figure 5) but possibly

5 This is the Int construction from Joyal, Street and Verity [30].
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Fig.10: NOR latch with feedback.

failing to satisfy the yanking aziom (Figure 7) of traced monoidal categories.
Then, the feedback operator is necessarily of the form

kS (f) = (n®id) 3 ((d ® f) 3 (id ® 95 ®id) 3 (¢ ® id)
where 0a: A — A is a family of endomorphisms satisfying

e )4 ®0p = dagp and dr = id, and
e s 5h=hg0p for each isomorphism h: A= B.

In fact, any family of morphisms 04 satisfying these properties determines uniquely
a feedback operator that has 04 as its delay endomorphisms.

S
iy,
AB

Fig. 11: Feedback from delay.

Proof. Given a family Og satisfying the two properties, we can define a feedback
structure, shown in Figure 11, to be fok§ (f) == (n®id) 3 (id® f) 3 (id ® s ®id) §
(e ® id) and check that it satisfies all the axioms of feedback (Figure 5). Note
here that, as expected, the yanking equation is satisfied precisely when delay
endomorphisms are identities, 94 = id 4.

Let us now show that any feedback operator in a compact closed category is
of this form (Figure 12). Indeed,

kS (f) = kS ([de@neneid)s(c®o® )3 ([d®e®e ®id))
=(deneneid); (fbk§(0) @ f);(i[d®e® e ®id)
=(®id);(d® f); (id @ kS (0) @ id) § (¢ ® id).
Here we have used the fact that the trace is constructed by two separate

pieces: € and 7; and then the fact that the feedback operator, like trace, can be
applied “locally” (see the axioms in Figure 5). O

Ezample 3.8. Consider again the NOR latch of Figure 1. The algebra of the
category Span(Graph) does include a feedback operator that is not a trace
the difference is an additional stateful delay component. As we shall see, this
notion of feedback is canonical. We shall also see that the delay enables us to
capture the real-world behavior of the NOR latch (Figure 10).
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Fig. 12: Feedback in a compact closed category.

The emergence of state from feedback is witnessed by the St(e) construction,
which we recall below.

3.4 St(e), the Free Feedback Category

Here we show how to obtain the free feedback category on a symmetric monoidal
category. The St(e) construction is a general way of endowing a system with
state. It appears multiple times in the literature in slightly different forms: it is
used to arrive at a stateful resource calculus in [7]; a variant is used for geometry
of interaction in [29]; it coincides with the free feedback category presented
in [36]; and yet another, slightly different formulation was given in [32].

Definition 3.9 (Category of stateful processes, [36]). Let (C,®,1) be a
symmetric monoidal category. We write St(C) for the category with the objects
of C but where morphisms A — B are pairs (S | f), consisting of a state space
S € C and a morphism f: S® A — S ® B. We consider morphisms up to
isomorphism classes of their state space, and thus

S| H=T|(hteid)sfs(h®id), for any isomorphism h: S = T.

When depicting a stateful process (Figure 13), we mark the state strings.

S T
T
A B A B

Fig. 13: Equivalence of stateful processes. We depict stateful processes by mark-
ing the space state.

We define the identity stateful process on A € C as (I | idiga). Sequential
composition of the two stateful processes (S| f): A— Band (T | g): B— C'is
defined by (S| f)s(T]19)=(S®T | (c®id)s(id® f)s(c ®id) ¢ (id ® g)), see
Figure 14, left. Parallel composition of the two stateful processes (S | f): A — B
and (S"| f'): A’ — B’ isdefined by (S| f)@(S" | f)=(S® 5 | ((d®o®id)
(f® f):(id ® o ®id)), see Figure 14, right. In both cases, the state spaces of
the components are tensored together.
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S I
s s
P XX
a B C f

A’ —

B’

Fig. 14: Sequential and parallel composition of stateful processes.

This defines a symmetric monoidal category. Moreover, the operator
storep(S | f) = (ST | f),for f: SRTR®RA—-SRT® B,

which “stores” some information into the state, makes it a feedback category,
see Figure 15.

" S S

store =

B Eak |/
A B A B

Fig. 15: The store(e) operation, diagrammatically.

Proposition 3.10. Sequential composition of stateful processes is associative.
That is, for every f: S@ A — S® B, every g: T @B — T ® C and every
h: RC — R®D,

((STHsTg)s®RIR)=(STf)s(T|g)s(R]h)).

Proof. We can see both morphisms are equal by applying transformations of
string diagrams: i.e. the axioms of symmetric monoidal categories (Figure 16).

S

T

B f 9 h
A LI B L_Ic D

L_Ic

Fig. 16: Associativity of sequential composition.
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The state spaces are isomorphic thanks to the associator a: (S®@T) ® R —
S® (T ®R). O

Unitality and monoidality of stateful processes follow a similar reasoning.
These properties yield the following result.

Theorem 3.11 ([36], Proposition 2.6). The category St(C), endowed with
the store(e) operator, is the free feedback category over a symmetric monoidal
category C.

Remark 3.12. Stateful processes are defined up to isomorphism of the state
space. This is captured by axiom (A5) of feedback categories and, as mentioned
in Section 3.2, relaxing it to allow sliding of arbitrary morphisms, would yield a
notion of equality of stateful processes that would be too strong for our purposes:
it would equate automata with a different number of states and boundary be-
havior (Example 4.14). Considering stronger notions of equivalence of processes
is possible and leads to interesting models of computation [16]. Expanding this
line of research is outside the scope of the present manuscript.

Remark 3.18 (Coherence and sliding). There are cases where we do need to be
careful about the correct use of associators and unitors. For instance, we could be
tempted to conclude that coherence implies that, for any f: (S®T)QR)® A —
((S®T)®R)® B, the following equation holds ((S®T)RR | f) = (S®(T®R) | f)
without needing to invoke the equivalence relation of stateful processes. This
would allow us to construct the category St(e) of stateful processes without
having to quotient them by the equivalence relation. However, this equality is
only enabled by the fact that g7 g is an isomorphism: we have

(SeT)@R| f)=(S®(T®R) |asrrsfsospr)

even if we write the equation omitting the coherence maps. This is also what
will allow us to notate stateful processes diagramatically. We will mark the wires
forming the state space; the order in which they are tensored does not matter
thanks again to the equivalence relation that we are imposing.

3.5 Examples

All traced monoidal categories are feedback categories, since the axioms of feed-
back are a strict weakening of the axioms of trace. A more interesting source of
examples is the St(e) construction we just defined. We present some examples
of state constructions below.

Ezample 3.14 (Mealy transition systems). A Mealy deterministic transition sys-
tem with boundaries A and B, and state space S was defined [42, §2.1] to be
just a function f: S x A — S x B. It is not difficult to see that, up to isomor-
phism of the state space, they are morphisms of St(Set). They compose following
Definition 3.9, and form a feedback category Mealy = St(Set).
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Definition 3.15. A Mealy transition system from A to B is a tuple M =
(S,t,0), where S is a set called the state space, t: S x A — S is a function
called the transition function, and o: S x A — B is a function called the output
function.

Two Mealy transition systems are equal whenever their transition functions
are equal up to isomorphism of the state space. That is, two deterministic tran-
sition systems M = (S, tar,0on) and N = (T, tn, on) are considered equal when-
ever there exists an isomorphism h: S = T between their state spaces such that

h(ta(s,a)) =tn(h(s),a) and on(s,a) =on(s,a).

. b
Whenever t(so,a) = s1 and o(sp,a) = b, we write sg oS s1. We may also
write a transition and output in a single function, f(so,a) = (t(so,a),o(sg,a)) =

(Sl,b).

The feedback of Mealy transition systems transforms input/output pairs
into states. Figure 17 is an example: a transition system with a single state
becomes a transition system with two states, {s1, so}. We compute this feedback
by transforming each transition (s;,i/s,) into a transition (i/) from s; to s,.

g,é 1,0/0
1,1/1 0/()2’0/\01/
fbk O% = O_.,0
Qn,n/o

Fig. 17: Feedback of a Mealy transition system. Every transition has a label i/0
indicating inputs (i) and outputs (o).

Ezample 3.16 (Elgot automata). Similarly, when we consider Set with the mo-
noidal structure given by the disjoint union, we recover Elgot automata [18],
which are given by a transition function S + A — S + B. These transition
systems motivate the work of Katis, Sabadini and Walters in [32,36].

Definition 3.17. An Elgot transition system with initial states in A and final
states in B is a tuple E = (S,p,d) where S is a set called the state space,
p: A — S+ B is a function called initial step and d: S — S + B is a function
called iterative step.

An Elgot transition system is interpreted as follows. We start by providing
an initial state A. We then compute the initial step p(a) which can result either
in an internal state p(a) = s € S or in a final state p(a) = b € B. In the later
case, we are done and we return b € B; in the former case, we repeatedly apply
the iterative step: d(p(a)), d(d(p(a))),... until we reach a final state.

Ezample 3.18 (Linear dynamical systems). A linear dynamical system with in-
puts in R™, outputs in R™ and state space R is given by a number k, represent-
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ing the dimension of the state space, and a matrix over the real numbers [31]

AB
(C D) € Mat(k +m, k +n).

Two linear dynamical systems,
AB A B
cD and D)
are considered equivalent if there is an invertible matrix H € Mat(k, k) such
that A’ = HAH, B'= BH, and C' = H'C.
Linear dynamical systems are morphisms of a feedback category which co-

incides with St(Mat), the free feedback category over the category of matrices
Mat as defined in Example 2.3. The feedback operator is defined by

A1 A2 Bl Al A2 Bl
fok, |k, | As AsBo | | = [k+0, [ A3 A0 By | |,
Cy Co D C, Cy D

Ay Ay By
where (A:; Ay %) € Mat(k+1+m,k+1+n).

1 C2
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4 Span(Graph): an Algebra of Transition Systems

Span(Graph) [33] is an algebra of “open transition systems”. It has appli-
cations in concurrency theory and wverification [32,33,35,37,23], and has been
recently applied to biological systems [21,22]. Just as ordinary Petri nets have
an underlying (firing) semantics in terms of transition systems, Span(Graph)
is used as a semantic universe for a variant of open Petri nets, see [53,9].

An open transition system is a morphism of Span(Graph): a transition
graph endowed with two boundaries or communication ports. Each transition has
an effect on each boundary, and this data is used for synchronization. This con-
ceptual picture actually describes a subcategory, Span(Graph),., where bound-
aries are mere sets: the alphabets of synchronization signals. We shall recall the
details of Span(Graph), and prove that it is universal, our main result:

Span(Graph)., is the free feedback category over Span(Set).

4.1 The Algebra of Spans

Definition 4.1. A span [4,10] from A to B, both objects of a category C, is a
pair of morphisms with a common domain,

A B2 B

The object E is the “head” of the span, and the morphisms f: E — A and
g: E — B are the left and right “legs”, respectively.

When the category C has pullbacks, we can sequentially compose two spans
A<+ EF — Band B < F — C obtaining A < E xp ' — C. Here, E xp F'is
the pullback of E' and F' along B: for instance, in Set, Ef xp F' is the subset of
E x F given by pairs that have the same image in B.

Remark 4.2 (Notation for spans). We denote a span A é X% BinCas

{f(2);9(z)}zex € Span(4, B),

where x: U — X, for some object U of C, can be thought of as some generalized
element that we compose with the two legs: e.g. in the category of sets, when
U =1, elements of a set X can be seen as functions z: 1 — X. Sometimes, these
generalized elements will come with conditions that must be listed with the
morphism set. For instance, in Figure 18, a composition of spans has a pullback
as its head, so any generalized element of its head is now a pair of morphisms
2: U — X and y: U — Y satisfying the extra condition g(x) = h(y):

{F(@):9(@)}o 5 {h(y); k() }y = {F(@): k() )=
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XXBY
RN
A/ \B/ \C

Fig. 18: Composition of spans.

In other words, we are saying that the set of generalized elements of the head
of the span is {z,y | g(z) = h(y)}. The advantage of this notation is that we can
reason in any category with finite limits as we do in the category of sets: using
elements. Whenever two sets of generalized elements of the head of a span are
isomorphic, the Yoneda lemma [40] provides an isomorphism between the heads.
That isomorphism makes the two spans equivalent when it commutes with the
two legs.

Definition 4.3. Let C be a category with pullbacks. Span(C) is the category
that has the same objects as C and isomorphism classes of spans between them as
morphisms. That is, two spans are considered equal if there is an isomorphism
between their heads that commutes with both legs. Dually, if C is a category with
pushouts, Cospan(C) is the category Span(C°P).

Span(C) is a symmetric monoidal category when C has products. The par-

allel composition of {f1(2); 91(2)}eex € Span(Ay, Br) and {f2(y); g2(y) }yey €
Span(A,, Bs) is given by the componentwise product

{(f1(2), f2(9)); (91(2), 92(y)) }zex,yey € Span(A; x As, By x Bs).

An example is again Span(Set).

Remark 4.4 (Variable change). We will be considering spans “up to isomorphism
of their head”. This means that, given any isomorphism ¢: X — Y, the following
two spans are considered equal

{f(0(®)); 9(0(@) }aex = {f(¥); 9(¥)}yey-

Moreover, if two spans are equal, then such a variable change does necessarily
exist.

Ezample 4.5. Let us now detail some useful constants of the algebra of Span(C),
which we will use to construct the NOR latch circuit from Figure 10.

The Frobenius algebra [10] (4, ¥, e—, —e) is used for the “wiring”. The
following spans are constructed out of diagonals A —+ A x A and units A — 1.

(€)a ={a;(a,a)}aca € Span(A, A x A)  (—e)a = {a;*}, € Span(4,1)
(3)a = {(a;a);a}aca € Span(A x A, 4)  (e—)a = {*;a}, € Span(l, 4)
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These induce a compact closed structure (and thus a trace), as follows:

(o€)a = {*;(a,a)}aca € Span(1l, A x A)
(¥0)a ={(a,a);*}qca € Span(A x A, 1).

Finally, we have a braiding making the category symmetric,
(X) = {(a7 b)7 (b7 a)}aEA,bEB S Span(A X BvB X A)

In general, any function f: A — B can be lifted to a span {a; f(a)}eca €

Span(A, B) covariantly, and to a span {f(a);a}eca € Span(B, A), contravari-
antly.

4.2 The Algebra of Open Transition Systems

Definition 4.6. The category Graph has graphs G = (s,t: E = V) as objects,
i.e. pairs of morphisms from edges to vertices returning the source and target of
each edge. A morphism of graphs (e,v): G — G’ is given by functions e: E — E’
and v: V — V' such that e3s' = s3v and e3t' =t3v (see Figure 19).

Fig. 19: Morphism of graphs.

We now focus on Span(Graph),, those spans of graphs that have single
vertex graphs (A = 1) as the boundaries.

Definition 4.7. An open transition system is a morphism of Span(Graph), :
a span of sets {f(e);g(e)}ecr € Span(A, B) where the head is the set of edges
of a graph s,t: E =2V, i.e. the transitions (see Figure 20). Two open transition
systems are considered equal if there is an isomorphism between their graphs
that commutes with the legs. Open transition systems whose graph E = 1 has a
single vertex are called stateless.

Acl B2, B

(1 L) ()

1+—V ——=1
Fig. 20: A morphism of Span(Graph)..

7 Equivalently, Graph is the presheaf category on the diagram (e = e), i.e. the
category of functors (e = ) — Set and natural transformations between them.
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Sequential composition (the communicating-parallel operation of [33]) of two
open transition systems with spans

{f(e)ig(e)}ecr € Span(A, B) and {h(¢'); k(¢')}ererr € Span(B, C)

and graphs s,t: E = S and §',t': B/ = S’ yields the open transition system
with the composite span
=h(e’
{F@): k(&)Y e € Span(A,C)
and graph (s x §',t x t'): E xp E' = S x S’. This means that the only allowed
transitions are those that synchronize F and E’ on the common boundary B.

Parallel composition (the non communicating-parallel operation of [33]) of
two open transition systems with spans

{f(e);g(e)}ecr € Span(4, B) and {f'(¢');g'(¢')}ercr € Span(4’, B')

and graphs s,t: E = V and §',t': B/ = V' yields the open transition system
with span

{(f(e), f/(€)); (gle), g(€)}erepxr € Span(A x A', B x B')
and graph (s x ', t xt'): Ex E' =3V x V.

Remark 4.8 (Components of Span(Graph), ). Any span in Span(A, B) can be
lifted to Span(Graph). (A, B) by making the head represent the graph E = 1.
Apart from the components lifted from Span, which we call stateless, we will
need to add a single stateful component to model all of Span(Graph).,: the
delay in Figure 21.

Fig. 21: Delay morphism over the set B := {0,1}.

The delay ({9-4) on a given set A is given by the span {as;a1}ae, ascaxa €
Span(A4, A) together with the graph 7, m2: A x A — A. This is to say that the
delay receives on the left what the target of its transition (its next state) will be,
while signalling on the right what the source of its transition (its current state)
is. This is not an arbitrary choice: it is defined as the canonical delay obtained
from the feedback structure in Span(Graph), (as in Section 3, 94 = fbk(c4,4)).

(12-)a = fok({(a1, a2); (a2, a1) }a; as)-
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We can use this delay to correctly model a stateful NOR latch from the
function NOR: B x B — B (as we saw in Figure 2).

DBy

. -
s

Fig. 22: Decomposing the circuit.

The NOR latch circuit of Figure 10 is the composition of two NOR gates
where the outputs of each gate have been copied and fed back as input to the
other gate. The algebraic expression, in Span(Graph),, of this circuit is ob-
tained by decomposing it into its components, as in Figure 22.

(id® o4 Qe ®id) s (NOR® 0 ® NOR) ¢ (€ ®id ® «)
5(1d@0®id@d®id) s (id© e Pe®id)
The graph obtained from computing this expression, together with its tran-
sitions, is shown in Figure 23. This time, our model is indeed stateful. It has
four states: two states representing a correctly stored signal, A = (1,0) and

A = (0,1); and two states representing transitory configurations T; = (0,0) and
Ty = (17 1)

Idle

Reset
Unspec

m
5w N
T, e . T

e
Reset
Reset
C

Unspec

Unspec

Idle

Fig. 23: Span of graphs representing the NOR latch

The left boundary can receive a set signal, Set = (é); a reset signal, Reset =

((1)) none of the two, Idle = (8) or both of them at the same time, Unspec = (}),
which is known to cause unspecified behavior in a NOR latch. The signal on the
right boundary, on the other hand, is always equal to the state the transition goes
to and does not provide any additional information: we omit it from Figure 23.
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fbkg g # trexs

Fig. 24: Applying fbk(e) over the circuit gives the NOR latch.

Activating the signal Set makes the latch reach the state A in (at most) two
transition steps. Activating Reset does the same for A. After any of these two
cases, deactivating all signals, ldle, keeps the last state.

Moreover, the (real-world) NOR latch has some unspecified behavior that
gets also reflected in the graph: activating both Set and Reset at the same time,
what we call Unspec, causes the circuit to enter an unstable state where it
bounces between the states Ty and Ty after an Idle signal. Our modeling has
reflected this “unspecified behavior” as expected.

Feedback and trace. In terms of feedback, the circuit of Figure 23 is equiva-
lently obtained as the result of taking feedback over the stateless morphism in
Figure 24.

But Span(Graph). is also canonically traced: it is actually compact closed.
What changes in the modeling if we would have used the trace instead? As we
argued for Figure 8, we obtain a stateless transition system. The valid transitions
are

{(Unspec, Ty), (Idle, A), (Idle, A), (Set, A), (Reset, A)}.

They encode important information: they are the equilibrium states of the cir-
cuit. However, unlike the previous graph, this one would not get us the correct
allowed transitions: under this modeling, our circuit could freely bounce between
(Idle, A) and (ldle, A), which is not the expected behavior of a NOR latch.

The fundamental piece making our modeling succeed the previous time was
feedback with delay. Next we show that this feedback is canonical.

4.3 Span(Graph) as a Feedback Category

This section presents our main theorem. We introduce a mapping that associates
to each stateful span of sets a corresponding span of graphs. This mapping is
well-defined and lifts to a functor St(Span(Set)) — Span(Graph). Finally, we
prove that it is an isomorphism St(Span(Set)) = Span(Graph).,.

First of all, we need to be able to explicitly compute the composition of
stateful spans, following the composition of stateful morphisms in Definition 3.9.
This is Proposition 4.9. Then, we will characterize isomorphisms in the category
of spans in Proposition 4.10.

Proposition 4.9. Let C be a category with finite limits. Consider two stateful
spans in the category St(Span(C)),

{(o(z), f(2)); (¢'(2), 9(x)) }aex € Span(S x 4,8 x B),



Span(Graph): a Canonical Feedback Algebra of Open Transition Systems 31

{(r(@), h()); (7' (1), k(¥)) }yey € Span(T x B, T x C).

their composition is then given by the span

{(o(@), (), F(@)); (0 (@), 7' (), k() Heo L) € Span($ x T x A, S x T'x B),
where the head is X xg Y, the pullback of g and h.

Proof. Using the notation for spans, we apply the definition of sequential com-
position in a category of stateful processes (Definition 3.9).

{(5,); (t,8)}et @ {as a}a) 3 ({1} @ {(0(2), £(2)); (0" (2), 9(2)) }=)
$({(t,9): (5, t) s @ {b50}0) 5 ({555} @ {(7 (), h(w)): (7' (), k(1)) })

= (Computing tensors)
{(s,t,a); (t,5,0) }s a3 {(t,0(2), f(2)); (t,0(2),9(2) Hroa
${(t,5,0): (s.£,0) oo 3 {(5, 7 (1), ) (5,7 (), k(1)) Yooy

= (Computing compositions)

{(o(),t, f(2)); (£, 0" (), 9(2)) }ew 3 {(T (1), 5, P(w)); (5,7 (1), k() }s.y

= (Computing compositions)
{(a(2),7(y), f(2)): (o' (2), 7' (), k() } 45"
This last formula corresponds indeed to the pullback we stated. O

Proposition 4.10. Let C be a category with all finite limits. An isomorphism
A 2 B in its category of spans, Span(C), is always of the form

{a;¢(a)}aca € Span(C)(4, B),

where the left leg is an identity and the right leg ¢p: A — B is an isomorphism
in the base category C.

Proof. Let {f(2); g(2)}zex € Span(4, B) and {h(y); k(y)}yev € Span(B,A)
be mutual inverses. This means that

{f(@);9(2) aex 5 {h(W); k(W) }yey = {f(@); k() }5="Y) = {a;a}aca,
{h(); k(W) byey 5 {f(@):9(2) }oex = {h(y); g(x) Q=) = {b;bhyep.

In turn, this implies the existence of variable changes (ax,ay): A - X xgY
and (By,Bx): B —Y x4 X such that they are the inverses of (f, k) and (g, h)
respectively.

We can thus write the spans as having the identity on the left leg.

{f(@); 9(2) }aex = {flax(a)); glax(a))}aca = {a; g(ax(a)) }aca-
{h(®); k() }yey = {R(By (b)); k(By (b)) }ven = {b5k(By (b)) }oen-

Finally, composing them again, we get that (g¢ax) and (k§S8y) must be mutual
inverses, thus isomorphisms. O
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We are now ready to prove the main result. The following Lemma 4.11 proves
that we can translate stateful spans to spans of graphs. The main Theorem 4.12
follows from it.

Lemma 4.11. Let C be a category with all finite limits. The following assign-
ment of stateful processes over Span(C) to morphisms of Span(Graph(C)) is
well-defined.

Al _p_9.B

NI B Py

S x A Sx B 1+— 8§ ——1

Proof. We first check that two isomorphic spans are sent to isomorphic spans
of graphs. Let

{(s(e), f(e)); (t(e),g(e))}ecr € Span(S x A, S x B) and
{('(€), f(¢'); (¢'(€"), 9 (€") }ererr € Span(S x A, S x B)

be two spans that are isomorphic with the variable change ¢: E = E’. Then,
(¢,1d) is an isomorphism of spans of graphs, also making the relevant diagram
commute (Figure 25).

I 9

T TS o T

n - F e A E E 3B
Sx A Lp S x B s(\t s
fe bt 51) ﬁsi ﬁsi ﬁli
W

Fig. 25: Isomorphic spans result in isomorphic spans of graphs.

We show now that the assignment preserves the equivalence relation of state-
ful processes. Isomorphisms in a category of spans are precisely spans whose
two legs are isomorphisms (by Proposition 4.10, or the more general result
of [44]). This means that an isomorphism in Span(Set) can be always rewritten
as {s;¢(s)}ses € Span(S,T), where the left leg is an identity and the right
leg is ¢: S — T, some isomorphism. Its inverse can be written analogously as
T < S — S. In order to prove that the quotient relation induced by the feed-
back is preserved, we need to check that equivalent spans of sets are sent to
isomorphic spans of graphs. If two spans are equivalent with the variable change
¢: S =T, then the corresponding graphs are isomorphic with the isomorphism
of graphs (id, ¢), see Figure 26.
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a b
T RS e
. E . Ace pZHdyEp 3B
o xid (s,a) (t,b) $xid s t S t3¢
Sy LT L

~ >

Fig. 26: Equivalent spans result in isomorphic spans of graphs.

O

Theorem 4.12. There exists an isomorphism of categories St(Span(Set)) =
Span(Graph),. That is, the free feedback category over Span(Set) is isomor-
phic to the full subcategory of Span(Graph) given by single-vertex graphs.

Proof. We prove that there is a fully faithful functor K: St(Span(Set)) —
Span(Graph) defined on objects as K(A4) = (A = 1) and defined on mor-
phisms as in Lemma 4.11.

We now show that K is functorial, preserving composition and identities.
The identity morphism on A in St(Span(Set)) has state space 1, so it is a span
1x A+ A—1x A and it is sent to the identity span on the graph A = 1.

Composition is also preserved. Let us consider two stateful spans

{(s(e),a(e)); (s'(e),b(e))}ecr € Span(S x A, S x B) and
L),V (); (#(f)e(f))}rer € Span(S x B, S x C)

By Proposition 4.9, their composition is given by the span
b(e)=b"
{(s(e).t(f), a(e)); (5 (€).' (f), el F el € Span(S x T x A, 8 x T x C)

where the head F x g F is the pullback of b and ¥'.

I KIS
NI

Fig. 27: Pullback of graphs.

We have composed two stateful spans and we want to show that the graph
corresponding to their composition is the pullback of the graphs corresponding
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to them. Computing a pullback of graphs can be done separately on edges and
vertices, as graphs form a presheaf category (see Figure 27). Note how the re-
sulting graph is precisely the graph corresponding, under the assignment K, to
the stateful span computed above.

We have shown that K is a functor. The final step is to show that it is
fully-faithful. We can see that it is full: every span of single-vertex graphs given
by {f(e);g(e)}ecr € Span(4, B) and s,t: E = S is the image of some span,
namely

{s(e), f(e);t(e), g(€)}ecr € Span(S x A, S x B).

Let us check it is also faithful. Suppose that two morphisms in St(Span(Set)),
SXxA+ E—SxBand S’ x A+ E' — S x B, are sent to equivalent spans
of graphs, i.e. there exist h: F = E’ and k: S’ = S making the diagrams in
Figure 28 commute.

5 TS p
()t 0 ()
1 S S’ 1

Fig. 28: Equivalent spans of graphs.

The isomorphism k& makes the following spans equivalent as stateful processes.

SxA+FE—SxB
S'xA+FE—-SxB

Moreover, the isomorphism h makes the following spans equivalent as spans,
showing faithfullness of K.

S'xA+«FE—-SxB
S'xA+«FE — S xB

We have shown that there exists a fully-faithful functor from the free feedback
category over Span(Set) to the category Span(Graph) of spans of graphs.
The functor restricts to an equivalence between St(Span(Set)) and the full
subcategory of Span(Graph) on single-vertex graphs. It is moreover bijective
on objects, giving an isomorphism of categories. O

Ezample 4.13. The characterization Span(Graph), = St(Span(Set)) that we
prove in Theorem 4.12 lifts the inclusion Set — Span(Set) to a feedback pre-
serving functor Mealy — Span(Graph).. This inclusion embeds a determinis-
tic transition system into the graph that determines it.
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Ezample 4.14. Following from Remark 3.12, we present an example of spans of
graphs that would be equated if we assumed the sliding axiom (A5) of feedback
categories for arbitrary morphisms rather than just isomorphisms. Consider the
spans of sets a: W — V and h: V — W x B as in Figure 29, where V' = {v1, v2}
and W = {w}. Depending on where the feedback operation is applied, we obtain
two different spans of graphs, g = fbky (h§(a®id)) and f = fbky ((a®id)sh): the
first one contains an additional transition. If we were to impose that the sliding
axiom holds for non-isomorphisms, we could erase this additional transition, and
obtain that f = g by sliding « through the feedback loop.

0 V1 el (w,O) U1
U1 e Q L] e--->e L]
R L7 w a
g= 1 , f=we | h= Uzux\ez (w,1) * *= sl
v2 'QO L] fe-->e S

Fig. 29: Spans of graphs that would be equated by a stronger notion of equiva-
lence: g = fbk(h § (a« ® id)) ~ fbk((a ®id) ¢ h) = f.

4.4 Cospan(Graph) as a Feedback Category

Theorem 4.12 can be generalized to any category C with finite limits, where we
can define graphs and spans of them.

A graph in a category C is given by two objects, F and V', and two morphisms
in C, the source and the target s,t: F — V. A morphism of graphs a: G — G’
in C is a pair of morphisms, ag: E — E’ and ay: V — V', in C that commute
with the sources and the targets. In categorical terms, these can be reformulated
as functors and natural transformations.

Definition 4.15. Let C be a category with finite limits. A graph in C is a
functor from the diagram (e = e) to C. A morphism of graphs in C is a natural
transformation between the corresponding functors. Graphs in C form a category
Graph(C).

Categories of functors into C have all the limits that C has [40]. We can then
form the category Span(Graph(C)) and take its full subcategory on objects of
the form A = 1, i.e. Span(Graph(C)),, to obtain:

Theorem 4.16. There exists an isomorphism of categories St(Span(C)) =
Span(Graph(C)).. That is, the free feedback category over Span(C) is equiv-
alent to the full subcategory on Span(Graph(C)) given by single-vertex graphs.

Cospan(Graph), is the dual algebra to Span(Graph),. Its morphisms rep-
resent graphs with discrete boundaries: while, in Span(Graph)., each transition
in the graph is assigned a boundary behavior, a morphism in Cospan(Graph).,
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is a graph where some vertices are marked as left boundary or right bound-
ary vertices. This allows graphs to be composed by identifying these boundary
vertices.

Definition 4.17. A graph with discrete boundaries g: X — Y is given by a
graph G = (s,t: E = V) and two functions, I: X =V and r: Y — V, marking
the boundary vertices.

Example 4.18. We represent the legs of a cospan as dashed arrows pointing to
some vertices of the apex graph.

e —>e0 < - - °

VA

77777 >0 <---- >0 —>e<- -
The composition of the above cospans of graphs is given by

-—->e ]

N\ :

————— >e—>e<--

where the vertices in the common boundary have been identified.

Cospan(Graph), can be also characterized as a free feedback category.
We know that Cospan(Set) = Span(Set’), we note that Graph(Set®”) =
Graph?(Set) (which has the effect of flipping edges and vertices), and we can
use Theorem 4.16 because Set has all finite colimits. The explicit assignment is
similar to the one shown in Lemma 4.11.

A—25 95+t B

els| ot e

E+A E+B 0 —— E+——0
Corollary 4.19. There is an isomorphism
St(Cospan(Set)) = Cospan(Graph),.

Cospan(Graph) is also compact closed and, in particular, traced. As in the
case of Span(Graph), the feedback structure given by the universal property is
different from the trace. In the case of Cospan(Graph), tracing has the effect
of identifying the output and input vertices of the graph; while feedback adds
an additional edge from the output to the input vertices.

Ezample 4.20. Tracing the cospan of a one-edge graph identifies the two vertices
making it into a self-loop. On the other hand, taking feedback of the same cospan
has the effect of adding another edge from the right boundary to the left one.

()

tr( -->0—>e<-- )= o fbk( -->0e—>e0<-- ):oCo
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4.5 Syntactical Presentation of Cospan(FinGraph)

The observation in Proposition 3.7 has an important consequence in the case of
finite sets. We write FinGraph for Graph(FinSet). Cospan(FinSet) is the
generic special commutative Frobenius algebra [38], meaning that any morphism
written out of the operations of a special commutative Frobenius monoid and
the structure of a symmetric monoidal category is precisely a cospan of finite
sets. Figure 30 represents the generators and the axioms of the generic special
commutative Frobenius monoid.

B —

_C

S >
- s
> O

Fig. 30: Generators and axioms of the generic special commutative Frobenius
monoid.

o0 X
L o<

But we also know that Cospan(FinSet), with an added generator to its
PROP structure [7] is St(Cospan(FinSet)), or, equivalently, Cospan(FinGraph).
This means that any morphism written out of the operations of a special com-
mutative Frobenius algebra plus a freely added generator of type ({2-): 1 — 1
is a morphism in Cospan(FinGraph),. This way, we recover one of the main
results of [48] as a direct corollary of our characterization.

Proposition 4.21 (Proposition 3.2 of [48]). Cospan(FinGraph), is the
generic special commutative Frobenius monoid with an added generator.

Proof. Tt is known that the category Cospan(FinSet) is the generic special
commutative Frobenius algebra [38]. Adding a free generator ({2-): 1 — 1 to
its PROP structure corresponds to adding a family ({2-),: n — n with the
conditions on Proposition 3.7. Now, Proposition 3.7 implies that adding such a
generator to Cospan(FinSet) results in St(Cospan(FinSet)). Finally, we use
Theorem 4.12 to conclude that St(Cospan(FinSet)) = Cospan(FinGraph).,.

O

Ezample 4.22. The delay generator {9-: 1 — 1 in Cospan(FinGraph), can
be interpreted as a single edge. Thus, we draw it as () : 1 — 1. The cospans
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of graphs in Example 4.18 are represented by the string diagrams

Their composition is

SRS aS AT
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5 Structured state spaces

This section extends the framework of feedback categories from mere transition
systems to automata with initial and final states. In order to achieve this, we
generalize the feedback construction to deal with a richer structure. The key
ingredient in the generalization of feedback categories is a close examination of
the sliding axiom: deciding which processes can be “slid” determines the notion
of equality we want to apply.

5.1 Structured Feedback Categories

In order to capture automata, the state space S needs to be equipped with
“extra structure”. This is achieved by letting the state space live in a different
category S from the base category C and by having a way of “forgetting” the
extra structure it carries through a monoidal functor R: S — C.

A structured feedback operator on C, then, takes a morphism acting on a
structured state space (Figure 31).

f:RS®A—>RS®B
fbks(f): A > B

Fig. 31: Type of the operator fbkg(e).

Definition 5.1 (Structured feedback category). A structured feedback cat-
egory is a symmetric monoidal category (C,®,I,aC, €, pC) together with a
symmetric monoidal category, (S,X, J,a5, A8, pS), representing structured state
spaces, and a symmetric monoidal functor (R,e,p): S = C endowed with an op-
erator fokg: C(RS® A, RS® B) — C(A, B), which satisfies the following azioms
(B1-B5).

. Ti ing. , X :
(B1). Tightening. For every S € S, every morphism f: RS® A - RS® B
and every pair of morphisms u: A’ - A andv: B — B’,

u g fbkg(f) v =fbkg((id®@u) ¢ f 5 (Id ®v)).
(B2). Vanishing. For every f: A — B,
fbk, (7 @id)5 f5 (e @id)) = f.

(B3). Joining. For every S,T € S and every morphism f: RS RT @ A —
RS ® RT ® B,

foky (foks (f)) = fokggr (1™ @id) 5 f 3 (1 ®id)).

(B4). Strength. For every S € S, every morphism f: RS® A — RS ® B and
every morphism g: A’ — B,

fbks(f) ® g = fbks(f ® g).



40 Di Lavore, Gianola, Romén, Sabadini, Sobocinski

(B5). Sliding. For every S,T € S, every f: RT ® A — RS ® B and every
h:S—=T1in8,

fbk,(f 5 (Rh®1id)) = fbkg((Rh ®id) § f).

Remark 5.2. The sliding axiom encodes the fact that applying a transformation
to the state space h: S — T just before computing the next state should be
essentially the same as applying the same transformation to the state space just
before retrieving the current state. In the particular case where all transforma-
tions are asked to be reversible (i.e. isomorphisms)®, this sliding axiom (B5)
particularizes to the sliding axiom of plain feedback categories (A5).

Definition 5.3 (Structured feedback functor). A structured feedback func-
tor (F,G): C — C’ between two structured feedback categories (C,S,R,fbk)
and (C',S',R’,fbk’) is a pair of symmetric monoidal functors, (F,e,u) and
(G, €%, u%), with types F: C — C' and G: S — S’ such that R§F = G3 R’ and

F(fokg(f)) = fbkgs (s Ff g "),

We write SFeedback for the category of (small) structured feedback categories
and structured feedback functors. There is a forgetful functor U: SFeedback —
SymMon.

5.2 Structured St(e) Construction

In the same way that the free feedback category was realized by stateful pro-
cesses, the free structured feedback category is realized by stateful processes with
a structured state space S € S. A functor R: S — C forgets the extra structure
of this space.

Following the analogy, stateful processes with structured state space are pairs
(S| f) consisting of a structured state space S € S and a morphism f: RS® A —
RS ® B. We shall consider morphisms up to sliding of their state space, as in
Figure 32.

RT RS RT RS RT RS
_
f = f
A B A B

Fig. 32: Equivalence of structured stateful processes. We depict structured state-
ful processes by marking the state space.

Definition 5.4 (Category of structured stateful processes). Consider a
pair of symmetric monoidal categories (C,®,I,a€, A€, p©) and (S,K, J,aS, \S, p%)
and a symmetric monoidal functor (R,e,u): S — C. We write St(C,R) for the

8 Here, S is the subcategory of isomorphisms of C and R is the inclusion functor.
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category with the objects of C but where morphisms A — B are pairs (S | f)
consisting of a state space S € S and a morphism f: RS® A - RS ® B. We
consider morphisms up to equivalence of their state spaces, where the equivalence
relation is generated by

(S| (Rh®id) s f) ~s (T'| f3(Rh®id)) for any h: S — T.

Identities, composition, monoidal product and the feedback operator store(e) are
defined in analogous ways as for stateful processes (Definition 3.9). When de-
picting a structured stateful process (Figure 32) we mark the state strings.

Remark 5.5. In other words, structured stateful processes are elements of the fol-
lowing coproduct quotiented by the smallest equivalence relation (~g) satisfying

sliding: ((Rh ®id) 5 f) ~s (f 3 (Rh ®id)).

St(C,R)(X,Y) == (Z C(RS ® 4, RS®B)> /(~s).

ses
This quotient is a particular form of colimit called a coend [40].

Repeating the proof from Katis, Sabadini and Walters [33] in this generalized
setting, we can show that structured stateful processes form the free structured
feedback category.

Theorem 5.6. The category St(C,R), endowed with the store(e) operator, is
the free structured feedback category over a symmetric monoidal category C with
a symmetric monoidal functor R: S — C.

5.3 Categories of Automata

Let us present classical automata as an example of the construction of structured
feedback. Automata have a structured state space where a particular state is
considered the “initial state”, and a subset of states are considered “final”. We
can canonically recover a suitable category of automata as the free feedback
category over these structured spaces.

Definition 5.7. An automaton state space (S, ig, fs) is a finite set S together
with an initial state ig € S and a subset of final states fs: S — 2. The product
of two automaton state spaces, (S,is, fs) and (T,ir, fr), is the state space (S x
T, (is,ir), f[sAfr), where the final states are pairs of final states, (fsAfr)(s,t) =
fs(8)A fr(t). A morphism of automaton state spaces «: (S,ig, fs) = (T,ir, fr)
is a function a: S — T such that ig §a =ip and fs = a§ fr. Automaton state
spaces form a symmetric monoidal category, AutSt.

Remark 5.8. As a consequence, an isomorphism of automata state spaces
a: (S,is, fs) = (T,ir, fr)

is an isomorphism «: S = T such that ig § & = ir and fg = a§ fr. These form
a subcategory Iso(AutSt) with forgetful functors Uis: Iso(AutSt) — FinSet
and Uay: Iso(AutSt) — Span(FinSet).
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Definition 5.9. A Mealy deterministic finite automaton (S, A, B, is, fs,ts) is
given by a finite set of states S, a finite alphabet of input symbols A and a
finite alphabet of output symbols B, an initial state is € S, a set of final states
fs: S — 2, and a transition function tg: S x A — S x B. The product of two
deterministic finite automata,

(8,4, B,is, fs,ts) and (8", A", B ig:, fsr,tsr),

is the automaton (SxT, A, C, (is,is), (fs A fs'), (ts xts')), where the transition
function computes a pair of independent transitions,

(tS X tS/)(S, '5,7 a, (l’) = (t5(87 a)7 tS'(s,’ al))'
The sequential synchronization of two deterministic finite automata,
(8,A,B,is, fs,ts) and (T, B,C,ir, fr,tr),

is the automaton (S x T, A, C, (is,ir), (fs A fr), (ts Atr)), where the transition
function (ts Atr) uses the output of the first transition as the input of the second

(ts Atr)(s,t,a) = (8,1, ¢) where tg(s,a) = (s',b) and tr(t,b) = (¢',¢).

We consider Mealy deterministic automata up to isomorphism of their state
space. Mealy deterministic finite automata form a symmetric monoidal category,
MealyAut, with sequential composition and product as defined above.

This construction, together with the results of Section 5.2, leads to the fol-
lowing result.

Proposition 5.10. The category of Mealy deterministic finite automata is the
free structured feedback category over the isomorphisms of automaton state spaces
Uaut: Iso(AutSt) — FinSet, that is,

MealyAut = St(FinSet, Uayt).

5.4 Automata in Span(Graph)

Our final construction is the canonical category of automata over the algebra
of predicates given by spans. These automata are analogous to the previous
transition systems in Span(Graph)., but their state space contains an initial
state and a set of final states. A similar definition has appeared previously in
the literature for the modeling of Petri nets [46].

Definition 5.11. A span automaton with left labels A and right labels B
X = (Ex,Sx,A,B,sx,tx,lx,rx,ix, [x)

is given by a finite set of states Sx, a finite set of transitions Ex with source
and target sx,tx: Ex — Sx and with left Ix: Ex — A and right rx: Ex — B
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labels, an initial state ix € Sx, and a subset of final states fx: Sx — 2. The
product of two span automata

X = (Ex,Sx,A,B,sx,tx,lx,rx,ix, fx) and
Y = (Ey, Sy, A", B sy, ty,lx,rx, iy, fv),

is given by the component-wise product

X®Y = (EX X Ey,SX X SY7A X A/7B X B/./
sx X sy,tx X ty,Ix xly,rx X ry,ix X iy, fx A fy).
The composition of two span automata

X = (Ex,Sx,A,B,sx,tx,lx,rx,ix, fx) and
Y = (Ey, Sy, B,C, sy, ty,lx,rx, iy, fr),

is given by a pullback

X3Y = (Ex xp By,Sx xSy, A,C,sx X sy, tx X ty,lx,ry,ix Xiy, fx A fy),

where Ex X g Ey is the pullback of Ex X B él Ey . We consider span automata
up to isomorphism of their state space. Span automata form a symmetric mo-
noidal category SpanAut with sequential composition and the monoidal product
defined above.

This construction, together with the results of Section 5.2, leads to the fol-
lowing result.

Proposition 5.12. The category of span automata is the free structured feed-
back category over the category of spans with the inclusion functor from automa-
ton state spaces, Uautspan : Iso(AutSt) — Span(FinSet), that is,

SpanAut = St(Span(FinSet), Uautspan)-

Ezample 5.13. By the universal property of the St(e) construction, each Mealy
automaton in MealyAut functorially induces a span automaton in SpanAut
whose graph is the graph of the Mealy automaton.

Consider the following Mealy automaton X in Figure 33, left. It has a state
space Sx = {0, 1,2}, left labels A = {a,b} and trivial right labels B = 1, with
initial state ix = 0 and a unique final state fx(2) = true, while fx(0) =
fx(1) = false. Its transition function is given by tx(0,a) = 1, tx(0,b) = 2,
tx(l,a) =2, tx(1,0) =1, tx(2,a) =1 and tx(2,b) = 1.

The corresponding span automaton sX (Figure 33, right) is not only the
transition system, but also the markings for initial and final state. Explicitly, its
set of edges — or transitions — is given by tuples

Es;x ={(0,a,1),(0,b,0),(1,a,1),(1,b,2),(2,a,1),(2,b,0)},

its state space is again Syx = {0, 1,2}, its left and right boundaries are again
A = {a,b} and B = 1, with initial state ix = 0 and a unique final state
fx(2) = true, while fx(0) = fx(1) = false.
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Fig. 33: Mealy automaton and associated span automaton.

6 Conclusions and Further Work

6.1 Discussion

We began this manuscript by pointing out the fragmented landscape of mod-
els for concurrent software. We have now formally proven that any theory of
predicates with a notion of feedback that accepts reasonable axioms (A1l-A5)
must already contain a simulation of Span(Graph),: the algebra of open tran-
sition systems of Katis, Sabadini and Walters. This can be considered as being
surprising given the dearth of results that establish the canonicity of models
of concurrency. In this section we frame our contribution by expanding on its
relevance for the wider research landscape.

Why open transition systems? Transition systems are the mainstay of con-
currency theory: the firing semantics of a Petri net or the unfolding of the be-
haviour of a process algebra term are both important examples. In recent years
significant effort [46,20,7] has been devoted to developing the mathematical foun-
dations of compositional modelling. Roughly speaking, this means the study of
semantic foundations that include the ability to compose/decompose systems
— understood in a general sense — into more primitive components in a homo-
morphic/functorial way, so that the behaviour of the composite is determined
by that of the components. Conceptually, this is a strengthening of the founda-
tional computer science principle of modularity: our models do not merely need
modular descriptions, these descriptions have to correspond homomorphically
to a modular description of their behaviours. The Span(Graph), algebra is an
application of the principle of compositionality for transition systems.

We live in an age of complexity, with enormous implications for modern
software development. Software is nowadays rarely about sandbox development
of a software product intended to be run on a single machine. Rather, software
engineering is evolving to a discipline that deals complex networks consisting
of interactions of libraries, services, APIs both locally and in the cloud. We
believe that compositional approaches, given that they are a tool to tame this
complexity, will become increasingly important in the future.

Conceptual implications From an applied point of view, our results inform
a minimal software architecture for a library that constructs and analyzes these
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modular transition systems, that are canonical models of concurrency. For in-
stance, an object-oriented programmer may

e define a specific class for “theory of resources”, providing methods for the
fundamental operations of composing, tensoring, identities and swapping,
and providing subclasses for “resources” and “processes”, if necessary;

e implement an abstract method that computes the St(e) construction: this
method will take a theory of processes and instantiate the free feedback
category as a new theory of processes;

e work uniformly with multiple theories of processes and the theories of au-
tomata they generate, providing auxiliary methods (for reachability, connect-
edness, joining, ... ) that work across different theories of transition systems;

e thus, thanks to our results, obtain at the end of the day a graph — in
Span(Graph) — that can be understood as a transition system and ana-
lyzed with the same library.

A functional programmer may want to follow the architecture of the public
Haskell implementation of the ideas of this paper [47], where our running example
(Figure 1) is showcased.

The problem we solve is one of abstraction. When faced with the task of
implementing models for transition systems, we could be tempted to simply
implement each one of them separately. Our result shows that a much more
succinct choice is possible. Reducing the lines of code is important: transition
systems are usually formally analyzed to prove correctness; the less lines there
are to analyze in the core implementation, the easiest it will be to be sure of its
correctness.

Open transition systems allow us to construct transition systems from a few
building blocks; compositionality eases both implementation and verification.
Specifically, this could open an avenue to study the problem of compositional
verification, where the automatic analysis of a global system must be modularly
reduced to the analysis of its components.

6.2 Conclusion

We have characterized Span(Graph),, an algebra of open transition systems,
as the free feedback category over the category of spans of functions. To do so,
we have used the St(e) construction, characterized as the free feedback category
in [36]. We have given this characterization more generally, for any category C
with finite limits: the category Span(Graph(C)), of spans of graphs in C is the
free feedback category over the category of spans in C. Finally, we have defined
a generalization of feedback categories to capture automata with initial and final
states.

Further work will look at timed [11] and probabilistic [13,14] versions of the
Cospan/Span model to connect it with recent work on modeling probabilistic
programs with feedback categories [16]. We also plan to investigate the relation-
ship between generalized feedback categories (Section 5) to approaches based on
guarded recursion [26] and coalgebras [12,43].
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Abstract

We introduce monoidal streams: a generalization of causal
stream functions to monoidal categories. They have a feed-
back structure that gives semantics to signal flow graphs. In
the same way that streams provide semantics to dataflow
programming with pure functions, monoidal streams pro-
vide semantics to dataflow programming with theories of
processes represented by a symmetric monoidal category.
As an example, we study a stochastic dataflow language.
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1 Introduction

Dataflow languages. Dataflow (or stream-based) pro-
gramming languages, such as Lucip [35, 77], follow a para-
digm in which every declaration represents an infinite list of
values: a stream [8, 75]. The following program in a LucIp-
like language (Figure 1) computes the Fibonacci sequence,
thanks to a Fy (“followed by”) operator.

fib =0FByY (fib + (1 FBY WArT(fib)))

Figure 1. The Fibonacci sequence is 0 followed by the Fibonacci
sequence plus the Fibonacci sequence preceded by a 1.

The control structure of dataflow programs is inspired
by signal flow graphs [8, 57, 69]. Signal flow graphs are dia-
grammatic specifications of processes with feedback loops,
widely used in control system engineering. In a dataflow
program, feedback loops represent how the current value of
a stream may depend on its previous values. For instance,
the previous program (Figure 1) corresponds to the signal
flow graph in Figure 2.

fib = fbk (copy;
a(1 x wait) X id;
a(fby) x id;
a(+);
0 x1id;
fby;
copy)

Figure 2. Fibonacci: signal flow graph and morphism.

Monoidal categories. Any theory of processes that com-
pose sequentially and in parallel, satisfying reasonable axioms,
forms a monoidal category. Examples include functions [49],
probabilistic channels [19, 30], partial maps [21], database
queries [14], linear resource theories [23] and quantum pro-
cesses [2]. Signal flow graphs are the graphical syntax for
feedback monoidal categories [15, 16, 26, 33, 46]: they are
the string diagrams for any of these theories, extended with
feedback.

Yet, semantics of dataflow languages have been mostly
restricted to theories of pure functions [8, 24, 25, 58, 76]:
what are called cartesian monoidal categories. We claim that
this restriction is actually inessential; dataflow programs
may take semantics in non-cartesian monoidal categories,
exactly as their signal flow graphs do.

The present work provides this missing semantics: we
construct monoidal streams over a symmetric monoidal cat-
egory, which form a feedback monoidal category. Monoidal
streams model the values of a monoidal dataflow language,
in the same way that streams model the values of a clas-
sical dataflow language. This opens the door to stochastic,
effectful, or quantum dataflow languages. In particular, we
give semantics and string diagrams for a stochastic dataflow
programming language, where the following code can be run.

walk = 0 FBY (UNIFORM(—1, 1) + walk)

Figure 3. A stochastic dataflow program. A random walk is 0
followed by the random walk plus a stochastic stream of steps
to the left (-1) or to the right (1), sampled uniformly.

walk = fbk(
a(unif) ® id;
0® a(+);
fby;
copy)

Figure 4. Random walk: signal flow graph and morphism.

1.1 Contributions

Our main novel contribution is the definition of a feedback
monoidal category of monoidal streams over a symmetric
monoidal category (Stream, Definition 5.1 and theorem 5.10).



Monoidal streams form a final coalgebra; for sufficiently well-
behaved monoidal categories (Definition 4.9), we give an
explicit construction of this coalgebra (Definition 4.7).

In cartesian categories, the causal functions of Uustalu and
Vene [75] (see also [72]) are a particular case of our monoidal
streams (Theorems 6.1 and 6.3). In the category of stochastic
functions, our construction captures the notion of controlled
stochastic process [27, 66] (Theorem 7.2).

In order to arrive to this definition, we unify the previ-
ous literature: we characterize the cartesian “intensional
stateful sequences” of Katsumata and Sprunger with a final
coalgebra (Theorem 2.5), and then “extensional stateful se-
quences” in terms of the “feedback monoidal categories” of
Katis, Sabadini and Walters [46] (Theorem 3.8). We justify
observational equivalence with a refined fixpoint equation
that employs coends (Theorem 4.11). We strictly generalize
“stateful sequences” from the cartesian to the monoidal case.

Finally, we extend a type theory of symmetric monoidal
categories with a feedback operator (Section 8) and we use
it as a stochastic dataflow programming language.

1.2 Related work

Coalgebraic streams. Uustalu and Vene [75] provide el-
egant comonadic semantics for a (cartesian) Lucip-like pro-
gramming language. We shall prove that their exact tech-
nique cannot be possibly extended to arbitrary monoidal cat-
egories (Theorem 6.1). However, we recover their semantics
as a particular case of our monoidal streams (Theorem 6.3).

Stateful morphism sequences. Sprunger and Katsumata
constructed the category of stateful sequences in the carte-
sian case [73]. Our work is based on an unpublished work
by Roman [65] that first exteneded this definition to the
symmetric monoidal case, using coends to justify extensional
equality. Shortly after, Carette, de Visme and Perdrix [18]
rederived this construction and applied it to the case of com-
pletely positive maps between Hilbert spaces, using (a priori)
a slightly different notion of equality. We synthetise some
of this previous work, we justify it for the first time using
coalgebra and we particularize it to some cases of interest.

Feedback. Feedback monoidal categories are a weaken-
ing of traced monoidal categories. The construction of the
free such categories is originally due to Katis, Sabadini and
Walters [46]. Feedback monoidal categories and their free
construction have been repurposed and rediscovered multi-
ple times in the literature [13, 32, 38, 44]. Di Lavore et al. [26]
summarize these uses and introduce delayed feedback.

General and dependent streams. Our work concerns
synchronous streams: those where, at each point in time
t=0,1,..., the stream process takes exactly one input and
produces exactly one output. This condition is important in
certain contexts like, for instance, real-time embedded sys-
tems; but it is not always present. The study of asynchronous
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stream transformers and their universal properties is con-
siderably different [1], and we refer the reader to the recent
work of Garner [31] for a discussion on non-synchronous
streams. Finally, when we are concerned with dependent
streams indexed by time steps, a possible approach, when
our base category is a topos, is to use the topos of trees [9].

Categorical dataflow programming. Category theory
is a common tool of choice for dataflow programming [32,
56, 67]. In particular, profunctors and coends are used by
Hildebrandt, Panangaden and Winskel [37] to generalise a
model of non-deterministic dataflow, which has been the
main focus [51, 54, 60] outside cartesian categories.

1.3 Synopsis

This manuscript contains three main definitions in terms
of universal properties (intensional, extensional and observa-
tional streams, Definitions 2.2, 3.7 and 4.1); and three explicit
constructions for them (intensional, extensional and observa-
tional sequences, Definitions 2.4, 2.8 and 4.7). Each definition
is refined into the next one: each construction is a quotient-
ing of the previous one.

Sections 1.4 and 2.3 contain expository material on coalge-
bra and dinaturality. Section 2 presents intensional monoidal
streams. Section 3 introduces extensional monoidal streams
in terms of feedback monoidal categories. Section 4 intro-
duces the definitive observational equivalence and defines
monoidal streams. Section 5 constructs the feedback monoi-
dal category of monoidal streams. Sections 6 and 7 present
two examples: cartesian and stochastic streams. Section 8
introduces a type theory for feedback monoidal categories.

1.4 Prelude: Coalgebra

In this preparatory section, we introduce some background
material on coalgebra [3, 41, 67]. Coalgebra is the category-
theoretic study of stateful systems and infinite data-structures,
such as streams. These structures arise as final coalgebras:
universal solutions to certain functor equations.

Let us fix an endofunctor F: C — C through the section.

Definition 1.1. A coalgebra (Y, f) is an object Y € C, to-
gether with a morphism f: Y — FY. A coalgebra morphism
g: (Y,p) — (Y’',p’) is a morphism g: Y — Y’ such that
g; 8" = B; Fyg.

Coalgebras for an endofunctor form a category with coal-
gebra morphisms between them. A final coalgebra is a final
object in this category. As such, final coalgebras are unique
up to isomorphism when they exist.

Definition 1.2. A final coalgebra is a coalgebra (Z, y) such
that for any other coalgebra (Y, ) there exists a unique
coalgebra morphism g: (Y, ) — (Z,y).

Our interest in final coalgebras derives from the fact that
they are canonical fixpoints of an endofunctor. Specifically,
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Lambek’s theorem (Theorem 1.4) states that whenever the
final coalgebra exists, it is a fixpoint.

Definition 1.3. A fixpoint is a coalgebra (Y, ) such that
p: Y — FY is an isomorphism. A fixpoint morphism is a
coalgebra morphism between fixpoints: fixpoints and fix-
point morphisms form a full subcategory of the category of
coalgebras. A final fixpoint is a final object in this category.

Theorem 1.4 (Lambek, [50]). Final coalgebras are fixpoints.
As a consequence, when they exist, they are final fixpoints.

The last question before continuing is how to explicitly
construct a final coalgebra. This is answered by Adamek’s
theorem (Theorem 1.5). The reader may be familiar with
Kleene’s theorem for constructing fixpoints [74]: the least
fixpoint of a monotone function f: X — X in a directed-
complete partial order (X, <) is the supremum of the chain
1L < f(L) < f(f(L)) <...,where L is the least element of
the partial order, whenever this supremum is preserved by
f. This same result can be categorified into a fixpoint theo-
rem for constructing final coalgebras: the directed-complete
poset becomes a category with w-chain limits; the mono-
tone function becomes an endofunctor; and the least element
becomes the final object.

Theorem 1.5 (Adamek, [4]). Let D be a category with a final
object 1 and w-shaped limits. Let F: D — D be an endofunctor.
We write L = lim,, F"1 for the limit of the following w-chain,
which is called the terminal sequence of F.

1 r1 & pr1 & pprn &8
Assume that F preserves this limit, meaning that the canonical
morphism FL — L is an isomorphism. Then, L is the final
F-coalgebra.

2 Intensional Monoidal Streams

This section introduces a preliminary definition of monoidal
stream in terms of a fixpoint equation (in Figure 5). In later
sections, we refine both this definition and its characteriza-
tion into the definitive notion of monoidal stream.

Let (C,®,I) be a fixed symmetric monoidal category.

2.1 The fixpoint equation

Classically, type-variant streams have a neat coinductive
definition [41, 67] that says:

“A stream of type A = (Ao, A1, ...) is an element of Ag
together with a stream of type A" = (A1, Az, ...)"

Formally, streams are the final fixpoint of the equation
S(Ag, A1, ...) = Ag X S(A1, A, .. );

and this fixpoint is computed to be S(A) = [Ty An-
In the same vein, we want to introduce not only streams
but stream processes over a fixed theory of processes.

“A stream process from X = (Xo, X1,...) toY = (Yo, Y1,...)
is a process from Xy to Yy communicating along a chan-
nel M with a stream process from X* = (X1,Xa,...) to
Yt =(Y1,Ys,...)."

Streams are recovered as stream processes on an empty in-
put, so we take this more general slogan as our preliminary
definition of monoidal stream (in Definition 2.2). Formally,
they are the final fixpoint of the equation in Figure 5.

T(X,Y) = Z hom (Xo, M ® Yp) X T(M - X*,Y*).
MeC

Figure 5. Fixpoint equation for intensional streams.

Remark 2.1 (Notation). Let X € [N, C] be a sequence of ob-
jects (Xo, X1, . . .). We write X* for its tail (X, X, ... ). Given
M € C, we write M - X for the sequence (M ® X, X1, X, ... );
As a consequence, we write M - X* for (M ® X1, X2, X3,...).

Definition 2.2. The set of intensional monoidal streams
T: [N,C]°? x [N, C] — Set, depending on inputs and out-
puts, is the final fixpoint of the equation in Figure 5.

Remark 2.3 (Initial fixpoint). There exists an obvious fixpoint
for the equation in Figure 5: the constant empty set. This
solution is the initial fixpoint, a minimal solution. The final
fixpoint will be realized by the set of intensional sequences.

2.2 Intensional sequences

We now construct the set of intensional streams explicitly
(Theorem 2.5). For this purpose, we generalize the “state-
ful morphism sequences” of Katsumata and Sprunger [73]
from cartesian to arbitrary symmetric monoidal categories
(Definition 2.4). We derive a novel characterization of these
“sequences” as the desired final fixpoint (Theorem 2.5).

In the work of Katsumata and Sprunger, a stateful se-
quence is a sequence of morphisms f;, : Mp_1XX,, — M, XY,
in a cartesian monoidal category. These morphisms repre-
sent a process at each point in time n =0,1,2,.... At each
step n, the process takes an input X,, and, together with the
stored memory M,,_1, produces some output Y,, and writes
to a new memory M,. The memory is initially empty, with
M_;1 = 1 being the final object by convention. We extend
this definition to any symmetric monoidal category.

Definition 2.4. Let X and Y be two sequences of objects
representing inputs and outputs, respectively. An intensional
sequence is a sequence of objects (M, My, . ..) together with
a sequence of morphisms

(fo: Mpo1 @ X > My @ Vi) pen s

where, by convention, M_; = I is the unit of the monoidal
category. In other words, the set of intensional sequences is

Int(X,Y) = Z n hom (M,—1 ® Xp, M, @ Yy).
ME[N,C] n=0



We now prove that intensional sequences are the final fix-
point of the equation in Figure 5. The following Theorem 2.5
serves two purposes: it gives an explicit final solution to this
fixpoint equation and it gives a novel universal property to
intensional sequences.

Theorem 2.5. Intensional sequences are the explicit construc-
tion of intensional streams, T' = Int. In other words, they are
a fixpoint of the equation in Figure 5, and they are the final
such one.

Proof sketch. It is known that categories of functors over sets,
such as [[N, C]°? x [N, C], Set], have all limits. Adamek’s
theorem (Theorem 1.5) states that, if the following limit is a
fixpoint, it is indeed the final one.

n
}lierr,\} Z n hom (M;—1 ® X;, M; ® Yy) (1)
Mo,..-M,, =0

Connected limits commute with coproducts and the limit of
the nth-product is the infinite product. Thus, Equation (1)
is isomorphic to Int(X,Y). It only remains to show that
Int(X,Y) is a fixpoint, which means it should be isomor-
phic to the following expression.

Z hom (Xo, Mp®Yy) X Z 1_[ hom (M,_1®X,,, M,®Yy,).
Mo

Me[N,C] n=1
@
Cartesian products distribute over coproducts, so Equation (2)
is again isomorphic to Int(X,Y). O

2.3 Interlude: Dinaturality

During the rest of this text, we deal with two different defini-
tions of what it means for two processes to be equal: extensio-
nal and observational equivalence, apart from pure intensional
equality. Fortunately, when working with functors of the
form P: C°? x C — Set, the so-called endoprofunctors, we
already have a canonical notion of equivalence.

Endoprofunctors P: C°? x C — Set can be thought as
indexing families of processes P(M, N) by the types of an
input channel M and an output channel N. A process p €
P(M, N) writes to a channel of type N and then reads from
a channel of type M.

Now, assume we also have a transformationr: N — M
translating from output to input types. Then, we can plug
the output to the input: the process p writes with type N,
then r translates from N to M, and then p uses this same
output as its input M. This composite process can be given
two sligthly different descriptions; the process could

e translate after writing, P(M,r)(p) € P(M, M), or

o translate before reading, P(r, N)(p) € P(N,N).
These two processes have different types. However, with the
output plugged to the input, it does not really matter when
to apply the translation. These two descriptions represent
the same process: they are dinaturally equivalent.
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Definition 2.6 (Dinatural equivalence). For any functor
P: C° x C — Set, consider the set

Sp = P(M,M).
MeC
Dinatural equivalence, (~), on the set Sp is the smallest equiv-
alence relation satisfying P(M, r)(p) ~ P(r, N)(p) for each
p € P(M,N) and each r € hom(N, M).

Coproducts quotiented by dinatural equivalence construct
a particular form of colimit called a coend. Under the process
interpretation of profunctors, taking a coend means plugging
an output to an input of the same type.

Definition 2.7 (Coend, [53, 55]). Let P: C° x C — Set be
a functor. Its coend is the coproduct of P(M, M) indexed by
M € C, quotiented by dinatural equivalence.

MeC
/ P(M, M) = (Z P(M,M)/ ~).

MeC

That is, the coend is the colimit of the diagram with a cospan
P(M,M) « P(M,N) — P(N,N) foreach f: N — M.

2.4 Towards extensional memory channels

Let us go back to intensional monoidal streams. Consider a
family of processes f,: Mp—1 ® X,, = Y, ® N, reading from
memories of type M, but writing to memories of type N,,.
Assume we also have processes r,: N, — M, translating
from output to input memory. Then, we can consider the
process that does f;,, translates from memory N,, to memory
M, and then does f;+1. This process is described by two
different intensional sequences,

o (fo;(rn®id): Mpo1 ® Xy, & M, ® Yy) e, and

L4 ((rn—l ® ld)vﬁl Nn—l ®Xn - Nn ® Yn)neN~
These two intensional sequences have different types for the
memory channels. However, in some sense, they represent
the same process description. If we do not care about what
exactly it is that we save to memory, we should consider
two such processes to be equal (as in Figure 6, where “the
same process” can keep two different values in memory). In-
deed, dinaturality in the memory channels M, is the smallest
equivalence relation (~) satisfying

(fo; (ra ® id))nen ~ ((rp-1 ® id); f)nen-

This is precisely the quotienting that we perform in order to
define extensional sequences.

Definition 2.8. Extensional equivalence of intensional se-
quences, (~), is dinatural equivalence in the memory chan-
nels M,. An extensional sequence from X to Y is an equiva-
lence class

<ﬁ1: Mnfl ®X — Mn ® Y)nEN

of intensional sequences under extensional equivalence.
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In other words, the set of extensional sequences is the
set of intensional sequences substituting the coproduct by a
coend,

o

Me[N,C]
Ext(X,Y) = / ﬂ hom (X; ® Mi_1, Y; ® M;).
i=0

Figure 6. Extensionally equivalent walks keeping different
memories: the current position vs. the next position.

3 Extensional Monoidal Streams

In this section, we introduce extensional monoidal streams
in terms of a universal property: extensional streams are the
morphisms of the free delayed-feedback monoidal category
(Theorem 3.8).

Feedback monoidal categories come from the work of
Katis, Sabadini and Walters [46]. They are instrumental to
our goal of describing and composing signal flow graphs:
they axiomatize a graphical calculus that extends the well-
known string diagrams for monoidal categories with feed-
back loops [26, 46]. Constructing the free feedback monoidal
category (Definition 3.4) will lead to the main result of this
section: extensional sequences are the explicit construction
of extensional streams (Theorem 3.8).

We finish the section by exploring how extensional equiv-
alence may not be enough to capture true observational
equality of processes (Example 3.10).

3.1 Feedback monoidal categories

Feedback monoidal categories are symmetric monoidal cate-
gories with a “feedback” operation that connects outputs to
inputs. They have a natural axiomatization (Definition 3.1)
that has been rediscovered independently multiple times,
with only slight variations [10, 13, 45, 46]. It is weaker than
that of traced monoidal categories [26] while still satisfying a
normalization property (Theorem 3.5). We present a novel
definition that generalizes the previous ones by allowing the
feedback operator to be guarded by a monoidal endofunctor.

Definition 3.1. A feedback monoidal category is a symme-
tric monoidal category (C, ®,I) endowed with a monoidal
endofunctor F: C — C and an operation

fbks: hom(F(S) ® X,S®Y) — hom(X,Y)

for all S, X and Y objects of C; this operation needs to satisfy
the following axioms.

(A1). Tightening: u;fbks(f);v = fbks((idrps®@u); f; (ids ®
v)).

(A2). Vanishing: tbk;(f) = f.

(A3). Joining: fbkr (fbks(f)) = fbkser(f)

(A4). Strength: fbks(f) ® g = fbks(f ® g).

(A5). Sliding: fbks((Fh®idy) ; f) = fbkr(f ; (h @ idy)).

Figure 7. The sliding axiom (A5).

A feedback functor is a symmetric monoidal functor that
preserves the feedback structure (Appendix, Definition A.9).

Remark 3.2 (Wait or trace). In a feedback monoidal category
(G, fbk), we construct the morphism waity: X — FX as
a feedback loop over the symmetry, waity = fbk(oxx). A
traced monoidal category [43] is a feedback monoidal cate-
gory guarded by the identity functor such that waityx = idx.

The “state construction”, St(e), realizes the free feedback
monoidal category. As it happens with feedback monoidal
categories, this construction has appeared in the literature
in slightly different forms. It has been used for describing a
“memoryful geometry of interaction” [38], “stateful resource
calculi” [13], and “processes with feedback” [44, 46].

The idea in all of these cases is the same: we allow the
morphisms of a monoidal category to depend on a “state
space” S, possibly guarded by a functor. Adding a state space
is equivalent to freely adding feedback [26].

Definition 3.3. A stateful morphism is a pair (S, f) consist-
ing of a “state space” S € C and a morphism f: FS® X —
S ® Y. We say that two stateful morphisms are sliding equiv-
alent if they are related by the smallest equivalence rela-
tion satisfying (S, (Fr ® id) ; h) ~ (T, h; (r ® id)) for each
h: X®FT - S®Yandeachr: S — T.

In other words, sliding equivalence is dinaturality in S.

Definition 3.4 (St(e) construction, [26, 46]). We write Stg(C)
for the symmetric monoidal category that has the same ob-
jects as C and whose morphisms from X to Y are stateful

morphisms f: FS®X — S® Y up to sliding.

SeC
homsy, (¢)(X,Y) = / homc(FS® X,S®Y).

Theorem 3.5 (see [46]). Stp(C) is the free feedback monoidal
category over (C,F).



3.2 Extensional monoidal streams

Monoidal streams should be, in some sense, the minimal
way of adding feedback to a theory of processes. The output
of this feedback, however, should be delayed by one unit
of time: the category [N, C] is naturally equipped with a
delay endofunctor that shifts a sequence by one. Extensional
monoidal streams form the free delayed-feedback category.

Definition 3.6 (Delay functor). Let 9: [N,C] — [N,C]
be the endofunctor defined on objects X = (Xp, X1, . ..), as
d(X) = (I, Xo, X1, . . .); and on morphisms f = (fp, fi,...) as
o(f) = (ids, fo fi.-.).

Definition 3.7. The set of extensional monoidal streams,
depending on inputs and outputs, R: [N, C]°? x [N, C] —
Set, is the hom-set of the free feedback monoidal category
over ([N, C], ).

We characterize now extensional streams in terms of ex-
tensional sequences and the St(e)-construction.

Theorem 3.8. Extensional sequences are the explicit construc-
tion of extensional streams, R = Ext.

Proof. Note that Ext(X,Y) = Sty([N, C])(X,Y). That is, the
extensional sequences we defined using dinaturality coin-
cide with the morphisms of St,([N, C]), the free feedback
monoidal category over ([N, C], 9) in Definition 3.4. O

As a consequence, the calculus of signal flow graphs given
by the syntax of feedback monoidal categories is sound and
complete for extensional equivalence over [N, C].

3.3 Towards observational processes

Extensional sequences were an improvement over inten-
sional sequences because they allowed us to equate process
descriptions that were essentially the same. However, we
could still have two processes that are “observationally the
same” without them being described in the same way.

Remark 3.9 (Followed by). As we saw in the Introduction,
“followed by” is a crucial operation in dataflow programming.
Any sequence can be decomposed as X = Xj-9(X*).! We call
“followed by” to the coherence map in [N, C] that witnesses
this decomposition.

fbyx: Xp - 9(X") — X

In the case of constant sequences X = (X, X, ...), we have
that X* = X; which means that “followed by” has type
fbyx: X - 90X — X.

Example 3.10. Consider the extensional stateful sequence, in
any cartesian monoidal category, that saves the first input to
memory without ever producing an output. Observationally,
this is no different from simply discarding the first input,

IThis can also be seen as the isomorphism making “sequences” a final
coalgebra. That is, the first slogan we saw in Section 2.1.
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Figure 8. Observationally, a silent process does nothing.

(J)x: X — 1. However, in principle, we cannot show that
these are extensionally equal, that is, fbk (fbyx) # (§)x.
More generally, discarding the result of any stochastic or
deterministic signal flow graph is, observationally, the same
as doing nothing (Figure 8, consequence of Theorem 7.2).

4 Observational Monoidal Streams

In this section, we introduce our definitive monoidal streams:
observational streams (Definition 4.1). Their explicit construc-
tion is given by observational sequences: extensional se-
quences quotiented by observational equivalence.
Intuitively, two processes are observationally equal if they
are “equal up to stage n”, for any n € N. We show that, in
sufficiently well-behaved monoidal categories (which we
call productive, Definition 4.9), the set of observational se-
quences given some inputs and outputs is the final coalgebra
of a fixpoint equation (Figure 9). The name “observational
equivalence” is commonly used to denote equality on the
final coalgebra: Theorem 4.11 justifies our use of the term.

4.1 Observational streams

We saw in Section 2 that we can define intensional sequences
as a solution to a fixpoint equation. We now consider the
same equation, just substituting the coproduct for a coend.

Definition 4.1 (Observational streams). The set of observa-
tional monoidal streams, depending on inputs and outputs, is
the functor Q: [N, C]°? x [N, C] — Set given by the final
fixpoint of the equation in Figure 9.

MeC
QXY) = / hom (Xo, M ® Yp) X Q(M - X*,Y*).

Figure 9. Fixpoint equation for observational streams.

The explicit construction of this final fixpoint will be given
by observational sequences (Theorem 4.11).

4.2 Observational sequences

We said that observational equivalence is “equality up to
stage n”, so our first step will be to define what it means to
truncate an extensional sequence at any given n € N.

Definition 4.2 (n-Stage process). An n-stage process from
inputs X = (Xo,X1,...) to outputs Y = (Yy, Yy,...) is an
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element of the set

n
n hom(M;—1 ® X;, M; ® Y;).
i=0

Mo
Stage, (X,Y) = /

Remark 4.3. In other words, n-stage processes are n-tuples
(fi: Mi-1 ® X; — M; ® V)1, for some choice of M; up to
dinaturality, that we write as

(olfil... 1ful € Stagen(X,Y).

In this notation, dinaturality means that morphisms can slide
past the bars. That is, for any r;: N; — M; and any tuple,
dinaturality says that

(fo; (ro ®1d)1fi; (r1 @ id)] ... | fu; (ra ® id)]
= (fol(ro ®id); fil ... |(rp-1 ®id); fal -

Note that the last r,, is removed by dinaturality.

Definition 4.4 (Truncation). The k-truncation of an exten-
sional sequence (fy,: My—1 ® X, > M, ® Yy,) € Ext(X,Y) is
(fol .- Ifil € Stagex (X, Y). Truncation is well-defined under
dinatural equivalence (Remark 4.3).

For k < n, the k-truncation of an n-stage process given by

(Solfil .. 1fal € Stagen (X, Y) is (fol ... fik| € Stagex(X,Y).
This induces functions 7, : Stage,(X,Y) — Stager(X,Y),
with the property that 7, ; T = k-

Definition 4.5 (Observational equivalence). Two extensio-
nal stateful sequences

»Me[N,C]
{fIneNs (@nen € / n hom (M;_; ® X;, Y; ® M;)
i=0

are observationally equivalent when all their n-stage trunca-
tions are equal. That is, (fo|...|fu| = (9ol ... |gnl, for each
n € N. We write this as f ~ g.

Remark 4.6. Formally, this is to say that the sequences (f),en
and (g)nen have the same image on the limit

lim, Stage, (X, Y),
over the chain 7, : Stage,(X,Y) — Stager(X,Y).

Definition 4.7. An observational sequence from X to Y is
an equivalence class

[<ﬁl Mnfl ®Xn i Mn ® Yn)neN]z

of extensional sequences under observational equivalence.
In other words, the set of observational sequences is

Me[N,C] >
Obs(X,Y) = (/ ]_[hom(MH X M; ® Y,-)) / ~

i=0

4.3 Productive categories

The interaction between extensional and observational equiv-
alence is of particular interest in some well-behaved cate-
gories that we call productive categories. In productive cate-
gories, observational sequences are the final fixpoint of an
equation (Theorem 4.11), analogous to that of Section 2.
An important property of programs is termination: a ter-
minating program always halts in a finite amount of time.
However, some programs (such as servers, drivers) are not
actually intended to terminate but to produce infinite output
streams. A more appropriate notion in these cases is that of
productivity: a program that outputs an infinite stream of
data is productive if each individual component of the stream
is produced in finite time. To quip, “a productive stream is a
terminating first component followed by a productive stream”.
The first component of our streams is only defined up
to some future. It is an equivalence class a € Stage; (X,Y),
with representatives ;: Xo — M; ® Yy. But, if it does ter-
minate, there is a process ap: Xo — My ® Y in our theory
representing the process just until Yy is output.

Definition 4.8 (Terminating component). A 1-stage pro-
cess a € Stagey(X,Y) is terminating relative to C if there
exists ap: Xo — Mp ® Y such that each one of its represen-
tatives, (a;| = a, can be written as «; = a; (s; ® id) for some
sit Mg — M;.

The morphisms s; represent what is unique to each repre-
sentative, and so we ask that, forany u: My ® A > U ® B
andv: My ® A — V ® B, the equality (o; ® ida; u ® idy,| =
(aj ®ida; v ® idy, | implies (s; ® ida;u| = (s; ® ida; 0l

Definition 4.9 (Productive category). A symmetric monoi-
dal category (C, ®,1) is productive when every 1-stage pro-
cess is terminating relative to C.

Remark 4.10. Cartesian monoidal categories are productive
(Proposition C.1). Markov categories [30] with conditionals
and ranges are productive (Theorem A.21). Free symmetric
monoidal categories and compact closed categories are al-
ways productive.

Theorem 4.11. Observational sequences are the explicit con-
struction of observational streams when the category is produc-
tive. More precisely, in a productive category, the final fixpoint
of the equation in Figure 9 is given by the set of observational
sequences, Obs.

Proof sketch. The terminal sequence for this final coalgebra
is given by Stage, (X, Y). In productive categories, we can
prove that the limit lim, Stage, (X, Y) is a fixpoint of the
equation in Figure 9 (Lemma D.6). Finally, in productive
categories, observational sequences coincide with this limit
(Theorem D.7). ]



5 The Category of Monoidal Streams

We are ready to construct Stream: the feedback monoidal
category of monoidal streams. Let us recast the definitive
notion of monoidal stream (Definition 4.1) coinductively.

Definition 5.1. A monoidal stream f € Stream(X,Y) is a
triple consisting of

o M(f) € Obj(C), the memory,

e now(f) € hom(Xp, M(f) ® Yy), the first action,

o later(f) € Stream(M(f)-X*,Y*), the rest of the action,

quotiented by dinaturality in M.

Explicitly, monoidal streams are quotiented by the equiv-
alence relation f ~ g generated by
o the existence of r: M(g) — M(f),
o such that now(f) = now(g);r,
e and such that r - later(f) ~ later(g).
Here, r - later(f) € Stream(M(g) - X*,Y*) is obtained by
precomposition of the first action of later(f) with r.

Remark 5.2. This is a coinductive definition of the functor
Stream: [N, C]°? x [N, C] — Set.

In principle, arbitrary final coalgebras do not need to ex-
ist. Moreover, it is usually difficult to explicitly construct
such coalgebras [4]. However, in productive categories, this
coalgebra does exist and is constructed by observational se-
quences. From now on, we reason coinductively [48], a style
particularly suited for all the following definitions.

5.1 The symmetric monoidal category of streams

The definitions for the operations of sequential and parallel
composition are described in two steps. We first define an
operation that takes into account an extra memory channel
(Figure 10); we use this extra generality to strengthen the
coinduction hypothesis. We then define the desired operation
as a particular case of this coinductively defined one.

A B X A B X X'

[row()|  [now(9)]

M [ M, Z Mf My Y vy’
Figure 10. String diagrams for the first action of sequential
and parallel composition with memories.

Definition 5.3 (Sequential composition). Given two streams
f € Stream(A-X,Y) and g € Stream(B - Y, Z), we compute
(f4;¢®) € Stream((A ® B) - X, Z), their sequential composi-
tion with memories A and B, as
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o M(FA %) = M(f) ® M(g),
e now(f4; g% = o' (now(f) ®id) ; o (now(g) ® id),
o later(f4;4%) = Iater(f)M(f) ; |ater(g)M<g>.
We write (f ; g) for (! ; g') € Stream(X, Z); the sequential
composition of f € Stream(X,Y) and g € Stream(Y, Z).

Definition 5.4. The identity idx € Stream(X, X) is defined
by M(idx) = I, now(idx) = idx,, and later(idx) = idx:.

Definition 5.5 (Parallel composition). Given two streams
f € Stream(A-X,Y) and g € Stream(B-X’,Y’), we compute
(fA®gP) € Stream((A®B) - (X®X’),Y®Y’), their parallel
composition with memories A and B, as

* M(f* ®g°) = M(f) ® M(g),

o now(f4 @ ¢) = o (now(f) @ now(9)): o,

o later(f4 ® gB) = later(f)M) ® later(g)M9).
We write (f ® g) for (f ® g') € Stream(X® X',Y ® Y');
we call it the parallel composition of f € Stream(X,Y) and
g € Stream(X’,Y’).

Definition 5.6 (Memoryless and constant streams). Each se-
quence f = (fo, fi,...), with f,: X, — Y, induces a stream
f € Stream(X,Y) defined by M(f) = I, now(f) = fo, and
later(f) = f*. Streams of this form are called memoryless, i.e.
their memories are given by the monoidal unit.

Moreover, each morphism fj: X — Y induces a constant
memoryless stream that we also call f € Stream(X, Y), de-

fined by M(f) = I, now(f) = fy, and later(f) = f.

Theorem 5.7. Monoidal streams over a productive symmetric
monoidal category (C, ®,I) form a symmetric monoidal cate-
gory Stream with a symmetric monoidal identity-on-objects
functor from [N, C].

Proof. Appendix, Theorem E.5. O

5.2 Delayed feedback for streams

Monoidal streams form a delayed feedback monoidal cate-
gory. Given some stream in Stream(dS ® X,S ® Y), we can
create a new stream in Stream(X, Y) that passes the output
in S as a memory channel that gets used as the input in 9S.
As a consequence, the category of monoidal streams has a
graphical calculus given by that of feedback monoidal cate-
gories. This graphical calculus is complete for extensional
equivalence (as we saw in Theorem 3.8).

Definition 5.8 (Delay functor). The functor from Defini-
tion 3.6 can be lifted to a monoidal functor 9: Stream —
Stream that acts on objects in the same way. It acts on mor-
phisms by sending a stream f € Stream(X,Y) to the stream
given by M(9f) = I, now(df) = id; and later(of) = f.
Definition 5.9 (Feedback operation). Given any morphism
of the form f € Stream(N - 9S ® X,S ® Y), we define
fbk (fN) € Stream(N - X,Y) as

o M(fbk(fN)) = M(f) ® So.

e now(fbk(fN)) = now(f) and
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o later(fbk(fN)) = fbk(later(f)M)®S0),

We write fbk(f) € Stream(X, Y) for fbk(fT), the feedback
of f € Stream(dS® X, S®Y)

Theorem 5.10. Monoidal streams over a symmetric monoi-
dal category (C,®,1I) form a d-feedback monoidal category
(Stream, fbk).

Proof. Appendix, Theorem E.16. O

Corollary 5.11. There is a “semantics” identity-on-objects
feedback monoidal functor Sm: Sty[N, C] — Stream from
the free 0-feedback monoidal category to the category of monoi-
dal streams. Every extensional stateful sequence (fy: My—1 ®
Xn — Yy ® Mp)nen gives a monoidal stream Sm(f), which
is defined by M(Sm(f)) = Mo,

now(Sm(f)) = fo, and later(Sm(f)) = Sm(f*),

and this is well-defined. Moreover, this functor is full when C
is productive; it is not generally faithful.

Proof. We construct Sm from Theorems 3.5 and 5.10. More-
over, when C is productive, by Theorem 4.11, monoidal
streams are extensional sequences quotiented by observa-
tional equivalence, giving the fullness of the functor. O

6 Cartesian Streams

Dataflow languages such as Lucip or LUSTRE [35, 77] can
be thought of as using an underlying cartesian monoidal
structure: we can copy and discard variables and resources
without affecting the order of operations. These abilities
correspond exactly to cartesianity thanks to Fox’s theorem
(Theorem C.5, see [29]).

6.1 Causal stream functions

In the cartesian case, there is available literature on the cate-
gorical semantics of dataflow programming languages [8, 24,
25, 58, 76]. Uustalu and Vene [75] provide elegant comona-
dic semantics to a Lucip-like programming language using
the non-empty list comonad. In their framework, streams
with types X = (Xo, X, ...) are families of elements 1 —
Xpn. Causal stream functions from X = (X0, X3,...)to Y =
(Yo, Y1, ...) are families of functions f;: Xo X -+ XX, — Y.
Equivalently, they are, respectively, the states (1 — X) and
morphisms (X — Y) of the cokleisli category of the comonad
List*: [N, Set] — [N, Set] defined by

(List* (X)), = ﬁ X;.
i=0

This comonad can be extended to other base categories,
List™: [N, C] — [N, C] only aslong as C is cartesian. Indeed,
we can prove that the mere existence of such a comonad im-
plies cartesianity of the base category. For this, we introduce
a refined version of Fox’s theorem (Theorem C.7).

Theorem 6.1. Let (C,®,1) be a symmetric monoidal cate-
gory. Let List™: [N, C] — [N, C] be the functor defined by

n
List* (X)n = (X) X;.
i=0

This functor is monoidal, with oplaxators Y3 : List*(I) — I
and Y y: List" (X ® Y) — List"(X) ® List*(Y) given by
symmetries, associators and unitors.

The monoidal functor List*: [N, C] — [N, C] has a monoi-
dal comonad structure if and only if its base monoidal category
(C,®,1) is cartesian monoidal.

Proof sketch. The cartesian structure can be shown to make
List* an opmonoidal comonad. Conversely, the opmonoidal
comonad structure implies that every object should have a
natural and uniform counital comagma structure. By our re-
fined statement of Fox’s theorem (Theorem C.7), this implies
cartesianity. See Appendix, Theorem C.4. O

This means that we cannot directly extend Uustalu and
Vene’s approach to the monoidal case. However, we prove
in the next section that our definition of monoidal streams
particularizes to their causal stream functions [73, 75].

6.2 Cartesian monoidal streams

The main claim of this section is that, in a cartesian monoi-
dal category, monoidal streams instantiate to causal stream
functions (Theorem 6.3). Let us fix such a category, (C, X, 1).

The first observation is that the universal property of the
cartesian product simplifies the fixpoint equation that defines
monoidal streams. This is a consequence of the following
chain of isomorphisms, where we apply a Yoneda reduction
to simplify the coend.

Stream(X,Y) =

/M hom (Xp, M X Yy) X Stream(M - X*,Y) =

/M hom (Xo, M) x hom (Xp, Yo) X Stream(M - X*,Y) =

hom (X, Yo) X Stream(Xp - X", Y*).

Explicitly, the Yoneda reduction works as follows: the first
action of a stream f € Stream(X,Y) can be uniquely split
as now(f) = (fi, f2) for some f1: Xo — Yp and fo: Xo —
M(f). Under the dinaturality equivalence relation, (~), we
can always find a unique representative with M = X, and
fo =1dx,.

The definition of monoidal streams in the cartesian case is
thus simplified (Definition 6.2). From there, the explicit con-
struction of cartesian monoidal streams is straightforward.
Definition 6.2 (Cartesian monoidal streams). The set of
cartesian monoidal streams, given inputs X and outputs Y, is
the terminal fixpoint of the equation

Stream(X,Y) = hom (Xp, Yg) X Stream(Xp - X*, Y*).

In other words, a cartesian monoidal stream f € Stream(X,Y)
is a pair consisting of



o fst(f) € hom(Xo, Yp), the first action, and
e snd(f) € Stream(Xp - X*, Y*), the rest of the action.

Theorem 6.3. In the cartesian case, the final fixpoint of the
equation in Figure 9 is given by the set of causal functions,

Stream(X,Y) = n hom(Xg X - -+ X Xy, Yy).
neN
That is, the category Stream of monoidal streams coincides

with the cokleisli monoidal category of the non-empty list
monoidal comonad List™: [N, C] — [N, C].

Proof. By Adamek’s theorem (Theorem 1.5). O

Corollary 6.4. Let (C, x,1) be a cartesian monoidal category.
The category Stream is cartesian monoidal.

6.3 Example: the Fibonacci sequence

Consider (Set, %, 1), the cartesian monoidal category of small
sets and functions. And let us go back to the morphism
fib € Stream(1,N) that we presented in the Introduction
(Figure 2). By Theorem 6.3, a morphism of this type is, equiv-
alently, a sequence of natural numbers. Using the previous
definitions in Sections 5 and 6, we can explicitly compute this
sequence to be fib = [0,1,1,2,3,5,8,...] (see the Appendix,
Example G.1).

7 Stochastic Streams

Monoidal categories are well suited for reasoning about prob-
abilistic processes. Several different categories of probabilis-
tic channels have been proposed in the literature [6, 19, 59].
They were largely unified by Fritz [30] under the name of
Markov categories. For simplicity, we work in the discrete
stochastic setting, i.e. in the Kleisli category of the finite
distribution monad, Stoch, but we will be careful to isolate
the relevant structure of Markov categories that we use.
The main result of this section is that controlled stochastic
processes [27, 66] are precisely monoidal streams over Stoch.
That is, controlled stochastic processes are the canonical
solution over Stoch of the fixpoint equation in Figure 9.

7.1 Stochastic processes

We start by recalling the notion of stochastic process from
probability theory and its “controlled” version. The latter is
used in the context of stochastic control [27, 66], where the
user has access to the parameters or optimization variables
of a probabilistic model.

A discrete stochastic process is defined as a collection of
random variables Y3, ... Y, indexed by discrete time. At any
time step n, these random variables are distributed according
to some p, € D(Y; X --- X Y,). Since the future cannot
influence the past, the marginal of p,+; over Y, must equal
Pn. When this occurs, we say that the family of distributions
(pn)nen is causal.
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More generally, there may be some additional variables
X1, ..., X, which we have control over. In this case, a con-
trolled stochastic process is defined as a collection of controlled
random variables distributing according to f,: X3 X --- X
Xn, — D(Yy,...,Y,). Causality ensures that the marginal of
fn+1 Over Y41 must equal f;.

Definition 7.1. Let X and Y be sequences of sets. A con-
trolled stochastic process f : X — Y is a sequence of functions

foi Xg XX X; = DY, X% 1)

satisfying causality (the marginalisation property). That is,
such that f;, coincides with the marginal distribution of f,,1
on the first n variables, making the diagram in Figure 11
commute.

Xo X X Xps1 255 D(¥o X -+ X Yoy1)

XoX XXy —23 D(Yg X -+ X Yy)

Figure 11. Marginalisation for stochastic processes.

Controlled stochastic processes with componentwise com-
position, identities and tensoring, are the morphisms of a
symmetric monoidal category StochProc.

Stochastic monoidal streams and stochastic processes not
only are the same thing but they compose in the same way:
they are isomorphic as categories.

Theorem 7.2. The category of stochastic processes StochProc
is monoidally isomorphic to the category Stream over Stoch.

Proof sketch. Appendix, Theorem A.29. The proof of this re-
sult is non-trivial and relies on a crucial property concerning
ranges in Stoch. The proof is moreover written in the lan-
guage of Markov categories where the property of ranges
can be formulated in full abstraction. O

We expect that the theorem above can be generalised to
interesting categories of probabilistic channels over measur-
able spaces (such as the ones covered in [19, 30, 59]).

Corollary 7.3. StochProc is a feedback monoidal category.

7.2 Examples

We have characterized in two equivalent ways the notion
of controlled stochastic process. This yields a categorical
semantics for probabilistic dataflow programming: we may
use the syntax of feedback monoidal categories to specify
simple stochastic programs and evaluate their semantics in
StochProc.

Example 7.4 (Random Walk). Recall the morphism walk €
Stream(1, Z) that we depicted back in Figure 4.

Here, unif € Stream(1, {—1,1}), is a uniform random gen-
erator that, at each step, outputs either 1 or (—1). The output
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of this uniform random generator is then added to the cur-
rent position, and we declare the starting position to be 0.
Our implementation of this morphism, following the defi-
nitions from Section 5 (Example G.2) is, by Theorem 7.2, a
discrete stochastic process, and it produces samples like the
following ones.

[0,1,0,-1,-2,-1,-2,-3,-2,-3,...]
[0,1,2,1,2,1,2,3,4,5,...]
[0,-1,-2,-1,-2,-1,0,-1,0,-1,...]

Example 7.5 (Ehrenfest model). The Ehrenfest model [47,
§1.4] is a simplified model of particle diffusion.

ehr =
(1..4) ® (); tbk(o;
fby ® fby ® unif;
id ® id ® copy;o;
move ® move;

copy)

Figure 12. Ehrenfest model: sig. flow graph and morphism.

Assume we have two urns with 4 balls, labelled from 1
to 4. Initially, the balls are all in the first urn. We randomly
(and uniformly) pick an integer from 1 to 4, and the ball
labelled by that number is removed from its box and placed
in the other box. We iterate the procedure, with independent
uniform selections each time.

Our implementation of this morphism, following the defi-
nitions from Section 5 (Example G.3) yields samples such as
the following.

[(([2.3,4, 11D, ([3.4]. [L.2D),

(L4 (23D, (111,123, 4]),

([21. 11, 3.4D, ]

([1,3,4], [2]),
([1,11,2,3,4]),

8 A dataflow programming language

In this section, we introduce the syntax for two Lucip-like
dataflow programming languages and their semantics in
monoidal streams. The first one is deterministic and it takes
semantics in the feedback monoidal category of set-based
monoidal streams. The second one is stochastic and it takes
semantics in the feedback monoidal category of stochastic
processes, or stochastic monoidal streams.

We do so by presenting a type theory for feedback monoi-
dal categories (similar to [36, 71]). Terms of the type theory
represent programs in our language.

8.1 Type theory for monoidal categories

We start by considering a type theory for symmetric monoidal
categories over some generators forming a multigraph G.
Instead of presenting a type theory from scratch, we extend
the basic type theory for symmetric monoidal categories
described by Shulman [70]. Details are in the Appendix (Ap-
pendix F). Here, we only illustrate it with an example.

GEN
feG(Ay,....,Ap;B) Tibxi AL . Ty bx, Ay
Shuf(Ty,...,T) F f(x1,...,x,) : B
PAIR
TiFx A ... T Fxp: Ay Var
Shuf(Ty,...T,) F [x1, .0 xn] : A1 Q.. ® Ap x:ArFx:A
SPLIT
Arm:A1Q - -QA, T,x1 i Ay, xn i Apkz: C
Shuf(T,A) + SeLit m — [x1,...,x,] IN2: C

Figure 13. Type theory of symm. monoidal categories [70].
The type theory for symmetric monoidal categories is
linear [34, 52, 68] in the sense that any introduced variable
must be used exactly once. This is for a good reason: monoi-
dal categories represent linear theories of processes, where
copying and discarding may not be allowed in general.

Example 8.1. In a monoidal category, let f: X ® U — Z,
g: I > UQ®V®Wandh: V®Y — I The following is a
string diagram together with its term in the type theory.

SPLIT g — [u, 0, w] IN
SeLiT h(w,y) — [] IN

[f (x,u),0]

8.2 Adding feedback
We now extend the theory with delay and feedback. We
start by considering a 9 operator on types, which extends
to contexts inductively as d[] = [] and 9(T, x:A) = oI, (x :
dA). We provide formation rules for introducing delay and
feedback. These need to satisfy equalities making DELAY a
functor and FBK a feedback operator.

DeLay Fex

F'rx:A Is:0SkFx(s):S®A
al +x:0A T'+FBKs.x(s): A

As in Remark 3.2, we define WarT(x) = FBK y IN [x, y].




8.3 Adding generators

In both versions of the language (deterministic and stochas-
tic), we include “copy” and “followed by” operations, repre-
senting the corresponding monoidal streams. Copying does
not need to be natural (in the stochastic case, it will not be)
and it does not even need to form a comonoid.

Cory FBy

Trx:A T'rx:A Ary:d(A)
T+ Cory(x) :A®A Shuf(T,A) FxFeyy: A

In fact, recursive definitions make sense only when we
have a copy operation, that allows us to rewrite the definition
as a feedback that ends with a copy. That is,

M =x(M) means M =FBx mIN Copry(x(m)).

Moreover, in the deterministic version of our language we
allow non-linearity: a variable can occur multiple times, im-
plicitly copying it.

8.4 Examples
Example 8.2. Recall the example from the introduction (and
Section 6.3).
fib =0 FBY (fib + (1 FBY WAIT fib))
Its desugaring, following the previous rules, is below.
fib = FBK f 1n Copy
(0 Fey
Serit Cory(f) — [f, fo] IN
(fi + 1 FBY WaIT(f2)) )

Example 8.3 (Ehrenfest model). The Ehrenfest model de-
scribed in Figure 12 has the following specification in the
programming language.
urns = [(1,2,3,4), ()] FBY
SPLIT urns — [uy,us] IN
SeriT CorY(UNIFORM) — [ng, ns] IN
[MovE(ny, u1), MOVE(nz, uz)]

Sampling twice from the same distribution is different from
copying a single sample, and SpLIT allows us to express this
difference: instead of calling the Un1roRrm distribution twice,
this program calls it once and then copies the result.

9 Conclusions

Monoidal streams are a common generalization of streams,
causal functions and stochastic processes. In the same way
that streams give semantics to dataflow programming [35,
77] with plain functions, monoidal streams give semantics to
dataflow programming with monoidal theories of processes.
Signal flow graphs are a common tool to describe control
flow in dataflow programming. Signal flow graphs are also
the natural string diagrams of feedback monoidal categories.
Monoidal streams form a feedback monoidal category, and
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signal flow graphs are a formal syntax to describe and rea-
son about monoidal streams. The second syntax we present
comes from the type theory of monoidal categories, and it
is inspired by the original syntax of dataflow programming.
We have specifically studied stochastic dataflow program-
ming, but the same framework allows for linear, quantum
and effectful theories of resources.

The literature on dataflow and feedback is rich enough to
provide multiple diverging definitions and approaches. What
we can bring to this discussion are universal constructions.
Universal constructions justify some mathematical object as
the canonical object satisfying some properties. In our case,
these exact properties are extracted from three, arguably
under-appreciated, but standard category-theoretic tools: di-
naturality, feedback, and coalgebra. Dinaturality, profunctors
and coends, sometimes regarded as highly theoretical devel-
opments, are the natural language to describe how processes
communicate and compose. Feedback, sometimes eclipsed
by trace in the mathematical literature, keeps appearing in
multiple variants across computer science. Coalgebra is the
established tool to specify and reason about stateful systems.

9.1 Further work

Other theories. Many interesting examples of theories
of processes are not monoidal but just premonoidal cate-
gories [42, 62]. For instance, the kleisli categories of arbitrary
monads, where effects (e.g. reading and writing to a global
state) do not need to commute. Premonoidal streams can be
constructed by restricting dinaturality to their centres. An-
other important source of theories of processes that we have
not covered is that of linearly distributive and *-autonomous
categories [11, 12, 22, 68].

Within monoidal categories, we would like to make mo-
noidal streams explicit in the cases of partial maps [21]
for dataflow programming with different clocks [76], non-
deterministic maps [17, 51] and quantum processes [18]. A
final question we do not pursue here is expressivity: the class
of functions a monoidal stream can define.

The 2-categorical view. We describe the morphisms of a
category as a final coalgebra. However, it is also straightfor-
ward to describe the 2-endofunctor that should give rise to
this category as a final coalgebra itself.

Implementation of the type theory. Justifying that the
output of monoidal streams is the expected one requires
some computations, which we have already implemented
separately in the Haskell programming language (Appendix,
Appendix G). Agda has similar foundations and supports the
coinductive definitions of this text (Section 5). It is possible
to implement a whole interpreter for a Lucip-like stochastic
programming language with a dedicated parser, but that
requires some software engineering effort that we postpone
for further work.
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A Monoidal categories
Definition A.1 ([55]). A monoidal category,

(C®,LaAp),

is a category C equipped with a functor ®: CxC — C, a
unit I € C, and three natural isomorphisms: the associator
aapc: (A®B)®C = A®(B®C), the left unitor 4: IQA = A
and the right unitor p4: A® I = A; such that a4 1 p; (ida ®
AB) = pa ®idp and (@a pc ®1id); @ Bec,p; (ida ® apcp) =
AAeBC.D; %ABCeD- A monoidal category is strict if a, A and
p are identities.

Definition A.2 (Monoidal functor, [55]). Let

(C &1, zzc,/lc,pc) and (D, ®, J,aP, AP, pP)
be monoidal categories. A monoidal functor (sometimes called
strong monoidal functor) is a triple (F, ¢, 1) consisting of a
functor F: C — D and two natural isomorphisms ¢: | =
F(I) and pi: F(A® B) = F(A) ® F(B); such that

e the associators satisfy
D (i .
AFAFBFCS (idra ® piB.c); A BeC

= (pap ®idrc); paes.c: F(ag g o)
o the left unitor satisfies
(e ®idpa); pra; F(AS) = A0
e the right unitor satisfies

: C D
(idra ® €); par; F(pra) = pra-
A monoidal functor is a monoidal equivalence if it is moreover
an equivalence of categories. Two monoidal categories are
monoidally equivalent if there exists a monoidal equivalence
between them.

During most of the paper, we omit all associators and uni-
tors from monoidal categories, implicitly using the coherence
theorem for monoidal categories (Remark A.4).

Theorem A.3 (Coherence theorem, [55]). Every monoidal
category is monoidally equivalent to a strict monoidal category.

Remark A.4. Let us comment further on how we use the co-
herence theorem. Each time we have a morphism f: A — B
in a monoidal category, we have a corresponding morphism
A — B in its strictification. This morphism can be lifted to
the original category to uniquely produce, say, a morphism
(Aa; f;287): I® A — I ® B. Each time the source and the
target are clearly determined, we simply write f again for
this new morphism.

Definition A.5 (Symmetric monoidal category, [55]). A
symmetric monoidal category (C,®,1, a, A, p, o) is a monoidal
category (C,®,1, @, A, p) equipped with a braiding ca5: A®
B — B ® A, which satisfies the hexagon equation

aABC; 0ABsC; ac,A = (048 ®id); apac; (Id ® o40)

and additionally satisifes o4 p; 04 = id.



Remark A.6 (Notation). We omit symmetries when this does
not cause confusion. We write a for the morphism a tensored
with some identities when these can be deduced from the
context. For instance, let f: A — B, let h: B — D and
let g: B® D — E. We write f; h; g for the morphism (f ®
id); o; (id ® h); g, which could have been also written as
(f®id); (h®id);oig

Definition A.7 ([55]). A symmetric monoidal functor be-
tween two symmetric monoidal categories (C, O'C) and (D, aP)
is a monoidal functor F: C — D such that ¢°; y = pi; F(¢©).

Definition A.8. A cartesian monoidal category is a monoidal
category whose tensor is the categorical product and whose
unit is a terminal object.

Definition A.9. A feedback functor between two feedback
monoidal categories (C, F€, fbk®) and (D, FP, fbkP) is a sym-
metric monoidal functor G: C — D such that G; FP = F¢; G
and

G(MES (f)) = kG (rs.a3 Gf s s ),
for each f: FS® X — S® Y, where pap: G(A) ® G(B) —
G(A ® B) is the structure morphism of the monoidal functor
G.

Theorem A.10 (see [46]). Stp(C) is the free category with
feedback over (C,F).

Proof sketch. Let (D, FP, fbkP) be any other symmetric mo-
noidal category with an endofunctor, and let H: C — D
be such that F;H = H;FP. We will prove that it can be
extended uniquely to a feedback functor H: Stp(C) - D.
It can be proven that any expression involving feedback
can be reduced applying the feedback axioms to an expres-
sion of the form fbk(f) for some f: FS® X — S® Y. After
this, the definition of H in this morphism is forced to be
H(fbkf) = fbkP (D). This reduction is uniquely up to slid-
ing, and the morphisms of the St(e) construction are pre-
cisely morphisms f: FS® X — S ® Y quotiented by sliding
equivalence. This is the core of the proof in [46]. O

A.1 Markov categories

Definition A.11. The finite distribution commutative monad
D: Set — Set associates to each set the set of finite-support
probability distributions over it.

[{x1p(x)>0}|<e0

D(X)={p: X - [0,1] Z
p(x)>0

px) =1

We call Stoch to the symmetric monoidal kleisli category of
the finite distribution monad, kl(D).

We write f(y|x) for the probability f(x)(y) € [0,1]. Com-
position, f; g, is defined by

(F39)(I0) = Y glzly) f(ylx).

yey
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The cartesian product (X) in Set induces a monoidal (non-
cartesian) product on kl(D). That is, kl(D) has comonoids
(4)x : X = X X X on every object, with (§)x: X — 1 as
counit. However, contrary to what happens in Set, these
comultiplications are not natural: sampling and copying the
result is different from taking two independent samples.

Definition A.12 (Markov category, [30, Definition 2.1]). A
Markov category C is a symmetric monoidal category in
which each object X € C has a cocommutative comonoid
structure (X, e =dx: X = [, = dyx: X > X ® X) with

o uniform comultiplications, dxgy = (dx ® dvy)ox.y;

e uniform counits, xesy = dx ® éy; and

e natural counits, f;dy =dx foreach f: X — Y.
Crucially, comultiplications do not need to be natural.
Remark A.13 ([30, Remark 2.4]). Any cartesian category is
a Markov category. However, not any Markov category is
cartesian, and the most interesting examples are those that
fail to be cartesian, such as Stoch. The failure of comulti-
plication being natural makes it impossible to apply Fox’s
theorem (Theorem C.5).

The structure of a Markov category is very basic. In most
cases, we do need extra structure to reason about probabili-
ties: this is the role of conditionals and ranges.

Remark A.14 (Notation). In a Markov category, given any
f:Xo — Ypand any g: ) ® Xp ® X3 — Y, we write
(f<9): Xo ® X3 — Yy ® Yq for the morphism defined by

(f <9) = (A): f: (An); g,
which is the string diagram in Figure 14.

X0 X1

[ 9 |

Yo 1
Figure 14. The morphism (f <g).

Proposition A.15. Up to symmetries,
(feg)<h=f<(g<h).

We may simply write (f <g < h) for any of the two, omitting

the symmetry.

Proof. Using string diagrams (Figure 15). Note that (&) is

coassociative and cocommutative. ]

The Markov category Stoch also has conditionals [30], a
property which we will use to prove the main result regard-
ing stochastic processes.
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Xo X1 X2

Yo Y1 Yo Yo Ya

Figure 15. Associativity, up to symmetries, of the triangle
operation.

A A

X Y X Y
Figure 16. Condititionals in a Markov category.

Definition A.16 (Conditionals, [30, Definition 11.5]). Let
C be a Markov category. We say that C has conditionals if
for every morphism f: A — X ® Y, writing fy: A — X for
its first projection, there exists cy: X ® A — Y such that
f = fv <cy (Figure 16).

Proposition A.17. The Markov category Stoch has condi-
tionals [30, Example 11.6].

Proof. Let f: A = X®Y.If'Y is empty, we are automatically
done. If not, pick some y, € Y, and define

Fxyla)/Exex f(x,yla)
cr(ylx,a) = if f(x,yla) > O for some x € X,
(y=yo) otherwise.

It is straightforward to check that this does indeed define a
distribution, and that it factors the original f as expected. O

Definition A.18 (Ranges). In a Markov category, a range
for a morphism f: A — Bisamorphismrs: A® B — A®B
that

1. does not change its output f <idags = f <77,

2. is deterministic, meaning ry; #agp = Aaes; (rr ® ry7),

3. and has the range property, f <g = f <h must imply

(rr®id); g = (ry ®id); h
for any suitably typed g and h.

X X
[24

a = ¢ -

Y M Y M

Figure 17. Productivity for Markov categories.

We say that a Markov category has ranges if there exists a
range for each morphism of the category.

Remark A.19. There already exists a notion of categorical
range in the literature, due to Cockett, Guo and Hofstra [20].
It arises in parallel to the notion of support in restriction
categories [21]. The definition better suited for our purposes
is different, even if it seems inspired by the same idea. The
main difference is that we are using a controlled range; that is,
the range of a morphism depends on the input to the original
morphism. We keep the name hoping that it will not cause
any confusion, as we do not deal explicitly with restriction
categories in this text.

Proposition A.20. The Markov category Stoch has ranges.

Proof. Given f: A — B, we know that for each a € A there
exists some b, € Bsuch that f(b,|a) > 0. We fix such b, € B,
and we definery: A® B— A®Bas

_ | (ab) if f(bla) >0,
rr(a b) ‘{ (a,bo) if f(bla) = 0.

Tt is straightforward to check that it satisfies all the properties
of ranges. O

Theorem A.21. Any Markov category with conditionals and
ranges is productive.

Proof. Given any (| € Stage; (X, Y), we can define

ap = tva; 2 (dy ® by).

This is indeed well-defined because of naturality of the dis-
carding map (§)yr: M — I in any Markov category. Let
¢ Y ® X — M be a conditional of a. This representative
can then be factored as a = a; ¢y (Figure 17).

Now assume that for two representatives (a;| = («;]
we have that (o;;u| = (a;;0|. By naturality of the discard-
ing, a;;¢ = aj; ¢, and let r be a range of this map. Again
by naturality of discarding, we have a;;u;$ = a;;0; 4. Let
then ¢; and c; be conditionals of a; and a;: we have that
(ag < ci);usd = (ap < ¢j); 054 By the properties of ranges
(Figure 18), (g < 753 uibuguy = (@0 < 75€);03 by, and
thus, 75 ¢i; 15 ) = 1565305 8m(0)- We pick s; = r;¢c; and we
have proven that (s;; u| = (s;;0]. O



Figure 18. Applying the properties of range.

A.2 Stochastic processes

Definition A.22 (Controlled stochastic process). Let X =
(X0, X1,...) and Y = (Yp, Y1,...) be infinite sequences of
sets. A controlled stochastic process f: X — Y is an infinite
sequence f = (fy, fi,...) of functions f,,: X, X --- x X3 —
D(Y, x -+ xY;) such that f, coincides with the marginal
distribution of f;,41 on the first n variables. In other words,
for1 5 D7y, LY, = Ao X 5 e

Xo X -+ X Xet —55 D(¥o X -+ X Yie1)

Xo X XXy — 3 D(YgX -+ X Yy)

Let StochProc be the category with objects infinite sequences
of sets X = (Xp, X1, . . .) and morphisms controlled stochas-
tic processes f = (fp, fi, . ..) with composition and identities
defined componentwise in Stoch.

Proposition A.23 (Factoring as conditionals). A stochastic
process f: X — Y can be always written as
fa=co<cia- ey,

for some family of functions

Cn: YoX XY 1 XXg XXX, > Y,
called the conditionals of the stochastic process.
Proof. We proceed by induction, noting first that ¢y = f;.
In the general case, we apply conditionals to rewrite f,41 =

(fa+1; (Y)v,,,) <Cns1. Because of the marginalization property,

we know that f11; (b)y,,, = fu. So finally, foi1 = fi <cpi1,

which by the induction hypothesis gives the desired result.

[m]

Proposition A.24. If two families of conditionals give rise to
the same stochastic process,

CO<CI < <Cy, =chac < ach,

then, they also give rise to the same n-stage processes in Stoch,

co <id|ey <id]...|c, <id| = (¢}, <id|c] <id]|...|c} «id].
0 1 n
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Proof. We start by defining a family of morphisms r, by
induction. We take ry = id and ry41 to be a range of ry,; &; c,.
Let us prove now that for any n € Nand i < n,

Fiseh G Cy = ridcl e ac).

We proceed by induction. Observing that ¢y = c{, we prove
it for n = 0 and also for the case i = 0 for any n € N.
Assume we have it proven for n, so in particular we know
that ry; & ¢; = r;; & ¢] for any i < n. Now, by induction on i,
we can use the properties of ranges to show that

’
n

TiydCi e ac, =T e s
(ri; ey ci2id);cipn < acy = (risdy; C; < id);cz{+1 Qe “C;
(ri;eh ci arign)scin <o vacp = (Fiy ey ¢f arip);Clg <0< Cy,
Tig1; M Cip1 < - <0y = r,-+1;A;c;+1 ""“‘C:,-
In particular, r,; v ¢, = ry; dy; ).
Now, we claim the following for each n € N and each
i<n,
{co<id]|...|ep <id| =
(ro(co <id)] ... [ri(c;i @id)[eis1] .. . [cn <id].
It is clear for n = 0 and for i = 0. In the inductive case for i,
(ro(co <id)|...|ri(c; <id)|cis1 <id| ... |cp <id| =

(ro(co <id)] ... [ri; v ¢c; «id]cipr <id]. .. [c, <id] =

(ro(co <id)| ... |ri;a c; < rirlcipr <id]. .. |c, <id] =
(ro(co <id)| ... |ri;dy c; <id|ripn (civr <id)] ... |cp <id| =
(ro(co <id)]| ... [ri(c; «id)|ris1(civ1 <id)| ... |cp <id].

A particular case of this claim is then that
(co <id|...|cp«id]| =
(ro(co <id)] ... [ra(cn <id)| =
(ro(cg <id)] ... Irn(cy <id)| =
(c{<id]...lc;, <id].
This can be then proven for any n € N. O
Corollary A.25. Any stochastic process f € StochProc(X,Y)

with a family of conditionals c,, gives rise to the observational
sequence

obs(f) = [{(en <id): (Xo X Yo X +++ X X1 X Yp1) X Xy —
(Xo X Yo X -+ X Xp X Yy) X V)]s,

which is independent of the chosen family of conditionals.

Proof. Any two families of conditionals for f give rise to

the same n-stage processes in Stoch (by Proposition A.24).

Being a productive category, observational sequences are
determined by their n-stage procesess. O

Proposition A.26. An observational sequence in Stoch,
[{gn: Mp-1 ® X;, > M, @ V)]~ € Obs(X,Y)

gives rise to a stochastic process proc(g) € StochProc(X,Y)
defined by proc(g)n = g3 413 - - -} Gn} M-
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Proof. The symmetric monoidal category Stoch is produc-
tive: by Lemma D.3, observational sequences are determined
by their n-stage truncations

(9ol - - -19n| € Stagen (X, Y).

Each n-stage truncation gives rise to the n-th component
of the stochastic process, proc(g)n = ga; 41; - - - ; 9n; €M, and
this is well-defined: composing the morphisms is invariant
to sliding equivalence, and the last discarding map is natural.

It only remains to show that they satisfy the marginalisa-

tion property. Indeed,
Proc(@)n+1; €nel = 405 415 - - - ntl; EMua s,
=490391;---59n; EM,,.
= proc(g)y.

Thus, proc(g) is a stochastic process in StochProc(X,Y). O

Proposition A.27. Let f € StochProc(X,Y), we have that
proc(obs(f)) = f.

Proof. Indeed, for c,, some family of conditionals,

fa=co<---<en=(coid);...; (cp<id)jem,. O
Theorem A.28. Observational sequences in Stoch are in bi-
Jjection with stochastic processes.

Proof. The function obs is injective by Proposition A.27. We
only need to show it is also surjective.

We will prove that any n-stage process (go| . . . |gn| can be
equivalently written in the form ((co <id)]| ... |(c, <id)|. We
proceed by induction. Given any (go| we use conditionals
and dinaturality to rewrite it as

(9ol = (co <cml = {co <id].

Given any (cg <id|... |c, <id|gn+1], we use again condition-
als and dinaturality to rewrite it as

(co <1l ... ey <idlgns| =
<C0 < 1d| cee |Cn < idlcn+1 < CMl =
{co<id]...|cy <id|cps1 <id].

We have shown that obs is both injective and surjective. O

Theorem A.29 (From Theorem 7.2). The category Stoch of
stochastic processes is monoidally isomorphic to the category
Stream over Stoch.

Proof. We have shown in Theorem A.28 that proc is a bijec-
tion. Let us show that it preserves compositions. Indeed,
proc(g; )n = do; hos - -5 dn; bu; EMu@N,
=90;- -390 ho; - - P (em, ® N,,)
=g0---GniEMaiho - hnsen,
= proc(g)n; proc(h),.

It also trivially preserves the identity. It induces thus an
identity-on-objects functor which is moreover an equiva-
lence of categories. Let us finally show that it preserves
tensoring of morphisms.

proc(g ® h)n = (g0 ® ho); - - -5 (Gn ® hn); eM.en.,.
= (90 ® hg); ... ((gnem,) ® (hnen,))
=(90..-Gnem,) ® (ho...hyen,)
= proc(g)n ® proc(h),.

It is thus also a monoidal equivalence. O

B Coend Calculus and Profunctors

Coend calculus is the name given to the a branch of cate-
gory theory that describes the behaviour of certain colimits
called coends. MacLane [55] and Loregian [53] give complete
presentations of coend calculus.

Definition B.1. Coends are the coequalizers of the action
of morphisms on both arguments of a profunctor.

coend(P) = coeq( Lf. paP(A B) =% [xec P(X,.X)

Coends are usually denoted with a superscripted integral,
drawing on an analogy with classical calculus.

XeC
/ P(X,X) = coend(P).

Proposition B.2 (Yoneda reduction). Let C be any category
and let F: C — Set be a functor; the following isomorphism
holds for any given object A € C.

XeC
/ hom (X, A) X FX = FA.

Following the analogy with classical analysis, the hom pro-
functor works as a Dirac’s delta.

Proposition B.3 (Fubini rule). Coends commute between
them; that is, there exists a natural isomorphism

X;eC XseC
/ / P(X1, X5, X1,X2)

XseC X;eC
/ / P(X1, X2, X1, X2).

In fact, they are both isomorphic to the coend over the product

category,
(X1.X2)€CxC
/ P(X3, X2, X1, X2).

Following the analogy with classical analysis, coends follow
the Fubini rule for integrals.

A profunctor from a category A to a category B is a functor
P: A°? x B — Set. They can be seen as a categorification
of the concept of relations, functions A X B — 2. Under this
analogy, existential quantifiers correspond to coends. The



canonical example of a profunctor is, hom: A% x A — Set,
the profunctor that returns the set of morphisms between
two objects. Many operations relating families of processes
are more easily defined in terms of profunctors: for instance,
sequential composition connects the outputs of a family of
processes to the outputs of another family.

Definition B.4 (Sequential composition). Two profunctors
P: A?XB — Setand Q: B°?xC — Set compose sequentially
into a profunctor P o Q: A°? x C — Set defined by

BeB
(PoQ)(AC) = / P(A B) X Q(B,C).

The hom-profunctor hom: A°” x A — Set that returns the
set of morphisms between two objects is the unit for sequen-
tial composition. Sequential composition is associative up to
isomorphism.

Definition B.5 (Parallel composition). Two profunctors
P: A({p X By — Set and Q: A;p X B2 — Set compose in
parallel into a profunctor P X Q: Atl’p X Agp x By xBy — Set
defined by

(PxQ)(A A",B,B") = P(A,B) X Q(A’, B').

Definition B.6 (Intensional communicating composition).
Let A, B, C be categories and let B have a monoidal structure.
Let P: A°? x B — Set and Q: B°? x CN — Set be a pair of
profunctors. Their intensional communicating composition is
the profunctor P51 Q: A% x B x B x C — Set defined as

(P Q)(AB;B,C)= > P(AB&M)xQ(M&B,C).
MeB

Remark B.7. Let C be a monoidal category and let P: CP x
C — Setand Q: [N, C]°? x [N, C] — Set be a pair of pro-
functors. Note that [N,C] = C x [N, C], and so the sec-
ond profunctor can be interpreted as having type Q: C°P x
([N, C]°? x [N,C]) — Set. In this case, their intensional
communicating composition is defined by

(PE Q)XY) = Z P(Xo, M ® Yg) X Q(M - X*,Y*).
MeC

This is the composition we use when we describe the endo-
functor (hom = e): [[N, C]°? x [N, C], Set] — [[N, C]°? x
[N, C], Set].

(hom @ Q)(X;Y) := Z hom (Xo, M® Yo) X Q(M - X*, Y*).
MeC

Definition B.8 (Communicating profunctor composition).

Let A, B, C be categories and let B have a monoidal structure.

Two profunctors P: A°%? x B — Set and Q: B? x C —

Set compose communicating along B into the profunctor
(PO Q): A? x Bx B x C — Set defined by

M
(P@Q)(A,B;B',C):/ P(A,B® M) X Q(M ® B',C).
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The profunctors hom(I, 8): B — Setand hom (e, I): B? —
Set are left and right units with respect to communicat-
ing composition. The communicating composition of three
profunctors P: A°? x B — Set, Q: B” x C — Set and
R: C° x D — Set is associative up to isomorphism and a
representative can be written simply by (P © Q © R): A% x
B x B°? x C x C°? x D — Set, where both B and C are
assumed to have a monoidal structure.

Remark B.9. This is the composition we use when we de-
scribe the endofunctor (hom ® e): [[N, C]°?X[N, C], Set] —
[N, C]°? x [N, C], Set].

MeC
(hom 0 Q)(X;Y) = / hom (Xo, M®Yy)XQ(M-X*,Y*).

B.1 Initial algebras, final coalgebras

Definition B.10 (Algebras and coalgebras). Let C be a cate-
gory and let F: C — C be an endofunctor. An algebra (X, a)
is an object X € C, together with a morphisma: FX — X. A
coalgebra (Y, f) isan object Y € C, together with a morphism
p:Y — FY.

An algebra morphism f: (X, ) — (X’,a’) is a morphism
f: X — X’ such that the diagram on the left commutes.
A coalgebra morphism g: (Y, ) — (Y’,p’) is a morphism
f:Y — Y’ such that the diagram on the right commutes.

Fx Ly pxr y 25y
T )
x L s x Fy 5 py’

Algebras for an endofunctor form a category with algebra
morphisms between them. The initial algebra is the initial
object in this category. Coalgebras for an endofunctor form
a category with coalgebra morphisms between them. The
final coalgebra is the terminal object in this category.

Definition B.11 (Fixpoints of an endofunctor). Let C be a
category and let F: C — C be an endofunctor. A fixpoint
is an algebra (X, a) such that a: FX — X is an isomor-
phism. Equivalently, a fixpoint is a coalgebra (Y, f) such
that f: Y — FY is an isomorphism.

Fixpoints form a category with algebra morphisms (or,
equivalently, coalgebra morphisms) between them.

Theorem B.12 (Lambek, [50]). The final coalgebra of a func-
tor is a fixpoint. As a consequence, when it exists, it is the final

fixpoint.

Theorem B.13 (Adamek, [4]). Let D be a category with a
final object 1 and w-shaped limits. Let F: D — D be an endo-
functor. We write L = lim,, F"1 for the limit of the following
w-chain, which is called the terminal sequence.

1 r1 & prn E ppm &8
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Assume that F preserves this limit, meaning that the canonical
morphism FL — L is an isomorphism. Then, L is the final
F-coalgebra.

B.2 Size concerns, limits and colimits

Remark B.14. We call Set to the category of sets and func-
tions below a certain Grothendieck universe. We do take
colimits (and coends) over this category without creating
size issues: we can be sure of their existence in our metathe-
oretic category of sets.

Proposition B.15. Terminal coalgebras exist in Set. More
generally, the category of sets below a certain regular uncount-
able cardinal is algebraically complete and cocomplete; mean-
ing that every Set-endofunctor has a terminal coalgebra and
an initial algebra. See [5, Theorem 13].

Theorem B.16 (Coproducts commute with connected lim-
its). Let I be a set, understood as a discrete category, and let A
be a connected category with F: I X A — Set a functor. The
canonical morphism

Z ng}F(z, a) — }zlsr%z F(i,a)
iel iel

is an isomorphism.

In particular, let F,, : I — Set be a family of functors indexed
by the natural numbers with a family of natural transforma-
tions a,, : Fy1 — F,. The canonical morphism

lim F,, (i li F(i
2 Fa) = g ) Fa)
iel iel
is an isomorphism.

Proof. Note that there are no morphisms between any two
indices i, j € I. Once some i € [ is chosen in any factor of
the connected limit, it forces any other factor to also choose
i € I. This makes the local choice of i € I be equivalent to
the global choice of i € I. O

C The List" opmonoidal comonad and
Fox’s theorem

Proposition C.1. Cartesian monoidal categories are produc-
tive.

Proof. Let (| € Stage;(X,Y). For some given represen-
tative a: Xo — M ® Yj, we define the two projections
ay = a;dy: Xo — Yy and apy = a; by. The second projection
ap depends on the specific representative & we have chosen;
however, the first projection ay is defined independently of
the specific representative «, as a consequence of natural-
ity of the discarding map (see Fox’s theorem for cartesian
monoidal categories Theorem C.5). We define o = dx,; ay.
Then, we can factor any representative as @ = ap; ay (see
Figure 19). Now, assume that we have two representatives
(a;| = (a;| for which (@;; u| = {(a;;0|. By naturality of the
discarding map, a;;4 = @;; §, and we call this map ay. Again

X X X
4~
[« [« ] w_|
- TS -
MY M Y M Y

Figure 19. Productivity for cartesian categories.

by naturality of the discarding map, a;;u;4 = «;;0;4, and
discarding the output in Y, we get that ay;; u; § = auj; 034,
which implies (a5 u| = {am,j;0l. ul

Definition C.2 (Opmonoidal comonad). In a monoidal cat-
egory (C,®,1), a comonad (R, ¢, §) is an opmonoidal como-
nad when the endofunctor R: C — C is oplax monoidal
with laxators /xy: R(X ® Y) — RX ® RY and /': RI — I,
and both the counit ex : RX — X and the comultiplication
8x : RX — RRX are monoidal natural transformations.

Explicitly, &1 = Y0, exey = ¥x.v; (ex ® €v), 013 Yo; Yo = Yo
and dxey; ¥x,v; YrRx.RY = Ux.y; (Ox ® Oy).

Alternatively, an opmonoidal comonad is a comonoid in
the bicategory MonOplax of oplax monoidal functors with
composition and monoidal natural transformations between
them.

Definition C.3. Let (C,®,I) be a symetric monoidal cate-
gory. There is a functor List*: C — C defined on objects

by
n
List* (X)n = (X) X;.
i=0

This functor is monoidal, with oplaxators /3 : List*(I) — I
and ¢Yxy: List"(X ® Y) — List™(X) ® List*(Y) given by
symmetries, associators and unitors.

Theorem C.4 (From Theorem 6.1). The opmonoidal functor
List* has an opmonoidal comonad structure if and only if its
base monoidal category (C, ®,1) is cartesian monoidal.

Proof. When C is cartesian, we can construct the comonad
structure using projections []., X; — X, and copying to-
gether with braidings [17., X; — [T/ [1i_, X«. These are
monoidal natural transformations making List™ a monoidal
comonad.
Suppose (L, ¢ 8) is an opmonoidal comonad structure.

This means it has families of natural transformations

n n i n

On: ®X,- - ® ®Xk and ¢,: ®X,- - X,

i=0 i=0 k=0 i=0
We will use these to construct a uniform counital comagma
structure on every object of the category. By a refined version
of Fox’s theorem (Theorem C.7), this will imply that C is
cartesian monoidal.



Let X € C be any object. Choosing n = 2, Xy = X and
X1 = I; and using coherence maps, we get §3: X - X ® X
and ¢5: X — I. These are coassociative, counital, natural
and uniform because the corresponding transformations ¢
and ¢ are themselves coassociative, counital, natural and
monoidal. This induces a uniform comagma structure in
every object (X, do, £2); with this structure, every morphism
of the category is a comagma homomorphism because 2
and &9 are natural. O

Theorem C.5 (Fox’s theorem [29]). A symmetric monoi-
dal category (C, ®,1) is cartesian monoidal if and only if ev-
ery object X € C has a cocommutative comonoid structure
(X, ex, Ox), every morphism of the category f: X — Y isa
comonoid homomorphism, and this structure is uniform across
the monoidal category: meaning that exgy = ex ®¢y, that ey =
id, that 61 = id and that dxgy = (dx ® dy); (id ® oxy ® id).

Remark C.6. Most sources ask the comonoid structure in
Fox’s theorem (Theorem C.5) to be cocommutative [28, 29].
However, cocommutativity and coassociativity of the como-
noid structure are implied by the fact that the structure is
uniform and natural. We present an original refined version
of Fox’s theorem.

Theorem C.7 (Refined Fox’s theorem). A symmetric monoi-
dal category (C, ®,1) is cartesian monoidal if and only if every
object X € C has a counital comagma structure (X, ex, x), or
(X, dx, ), every morphism of the category f: X — Y isa
comagma homomorphism, and this structure is uniform across
the monoidal category: meaning that exgy = ex ® ey, e = id,
O; = id and 5xgy = (0x ® dy); (id ® oxy ® id).

Proof. We prove that such a comagma structure is necessarily
coassociative and cocommutative. Note that any comagma
homomorphism f: A — B must satisfy d4; (f ® f) = f; .
In particular, §x: X — X ® X must itself be a comagma
homomorphism (see Figure 20), meaning that

Ox; (0x ® 8x) = Ox; Oxex = Ox; (Ox ® 0x); (Id ® ox,y ®id),
(3)

where the second equality follows by uniformity.

Figure 20. Comultiplication is a comagma homomorphism.

Now, we prove cocommutativity (Figure 21): composing
both sides of Equation (3) with (ex ® id ® id ® ex) discards
the two external outputs and gives dx = dx; ox.
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ST AN 48 [

Figure 22. Coassociativity

T AN AN R

Figure 21. Cocommutativity

Now, we prove coassociativity (Figure 22): composing both
sides of Equation (3) with (id ® ex ® id ® id) discards one of
the middle outputs and gives dx; (id ® dx) = dx; (dx ® id).

A coassociative and cocommutative comagma is a cocom-
mutative comonoid. We can then apply the classical form of
Fox’s theorem (Theorem C.5). O

Distributive laws. One could hope to add effects such as
probability or non-determinism to set-based streams via the
bikleisli category arising from a monad-comonad distributive
law List* o T = T o List* [7, 64], as proposed by Uustalu
and Vene [75]. This would correspond to a lifting of the
List* comonad to the kleisli category of some commutative
monad T; the arrows X — Y of such a category would look
as follows,

far Xa X x Xy > TY,.

However, we have already shown that this will not result
in a monoidal comonad whenever kI(T) is not cartesian. To
see explicitly what fails, we use the string diagrams to show
how composition should work for the case n = 2 (Figure 23).
This composition is not associative or unital whenever the
kleisli category does not have natural comultiplications or
counits, respectively (Figures 24 and 25).

Xo X1

Y

Figure 23. Composition in the case n = 2.

D Productive categories

Definition D.1 (Truncating coherently). Let f¥: X, ®M,_; —
Y, ® M,, be a family of families of morphisms of increasing
length, indexed by k € N and n < k. We say that this family
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Xo Xo X1
Figure 24. Failure of unitality if discarding is not natural, as
it happens, for instance, with partial functions.

Xo Xy Xo Xi

Figure 25. Failure of associativity if copying is not natural,
as it happens, for instance, with stochastic functions.

AR
min{p, q}.

truncates coherently if (fop| .. If:] for each

p,q € Nandeachn <

Lemma D.2 (Factoring a family of processes). In a produc-
tive category, let ((fokl .. |fkk|)k5N be a sequence of sequences
that truncates coherently. Then, there exists a sequence h; with
S,k_lf,-k = hisl{C such that, for each k € N and eachn < k,
(fok| . AfK| = (ko ... |hal. Moreover, this family h; is such
that (hy ... hushul = (hy . .. hysio| implies (shu| = (so].

Proof. We construct the family by induction. In the case
n = 0, we use that the family truncates coherently to have
that ( fO‘{7 | =« foql and thus, by productivity, create an hy with
fok = hosg such that (hosgul = (hosgvl implies <s‘gu| = (sgvl.

In the general case, assume we already have constructed
ho,...,hn1 w1thsl lfk his; k such that, for each k € N and
(. If,," 1] = {hol Iy 1| Moreover, (ho ... 17| =
(hg...hy 1sn 10| implies (s _ul= (s 10l

In thls case, we use the fact that composition “along a
bar” is dinatural: (fO |f,‘,b| = (foql ... |fi] implies that
PP = This can be then rewritten as

Cho ... hn- 1$n 1fn | =<ho... hn- 1Sn 1fq
which in turn implies (sn_lf,‘,bl = (sn_lf,,ql. By productivity,
there exists h, with sﬁ_lfnk = hy,sk such that (fokl CAfk =
Chol ... 1hal.

Finally, assume that <h0 hn-1hnshu| = (ho n 1hnsiol.
Thus, we have (hg ... h,— 1sn 1fpu| (hg ... by 1sn 1fqz;|
and <sn_1fn u| = (sn_lfn 0|. This can be rewritten as (h,shu| =
(hpslv|, which in turn implies (s7u| = (sJ0|. We have shown
that the h, that we constructed satisfies the desired prop-
erty. [m}

Lemma D.3. In a productive category, the set of observational
sequencesis isomorphic to the limit of the terminal sequence
of the endofunctor (hom © e) via the canonical map between
them.

Proof. We start by noting that observational equivalence of
sequences is, by definition, the same thing as being equal
under the canonical map to the limit of the terminal sequence

Mo,..sMy 1
lim/ l—[ hom (X; ® M;_1, Y; ® M;).
" i=0
We will show that this canonical map is surjective. That
means that the domain quotiented by equality under the
map is isomorphic to the codomain, q.e.d.

Indeed, given any family f¥ that truncates coherently,
we can apply Lemma D.2 to find a sequence h; such that
(fokl ... |fnk| = (hg|...|hs|. This means that it is the image
of the stateful sequence h;. O

Lemma D.4 (Factoring two processes). In a productive cate-
gory, let (fo| = (go|. Then there exists hy with fy = hysy and
go = hoto such that

(ol - 1fal = {gol - - - Ignl

implies the existence of a family h; together with s; and t; such
that s;_1 f; = h;s; and t;_1g; = h;t;; and moreover, such that

(ho...hns,,u| = <h0

Proof. By productivity, we can find such a factorization fy =
hoso and go = hoto.

Assume now that we have a family of morphisms such
that (fo|...|ful = (9ol --|gn|- We proceed by induction on
n, the size of the family. The case n = 0 follows from the
definition of productive category.

In the general case, we will construct the relevant h,,. The
assumption (fy|...[fu] = (9ol ...|gn| implies, in particular,
that (fol...|fr-1] = (gol-..|gn-1]- Thus, by induction hy-
pothesis, there exist hy, ..., h,—1 together with s;_; f; = h;s;
and t;_1g; = h;t;, such that

(ho e hnsn,1u| = <h0 e
We know that (fy ... ful = (g0 ..
Cho - hn-1sn-1fnl = Cho ... hn-

which, by induction hypothesis, implies (s,-1f,| = (t1-19nl-
By productivity, there exists h, with s,-1f;, = hps, and
tn-19n = hnt, such that (h,s,u| = (h,tyo| implies (s,u| =
(tyo|.

hnpt,o| implies (syu| = (t,0|.

hpt,—q0| implies (s,—ju| = (tp-190|.
.gn| and thus,

ltnflgnl s



Finally, assume that (hg . . . hp—1hpspu| = (ho . . . Ap—1hntyo].

Thus, we have (hg...hy_1sp-1fpul = (ho ... An—1tn-19n0|
and (s,—1 fyu| = (t4—19gn0|. This can be rewritten as (hy,s,u| =
(hntyo|, which in turn implies (s,u| = (t,v|. We have shown
that the h, that we constructed satisfies the desired prop-
erty. m}

Lemma D.5 (Removing the first step). In a productive cate-
gory, let (fo| = {(go|. Then there exists h with fy = hs and go =
ht such that (fo| ... |fal = (9ol ... |gn| implies (sfil...|ful =
(tgul .. .19nl-

Proof. By Lemma D.4, we obtain a factorization f; = hs and
go = ht. Moreover, each time that we have (fy|...|fs| =
(9ol - - - |gn|, we can obtain a family h; together with s; and
t; such that s;_1 fi = h;s; and t;_1 f; = h;t;. Using the fact that
(hnsn| = (hntn|, we have that (hy| ... |hnsul = (b1l ... [hntal,
which can be rewritten using dinaturality as (sofi|...|f.| =
(togal- - - 1gnl. o

Lemma D.6. In a productive category, the final coalgebra of
the endofunctor (hom © ) does exist and it is given by the
limit of the terminal sequence

n

Mo,...My,
L= lim/ n hom(X; @ M;_1,Y; ® M;).
n
i=0

Proof. We will apply Theorem 1.5. The endofunctor (hom © e)
acts on the category [([N, C])°? x [N, C], Set], which, being
a presheaf category, has all small limits. We will show that
there is an isomorphism hom © L = L given by the canonical
morphism between them.

First, note that the set L(X;Y) is, explicitly,

My,.aMy 1
lim/ 1_[ hom (X; ® Mi—1,Y; ® M;).
" i=1

A generic element from this set is a sequence of sequences
of increasing length. Moreover, the sequences must truncate
coherently (Definition D.1).

Secondly, note that the set (hom © L)(X;Y) is, explicitly,

Mo
/ hom (X, Yo ® My)x

My,...M, 1
lim/ ]_[ hom (X; ® Mj_1,Y; ® M;).
n
i=1

A generic element from this set is of the form

FICEEL A Drenl,

that is, a pair consisting on a first morphism f: Xp — Yp ®
My and a family of sequences ((flkl ... |fkk|), quotiented by
dinaturality of My and truncating coherently. The canonical
map to L(X; Y) maps this generic element to the family of
sequences ((fy| flk [...] fkkl)kEN, which truncates coherently
because the previous family did and we are precomposing
with fy, which is dinatural.
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Thirdly, this map is injective. Imagine a pair of elements

ol (AL 1 Dien] and {gol({gk| .- - 19F Dien| that have
the same image, meaning that, for each k € N,

L IFE = (golgh] - . 1gF ]

By Lemma D.5, we can find h with fj = hs and go = ht such
that, for each k € N, (sflkl ... |fkk| = (tg’l‘l .. |g£|. Thus,

ol CEEL A FE Dren] = RICSFEL A fF Dken] =
(hI((tgtl ... 1gfDken] = (gol ((tgh]. .. 1gFDrenl -

Finally, this map is also surjective. From Lemma D.2, it
follows that any family that truncates coherently can be
equivalently written as (ho| ... |hy|,en, Which is the image
of the element (ho| (h1]...|hnlpen]- O

Theorem D.7 (From Theorem 4.11). In a productive cate-
gory, the final coalgebra of the endofunctor (hom © e) exists
and it is given by the set of stateful sequences quotiented by
observational equivalence.

Me[N,C]
/ H hom (X; ® M;_1,Y; ® M;) / ~

i=0

Proof. By Lemma D.6, we know that the final coalgebra ex-
ists and is given by the limit of the terminal sequence. By
Lemma D.3, we know that it is isomorphic to the set of state-
ful sequences quotiented by observational equivalence. O

E Monoidal streams

Lemma E.1. Sequential composition of streams with memo-
ries (Definition 5.3) is associative. Given three streams
e f e Stream(A-XY),
e g € Stream(B-Y,Z),
e and h € Stream(B - Z,W);
we can compose them in two different ways,
e (f4;9P); h€ € Stream((A® B) ® C - X, W), or
o 4:(gB; hC) € Stream(A® (B® C) - X, W).
We claim that

((F4 651 h°) = aapce - (fF4 (6% ).

Proof. First, we note that both sides of the equation represent
streams with different memories.

o M((f*9%); h°) = (M(f) ® M(g)) ® M(h),

o M(f4; (g% h%)) = M(f) ® (M(g) ® M(h)).
We will prove they are related by dinaturality over the associ-
ator a. We know that now((f4; g%); h€) = now(f4; (¢%; h°))
by string diagrams (see Figure 26). Then, by coinduction, we
know that

(later(£)M); later(g)(9)); later ()M ™) =
a - (later(F)MD); (later(9)M9; later(R)MMY),
that is, later((f*; 4°); i) = a - later (f4; (¢°; K)). =
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A B C X

A B C X

My Mg My, W My My M, W

Figure 26. Associativity for sequential composition

LemmaE.2. Sequential composition of streams (Definition 5.3)

is associative. Given three streams
e f e Stream(X,Y),
e g € Stream(Y, Z),
e and h € Stream(Z,W);

we claim that ((f;59); h) = (f; (g; h))-

Proof. Direct consequence of Lemma E.1, after considering
the appropriate coherence morphisms. O

Lemma E.3. Parallel composition of streams with memories
is functorial with regards to sequential composition of streams
with memories. Given four streams

o f e Stream(A-XY),

o " e Stream(A’"- X", Y’),

e g € Stream(B-Y,Z), and

e g’ € Stream(B’ - Y',Z),
we can compose them in two different ways,

« o) (P eg®) ™ and

o (fA57) A o (f4 5 g% e,
having slightly different types, respectively,

o Stream((A®A)®(B®B')-X®X',Z®Z'), and

e Stream((A®B)® (A’ ®B') - X® X', Z®Z').
We claim that

(fAe ) g eg™)
owp (A7) @ (f g7 AeR,

(A®A) (BoB) _

Proof. First, we note that both sides of the equation (which,
from now on, we call LHS and RHS, respectively) represent
strams with different memories.

o M(LHS) = (M(f) ® M(f")) ® (M(g) ® M(g)),

* M(RHS) = (M(f) ® M(g)) ® (M(f") ® M(g")).
We will prove they are related by dinaturality over the sym-
metry 0. We know that now(LHS); o = now(RHS) by string

A A B B X X A A B B X X

now(f) Jnow(f")|

= | [rown)] | fpowir)]

now(g)

now(gﬂ

now(g) [now (¢")|

~

Mg Mj’, M, Mé z 7'

Mg Mf/, My M; z 7

Figure 27. Functoriality of parallel composition.

diagrams (see Figure 27). Then, by coinduction, we know
that later(LHS) = o - later(RHS). O

Lemma E.4. Parallel composition of streams is functorial
with respect to sequential composition of streams. Given four
streams

e f e Stream(X,Y),

o f’ e Stream(X",Y’),

e g € Stream(Y, Z), and

e g’ € Stream(Y, Z);

we claim that (f ® f'); (g®9") = (f;9) ® (f';9").

Proof. Direct consequence of Lemma E.3, after considering
the appropriate coherence morphisms. m]

Theorem E.5 (see [65]). Monoidal streams over a symme-
tric monoidal category (C, ®,1) form a symmetric monoidal
category Stream.

Proof. Sequential composition of streams (Definition 5.3) is
associative (Lemma E.2) and unital with respect to identities.
Parallel composition is bifunctorial with respect to sequen-
tial composition (Lemma E.4); this determines a bifunctor,
which is the tensor of the monoidal category. The coherence
morphisms and the symmetry can be included from sets, so
they still satisfy the pentagon and triangle equations. O

Lemma E.6. The structure (Stream, fbk) with memories sat-
isfies the tightening axiom (A1). Given three streams

e y € Stream(A - X, X),
o feStream(B®T-9S®X,S®Y), and
e v € Stream(C-VY,Y’);

we claim that

ﬂ)ks(uA;fB;vc) = o - u?; IbkS (FB%T); €.
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My Mf So My Y’ M, Mf So My Y’

Figure 28. The tightening axiom (A1).

Proof. First, we note that both sides of the equation (which,
from now on, we call LHS and RHS, respectively) represent
streams with different memories.

o M(LHS)=A®B®C®T,

e M(RHS)=A®B®T®C.
We will prove that they are related by dinaturality over the
symmetry . We know that now(LHS); o = now(RHS) by
string diagrams (see Figure 28). Then, by coinduction, we
know that later(LHS) = o - later(RHS). ul

Lemma E.7. The structure (Stream, fbk) satisfies the tight-
ening axiom (A1). Given streams

e y € Stream(X’, X),

o feStream(dS® X, S®Y), and

e v € Stream(Y,Y’);
we claim that fbkS (u; f;0) = u; TbkS (f); 0.

Proof. Consequence of Lemma E.6, after applying the neces-
sary coherence morphisms. O

Lemma E.8. The structure (Stream, fbk) with memories sat-
isfies the vanishing axiom (A2). Given a stream

o feStream(A-9S®X,S®Y),
we claim that fbk!(f4) = p - f.

Proof. First, we note that both sides of the equation rep-
resent streams with different memories, M(fka(fA)) =
M(f) ® I. We will prove that they are related by dinatural-
ity over the right unitor p. We know that now(fbk!(f4)) =
now(f) by definition. Then, by coinduction, we konw that
later(fbk! (£4)) = p - later(f). ul

Lemma E.9. The structure (Stream, fbk) satisfies the van-
ishing axiom (A2). Given a stream f € Stream(dS®X,S®Y),
we claim that fbk!(f) = f.
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B P X

[ now(p) [nowig)] = [ now(p) [nowig)]

< "

My Mg So Y Y My My So Y Y

A B P X X A X’

BN

Figure 29. The strength axiom (A4).

Proof. Consequence of Lemma E.8, after applying the neces-
sary coherence morphisms. O

Lemma E.10. The structure (Stream, fbk) with memories
satisfies the joining axiom (A3). Given a stream

o feStream((A®P®Q)-dS®X,S®Y),
we claim that

fokSeT (fA®PE) = g - fhkT (o -tk (o - fAPQEPY),

Proof. First, we note that both sides of the equation (which,
from now on, we call LHS and RHS, respectively) represent
strams with different memories.

o M(LHS) = M(f) ® (S0 ® Ty),

e M(RHS) = (M(f) ® So) ® T.
We will prove that they are related by dinaturality over the
associator . We know that now(LHS); a = now(RHS) by
definition. Then, by coinduction, we know that later(LHS) =
a - later(RHS). ul

Lemma E.11. The structure (Stream, fbk) satisfies the join-
ing axiom (A3). Given a stream

o feStream(dS® X, S®Y),
we claim that fbkS€T (f) = fbkT (fbkS(£)).

Proof. Consequence of Lemma E.10, after applying the nec-
essary coherence morphisms. O

Lemma E.12. The structure (Stream, fbk) with memories
satisfies the strength axiom (A4). Given two streams
o feStream((A®P)-9S®X,S®Y), and
e g € Stream(B- X, Y’),
we claim that
a - kS (fA ® ¢gB) = kS (FAF) 48P g 4B,

Proof. First, we note that both sides of the equation (which,
from now on, we call LHS and RHS, respectively) represent
streams with different memories.

o M(LHS) = (M(f) ® S0) @ M(g).

o M(RHS) = M(f) ® (So ® M(g)).
We will prove that they are related by dinaturality over the
symmetry a. We know that now(LHS) = now(RHS); a by
string diagrams (see Figure 29). Then, by coinduction, we
know that « - later(LHS) = later(RHS). O
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A B QO X A B QO Xx
k
now(f) | =
now(r)
Mg My So Y Mg My So Y

Figure 30. The sliding axiom (A5).

Lemma E.13. The structure (Stream, fbk) with memories
satisfies the strength axiom (A4). Given two streams

o feStream(S®X,S®Y), and
e g € Stream(X",Y’),
we claim that
a-hkS(feg) = k5 (f) ®g.

Proof. Consequence of Lemma E.12, after applying the nec-
essary coherence morphisms. O

Lemma E.14. The structure (Stream, fbk) with memories

satisfies the sliding axiom (A5). Given two streams

o feStream(A-dS®X,T®Y), and
e r € Stream(C-T,S)

we claim that, for eachk: B Q - C®P,
k- (kS (fA%F; (r€ @ id)) = bk (k - (or @ id); f4°).
Proof. First, we note that both sides of the equation (which,

from now on, we call LHS and RHS, respectively) represent
streams with different memories.

o M(LHS) = M(f) ® M(r) ® So,

o M(RHS) = M(r) ® M(f) ® T.
We will prove that they are related by dinaturality over the
symmetry and the first action of r, that is, o; (now(r) ® id).
We know that now(LHS) = now(RHS); (o; (id ® now(r)))
by string diagrams (see Figure 30). Using coinduction,

(o3 now(r)) - later(LHS)
=(o; now(r)) - fbkS (later ()M (later(r)M") @ id))
=fbk" (o3 now(r)) - (9 later(r)M") @ id); later(f)M)®%0)
=fbk" (¢ - (later(or)") ® id); later(f)M)®50)
=later(RHS),
we show that (o; now(r)) - later(LHS) = later(RHS). ul

Lemma E.15. The structure (Stream, fbk) satisfies the slid-
ing axiom (A5). Given two streams

GEN
feG(Ay,....,Ap;B) Tibxi AL . Ty kx, Ay
Shuf(y,...,L;T) F f(x1,...,x,) : B
PAIR
Ty Fx;: Ay T, +xp:Ap Var
Shuf (T, A) F [x1,...,%n] tA1 ® - ® A, x:Arx:A
SPLIT
Arm:AI Q@ --QA, T,x1 i Ay, xn i Apkz: C
Shuf(Ty,...,I;,) FSeLitm — [x1,...,x,] INz2: C

Figure 31. Type theory of symm. monoidal categories [70].

o feStream(d0S® X, T®Y), and
e r € Stream(T,S)

we claim that, fbkS(f; (r ® id)) = fbkT ((or ® id); f).

Proof. Consequence of Lemma E.14, after applying the nec-
essary coherence morphisms. O

Theorem E.16 (From Theorem 5.10). Monoidal streams over
a symmetric monoidal category (C, ®,1) form a o-feedback
monoidal category (Stream, fbk).

Proof. We have proven that it satisfies all the feedback ax-
ioms:

the tightening axiom by Lemma E.7,

the vanishing axiom by Lemma E.9,

the joining axiom by Lemma E.11,

the strength axiom by Lemma E.13,

and the sliding axiom by Lemma E.15.

Thus, it is a feedback structure o

F Type theory

As our base type theory, we consider the that of symmetric
monoidal categories over some generators forming a multi-
graph G, as described by Shulman [70]. Our only change
will be to consider an unbiased presentation, meaning that we
consider n-ary tensor products instead of only binary and
0-ary (the monoidal unit). This reduces the number of rules:
the binary case and the 0-ary case of the usual presentation
are taken care of by a single n-ary case.

Definition F.1 (Shuffling contexts [70]). A shuffle of contexts
Shuf(Ty,...,T;) is the result of a permutation of | |7 T,
that leaves invariant the internal order of each I;. Shuffles
allow us to derive morphisms that make use of the symmetry
without introducing redundancy in our type theory.

Substitution is admissible in the type theory for symmetric
monoidal categories [70]. It can be inductively defined: we
write P[m/x] for the substitution of the variable x by a term
m inside the term p. Using substitution, we can state a pair
of f/n-reduction equalities for the terms of our type theory.



® SPLIT [Ey, ..., Ep] = [x1,..., xp] INZ = 2[Ey /xy, .. ]
o SPLIT [E1,...,Ep] = [x1,..., %0 INN[[x1,...,%n]/u]
= N[[E1,...,En]/u]

F.1 Type theory for a strong monoidal endofunctor

Definition F.2 (Signature). Let T be a set of basic types. We
write

T; = {a”ltla"itz...a"ktk | ni,...,ng € N,ti € T}

for the free monoid-with-an-endomorphism o : T} — T}
over T. The signature for a type theory of monoidal cat-
egories with a monoidal endofunctor is given by a pair of
functions s, t: O =3 TJ, assigning source and target to every
generator from a set O.

Example F.3. We will usually include two families of genera-
tors in our theory. For each type ¢y € T that can be copied,
we have a copy € O generator with s(copy) =ty € T and
t(copy) =ty - tg € T}.

Definition F.4. The type theory of symmetric monoidal
categories with a symmetric monoidal endofunctor over a
signature O =3 T} is the type theory of symmetric monoidal
categories extended with an operator 9 on types such that

] =[] and 9(T,x:A) = dl,x:04A,
and the following DELAY introduction rule.
DELAY
Trx:A

dl' F DELAY(X) : 0A

The delay operator is a monoid homomorphism on types,
satisfying oI = I and 9(A ® B) = dA ® 9B. The DELay in-
troduction rule satisfies the following conversion equalities,
that state that it acts as a functor preserving the monoidal
structure.

e DELAY(x) = x for x a variable,

e [Drrav(ey),...,DELAY(e,)] = DELAY([€, . .

e SpLIT DELAY(mM) — [eq,...,e,] IN DELAY(Z)

-enl),

= DELAY(SPLIT m — [e1,...,e,] IN 2),

We choose not to explicitly state the delay rule when writing
terms of the type theory (as we do in Section 8.2), as it does
not cause ambiguity with the typing. However, we do write

it when typechecking.

F.2 Type Theory for Delayed Feedback
We finally augment the type theory of symmetric monoi-
dal categories with a monoidal endofunctor by adding the
following derivation rule.
FBx
[,s:3SkFx(s):S®A
I'FFBKs. x(s): A

Following the axioms of categories with delayed feedback
and their normalization theorem, we introduce rules that fol-
low from the feedback axioms. Note that these rules simplify
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multiple applications of feedback into a single application at
the head of the term.

1. g(FBk s IN x(s)) =
FBK s IN LET [t,b] < x(s) IN [£,g(D)]

2. [FBr s IN x(s),FBk t INy(¢)] = FBK m IN
SpLIT m — [s,t] IN
SpLIT x(s) — [u,0] IN
SeuiT y(¢) — [v/,0'] IN
[[w.u], [0,0']]

3. SPLIT m — [x1,...,X,] INFBKsINz =
FBK s IN SPLIT m — [x1,...,%,] INZ

4. Seurt (FBK u IN z(u)) — [x1,...,x,] INm =
FBK u IN SPLIT z(u) — [v,n] IN
SPLIT n — [x1,...,%,] IN [0, m]

5.x = FBKiINSPLIT i — [] IN [t,x]

6. FBK x IN FBK y IN m(x,y) =
FBK n IN SPLIT n — [x,y] IN m(x, y)

Finally, we introduce an equality representing the sliding
axiom (Figure 7). Having all of these rules together means
that we can always rewrite a term in the type theory with
feedback as a term of the type theory of symmetric monoidal
categories up to sliding. These are precisely the morphisms
of the St(e)-construction, the free category with feedback.

1. FBK s IN f(DELAY(h(s)), x) =
FBK t IN SPLIT f(x,t) — [y,s] IN [y, h(s)]

F.3 Categories with copy and syntax sugar

Definition F.5. A category with copying is a symmetric
monoidal category (C, ®,I) in which every object A € C has
a (non-necessarily natural) coassociative and cocommutative
comultiplication §4 = (#)4: A = A® A, called the “copy”.

Every cartesian category and every kleisli category of a
Set-based commutative monad is a category with copying.
In our type theory, this is translated into a Copy generator
acting as follows.

Cory
Trx:A

'+ Cory(x) :A®A
Definition F.6. A category with 9-merging is a symmetric
monoidal category (C, ®,I) with a symmetric monoidal end-

ofunctor 9: C — C in which every object A € C has an
associated morphism ¢4: A ® 0A — A.

In our type theory, this is translated by a FBY generator
acting as follows.
FeY
F'rx:A Ary:d(A)
Shuf(T,A) FxFByy: A

We allow three pieces of syntax sugar in our language,
suited only for the case of categories with copying. These
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make the language more Lucip-like without changing its
formal description.
1. We allow multiple occurences of a variable, implicily
copying it.
2. We apply DELAY rules where needed for type-checking,
without explicitly writing the rule.
3. Recursive definitions are syntax for the FBK rule and
the Copy rule. That is,

M =x(M) means M =FBx mIN Copry(x(m)).
4. We use WAIT to declare an implicit feedback loop.

WAIT(x) means FBK yIN [x,y].

G Implementation

We use the Haskell [39] programming language for com-
putations. We use Arrows [40] to represent monoidal cate-
gories with an identity-on-objects monoidal functor from
our base category of Haskell types and functions. Notations
for arrows [61] have been explained in terms of Freyd cate-
gories [63]. In particular, the 1oop notation is closely related
to feedback, as it is usually employed to capture traces.

Our definition of monoidal streams follows Definition 5.1.

type Stream ¢ = StreamWithMemory c

data StreamWithMemory c n x y where
StreamWithMemory :: (Arrow c) =>
c(n, x)m,y)
-> StreamWithMemory ¢ m x y
-> StreamWithMemory c n x y
Their sequential and parallel composition (comp and tensor)
follow from Definitions 5.3 and 5.5. In Appendix G.2 we de-
scribe both first on the now part; and then trivially extended
by coinduction.

now(f;ng) = (o®ida);(id@now(f));(e®idp); (id@now(g)).

now(f®ng) = (id®o®id); (now(f)®now(g)); (id®o®id).

Example G.1 (Fibonacci example). The code for fibonacci
in Appendix G.2 follows the definition in Section 6.3. We can
execute it to obtain the first 10 numbers from the Fibonacci
sequence.

> take 10 <$> run fibonacci
Identity [0,1,1,2,3,5,8,13,21,34]

Example G.2 (Random walk example). The code for walk
in Appendix G.2 follows the definition in Example 7.4. We
can execute it multiple times to obtain different random
walks starting from 0.

> take 10 <$> run walk

[0,1,0,-1,-2,-1,-2,-3,-2,-3]

> take 10 <$> run walk

[e,1,2,1,2,1,2,3,4,5]

> take 10 <$> run walk

[e,-1,-2,-1,-2,-1,0,-1,0,-11

Example G.3 (Ehrenfest model). The code for ehrenfest

in Appendix G.2 follows the definition in Figure 12. We can

execute it to simulate the Ehrenfest model.
> take 10 <$> run ehrenfest
[(C2,3,41,01D,([2,31,01,4D),
([2,3,41,011),(02,41,01,3D),
([21,07,3,41,([2,41,01,31),
(€21,01,3,41),(L2,31,01,4D),
([31,01,2,41),(02,31,01,4D1]
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G.1 Term derivations
Example G.4 (Fibonacci).

fo:NFfi:N
+F1:Npo fo : NFWarr(fz) : oN
f:Nrf:N fi:NrFfi:N fo : NF1FBYy Warr(f2) : N
f:NrCory(f):N®N fi:N, fo: N+ fi+1Fsy Warr(fz) : N
f+ N+ Spurr Cory(f) — [fi, o] v (fi + 1 FBy Warr(f2)) : N
+0:Np f :oNF Seurt Copy(f) — [fi, fo] IN (fi + 1 FBY WarT(f2)) : oN

f :oNF 0 FBy SpriT CorY(f) — [fi, f2] IN (fi +1 FBy Wart(f2)) : N
f : oN F Copy(0 FBY SprT Copry(f) — [fi, fo] IN (fi + 1 FBY WarT(£2)) ) : N® N
+: FBK f 1N Copy(0 FBY SpLIT CoPY(f) — [fi, fo] IN (fi + 1 FBY WAIT(f2)) ) : N

Example G.5 (Random walk).

+ UNtrorM(—1,1) : N w:oNFw:oN
+0:Np w : dN + UNtForM(—1,1) + w : dN
w: oN + 0 FBY (UNtFOorRM(—1,1) + w) : N
w : dN + Cory(0 FBY (UnIFORM(-1,1) +w)) : N®@ N

+ FBK w IN Copy(0 FBY (UNtFORM(—1,1) +w)) : N

Example G.6 (Ehrenfest model).

ny: N+ up Uk n2 : N+ ug : Urnk
ny:N up : Urn n2 : N uz : Urn
ny:Nyup : Un+ ng2 : N,ug : Urn +
+ UNIFORM : N Move(nyg,ug) : Urn MovVE(na, uz) : Urn
+ Cory(UntrorM) : N ® N n1:N,ng : Nyug : Urn,ug : Urn +
[Move(ni, u1), MovE(ng,u2)] : Urn ® Urn
F(1,2,3,4) : Urng u:Un®Urmk uy : Urn,uz : Urn + Spuit Cory(UNIFORM) — [n1,n2] IN
+ () : Urng u:Un®Urn [MovEe(ny, u1), MovE(na,u2)] : Urn ® Urn
F[(1,2,3,4), 0] u:Urn® Urn + SPLIT u — [u1,u2] IN
: Urng ® Urng SpriT Copry(UNIFORM) — [n1, na] IN [MoVE(n1,u1), MOVE(na,u2)] : Urn ® Urn

u: d(Urn ® Urn) k SPLIT u — [ug,u2] IN
Serit Cory(UNIFORM) — [n1, n2] IN [MoVE(ny,u1), MOVE(ng, u2)] : 9(Urn ® Urn)
u:d(Urn®Urn) + [(1,2,3,4), ()] FBY SPLIT u — [u1,uz] IN
SpLiT CorY(UNIFORM) — [n1, n2] IN [MoVE(n1,u1), MOVE(no, u2)] : Urn ® Urn
u:d(Urn® Urn) + Cory([(1,2,3,4), )] FBY SPLIT u — [u1,u2] IN
Sprit Cory(UNIFORM) — [n1, n2| IN [MovE(n1,u1), MovE(ng,u2)]) : (Urn ® Urn) ® (Urn ® Urn)

+ FBx u 1N Copy([(1,2,3,4), ()] FBY SPLIT U — [ug,u2] IN
SpriT CorY(UNIFORM) — [n1, n2] IN [MOVE(n1,u1), MOVE(ng, u2)]) : Urn ® Urn
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G.2 Code

The following code has been compiled under GHCI, version 8.6.5. The “random” library may need to be installed.

-- | Monoidal Streams for Dataflow Programming.
-- Anonymous.

-- The following code implements the category of monoidal streams over a
-- monoidal category with an identity-on-objects functor from the
-- (pseudo)category of Haskell types.

-- During the manuscript, we have needed to perform some computations: for

-- instance, to see that according to our definitions the Fibonacci morphism we
-- describe really computes the Fibonacci sequence. Computations of this kind

-- are difficult and tedious to write and to justify, and the reader may find

-- difficult to reproduce them. Instead of explicitly writing these

-- computations, we implement them and we provide the necessary code so that the
-- reader can verify the result from the computation.

-- Morphisms in a monoidal category are written in "Arrow" notation, using (>>>)
-- for sequential composition and (***) for parallel composition. Coherence

-- morphisms need to be written explicitly, we usually write them at the side of
-- the diagram.

{-# LANGUAGE GADTs #-
{-# LANGUAGE TypeSynonymInstances #
{-# LANGUAGE FlexibleInstances #-3}

module Main where

import Prelude hiding (id)
import Data.Functor.Identity
import Data.lList

import Control.Category
import Control.Arrow

import System.Random

import System.IO.Unsafe

-- Fixpoint equation for monoidal streams. Figure 5.
type Stream c = StreamWithMemory c ()

data StreamWithMemory c n x y where
StreamWithMemory :: (Arrow c) =>
cn, x)m,y
-> StreamWithMemory ¢ m x y
-> StreamWithMemory c n x y

fibonacci :: Stream (Kleisli Identity) () Int
fibonacci = fbk $ runitS
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>>> copy >>> lunitinvS ***x id
>>> delay (k1 #%* wait) *%% id

>>> delay fby #** id

>>> plus >>> lunitinvs

>>> k@ **x%x id

>>> fby

>>> copy

walk :: Stream (Kleisli IO0) (()) (Int)
walk = fbk
$ (id *** unif)
>>> plus >>> lunitinvS
>>> kO **x id
>>> fby
>>> copy
where
unif :: Stream (Kleisli IO) () Int
unif = lift $ Kleisli (\() -> do
boolean <- randomIO
return $ if boolean then 1 else -1)

type Urn = [Int]

ehrenfest :: Stream (Kleisli I0) (()) (Urn,Urn)

ehrenfest = fbk $ runitS>>> lunitinv *** lunitinv
>>> (full *** idS) **x (empty *x* idS) >>> runitinv
>>> (fby *** fby) *x* unif

>>> idS #*** copy >>> associnv >>> idS *** assoc
>>> idS *** (sigma **x idS) >>> idS #x* associnv >>> assoc
>>> move *** move

>>> copy *** copy >>> associnv >>> idS *** assoc
>>> idS *** (sigma **x idS) >>> idS #** associnv >>> assoc
where

unif :: Stream (Kleisli IO0) () Int
unif = 1lift $ Kleisli (\() -> randomRIO (1,4))

empty :: Stream (Kleisli IO0) () Urn
empty = lift $ arr (\() -> [1)

full :: Stream (Kleisli I0) () Urn
full = lift $ arr (\O) -> [1,2,3,4D)

move :: Stream (Kleisli I0) (Urn, Int) Urn
move = lift $ arr (\(u,i) ->
if elem i u
then (delete i u)
else (insert i u))

--- take 10 <$> run fibonacci
--- take 10 <$> run walk
--- take 10 <$> run ehrenfest
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compS :: (Arrow c) =>

StreamWithMemory c m x y ->

StreamWithMemory ¢ ny z ->

StreamWithMemory ¢ (m , n) x z
compS

(StreamWithMemory fnow flater)

(StreamWithMemory gnow glater) =

StreamWithMemory (sequentialComposition fnow gnow) (compS flater glater)
where

-- Definition 5.2.

-- Sequential composition, "now".

sequentialComposition :: Arrow c
=cm, x) P,y
>c(n,y (@, 2
=> ¢ ((m,n),x) ((p,a),z)

sequentialComposition f g =

sigma #** id >>> associnv
>>> id *%x f >>> assoc
>>> sigma **x id >>> associnv
>>> id *%x g >>> assoc
comp :: (Arrow c) => Stream ¢ x y -> Stream c y z -> Stream c x z

comp f g = lact lunitinv (compS f g)

tensorS :: (Arrow c) =>

StreamWithMemory c p x y —>

StreamWithMemory c p' x' y' ->

StreamWithMemory ¢ (p , p') (x,x") (y,y")
tensorS

(StreamWithMemory fnow flater)

(StreamWithMemory gnow glater) =

StreamWithMemory (parallelCompTosition fnow gnow) (tensorS flater glater)
where

-- Definition 5.3. Parallel compTosition.
parallelCompTosition :: Arrow c

=>c (m,x) (p,z)

=>c (n,y) (q,w)

=> ¢ ((m,n),(x,y)) ((p,d),(z,w))
parallelCompTosition f g =

associnv >>> id *** assoc
>>> (id *** (sigma *** id)) >>> id *** associnv >>> assoc
>>> (f *%x%x g) >>> associnv >>> id *** assoc

>>> (id *** (sigma *** id)) >>> id **x associnv >>> assoc

tensor :: Arrow c => Stream ¢ x y -> Stream ¢ x' y' -> Stream c (x,x') (y,y")
tensor f g = lact lunitinv (tensorS f g)
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lact :: (Arrow c) => ¢ n m -> StreamWithMemory ¢ m x y -> StreamWithMemory c n x y
lact f (StreamWithMemory now later) = StreamWithMemory ((f *** id) >>> now) later

fbkS :: (Arrow c) =>
StreamWithMemory ¢ m (s,x) (s,y) ->
StreamWithMemory ¢ (m, s) x y

fbkS (StreamWithMemory now later) =
StreamWithMemory (nowFeedback now) (fbkS later)
where

-- Definition 5.7. Feedback operation.
nowFeedback :: (Arrow c) => c (m,(s,x)) (n,(t,y)) > c ((m,s),x) ((n,t),y)
nowFeedback f = associnv >>> f >>> assoc

fbk :: (Arrow c) => Stream c (s,x) (s,y) -> Stream c x y
fbk t = lact (arr (\() => ((),undefined))) (fbkS t)

idS :: (Arrow c) => Stream c x X
idS = StreamWithMemory (id) idS

1ift :: (Arrow c) => c x y => Stream ¢ x y
lift f = StreamWithMemory (id **x f) (lift f)

liftarr :: (Arrow c) => (x => y) -> Stream c x y
liftarr s = 1ift $ arr s

instance (Arrow c) => Category (Stream c) where
id = idS
(.) fg=compgf

instance (Arrow c) => Arrow (Stream c) where
arr = liftarr
(*x%) = tensor

instance (Arrow c) => ArrowLoop (Stream c) where
loop f = fbk $ sigma >>> f >>> sigma

delay :: (Arrow c) => Stream c x y -> Stream c x y
delay f = StreamWithMemory (id *** undefined) f

assoc :: Arrow c => ¢ (x,(y,2)) ((x,y),z)
assoc = arr $ \(x,(y,z)) -> ((x,y),2)
assocS :: Arrow c => Stream c (x,(y,z)) ((x,y),z)
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assocS = lift assoc

associnv :: Arrow ¢ => ¢ ((x,y),z) (x,(y,2))
associnv = arr $ \((x,y),z) => (x,(y,2))

associnvS :: Arrow ¢ => Stream c ((x,y),z) (x,(y,z))
associnvS = 1lift $ associnv

lunit :: Arrow ¢ => ¢ ((),a) a

lunit = arr $ \((),a) -> a

lunitS :: Arrow c => Stream c ((),a) a
lunitS = 1lift $ lunit

lunitinv :: Arrow ¢ => c a ((),a)
lunitinv = arr $ \a -> ((),a)
lunitinvS :: Arrow c => Stream c a ((),a)

lunitinvS = 1ift $ lunitinv

runit :: Arrow ¢ => ¢ (a,()) a

runit = arr $ \(a,()) -> a

runitS :: Arrow c => Stream c (a,()) a
runitS = lift $ runit

runitinv :: Arrow ¢ => c a (a,())
runitinv = arr $ \a -> (a,())

runitinvS :: Arrow c => Stream c a (a,())
runitinvS = lift $ runitinv

sigma :: Arrow ¢ => ¢ (x,y) (y,x)
sigma = arr $ \(x,y) -> (y,%)

sigmaS :: Arrow c => Stream c (x,y) (y,x)
sigmaS = lift $ sigma

fby :: (Monad t) => Stream (Kleisli t) (a , a) a
fby = StreamWithMemory (Kleisli $ \((),(x,y)) -> pure ((),x)) (lift (arr snd))

copy :: (Monad t) => Stream (Kleisli t) a (a,a)
copy = lift (Kleisli $ \a -> pure (a,a))

ko,k1,k2 :: (Arrow c) => Stream c () Int
ke = 1ift $ arr (\() -> @)
k1 lift $ arr (\O) => 1)
k2 = 1lift $ arr (\() -> 2)

plus :: (Arrow c) => Stream c (Int,Int) Int
plus = 1lift $ arr (\(a,b) -> a + b)

wait :: (Arrow c) => Stream c a a
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wait = fbk sigmaS

class (Monad m) => IOMonad m where unsafeRun :: ma ->m a
instance IOMonad IO where unsafeRun = unsafelnterleavelO
instance IOMonad Identity where unsafeRun = id

runUnsafeWithMemory :: (IOMonad t) => m -> StreamWithMemory (Kleisli t) m a b -> [a] -> t [b]
runUnsafeWithMemory m (StreamWithMemory (Kleisli now) later) (a:as) = do

(n, b)<- now (m, a)

1 <- unsafeRun $ runUnsafeWithMemory n later as

pure (b : 1)

runUnsafe :: (IOMonad t) => Stream (Kleisli t) a b -> [a]l -> t [b]
runUnsafe = runUnsafeWithMemory ()

run :: (IOMonad t) => Stream (Kleisli t) () a -> t [a]
run s = runUnsafe s (repeat ())

main :: I0 ()
main = return ()
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Premonoidal and Freyd categories are both generalized by non-cartesian Freyd categories: effectful
categories. We construct string diagrams for effectful categories in terms of the string diagrams for a
monoidal category with a freely added object. We show that effectful categories are pseudomonoids
in a monoidal bicategory of promonads with a suitable tensor product.

1 Introduction

Category theory has two sucessful applications that are rarely combined: monoidal string diagrams [23]
and functional programming semantics [7¢]. We use string diagrams to talk about quantum transfor-
mations [ ], relational queries [0], and even computability [31]; at the same time, proof nets and the
geometry of interaction [ 3, 5] have been widely applied in computer science [2, | £]. On the other hand,
we traditionally use monads and comonads, Kleisli categories and premonoidal categories to explain
effectful functional programming [19, 20, 28, 34, 42]. Even if we traditionally employ Freyd categories
with a cartesian base [3”], we can also consider non-cartesian Freyd categories [/0], which we call
effectful categories.

Contributions. These applications are well-known. However, some foundational results in the in-
tersection between string diagrams, premonoidal categories and effectful categories are missing in the
literature. This manuscript contributes two such results.

¢ We introduce string diagrams for effectful categories. Jeffrey [27] was the first to preformally
employ string diagrams of premonoidal categories. His technique consists in introducing an ex-
tra wire — which we call the runtime — that prevents some morphisms from interchanging. We
promote this preformal technique into a result about the construction of free premonoidal, Freyd
and effectful categories: the free premonoidal category can be constructed in terms of the free
monoidal category with an extra wire.
Our slogan, which constitutes the statement of Theorem 2.14, is

“Premonoidal categories are Monoidal categories with a Runtime.”

We prove that effectful categories are promonad pseudomonoids. Promonads are the profunctorial
counterpart of monads; they are used to encode effects in functional programming (where they are
given extra properties and called arrows [19]). We claim that, in the same way that monoidal cate-
gories are pseudomonoids in the bicategory of categories [V], premonoidal effectful categories are
pseudomonoids in a monoidal bicategory of promonads. This result justifies the role of effectful
categories as a foundational object.

1.1 Synopsis

Sections 2.1 and 2.2 contain mostly preliminary material on premonoidal, Freyd and effectful categories.
Our first original contribution is in Section 2.3; we prove that premonoidal categories are monoidal

J. Master & M. Lewis (Eds.): Fifth International © Mario Romén
Conference on Applied Category Theory (ACT 2022). This work is licensed under the
EPTCS 380, 2023, pp. 344-361, doi:10.4204/EPTCS.380.20 Creative Commons Attribution License.
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categories with runtime (Theorem 2.14). Section 3 makes explicit the well-known theory of profunctors,
promonads and identity-on-objects functors. In Section 4, we introduce the pure tensor of promonads.
We use it in Section 5 to prove our second main contribution (Theorem 5.3).

2 Premonoidal and Effectful Categories

2.1 Premonoidal categories

Premonoidal categories are monoidal categories without the interchange law, (f ®1d)§(id® g) # (Id®
8)5(f ®id). This means that we cannot tensor any two arbitrary morphisms, (f ® g), without explicitly
stating which one is to be composed first, (f ®1d) ¢ (id®g) or (id®g) s (f ®id), and the two compositions

are not equivalent (Figure 1).

Figure 1: The interchange law does not hold in a premonoidal category.

In technical terms, the tensor of a premonoidal category (®): C x C — C is not a functor, but only
what is called a sesquifunctor: independently functorial on each variable. Tensoring with any identity is
itself a functor (e ®id): C — C, but there is no functor (e®e): Cx C — C.

A good motivation for dropping the interchange law can be found when describing transformations
that affect some global state. These effectful processes should not interchange in general, because the
order in which we modify the global state is meaningful. For instance, in the Kleisli category of the writer
monad, (£* x e): Set — Set for some alphabet £ € Set, we can consider the function print: £* — X* x 1.
The order in which we “print” does matter (Figure 2).

Figure 2: Writing does not interchange.

Not surprisingly, the paradigmatic examples of premonoidal categories are the Kleisli categories of
Set-based monads 7': Set — Set (more generally, of strong monads), which fail to be monoidal unless
the monad itself is commutative [ |5, 53, 34, 16]. Intuitively, the morphisms are “effectful”, and these
effects do not always commute.

However, we may still want to allow some morphisms to interchange. For instance, apart from asking
the same associators and unitors of monoidal categories to exist, we ask them to be central: that means
that they interchange with any other morphism. This notion of centrality forces us to write the definition
of premonoidal category in two different steps: first, we introduce the minimal setting in which centrality
can be considered (binoidal categories [3-]) and then we use that setting to bootstrap the full definition
of premonoidal category with central coherence morphisms.

Definition 2.1 (Binoidal category). A binoidal category is a category C endowed with an object / € C
and an object A® B for each A € C and B € C. There are functors (A®Qe): C— C,and (e®B): C—C
that coincide on (A ® B), even if (e ® @) is not itself a functor.
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Again, this means that we can tensor with identities (whiskering), functorially; but we cannot tensor
two arbitrary morphisms: the interchange law stops being true in general. The centre, 2°(C), is the
wide subcategory of morphisms that do satisfy the interchange law with any other morphism. That is,
f: A— Bis central if, for each g: A’ — B/,

(f@idy)s(idp@g) = (ida @) 5 (f @idp), and (idy @ f)§ (¢ @idp) = (¢ @ida) 5 (idp @ f).

Definition 2.2. A premonoidal category is a binoidal category (C,®,I) together with the following
coherence isomorphisms o4 pc: A® (BRC) - (AQB)QC, pa: AQI —Aand A4: I ® A — A which
are central, natural separately at each given component, and satisfy the pentagon and triangle equations.

A premonoidal category is strict when these coherence morphisms are identities. A premonoidal
category is moreover symmetric when it is endowed with a coherence isomorphism 63 3: AQB — B®A
that is central and natural at each given component, and satisfies the symmetry condition and hexagon
equations.

Remark 2.3. The coherence theorem of monoidal categories still holds for premonoidal categories: every
premonoidal is equivalent to a strict one. We will construct the free strict premonoidal category using
string diagrams. However, the usual string diagrams for monoidal categories need to be restricted: in
premonoidal categories, we cannot consider two morphisms in parallel unless any of the two is central.

2.2 Effectful and Freyd categories

Premonoidal categories immediately present a problem: what are the strong premonoidal functors? If we
want them to compose, they should preserve centrality of the coherence morphisms (so that the central
coherence morphisms of F § G are these of F after applying G), but naively asking them to preserve all
central morphisms rules out important examples [+0]. The solution is to explicitly choose some central
morphisms that represent “pure” computations. These do not need to form the whole centre: it could be
that some morphisms considered effectful just “happen” to fall in the centre of the category, while we do
not ask our functors to preserve them. This is the well-studied notion of a non-cartesian Freyd category,
which we shorten to effectful monoidal category or effectful category.!

Effectful categories are premonoidal categories endowed with a chosen family of central morphisms.
These central morphisms are called pure morphisms, constrasting with the general, non-central, mor-
phisms that fall outside this family, which we call effectful.

Definition 2.4. An effectful category is an identity-on-objects functor V — C from a monoidal category
V (the pure morphisms, or “values”) to a premonoidal category C (the effectful morphisms, or “compu-
tations”), that strictly preserves all of the premonoidal structure and whose image is central. It is strict
when both are. A Freyd category [24] is an effectful category where the pure morphisms form a cartesian
monoidal category.

Effectful categories solve the problem of defining premonoidal functors: a functor between effectful
categories needs to preserve only the pure morphisms. We are not losing expressivity: premonoidal
categories are effectful with their centre, 2°(C) — C. From now on, we study effectful categories.

The name “Freyd category” sometimes assumes cartesianity of the pure morphisms, but it is also used for the general case.
Choosing to call “effectful categories” to the general case and reserving the name “Freyd categories” for the cartesian ones
avoids this clash of nomenclature. There exists also the more fine-grained notion of “Cartesian effect category” [1”], which
generalizes Freyd categories and may further justify calling “effectful category” to the general case.
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Definition 2.5 (Effectful functor). Let V — C and W — D be effectful categories. An effectful functor is
a quadruple (F, Fy, &, ) consisting of a functor F: C — D and a functor Fy: V — W making the square
commute, and two natural and pure isomorphisms €: J = F(I) and u: F(A® B) = F(A) ® F(B) such
that they make Fy a monoidal functor. It is strict if these are identities.

When drawing string diagrams in an effectful category, we shall use two different colours to declare
if we are depicting either a value or a computation (Figure 3).

Figure 3: “Hello world” is not “world hello”.

Here, the values “hello” and “world” satisfy the interchange law as in an ordinary monoidal category.
However, the effectful computation “print” does not need to satisfy the interchange law. String diagrams
like these can be found in the work of Alan Jeffrey [27]. Jeffrey presents a clever mechanism to graph-
ically depict the failure of interchange: all effectful morphisms need to have a control wire as an input
and output. This control wire needs to be passed around to all the computations in order, and it prevents
them from interchanging.

Prml:

Figure 4: An extra wire prevents interchange.

A common interpretation of monoidal categories is as theories of resources. We can interpret pre-
monoidal categories as monoidal categories with an extra resource — the “runtime’” — that needs to be
passed to all computations. The next section promotes Jeffrey’s observation into a theorem.

2.3 Premonoidals are monoidals with runtime

String diagrams rely on the fact that the morphisms of the monoidal category freely generated over a
polygraph of generators are string diagrams on these generators, quotiented by topological deformations
[23]. We justify string diagrams for premonoidal categories by proving that the freely generated effectful
category over a pair of polygraphs (for pure and effectful generators, respectively) can be constructed as
the freely generated monoidal category over a particular polygraph that includes an extra wire.

Definition 2.6. A polygraph & (analogue of a multigraph [3%]) is given by a set of objects, %y, and
a set of arrows ¥ (Ao, ...,An;Bo,...,By) for any two sequences of objects A, ...,A, and Bo,...,By,. A
morphism of polygraphs f: & — J is a function between their object sets, fobj: Zobj — Hopj, and a
function between their corresponding morphism sets,

SAoreAniBorsBa G (A0, -, ARsBo, ... ,Bi) = FE(fopi(Ao), - - -, fobi(An): fobj(Bo), - - - fobj (Bm))-
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A polygraph couple is a pair of polygraphs (#',%) sharing the same objects, ¥obj = %obj. A morphism
of polygraph couples (u,f): (¥,9) — (¥, ) is a pair of morphisms of polygraphs, u: ¥ — # and
f19 — A, such that they coincide on objects, fobj = Uob;-

Remark 2.7. There exists an adjunction between polygraphs and strict monoidal categories. Any mo-
noidal category C can be seen as a polygraph %c where the edges %c(Ao,...,An;Bo,...,By) are the
morphisms C(Ag® ... ®A,,By® ... ® B,), and we forget about composition and tensoring. Given a
polygraph ¢, the free strict monoidal category Mon (%) is the strict monoidal category that has as mor-
phisms the string diagrams over the generators of the polygraph.

We will construct a similar adjunction between polygraph couples and effectful categories. Let us
start by formally adding the runtime to a free monoidal category.

Definition 2.8 (Runtime monoidal category). Let (¥,%) be a polygraph couple. Its runtime monoidal
category, Mong,,(¥,%), is the monoidal category freely generated from adding an extra object — the
runtime, R — to the input and output of every effectful generator in ¢ (but not to those in %), and letting
that extra object be braided with respect to every other object of the category.

In other words, it is the monoidal category freely generated by the following polygraph, Run(¥,%),
(Figure 5), assuming Ay, ...,A, and By, ..., B, are distinct from R

'Y )opj = Govj +{R} = Yovj +{R},
9Z)(R,Ao,...,An;R,Bo,...,By) =9 (Ao,...,An;Bo,...,Bn),
9)(Ao,...,An;Bo,...,By) = ¥ (Ao, ...,An;Bo,...,By),
V,9)(R,Ao; Ao, R) = Run(¥,9) (Ao, R; R,Ap) = {o},

e Run(¥
. Run(“//
e Run(7,
e Run(

with Run(?,%) empty in any other case, and quotiented by the braiding axioms for R (Figure 6).

e R

for {eta(f....Ru:B.....Bs), and veV(f,...Ak:B.....B).

Figure 5: Generators for the runtime monoidal category.

Figure 6: Axioms for the runtime monoidal category.

5\33

Somehow, we are asking the runtime R to be in the Drinfeld centre [| |] of the monoidal category.
The extra wire that R provides is only used to prevent interchange, and so it does not really matter where
it is placed in the input and the output. We can choose to always place it on the left, for instance — and
indeed we will be able to do so — but a better solution is to just consider objects “up to some runtime
braidings”. This is formalized by the notion of braid clique.

Definition 2.9 (Braid clique). Given any list of objects Ao, ...,A, in Y5 = Yopj, We construct a clique
[1, 39] in the category Mong,,(¥,%): we consider the objects, Ag®... @ R(;) @... ®@A,, created by
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inserting the runtime R in all of the possible 0 < i < n+ 1 positions; and we consider the family of
commuting isomorphisms constructed by braiding the runtime,

GiyjiAQ®...®R(,~)®...®A,,%Ao@...@kw)@...@An.

We call this the braid clique, Braidg (Ao, .. .,A,), on that list.

Definition 2.10. A braid clique morphism, f: Braidg(Ao,...,A,) — Braidg(By,...,By) is a family of
morphisms in the runtime monoidal category, Mong,,(¥,%¥), from each of the objects of first clique to
each of the objects of the second clique,

f,kA0®®R(,)®®An—>30®®R(k)®®Bm,

that moreover commutes with all braiding isomorphisms, f;;$ o = 0§ f.

A braid clique morphism f: Braidg(Ao,...,A,) — Braidz(Bo,...,By) is fully determined by any
of its components, by pre/post-composing it with braidings. In particular, a braid clique morphism is
always fully determined by its leftmost component fyp: RRA)R...RA;, > RRBy® ... R By,.

Lemma 2.11. Let (¥,9) be a polygraph couple. There exists a premonoidal category, Eff(¥,9), that
has objects the braid cliques, Braidg (Ao, . ..,A,), in Mong,,(¥,¥9), and as morphisms the braid clique
morphisms between them. See Appendix.

Lemma 2.12. Let (¥,9) be a polygraph couple. There exists an identity-on-objects functor Mon(¥) —
Eff(¥,9) that strictly preserves the premonoidal structure and whose image is central. See Appendix.

Lemma 2.13. Ler (¥,9) be a polygraph couple and consider the effectful category determined by
Mon(¥') — Eff(¥,9). Let | — C be a strict effectful category endowed with a polygraph couple mor-
phism F: (V' ,9) — % (V,C). There exists a unique strict effectful functor from (Mon(¥") — Eff(¥,9))
to (V — C) commuting with F as a polygraph couple morphism. See Appendix.

Theorem 2.14 (Runtime as a resource). The free strict effectful category over a polygraph couple (V' ,9)
is Mon(¥") — Eff(¥,9). Its morphisms A — B are in bijection with the morphisms RQA — R ® B of
the runtime monoidal category,

Ef(Y,9)(A, B) 2 Mongu, (¥, 9)(R®A,R®B).

Proof. We must first show that Mon (%) — Eff(¥#,%) is an effectful category. The first step is to see
that Eff(7,%) forms a premonoidal category (Lemma 2.11). We also know that Mon(%) is a monoidal
category: in fact, a strict, freely generated one. There exists an identity on objects functor, Mon(¥) —
Eff(¥,%), that strictly preserves the premonoidal structure and centrality (Lemma 2.12).

Let us now show that it is the free one over the polygraph couple (¥,%). Let V — C be an effectful
category, with an polygraph couple map F: (¥,¥) — % (V,C). We can construct a unique effectful
functor from (Mon(¥') — Eff(¥,9)) to (V — C) giving its universal property (Lemma 2.13). O

Corollary 2.15 (String diagrams for effectful categories). We can use string diagrams for effectful cate-
gories, quotiented under the same isotopy as for monoidal categories, provided that we do represent the
runtime as an extra wire that needs to be the input and output of every effectful morphism.
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3 Profunctors and Promonads

We have elaborated on string diagrams for effectful categories. Let us now show that effectful categories
are fundamental objects. The profunctorial counterpart of a monad is a promonad. Promonads have
been widely used for functional programming semantics, although usually with an extra assumption of
strength and under the name of “arrows” [17, 19, 20]. Promonads over a category endow it with some
new, “effectful”’, morphisms; while the base morphisms of the category are called the “pure” morphisms.
This terminology will coincide when regarding effectful categories as promonads.

In this section, we introduce profunctors and promonads. In the following sections, we show that
effectful categories are to promonads what monoidal categories are to categories: they are the pseu-
domonoids of a suitably constructed monoidal bicategory of promonads. In order to obtain this result,
we introduce the pure tensor of promonads in Section 4. The pure tensor of promonads combines the
effects of two promonads over different categories into a single one. In some sense, it does so in the
universal way that turns “purity” into “centrality” (Theorem 4.2).

3.1 Profunctors: an algebra of processes

Profunctors P: A°? x B — Set [2, 7, 4] can be thought as indexing families of processes P(A,B) by the
types of an input channel A and an output channel B [10].

The category A has as morphisms the pure transformations f: A’ — A that we can apply to the input
of a process p € P(A,B) to obtain a new process, which we call (f > p) € P(A’,B). Analogously, the
category B has as morphisms the pure transformations g: B — B’ that we can apply to the output of a
process p € P(A,B) to obtain a new process, which we call (p < g) € P(A,B’). The profunctor axioms
encode the compositionality of these transformations.

Definition 3.1. A profunctor (P,>, <) between two categories A and B is a family of sets P(A, B) indexed
by objects of A and B, and endowed with jointly functorial left and right actions of the morphisms of
A and B, respectively. Explicitly, types of these actions are (>): hom(A’,A) x P(A’,B) — P(A,B), and
(<): hom(B,B’) x P(A,B) — P(A,B’). They must satisfy

 compatibility, (f >p)<g=f>(p<g),
* preserve identities, id > p = p, and p <id = p,

* and composition, (p< f) <g=p<(f3g)and f>(g>p) = (f3g) > p.
More succintly, a profunctor P: A - B is a functor P: A°? x B — Set. When presented as a family of
sets with a pair of actions, profunctors are sometimes called bimodules.

A profunctor homomorphism o : P — Q transforms processes of type P(A, B) into processes of type
Q(A,B). The homomorphism affects only the effectful processes, and not the pure transformations we
could apply in A and B. This means that o(f > p) = f > at(p) and that o(p < g) = a(p) < g.

Definition 3.2 (Profunctor homomorphism). A profunctor homomorphism from the profunctor P: A -+ B
to the profunctor Q: A - B is a family of functions a4 5: P(A,B) — Q(A, B) preserving the left and right
actions, a(f > p<g) = f > o(p) < g. Equivalently, it is a natural transformation a.: P — Q between the
two functors A°” x B — Set.

How to compose two families of processes? Assume we have a process p € P(A,B)) and a process
g € O(B,,C). Moreover, assume we have a transformation f: B} — B, translating from the output of
the second to the input of the first. In this situation, we can plug together the processes: p € P(A,B))
writes to an output of type B;, which is translated by f to an input of type By, then used by g € Q(B2,C).
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There are two slightly different ways of describing this process, depending on whether we consider the
translation to be part of the first or the second process. We could translate just after finishing the first
process, (p < f,q); or translate just before starting the second process, (p, f > q).

These are two different pairs of processes, with different types. However, if we take the process
interpretation seriously, it does not really matter when to apply the translation. These two descriptions
represent the same process. They are dinaturally equivalent [ 10, 25].

Definition 3.3 (Dinatural equivalence). Let P: A -+ B and Q: B - C be two profunctors. Consider the
set of matching pairs of processes, with a given input A and output C,

Rpg(A,C) =Y P(A,B) x Q(B,C).
BeB

Dinatural equivalence (~), on the set Rpp(A,C) is the smallest equivalence relation satisfying (p <
8,9) ~ (p,g > ¢q). The set of matching processes Rpp(A,C) quotiented by dinaturality (~) is written as
(PoQ)(A,C). 1t is a particular form of colimit over the category B, called a coend, usually denoted by
an integral sign.

BeB
(PoQ)(A,C) = Rrg(A.C)/(~) = [ P(4,B)x Q(B,C).

Definition 3.4 (Profunctor composition). The composition of two profunctors P: A+ Band Q: B+~ C
is the profunctor (P©Q): A - C has as processes the matching pairs of processes in P and Q quotiented
by dinaturality on B,

(p.g<q)~(p>284)

Its actions are the left and right actions of p and g, respectively, f > (p,q) <g= (f > p,q<g).
The identity profunctor A: A - A has as processes the morphisms of the category A, it is given by
the hom-sets. Its actions are pre and post-composition, f >h<g = fshgg.

Profunctors are better understood as providing a double categorical structure to the category of cate-
gories. A double category D contains O-cells (or “objects”), two different types of 1-cells (the “arrows”
and the “proarrows”), and cells [77]. Arrows compose in an strictly associative and unital way, while
proarrows come equipped with natural isomorphisms representing associativity and unitality. We employ
the graphical calculus of double categories [2V], with arrows going left to right and proarrows going top
to bottom.

Definition 3.5. The double category of categories, CAT, has as objects the small categories A, B, ..., as
arrows the functors between them, F: A — A/, as proarrows the profunctors between them, P: A -+ B,
and as cells, the natural transformations, a4 g: P(A,B) — Q(FA,GB).

®

o P(AB) -~ Q(FA,GB)

Figure 7: Cell in the double category of categories.

Every functor has a companion and a conjoint profunctors: their representable and corepresentable
profunctors [4]. This structure makes CAT into the paradigmatic example of a proarrow equipment (or
framed bicategory [37]).
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3.2 Promonads: new morphisms for an old category

Promonads are to profunctors what monads are to functors.” It may be then surprising to see that so little
attention has been devoted to them, relative to their functorial counterparts. The main source of examples
and focus of attention has been the semantics of programming languages [19, 30, 20]. Strong monads
are commonly used to give categorical semantics of effectful programs [2¢], and the so-called arrows (or
strong promonads) strictly generalize them.

Part of the reason behind the relative unimportance given to promonads elsewhere may stem from the
fact that promonads over a category can be shown in an elementary way to be equivalent to identity-on-
objects functors from that category [25]. The explicit proof is, however, difficult to find in the literature,
and so we include it here (Theorem 3.9).

Under this interpretation, promonads are new morphisms for an old category. We can reinterpret the
old morphisms into the new ones in a functorial way. The paradigmatic example is again that of Kleisli
or cokleisli categories of strong monads and comonads. This structure is richer than it may sound, and
we will explore it further during the rest of this text.

Definition 3.6 (Monoids and promonoids). A monoid in a double category is an arrow 7': A — A together
with cells m € hom(M ® M;1,1;M) and e € cell(1;1,1;M), called multiplication and unit, satisfying
unitality and associativity. A promonoid in a double category is a proarrow M: A - A together with
cells m € cell(1;M @ M;M, 1) and e € cell(1;1,M;1), called promultiplication and prounit, satisfying

unitality and associativity.
n
AR DN
m A A - )

Figure 8: Data and axioms of a promonoid in a double category.

Dually, we can define comonoids and procomonoids.
A monad is a monoid in the category of categories, functors and profunctors Cat. In the same way,
a promonad is a promonoid in Cat.
Definition 3.7. A promonad (P,,°) over a category C is a profunctor P: C - C together with natural
transformations representing inclusion (°)x y: C(X,Y) — P(X,Y) and multiplication (*)xy: P(X,Y) X
P(Y,Z) — P(X,Z), and such that
1. the right action is premultiplication, f°xp = f > p;
ii. the left action is posmultiplication, px f° = p < f;
iii. multiplication is dinatural, px (f >¢q) = (p < f) *q;
iv. and multiplication is associative, (p; * p2) * p3 = p1* (p2 * p3).
Equivalently, promonads are promonoids in the double category of categories, where the dinatural mul-
tiplication represents a transformation from the composition of the profunctor P with itself.
Lemma 3.8 (Kleisli category of a promonad). Every promonad (P,*,°) induces a category with the same
objects as its base category, but with hom-sets given by P(e,e), composition given by (x) and identities
given by (id°). This is called its Kleisli category, kleisli(P). Moreover; there exists an identity-on-objects
Sfunctor C — Kleisli(P), defined on morphisms by the unit of the promonad. See Appendix.

0 quip, a promonad is just a monoid on the category of endoprofunctors.
2To quip, a p d is just d on the category of endoprofuncts
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The converse is also true: every category C with an identity-on-objects functor from some base
category V arises as the Kleisli category of a promonad.

Theorem 3.9. Promonads over a category C correspond to identity-on-objects functors from the category
C. Given any identity-on-objects functor i: C — D there exists a unique promonad over C having D as
its Kleisli category: the promonad given by the profunctor homp (i(e),i(e)). See Appendix.

3.3 Homomorphisms and transformations of promonads

We have characterized promonads as identity-on-objects functors. We now characterize the homomor-
phisms and transformations of promonads as suitable pairs of functors and natural transformations.

Definition 3.10 (Promonoid homomorphism). Let (A,M,m,e) and (B, N, n,u) be promonoids in a double
category. A promonoid homomorphism is an arrow 7: A — B together with a cell 7 € cell(F;M,N;F)
that preserves the promonoid promultiplication and prounit.

A A A a
e] T T T T
& = 3 ® = ®
T u T T T
e |N ® |IN
M M

Figure 9: Axioms for a promonoid homomorphism.

Definition 3.11 (Promonad homomorphism). Let (A, P,,°) and (B, Q,*,°) be two promonads, possibly
over two different categories. A promonad homomorphism (Fp, F) is a functor between the underlying
categories Fy: A — B and a natural transformation Fy y : P(X,Y) — Q(FX,FY) preserving composition
and inclusions. That is, F(py x p2) = F(p1) «F(p2), and F(f°) = Fy(f)°.

Proposition 3.12. A promonad homomorphism between two promonads understood as identity-on-objects
Sfunctors,V = C and W — D, is equivalently a pair of functors (Fy, F) that commute strictly with the two
identity-on-objects functors on objects Fy(X) = F(X) and morphisms Fy(f)° = F(f°). See Appendix.
Definition 3.13 (Promonoid modification). Let (A,M,m,e) and (B,N,n,u) be promonoids in a dou-
ble category, and let ¢ € cell(F;M,N;F) and r € cell(G;M,N;G) be promonoid homomorphisms. A
promonoid modification is a cell @ € cell(F; 1, 1;G) such that its precomposition with # is its postcom-

position with r.
A M LS M
r—{tlal—¢ = r—«] 6
® |N [} N

Figure 10: Axiom for a promonoid transformation.

Definition 3.14. A promonad modification between two promonad homomorphisms (Fp, F) and (G, G)
between the same promonads (A, P, x,°) and (B, Q,*,°) is a natural transformation oy : Fy(X) — Go(X)
such that oy > G(p) = F(p) < oy for each p € P(X,Y).

Proposition 3.15. A promonad modification between two promonad homomorphisms understood as
commutative squares of identity-on-objects functors Fy(f)" = F(f°) and Go(f)° = G(f°) is a natural
transformation o : Fy = Gy that can be lifted via the identity-on-objects functor to a natural transfor-
mation &° : F = G. In other words, a pure natural transformation.
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Figure 11: Promonad modifications are cylinder transformations.

Summarizing this section, we have shown a correspondence between promonads, their homomor-
phisms and modifications, and identity-on-objects functors, squares and cylinder transformations of
squares. The double category structure allows us to talk about homomorphisms and modifications, which
would be more difficult to address in a bicategory structure.

Promonad Identity-on-objects functor Theorem 3.9
Promonad homomorphism Commuting square Proposition 3.12
Promonad modification Cylinder transformation | Proposition 3.15

4 Pure Tensor of Promonads

This section introduces the pure tensor of promonads. The pure tensor of promonads combines the effects
of two promonads, possibly over different categories, into the effects of a single promonad over the
product category. Effects do not generally interchange. However, this does not mean that no morphisms
should interchange in the pure tensor of promonads: in our interpretation of a promonad V — C, the
morphisms coming from the inclusion are pure, they produce no effects; pure morphisms with no effects
should always interchange with effectful morphisms, even if effectful morphisms do not interchange
among themselves.

A practical way to encode and to remember all of the these restrictions is to use monoidal string
diagrams. This is another application of the idea of runtime: we introduce an extra wire so that all
the rules of interchange become ordinary interchange laws in a monoidal category. That is, we insist
again that effectful morphisms are just pure morphisms using a shared resource — the runtime. When
we compute the pure tensor of two promonads, the runtime needs to be shared between the impure
morphisms of both promonads.

4.1 Pure tensor, via runtime

Definition 4.1 (Pure tensor). Let C: V — V and D: W -~ W be two promonads. Their pure tensor,
CxD: VxW — VxW, is a promonad over V x W where elements of C+D(X,Y;X’,Y’), the morphisms
X®R®Y — X'®@R®Y’ in the freely presented monoidal category generated by the elements of Figure 12
and quotiented by the axioms of Figure 13.

XRrRY X RY XRY X R Y
/Y X /Ry X /Y X Ry

for veW0xx) for weM(Y) for feClxx) for 9eD(xx)

Figure 12: Generators for the elements of the pure tensor of promonads.

Multiplication is defined by composition in the monoidal category, and the unit is defined by the
inclusion of pairs, as depicted in Figure 14.
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Figure 13: Axioms for the elements of the pure tensor of promonads.

Shatth - T e 8,

Figure 14: The pure tensor promonad.

In other words, the elements of the pure tensor are the morphisms the category presented by the graph
that has as objects the pairs of objects (X,Y) with X € Vp; and Y € Wy, formally written as X @ RQY';
and the morphisms generated by

e anedge fc: XQRK®Y — X' ® R®Y for each arrow f € C(X,X’) and each object Y € W;
e anedge gp: XQR®Y = X ®R®Y' for each arrow g € D(Y,Y’) and each object X € V;
e anedge w: XQR®Y — X' ® RQY for each arrow v € V(X,X') and each object ¥ € W;
e and anedge wy: X ® RQY — X Q R® Y’ for each arrow w € W(Y,Y’) and each object X €V,

quotiented by centrality of pure morphisms: fc iww = ww$§ fc and gp § vy = vy § gp; by compositions
and identities of one promonad: fc§f& = (f* f')c and idc = id; by compositions and identities of the
other promonad: gp§gp = (§*&')p and idp = id; and by the coincidence of pure morphisms and their
effectful representatives: vy = v and wy = wp,.

Crucially in this definition, fc and gp do not interchange: they are sharing the runtime, and that
prevents the application of the interchange law. The pure tensor of promonads, C * D, takes its name
from the fact that, if we interpret the promonads V — C and W — D as declaring the morphisms in V and
W as pure, then the pure morphisms of the composition interchange with all effectful morphisms. The
spirit is similar to the free product of groups with commuting subgroups [20].

4.2 Universal property of the pure tensor

There are multiple canonical ways in which one could combine the effects of two promonads, C: V -~ V
and D: W - W, into a single promonad, such as taking the product of both, Cx D: V. xW - V x W.
Let us show that the pure tensor has a universal property: it is the universal one in which we can include
impure morphisms from each promonads, interchanging with pure morphisms from the other promonad,
so that purity is preserved.
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Theorem 4.2. Let C: V —+ V and D: W -+ W be two promonads and let CxD: V x W — V x W be their
pure tensor. There exist a pair of promonad homomorphisms L: CxW — CxD and R: V x D — C«D.
These are universal in the sense that, for every pair of promonad homomorphisms, A: C x W — E and
B: V xD — E, there exists a unique promonad homomorphism (AV B): CxD — E that commutes strictly
with them, (AV B)§L = A and (AV B) §R = B. See Appendix.

5 Effectful Categories are Pseudomonoids

We will now use the pure tensor of promonads to justify effectful categories as the promonadic coun-
terpart of monoidal categories: effectful categories are pseudomonoids in the monoidal bicategory of
promonads with the pure tensor. Pseudomonoids [9, 43] are the categorification of monoids. They are
still formed by a 0-cell representing the carrier of the monoid and a pair of 1-cells representing multipli-
cation and units. However, we weaken the requirement for associativity and unitality to the existence of
invertible 2-cells, called the associator and unitor.

In the same way that monoids live in monoidal categories, pseudomonoids live in monoidal bicat-
egories. A monoidal bicategory A is a bicategory in which we can tensor objects with a pseudofunctor
(X): Ax A — A and we have a tensor unit /: 1 — A, these are associative and unital up to equivalence,
and satisfy certain coherence equations up to invertible modification [36].

5.1 Pseudomonoids

Definition 5.1. In a monoidal bicategory, a pseudomonoid over a O-cell M is a pair of 1-cells, MXIM — M
and I — M, together with the following triple of invertible 2-cells representing associativity and unitality
(Figure 15), and satisfying the pentagon and triangle equations (see Appendix).A homomorphism of
pseudomonoids is given by a 1-cell between their underlying O-cells and the following invertible 2-cells,
representing preservation of the multiplication and the unit (Figure 15), and satisfying compatibility with
associativity and unitality (see Appendix).

ooy

H = na H

=

n>

{12
i}
o

Figure 15: Data for a pseudomonoid and pseudomonoid homomorphism.

A pseudomonoid is strict when the associators and unitors are identity cells. Note that, in strict 2-
categories (sometimes called 2-categories, in contrast to bicategories), this is the same as a monoid in
the monoidal category that we obtain by ignoring the 2-cells.

Remark 5.2. A pseudomonoid in the monoidal bicategory of categories with the cartesian product of
categories, (Cat, x) is a monoidal category. A strict pseudomonoid in the same monoidal bicategory is
a strict monoidal category.

A strict pseudomonoid in the monoidal bicategory of categories with the funny tensor product of
categories (Cat,[J) is a strict premonoidal category. However, it is not immediately clear how to re-
cover premonoidal categories as pseudomonoids. A naive attempt will fail: (Cat,J) is usually made
into a monoidal bicategory with non-necessarily-natural transformations, but we do want our coherence
morphisms to be natural, so we must ask at least naturality. This will not be enough: taking natural
transformations as 2-cells will give us premonoidal categories where the associators and unitors do not
need to be central. Centrality is what requires a more careful approach.



Mario Roman 357

5.2 Effectful categories are promonad pseudomonoids

Promonads form a monoidal category with the pure tensor product and moreover a strict monoidal bicat-
egory with promonad modifications. Effectful categories are the pseudomonoids in this category.
Theorem 5.3. An effectful category (or monoidal Freyd category) is a pseudomonoid on the monoidal
2-category of promonads with promonad homomorphism, promonad transformations and the pure tensor
of promonads. A pseudomonoid homomorphism between effectful categories is an effectful functor.

As a consequence, preomonoidal categories with their centre are pseudomonoids. See Appendix.

6 Conclusions

Premonoidal categories are monoidal categories with runtime, and we can stil use monoidal string dia-
grams and unrestricted topological deformations to reason about them. Instead of dealing directly with
premonoidal categories, we employ the better behaved notion of non-cartesian Freyd categories, effectful
categories. There exists a more fine-grained notion of “Cartesian effect category” [ | 2], which generalizes
Freyd categories and justifies calling “effectful category” to the general case.

Promonads have been arguably under-appreciated, possibly because of their characterization as “just”
identity-on-objects functors. However, speaking of promonads as the proarrow counterpart of mon-
ads makes many aspects of the theory of monads clearer: every monad and every comonad induce
a promonad (their Kleisli category) via the proarrow equipment, monad morphisms lift to promonad
morphisms, distributive laws of monads induce a way of composing morphisms from different kleisli
categories [¢]. Justifying effectful categories in terms of promonads highlights their importance as the
monadic counterpart of monoidal categories.

Ultimately, this is a first step towards our more ambitious project of presenting the categorical struc-
ture of programming languages in a purely diagrammatic way, revisiting Alan Jeffrey’s work [22, 21, 35].
The internal language of premonoidal categories and effectful categories is given by the arrow do-
notation [30]; at the same time, we have shown that it is given by suitable string diagrams. This corre-
spondence allows us to translate between programs and string diagrams (Figure 16).

EXAMPLE.  HelloFrogram
voc () —do ekiog | guesen
P %uzsl:(m prnk
0 e— Prin.k o gue.sh’.on
name «— get —< () 3e.h
0 — prink —< ( ,mme) name
rekurn ()
| outpuk

Frint:
Figure 16: Premonoidal program in arrow do-notation and string diagrams.

Related work. Staton and Mggelberg [27] propose a formalization of Jeffrey’s graphical calculus for
effectful categories that arise as the Kleisli category of a strong monad. They prove that ’every strong
monad is a linear-use state monad’, that is, a state monad of the form R —o!(e) ® R, where the state R, is
an object that cannot be copied nor discarded.
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The Produoidal Algebra of Process Decomposition

Matt Earnshaw, James Hefford and Mario Roman

Abstract—We introduce the normal produoidal category of
monoidal contexts over an arbitrary monoidal category. In the
same sense that a monoidal morphism represents a process, a
monoidal context represents an incomplete process: a piece of
a decomposition, possibly containing missing parts. We char-
acterize monoidal contexts in terms of universal properties. In
particular, symmetric monoidal contexts coincide with monoidal
lenses, endowing them with a novel universal property. We apply
this algebraic structure to the analysis of multi-party interaction
protocols in arbitrary theories of processes.

1 INTRODUCTION

Theories of processes, such as stochastic, partial or linear
functions, are a foundational tool in computer science. They
help us model how systems interact in terms of a solid
mathematical foundation. Any theory of processes involving
operations for sequential composition and parallel composi-
tion, satisfying reasonable axioms, forms a monoidal category.

Monoidal categories are versatile: they can be used in
the description of quantum circuits [ ], stochastic pro-

cesses [ 1, [ ], relational queries [ ] and non-
terminating processes [ ], among many other applications
[ 1.

At the same time, monoidal categories have two intuitive,
sound and complete calculi: the first in terms of string
diagrams | ], and the second in terms of their linear
type theory [ ]. String diagrams are a 2-dimensional
syntax in which processes are represented by boxes, and their
inputs and outputs are connected by wires. The type theory
of symmetric monoidal categories is the basis of the more
specialized arrow do-notation used in functional programming
languages [ 1. [ 1, which becomes do-notation for
Kleisli categories of commutative monads [ 1, [ 1.
Let us showcase monoidal categories, their string diagrams
and the use of do-notation in the description of a protocol.

1.1 Protocol Description

The Transmission Control Protocol (TCP) is a connection-
based communication protocol. Every connection begins with
a three-way handshake: an exchange of messages that synchro-
nizes the state of both parties. This handshake is defined in
RFC793 to have three steps: SYN, SYN-ACK and ACK [ 1.

The client initiates the communication by sending a syn-
chronization packet (SYN) to the server. The synchronization
packet contains a pseudorandom number associated to the
session, the Initial Sequence Number of the client (CLI).

The server acknowledges this packet and sends a message
(ACK) containing its own sequence number (SRV) together with
the client’s sequence number plus one (CLI+1). These two
form the SYN-ACK message. Finally, the client sends a final ACK
message with the server’s sequence number plus one, SRV + 1.

When the protocol works correctly, both client and server end
up with the pair (CLI + 1, SRV + 1).

e &

Client

Server

]

CLI:11
SRV:21

Fig. 1: TCP Three way handshake.

This protocol is traditionally described in terms of a com-
munication diagram (Figure 1). This diagram can be taken
seriously as a formal mathematical object: it is a string diagram
describing a morphism in a monoidal category.

syn :: Client ~> (Client, Syn, Ack)
syn(client) = do

client <- random

return (client, client, 0)

Fig. 2: Implementation of the SYN component.

The implementation of each component of the protocol is
traditionally written as pseudocode. This pseudocode can also
be taken seriously as the expression of a morphism in the
same monoidal category, possibly with extra structure: in this
case, a commutative Freyd category (Figure 2, see Appendix
Section A.1 [ ). That is, symmetric monoidal categories
admit two different internal languages, and we can use both
to interpret formally the traditional description of a protocol
in terms of string diagrams and pseudocode.



1.2 Types for Message Passing

The last part in formalizing a multi-party protocol in terms
of monoidal categories is to actually separate its component
parties. For instance, the three-way handshake can be split into
the client, the server and a channel. Here is where the existing
literature in monoidal categories seems to fall short: the parts
resulting from the decomposition of a monoidal morphism are
not necessarily monoidal morphisms themselves (see Figure 3
for the diagrammatic representation). We say that these are
only monoidal contexts.

“

Channel Server

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
I I

RCV_|

Fig. 3: Parties in the TCP Three-way handshake.

Contrary to monoidal morphisms, which only need to
declare their input and output types, monoidal contexts need
behavioural types | 1 [ ] that specify the order and
type of the exchange of information along their boundary.

A monoidal context may declare intermediate send (1A)
and receive (?A) types, separated by a sequencing operator
(<0). For instance, the channel is a monoidal morphism just
declaring that it takes an input message (Msg) and produces
another output message; but the client is a monoidal context
that transforms its memory type Client — Client at the same
time it sends, receives and then sends a message; and the
server transforms its type Server — Server while, dually to
the client, it receives, sends and then receives a message.

@ € LC(Slent . 1Msg « ?Msg < !Msg) ;
& < LC (e ?2Msg < !Msg < ?Msg) ;

NOISE € C (Msg; Msg) ;

Session types [ ], including the send (!A) and receive
(?A) polarized types, have been commonplace in logics of
message passing. Cockett and Pastro [ ] already proposed
a categorical semantics for message-passing which, however,
needs to go beyond monoidal categories, into linear actegories
and polyactegories.

Our claim is that, perhaps surprisingly, monoidal categories
already have the necessary algebraic structure to define mo-
noidal contexts and their send-receive polarized types. Latent
to any monoidal category, there exists a universal category
of contexts with polarized types (!/?) and parallel/sequence
operators (®/<).

1.3 Reasoning with Contexts

This manuscript introduces the notion of monoidal context
and symmetric monoidal context; and it explains how dinatu-
rality allows us to reason with them. In the same way that we
reason with monoidal morphisms using string diagrams, we
can reason about monoidal contexts using incomplete string
diagrams | L[ 1.

For instance, consider the following fact about the TCP
three-way handshake: the client does not need to store a
starting SRV number for the server, as it will be overwritten
as soon as the real one arrives. This fact only concerns the
actions of the client, and it is independent of the server and
the channel. We would like to reason about it preserving
this modularity, and this is what the incomplete diagrams in
Figure 4 achieve.

> e

Client Cllent

SYN* [ SYN [[sm ] [sw ]

1 1
E__(! ) <. <.
[ac

\ \

roo B

Ack” | ; [Cack ] ;

> >
Fig. 4: Reasoning only with the Client.

Here, we define SYN* = SYNSPRJ to be the same as the SYN
process but projecting out only the client CLT number. We also
define a new ACK* that ignores the server SRV number, so that
ACK = PRJ$ACK". These two equations are enough to complete
our reasoning.

Monoidal contexts and their incomplete diagrams are de-
fined to be convenient tuples of morphisms, e.g. (SYN|ACK) in
our example; what makes them interesting is the equivalence
relation we impose on them: this equivalence relation makes
the pair (SYN § PRJ|ACK*) equal to (SYN|PRJ ¢ ACK*). Dinat-
urality is the name we give to this relation, and we will see
how it arises canonically from the algebra of profunctors.

\f_




1.4 The Produoidal Algebra of Monoidal Context

Despite the relative popularity of string diagrams and
other forms of formal 2-dimensional syntax, the algebra of
incomplete monoidal morphisms has remained obscure. This
manuscript elucidates this algebra: we show that, as monoidal
morphisms together with their string diagrams form monoidal
categories, monoidal contexts together with their incomplete
string diagrams form normal produoidal categories. Normal
produoidal categories were a poorly understood categorical
structure, for which we provide examples. Let us motivate
“normal produoidal categories” by parts.

First, the “duoidal” part. Monoidal contexts can be com-
posed sequentially and in parallel, but also nested together
to fill the missing parts. Nesting is captured by categorical
composition, so we need specific tensors for both sequen-
tial (<) and parallel (®) composition. This is what duoidal
categories provide. Duoidal categories are categories with
two monoidal structures, e.g. (<, N) and (®, 7). These two
monoidal structures are in principle independent but, whenever
they share the same unit (/ = N), they become well-suited to
express process dependence [ ]: they become “normal”.

Finally, the “pro-” prefix. It is not that we want to impose
this structure on top of the monoidal one, but we want to
capture the structure morphisms already form. The two tensors
(«,®) do not necessarily exist in the original category; in
technical terms, they are not representable or functorial, but
virtual or profunctorial. This makes us turn to the produoidal
categories of Booker and Street [ 1.

Not only is all of this algebra present in monoidal contexts.
Monoidal contexts are the canonical such algebra; in a precise
sense given by universal properties. The slogan for the main
result of this manuscript (Theorem 6.6) is that

Monoidal contexts are the free normalization of the cofree
produoidal category over a monoidal category.

1.5 Related Work

Far from being the proposal of yet another paradigm,
monoidal contexts form a novel algebraic formalization of a
widespread paradigm. We argue that the idea of monoidal
contexts has been recurrent in the literature, just never ap-
pearing explicitly and formally. Our main contribution is to
formalize an algebra of monoidal contexts, in the form of a
normal produoidal category.

In fact, the Symposium on Logic in Computer Science
has recently seen multiple implicit applications of monoidal
contexts. Kissinger and Uijlen [ ] describe higher order
quantum processes using contexts with holes in compact
closed monoidal categories. Ghani, Hedges, Winschel and
Zahn [ ] describe economic game theory in terms
of lenses and incomplete processes in cartesian monoidal
categories. Bonchi, Piedeleu, Sobociriski and Zanasi [ 1
study contextual equivalence in their monoidal category of
affine signal flow graphs. Di Lavore, de Felice and Romdn
[ ] define monoidal streams by iterating monoidal
context coalgebraically.

Language theory. Motivated by language theory and the
Chomsky-Schiitzenberger theorem, Mellieés and Zeilberger
[ ] were the first to present the multicategorical splice-
contour adjunction. We are indebted to their exposition, which
we extend to the promonoidal and produoidal cases. Earnshaw
and Sobociniski [ ] described a congruence on formal lan-
guages of string diagrams using monoidal contexts. We prove
how monoidal contexts arise from an extended produoidal
splice-contour adjunction; unifying these two threads.

Session types. Session types [ 1, [ ] are the
mainstay type formalism for communication protocols, and
they have been extensively applied to the m-calculus [ 1.
Our approach is not set up to capture all of the features of
a fully fledged session type theory [ ]. Arguably, this
makes it more general in what it does: it always provides a
universal way of implementing send (!A) and receive (?A)
operations in an arbitrary theory of processes represented by
a monoidal category. For instance, recursion and the inter-
nal/external choice duality [ 1 [ ] are not discussed,
although they could be considered as extensions in the same
way they are to monoidal categories: via trace [ ] and
linear distributivity [ 1.

Lenses and incomplete diagrams. Lenses are a notion of
bidirectional transformation [ ] that can be cast in
arbitrary monoidal categories. The first mention of monoi-
dal lenses separate from their classical database counterparts
[ ] is due to Pastro and Street [ ], who identify them
as an example of a promonoidal category. However, it was with
a different monoidal structure [ ] that they became popular
in recent years, spawning applications not only in bidirectional
transformations [ ] but also in functional programming
[ 1, [ ], open games [ ], polynomial
functors [ ] and quantum combs [ ]. Relating this
monoidal category of lenses with the previous promonoidal
category of lenses was an open problem; and the promonoidal
structure was mostly ignored in applications.

We solve this problem, proving that lenses are a universal
normal symmetric produoidal category (the symmetric mo-
noidal contexts), which endows them with a novel algebra
and a novel universal property. This also extends work on the
relation between incomplete diagrams, comb-shaped diagrams,
and lenses [ 1, [ 1.

Finally, Nester et al. have recently proposed a syntax for
lenses and message-passing [ 1, [ 1 and lenses
themselves have been applied to protocol specification [ 1.
Spivak [ ] also discusses the multicategory of wiring
diagrams, later used for incomplete diagrams [ ] and
related to lenses [ ]. The promonoidal categories we
use can be seen as multicategories with an extra coherence
property. In this sense, we contribute the missing algebraic
structure of the universal multicategory of wiring diagrams
relative to a monoidal category.

1.6 Contributions

Our main contribution is the original definition of a pro-
duoidal category of monoidal contexts over a monoidal cat-



egory (Definition 6.1) and its characterization in terms of
universal properties (Theorem 6.6).

Section 2 presents expository material on profunctors, di-
naturality and promonoidal categories; the rest are novel
contributions. Section 3 constructs spliced arrows as the cofree
promonoidal over a category (Theorem 3.7). Section 4, on
top of this, constructs spliced monoidal arrows as the cofree
produoidal over a monoidal category (Theorem 4.9). Section 6
explicitly constructs a produoidal algebra of monoidal contexts
(Proposition 6.5) as a free normalization. Section 7 constructs
a symmetric produoidal algebra of monoidal lenses (Proposi-
tion 7.2), universally characterizing them (Theorem 7.3), and
an interpretation of send/receive types (!/?) (Proposition 7.6).
Section 5 introduces a novel free normalization procedure
(Theorems 5.3 and 5.4) as an idempotent monad on produoidal
categories, employed in Sections 6 and 7.

2 PROFUNCTORS AND VIRTUAL STRUCTURES

Profunctors describe families of processes indexed by the
input and output types of a category. Profunctors provide
canonical notions for composition, dinaturality and virtual
structure. These notions are not only canonical, but also easy
to reason with thanks to coend calculus | 1.

Definition 2.1. A profunctor P: By X...XB,, o Ay X...X A,
is a functor P: AgP..x Ap” x Bg X...X By, — Set.

For our purposes, a profunctor P(Ay,...,, Ay; Bo,... Bp) is a
family of processes indexed by contravariant inputs Ao, ..., A,
and covariant outputs By, ..., B,,. The profunctor is endowed
with jointly functorial left (>,..., >,) and right (<o,..., <;)
actions of the morphisms of Ay, ..., A, and By, ..., B,,, respec-
tively [ 1, [ 1.1

2.1 Dinaturality

Composing profunctors is subtle: the same processes could
arise as the composite of different pairs of processes and so,
we need to impose a careful equivalence relation. Fortunately,
profunctors come with a canonical notion of dinatural equiv-
alence which achieves precisely this.

Imagine we try to connect two different processes: p €
P(A(),..., An; Bo, ..., Bm), and q € Q(C(),..A, Cy;Do,..., Dh);
and we have some morphism f: B; — C; that translates the
i-th output port of p to the j-th input port of g. Let us write
(i]) for this connection operation. Note that we could connect
them in two different ways:

« we could use f to change the output of the first process

p <i f before connecting both, (p <;f)l;q;
« and we could use f to change the input of the second
process f >; q before connecting both, p;|; (f >; q).
These are different descriptions, made up of two different com-
ponents. However, they essentially describe the same process:
they are dinaturally equal | ]. Indeed, profunctors are
canonically endowed with a notion of dinatural equivalence

1We simply use (</>) without any subscript whenever the input/output is
unique. See Appendix, Section B for more details on profunctors.

[ 1, [ ], which precisely equates these two descrip-
tions. Profunctors, and their elements, are thus composed up
to dinatural equivalence.

Definition 2.2 (Dinatural equivalence). Consider two profunc-
tors P: BgX...XB,, o Agx..xA, and Q: Cyx...xCy e
Dy X...x Dy, such that B; = C;; and let S;;JQ(A;C) be the set

D, P(Ao-Ay: By X..Bu) X Q(Co..X..Cii Do.. D).
X eB;

Dinatural equivalence, (~), on the set S'I’,{ (A; C) is the small-
est equivalence relation satisfying (p<; fi[; q) ~ (pil; f>q)-
The coend is defined as this coproduct quotiented by dinatu-
rality, S'I;{Q(A; C)/(~), and written as an integral.

XeC
/ P(A()...An; B()...X...Bm) X Q(Co...X...Ck; D()Dh)

Definition 2.3 (Profunctor composition). Consider two pro-
functors P: BgX...xB,,, eo AgX...xA, and Q: CyX..XCj e—o
Do X...x Dy, such that B; = C;; their composition along ports
i and j is a profunctor; we write it marking this connection

P(A()...An; B()... [ 2% ...B,,) <o Q(Co... [ 2% ...Ck; D()...Dh),

and it is defined as the coproduct of the product of both
profunctors, indexed by the common variable, and quotiented
by dinatural equivalence,

XeC
/ P(A()..AAn; B()A..X.A.Bm) X Q(Co...X...Ck; D()Dh)

Remark 2.4 (Representability). Every functor F: A — B gives
rise to two different profunctors: its representable profunc-
tor A(Fe,e): A o— B, and its corepresentable profunctor
A(e, Fe): A oo B. We say that a profunctor is representable
or corepresentable if it arises in this way. Under this interpreta-
tion, functors are profunctors that happen to be representable.
This suggests that we can repeat structures based on functors,
such as monoidal categories, now in terms of profunctors.

We justified in the introduction the importance of monoi-
dal categories: they are the algebra of processes composing
sequentially and in parallel, joining and splitting resources.
However, there exist some theories that can deal only with
splitting without being necessarily full theories of processes:
that is, we may be able to talk about splitting without being
able to talk about joining. Such “monoidal categories on one
side” are promonoidal categories.

The difference between monoidal categories and promonoi-
dal categories is that the tensor is no longer a functor but is
instead a profunctor.? In other words, the tensor is no longer
representable — such a structure is called virtual, as in virtual
double and virtual duoidal categories [ 1, [ 1.

2In more technical terms, monoidal categories are pseudomonoids in the
monoidal bicategory of categories and functors; while promonoidal categories
are pseudomonoids in the monoidal bicategory of categories and profunctors.



2.2 Promonoidal Categories

Promonoidal categories are the algebra of coherent decom-
position. A category C contains sets of morphisms, C(X;Y).
In the same way, a promonoidal category V contains sets of
splits, V(X; Yo <Y), morphisms, V(X;Y), and units, V(X; N),
where N is the virtual tensor unit. Splits, V(X;Yy < Y}),
represent a way of decomposing objects of type X into objects
of type Yy and Y;. Morphisms, V(X;Y), as in any category, are
transformations of X into Y. Units, V(X; N), are the atomic
pieces of type X.

These decompositions must be coherent. For instance, imag-
ine we want to split X into Yp, ¥; and Y. Splitting X into
Yy and something (e), and then splitting that something into
Y1 and Y, should be doable in essentially the same ways as
splitting X into something (e) and Y,, and then splitting that
something into ¥ and Y;. Formally, we are saying that,

V(X;Yg<e)o V(e Y a)z) = V(X;0<Y2) o V(e Yy <¥y),

and, in fact, we just write V(X; Yy <Y; <Y,) for the set of such
decompositions.

Definition 2.5 (Promonoidal category). A promonoidal cate-
gory is a category V(e;e) endowed with profunctors

V(e;0<0): VXV eoV, and V(e;N): 1 eo V.
Equivalently, these are functors
V(e;e<t0): VP XV XV — Set, and V(e; N): VP — Set.

Moreover, promonoidal categories must be endowed with the
following natural isomorphisms,

V(X;0<aY2) o V(esYpaY)) = V(X;0aY2) o V(e Yy <¥y),
V(X;e<Y)oV(e;N) =V(X;Y),
V(X;Y <e)oV(e;N) = V(X;Y),

called a, 4, p, respectively, and asked to satisfy the pentagon
and triangle coherence equations, @ s = (@ o 1) s §(l o),
and (pol)=ag(do1).

Definition 2.6 (Promonoidal functor). Let V and W be pro-
monoidal categories. A promonoidal functor F: V(e,e) —
W (e, e) is a functor between the two categories, together with
natural transformations:

Fo: V(A;B<C) > W(FA; FB < FC), and
Fn:V(A;N) > W(FA;N),

that satisty 4§ Finap = (Fa X Fn) $A, p§ Fnap = (FaXFN) §p,
and a$(FqXFq)3i = (FqXFq)sija. We denote by Promon the
category of promonoidal categories and promonoidal functors.

Remark 2.7 (Promonoidal coherence). As with monoidal cat-
egories, the pentagon and triangle equations imply that every
formal equation written out of coherence isomorphisms holds.
This means we can write V(e; e < e < o) without specifying
which one of the two sides of the associator we are describing.

Remark 2.8 (Multicategories). The reader may be more famil-
iar with the algebra of not-necessarily-coherent decomposition:

multicategories. Every promonoidal category V induces a
co-multicategory with morphisms given by elements of the
following sets V(e;e < .. < o). Similarly, VP is a co-
promonoidal category and thus induces a multicategory. These
are special kinds of (co-)multicategories, they are coherent so
that every n-to-1 morphism splits, in any possible shape, as
2-to-1 and 0-to-1 morphisms; moreover, they do so uniquely
up to dinaturality. Appendix B.2 spells out this relation.

The next section studies how to coherently decompose mor-
phisms of a category. Categories are an algebraic structure for
sequential composition: they contain a “sequencing” operator
(3) and a neutral element, id. We present an algebra for
decomposing sequential compositions in terms of promonoidal
categories.

3 SEQUENTIAL CONTEXT
Assume a morphism factors as follows,
fosgoshsgisfisksfo.

We can say that this morphism came from the context fy 303
fi 0% fo, filled on its left side with the context go ¢ 0§ g1,
then filled with /4, and finally completed on its right side with
the morphism k. Figure 5 expresses this decomposition.

o [hsosnsosn\ |2

G
k

h

Fig. 5: Decomposition of fy$goshsgi s fisks fo

Contexts compose in a tree-like structure, and their resulting
morphism is extracted by contouring that tree. This section
presents the algebra of context and decomposition. We then
prove that they are two sides of the same coin: the two sides
of an adjunction of categories.

3.1 Contour of a Promonoidal Category

Any promonoidal category freely generates another cate-
gory, its contour. This can be interpreted as the category that
tracks the processes of decomposition that the promonoidal
category describes. The construction is particularly pleasant
from the geometric point of view: it takes its name from the
fact that it can be constructed by following the contour of the
shape of the decomposition.

Definition 3.1 (Contour). The contour of a promonoidal cate-
gory V is a category CV that has two objects, X (left-handed)
and XR (right-handed), for each object X € Vp;; and has as
arrows those that arise from contouring the decompositions of
the promonoidal category.

Specifically, it is freely presented by (i) a morphism ag €

CV(AL; AR), for each unit a € V(A;N); (ii) a pair of
morphisms by € CV(BY; XL), by € CV(XR;BR), for each



Fig. 6: Contour of a promonoidal.

morphism b € V(B;X); and (iii) a triple of morphisms
co € CV(CLYL), ¢1 € CV(YR, Z1), ¢2 € CV(ZR, CR) for
each split ¢ € V(C;Y <« Z), see Figure 6.

For each equality a(a|b) = (c|d), we impose the equations
ap = cosdo; a13bg =dy and by = dy5cy; ar$by = ¢p. For each
equality p(a|b) = ¢ = A(d|e), we impose ag = ¢o = dpepsd
and ay §bg §ar = ¢ = dy. Graphically, these follow Figure 7.

By

Fig. 7: Equations between contours from «, p, and A in V.

Proposition 3.2. Contour gives a functor C : Promon — Cat.
Proof. See Appendix, Proposition C.1. o

Remark 3.3. The contour of a multicategory was first in-
troduced by Mellies and Zeilberger [ ]. Definition 3.1
and the following Theorem 3.7 closely follow their work;
although the promonoidal version we introduce does involve
fewer equations due to the extra coherence (Remark 2.8).

3.2 The Promonoidal Category of Spliced Arrows

We described a category tracking the process of decompos-
ing in a given promonoidal category. However, we want to go
the other way around: given a category, what is the promonoi-
dal category describing decomposition in that category? This
subsection finds a right adjoint to the contour construction:
the spliced arrows promonoidal category. Spliced arrows have
already been used to describe context in parsing [ ].

Definition 3.4 (Spliced arrows). Let C be a category. The
promonoidal category of spliced arrows, SC, has as objects
pairs of objects of C. It uses the following profunctors to define
morphisms, splits and units.

SC (%) =C(A; X) x C(Y, B);
SC(:¥ <) =C(A; X) xC(Y; X') x C(Y'; B);
SC(4;N) = C(A; B).

In other words, morphisms are pairs of arrows f: A — X
and g: Y — B. Splits are triples of arrows f: A — X, g: Y —

X" and h: Y’ — B. Units are simply arrows f: A — B. We
use the following notation for

morphisms, fsosg € SC(4:%);
splits, fsosgsosh  eSC(H¥<%);
and units, f € SC (4 N).

The profunctor actions, associativity and unitality of the pro-
monoidal category are defined in a straightforward way by
filling the holes. For instance,

(fsosgsosh) <y (wsosv)=(fsusOsvsigsash),
(fsosgsosh) <2 (usOsgv)=(fs0sgsusngvsh).
See the Appendix, Section C for details.

Proposition 3.5. Spliced arrows form a promonoidal category
with their splits, units, and suitable coherence morphisms.

Proof. See Appendix, Proposition C.2. o

As a consequence, we can talk about spliced arrows with
an arbitrary number of holes: for instance, a three-way split
arises as a split filled by another split, in either position. For
instance,

(/o305 /13052308 f3)

can be written in two different ways,
(fosOs fasos ) <1 (idsos fisogid)y  or
(fosOs fisOs f3) <2 (idsos frs05id).
Proposition 3.6. Splice gives a functor S : Cat — Promon.

Proof. See Appendix, Proposition C.6. O

Theorem 3.7. There exists an adjunction between categories
and promonoidal categories, where the contour of a promo-
noidal is the left adjoint, and the splice category is the right
adjoint.

Proof. See Appendix, Theorem C.7. O

Spliced arrows can be computed for any category, including
monoidal categories. However, we expect the spliced arrows
of a monoidal category to have a richer algebraic structure.
This extra structure is the subject of the next section.

4 PARALLEL-SEQUENTIAL CONTEXT

Monoidal categories are an algebraic structure for sequential
and parallel composition: they contain a “tensoring” operator
on morphisms, (®), apart from the usual sequencing, (5), and
identities (id).

Assume a monoidal morphism factors as follows,

fos(g® (hs(k®(losi))s .

We can say that this morphism came from dividing everything
between fy and f; by a tensor. That is, from a context f§(O®
0) ¢ f1. We filled the first hole of this context with a g, and
then proceeded to split the second part as 4 § (O ® O) § id.
Finally, we filled the first part with k and the second one we
left disconnected by filling it with [y, id;, and ;.
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Fig. 8: Decomposition of fy (g ® (hs(k® (lo511)))) s fi-

This section studies decomposition of morphisms in a
monoidal category, in the same way we studied decomposition
of morphisms in a category before. We present an algebraic
structure for decomposing both sequential and parallel com-
positions: produoidal categories.

4.1 Produoidal Categories

Produoidal categories, first defined by Booker and Street
[ ], provide an algebraic structure for the interaction of
sequential and parallel decomposition. A produoidal category
V not only contains morphisms, V(X;Y), sequential splits,
V(X;Yo<Y1), and sequential units, V(X; N), as a promonoidal
category does; it also contains parallel splits, V(X;Yy ® Y1)
and parallel units, V(X;1).
Remark 4.1 (Nesting virtual structures). Notation for nesting
functorial structures, say (<) and (®), is straightforward: we
use expressions like (X; ® ¥;) < (X, ® ¥,) without a second
thought. Nesting the virtual structures (<) and (®) is more
subtle: defining V(e; X ® Y) and V(e; X <) for each pair of
objects X and Y does not itself define what something like
V(e; (X; ® Y1) < (X2 ® ¥2)) means. Recall that, in the virtual
case, X; <Y] and X; ®Y; are not objects themselves: they are
just names for the profunctors V(e; X; <Y;) and V(e; X;®Y)).

Instead, when we write V(e; (X; ® ¥}) < (X2 ® 12)), we
formally mean V(e;e; < @) o V(e;X; ® ¥}) ¢ V(ep; Xp ®
Y>). By convention, nesting virtual structures means profunctor
composition in this text.

Definition 4.2 (Produoidal category). A produoidal category
is a category V endowed with two promonoidal structures,
V(e;e@e): VXV eoV, and V(e;1): 1 eo V,
V(e;e<e): VXV eoV, and V(e;N): 1 o V,
such that one laxly distributes over the other. This is to say
that it is endowed with the following natural /axators,
Ur: V(e (X<1Y)®(Z<W)) - V(e;(X®Z)a (Y ®W)),
Yo: V(e 1) = V(esI<al),
¢2: V(e;N®N) — V(e;N),
wo: V(e;I) = V(e N).

Laxators, together with unitors and associators, must satisfy
coherence conditions (see Appendix, Definition L.5).

Definition 4.3 (Produoidal functor). Let Vg oy and
Wo,s,4,m be produoidal categories. A produoidal functor F

is a functor between the two categories F : V(e,0) — W(e, o)
together with natural transformations

Fs :V(A;B®C) > W(FA;FBQ FC),

Fy : V(A1) - W(FA;J),
F,:V(A;B<C) > W(FA;FB <« FC), and
Fy : V(A;N) - W(FA; M),

preserving coherence isomorphisms for each promonoidal
structure, and the laxators. Denote by Produo the category
of produoidal categories and produoidal functors.

4.2 Monoidal Contour of a Produoidal Category

Any produoidal category freely generates a monoidal cat-
egory, its monoidal contour. Again, this is interpreted as
a monoidal category tracking the processes of parallel and
sequential decomposition described by the produoidal cate-
gory. And again, the construction follows a pleasant geometric
pattern, where we follow the shape of the decomposition, now
in both the parallel and sequential dimensions.

Definition 4.4 (Monoidal contour). The contour of a pro-
duoidal category B is the monoidal category OB that has
two objects, X% (left-handed) and XR (right-handed), for
each object X € Bgpj; and has arrows those that arise from
contouring both sequential and parallel decompositions of the
promonoidal category.

@ oG -G

Fig. 9: Generators of the monoidal category of contours.

Specifically, it is freely presented by (i) a pair of morphisms

ap € DB(AL; XL, a; € DB(XR; AR) for each morphism
a € B(A;X); (i) a morphism ag € DB(AL; AR), for each
sequential unit a € C(A; N); (iii) a pair of morphisms ag €
DB(AL; I) and ag € DB(I; AR), for each parallel unit a €
B(A; I); (iv) a triple of morphisms ag € DB(AL; XE), a; €
DB(XR;YL), a; € DB(YR; AR) for each sequential split a €
B(A; X <Y); and (v) a pair of morphisms ag € DB(AL; XL ®
YL) and a; € DB(XR ® YR; AR) for each parallel split a €
B(A; X ®Y), see Figure 9.

We impose the same equations as in the categorical contour
coming from the associator and unitor of the < structure; but
moreover, we impose the following new equations, coming
from the ® structure: For each application of associativity,
a(a s b) = ¢ § d, we impose the equations ag § (bo ® id) =
co$(id®dp) and (b; ®id) §a; = (id® d) § ¢1. These follow
from Figure 10.

For each application of unitality, A(a $; b) = ¢ = p(d & e),
we impose the equations ag § (bo ® id) = ¢p = dp § (id ® e)
and (b; ®id) $a; = ¢; = (id ® e;) ¢ dy. These follow from
Figure 11.

For each application of the laxator, Y, (a|b|c) = (d|e]| f),
we impose the equation ag § (bg ® co) = dj § ep, the middle
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Fig. 10: Equation between contours from ® associator.
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Fig. 11: Equations from ® unitor.

equation b| ® ¢; = e §d; § fo, and (b, ® ) sap = fi§da.
These follow Figure 12. We finally impose similar equations
for the rest of the laxators, see Definition D.1 for details.

Fig. 12: Equations from the laxator ;.

Proposition 4.5. Monoidal contour extends to a functor D :
Produo — Mon.

Proof. See Appendix, Proposition D.2. O

4.3 Produoidal Category of Spliced Monoidal Arrows

Again, we want to go the other way around: given a
monoidal category, what is the produoidal category that tracks
decomposition of arrows in that monoidal category? This
subsection finds a right adjoint to the monoidal contour con-
struction: the produoidal category of spliced monoidal arrows.

Definition 4.6. Let (C,®,/) be a monoidal category. The
produoidal category of spliced monoidal arrows, 7 C, has as
objects pairs of objects of C. It uses the following profunctors
to define sequential splits, parallel splits, sequential units,
parallel units and morphisms.

TC(4:%) =C(A; X) xC(Y, B);
TC(: ¥ <) =C(A; X) X C(Y; X') x C(Y'; B);
TCH: ¥ %) =CA4XeX)XC(Y ®Y';B);
TC(N) =C(A; B);
TC(4:1) =C(A; 1) x C(I; B).

In other words, morphisms are pairs of arrows f: A — X and
g: Y — B. sequential splits are triples of arrows f: A — X,
g:Y — X" and h: Y’ — B. Parallel splits are pairs of arrows
f:A—> X®X’'and g: Y®Y’ — B. Sequential units are arrows

f: A — B. parallel units are pairs of arrows f: A — I and
g: I — B. In summary, we have

fsose
fsosgsOsh
fs(@eno)sh
sequential units, f

fleg

Finally, the laxators unite two different connections between
two gaps into a single one. For instance, the last laxator takes
parallel sequences of holes,

Sos((hosOshi§505hy) ® (ko§O5k1505k2)) 5 fi
into sequences of parallel holes,

fos(ho®ko) 3 (@) 5 (h ®@ki)s(@eo)s(ha®k)s fi.

eTC
eTC
eTC
eTC
€eTC(:1).

morphisms,

~

)
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sequential splits,
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parallel splits,
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and parallel units,

See Appendix, Section D.2 for details.

Proposition 4.7. Spliced monoidal arrows form a produoidal
category with their sequential and parallel splits, units, and
suitable coherence morphisms and laxators.

Proof. See Appendix, Proposition D.3. O

Proposition 4.8. Spliced monoidal arrows extends to a functor
7 : Mon — Produo.

Proof. See Appendix, Proposition D.8. O

As in the categorical case, spliced monoidal arrows and
monoidal contour again form an adjunction. This adjunction
characterizes spliced monoidal arrows as a cofree construction.

Theorem 4.9. There exists an adjunction between monoidal
categories and produoidal categories, where the monoidal
contour is the left adjoint, and the produoidal splice category
is the right adjoint.

Proof. See Appendix, Theorem D.9. m]

4.4 Representable Parallel Structure

A produoidal category has two tensors, and neither is,
in principle, representable. However, the cofree produoidal
category over a category we have just constructed happens also
to have a representable tensor, (®). Spliced monoidal arrows
form a monoidal category.

Proposition 4.10. Parallel splits and parallel units of spliced
monoidal arrows are representable profunctors. Explicitly,

TCF o) = TG, wd TC (1) = TC ()

In fact, these sets are equal by definition. However, there
is a good reason to work in the full generality of produoidal
categories: every produoidal category, representable or not, has
an associated normal produoidal category, which may be again
representable or not. Normalization is a canonical procedure
to mix both tensors, (®) and (<); and it will allow us to
write monoidal contexts in Section 6, which form a produoidal
category without representable structure.



Remark 4.11. This means 7 C has the structure of a virtual
duoidal category | ] or monoidal multicategory, defined
by Aguiar, Haim and Lépez Franco [ ] as a pseu-
domonoid in the cartesian monoidal 2-category of multicat-
egories.

5 INTERLUDE: NORMALIZATION

Produoidal categories seem to contain too much structure:
of course, we want to split things in two different ways, se-
quentially (<) and in parallel (®); but that does not necessarily
mean that we want to keep track of two different types of units,
parallel (1) and sequential (N). The atomic components of our
decomposition algebra should be the same, without having to
care if they are atomic for sequential composition or atomic
for parallel composition.

Fortunately, there exists an abstract procedure that, starting
from any produoidal category, constructs a new produoidal
category where both units are identified. This procedure is
known as normalization, and the resulting produoidal cate-
gories are called normal.

Definition 5.1 (Normal produoidal category). A normal pro-
duoidal category is a produoidal category where the laxator
¢o: V(e;1) — V(e;N) is an isomorphism.

Normal produoidal categories form a category nProduo
with produoidal functors between them and endowed with fully
faithful forgetful functor U : nProduo — Produo.

Theorem 5.2. Let Vg 1 on be a produoidal category. The
profunctor NV (e;e) = V(e;N ® @ ® N) forms a promonad.
Moreover, the Kleisli category of this promonad is a normal
produoidal category with the following splits and units.

NV(A;B) =V(A;N® B® N);
NV(A;Boy C)=V(A;N® B®N®C® N);
NV(A;B<any C)=V(A;(N®B®N)<(N®CQ®N));
NV(A;In) = V(A;N);
NV(A;Nn) =V(A;N).

Proof. See Appendix, Theorem E.1. m]

A normalization procedure for duoidal categories was given
by Garner and Lépez Franco [ ]; our contribution is its
produoidal counterpart. This novel produoidal normalization
is better behaved than the duoidal one [ ]: the latter
does not always exist, but we show produoidal normalization
does. Indeed, we prove that produoidal normalization forms an
idempotent monad. The technical reason for this improvement
is that the original required the existence of certain coequal-
izers in V; produoidal normalization uses coequalizers in Set.
Appendix E.3 outlines a relation between the two procedures.

Theorem 5.3. Normalization extends to an idempotent monad.

Proof. See Appendix, Theorem E.3. o

Theorem 5.4 (Free normal produoidal). Normalization de-
termines an adjunction between produoidal categories and

normal produoidal categories, N : Produo = nProduo: U.
That is, NV is the free produoidal category over V.

Proof. See Appendix, Theorem E.5. O

In the previous Section 4, we constructed the produoidal
category of spliced monoidal arrows, which distinguishes be-
tween morphisms and morphisms with a hole in the monoidal
unit. This is because the latter hole splits the morphism in two
parts. Normalization equates both; it sews these two parts.
In Section 6, we explicitly construct monoidal contexts, the
normalization of spliced monoidal arrows.

5.1 Symmetric Normalization

Normalization is a generic procedure that applies to any
produoidal category, it does not matter if the parallel split
(®) is symmetric or not. However, when ® happens to be
symmetric, we can also apply a more specialized normalization
procedure.

Definition 5.5 (Symmetric produoidal category). A symme-
tric produoidal category is a produoidal category Vg n o1
endowed with a natural isomorphism o: V(A;B ® C) =
V(A; C ® B) satisfying the symmetry and hexagon equations.

Theorem 5.6. Let Vg ; on be a symmetric produoidal cat-
egory. The profunctor N ;V(e;e) = V(e;N ® e) forms a
promonad. Moreover, the Kleisli category of this promonad
is a normal symmetric produoidal category with the following
splits and units.

NsV(A;B) =V(A;N ® B);
NsV(A;Boy C)=V(A;N®B®C);
NoV(A;B<ay C)=V(A;(N®B) < (N®C));

NoV(A;In) = V(A;N);
NsV(A;Nny) = V(A;N).

Proof. See Appendix, Theorem E.6. o

Theorem 5.7. Normalization determines an adjunction be-
tween symmetric produoidal and normal symmetric produoidal
categories, N 5: SymProduo = nSymProduo: U. That is,
N oV is the free symmetric produoidal category over V.

Proof. See Appendix, Theorem E.11. o

6 MonNoIDAL CONTEXT: MIXING <l AND ® BY NORMALIZATION

Monoidal contexts formalize the notion of an incomplete
morphism in a monoidal category. The category of monoidal
contexts will have a rich algebraic structure: we shall be able
to still compose contexts sequentially and in parallel and, at
the same time, we shall be able to fill a context using another
monoidal context. Perhaps surprisingly, then, the category of
monoidal contexts is not even monoidal.

We justify this apparent contradiction in terms of profunc-
torial structure: the category is not monoidal, but it does have
two promonoidal structures that precisely represent sequential
and parallel composition. These structures form a normal



produoidal category. In fact, we show it to be the normalization
of the produoidal category of spliced monoidal arrows.

This section constructs explicitly the normal produoidal
category of monoidal contexts.

6.1 The Category of Monoidal Contexts

A monoidal context, MC (g ; )f), represents a process from
A to B with a hole admitting a process from X to Y. In
this sense, monoidal contexts are similar to spliced monoidal
arrows. The difference with spliced monoidal arrows is that
monoidal contexts allow for communication to happen to the
left and to the right of this hole.

Definition 6.1 (Monoidal context). Let (C, ®, I) be a monoidal
category. Monoidal contexts are the elements of the following
profunctor,

MC(4:%) =C(A;0; @ X ® ) C(e; @Y ® #3; B).

In other words, a monoidal context from A to B, with a hole
from X to Y, is an equivalence class consisting of a pair of
objects M, N € Cgp;j and a pair of morphisms f € C(A; M ®
X®N) and g € C(M ® Y ® N; B), quotiented by dinaturality
of M and N (Figure 13). We write monoidal contexts as

(fs(idy @m@idy)58) € MC(4:5).
In this notation, dinaturality explicitly means that
(f3(meidy ®n) § (idw @ m®idy) §8) =
(fe(idy @m®idy) ¢ (mQidy ®n) g g).

]
|

g
I
Fig. 13: Dinaturality for monoidal contexts.

Proposition 6.2. Monoidal contexts form a category.

Proof. We define composition of monoidal contexts by the
following formula (illustrated in Figure 29, iii).
(fs(dy @m®idy)58) < (h5(idy @midy) 5k) =
f3(idy @ h@idy) § ([dyem @ M@ idyen’)
5 (idy ® k®idy) 5 g
For each pair of objects, we define the identity monoidal
context as id4 ¢ m§idp (illustrated in Figure 29, ii). We check

that this composition is associative and unital in the Appendix,
Proposition F.3. O

Remark 6.3. Even when we introduce (id ® m ® id) as a
piece of suggestive notation, we can still write (g ® B ® h)
unambiguously, because of dinaturality,

(g®id®h):(idem®id) = (deom®id) ; (g®id® h).

==

Fig. 14: Morphisms, sequential and parallel splits, and units
of the splice monoidal arrow produoidal category.

6.2 The Normal Produoidal Algebra of Monoidal Contexts

Let us endow monoidal contexts with their normal pro-
duoidal structure.

Definition 6.4. The category of monoidal contexts, MC,
has as objects pairs of objects of C. We use the following
profunctors to define sequential splits, parallel splits, units and
morphisms.

MC(4:%)=C(A;0; @ X ® ) oC(e; ®Y ® 3; B);
MC(§;§<§,’) =C(A;0; ® X ®e)) 0
Ce1 @Y ®ee30X ®ey) 0
C(e3®@Y' ® @43 B);
MC(B:50%)=C(A;018X @0 ®X ®e3) 0
C(e;®Y ®e;, @Y’ ® o3;B);
MC (4 N) = C(A; B).

In other words, sequential splits are triples of arrows
fiA > M®X®N, gt MQQY®N - M X ®N’
and h: M’ @ Y ® N’ — B, quotiented by dinaturality of
M,M’,N,N’. Parallel splits are pairs of arrows f: A —
MIXOINR®X' ®0 and g: M®YR®NQ®Y ® O — B,
quotiented by dinaturality of M, N, O. Units are simply arrows
f: A — B. In summary, we have

morphisms, fe(dom®id)sg
fe(idom®id)sgs(idem®id) s h;
fs(ideomeidem®id)sg;

sequential units,  f.

sequential splits,
parallel splits,

Dinaturality for sequential splits and parallel splits is de-
picted the Appendix, Figures 30 and 31.
Proposition 6.5. The category of monoidal contexts forms

a normal produoidal category with its units, sequential and
parallel splits.

Proof. See Appendix, Proposition F.4. O

Theorem 6.6. Monoidal contexts are the free normalization
of the cofree produoidal category over a category. In other
words, monoidal contexts are the normalization of spliced
monoidal arrows, NTC = MC.

Proof. See Appendix, Theorem F.12. O



7 MonoIDAL LENSES

Monoidal lenses are symmetric monoidal contexts. Again,
the category of monoidal lenses has a rich algebraic structure;
and again, most of this structure exists only virtually in terms
of profunctors. In this case, though, the monoidal tensor does
indeed exist: contrary to monoidal contexts, monoidal lenses
form also a monoidal category.

This is perhaps why applications of monoidal lenses have
grown popular in recent years [ ], with applications in
decision theory [ ], supervised learning [ 1,
[ ] and most notably in functional data accessing [ 1,
[ 1, [ 1, [ ]. The promonoidal structure of
optics was ignored, even when, after now identifying for the
first time its relation to the monoidal structure of optics, we
argue that it could be potentially useful in these applications:
e.g. in multi-stage decision problems, or in multi-stage data
accessors.

This section explicitly constructs the normal symmetric
produoidal category of monoidal lenses. We describe it for
the first time by a universal property: it is the free symmetric
normalization of the cofree produoidal category.

7.1 The Category of Monoidal Lenses

A monoidal lens of type LC(4,%) represents a process in a
symmetric monoidal category with a hole admitting a process
from X to Y.

~

AYEAY

gzﬁ%ﬁ

Fig. 15: Generic monoidal lens, sequential and parallel split.

Definition 7.1 (Monoidal Lens). Let (C, ®, I) be a symmetric

monoidal category. Monoidal lenses are the elements of the

following profunctor,
LC(4:¥)=C(A;e®X)oC(e ®Y;B).

In other words, a monoidal lens from A to B, with a hole
from X to Y, is an equivalence class consisting of a pair of
objects M, N € Cgpj and a pair of morphisms f € C(A; M®X)
and g € C(M ®Y; B), quotiented by dinaturality of M. We
write monoidal lenses as

fs(idy @m)sge LTC(4:5).

Proposition 7.2. Monoidal lenses form a normal symmetric
produoidal category with the following morphisms, units,
sequential and parallel splits.

LC(4:¥) =C(A;0@X)oC(e®Y; B);
LC(4:N)=C(A;B);
LC(4:¥<¥) =C(A;010X) 0
C(e1®Y;0®X')0oC(e2®Y"; B);
LC(4:80%)=C(A;018X®X')0C(e;®Y ®Y'; B).

Proof. See Appendix, Proposition G.1. O

Theorem 7.3. Monoidal lenses are the free symmetric nor-
malization of the cofree symmetric produoidal category over
a monoidal category.

Proof. See Appendix, Theorem G.9. m]

Remark 7.4 (Representable parallel structure). The parallel
splitting structure of monoidal lenses is representable,

Fof)=LC(3:7e0)-

Lenses over a symmetric monoidal category are known to be
monoidal [ 1T ], but it remained unexplained why a
similar structure was not present in non-symmetric lenses. The
contradiction can be solved by noting that both symmetric and
non-symmetric lenses are indeed promonoidal, even if only
symmetric optics provide a representable tensor.

LC (4

Remark 7.5 (Session notation for lenses). We will write !A =
(4) and ?B = (}) for the objects of the produoidal category of
lenses that have a monoidal unit as one of its objects. These
are enough to express all objects because !A ® ?B = (g); and,
moreover, they satisfy the following properties definitionally.

C(e;?A < ?B) = C(e;?A ® ?B);
C(e;!A<!B) = C(e;!A®!B);
C(e;!A<?B) = C(e;!A®?B).

'(A®B) =!AQ!B;
?2(A®B)=?AQ?B;

Proposition 7.6. Let (C,®,1) be a symmetric monoidal cat-
egory. There exist monoidal functors (I): C — LC and
(?): C°P — LC.

Proof. See Appendix, Proposition G.7. [m]

7.2 Protocol Analysis
Let us go back to our running example (Figure 1). We can
now declare that the client and server have the following types,
representing the order in which they communicate,
@ € LC
g < LC

Clich  tMsg = 2Msg « M)

Server . 9 ' 9 )
Server’ ?Msg < IMsg < ?Msg

Moreover, we can use the duoidal algebra to compose them.
Indeed, tensoring client and server, we get the following
codomain type,

('Msg < ?Msg < !Msg) ® (?Msg < !Msg < ?Msg).



‘We then apply the laxators to mix inputs and outputs, obtaining
('Msg ® ?Msg) < (?Msg ® !Msg) < (!Msg ® ?Msg),

and we finally apply the unitors to fill the communication holes

with noisy channels.

_ 3 3 ClienteServer
Y2 ( @ ® B ) <3 NOISE® € LC (ClienteaServer) :

We end up obtaining the protocol as a single morphism
Client® Server — Client® Server in whatever category we are
using to program. Assuming the category of finite stochastic
maps, this single morphism represents the distribution over the
possible outcomes of the protocol. Finally, by dinaturality, we
can reason over independent parts of the protocol.

Proposition 7.7. Let (3 ) = (SYN;(idom)3ACKs (idom)). The
equalities in Figure | are a consequence of the dinaturality of
a monoidal lens.

Proof. We recognize the diagram in Figure | as representing
the elements in the following equation.
SYN§ (id®@m) § ACK s (id @ m) =
SYN* 3 (PR] ® id) 3 m § ACK § (id ® m)
SYN" ¢ (id@m) ¢ (PRI ®id) § ACK ¢ (id @ m)
SYN" 3 (id ® m) §ACK™ ¢ (id @ m).

In the same way we would apply the interchange law in com-
pleted morphisms, we have applied dinaturality over PRJ. O

7.3 Cartesian Lenses

We have worked in full generality, but cartesian lenses
are particularly important to applications in game theory
[ ] and functional programming [ 1, [ ].
We introduce their newly constructed produoidal structure.

Proposition 7.8 (Cartesian Lenses). Let (C,-, 1) be a carte-
sian monoidal category. Its produoidal category of lenses is
given by the following profunctors.

LC($:¥) = C(A; X) X C(AY; B),
LC (4§ a¥)) = C(A; X) X C(AY; X') x C(AYY’; B),
LC(H¥®%) = C(A; XX') x C(AYY'; B),
LC(4) = C(A;B).
Proof. See Appendix, Proposition G.8. O

8 CoNCLUSIONS

Monoidal contexts are an algebra of incomplete processes,
commonly generalizing lenses [ ] and spliced arrows
[ ]. In the same way that the m-calculus allows in-
put/output channels of an abstract model of computation, mo-
noidal contexts allow input/output communication on arbitrary
theories of processes, such as stochastic or partial functions,
quantum processes or relational queries.

Monoidal contexts form a normal produoidal category: a
highly structured and rich categorical algebra. Moreover, they
are the universal such algebra on a monoidal category. This

is good news for applications: the literature on concurrency is
rich in frameworks; but the lack of canonicity may get us con-
fused when trying to choose, design, or compare among them,
as Abramsky [ ] has pointed out. Precisely characterizing
the universal property of a model addresses this concern. This
is also good news for the category theorist: not only is this an
example shedding light on a relatively obscure structure; it is
a paradigmatic such one.

We rely on two mathematical ideas: monoidal and duoidal
categories on one hand, and dinaturality and profunctorial
structures on the other. Monoidal categories, which could be
accidentally dismissed as a toy version of cartesian categories,
show that their string diagrams can bootstrap our conceptual
understanding of new fundamental process structures, while
keeping an abstraction over their implementation that cartesian
categories cannot afford. Duoidal categories are such an exam-
ple: starting to appear insistently in computer science [ 1,
[ ], they capture the posetal structure of process depen-
dency and communication. Dinaturality, virtual structures and
profunctors, even if sometimes judged arcane, show again that
they can canonically capture a notion as concrete as process
composition.

8.1 Further Work

Dependencies. Shapiro and Spivak [ ] prove that nor-
mal symmetric duoidal categories with certain limits addi-
tionally have the structure of dependence categories: they
can not only express dependence structures generated by (<)
and (®), but arbitrary poset-mediated dependence structures.
Produoidal categories are better behaved: the limits always
exist, and we only require these are preserved by the coend.

Proposition 8.1. Let V be a normal and ®-symmetric pro-
duoidal category with coends over N commuting with finite
connected limits. Then, [V°P,Set] is a dependence category
in the sense of Shapiro and Spivak [ ]

Proof sketch. See Appendix, Theorem H.1. o

Weakening dependence categories in this way combines the
ideas of Shapiro and Spivak [ ] with those of Hefford and
Kissinger [ ], who employ virtual objects to deal with the
non-existence of tensor products in models of spacetime.

Language theory. Mellies and Zeilberger [ ] used
a multicategorical form of splice-contour adjunction (Re-
mark 3.3) to give a novel proof of the Chomsky-Schiit-
zenberger representation theorem, generalized to context-free
languages in categories. Our produoidal splice-contour adjunc-
tion (Section 4), combined with recent work on languages
of morphisms in monoidal categories [ ] opens the way
for a vertical categorification of the Chomsky-Schiitzenberger
theorem, which we plan to elaborate in future work.

String diagrams for concurrency. Nester et al. [ 1,
[ ] have recently introduced an alternative description of
lenses in terms of proarrow equipments, which have a good 2-
dimensional syntax [ ] we can use for send/receive types
(!/?). We have shown how this structure arises universally in



symmetric monoidal categories. It remains as further work
to determine a good 2-dimensional syntax for concurrent
programs with iteration and internal/external choice.
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APPENDIX A
INTRODUCTION
A.1 Three Way handshake Implementation
The following can be interpreted as pseudocode using the linear type theory of symmetric monoidal

categories [ ]. The type theory of symmetric monoidal categories (Section A.l) uses declarations
such as (x , y) <- f(a, b, c) to represent morphisms such as f: A® BC —- X ®Y.

GEN
ng(A|,...,An;B) l“li—x]:Al...l",,i—x,,:A,,
Shuf(Ty,...,Tn) F f(x1,...,x4) : B
PaIr
F]FX]ZA]...FHI-)C,,ZA" Var
Shuf(rl’---,rn) k [xl,---,xn] : Al ®---®An X:Arx:A
SpLiT
Arm:A;®---®A, Toxp i A, ...,xn i Apkz: C
Shuf(T,A) F [x1,...,x4] & m;z:C
Fig. 16: Type theory of symmetric monoidal categories [ 1.

We can interpret pseudocode as talking about the type theory of monoidal categories. Usually, we will
need some extra structure: such as if-then-else or explicit functions. It has been found in programming
that a good level of concreteness for monoidal categories is given by the Kleisli categories of commutative
monads, sometimes abstracted by Freyd categories [ 1. [ 1, see [ ] for a comparison with
plain monoidal categories and string diagrams. For convenience, we assume this setting in the following
code, but note that it is not strictly necessary, and that a type-theoretic implementation of monoidal
categories would work just the same.

The following code inspired by Haskell’s do-notation [ ] and it has been tested in the Glasgow
Haskell Compiler, version 9.2.5.

syn :: Client ~> (Client, Syn, Ack)
syn(client) = do

client <- random

return (client, client, 0)

synack :: (Syn, Ack, Server) ~> (Syn, Ack, Server)
synack(syn, ack, server) = do
server <- random
return (if syn == 0 then (0,0,0) else (server, ack+l, server))

noise :: Noise -> (Syn, Ack) ~> (Syn, Ack)
noise k (syn,ack) = do

noise <- binomial k

return (if noise then (0,0) else (syn,ack))

ack :: (Client, Syn, Ack) ~> (Client, Syn, Ack)
ack(client, syn, ack) = do
return (if client+1 /= ack then (0,0,0) else (client+l, syn+l, client))



receive :: (Syn, Ack, Server) ~> Server
receive(syn, ack, server) = do
return (if server+l /= ack then 0 else server)

We can use the produoidal category of lenses to provide a modular description of this protocol.

The programmer will not need to know about produoidal categories: they will be able to define splits of
a process; they will be able to read the type of the split in terms of the send-receive steps of the protocol;
they will be able to combine them, and the typechecker should produce an error whenever dinaturality
is not respected. In fact, in the following code, naively combining client and server in a way that does
not preserve dinaturality will produce a type error because GHC will not be able to match the types. We
present the description of the protocol, encoding send/receive types.

protocol ::

Split (Kleisli Distribution) Client Client
(Syn, Ack) --!
(Syn, Ack) -- 7
(Syn, Ack) --!
O -7

-> Split (Kleisli Distribution) Server Server
O -- !
(Syn, Ack) -- ?
(Syn, Ack) --!

(Syn, Ack) -- ?
-> (Client, Server) ~> (Client, Server)
protocol
(Split (Kleisli clientl) (Kleisli client2) (Kleisli client3))
(Split (Kleisli serverl) (Kleisli server2) (Kleisli server3))
(client , server) = do
(server, () <- serverl(server)
(client, (s,a)) <- clientl(client)
(s, a) <- noise 0.1 (s,a)
(server, (s,a)) <- server2(server, (s,a))
(s, a) <- noise 0.1 (s,a)
(client, (s,a)) <- client2(client, (s,a))
(s, a) <- noise 0.1 (s,a)
(server) <- server3(server, (s,a))
(client) <- client3(client, ()
return (client, server)

The following Figure 17 and Figure 18 show the separate Haskell code for the client and server modules.



client :: Split (Kleisli Distribution) Client Client
(Syn, Ack) --!
(Syn, Ack) -- ?
(Syn, Ack) -- !
O -7
client = Split {

-- Part 1: Send a SYN message.
partl = Kleisli § \client -> do
client <- pure 10
return (client, (client, 0))

-- Part 2: Receive ACK, send ACK.
, part2 = Kleisli § \(client, (syn, ack)) -> do
return (if client+l /= syn then (0,(0,0)) else (client, (client+1, ack+1)))

-- Part 3: Close protocol.
, part3 = Kleisli $ \(client, ()) -> do
return client

}
Fig. 17: Haskell code for the client module.
server :: Split (Kleisli Distribution) Server Server
O -- send ==>
(Syn, Ack) -- receive <==
(Syn, Ack) -- send ==>
(Syn, Ack) -- receive <==

server = Split

-- Part 1: Open protocol.
{ partl = Kleisli $ \server -> do
return (server, ()

-- Part 2: Receive SYN and send ACK.
, part2 = Kleisli $ \(server, (syn, ack)) -> do
server <- pure 20
return (if syn == 0 then (0,(0,0)) else (server, (syn+l, server)))

-- Part 3: Receive ACK.
, part3 = Kleisli $ \(server, (syn, ack)) -> do
return (if server+l /= ack then 0 else server)

}

Fig. 18: Code for the server module.



data Split c a b x y s t where
Split :: { partl :: c a (m , x)
, part2 :: c (m , y) (n, s)
, part3 :: c(n, ) b
} >Splitcabzxyst

data Unit c a b where
Unit :: { unit :: cab } ->Unitcab

data Context c a b x y where
Context :: { partA :: ca (m , Xx)
, partB :: c (m , y) (m , b)
} -> Context cabxy

type (a ~> b) = (a -> Distribution b)

Fig. 19: Code describing the profunctors of monoidal lenses.



AppPENDIX B
PROFUNCTORS AND VIRTUAL STRUCTURES

Definition B.1. A profunctor (P, <,>) between two categories A and B, written P(e;e): A eo B, is a
family of sets P(B;A) indexed by objects A and B, and endowed with jointly functorial left and right
actions of the morphisms of A and B, respectively [ 1, [ 1.

Explicitly, the types of these actions are (>): B(B’,B) X P(B,A) — P(B’,A), and (<): P(B,A) X
A(A,A’) - P(B,A’). These must

« satisfy compatibility, (f >p)<g=f>(p<g),

« preserve identities, id > p = p, and p <id = p,

« and preserve compositions, (p < f) <g=p<(feg)and f>(g>p)=(fsg) > p.

Remark B.2. More succinctly, a profunctor P: A e—o B is a functor P: B%® x A — Set. Analogously, a
profunctor P: A o—e B is a functor P: A’ X B — Set, or a profunctor P: B e—o A.3> When presented as a
family of sets with a pair of actions, profunctors are sometimes called bimodules.

Theorem B.3 (Yoneda isomorphisms). Let C be a category. There exist bijections between the following
sets defined by coends. These are natural in the copresheaf F: C — Set, the presheaf G: C°° — Set and
AeC,

X i X »
/ C(X; A) x F(X) 2 F(A); / C(A; X) x G(X) = G(A);

and they are defined by y\(f | @) = F(f)(a) and y2(g | B) = G(g)(B). These are called Yoneda
reductions or Yoneda isomorphisms, because they appear in the proof of Yoneda lemma. Moreover, any
formal diagram constructed out of these reductions, products, identities and compositions commutes.

B.1 Promonads

Definition B.4. A promonad (P,*,°) over a category C is a profunctor P: C o—e C together with two
natural transformations representing inclusion (°): C(X;Y) — P(X;Y) and multiplication (x): P(X;Y) X
P(Y;Z) — P(X;Z), and such that

« the left action is premultiplication, f°* p = f > p,

« the right action is postmultiplication, p x f° =p < f,

« multiplication is dinatural, p x (f > ¢q) = (p < f) x q,

« and multiplication is associative, (pj * p2) * p3 = p1 *x (p2 % p3).

Equivalently, promonads are monoids in the category of endoprofunctors. Every promonad induces a
category, its Kleisli category, with the same objects as the original C, but with hom-sets given by the
promonad, P(e;e). [ ]

B.2 Multicategories

Multicategories. We can explain promonoidal categories in terms of their better-known relatives:
multicategories. Multicategories can be used to describe (non-necessarily-coherent) decomposition. They
contain multimorphisms, X — Yy, ...,Y, that represent a way of decomposing an object X into a list of
objects Yo, ..., Yy.

Definition B.5 (Multicategory). A multicategory is a category C endowed with a set of multimorphisms,
C(X;Yp, ..., Y,) for each list of objects Xy, ..., X,,Y in Cy;, and a composition Figure 20 operation

Gy, C(X: Yo, ... Yn) X C(Yis Zo, .. .. Zim) = C(Z: Yo, ... Xo, s Xy - Vi)

Composition is unital, meaning idx, § f = f §idy for any f making the equation formally well-typed.
Composition is also associative, meaning (hsg)sf =hg(gef); and gs(hsf) = hi(gsf) holds whenever
it is formally well-typed.

3Notation for profunctors conflicts in the literature. To side-step this problem, we use the symbols (o—e) and (e—), where o marks
the contravariant (op) argument. This idea we take from Mike Shulman.



Fig. 20: Multicategorical composition.

Proposition B.6. Multicategorical composition is dinatural on the object we are composing along. This is
to say that composition, (3);”" induces a well-defined and dinatural composition operation on the coend
the variable Yy we are composing along.

YreC
6" (/ CX; Yo, ..., Yn) XC(Yk;Zo,...,Zm)) - C(Z: Yo, Xos -+ s Xoms -, Yom).

Fig. 21: Multicategorical composition is dinatural.

Proof. This is a direct consequence of the associativity of composition for multicategories, inducing an
isomorphism. O

Remark B.7. A promonoidal category is a multicategory where dinatural composition is invertible.

Duomulticategories describe the interaction between two kinds of decomposition: a sequential one and
a parallel one. We can mix this two ways of decomposing: for instance, we can decompose X sequentially
and then decompose each one of its factors in parallel, finally decompose the last one of these sequentially
again.

CX; (Yo - 1), (Y2~ (¥3,Y4))).
Definition B.8 (Duomulticategory). A duomulticategory is a category C endowed with a set of multi-

morphisms, C(X; E(Yp, . ..,Y,)), for each list of objects Yy, ...,Y, in Cup; and each expression E on two
monoids. Moreover, it is endowed with a dinatural composition operation

Yi
Gy / C(X;Ei[Yo, ... Yul) XC(Yis E2[Zo, - . .. Zm]) — C(XG Ei[Yo, . . .. E2[Xo, .., Xin]s oY),

and laxators relating sequential and parallel composition,
C(X;El [Y(), - ((Z(),Z|) . (Zz, Z";)), ce ,Yn]) — C(X;E| [Y(), ey ((Z() . Zz), (Z| . Z})), “e ,Yn]).

Remark B.9. In the same sense that a promonoidal category is a category where dinatural composition is
invertible in a specific sense, a produoidal category can be conjectured to be a duomulticategory where
dinatural composition is invertible, inducing an isomorphism.

AppENDIX C
SEQUENTIAL CONTEXT

Proposition C.1 (From Proposition 3.2). Contour gives a functor C : Promon — Cat.



Proof. Definition 3.1 defines the action on promonoidal categories. We define the action on promonoidal
functors. Given a promonoidal functor F : V — W, define the functor CF : CV — CW by the following
morphism of presentations:

Xt F(X)E xR F(X)R
for each a € V(A;N), ag : AL - AR Fy(a)o
for each b € V(X;B), by : B — Xt — F(b)y; by : X% — BR — F(b),
for each ¢ € V(C;Y 9 2Z), ¢o: CF = YE s Fa(c)o; c1: YR = ZF = Fa(o)r; c2: ZR — CR — Fa(o)a.
It follows from F : V — W being a promonoidal functor that the contour equations of Definition 3.1 hold
between the images of generators, so this defines a functor. In particular when Idy : V — V is an identity,

it is an identity functor. Let G : U — V be another promonoidal functor, then C(G § F) = C(G) § C(F)
follows from the composition of promonoidal functors. O

Proposition C.2 (From Proposition 3.5). Spliced arrows form a promonoidal category with their sequential
splits, units, and suitable coherence morphisms.

Proof. In Lemma C.3, we construct the associator out of Yoneda isomorphisms. In Lemmas C.4 and C.5,
we construct both unitors. As they are all constructed with Yoneda isomorphisms, they must satisfy the
coherence equations. O

Lemma C.3 (Promonoidal splice associator). We can construct a natural isomorphism,
Yesc Yesc
@ / SC (&% aY)x SC(Us X a X)) = / SC (Y a¥) x SC(UsX aX),
exclusively from Yoneda isomorphisms. This isomorphism is defined by stating that a({fo 0% fi $03%
F)gos058150882)) = (Cho§05 h1 505 ho)l{ko 505 k1§05 k2)) if and only if
(fo58050581505825f150582) =ChosO5hiskosOski$035k235ho).

Proof. We will show that both sides of the equation are isomorphic to C(A; X) x C(Y; X’) x C(Y’; X"’) x
C(X"; B); that is, the set of quadruples of morphisms (po 0§ p; $0¢§ p2 $0%§ p3) where po: A — X,
p1:Y—> X' pr:Y — X and p3: Y’ — B.

Indeed, the following coend calculus computation constructs an isomorphism,

Uesc
v , ” ..
/ SC (¥ <)y xsc ;¥ <) (by definition)

Uesc
/V C(A; X) xC(Y;U) xC(V; By x C(U; X') x C(Y"; X"y x C(Y"";, V) = (by definition)

I

Uesc
/v C(A; X) x SC (5:¥) xC(U; X') x C(Y'; X") x C(Y"; V) (by Yoneda reduction)

C(A; X) xC(Y; X') xC(Y'; X”") x C(Y"; B),
that sends a pair (fo 3035 1505 f2)|{go 5035 &1 303 g2), quotiented by the equivalence relation generated
by (fosO3fisnsosms f){go3058150582) =(fo505f15032)(nsgosmsg1§03msga), to the

canonical form (fo$05 fi 5805058150582 f2)-
In the same way, the following coend calculus computation constructs the second isomorphism,

l‘jesc def
/ SC (&Y X)) x SC(U: X aX) e

<

eSC

/ C(A;U) x C(V; X") x C(Y"; B) X C(U; X) X C(Y; X') X C(Y'; V) def

eSC

/ SC(:§) x T3 B) X C(U; X) x T3 X) X C(Y; V)

<Q
=

R



C(A; X) xC(Y; X')xC(Y'; X”") x C(Y"; B),

that sends a pair (ho 305 h; $05 ha)|<ko 30§ k) §0% k), quotiented by the equivalence relation generated
by (hosnsosmghi §05ha)[(kosOski§05ko) =Chos05h §05h)(nskosOski§05k25m), to the
canonical form (hygskosOsk; $Oka S h; $0¢ hy).

In summary, we have that a({fo303 f1303/2)1{(8030581303582)) = ({ho303h1305h2) [(ko3O5k1505k2))
if and only if

(fosgos08g1805825/130582) =ChosO8hiskosOsk1§05kas M),
which is what we wanted to prove. O

Lemma C.4 (Promonoidal splice left unitor). We can construct a natural isomorphism,
Yesc
a [V se(y P xSe ) = se ().

exclusively from Yoneda isomorphisms. This isomorphism is defined by A({fo30% f150% f2)lg) ={fo383%
fisos fa).

Proof. Indeed, the following coend calculus derivation constructs the isomorphism.

U el
VEM,
/ SC (%Y <) x SC (U N) — (by definition)
Yesc
/ C(A;U) xC(V; X)X C(Y;B) xC(U;V) = (by definition)
gESC
/ SC (£:%) xC(Y; B) x C(U; V) = (by Yoneda reduction)

C(A; X) xC(Y;B).
Thus, it is constructed by a Yoneda isomorphism. O

Lemma C.5 (Promonoidal splice right unitor). We can construct a natural isomorphism,
Uesc
pr [V SC(lF ) xSCEiN) = SC(§).
exclusively from Yoneda isomorphisms. This isomorphism is defined by p({fo 30 fi50% f2)|g) = (fosO%
1585 f2)
Proof. Indeed, the following coend calculus derivation constructs the isomorphism.

geSC
/ SC (4, X <) xSC (Y;N) = (by definition)

Uesc
/ Y C(A X) X C(Y;U) x C(V; By X C(U;V) = (by definition)

I3

Ucs
Yesc
C(A; X) x SC (%:Y) xC(U; V) (by Yoneda reduction)
BV
C(A; X) xC(Y;B).

Thus, it is constructed by a Yoneda isomorphism. O

Proposition C.6 (From Proposition 3.6). Splice gives a functor S : Cat — Promon.



Proof. Definition 3.4 defines the action on categories. We define the action on functors. Given a functor
F : C — D, define the promonoidal functor SF : SC — SD by
BB
SF := FA,X X FY,B : SC(g, )Y{) - SD(;Q,I;% s
SFq:=Fax x Fy x» X Fyr g : SC(4,¥ <) = SD(E4, £¥ < X)),
SFN = FA,B : SC({;, N) g SD(;;:Q, N)

It follows from the promonoidal structure on spliced arrows (Proposition C.2) that this preserves coherence
maps. If Idc : C — C is an identity functor, then it defines the identity Id sc, which has underlying functor
the identity and identity natural transformations. If G : B — C is another functor, then S(G § F) = SGsSF
follows from composition of functors. O

Theorem C.7 (From Theorem 3.7). There exists an adjunction between categories and promonoidal
categories, where the contour of a promonoidal is the left adjoint, and the splice category is the right
adjoint.

Proof. Let C be a category and let B be a promonoidal category. We will show that the promonoidal
functors B — SC are in natural correspondence with the functors CB — C. We first observe that the
category CB is freely presented; thus, a functor CB — C amounts to a choice of some objects and some
morphisms in C satisfying some equations. Explicitly, by the definition of contour, a functor CB — C
amounts to

« for each X € Boyj, a choice of objects XL xR ¢ Cobjs
for each element a € B(X), a choice of morphisms ag € C(X*, X¥);
for each morphism a € B(A; X), a choice of morphisms ag € C(A%; X%) and a; € C(XR; AR);
for each split a € C(A;X <Y), a choice of morphisms ag € C(AY; XE), a1 € C(XR;YL) and
a € C(YR; AR);
the choice must be such that a(a | b) = (¢ | d) implies ag = ¢ §do; a1 $bo = d; and by = dy 5 cy;
as by =ca;
« the choice must be such that p(a|b) = ¢ = A(d|e) implies ag = co = doseo3d) and a;3bosar = ¢; = da.

On the other hand, a promonoidal functor B — SC, also amounts to

« for each X € Bgpj, an object FX = (XL, XR) € SCqp, which is a pair of objects of Cop;;

« for each element a € B(X), a morphism F(a) = ap € SC(FX);

« for each element a € B(A; X), a splice F(a) =(api035a;) € SC(FA; FX);

« for each element @ € B(A; X «Y), a splice F(a) ={aps0%a; s0%az) € SC(FA;FX < FY);

« preserving associativity, with a(a | b) = (¢ | d) implying a(F(a) | F(b)) = F(c) | F(d);

« preserving unitality, with p(a | b) = ¢ = A(d | e) implying p(F(a) | F(b)) = F(c) = A(F(d) | F(e));
by the definition of splice, its associativity and unitality, the structure on each one of these points is exactly
equal. O

C.1 Spliced arrow multicategory
As a consequence of the previous discussion, the n-morphisms are the sequences of arrows in C separated

by n gaps; the sequence of arrows goes from A to B, with holes typed by {X;,Y;}ie[1,... n]. In other words,

sc(g;);;@...@);;):cm;xl)x X C(Y,, B).

n—1
n C(Yr, Xr+1)
k=1

Composition in the multicategory is defined by substitution of a spliced arrow into one of the gaps of
the second; the identity is just id4 — idg, the spliced arrow with a single gap typed by (A, B).

Proposition C.8. The multicategory of spliced arrows, SC, is precisely the promonoidal category induced
by the duality C°P 4 C in the monoidal bicategory of profunctors: a promonoidal category over C x C°P.



AppPENDIX D
PARALLEL-SEQUENTIAL CONTEXT

D.1 Monoidal Contour

Definition D.1 (Monoidal contour, from Definition 4.4). The contour of a produoidal category B is the
monoidal category DB that has two objects, X’ (left-handed) and X® (right-handed), for each object
X € B,p;; and has arrows those that arise from contouring both sequential and parallel decompositions of
the promonoidal category.

oG -

Fig. 22: Generators of the monoidal category of contours.

Specifically, it is freely presented by (i) a pair of morphisms ag € DB(AL; XL), a; € DB(XR; AR) for
each morphism a € B(A; X); (ii) a morphism ag € DB(AL; AR), for each sequential unit a € C(A;N);
(iii) a pair of morphisms ap € DB(AL; ) and ag € DB(I; AR), for each parallel unit a € B(A;1); (iv)
a triple of morphisms ag € DB(AL; XL), a; € DB(XR,YL), ay € DB(YR; AR) for each sequential split
a € B(A; X <Y); and (v) a pair of morphisms ag € DB(AL; X* @ YL) and a; € DB(XR ® YR; AR) for
each parallel split a € B(A; X ® Y), see Figure 22.

For each equality a P2b=c3d, we impose the equations ag = ¢ § do; a; §bo =d; and by =dy {cy;
az by = c;. For each equality a;Qb =c= d;l e, we impose ap = co = dpseosd; and a; $bosar = c1 = ds.
These follow from Figure 7.

For each application of associativity, a(a$; b) = c$d, we impose the equations ao$(bo®id) = ¢ (id®dp)
and (b) ®id) a; = (id® d) ¢ c;. These follow from Figure 23.

ag ar ¢
b =

by
I —

Fig. 23: Equation from associativity.

For each application of unitality, A(a $; b) = ¢ = p(d 5z e), we impose the equations ag § (b ®id) = ¢p =
do 3 (id®eg) and (b ®id) §a; =c) = (id® e1) §d;. These follow from Figure 24.

ag gl

ay awf [T))*
= ,”C]‘ =
@) @
Fig. 24: Equations from unitality.
For each application of the laxator, ¥, (a|b|c) = (d|e| f), we impose the equation ag3(bo®co) = do$eo,
the middle equation b; ® c¢; = e $d; § fo, and (by ® ¢2) §a; = fi § da. These follow Figure 25.
For each application of the laxator, ¥o(a) = (b|; c|» d), we impose an equation ag = b §co, an equation
id = ¢ § b; §do, and an equation a; = d; § by. This follows Figure 26.
For each application of the laxator, 2(a |} b |2 ¢) = d, we impose an equation ag § (bg ® co) §a; = dy.
This follows Figure 27.

For each application of the laxator, ¢g(a) = b, we impose an equation ag § a; = bg. This follows
Figure 28.



Fig. 25: Equations for the first laxator.
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Fig. 26: Equations for the second laxator.
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Fig. 27: Equations for the third laxator.

s

by

Fig. 28: Equations for the fourth laxator.

Proposition D.2 (From Proposition 4.5). Monoidal contour gives a functor O : Produo — Mon.

Proof. Definition 4.4 defines the action on produoidal categories. We define the action on produoidal
functors. Given a produoidal functor F : V — W, define the strict monoidal functor DF : DV — DW
by the following morphism of presentations:

« the objects X* and XF are mapped to F(X) and F(X)R;
for each a € V(A; N), the morphism ag : ALY — A is mapped to Fy (a)o;
for each b € V(A; 1), both by : AL — I and b, : I — AR are mapped to F;(b)y and F;(b)i;
for each ¢ € V(X; B), the morphisms ¢ : BX — XL, ¢ : XR — BR are mapped to F(c)o and F(c)1;
for each d € V(C;Y ® Z), the morphisms dy : C* — Y&, dy : YR — Z' and d, : ZR — CR are
mapped to Fq(d)o, Fq(d); and F4(d),;
for each e € V(C;Y < Z), the morphisms ey : CL > YL ¢y : YR > ZL and e, : ZR — CR are
mapped to Fq(e)y, Fo(e); and F4(e).
It follows from F : V — W being a produoidal functor that the contour equations of Definition 3.1
hold between the images of generators, so this assignment extends freely to a strict monoidal functor. In
particular when Idvy : V — V is an identity, it is an identity functor. Let G : U — V be another produoidal
functor, then C(G § F) = C(G) 3 C(F) follows from the composition of produoidal functors. m]

.

D.2 Spliced Monoidal Arrows

Proposition D.3 (From Proposition 4.7). Spliced monoidal arrows form a produoidal category with their
sequential and parallel splits, units, and suitable coherence morphisms and laxators.

Proof. We use the laxators constructed in Lemmas D.4 to D.7. Because these laxators are constructed out
of compositions and Yoneda lemma, they do satisfy all formal coherence equations. O

Lemma D.4 (Produoidal splice, first laxator). We can construct a natural transformation,

pa: TC(H(F <)@ (Y a¥)) »TC(HFey) <« (Fel)),



exclusively from compositions and Yoneda isomorphisms. This laxator is defined by
Yao((fo505/1) 1 <ho 505 M §0O5 ko) [kosO5k1505k2)) =(g05058150582)Kpos05p1){g050541)
if and only if

(fos(ho®ko)sOshi ®ki505(ha®k2)5f1)=(g05P0505P158154050541582)

Proof. We will show that the right hand side is isomorphic to the following set. Then, we construct a map
from the left hand to this same set,

CA:X®X)XC(Y @Y ;U U’) xC(VeV';B).

Indeed the following coend derivation constructs an isomorphism.

C (% (’y(®xf) <(Vey) i
/ T < Z)xTC(Z:X @ X) xTC(Z:Y oY) f
e , def
/ TC(HE<QE)XxC(Z;X@X)XCY QY ;W) XxC(Z5UU)XC(VRV; W) =

Y1
TC(§:§ <§) X TC(F: yox) X TC(FsVey) =

A XeX' JUeU’ def
TC(3yer <vVev)

C(A;X®X')xCY®Y; ;U®U')xC(VeV’;B).
The isomorphism sends the triple ({g03058150582)1{P0505P1)1{q0505¢1)) o {g03P0505P15815G050541582)-
On the other hand, we define a map from the left hand side of the equation to this set, given by
(fo303f1) [<hosO3hi305ha) [(kosOski305ka) > (fos(ho®ko)sOshi @k 305 (h®k2)s f1).

In conclusion, composing both the isomorphism and the map, ¥ ({fo §0% f1) | (ho 05 hy 305 ha) | (ko3
Oski505k2)) =(go3058150582){pos05p1)l{qo 503 q1) if and only if

(fos(ho®ko) 505 (hy ®@k)505(ha®k2)5 /1) =(g05P0505P158159050541582),
which is what we wanted to prove. O
Lemma D.5 (Produoidal splice, second laxator). We can construct a natural transformation,
Yo: TC(41) > TC(H1<l),

exclusively from compositions and Yoneda isomorphisms. This laxator is defined by yo({fo 0% f1) | <(ho§
Oshi §05hy) |CkosOski505k2)) =(g030581 503582 pos05p1){qo 508 q1) if and only if

(fos(ho®ko)sO5(h1®ki1)s505(ha®k2)5f1)=(803P0s05P1358159050541582)-

Proof. We will show that the right hand side is isomorphic to the following set. Then, we construct a map

from the left hand to this same set, C(A; 1) x C(I;I) x C(I; B). Indeed the following coend derivation
constructs an isomorphism.

1) def

(
Z ,E’T&.
/WW TC (8% 2 Z) X TC(%:1) X TC (Zs1)

ng
o

<

R

W,ei’”“
[M g <@y <o xTe



TC (<)

C(A; 1) x C(I;I) x C(I; B).

This isomorphism sends the triple (bo30¢b303b2) | {coDic1)|[{dpsOsdy) to (boscosOscishisdosnsdsha).
On the other hand, we define a map from the left hand side of the equation to this set, given by

(ag505a1) > (ag505id; s05ay).

In conclusion, composing both the isomorphism and this function, we get that yo{agi05a;) = (bp305b;$
Osba)|{cosOsc1)|(dosOsdy) if and only if {ap3035id; s05a1) = (boscosOscisb15dosOsd15b2). O

Lemma D.6 (Produoidal splice, third laxator). We can construct a natural transformation,
©2: TC(AN®N) = TC (4 N),

exclusively from compositions and Yoneda isomorphisms. This laxator is defined by ¢2({fo30%f1)|ho|h1) =
Jos (ho ® hi 5 fi).

Lemma D.7 (Produoidal splice, fourth laxator). We can construct a natural transformation,

f0: TC (1) = TC(§N).
exclusively from compositions and Yoneda isomorphisms. This laxator is defined by ¢o{ap30%a;) = apgay.
Proposition D.8 (From Proposition 4.8). Monoidal splice gives a functor 7 : Mon — Produo.

Proof. Definition 4.6 defines the action on monoidal categories. We define the action on monoidal functors.
Given a monoidal functor F : C — D, define the produoidal functor 7F : 7C — 7D by

A, FA
BT FB

TF:=FaxxFyp:TC(4%) — TDELEF

TFai=Fax X Fyx X Fyp: TCH¥ <) - TD(ER ¥ <5
T Fg = Faxey X Fxgy s : TCH ¥ ®F) - TDEL ¥ 0 1%
TFn :=Fap:TC(HN) - TD(ERN)
TFp:=Fa;XFp:TC(# 1) > TDER D).

It follows from the produoidal structure on spliced monoidal arrows (Proposition D.3) that this preserves
coherence maps. If Idc : C — C is an identity functor, then it defines the identity Idsc, which has
underlying functor the identity and identity natural transformations. If G : B — C is another monoidal
functor, then S(G § F) = SG § SF follows from composition of monoidal functors. O

Theorem D.9 (From Theorem 4.9). There exists an adjunction between monoidal categories (and strict
monoidal functors) and produoidal categories (and produoidal functors), where the monoidal contour is
the left adjoint, and the produoidal splice category is the right adjoint.

Proof. As in Theorem C.7, we again have that DB is presented by generators and equations; so, to
specify a strict monoidal functor DB — M, it is enough to specify images of the generators satisfying the
equations. Let (M, ®xy, I)7) be a monoidal category. Then a strict monoidal functor DB — M amounts
to the following data.

« For each object X € Bp;, a pair of objects XL, xR e Mo

« for each element f € B(X;N), a morphism f € M(XL; XR);

« for each unit f € B(X;I), a choice of morphisms fy € M(X%;Iy), go € M(Ipr; XF);

« for each morphism f € B(A;X), a choice of morphisms fy € M(A%; X*) and f; € M(XR; AR);



« for each sequential split f € B(A;X < Y), a choice of morphisms fy € M(AL;XE), /i €
M(XE; XR®), and f» € M(XR, AR);
« for each parallel split f € B(A;X ® Y), a choice of morphisms fy € M(AL; XE @ YL) and f; €
M(XR @ YR; AR).
Such that for each promonoidal structure
ea(agb)=(cpd)inB = aps(bp®id) =cp3(id®dp) and (b; ®id) ¢a; = (id®d) §¢; in M;
e Aasib)=c=p(dne)inB = aps(by®id) = cp = dp3(id®ep) and (b ®id)5a; = c| = (id®e;)3d;
in M;
and such that
e Yo(alblc)=(d|e]| f)inB = aos(bo®co) =doseo, b1®ci = ei15d15 fo and (b2®c2)3a1 = fi3d>
in M
. lﬂo(a)Z(b|C|d) inB = ap=>bpsco, id=cy$b1¢dy, and a; =d; § by in M
. <p2(a|b|c):dinB = ag 3 (bo®cp) 3a; =dp in M,
e 9o(a)=binB = apsa; =by in M.
On the other hand, a produoidal functor F : B — 7 M, also amounts to the following data. For each
« X € Boyj an object F(X) = (X5, XR) e ’TMobi;
o f€B(X;N), an element F(f) = fo € TM(¥z; N);
o fEB(X:D), aunit F(f) =(f Il §) € TM(Fr; In)
o f€B(A;X), a spliced arrow F(f) =(fo503 fi) € TM(4,%);
« [ €B(A;X @Y), a spliced arrow F(f) = (fo505 fi 505 f2) € TM(4r, ¥x < ¥5);
« f€B(A;X®Y), a spliced monoidal arrow F(f) = (fos0®03% fi) € TM(ﬁﬁ,iﬁ ®§§);
Such that for each promonoidal structure
e ala|b)=(c|d)inB = a(Fa| Fb)=(Fc| Fd) in TM,
e Ala|b)y=c=p(d|e)inB = A(Fa | Fb)=Fc=p(Fd| Fe) in TM;
and such that
sn(alblc)=(d|el| f)inB = ys(Fa|Fb|Fc)=(Fd|Fel|Ff)in TM;
e Yo(a)=(b|c|d)inB = yo(Fa) = (Fa | Fc | Fd) in TM,
e pa(a|blcy=dinB = ¢y(Fa | Fb| Fc)=Fd in TM;
e 9o(a)=bin B = ¢o(Fa) = Fb in 7M.
Each of these points is exactly equal by definition, which establishes the desired adjunction. O



AppPEnDIX E
NORMALIZATION

E.1 Normalization

Theorem E.1 (From Theorem 5.2). Let Vg j N be a produoidal category. The profunctor NV (e;e) =
V(e; N®e®N) forms a promonad. Moreover, the Kleisli category of this promonad is a normal produoidal
category with the following sequential and parallel splits and units.

NV(A;B)=V(A;N®BQ®N);
NV(A;B®C)=V(ALN®BO®N®CQ®N);
NV(A;B<C)=V(A;(N®B®N)<(N®C®N));

NV (A;I) =V(A;N);

NV(A;N) =V(A;N).

Proof. We define the following multiplication and unit for the promonad, N'V. They are constructed out

of laxators of the produoidal category V and Yoneda isomorphisms; thus, they must be associative and
unital by coherence. The unit is defined by

V(A;B) = (by unitality of V)
V(A I®B®I) —  (by the laxators of V)
V(A;N®BQ®N) = (by definition)

NV (A;B).

The multiplication is defined by,

BeV
/ NV(A;B) X NV(B; C) = (by definition)

R

BeV
/ V(A;N®B®N)xV(B,N®C®N) (by Yoneda reduction)

V(A NON®C®NQ®N) —  (by laxators of V)
V(A;N®C®N) = (by definition)
NV(A;C).

Let us now construct the unitors and the associators. Again, they are constructed out of laxators of the
produoidal category V, the associators and unitors of V, and Yoneda isomorphisms. We first consider the
right unitor.

XeNV
/ NV(A;B® X) x NV(X;N) = (by definition)

14

XeNV
/ V(A;N®B®NQ® X ®N) X NV(X;N) (by associativity of V)

XeNV,PeV
V(A N®B®P)xV(P,N®XQ®N) X NV(X;N)

(by definition)

14

XeNV,PeV
/ V(A;N®B®P)x NV(P; X) x NV(X;N) (by Yoneda reduction)

Pev
/ V(A;N® B® P) x NV(P;N) = (by definition)

PeV
V(A;N® B® P) x V(P;N)

14

(by unitality)

Pev
/ V(A;N®B®N).



We now consider the left unitor.
XeNV
NV(A; X ® B) x NV(X;N)

XeNV
/ V(A N®X®N®B®N)x NV(X;N)
XeNV,PeV
/ V(A;P®B®N) X V(P;N® X ® N) x NV(X;N)
XeNV,PeV
/ V(A;P® B®N) X NV(P; X) x NV(X;N)
PeV
/ V(A;P®B®N)x NV(P;N)
PeV
/ V(A;P® B® N) X V(P;N)

PeV
/ V(A;N®B®N).

I

14

14

(by definition)
(by associativity of V)
(by definition)
(by Yoneda reduction)
(by definition)

(by unitality)

Finally, we consider the associator. We can do so in two steps, showing that both sides of the equation

XeNV YeNV
/ NV(A;B@X)xNV(X;C@D)g/

are isomorphic to V(A;N®@ BN ® C ® N ® D ® N). The first side by

XeNV
/ NV(A;B® X) x NV(X;C® D)

XeNV
/ V(AAN®BOIN®XQ®N)x NV(X;C®D)

XeNV,PeV

V(A;N® B® P) x V(P;N® X ® N) x NV(X;C ® D)

XeNV,PeV

/ V(A;N®@B®P)x NV(P; X) x NV(X;C® D)
PeV

/ V(A;N®B® P) x NV(P;C ® D)
PeV

/ V(A;N®BQP)XV(P;N®CQNQ®D ®N)

V(A NQBONQCQN®D ®N),
and the second side by

YeNV
/ NV(A;Y @ D) x NV(Y;B® C)

YeNV
V(AL NRYQN®D®N)XNV(Y;B®C)

YeNV,PeV
/ V(A;P®D®N)XV(P;N®Y ®N) X NV(Y; B®C)

YeNV,PeV

/ V(A;P®DQ®N)XNV(P; X)X NV(X;B® C)
PeV

/ V(A;P®D®N) X NV(P;B® C)

PeV
/ V(A;P®DQON)XV(P,N®BONQ®C®N)

11

1R

I3

I3

I3

14

NV(A;Y ® D) x NV(Y;B® C)

(by definition)

(by associativity)

(by definition)

(by Yoneda reduction)
(by definition)

(by associativity)

(by definition)

(by associativity)

(by definition)

(by Yoneda reduction)
(by definition)

(by associativity)



V(A;N® B®N®C®N®D ® N).

Precisely because they are constructed out of coherence morphisms for the base produoidal category V,
we know that these satisfy the pentagon and triangle equations and define a promonoidal category. The
unitors and associators for the sequential promonoidal structure are defined similarly. Finally, we define
the laxators of N'V, making it into a produoidal category.

The first laxator,

Y2 NV(A; (B < C1) ® (B2 < C2)) — NV(A; (B ® By) < (C) ® (),
is defined by the following reasoning.
NV(A; (B <C)) ® (B, < ()
= (by definition)
V(AN ((N®BION)<(N®C 1 QN)NQ((N®B, @ N)<(N®C, ® N)) ® N)
- (by ¢ of V)
V(A;(IN®N®BI®@N)<(N®N®B,®N))Q((N®N®B, @ N®N)<(N®C,® N ®N)))
—  (by ¥ of V)
V(A;(N®N®B QNQNQONQ®B, QNQN)<(NOINQCIQNQINQONQ®C,® N®N))
- (by g2 of V)
V(A;(N®N®B ®N®B, @ NQON)<(NOIN®C I N®Cr,® N ®N))
= (by definition)
NV(A; (B ® By) < (C) ® (y)).

The remaining laxators are isomorphisms that arise from applications of unitality or just as identities.
vo : NV(A,I) — NV(A; 1<)
@2 NV(A;N ® N) — NV(A;N)
@0t NV(As 1) ~5 NV(A; W)
This has shown that the resulting category is also a normal produoidal category. O
Proposition E.2. Normalization extends to a endofunctor of produoidal categories N : Produo — Produo.

Proof. Let Vg 1 o n and Wo ; o be produoidal categories. N sends V to its normalization N'V. Let
(F,Fg,Fr,Fq,Fn) : V — W be a produoidal functor. Then NF : NV — N'W has underlying functor
defined by F on objects and on morphisms by

V(A;N®B®N) = (by definition)
X.Yev

/ V(A;X®@B®Y)xV(X;N) xV(Y;N) —  (induced by Fg, Fn)
X.,Yev

W(FA;FX©@FBQFY)XW(FX; M) XW(FY; M) —  (inclusion, universal prop. of coend)

P,QeW
/ W(FA;P@FB@ Q)X W(P; M) xW(Q; M) = (by definition)
W(FA;M @ FBo M).

NFg and NF, are defined similarly, and NFy is Fn. We have NIdy = Id »v, since all the data of
the left hand side is given by identity maps on NV, and if G : U — V is another produoidal functor, then
N(G 3§ F)=NG 3 NF follows from the naturality of the components of F and G. O



Theorem E.3 (From Theorem 5.3). The functor N : Produo — Produo from Proposition E.2 is an
idempotent monad.

Proof. Let Vg 1 on be a produoidal category and let <, ®y, N denote the sequential splits, parallel
splits, and unit in its normalization N'V.

The monad has unit 7 with component at V the following produoidal functor ny : V. — NV. The
underlying functor is the functor induced by the promonad [ , Lemma 3.8]: it is identity on objects,
and acts on morphisms by the unit of the promonad. The following components of the produoidal functor
preserve laxators and coherence maps since they are constructed only from laxators and coherence maps.

e V(A B®C) L V(A IeBoI®Col) X5 V(A;N®BON®C®N),
V(AL S5 V(AIN),

na:V(A:B<C) L V(A (IeBe)<(I®CoI) LS V(A (N8 B&N)<(N®CaN)),
v V(A:N) S var ).

The monad has multiplication u with component at V the following isomorphism py : NNV = NV
of produoidal categories (witnessing that the monad is idempotent). The underlying functor is identity on
objects, and acts on morphisms by

a,
NNV(A;B) = NV(A;N @y Boy N) £ NV(A; B).
The following natural transformations make this a produoidal functor:
a,
te : NNV(A;Benn C) = NV(A;N @y By N @y C®n N) g NV(A; By C),

un =pr : NNV(A;N) = NV(A;N),

a,
ta : NNV(A;B<yn C) = NV(A; (N ®y By N) <y (N ®y C®n N)) Ep NV(A;B <y C).

Finally we verify the monad laws. nxv § pv is identity on objects and on morphisms applies left and
right unitors followed by their inverses, thus has underlying functor equal to the identity. The components
of the natural transformations are also identities, since the laxator ¢q is an identity for NV, and they are
otherwise composed of unitors followed by their inverses, and similarly for the other unit law (using the
unitality coherence equations of Figure 36). v § wy and Npuy § uv are identity on objects and amount
to applying left and right unitors twice on morphisms, and similarly for their components. O

Lemma E4. A produoidal category V has exactly one algebra structure for the normalization monad
when it is normal, and none otherwise.

Proof. Let (fmap, fo, f1, f«» fn): NV — V be an algebra. This means that the following commutative
diagrams with the unit and multiplication of the normalization monad must commute.

v 15 NV NNV —E5 NV
wlowl L
v

NV —— V

Now, consider how the laxator y: V(e;1) — V(e;N) is transported by these maps.



1 J,id x
V(e 1) V(e;N) V(e; 1)
w| M L
V(e;N) a V(e;N)
\_/
id

We conclude that n; = g, but also that fy = id. As a consequence, ¥ is invertible and f; must be its
inverse. We have shown that the produoidal category V must be normal.

We will now show that this already determines all of the functor f. We know that ng, 74, Jmap are
isomorphisms because they are constructed from the unitors, associators, and the laxator ¢, which is an
isomorphism in this case. This determines that fg, f4, fmap must be their inverses. By construction, these
satisfy all coherence morphisms. O

Theorem E.5 (From Theorem 5.4). Normalization determines an adjunction between produoidal categories
and normal produoidal categories,

N: Produo = nProduo: U
That is, NV is the free normal produoidal category over V.

Proof. We know that the algebras for the normalization monad are exactly the normal produoidal categories
(Lemma E.4). We also know that the normalization monad is idempotent (Theorem 5.3). This implies that
the forgetful functor from its category of algebras is fully faithful, and thus, the algebra morphisms are
exactly the produoidal functors. As a consequence, the canonical adjunction to the category of algebras of
the monad is exactly an adjunction to the category of normal produoidal categories. O
E.2 Symmetric Normalization
Theorem E.6 (From Theorem 5.6). Let Vg 1 o n be a symmetric produoidal category. The profunctor
NV (e;0) =V(e; N®e) forms a promonad. Moreover, the Kleisli category of this promonad is a normal
symmetric produoidal category with the following sequential and parallel splits and units.
NoV(A;B) =V(A;N ® B);
NoV(A;Beny C)=V(A;N®B®C);
NoV(A;B<any C)=V(A;(N®B) <1 (N®C));
NaV(A;N) = V(A;N);
NoV(A;I) =V(A;N).
Proof. The unit and multiplication of the promonad are given in essentially the same way as in the proof of
Theorem E.1. Likewise the associators, unitors and laxators of NV are given in essentially the same way,

though one must use the fact that V is symmetric. We need additionally a symmetry natural isomorphism
for N, V. Its components are defined by,

NsV(A;B® C) = (by definition)

V(A;N®B®C)

1R

(by associativity)

11

XeV
/ V((A;N® X)X V(X;B®C) (by symmetry of V)

14

Xev
/ V(A;N® X) xV(X;C®B) (by associativity)

V(A;N® C ®B) = (by definition)



NoV(A;C® B).

These satisfy hexagon and symmetry identities because these are satisfied by V, and we only use
symmetries and coherences of V. Thus we have a normal symmetric produoidal category N V. O

Definition E.7 (Symmetric produoidal functor). A symmetric produoidal functor is a produoidal functor
F:V — W that moreover preserves the symmetry, in that Fg § oy = ow § Fg. We denote by SymProduo
the category of symmetric produoidal categories and symmetric produoidal functors.

Proposition E.8. Symmetric normalization extends to a endofunctor of symmetric produoidal categories
N o : SymProduo — SymProduo.

Proof. The construction is essentially the same as in Proposition E.2. The only thing left to check is that
N o F there constructed preserves symmetries whenever F does (see Theorem E.6). This is because the
symmetry of N,V is constructed out of associativity and symmetries of V, which N, Fg, constructed
itself out of Fg, associativity, and symmetries of V, must preserve. O

Theorem E.9. The functor N, : SymProduo — SymProduo from Proposition E.2 is an idempotent
monad.

Proof. The construction is again essentially the same as in Theorem E.3. It is left to check that the
unit and multiplication constructed in this way preserve the symmetries. Indeed, n,: V — N,V is
symmetric produoidal because 7 is constructed out of natural associators and laxators that commute with
the symmetry. O

Lemma E.10. A symmetric produoidal category V has exactly one algebra structure for the symmetric
normalization monad when it is normal, and none otherwise.

Proof. The proof essentially follows the same reasoning as Lemma E.4, replacing the construction with
the symmetric version and the previous lemmas. O

Theorem E.11 (From Theorem 5.7). Symmetric normalization determines an adjunction between symmetric
produoidal categories and normal symmetric produoidal categories,

N & SymProduo = nSymProduo: U

Where we define the category of normal symmetric produoidal categories, nSymProduo, fo use as functors
the symmetric produoidal functors, adquiring a full forgetful functor U.

That is, N &V is the free symmetric normal produoidal category over the symmetric produoidal category
V.

Proof. The proof essentially follows Theorem E.5, now using the previous lemmas and Lemma E.10. O

E.3 Normalization of duoidals and normalization of produoidals

We conjecture that the normalization of a produoidal category could still be seen to arise from the
normalization procedure for duoidal categories outlined by Garner and Loépez Franco [ ]. Every
produoidal category V induces a closed duoidal structure on its presheaf category ¥ := [VP, Set]: indeed,
by a result of Day, any promonoidal structure induces a closed monoidal structure on the presheaf category
[ L[ ]; furthermore, one can confirm that the two closed monoidal structures on ¥ interact
in such a way as to make the category duoidal (Theorem 1.6).

Normalizing the duoidal ¥ yields the category of algebras EM(N'V) for the promonad NV — or,
equivalently, the category of algebras for the cocontinuous monad induced by N’V on V. EM(NV) is
now normal duoidal, and furthermore the closure of the tensors on V carries across to make EM(N'V)
also closed. Now, one notes that we have the following isomorphism EM(NV) = [N'VP, Set], that is, the
category of algebras is the presheaf category of the Kleisli object NV of the promonad in Prof. Therefore,
the closed monoidal structures of EM(N'V) must correspond to promonoidal structures of NV and these
interact so as to make N'V produoidal.
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Fig. 29: Generic monoidal context (i), identity (ii) and composition (iii).

Remark F.1 (Algebra of monoidal contexts). We explicitly state all the operations that form the normal
produoidal algebra of monoidal contexts. We do so using 1-dimensional notation for compactness, but we
do believe the conceptual picture is clearer when they are translated into 2-dimensional string diagrams.
(Identity)
(ida s m3idp)

(Composition)
(fs(dy @midy)sg) < (hs(idp ®m®idg) §k) =
(f 5 (idy ® h®idy) 3 (idyer ® B ®idpen) § (idy ® k ®idy) 5 g),

(Unit action)
(f3(idy @m®idy)38) <h=f35(dy ® h®idN) 5 g,

(Seq. split first action)
(fs(idy @m®idy)sgs(idg ®m®idr)sh) <1 (v (idp ®mM®idp) §v) =
f H (ldM Qud idN) H (idM®p QER idQ@N) H (ldM RV idN) 5853 (ldK QW idL) H h,

(Seq. split second action)
(f3(idy @meidy) g (idg ®m®idy) sh) <2 (13 (iddp @M ®idg) §v) =
f3(dy ®m®idy) s¢ 5 (Idxk ®u®idy) 5 (idxep @ M®idper) § (idg ® v®idy) § A,

(Seq. split third action)
(fs(idy @meidy)sg) < (u3(idp @m®idg) §v s (idg @ m@ids) §w) =
fs(idy ®u®idy) § (idyer ®M®idgen) § (idy ® v ®idy) § (idyer @ B ® idsen)
s (idy ® w®idn) 5 g,

(Seq. left associativity)
(fs(idy @m®idy) g5 (idxk @m®idy) sh) <{ (us (idp @ m®idp) sv s (idg @ M@ idg) §w) =
f5(idy ®u®idy) § (idyer ®M®idgen) § (idy ® v ®idy) § (idmer @ B ® idsen)
s(idy @w®idy) s g ¢ (idyk @ m®idy) A,



Fig. 31: Parallel splits for monoidal contexts.

(Seq. right associativity)
(fs(idy @m®idy)sgs (idyk ®m®idy) sh) <5 (us (idp ® M®idp) 5v 5 (idg @ M@ idg) §w) =
fo(idy @m®idy) sg5(idyk ®u®idy) ¢ (idkep @ M idrer) § (Idx @ v ®@idy)
5 (idkor ® M®idser) 5 (idL ® w®1idL) 5 A,

(Seq. left unitor)
(fe(idy @meidy)sgs (idy @ m®@idy) sh) <t u =
fe(dy @ueidy) sg i (idgk ®m®idy) §h,

(Seq. right unitor)
(fs(dy omeidy)sgs(idg om®idy) sh) <P u=
fe(dy @om®idy) g (idyk ®u®idy) §h,

(Par. split first action)
(fs(dy om@idy @m®idp) s g) < 1(u$(idp®l®idQ)$v) =
fs(dy ®u®idyexeo) § (ildyepr @ M®idgeny @ M®idp) 5 (idy ® v ®idnsyeo) § 8,

(Par. split second action)
(fs(dy omeidy @m®idp)58) <2(u(idp @mM®idg) §v) =
f5(idyexen ®u®idp) § (idy ® MR idygp @ MR idogp) § (idyeyeny ® v ®ido) § g,

(Par. split third action)
(fs(idy @m®idy)s5g) < (us(idp@m®idp ®M®idg) 5v) =
fe(idy @u®idy) ¢ (idygp @B ® idQ Qm®idren) § (idy @ w®idy) 5 g,



(Par. left associativity)
(fs(idy emeidy @m®ido)5g) <" (u; (idp @M idp @ M®idgR) §v) =
f3 (idy @ u®idygxgo) § (ldyep @B ® idQ @ EQidrey ® M®idp)
§ (idy ® v ®idyeyso) § &

(Par. right associativity)
(fs(idy em@idy @m®ido)5g) <5 (u;(idp @M idp @M idgR) §v) =
fs(dyexeny ®u®idp) s (idy @ MR idyer ® MR idp @ M ®idreo)
$ ((dyereny ®v®ido) 5 g,

(Par. left unitor)
(f3(idy om®idy @m®idp) 5g) <'u=
f3(dy ®u®idyexeo) $ (idueyen ®M®ido) 58 =
fs(iddyeyen ®M®@ido) § (idy ® u ®idnexeo) § 8

(Par. right unitor)
(f 3 (idy @ m@idy ®m®ido)5g) < v =
f3(idyexen ® v ®ido) § (idy ® M@ idneyieo) §8 =
f5(dy @ m@idyeyeo) 5 (idmexen ® Vv ®ido) § 8,

(Laxator, left side)
(fs(idy @m®@idy @ m®ido) 5 g)
<V (os (idy @ m@idy) 5 j1 5 (idy @ m@idy) 5 j2)
< '2”(k0 s (idw @ m®idr) $kp ¢ (idy @ m®idyr/) §ky) =
f3(dy ® jo®idy ® ko ®ido) § (idyey ® M@ idygney’ © B® idy/go)
(idy ® j1®idy ® k1 ®idp) 5 (Idyew @ MR idrgnew’ @ B idr/go)
$ (idy ® j2 ®idy ® k2 ®ido) 5 g,

(Laxator, right side)
(fs(idy @m®idy) 5 g3 (idxk ®m®idL) §h)
<Y(jos (idp @ m®@idp @ m@idg) 5 j1)
<Y (ko3 (idp @ m@idy @ m@idr) k) =
£3(dy ® jo®idy) 5 (idyer ® M®idy ® M@ idren)
$(idy ® j1®idy) 585 (idk ® ko ®idy) § (idxgp ® MR idy @ M idrgr)
s (idg ® k; ®idy) § h.

Remark F.2. In the following derivations, we understand that an isolated (m) actually means (id; m®id;).

Proposition F.3 (From Proposition 6.2). Monoidal contexts form a category. Composition of monoidal
contexts is associative and unital.

Proof. We first check that the composition of monoidal contexts is associative.

((f 5 (idy @m@idy) 58) < (f 5 (idy @ m@idn) 58") < (75 (idpy @ m@idy~) 58") =



(f3(idy ® f'®idy) § (idyen ® M idyen) § (idy ® ¢’ ®idy) § g)<

(f" 5 (idy» @ m@idy~) 58") =
f3(idy ® f'®idn) 5 (idyem ® 17 ®idnen)

3 (idyomom ® MR idyronen) § (idmem ® g7 ®idnen) § (dy ® g’ ®idn) 5 ¢
f3Gdy ® (f 5 (dy ® f7 ®idy)) ®idy)

5 (idyomom ® MO idyrgnen) § (idy ® ((dy ® g7 ®@idy:) 5¢7) ®idn) 5 ¢
(f 3 (idy ®@m®idy) $8) < (f§ (idy ® 7 ®idn-)3

(idyrem” @ M@ idyren) § (Idy ® g7 ®idn7) §8°) =
(f3(idy ®m®@idy) 58) < ((f'3 (idy @ m@idy') 58°) < (f5 (idy» @ m@idn-) 587))

We now check left unitality of the identities,
(f5(dy @m@idy) 5 g) < (idx 5 (id; @ m®id;) §idy) =
(fs(dy ®@idy ®idy) ¢ (idyy @B ®idy) § (idy ® idx ® idy) 5 g)
(fs(dy @m@idy)3g),

and right unitality,
(idg 5 (id; @ m®id;) 5idp) < (f 5 (idy @ W idN) §8) =
(ida ¢ (id; ® f®idy) 3 (idyy @ mQidy) ¢ (id; ® g ®idy) 5idp) =
(f3(idy @m@idy) 5 g).
This concludes the proof. O

Proposition F.4 (From Proposition 6.5). The category of monoidal contexts forms a normal produoidal
category with its units, sequential and parallel splits.

Proof. Lemmas E.5 to F.7 construct the associators and unitors for the sequential promonoidal structure,
and Lemmas F.8 to F.10 define the associators and unitors for the parallel promonoidal structure. As they
are all constructed with Yoneda isomorphisms, they must satisfy the coherence equations. Lemma F.11
defines the laxators, again using only Yoneda isomorphisms and composition in C. For concision, our
proofs freely elide the tensor product of objects, writing XY for X ® Y. O

Lemma F.5 (Monoidal contexts sequential associator). We construct a natural isomorphism

Uemc Yemc
Vv , 1 \4 ” ,
<) [V me @y e xme iy a2 [UME@E:Y ) xMEF <F) s (<D,
satisfying the coherence equations of produoidal categories. This isomorphism is defined on representatives
of the equivalence class as
(fos(idem®id)s fis(idem®id) s f) <5 (g5 (deomeid) g5 (idomeid) 5g) =
((hos ((dom®id)gh s (iddem®id)shy) | (ko (idem®id) $k; ¢ (idem®id) ¢ k»))
if and only if
fos(idom®id) ¢ fis(ide®gy®id)s(idem®id); (id® g ®id) s (deom®id) ; (id® g ®id) § o =
hos(id®ky®id) s (idem®id) 3 (id® k ®id) s (deom®id) § (id® k, ®id) $ 71 5 (Id@ M id) § hy.

Proof. Firstly, we construct an isomorphism between the left hand side and a set of quadruples of
morphisms. This isomorphism sends the pair

(fos(idem®id)sfis(idem®id)§f2) | (g3 (idem®id) ;g §(id ®m@id) 5 g2)
to (fos(ideom®id)s fis(id® gy ®id)s(iddem®id)sg; s (dom®id) s (id® g, ®id) § f2).



The isomorphism is constructed by the following coend derivation.

Yemc

MC ($:¥<Y) x MC (Y% <¥0) def

a
e
o

Yemc,m,N,0,reC
/ C(A; MXN) X C(MYN;OUP)yx C(OVP; By X MC (¥ ;% < §0)

<
I

IJGMC, ,,,,, eC
/ C(A; MXN) x MC (MEN YY) X CU; 0X'P) x C(OY' Py OX" R) X C(OY" K3 V)

1R

,N,0,P,Q,ReC
/ C(A; MXN)Y X C(MYN;0X'P)x C(OY'P; OX"R) x C(OY"R; B).

Now we construct an isomorphism between the right hand side and the same set of quadruples of
morphisms. This isomorphism sends the pair

(hos(idom®id)sh; ¢ (idem®id) s hy) | (kps(idem®id) sk 5 (id@m®id) § ky))
to (hp3(id®ky®id)s(idom®id) sk 3(idem®id) s (id®ky; ®id) ¢ h; 3 (id@m®id) § hy).

gsMc , ) def
ME (§:4 <30 x MC (Y § <) .

o
@
=

Yemc,m,n,0,rec
/ C(A; MUN) X C(MVN; 0X"P)yx C(OY"P; By x MC (§ ;¥ <))

<
N

(13

Yemc,m,N,0,P,0, eC
/ MC (83 Y) X COY" Py B) x C(U; MXN) X C(MYN; OX'R) X C(OY'R; V)

,,,,, eC
/ C(A; MXN) X C(MYN; OX'R) x C(OY'R; OX” P) x C(OY" P; B).
Composing both isomorphisms, we obtain the desired associator. Since it is composed exclusively from
Yoneda isomorphisms, it must satisfy the coherence equations of produoidal categories (Definition 1.5). O

Lemma F.6 (Monoidal contexts sequential left unitor). We construct a natural isomorphism

Yemc
(<ﬂ)¢/ MC (334 <) x MC (Y5 N) = MC(3:5),

satisfying the coherence equations of produoidal categories. This isomorphism is defined on representatives
of the equivalence class as

(fos(idy @m®idy) s fi 5 (idxk @m®idy) s ) <' g =
fos(idy ® g®idn) 5 f15 (Idg @ m®idL) 5 fa.

Proof. We need to prove that this function is well-defined and does indeed induce an isomorphism after
quotienting. We show this by constructing the isomorphism using coend calculus.

Yemc def
ME (Y <§) x ME ) :
Uemc, ,SeC def
/ C(A; PUO) X C(PVO; RXS) x C(RYS; B) x MC (Y ; N) =
Yemc,r,sec v
/ MC (4¢3 Y) xC(rYS; Byx MC (§; N) =
»5eC def
/ C(A; RXS) x C(RYS; B) =

MEC(3:5) -



Since it is composed exclusively from Yoneda isomorphisms, it must satisfy the coherence equations of
produoidal categories (Definition 1.5). O

Lemma F.7 (Monoidal contexts sequential right unitor). We construct a natural isomorphism

Ueme
(<v):/v MC (45X aU) x MC (U3 N) = MC (4:%)

satisfying the coherence equations of produoidal categories. This isomorphism is defined on representatives
of the equivalence class as

(fos(idy @m®idy) s f15 (idxk @m®idy) 5 f2) < ¢ =
fos (idy @m@idy) s fi 5 (iddx ® g®idL) 5 fo.

Proof. As above, we do this by coend calculus:

Yemc de
ME (35§ <) x MC () s
Yemc,r,0,r,5¢eC def
/ C(A; PX0) X C(PYO; RUS) x C(RVS; B) x MC (¥ ; N) =
Yeme,r,0,r,5eC 1
/ C(A: PX0) x MC (742 1Y) x MC (Y ; N) X
def

,5eC
/ C(A; RXS) x C(RYS; B) =
MEC(5:%)-

Since it is composed exclusively from Yoneda isomorphisms, it must satisfy the coherence equations of
produoidal categories (Definition 1.5). O
Lemma F.8 (Monoidal contexts parallel associator). We construct a natural isomorphism

Yemc Yemc
(<g>:/ Mc(g;);@g)xmc(g;);,@);,,)z/ MC (8:Y @ X)xMC (U ¥ @X) : (<)
exclusively from Yoneda isomorphisms. This isomorphism is defined on representatives of the equivalence
class as

(fos(idomeidem®id)s f1) <" (gos(domeid®m®id) s g;) =
(hps(ideomeideom®id)sh;) | (jos(domeidem®id) ¢ /)
if and only if
fo s (idy ® go ® idyexeo) § (idyer ® M@ idp @ M idreny @ M®1dp) § (idy ® g1 ®idneyeo) § fi =
ho § (idyexen ® jo®ido) § (idy @M ® idyep @ M®ido ® M®idreo) § (ildweyen ® j1 ®ido) § 1,
Proof. The left hand side is isomorphic to the following set,

Yemc ;o def
ME(F:¥elY)xMe (¥ o) £

N

14

5eMC, ,N,0eC y
/ CA;MRX®N®U®O)XC(MeYeNeVe;B)x MC(Y;¥ &%) '

Uemc, ,0,P,0eC
/ C(AMRX®P)XC(PNQU®O)XC(MQY®(U;B)

XC(NeVe0;0)x MC (V¥ %) =



Ny c

36/\4@, s ,P,0eC
/ CAMRX®P)XMC(5H:Y)xC(MeY®U;B)xC(U; M @X' @ N/ @ X" & 0)

<
N

It&

XC(M'QY' @N' @Y ®0";V)
N O T
/ CAMRXIM X' N @X'®@0)xC(MeY®M' Y @ N'®Y" ®0';B).
In the same way, the right hand side is isomorphic to the following set,

%,’emc , )
ME (B Y o) x MC(Y ¥ o) =

Yemc, ,0eC yi
/ CAMRURN®X"®0)XxC(MRVRN®Y"®0;Byx MC (¥ &) =
Yemc,m,N,0,P,0eC e
/ C(rsMeU®N)XC(A;P®@X"®@0)xC(MV®N;0) =
XCO®Y"®0;B)yx MC({:¥e¥) =
Yemc,m’,N,0",0,P,0eC e
/ MC(§:Y)XC(A; 7@ X" ®0)xC(O®Y" ®0;B) =

XCU,MIXN' QX' @O )XC(M' YN QY ®0";V) =

’ oo
,0eC

[ crexenxcwer e
XC(P,M XN X' @0 )XC(M' YN Y ®0';0) =
NN O
/ CAMRXIN'®@X' @0 X" ®@0)XxC(M' YN @Y ®0'®Y" ® 0;B).
Composing both isomorphisms, we obtain the desired associator.
Lemma F.9 (Monoidal contexts parallel left unitor). We construct a natural isomorphism
Yeme
< [T ME o) xMe [N = Me(§:])
exclusively from Yoneda isomorphisms. This isomorphism is defined by

(fos(idy om@idy @m@idy) s fi) < g = fo 3 (idy ® g ®idnexe0) § (idperen @M@ ido) $ fi.

Proof.

Uemc def
ME(§:§ @) x MC(§ ) :
Yemc, eC "
/ C(A;PU®0UQXQR)XC(POV®OUQ®Y ® R;B)xC(U;V) =

Yemc,r,0,r,5,1eC
/ CA;5@XQ@R)XC(5P@U®0)XC(PVe ;)

o
@
=

XC(I'®Y ® R;B) x C(U;V) =

R

YUeMc,r,s,1eC
/ C(A;5®@X®R)XMC(3;Y)xC(I'®Y ® R; B) X C(U; V)

el

o
@
-

el
/ CA; QX ®R)XC(5QY ® R;B) =

MC(5:%)-



Lemma F.10 (Monoidal contexts parallel right unitor). We construct a natural isomorphism

Yeme
v
(<ﬂ):/ MC(4:¥0Y) x MC (Y1 N) = MC (4:5)
exclusively from Yoneda isomorphisms. This isomorphism is defined by

(fos(idy @meidy @m®idy) 5 f1) <¥ ¢ = fo 5 (idy ® M@ idnsyeo) § ([duexen ® g ®ido) § fi.

Proof. We construct the isomorphism by the following coend derivation,

Yemc def
[V Me@zeyxme@:m) :
geMC, eC 1
/C(A; ®X®VQUIR)XC(PY®0U®V®R;B)xC(U;V) =

YeMc,r,0,R,5,TeC
/ C(APr@X®9)XC(S;00U®R)XxC(OQVR;T)

xC(P®Y ®T:B) x C(U; V) def
VEMC, ,S,TeC yi
/ CA;P®X® )X MC(§:Y)xC(PeY®7:B)xC(U;V) =
,I'eC .
/ CA:P@X®T)XC(P®Y ®T;B) def
MC(5:¥).
This concludes the proof. O

Lemma F.11 (Monoidal contexts laxators). We construct the following morphisms
b MC(3: (F <) e (V) - MC(@:Fey) < el)
Yo : MC(4;1) > MC (4:1<1I)
02 MC(4;N®N) > MC(4;N)
@0 : MC(451) > MC(4;N).

exclusively from composition in C and Yoneda isomorphisms. The laxator  is defined by stating that the
following equation holds

(fosc(idomeideom®id) s fi)
<V(g05(ideom®id)sg ;(idomeid) s g)
<Y (ho3(id@m®@id) §hy 3 (id @ m®id) $hy) =
(Jos(idem®id) s ji3(idd@m®id)s j) |
(kps(idom®idm®id) skp) |
(ps(demeideom®id) s/)
if and only if
fos(id®g®idehy®id)s(demeidemeid); (d® g ®id® h; ®id):
(demeidem®id);(d® g ®id® h, ®id) ¢ f1 =
Jos(id®ky®id) s (dom@idem®id) § (id® k; ®id) § j; § (id ® lp ® id)?
(deom@idom®id) s (id®!/; ®id) § j,.

Furthermore, since MC is normal, o, g2, and ¢o are isomorphisms.



Proof. Consider the right hand side of . It is isomorphic to the following
PP
0o Mg ’ P def
/ MC(3:5<5)x MC(B:F o) xMc (5K e l) ke

S,geMC,M,N,oEc
/ C(AAM®PRN)XC(M®QN;M'® P’ N')xC(M'® Q" ® N’; B)

xMc(5:¥ oY) xMc (5 ¥ oY) &«
g,gﬂeMc,M,N,om : R N
/ C(A;M ®P®N) xMC(mg@N ;g,) xMC(5:¥ oY) xMc(g,;§,®g,) X
SE/HC,M,N,O,C,D,E,F,G,HEC
/ C(A:M®P®N)XC(P;C®X®D®U®E)XxC(C®Y®D®V ® E;Q)x
def

CIMRQON;FRX'®GRU' QH)XC(F®Y' 8 G®V’'® H; B) =

6,€MC.C.D,E,F,G,HeC
MC (pexedovon: o) XC(P;C®X®D®URE)

<

XxC(CRY®D®VE;Q)XC(FRY' ®G®V’'® H;B)

14

C,D,E,F,G,HeC
/ C(A;C®X®DQURE)XC(CRY®DR®VE;FRX' 8GU' ® H)
XC(F®Y' 9 G®V'®H;B).
This isomorphism sends an element (/o3 (id@m®id) /5 (idem®id)s )/, | ko (ideom@idem®id) sk |
lpy(idom@idem®id)sl;) to (jos(id®ky®id)s(idem@idome®id); (id® k; ®id) § /1§ (Id®/H®id) §
(idem®idom®id) 5 (id® !/ ®id) § j2). Define a map from the left hand side of ¥, to this set, sending

a triple
(fos(dom@ideom®id) s fi |

gos(idom®id) g s (idomeid)s g |
hys(idem®id)sh; s (idemeid) g hy)
—
fos(d®gy®id®hy®id); (demeidem®id)§(id® g ®id® h ®id)s
(deomeidom®id)§(id® g id® h, ®id) § fi.
Now composing this map with the isomorphism yields the desired morphism ;. The remaining laxators

Yo, 2, and ¢ are isomorphisms that arise from applications of unitality or just as identities. O

Theorem F.12 (From Theorem 6.6). Monoidal contexts are the free normalization of the cofree produoidal
category over a category.

Proof. We already know that the normalization procedure yields the free normalization over a produoidal

category. It is only left to note that this is exactly the category we have explicitly constructed in this section.
This amounts to proving that the produoidal category of monoidal contexts is precisely the normalization

of the produoidal category of spliced arrows. We do so for morphisms, the rest of the proof is similar.

(
YUesc
/ SO (A Y @Y @ U) x SC (Ui N) x SC (UsN) ke

g,v,esc def
/ CA;U®X®U)xC(VeY®V';B)xC(U;V) xC (U, V") =



VUvres
/' CAURX®U)XC(VRY®

<

B xC(U;V)xC(U V)

14

UreC ’ , def
CAU®XQU)xC(U®Y®U';B) =
MC (%:F)

The rest of the profunctors follow a similar reasoning.



AppPENDIX G
MonoipAL LENSES

Proposition G.1 (From Proposition 7.2). Monoidal lenses form a normal symmetric produoidal category
with the following morphisms, units, sequential and parallel splits.

LC(4:%) =C(A;0® X) oC(e ®Y; B);

LC(3;N) = C(A; B);
LC(4:5<%)=C(A;e' @ X) oC(e' ®Y; 0> @ X') 0 C(e? ®Y'; B);
LC(4:¥0%)=C(A;0' ®X®X)0C(s! ®Y ®Y’; B).

Proof. Lemmas G.2 and G.3 construct the associators, and Lemmas G.4 and G.5 define the unitors.
Lemma G.6 constructs the symmetry. As they are all constructed with Yoneda isomorphisms and

symmetries, they must satisfy the coherence equations. Finally, the laxators are constructed in much the
same way as in Lemma F.11. O

Lemma G.2 (Monoidal lenses sequential associator). We construct a natural isomorphism

Uerc eMcC
<o [V ey xso@spap s [T L@ x O F ) (<)
exclusively from Yoneda isomorphisms.

Proof. Out of Yoneda reductions, we construct an isomorphism between the left hand side and a set of
quadruples of morphisms.

veLe A.X 4U X7 def
LC(g:F aP)x LC(T 5 <) =

neg
8,

VELC, eC
/ CA;PX)XC(PeY;00U)XC(OeV;B)x LC (VX <)

s

eLC,P,0,ReC
/ CA; P X)X LC (" ;Y)Y X CU; 0@ X)X C(O®Y ;R X)) x C(R®Y"; V)

,O,ReC
/ CAPRX)XC(PeY;00X)xC(O®Y;ReX")xC(ReY";B).

Out of Yoneda reductions, we construct an isomorphism between the right hand side and the same set
of quadruples of morphisms.

peLc " , def
LC(5:y <) x LC(§: ¥ <¥) =
VeLC, eC , def
/ C(A:0 @ U)X C(O @ V: P ® X)X C(P ® Y. B) x LC (U : ¥ < X)) i

y €LC,P,0,rReC Vs
/ LC (A Y)xC(PreY”;ByxC(U; 0@ X)X C(O®Y; R® X)X C(R®Y';V) =

,O,ReC
/ CA;08X)XC(ORY;R®X)XC(R®Y';P@X")xC(P®Y";B).

Composing both isomorphisms, we obtain the desired associator. It gets defined by the following operations,
(fos5 (idy @ m) 5 f15 (idy @ W) 5 f2) <7 (g05 (idp @ W) 5815 (idp @ W) 5 g2) =
fo§(idy ® go) § (idyer @ W) § (idy ® 1) § (idyeo @ M) § (Idy ® g2) § f1 5 (Idy @ W) 5 fo.

(fos (idy @m) 5 f15(idy @m) 5 f2) <5 (ho s (idp @ W) 5 Ay § (ido @ W) § ho) =
fos(idy @m)s f13(dy ® ho) § (idnep sm) § (idn @ 11) § (Idyeo @ W) § (idy @ 12) § f2.



Lemma G.3 (Monoidal lenses parallel associator). We construct a natural isomorphism

Yemc Yemc
<o [T re@iyey xre@iyer = [U ro@ie) xLoiFed): (<
exclusively from Yoneda isomorphisms.

Proof. The left hand side is isomorphic to:

veLe —
/ Lo (g ¥eY)yxLec (Y5 e%) = (by representability)

I3

yeLc I
/ LC (g ¥ oY) x LV 588 (by Yoneda reduction)

I

LC(5:¥® ’}f gffr) (by representability)

" (A XX X"
LC (B ’ Y®Y’®Y”) ’

and the right hand side is isomorphic to the same:

eLC
/ L ef)xLC(§:¥ o) = (by representability)

I3

eLC
/ LC (g Yo%) x Ly ;))fgif,/) (by Yoneda reduction)
LC(3:38F @)

A.XeX'®X"
LC( B yeYy’ ®Y”)'

14

(by representability)

Composing both isomorphisms, we obtain the desired associator,

(fos(idy @mem)s f1) <{" (805 (idp@ma m)5g1) =
fos (idy ® go ®idx~) § (idyep @M@ E M) § (idyy ® g1 ®idy~) § f1.
(fos(idy emem)s f1) <y (hos (do@mem) ;i) =
fosos(idy @ hpy®idx) 0§ (idygpOm@EmO M) 0§ (idy @ hy Qidy) § 0§ f1.
This concludes the proof. O

Lemma G.4 (Monoidal lenses sequential right unitor). We construct a natural isomorphism

XleLc
Y’ , ’
(<P):f LC(4:¥aX)x LC (X ;sN) = LC(4:%)
exclusively from Yoneda isomorphisms.

Proof. We construct the isomorphism with the following coend calculus derivation.

,EL"
JRRCTERRYT Y
,eL“PQe&, def
/ C(A;P®X)XC(PR®Y;0®X)XxC(Q®Y';B) xC(X";Y") =

=
N

R

Y,EL«, PeC ,
/ C(A;P® X) x LC(PEY; X)) xC(X;Y")

peC
/ C(A;P® X) XC(P®Y;B).



We obtain the following right unitor.

(fos(idy @m)5 f15(idy @m) 5 f2) < ¢ =
fos (idy @m) 5 f1 5 (idy ® 8) 5 f2.
The left unitor is defined similarly. O

Lemma G.5 (Monoidal lenses parallel right unitor). We construct a natural isomorphism

Xlerc
Y’ , ,
(<ﬂ):/ LC(4:¥ %) x LC(XsN) = LC(4:%)
exclusively from Yoneda isomorphisms and symmetry of C.

Proof. We construct the isomorphism with the following coend calculus derivations.
Xlerc ) )
[T re@yey)x e
= (by definition)
XleLc,Pec
/ C(A;P®X®X)XC(P®YQ®Y';B) xC(X";Y")
= (by symmetry of C)
XleLc.pec
/ C(A;P®X'®@X)XC(P®Y' ®Y;B) xC(X";Y")
= (by Yoneda reduction)
XleLC,P,Q.ReC
/ C(A;Q®X)XC(Q;P®X')XC(P®Y;R)xC(R®Y;B) X C(X";Y")
= (by definition)
XleLC,P,Q.ReC
/ C(A;0® X)X LC(Z:¥) xC(R®Y;B) x C(X';Y")
= (by Yoneda reduction)
QeC
/ C(A; 00 X)XxC(OQ®Y;B).
We obtain the following right unitor.
(fos(idy omem)s fi)<g =
Sos(idy emem); (idy ® (05 (g®idx) $0)) 5 /1 =
Sos(idy ® (05 (g®idx) 50)) 5 (idy @MW) 5 f).
The left unitor is defined similarly. O
Lemma G.6 (Monoidal lenses symmetry). We construct the symmetries LC (4% ® %)) = LC(4:% ®%).
Proof. These follow from the symmetries of C and representability of ® for monoidal lenses.
oy e¥) = LOGE) = LG = Lo ed).
This concludes the proof. O

Proposition G.7 (From Proposition 7.6). Let (C,®,1) be a symmetric monoidal category. There exist
monoidal functors (!): C — LC and (?): C°? — LC.

Proof. This proof appears with a different language in the work of Riley [ , Proposition 2.0.14]. In
fact, there, the combined identity-on-objects functor (!x?): CxC?P — LC is shown to be monoidal. In our
case, we can define !f = (f¢msid;) and ?g = (id; em3g), and then check that compositions and tensoring



of morphisms are compatible with composition and tensoring of monoidal lenses, this is straightforward.
Moreover, as we comment in the text, we can see that, by definition, !(A ® B) = (49%) = (4)® (%) = !A®!B
and 2(A® B) = (4L5) = (1) ® (}) =24 ®?B. a]

Proposition G.8 (From Proposition 7.8). Let (C, X, 1) be a cartesian monoidal category. Its produoidal
category of lenses is given by the following profunctors.
Lens (4;%) = C(A; X) x C(A X Y; B).
Lens (4§ <%) =C(A4; X) X C(AXY; X') x C(AXY XY’; B).
Lens (4§ ® %) =C(A; X x X') x C(AXY XY'; B).
Lens (4) = C(4; B).

Proof. We employ coend calculus. The derivation of the morphisms of cartesian lenses is very well-known
[ 1, [ 1; we derive the sequential and parallel splits. Indeed, the sequential split reduces as

M,N
/ C(A; M x X) xC(M X Y;N x X) x C(N xY’; B)

= (Universal property of the product)

M,N

/ C(A; M) X C(A; X) XC(M XY;N)XC(M xY;X") X C(N xY'; B)
=~ (by Yoneda reduction)

C(A; X) xC(AXY; X)X C(AXY XY’;B).

And the parallel split reduces as

M
/ C(AAM XX XX')XC(M XY XY’;B)

=~  (Universal property of the product)

M
/ C(A; M) xC(A; X X X')xC(M xY xY’;B)

= (by Yoneda reduction)
C(A; X x X)X C(AXY xY'";B).

The unit is just the same as in the general monoidal case. O

Theorem G.9 (From Theorem 7.3). Monoidal lenses are the free symmetric normalization of the cofree
symmetric produoidal category over a monoidal category.

Proof. We have already proven that the symmetric normalization procedure yields the free symmetric
normalization over a symmetric produoidal category (Theorem 5.7).

The rest of the proof amounts to show that the normal symmetric produoidal category of monoidal
lenses is precisely the symmetric normalization of the produoidal category of spliced arrows. We do so
for morphisms, the rest of the proof is similar.

NoSC (3:5)
scEN oY)
Uesc .
[T sc@yen xscgm
,VeC \,1

/ C(A;U®X)XxC(VQY;B)xC(UU;V) E

C

eC
/ C(A; U ®X)xC(U ®Y; B) def



LC(3¥)

The rest of the profunctors follow a similar reasoning.



AppPENDIX H
FurTHER WORK

Theorem H.1 (From Proposition 8.1). Let V be a normal and ®-symmetric produoidal category with
coends over N commuting with finite connected limits. Then, [V°P,Set| is a dependence category in the
sense of Shapiro and Spivak [ ]

Proof. Whenever V is produoidal, [V°P, Set], its category of presheaves is duoidal, with the structure given
by convolution (Theorem 1.6).

At the same time, [V°P, Set] is a locally cartesian closed category will all limits because it is a presheaf
category. Whenever finite connected limits are preserved by ®, <, we obtain a dependence category [ s
Theorem 4.8]. This means we only need the following isomorphism,

U.v
/ V(X,U@V)Xllm,P,(U)Xllijj(V)
= (Commutation of limits)
u.v
/ lim; ; V(X;U®V) x Pi(U) x Q;(V)
=~  (Coends commute with finite connected limits)

uU.,v
limi,,-/ V(X;U®V)x Pi(U) X Q;(V)

Where we use our hypothesis on the last step. We conjecture this can be extended to an arbitrary V with
minor constraints. O



APPENDIX |
DuoipaL AND PrRobuoOIDAL CATEGORIES

By the Eckmann-Hilton argument, each time we have two monoids (*,0) such that one is a monoid
homomorphism over the other, (@ o b) % (c od) = (a *c) o (b *d), we know that both monoids coincide
into a single commutative monoid.

However, an extra dimension helps us side-step the Eckmann-Hilton argument. If, instead of equalities
or isomorphisms, we use directed morphisms, both monoids (which now may become 2-monoids) do not
necessarily coincide, and the resulting structure is that of a duoidal category.

Definition 1.1 (Duoidal category). A duoidal category [ ] is a category C with two monoidal
structures, (C,®,1,a,4,p) and (C,<, N, B, «,v) such that the latter distribute over the former. In other
words, it is endowed with a duoidal tensor, (<): C x C — C, together with natural distributors

Yr: (X<Z)® (Y <W) —» (XQY)<(ZoW), Yo: I — 1<, @2: NN - N, and ¢o: 1 — N,
satisfying the following coherence equations (Figures 32 to 36).

Remark 1.2. In other words, the duoidal tensor and unit are lax monoidal functors for the first monoidal
structure, which means that the laxators must satisfy the following equations.

1) (Wa®id)syr i (@<a)=asj(id®ys) iy, for the associator;

2) (Yo ®id) gy ¢ (A <) =4, for the left unitor; and

3) (id ® Yo) ¥ ¢ (p < p) = p, for the right unitor;

4) a5 (id ® ¢2) 592 = (2 ®id) § @2, for the associator;

5) (g0 ®id) §¢r = A, for the left unitor; and

6) (id ® ¢o) ¢ 2 = p, for the right unitor.

Theorem 1.3 (Coherence, [ 1. Any two parallel morphisms constructed out of the coherence
isomorphisms and laxators of a duoidal category coincide.



((A<B)®(C<aD))®(E<F) —— (A<B)®((C<D)® (E<F))

wnoid | Jaeue

((A®C)<(B®D))®(E<F) (A<B)®((C®E)<(D®F))

o o

(A®C)®E)<((B®D)®F) 2% (A®(C®E))<(B® (D®F))

(A<B)<C)® (D<E)<F) L2 (A< (B<C) & (D < (E<F))

o e

(A<B)® (D<E))<(C®F) (A®D)<((B<C)® (E < F))

723 ®idl de@l//z

(A®D)<(B®E)<(C®F) —23 (A® D)< ((B®E) <(C® F))

Fig. 32: Coherence diagrams for associativity of a duoidal category.

Io(A<B) L2 tanea<aB) (A<B) ol L2 (AaB)o (<)

N o l o

A<1B<T(I®A)<1(I®B) A<IB<W(A®I)<1(B®1)

Fig. 33: Coherence diagrams for ®-unitality of a duoidal category.

Na(A8B) &2 (NeN)<(A®B) (A®B)<N {2 (A@B)<(N®N)

| b I

A®B<W(N<1A)®(N<IB) A®B<T(A<1N)®(B<IN)

Fig. 34: Coherence diagrams for <-unitality of a duoidal category.

(NON)@N —2 s No(NoN) I<l<2 1" siaq1
wz@idl J,id@)‘pz ¢0®idl de®w0
C v - s I<U«l

N®N —— N <—— N®N (<D<l 3 <(I<i)

Fig. 35: Associativity and coassociativity for N and [ in a duoidal category.

Nol —L3N TN —23N T1aN“®R 141 Na1 28 141

won| G weid g % / % /

N®N N®N

Fig. 36: Unitality and counitality for N and [ in a duoidal category.



1.1 Normalization of duoidal categories

Garner and Lépez Franco [ ] introduce a procedure for normalizing a sufficiently well-behaved
duoidal category, based in the construction of a new duoidal category of bimodules. In this text, we
introduce a normalization procedure for an arbitrary produoidal category. For completeness, let us recall
first the original procedure [ 1.

Let M be a bimonoid in the duoidal category (V,®, I, <, N), withmaps e: I — M and m: M®M — M,
and with maps u: M — N and d: M — M < M. Consider now the category of M®-bimodules. This
category has a monoidal structure lifted from (V, <, N):

1) the unit, N, has a bimodule structure with

id
MeNoM"2S"NeNoN — N:

2) the sequencing of two M®-bimodules is a M ®-bimodule with
M®(A<B)®M
> (M<M)®(A<B)® (M <aM)
S (M®A®M)<(M®B®M) — A<B.

Moreover, whenever V admits reflexive coequalizers preserved by (®), the category of M®-bimodules is
monoidal with the tensor of bimodules: the coequalizer

AOMQ®B3AQB » AQy B.
In this case (Bimod®,,®,;, M, <, N) is a duoidal category.

Theorem L.4 (Normalization of a duoidal category). Let (V,®, 1, <, N) be a duoidal category with reflexive
coequalizers preserved by (®). The category of N-bimodules is then a normal duoidal category,

N (V) = (Bimod%,, ®y, N, <, N).
We call this category the normalization [ ] of the duoidal category V.

L2 Produoidal Categories
Definition 1.5 (Produoidal category, from Definition 4.2). A produoidal category is a category V endowed
with two promonoidal structures,
V(e;e@e): VXV eoV, and V(e;1): 1 eo V,
V(e;e<e): VXV eoV, and V(e;N): 1 eo V,
such that one laxly distributes over the other. This is to say that it is endowed with the following natural
laxators,
Ur: V(e (X<Y)®(Z<W)) - V(e (X®Z)a (Y ®W)),
Yo: V(esI) » V(eI <),
©2: V(e;N®N) — V(e;N),
wo: V(e:1) = V(e:N).

Laxators, together with unitors and associators must satisfy the coherence conditions in the following
diagrams (Figures 37 to 41).



V(e,((A<B)®(C<D))®(E<F)) —2=3 V(e,(A<B)® ((C<D)® (E<F)))

23 ®idl de@l//z

V(e,((A®C) < (B® D)) ® (E < F)) V(e,(A<B)® ((C®E) < (D ® F)))

o Lo

V(e,((A®C)®E)<((B®D)®F)) % V(e,(A® (C®E)) < (B® (D ®F)))
V(e,(A<B)<C)® (D 1E) aF)) L5 v(e,(A<(B<1C)) ® (D < (E 4F)))

n] Lo

V(e,((A<B)® (D <E))<(C®F)) V(e,(A®D)<((B<C)® (E<F)))

c,//2®idl lid@z//z

V(e,((A®D)<(B®E))<(C®F)) L> V(e,(A®D)<((B®E)<(C®F)))

Fig. 37: Coherence diagrams for associativity of a produoidal category.

V(e 18 (A<B) L2 Ve (1<) ®(A<B) V(e (AaB) &) L2 Ve (AaB) & (I<1)

i) e ‘| e

V(e,A<B) <——— V(e,(I®A) < (I®B)) V(e,A<B) R V(e,(A®I)<(B®I))
Fig. 38: Coherence diagrams for ®-unitality of a produoidal category.

V(e,N < (A®B)) &L V(e,(N®&N) < (A ® B))

Kl l‘/’Z
V(e,A®B) ——— V(s.(N <A)® (N <B))

V(e,(A®B) <N) 2% V(e,(A® B) <« (N & N))

vl lwz

V(e,A® B) (T V(e,(A<N)® (B<N))
Fig. 39: Coherence diagrams for <-unitality of a produoidal category.

V(e,(N®N)®N) 2 > V(e,N® (N ®N))

<pz®id\l/ J/id@gog

V(e,N®N) —— V(e,N) «——— V(. N®N)

V(e I al) <2 (e, ) — "5 V(e,1<1)

l//o®idl de ®Yo

V(e,(I<1) <) ﬁ V(e, I < (I<l))
Fig. 40: Associativity and coassociativity for N and [ in a produoidal category.

V(e N®I) —2 V(e,N) V(e,I®N) —23 V(e,N) V(e,1aN) 2% (e, 141

i / sid| / | /

V(e,N®N) V(e,N®N) V(e, 1)
V(e,N<l) 2% (e, 141

|

V(e,I)

Fig. 41: Unitality and counitality for N and / in a produoidal category.



1.3 Produoidals induce duoidals
Theorem 1.6. Let V be a produoidal category, then its category of presheaves, [V°P, Set], is duoidal with
the structure given by convolution [ I

Proof. Let P and Q be presheaves in V. We define the following tensor products on presheaves by
convolution of the tensor products in V.

u,v
(P®Q)(A) :/ hom(A,U® V) x P(U)xQ(V),

uU.,v
(P4 = [ hom(A.U4V)x PW) x Q(V).

These tensor products can be shown in a straightforward way to form a duoidal category, inheriting the
laxators from those of V. O

APPENDIX J
TAMBARA MODULES

Definition J.1 (Tambara module, [ D). Let (A, ®,I) be a strict monoidal category. A Tambara module
is a profunctor 7: A°? x A — Set endowed with natural transformations

M T(X;Y) > T(M® X, M®Y),

M T(X,Y) > T(X®M,Y®M),
that are natural in both X and Y, but also dinatural on M. These must moreover satisfy the following
axioms:

« t/ =id and ¢! = id, unitality;

. th ;th = th®M and (M gtV = t[M®N, multiplicativity;

o tM N =N 51, and compatibility.

Tambara modules are the algebras of a monad. We start by noting that the hom profunctor is a monoid
with respect to Day convolution. This makes the following functor a monad on endoprofunctors, the so-
called Pastro-Street monad [ 1,

O(P) = hom ® P ® hom;

where ®: [C°P x C, Set] — [C°P x C, Set].

Theorem J.2. The algebras of the Pastro-Street monad, the ®-algebras, are precisely Tambara modules
[ ]. As a consequence, the free Tambara module over a profunctor H: C°P x C — Set is ®(H).

Example J.3. Consider the profunctor X (A;B): A’ x A — Set that produes a hole of types A and B.
That is, let J(A; B) = hom(e, A) X hom(B, e). The free Tambara module over it is the monoidal context
with a hole of type A and B,

M,N
@(;3):/ hom(e, M ® A® N) x hom(M ® B® N, e).

J.1 Normalization of profunctors
Let (C,®,1) be a monoidal category. The category of endoprofunctors C°? x C — Set is then duoidal
with composition (<) and Day convolution (®).
(C°? x C, Set, ®, I, <, hom).

Moreover, we can also construct its normalization: the category of endoprofunctors, [C°P x C, Set], has
reflexive coequalisers; thus, we are in the conditions of Theorem 1.4. The normal duoidal category of
hom®-bimodules has been traditionally called the category of Tambara modules.

N(C? x C,Set, ®, I, <,hom) = (Tamb, @, hom, <, hom).

Theorem J.4. The category of Tambara modules is a normal duoidal category and, in fact, it is the
normalization of the duoidal category of endoprofunctors.



AppPENDIX K
MonoipAL CATEGORIES

K.1 Monoidal categories.
Endowed with the notion of isomorphism, we can now relax our definition of theory of processes by
substituting strict equalities by isomorphism.

Definition K.1. A {symmetric} monoidal category [ 1(C,®,1) is a tuple
(Cobj» Cinors (5), 1d, (®)0ij (®)mor» I, @, 2, p, {0}),

specifying a set of objects, or resource types, Cqpj; a set of morphisms, or processes, Cpor; @ composition
operation; a family of identity morphisms; a tensor operation on objects and morphisms; a unit object and
families of associator, left unitor, right unitor {and swapping morphisms}.

The families of associator, left unitor and right unitor morphisms have the following types.

aAygyci(A®B)®C—)A®(B®C),
Aa: 1A — A,
pa: AR T — A.

They must satisfy the following non-strict versions of the axioms.

A®(B®C) = (A®B)®C, )
AQI=A=I®A, 2)
(fsge)sh=rfs5(gsh), 3)
idgsf=f=fsidg, “
(fegeh)sa=as((f®g) ®h), (5)
(feid)sp=psf, 6)
(fegs(h®k)=(fsh) ®(g5k), @)
oaBscia=as(oapsidc)s (idp®oac), ®
gaBec @ =a§(capsidc) s (idp ® oac), Q)
cans(g®f)=(f®gsosm, (10)
OAB$0B.A =1dags. (11)

{ Additionally}, they must satisfy the following axioms, whenever they are formally well-typed.

aja=(r®id)sa?(dQ a), (12)
p=asidel), (13)
asoia=(oc®id)jas(ide® o). (14)
String diagrams [ ] are a sound and complete syntax for monoidal categories.

Construction K.2. Let C be a monoidal category. Its strictification, Strict(C), is a monoidal category
where
o objects are cliques: for each list of objects of C, say, [Ao,...,An] € List(C), we form the clique
containing all possible parenthesizations and coherence isomorphisms between them;
o morphisms are clique morphisms: a morphism between any two components of the clique, which
determines a morphism between all of them.

The tensor product is concatenation, which makes it a strict monoidal category.

Remark K.3. There is a strong monoidal functor C — Strict(C), this makes an object A into an object
[A]; this is fully-faithful but, moreover, it is essentially surjective, giving a monoidal equivalence.

Theorem K.4. Every monoidal category is monoidally equivalent to its strictification.
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OPEN DIAGRAMS VIA COEND CALCULUS

MARIO ROMAN

ABSTRACT. Morphisms in a monoidal category are usually interpreted as processes, and
graphically depicted as square boxes. In practice, we are faced with the problem of
interpreting what non-square boxes ought to represent in terms of the monoidal category
and, more importantly, how should they be composed. Examples of this situation include
lenses or learners. We propose a description of these non-square boxes, which we call
open diagrams, using the monoidal bicategory of profunctors. A graphical coend calculus
can then be used to reason about open diagrams and their compositions.

1. INTRODUCTION

1.1. Open Diagrams. Morphisms in monoidal categories are interpreted as processes
with inputs and outputs and generally represented by square boxes. This interpretation,
however, raises the question of how to represent a process that does not consume all the
inputs at the same time or a process that does not produce all the outputs at the same
time. For instance, consider a process that consumes an input, produces an output, then
consumes a second input and ends producing an output. Graphically, we have a clear idea
of how this process should be represented, even if it is not a morphism in the category.

A B
XY

FI1GURE 1. A process with a non-standard shape. The input A is taken
at the beginning, then the output X is produced, strictly after that, the
input Y is taken; finally, the output B is produced.

Reasoning graphically, it seems clear, for instance, that we should be able to plug a
morphism connecting the first output to the second input inside this process and get back
an actual morphism of the category.

A B
7 H

FicUre 2. It is possible to plug a morphism f: X — Y inside the

previous process (Figure 1), and, importantly, get back a morphism
A — B.

The particular shape depicted above has been extensively studied by [Ril18] under the
name of (monoidal) optic; it can be also called a monoidal lens; and it has applications
in bidirectional data accessing [PGW17, BG18, Kmel8] or compositional game theory
[GHWZ18]. A multi-legged generalization has appeared also in quantum circuit design

Date: May 10, 2020.



2 MARIO ROMAN

[CDPO8] and quantum causality [KU17] as a notational convention, see [Rom20]. It can be
shown that boxes of that particular shape should correspond to elements of a suitable coend
(Figure 3, see also §1.2 and [Mil17, Ril18]). The intuition for this coend representation is
to first consider a tuple of morphisms, and then quotient out by the equivalence relation
generated by sliding morphisms along connected wires.

| N |

FIGURE 3. A box of this shape is meant to represent a pair of morphisms
in a monoidal category quotiented out by ”sliding a morphism” over the
upper wire.

It has remained unclear, however, how this process should be carried in full generality
and if it was in solid ground. Are we being formal when we use these open or incomplete
diagrams? What happens with all the other possible shapes that one would want to
consider in a monoidal category? In principle, they are not usual squares. For instance,
the second of the shapes in Figure 4 has three inputs and two outputs, but the first input
cannot affect the last output; and the last input cannot affect the first output.!

FIGURE 4. Some other shapes for boxes in a monoidal category.

This text presents the idea that incomplete diagrams should be interpreted as valid
diagrams in the monoidal bicategory of profunctors; and that compositions of incomplete
diagrams correspond to reductions that employ the monoidal bicategory structure. At the
same time, this gives a graphical presentation of coend calculus.

1.2. Coend calculus. Coends are particular cases of colimits and coend calculus is a
practical formalism that uses Yoneda reductions to describe isomorphisms between them.
Their dual counterparts are ends, and formalisms for both interact nicely in a (Co)End
calculus [Lorl9].

Definition 1.1. The coend erC P(X, X) of a profunctor P: C? x C — Set is the
coequalizer of the action of morphisms on both arguments of the profunctor.

XeC
[ = q( Us. pos P(AB) = [lyeq P(X, X) ) .

An element of the coend is an equivalence class of pairs [X,z € P(X,X)] under the
equivalence relation generated by [X, P(f, —)(2)] ~[Y, P(—, f)(z)] for each f: Y — X.

IThis particular shape comes from a question by Nathaniel Virgo on categorytheory.zulipchat. com.
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Our main idea is to use these equivalence relations to deal with the quotienting arising
in non-square monoidal boxes.

| N |

M
/ C(A, M ® X) x C(M &Y, B).

FIGURE 5. We can go back to the previous example (Figure 3) to check
how it coincides with the quotienting arising from the dinaturality of a
coend.

1.3. Contributions. Our first contribution is a graphical calculus of shapes of open di-
agrams (§2), with semantics on the monoidal bicategory of profunctors, and with an em-
phasis on representing monoidal structures. We show how to compose and simplify shapes
(83). Our second contribution is a graphical calculus with open diagrams, in terms of the
category of pointed profunctors, and hinting at a pseudofunctorial analogue of functor
bozes [Mel06] (84).

As examples, we recast the multiple ways of composing monoidal lenses and other coend

constructions on the literature on optics (§2.3). We study categories with feedback (§2.4)
and learners (§8.4).

2. SHAPES OF OPEN DIAGRAMS

In the same sense that morphisms sharing the same domain and codomain are collected
into an hom-set; open diagrams sharing the same shape will be collected into a set. Our
first step is to provide a graphical calculus for these shapes and, at the same time, an
interpretation that assigns a set to each shape (Figure 6).

M,N
Do— OB = / CAM®X®N)xCM®Y ®N,B),

1%

M,N
/ Cllp, M & N) x C(I, @ M,01) x C(N @ I, O3).

FI1GURE 6. The shapes of Figure 4, interpreted as sets.

2.1. Inputs, outputs, junctions and forks. Shapes will be interpreted in Prof, the
monoidal bicategory of profunctors. Its 0-cells are small categories (A, B, C,...); its 1-cells
from A to B are profunctors A°? x B — Set; and its 2-cells are natural transformations
(see [Lorl9, §5]). Two profunctors P: A? x B — Set and Q: B?” x C — Set compose
into a profunctor (P ¢ @): A°? x C — Set given by

BeB
(PoQ)(A,C) = / P(A,B) x Q(B.C).
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The monoidal product is the cartesian product of categories, two profunctors Py : A x
B; — Set and P»: AP x By — Set can be joint into the profunctor (Py ® Ps): (A1 x
As) x (By x By) — Set defined by

(P1 ® Py)(Ay, Az, By, By) == Pi(A1, B1) x P2(A2, By).

The string diagrammatic calculus for monoidal bicategories has been studied by Bartlett
[Bar14] expanding on a strictification result by Schommer-Pries [SP11]. It is similar to the
graphical calculus of monoidal categories, with the caveat that deformations correspond
to invertible 2-cells instead of equalities. For instance, arrows between diagrams on this
text will denote natural transformations, which are 2-cells of the bicategorical structure
of profunctors.

Definition 2.1 (Input and output ports). Every object A € C determines two profunc-
tors (@-) = C(A,—-): 1°° x C — Set and (-@) = C(—,A): C? x 1 — Set via its
contravariant and covariant Yoneda embeddings.

Definition 2.2 (Junctions and forks). Every monoidal category C has a canonical pseu-
domonoid structure on the monoidal bicategory Prof given by () = C(— ® —,—)

and (o—) := C(I,—), and also a canonical pseudocomonoid structure given by () =
C(—,—®—) and (—o) = C(f,I).
Proposition 2.3. By definition, ( (0=) and (D) = (—o); moreover,

A ® B = A® B

In general, Yoneda embeddings are pseudofunctorial (see Proposition 8.3).

2.2. Copying and discarding. Shapes define sets in terms of coends, making them
less practical for direct manipulation. However, shapes can be reduced to more familiar
descriptions in some particular cases. For instance, if C is cartesian monoidal, the shape
of Figure 7 reduces to a pair of morphisms C(Iy x I1,01) and C(Iy x I3, O9). This justifies
our previous intuition, back in Figure 4, that the input I; should not be able to affect Oo,
while the input I» should not be able to affect O;.

FIGURE 7. Simplifying a diagram.

Our second step is to justify some reductions like these in the cases of cartesian, co-
cartesian and symmetric monoidal categories. Every object of the category of profunctors
has already a canonical pseudocomonoid structure lifted from Cat which is given by
(€)= C(-% -1 x C(=% —2) and (—e) := 1, and also a pseudomonoid structure given by
(3) = C(=1, -9 x C(-2,-9), and (e—) := 1. These two structures “copy and discard”
representable and corepresentable functors, respectively (see Proposition 8.5).

Proposition 2.4 (Cartesian and cocartesian). A monoidal category is cartesian if and

~

only if (—o0) = (—e) and () = (), i.e. the monoidal structure coincides with the canonical

~ ~

one. Dually, a monoidal category is cocartesian if and only if (3-) = () and (o—) = (e—).
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Proof. The natural isomorphism C(X,Y®Z2Z) = C(X,Y)x C(X, Z) is precisely the univer-
sal property of the product; a similar reasoning holds for initial objects, terminal objects
and coproducts. O

Proposition 2.5 (Symmetric monoidal). If a monoidal category C is symmetric then its
symmetric pseudomonoid structure can be lifted from Cat to Prof. We have o: (3) =
(3>) and o*: (€X) = (), dual 2-cells in the bicategory Prof that commute with unitors

and associators (see also Proposition 8.4).

2.3. Example: Lenses. Profunctor optics and lenses have been extensively studied in
functional programming [Kmel8, Mill7, PGW17, BG18] for bidirectional data accessing.
The theory of optics uses coend calculus both to describe how optics compose and how
to reduce them in sufficiently well-behaved cases to tuples of morphisms. Categories of
monoidal optics and the informal interpretation of optics as diagrams with holes have
been studied in depth [Ril18]. We will study lenses from the perspective of the graphical
calculus of Prof. This presents a new way of describing reductions with coend calculus
that also formalizes the intuition of lenses as diagrams with holes.

Definition 2.6. A monoidal lens [Mil17, PGW17, Ril18, “Optic” in Definition 2.0.1] from
A,Be CtoX,Y € Cis an element of the following set.

/MC(A,M®X) x C(M @Y, B)

For applications [FJ19, GHWZ18], the most popular case of monoidal lenses is that of
cartesian lenses.

Proposition 2.7. In a cartesian category C, a lens (A, B) — (X,Y) is given by a pair of
morphisms C(A, X) and C(A XY, B). In a cocartesian category, lenses are called prisms
[Kmel8] and they are given by a pair of morphisms C(S,A+T) and C(B,T).

Proof. We write the proof for lenses, the proof for prisms is dual and can be obtained by
mirroring the diagrams. The coend derivation can be found, for instance, in [Mill7].

M
C(A,M x X) x C(M xY,B)

= {Universal property of the product}

.@. /M (A, M) x C(A, X) x C(M x Y,B)
® O

=~ {Copy} >~ {Yoneda lemma}

C(A,X) x C(AxY,B) O
®

2.4. Example: Feedback. Shapes do not need to be limited to a single category. For
instance, we can make use of the opposite category to introduce feedback, in the sense of
the categories with feedback of [KSW02]. Wires in the opposite category will be marked
with an arrow to distinguish them.
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MeC
= / CIMaX,MaY).

FIGURE 8. A shape with feedback, interpreted as a set.

Proposition 2.8 (see [Stal3]). Profunctors form a compact closed bicategory. The dual
of a category is its opposite category.

3. COMPOSING AND REDUCING SHAPES

We have been focusing on the invertible transformations between shapes, but arguably
the most interesting case is that of non-invertible transformations. Our next step is to
describe rules for composing and reducing diagrams that translate to valid coend calculus
reductions. For instance, as we saw in the introduction (Figure 2), a lens (A, B) — (X,Y)
can be composed with a morphism X — Y to obtain a morphism A — B.

(/M C(AM®X)xC(M®Y, B)) x C(X,Y)

=~ {Isotopy} ~  {Continuity}

@ A O @ M

@ @_@ @ / CAM®X)xC(X,Y)xC(MQY,B)

— {ex} — {Composition along X}

O~ B

® & / CAM®Y)x C(M®Y,B)
— {ey} —  {Composition along Y}
M,N

(4) .-. (B) / C(A,M ® N) x C(M ® N, B)

— {eg} —  {Composition along M ® N}

C(4, B)

FIGURE 9. Composing a lens with a morphism, formalizing Figure 2.

Definition 3.1 (Joining and splitting wires). Identities and composition define natural

transformations n4: () = (@—@) and €4: (<@ @) — (——). They determine an
adjunction, as the following transformations are identities.

(@) % (@ @) > (@) () (@0 @) > (@)

In the same vein, junctions and forks have natural transformations eg: (43) — (—)
and ng: (—_) — (3€). They determine an adjunction, as the following transformations

are identities.
n

) D)D) (€)DD) S (<€)
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3.1. Example: Categories of Optics. Two lenses of types (4,B) — (X,Y) and
(X,Y) — (U,V) can be composed with each other to form a category of optics [Rill8].
There is, however, another way of composing two lenses. When the base category is sym-
metric, a lens (4,Y) — (X, V) can be composed with a lens (X, B) — (U,Y) into a lens
(A,B) — (U,Y). We will observe that, even if Prof is symmetric, the reduction explicitly
uses symmetry on the base category C.

0G00I 6 H00l e
R @ o 00’0 Mook 00

F1GURE 10. In parallel, two possible compositions of optics.

3.2. Example: from Lenses to Dynamical Systems. In [SSV16, Definition 2.3.1],
a discrete dynamical system, a Moore machine, is characterized to have the same data
as a lens (A, A) — (X,Y). The following derivation is a conceptual justification of this
coincidence: a lens with suitable types can be made into a morphism of the free category
with feedback [KSWO02], subsuming particular cases such as Moore machines.
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M
/ CAM&X)xC(M®Y,A)

~  {Isotopy} ~  {Commutativity of (x)}
M
>H4) (A3 / C(M®Y,A) x C(A,M ® X)
— {ea} — {Composition along A}

M
/ C(M®Y,M®X)

FIGURE 11. From lenses to dynamical systems.

4. OPEN DIAGRAMS

Our final step is to justify how to obtain the diagrams that originally motivated this
text (open diagrams) by “looking inside” the shapes. So far, the element of a set described
by a shape could be only expressed as a derivation of the shape from the empty diagram.
In this section, we show diagrams that summarize these derivations and that represent
specific elements of the shape.

e @) O
e o2 %o ¢ ol T
o ® © ® ©

FIGURE 12. Open diagrams represent specific elements.

4.1. Open Diagrams. Open diagrams will be interpreted in Prof,, the symmetric mo-
noidal bicategory of pointed profunctors. Its O-cells are categories with a chosen object;
its 1-cells from (A, X) to (B,Y) are profunctors P: A°? x B — Set with a chosen point
p € P(X,Y); and its 2-cells are natural transformations preserving that chosen point.

Proposition 4.1. Reductions on shapes can be lifted to reductions on open diagrams.

Proof. There exists a pseudofunctor U: Prof, — Prof that forgets about the specific
point. It holds that a € A for every element (A4,a) € Prof,((1,1),(1,1)). Natural
transformations «: P — @ can be lifted to as: (P,p) — (Q,a(p)) in a unique way,
determining a discrete opfibration Prof, (A, B) — Prof (A, B) for every pair of categories
A and B. O

Proposition 4.2. Diagrams on the base category can be lifted to open diagrams.

Proof. Let C be a small category. There exists a pseudofunctor C — Prof, sending every
object A € C to the 0-cell pair (C,A) and every morphism f € C(A, B) to the 1-cell
pair (homg, f). Moreover, when (C, ®, I) is monoidal, the pseudofunctor is lax and oplax
monoidal (weak pseudofunctor in [MV18]), with oplaxators being left adjoint to laxators
(see §8.3). This can be called an op-ajax monoidal pseudofunctor, following the notion of
ajax monoidal functor from [FS18]. O
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The graphical calculus for open diagrams can then be interpreted as the graphical
calculus of pointed profunctors enhanced with a pseudofunctorial box, in the same vein as
the functor boxes of [Mel06]. Similar “mnternal diagrams” have been described before by
[BDSPV15] (and summarized in [Hul9]) as a “graphical mnemonic notation”.

4.2. Example: Categories of Optics. The lens (g, f): (4, B) — (X,Y) is depicted as
the following open diagram.

@l ﬂ@
® @

The quotienting that makes (g, (m ® idx) o f) = (g o (m ® idy), f) is explicit in this
graphical calculus. The following two diagrams are equal in the category Prof,: they
represent the same set and the same element within it.

@ e -
®®

Note that we cannot speak of equality between open diagrams with different shapes, for
they belong to different sets. We could however speak of equality between two open
diagrams such that the shape of the first can be deformed into the shape of the second.
The deformation determines an isomorphism between the sets defined by the shapes.
Equality of elements on isomorphic sets is understood to be equality after applying the
isomorphism.

For instance, the following two elements are equal under the deformation given by

counitality of the pseudocomonoid structure.

We will use open diagrams to justify that both compositions from Example 3.1 deter-
mine a category. Consider two pairs of lenses of suitable types.

g @ OV @ © B o 3@ O o )@
Oy @ OV @ < By 3O AL 3@

We can use Proposition 4.1 to lift the two compositions in Example 3.1 to two deformations
of open diagrams that send the two pairs of lenses to the following two open diagrams,
respectively.

HZ@

Let us show that a category can be defined from the first composition. Consider three
lenses o; for ¢ = 1,2,3. We have two ways of composing them, as 010(02003) or (01002)003,
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but they both give rise to the same final diagram, thanks to associativity of the base
monoidal category. The identity is the diagram on the right.

For the second composition, checking associativity amounts to the following equality. The
identity is the same as in the previous case.

The graphical calculus is hiding at the same time the details of two structures. The first
is the quotient relation given by the coend in the monoidal bicategory of profunctors; the
second is the coherence of the base monoidal category inside the pseudofunctorial box.

5. RELATED AND FURTHER WORK

The graphical calculus for profunctors can be seen as a direction in which the graphical
calculus for the cartesian bicategory of relations [BPS17, FS18] can be categorified. A
notion of cartesian bicategory generalizing relations is discussed in [CKWWO08]. For a
slightly different future direction, we could try to relate this work to many of the interesting
applications of compact closed bicategories (see [Stal3]); such as resistor networks, double-
entry bookeeping [KSWO8] or higher linear algebra [KV94].

Certain shapes open diagrams have been described in the literature. Specifically, finite
combs were used as notation by [CDP08, KU17, Ril18]; the relation with lenses is described
in [Rom20]. Previous graphical calculi for lenses and optics [Hed17, Boi20] have elegantly
captured some aspects of optics by working on the Kleisli or Eilenberg-Moore categories of
the Pastro-Street monoidal monad [PS08]. The present approach diverges from previous
formalisms by using the monoidal bicategory structure of profunctors. It is more general
than considering combs, as it can express arbitrary shapes in non-symmetric monoidal
categories. In any case, it enables us to reason about categories of optics themselves; the
results on optics of [CEGT20] can be greatly simplified in this calculus. We believe that
it is closer to, and it provides a formal explanation to the diagrams with holes of [Rill8,
Definition 2.0.1], which were missing from previous approaches.

Most of our first part can be repeated for arbitrary monoidal bicategories such as en-
riched profunctors or spans. Multiple approaches to open systems (decorated cospans
[Fonl5], structured cospans [BC19]) could be related in this way to open diagrams, but
we have not explored this possibility yet. Another potential direction is to repeat this
reasoning for the case of double categories and obtain a “tile” version of these diagrams
(see [Myel6, HS19]).

6. CONCLUSIONS

We have presented a way to study and compose processes in monoidal categories that
do not necessarily have the usual shape of a square box without losing the benefits of the
usual language of monoidal categories. Direct applications seem to be circuit design, see
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[CDPO08], or the theory of optics [CEGT20]. This technique is justified by the formalism
of coend calculus [Lorl9] and string diagrams for monoidal bicategories [Barl4]. We also
argue that the graphical representation of coend calculus is helpful to its understand-
ing: contrasting with usual presentations of coends that are usually centered around the
Yoneda reductions, the graphical approach seems to put more weight in the non-reversible
transformations while making most applications of Yoneda lemma transparent. Regarding
open diagrams, we can think of many other applications that have not been described in
this text: we could speak of multiple categories at the same time and combine open dia-
grams of any of them using functors and adjunctions. This work has opened many paths
that we aim to further explore.

We have been working in the symmetric monoidal bicategory of profunctors for simplic-
ity, but the same results extend to the symmetric monoidal bicategory of V-profunctors for
V a Bénabou cosmos [Lor19, §5]. We can even consider arbitrary monoidal bicategories and
drop the requirements for symmetry, copying or discarding. Finally, there is an important
shortcoming to this approach that we leave as further work: the present graphical calculus
is an extremely good tool for coend calculus, but it remains to see if it is so for (co)end
calculus. In other words, ends “enter the picture” only as natural transformations (see
[Will0]), and this can feel limiting even if, after applying Yoneda embeddings, it usually
suffices for most applications. As it happens with diagrammatic presentations of regular
logic [BPS17, FS18], the existential quantifier plays a more prominent role. Diagrammatic
approaches to obtaining the universal quantifier in a situation like this go back to Peirce
and are described by [HS20].
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8. APPENDIX

8.1. The Monoidal Bicategory of Profunctors.

Definition 8.1. There exists a symmetric monoidal bicategory Prof having as 0-cells the
(small) categories A,B,C,...; as 1-cells from A to B, the profunctors A? x B — Set;
as 2-cells, the natural transformations; and as tensor product, the cartesian product of
categories [Lor19]. Two profunctors P: A°? x B — Set and Q: B°? x C — Set compose
into the profunctor (P ¢ Q): A%’ x C — Set defined by

BeB
(PoQ)(A,C) ;:/ P(A, B) x Q(B, C).

The unit of composition in the category A is the hom-profunctor homa : A? x A — Set.

Strong unitality, (—{P}) = ({F}) = ({F—), is given by the Yoneda isomorphisms.
A'eA
(homp ©P)(A, B) = / homa (4, A") x P(A’, B) = P(A, B)
B'eB
(P ohomp)(A4,B) = / P(A, B') x homp(B', B) 2 P(A, B).

Strong associativity ({AHR}) © () = (o) © (4EHE}) follows from continuity and asso-

ciativity of the cartesian product of sets. The invertible 2-cells that realise unitality and
associativity satisfy the pentagon and triangular equations.

The monoidal product of two profunctors Py: A7¥ xBy — Set and Py: AP x By — Set
is the profunctor (P, ® P3): (A1 X A3)% x (B x By) — Set defined by

(P ® P2)(A1, Az, By, By) = P1(A1, B1) X Py(Az, Ba).

The unit of the monoidal structure is the terminal category. Unitality and associativity
follow from those on sets. In the case of profunctors, unitors and associator are not
only equivalences but isomorphisms of categories, with strictly commuting pentagons and
triangles.

An alternative approach is to construct this symmetric monoidal bicategory from the
double symmetric bicategory of profunctors, see [HS19].

Every category has a dual, its opposite category. There are profunctors (A? x A)x1 —
Set and 1°° x (A% x A)°? — Set given by variations of the hom-profunctors; these
are represented by caps and cups. Profunctors circulate through the caps and cups as
expected thanks to the Yoneda lemma. See [Stal3] for the description as a compact closed
bicategory.

Definition 8.2 (Yoneda Embedding of Functors). Let F': C — D be a functor. It can be
embedded as a profunctor ({F}): C%? x D — Set or as a profunctor ({#}): D x C — Set.
Moreover, every functor has an opposite, so it can also be embedded as a profunctor
({Fh): (DP)°P x C°P — Set or as a profunctor ({E}): (C)% x D — Set. In particular,
F 4 G precisely when ({7}) = ({c}).

The suggestive shape of the boxes (from [CK17]) is matched by their semantics. Every

category has a dual (namely, its opposite category) and functors circulate as expected
through the cups and the caps that represent dualities.
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Proposition 8.3. Both Yoneda embeddings are strong monoidal pseudofunctors Cat —

Prof, fully faithful on the 2-cells. Pseudofunctoriality gives ({FHa}) = ({eort) and its

counterpart. Monoidality gives the following isomorphism and its mirrored counterpart.

Q
=
It

Proposition 8.4 (Functors are Left Adjoints). In the category of profunctors, functors
are left adjoints, in the sense that there exist morphisms np: (—) — ({PHE}) and
er: ({FHEY) — (—) and they verify the zig-zag identities. Moreover, every natural
transformation commutes with these dualities in the sense that the following are two com-
mutative squares.’

(—) ——= () (FHey) —— ()
{eHep) —— (b (EHey) — (—)

A partial converse holds: a left adjoint profunctor is representable when its codomain is
Cauchy complete; see [Bor94].

Proposition 8.5. FEvery object A of the category of profunctors has already a canonical
pseudocomonoid structure lifted from Cat and given by (€) = A(=°, -1 x A(=°, -2) and
(—e) = 1; but also a pseudomonoid structure given by () = A(=1, =) x A(=2%,-0), and
(e—) := 1. These structures copy and discard representable and corepresentable functors,
respectively; but they also lazly copy and discard arbitrary profunctors.

Proof. This is a consequence of the fact the diagonal and discard functors (A): A — AxXA
and (!): A — 1 copy and discard functors in Cat. Pseudofunctoriality of both Yoneda
embeddings sends them to the profunctors we are describing in Prof.

On the other hand, arbitrary profunctors are laxly copied and discarded. For instance,
the following coend derivation shows that a profunctor P: A°? x B — Set is laxly copied.
In the case of representable profunctors, this is an isomorphism.

X
/ P(A, X) x homa (X,Y7) X homp (X, Ys)

%
P(A,) Y1) x P(A,Y3)

o~

X1,X2
/ homA(A,Xl) X homA(A, X2) X P(thl) X P(XQ,)/Q) O

8.2. The Monoidal Bicategory of Pointed Profunctors.

Definition 8.6. A pointed category (A, X) is a category A equipped with a chosen object
X, which can be regarded as a functor from the terminal category. There exists a symmet-
ric monoidal bicategory Prof, having as 0-cells pairs (A, X) where A is a (small) category
and X € A is an object of that category; 1-cells from (A, X) — (B,Y) pairs (P, p) given
by a profunctor P: A x B — Set and a point p € P(X,Y); 2-cells from (P,p) = (Q,q)

2The graphical calculus of the bicategory makes these equations much clearer. We are emphasizing the
monoidal bicategory structure here only for the sake of coherence.
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are natural transformations n: P — @ such that nxy(p) = ¢. Composition of 1-cells
(P,p): (A, X) = (B,Y) and (Q,q): (B,Y) — (C, Z) is given by (Q o P,{g,p)), where
(q,p) € (Q o P)(X,Z) is the equivalence class under the coend of the pair (¢q,p). The
identity 1-cell in (A, X) is (homa,idy): (1,1) = (A, X).

Strong unitality £pyy: (homa oP, (idx,p)) — (P,p) and g(pp): (P ohoma, (p,idx)) =
(P, p) is given by the Yoneda isomorphisms.

ZeA

Op: / homa (X, Z) x P(Z,Y) = P(X,Y)
ZeA

gp;/ P(X,Z) x homa (Z,Y) = P(X,Y)

The Yoneda isomorphisms are such that £p (idx,p) = idx op = p and pp (p,idy) =
poidy = p. This confirms they are valid 2-cells of Prof,.

Strong associativity a(pyq.qnn: (PoQ) o R ((p.a).r) = (Po(QoR),(p (g.7)
is given by the isomorphism described by continuity and associativity of the cartesian
product.

/V (/UP()QU) xQ(U,V)) x R(V,Y) /UP(X,U) x (/VQ(U,V) xR(MY)).

It is defined by a({{p, q),r)) = {(p, {q, 7)), proving that it is a valid 2-cell of Prof,.

We will show now it is also symmetric monoidal. There is a distinguished object (1,1),
given by the terminal category and its only object. There is a pseudofunctor (®): Prof, x
Prof, — Prof, defined

e on 0O-cells by (A, X)® (B,Y) = (A xB,(X,Y));

e on l-cells by (P,p) ® (Q,q) = (P ® Q, (p,q));

e on 2-cells by (y®d): PoQ — P’ o Q' the transformation that applies v: P — P’
and §: Q — @’ to both factors of the coend,

</ZP(X,Z) X Q(Z7Y)> — (/ZP’(X7Z) X Q’(Z,Y));

e natural isomorphisms (P o Q) ® (P' o @), ((p,q),{V,¢))) = (PR P)o(Q®

@), {(p.p'),(q,4))) and (homaxp,idaxp) = (homa x homg, (id4,idp)).
The symmetric monoidal structure requires the following natural transformations.

e the left unitor AS: (id1®P, (ids, p)) — (P, p) and right unitor p3: (P®idy, (p,id)) —
(P,p);

e the associator a%’QﬁR: (PRQ)®R,((p,q),1) = (PR(Q®R),(p,(¢q,7))), given
by the associator of the cartesian category of sets;

e the braiding 8: (P ® @, (p,9)) = (Q ® P, (¢,p));

e such that the two relevant squares and the relevant hexagon commute, making it
a syllepsis and a symmetry.

8.3. Pseudofunctor box.

Proposition 8.7. Let A be a small category. There exists a pseudofunctor A — Prof,
sending every object A € A to the 0-cell pair (A, A) and every morphism f € homa (A, B)
to the I1-cell pair (homa, f). Moreover, when (A, ®,I) is monoidal, the pseudofunctor is
lax and oplaz monoidal (weak pseudofunctor in [MV18], with oplazators being left adjoint
to lazators). This would be an op-ajax monoidal pseudofunctor, following the notion of
ajax monoidal functor from [FS18].
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We only sketch the construction. The invertible 2-cells witnessing pseudofunctoriality
use the fact that the Yoneda isomorphisms (unitors and associators) send pairs of points
to their composition, coinciding with the composition on the base category A.

The following natural transformations make the functor lax monoidal.

} = (hom(—, — ® —),idagn): (A x A,(A4,B)) — (A,A® B)

( ) = (hom(I, —),id;): (1,%) — (A, 1)

The following natural transformations make the functor oplax monoidal.

{ = (hom(—® —, —),idagB): (A,A® B) = (A x A, (A, B))
( ) = (hom(—, I),id;): (A, I) — (1,%)

Composition and identities give the counits and units of the adjunctions. The fact that
identity is the unit for composition makes the following transformations be 2-cells of Prof,.

PN | 7

[
6%” [ 1 U#
~__— | |
T~
o &y

The following morphisms follow the cups, caps, splitting and merging structure from
Prof in Prof,. Morphisms circulate through them as expected: turning to morphisms in
the opposite category, being copied and discarded.

| = (hom(=, =), ida): (A x A%, (4, 4)) » (1,1),

C = (hom(—, —),id4): (1,1) = (A x A7 (A4, A)),

<_<> = (hom (=2, =) x hom(=?, =), (id4,idA)): (A, A) — (A x A, (4, A)),
> = (hom(—1, =) x hom(—2, =), (id4,id4)): (A x A, (4, 4)) = (A, A),

(=) =D » @A (= ) =09 (AA) = 1,1),
Proposition 8.8. Let A be a category. For every A € A, there exist 1-cells
(homa(A,—),ida): (1,1) = (A, A) and (homa(—,A),ida): (A, A) — (1,1)

given by the Yoneda embeddings of A and the identity morphism. Composition and iden-
tities define an adjunction.

I|-d
I R o e SR
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8.4. Example: Learners. A learner [FST19, Definition 4.1] in a cartesian category is
given by a parameters object P € C, an implementation morphism i: P X A — B, and
update morphism u: P x A x B — P, and a request morphism r: P x Ax B — A. A
monoidal generalization, dinatural on the parameters object, has been proposed in [Rill8,
Definition 6.4.1]; the following derivation shows how it particularizes into the cartesian
case.

C(PxAQxB)xC(QxB,PxA)

/"
O—Q O—Q
SaloYCtale

~ {(9)=(«€)} 2~ {Universal property of the product}
b_w_(.) /RQC(P A,Q) x C(P x A, B) x C(Q x B, P x A)
x A, Q) x x A, B) x x B, P x
@B @ @
= {(«) copies} >~ {Yoneda lemma}

P
/ C(Px A B)xC(PxAxB,PxA)

=~ {(«) copies} & {Universal property of the product}

P
/ C(PxAB)xC(PxAxB,A)xC(PxAxDB,P)

FIGURE 13. From monoidal to cartesian learners.

Proposition 8.9. A pair of lenses (U, V) — (A, A) and (V,U) — (B, B) define a learner.

Q O
V4 >0
014 D0 >{) / C(U, M®A) x C(M®A,V) x C(V,N®B) x C(N®B,U)

— {ev,ev} —  {Composition along U and V'}

P
/ C(PxAB)xC(PxAxB,A)xC(Px AxB,P)

FIGURE 14. From lenses to learners.
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We introduce collages of string diagrams as a diagrammatic syntax for glueing multiple monoidal
categories. Collages of string diagrams are interpreted as pointed bimodular profunctors. As the main
examples of this technique, we introduce string diagrams for bimodular categories, string diagrams
for functor boxes, and string diagrams for internal diagrams.

1 Introduction

String diagrams are a convenient and intuitive, sound and complete syntax for monoidal categories [29].
Monoidal categories are algebras of processes composing in parallel and sequentially [34]; string dia-
grams formalize the process diagrams of engineering [0, ¢]. Formalization is not only of conceptual
interest: it means we can sharpen our reasoning, scale our diagrams, or explain them to a computer [+”].

However, the formal syntax of monoidal categories is not enough for all applications and, sometimes,
we need to extend it. Functor boxes allow us to reason about translations between theories of processes
[15, 37], ownership [39], higher-order processes [!], or programming effects [45]. Quantum combs
not only model some classes of supermaps [12, 16, 23], but they coincide with the monoidal lenses of
functional programming [5, |3, 50] and compositional game theory [?2, 7]. Premonoidal categories,
which appear in Moggi’s semantics of programming effects [3&, 30, 51], are now within the realm of
string diagrammatic reasoning [ 0]. Internal diagrams extend the syntax of monoidal categories allowing
us to draw diagrams inside tubular cobordisms and reason about topological quantum field theories [?],
but also coends [+ 7] and traces [20].

I
2

£
1

(rfoidsh Fm:“tw T

Figure 1: Examples from the literature. From left to right: functor boxes [37], premonoidal categories
[46], internal diagrams [3], and combs or optics [ 12, 13, 23].

The extensions showcase the expressive power of string diagrams on surprisingly diverse application
domains. At the same time, these different ideas could be regarded as separate ad-hoc extensions: they
belong to different fields; they use different categorical formalisms. The overhead of learning and com-
bining each one of them prevents the exchange of ideas between the different domains of application:
e.g. an idea about topological quantum field diagrams does not transfer to premonoidal diagrams.
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2 Collages of String Diagrams

Collages. This manuscript claims that this division is only apparent and that all these extensions are
particular instances of the same encompassing idea: that of glueing multiple string diagrams into what
we call a collage of string diagrams. We introduce a formal notion of collage (Section 4.4) and employ
string diagrammatic syntaxes for them, based on the calculus of bicategories (Sections 2.1, 3.1 and 5).
Even when collages of string diagrams are our novel contribution, collages are not yet another new
concept to category theory. “Collage” was Bob Walters’ term for a lax colimit in a module-like category
[52]. This can be considered as a glueing of objects together along the action of a scalar. For example,
given two sets A and B, with an action of a monoid M, we can construct their tensor product A @y, B,
where (a-m)®b = a® (m-b) for any scalar m € M. Categorifying this idea in a possible direction we
obtain monoidal categories acting on bimodular categories. The following is the takeaway of this work.

Collages of string diagrams consist of multiple string diagrams of different monoidal categories glued
together. Collages can be interpreted as pointed bimodular profunctors between bimodular categories.

A bimodular category, sometimes referred to as a biactegory [ (], is to a bimodule what a monoidal
category is to a monoid. This is, a plain category A endowed with a left action of a monoidal category
(>): Mx A — A and aright action of another, possibly different, monoidal category (<1): Ax N — A. We
can collage two bimodular categories along a common monoidal category that acts on both. Later on
the paper, exploiting a second axis of categorification, we pass from bimodular categories to bimodular
profunctors, which are a kind of 2-dimensional bimodule, and we define their collage. This structure
facilitates glueing categories together in 2-dimensions: we can represent complexes of morphisms from
different categories and glue them together. Collages of string diagrams are the syntactic representations
of this glueing, in the same sense that ordinary string diagrams represent tensors in monoidal categories.

We observe that collages of bimodular categories embed into a tricategory of pointed bimodules.
This provides a versatile setting where we can interpret many syntaxes already present in the literature.

Contributions. We introduce string diagrams of bimodular categories and we prove they construct the
free bimodular category on a signature (Theorem 2.7). We introduce novel string diagrammatic syntax
for functor boxes and we prove it constructs the free lax monoidal functor on a suitable signature (Theo-
rem 3.4). We describe the tricategory of pointed bimodular profunctors (Definition 4.6) and, in terms of
it, we explain the semantics of functor boxes (Proposition 4.9) and internal diagrams (Theorem 5.3), for
which we also provide a novel explicit formal syntax (Definition 5.2).

2 String Diagrams of Bimodular Categories

In algebra, a bimodule is a structure that has both a left and a right action such that they are compatible.
Bimodular categories are to bimodules what monoidal categories are to monoids. This means that a
bimodular category is a category, C, acted on by two monoidal categories, M and N [53]. Bimodular
categories are also known as “biactegories” [0, 36], while the name “bimodule category” has been
reserved for actions of vector enriched categories with extra properties [ | 9]. For our purposes, bimodular
categories, C, glue the string diagrams of their two monoidal categories, M and N.

Definition 2.1. A bimodular category (C,M,N) is a category C endowed with a left monoidal action
(>): Mx C — C, and a right monoidal action (<): C x N — C. These two actions must be compatible,
meaning that there exists a natural isomorphism, Yy y x : M> (X <N) — (M>X) <N, such that all formal
equations between these isomorphisms and the coherence isomorphisms of both monoidal categories and
monoidal actions hold.
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A bimodular category is a strict bimodular category whenever the two monoidal categories are strict,
their two actions are strict and, moreover, the compatibility isomorphism is an identity. Every monoidal
category (C,®,1) is a (C,C)-bimodular category with its own tensor product defining the two actions.

Proposition 2.2. Strict bimodular categories over arbitrary strict monoidal categories form a category,
sBimod. Morphisms (F,H,K): (C,M,N) — (D,P,Q) consist of two strict monoidal functors H: M — P
and K: N — Q and a functor F : C — D that strictly preserves monoidal actions according to H and K.

2.1 Signature of a Bimodular Category

The next sections prove that a variant of string diagrams is a sound and complete syntax for bimodular
categories. String diagrams for bimodular categories consist of two monoidal regions glued by a bi-
modular wire. We first introduce a notion of bimodular signature (Definition 2.3) and then construct an
adjunction (Theorem 2.8) using the notion of collages.

Definition 2.3. A bimodular graph (o, .# ,./") (the bimodular analogue of a multigraph [4£]) is given
by three sets of objects (o j, M opj,-Nopj) and three different types of edges:

* the left-acting edges, a set .4 (My,...,My; Ry, ..., P,) foreach My, ..., My, Py,...,P, € Mopj; and
« the right-acting edges, a set A (N, ..., Ny; Qo, ..., Qy) for each Ny, ..., Ny, Qo,..., 04 € Nopjs

* the central edges, a set of edges <7 (Mo,...,My,A,No,...,Nu;00,...,P,,B,Qy,...,Qy), for each
Mo, ... .My, Py, .. ..,Pp S .//,,},j; each Ny, ...,N,,Qo,- .. ,Qq S e/’{)hj and each A,B € ,!270[,].

Mo Mm No Nu Mo Mn A No Nn

we
-e

9 @ ke P B 0 &

Figure 2: Left, right, and central edges of a bimodular graph.

Proposition 2.4. Bimodular graphs form a category bmGraph. We define a morphism of bimodular
graphs (1,f,8): (o, M, N ) — (', M, N") t0 be a triple of functions on objects, (lopj, fobj:&obj)»
that extend to the morphism sets. There exists a forgetful functor U : sBimod — bmGraph.

Proof. See Appendix, Proposition B.3. O

So far we have described a syntactic presentation of strict bimodular categories. We would like to,
additionally, go the other way and construct a free model from a syntactic presentation. Our approach
is to note that the central edges in a bimodular graph can be considered as dividing the graph into two
regions: one containing the left-acting vertices and edges and one containing the right-acting vertices
and edges. Diagrams of this sort with multiple labelled regions can naturally be considered as string
diagrams for bicategories: explicitly, the diagrams of the collage of the bimodular category.

2.2 The Collage of a Bimodular Category

Each profunctor induces a collage category; in an analogous fashion, a bimodular category induces a
collage bicategory. This section proves that constructing the collage of a bimodular category is left
adjoint to considering the bimodular hom-category between any two cells of a 2-category.
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Definition 2.5. The collage of an (M,N)-bimodular category C is a bicategory, Collc. This bicategory
has two 0-cells, M and N, and it is defined by the following hom-categories. Endocells on M are given by
the monoidal category Collc(M,M) = M; likewise, endocells on N are given by the monoidal category,
Collg(N,N) = N. The 1-cells from M to N are given by the category Collc(M,N) = C; and composition
of 1-cells is given by the monoidal actions. Finally, Collc(N,M) is the empty category.

Definition 2.6. The category of strict bipointed 2-categories, 2Cat;, has objects, (A,M,N), given by a
strict 2-category A and two chosen O-cells on it, M € A and N € A. A morphism of bipointed 2-categories
is a strict 2-functor preserving the two chosen O-cells.

Theorem 2.7. There exists an adjunction between strict bimodular categories and bipointed 2-categories
given by the collage, Collc: sBimod — 2Cat,, and picking the hom-category between the chosen 0-cells,
Chosen: 2Cat, — sBimod. Moreover, the unit of this adjunction is a natural isomorphism.

Proof. See Appendix, Theorem B.7. O

2.3 String Diagrams of Bimodular Categories, via Collages

We have the two ingredients for string diagrams of bimodular categories: string diagrams for bicate-
gories, and collages, a way of embedding a bimodular category into a bicategory. This section combines
both results to provide an adjunction from bimodular graphs to bimodular categories.

S|l 4 Ju S| 4 |u, w| r [bmSte

Figure 3: Summary of adjunctions for the string diagrams of bimodular categories.

Theorem 2.8. There exists an adjunction between bimodular graphs and strict bimodular categories.
The left side of this adjunction is given by finding the bimodular category whose collage is the free 2-
category on the bimodular graph, bmStr: bmGraph — sBimod. The right side of the adjunction is the
previously mentioned forgetful functor U: sBimod — bmGraph.

Proof. See Appendix, Theorem 2.8, the proof follows Figure 3. O

Remark 2.9. The string diagrams of bimodular categories particularize into the string diagrams of pre-
monoidal and effectful categories. See the Appendix B.2 for details.

We have presented string diagrams for bimodular categories via the string diagrams of bicategories,
and we will now give an example. We take inspiration from this first result to address now other syntaxes
that depend on string diagrams of bicategories: the next section proposes string diagrams for functor
boxes.



Braithwaite and Roman 5

2.4 Example: Shared State

In the same way that premonoidal categories are particularly well-suited to describe stateful computa-
tions, bimodular categories are particularly well-suited to describe shared state between two processes.
These two processes can be different and even live on different categories. As an example, consider the
generators in Figure 4. They represent two different process theories (two different monoidal categories,
A and B) that access a common state with get and put operations.

P Y T
geks geks puks puks copy - diseasd. copy - diseard.

Figure 4: Signature for shared state.

In the same way that monoidal categories are a good setting where to define monoids and comonoids,
bimodular categories are a good setting where to define bimodules. In order to capture interacting shared
state, the generators of Figure 4 are quotiented by the equations of a pair of semifrobenius modules with
compatible comonoid actions and semimonoid actions (see Appendix, Figure 14, for details).

$o0098

Figure 5: Race condition in bimodular string diagrams.

This setup is enough to exhibit one of the most salient features of shared state: race conditions.
Race conditions were first studied by Huffman in 1954, who used diagrams to show how the behaviour
of shared state is dependent on the relative timing of the actions of the parties [27]. We employ string
diagrams of bimodular categories to show how two different timings of the actions — the leftmost and
rightmost sides of the equation in Figure 5 — result in two different executions: even when the two
get statements are compatible (i), the two put statements interact causing the earlier of the two to be
discarded (ii,iii,iv); this causes the discrepancy with the intended protocol (v).

|+« A A Y s Yo
hee el g 38 g g GBI S

Figure 6: Binary semaphore in bimodular string diagrams.

Race conditions have a commonly accepted workaround: the binary semaphore [4V]. Dijkstra de-
scribed general semaphores with the aid of flow diagrams [ £]; we use instead string diagrams of bimod-
ular categories to implement a binary semaphore (Figure 6). We consider two different object generators
for our bimodular category (free and locked): each operation must suitably lock or unlock the semaphore.
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This renders race conditions ill-typed, and renders most of the interaction equations unnecessary (in the
Appendix, Figure 14).

3 String Diagrams of Functor Boxes

Functor boxes are a extension of the string diagrammatic notation that represents plain functors, lax,
oplax and strong monoidal functors. Functor boxes were introduced by Cockett and Seely [15] and later
studied by Mellies [37]. We introduce here a syntactic presentation of (op)lax functor boxes that has
the advantage of treating each piece of the box as a separate entity in a bicategory and apply the string
diagrammatic calculus of bicategories.

3.1 Functor box signatures

Definition 3.1. A functor box signature F = (o, X , F.,F*) consists of a pair of sets, <,,; and Zop;,
and four different types of edges:

« the plain edges, 47 (Ao, ...,An;Bo, . ..,Bnm) for any objects Ao, ..., An,Bo,...,Bn € Dopj;

* the functor box edges, 2 (Xo,...,Xs;Y0,...,Y,y) for any objects Xy, ..., X, Yo, ..., Y,y € Zop;s
* the in-box edges, Fa (Ao, ...,An; Y0, ..., Yi) for any Ao, ...,A, € Sppjand Yo, ..., Y, € Zopj

« the out-box edges, .#*(Xo, ..., X; Bo, ..., Bm) for any By, ..., B, € “,p; and Xo, ..., Xy € Zop;.

A functor box signature morphism (h,k,1): (o, 2 ,.F) — (B,% ,9) is a pair of functions between the
object sets, hop;j: opj — Bopj and kopj: Zopj — Popj» that extend to a function between the edge sets;

o h: (Ao, AniBo, oy B) = B(h(Ao), ..., h(A,)h(Bo), ... h(B));
o ki X X0y, X3 Y0, 0o, V) = Z (k(X0), s k(X3 k(Y 0) s ons (Vi)
o Lot Fu(A0s s Ans Y 0oy V) = G (h(Ag)s e B(AL): k(Y 0), e k(Y)):
o I* F* (X0, Xn3Boy ooy Bim) = G (k(X0), ., k(X0); R(Bo), ..., A(B)).

Functor box signatures and homomorphisms form a category, Fbox.

>e
>e
L 1]
we
“e

<o
n
e

Figure 7: Syntactic bicategory of a lax monoidal functor box signature.



Braithwaite and Roman 7

Definition 3.2. The syntactic bicategory of a functor box signature # = (&, 2, %#,,%°*) is the bicate-
gory freely presented by Figure 7, which we call S o 7.

In other words, the bicategory S,/ - # contains exactly two O-cells, labelled .7 and .Z; it contains
al-cell A: of — o foreach A € @, a 1-cell X: 27 — 2 for each X € Z,,; and, moreover, a pair
of adjoint 1-cells F1: o7 — 2 and F*: 2 — 7. Finally, it contains a pair of 2-cells witnessing the
adjunction F' + F!, given by n: id — FT$F} and e: F¥5F' — id which additionally satisfy the snake
equations; and it also contains

e a2-cell, f€S(,)(Ao5...54n; Bog...5Bn), for each plain edge;

H
e a2-cell,geS(Z,2)(X05...5Xn; Yo35...5Ym), for each functor box edge;
e a2-cell,u € S(e, ) (A05...34n F15Y05...3Y, 3 FY) for each in-box edge; and
e a2-cell,veS(o, o) (F $X05...5X, 3 F¥; Bos...3By) for each out-box edge.

3.2 Lax Monoidal Functor Semantics

Definition 3.3 (Lax functors category). An object of the lax functors category, Lax, is a pair of strict
monoidal categories (A, X) together with a lax monoidal functor between them, (F, €, it); that is, a func-
tor F: X — A endowed with two natural transformations €: I — FI, and u: FX® FY — F(X ®Y),
satisfying associativity (U ® id) s = (id ® 1) § i, left unitality (€ ® id) 3 u = id and right unitality
(d@e)su =id.

A morphism of the lax functors category, from (A, X, F, e, ur) to (B,Y,G, &g, lU¢) is a pair of strict
monoidal functors H: X — A and K: A — B such that F §K = H 3G and such that K(gr) = & and
K(ur) = po.

Theorem 3.4. There exists an adjunction between the category of functor box signatures, Fbox, and the
category of pairs of strict monoidal categories with a lax monoidal functor between them, Lax. The free
side of this adjunction is given by the syntax of Figure 7.

Proof. See Appendix, Theorem C.3. |

Collages, by themselves, explained the 2-region diagrams of bimodular categories; collages will also
explain the two-region diagrams of functor boxes in Section 4.5. However, as currently defined, collages
are only sufficient to encode the vertical boundaries. In order to additionally represent boundaries along
the horizontal axis we can make use of profunctors between bimodular categories and extend our notion
of collage to these structures (described in Appendix F). Following this thread we find that collages
embed into a tricategory of pointed bimodular profunctors, described in the next section, which we
consider a universe of interpretation for all of the graphical theories described.

4 Bimodular Profunctors

Where can we interpret all these string diagrams and provide compositional semantics for them? In this
section, we introduce a single structure where all the previous calculi take semantics.

We will need two different ingredients: coends and bimodularity. Coends and profunctors [37, 33],
far from being a obscure concept from category theory, can be seen as the right tool to glue together
morphisms from different categories [17, 47]; we follow a explicitly pointed version of coend calculus,
which keeps track of the transformation between profunctors we are constructing (Section 4.3). In a
similar sense, bimodular categories tensor together objects from different monoidal categories. Both
ideas combine into the calculus of pointed bimodular profunctors.
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4.1 Bimodular Profunctors

Consider C and D, both (M, N)-bimodular categories. A natural notion of morphism between them is a
functor C — D which is linear in both actions. However, there is another notion of morphism between
them, which is a generalisation of a profunctor between categories to this bimodular setting. Bimodular
profunctors are a generalized reformulation of the Tambara modules of Pastro and Street [ |].

Definition 4.1. Let M and N be two monoidal categories and let C and D be two (M, N)-bimodular
categories. A bimodular profunctor from C to D is a profunctor 7': C°” x D — Set with a natural family
of strengths,

e T(X,Y) = T(MoX,M>Y), and ty:T(X,Y)— T(X<N,Y<N),

such that the actions are associative ty; § ty = tyen, unital t; = id, and compatible, ty; $ty = ty $far, Up tO
the coherence isomorphisms of the monoidal category. See Appendix B for details.

Proposition 4.2. For any pair of monoidal categories, M and N, there is a bicategory yMody of (M,N)-
bimodular categories, bimodular profunctors, and natural transformations between them.

These will form the hom-bicategories of the tricategory we later define. The other significant piece
of data we require is a family of tensors ® : yMody x nNModo — yModg, which we now study.

4.2 Tensor of Bimodular Profunctors

The tensor of bimodular categories is similar to the tensor of modules over a monoid in classical algebra:
we consider pairs of elements and we quotient out the action of a common scalar. In this case, the
quotienting is substituted by an appropiate structural isomorphism: the equilibrator.

Definition 4.3 (Tensor of bimodular categories). Let C be a (M, N)-bimodular category and let D be a
(N, O)-bimodular category. Their tensor product, C ®n D, is a category with the same objects as C x D:
we write them as X ®N Y. The category is presented by the morphisms of C x D and a free family of
natural isomorphisms, called the equilibrators,

TxNy: (X<N)QnY = X®y (N>Y), foreach N e N,X € C,Y €D,

which are additionally quotiented by the following equations up to the structure isomorphisms of the
monoidal actions, TX MRN,Y = TXaM,NY 5 TX M,N>Y > and X1y = id.

Definition 4.4. Let C and C’ be two (M, N)-bimodular categories and let D and D’ be a (N, O)-bimodular
categories. Given two bimodular profunctors, T: C — C’ and R: D — D/, their tensor is a bimodular
profunctor, T N R: C®nD — C' ®n D/, defined by

TONRX @nY: X' @yY) =T(X;X') xR(Y,Y')/(~),

where (~) is the equivalence relation generated by (iy(x),y) ~ (x,tx(y)).

4.3 Pointed Profunctors

Profunctors deal with families of morphisms, and their natural isomorphisms determine correspondences
between these families. However, when we use profunctors for the semantics of string diagrams, we most
often want to single out a particular morphism between a particular pair of objects. A simple technique
to achieve this is to use pointed profunctors instead of simply profunctors: this technique was explicitly
described by this second author [+ 7] although it has implicit appearances in the literature [, 26].
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Definition 4.5. A pointed profunctor (P,p): (A,X) — (B,Y) between two pointed categories with a
chosen object X € A,pj and ¥ € B,y is a profunctor P: A — B together with an element p € P(A,B) of
the profunctor evaluated on the chosen object of the categories.

From now on, we work using pointed profunctors instead of plain profunctors, see the Appendix
Appendix D.1 for a short reference on “pointed coend calculus”.

4.4 The Tricategory of Pointed Bimodular Profunctors
We call collages of string diagrams to the diagrams of the tricategory of pointed bimodular profunctors.

Definition 4.6. The tricategory of pointed bimodular profunctors, BmProfp, has as O-cells the monoidal
categories, M,N,O,.... The 1-cells between two monoidal categories M and N are pointed bimodular cat-
egories, (A,>,<,A), consisting of a (M, N)-bimodular category with two actions (A,>,<) and some object
of that category, A € A. Pointed bimodular categories compose by the tensor of bimodular categories,

(A7[>7<]7A) ®N (Bvl>7<]7B) = (A ®N Bvl>7<]7A®N B)

The 2-cells between two pointed bimodular categories (A,>,<,A) and (B,>,<,B) are pointed bimodu-
lar profunctors (Pyt,p), consisting of a profunctor P: A — B together with a point p € P(A,B) that
are moreover bimodular with compatible natural transformations #y;: P(A;B) — P(M>A;M > B), and
ty: P(A;B) — P(A<AN;B<N). These 2-cells compose by profunctor composition and by the tensor of
bimodular profunctors.

Finally, the 3-cells between two pointed bimodular profunctors (P,¢,p) and (Q,r,q) are bimodular
natural transformations that preserve the point, consisting of a natural transformation «: P — Q such
that the a(p) = g and moreover f)r 5 = oL §ry and ty 00 = QL3 ry.

Remark 4.7. At the moment of writing, it is unclear to the authors whether a string diagrammatic calculus
for tricategories, described by transformations of the string diagrammatic calculus of bicategories, has
been fully described and proved sound and complete. However, there seems to be consensus in that this
would be the right language for tricategories: much literature assumes it. Let us close this section by
tracking explicitly the assumptions we need to employ a diagrammatic syntax for bimodular profunctors.

Conjecture 4.8. The previous data satisfies all coherence conditions of a tricategory. Moreover, we
can reason with tricategories using the calculus of deformations of string diagrams, extending the string
diagrams for quasistrict monoidal 2-categories of Bartlett [ ].

4.5 Functor Boxes via Collages of String Diagrams

The following Figure 8 details how to interpret functor boxes as collages of string diagrams. The colored
region represents the domain of the lax monoidal functor; the white region represents the codomain.
Morphisms of both categories are interpreted as elements of their respective hom-profunctors; and the
laxators are used to merge colored regions. The only element that we will explicitly detail is the bimod-
ular category that appears in the closing and opening wires of a functor box.

Proposition 4.9 (Bimodular categories of a lax monoidal functor). Let X and A be two monoidal cat-
egories and let F: X — A be a monoidal functor between them, endowed with natural transformations
Yo:J = Fland yp: FXQFY — F(X®Y). The following profunctors, Axp X: Ax X — A x X and
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XxpA: XX A — X XA determine two promonads, and therefore two Kleisli categories.
-MeX
AxpX(A,X;BY)= / AA;BRFM) x X(M®X:Y);
MeX
X wp AX,A;Y, B) :/ A(A:FM ®B) x X(M®A;B);

These two Kleisli categories are (A, X) and (X,A)-bimodular, respectively.

Proof. See Appendix, Proposition D.4. The construction uses the laxity of the monoidal functor. O
oL A s
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ﬁ ge X(Xe-o)s;70-0Y) 3 70 eXxA 3
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w

Figure 8: Semantics for functor boxes in terms of pointed bimodular profunctors.

S String Diagrams of Internal Diagrams

The tubular 3-dimensional cobordisms of internal diagrams are first described as a Frobenius algebra
by Bartlett, Douglas, Schommer-Pries and Vicary [3]. We are indebted to this first introduction, which
made internal diagrams into a convenient graphical notation in topological quantum field theory [3].
Internal diagrams themselves were later given a expiclit semantics in a monoidal bicategory of pointed
profunctors; this was the subject of this second author’s contribution to Applied Category Theory 2020
[45]. An important aspect of the syntax of internal diagrams is their 3-dimensional nature: the syntax
not only contains string diagrams, but also reductions between them.

We introduce here a novel syntactic presentation of internal diagrams that has the advantage of
treating each piece of an internal diagram (including the closing and opening of tubes) as a separate
entity in a tricategory. As a consequence, we are later able to introduce for the first time a more refined
semantics in terms of a tricategory of pointed bimodular profunctors.

Definition 5.1. A polygraph, ¢, is the signature for the string diagrams of a monoidal category. It
consists of a set of objects, %, and a set of morphisms 4 (Ao, ...,An; Bo, ..., Biy) between any two lists
of objects, Ag,...,An,Bo, ..., B € Gopyj.

Definition 5.2. The syntactic tricategory of internal diagrams over a polygraph ¢ is the tricategory G
presented by the cells in Figure 9. In other words, it contains two O-cells, .# and ¢, in white and blue
in the figure, respectively. It contains a 1-cell A: &4 — & for each object A € ¢,;; and two 1-cells,
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Figure 9: Syntax for open internal diagrams.

Le: S — % and R,: 4 — . forming two 2-adjunctions (L.) < (R.) and (R.) - (La) up to a 3-cell. It
contains the following 2-cells,

e two 2-cells ny: id — Lo §Re and e : Rq § Lo — id witnessing the 2-adjunction (L) 4 (R.) and two
2-cellsny: 1 — Re§Le and e3: Le §Re — id witnessing the 2-adjunction (R.) 4 (Le) — see Vicary
and Heunen [”4] for a reference on 2-adjunctions and the swallowtail equations;

o two 2-cells, A¥: L, $A3R, —»idand A, : id = L, §A§R,, forming an adjunctionA”t <A, foreach
object A € 9,;;; and a2-cell, f: Ap$...34, — Bos... 3By, for each edge f € 9 (Ao, ...,An; Bo, ..., Bm).

Finally, it contains the following 3-cells,

* two invertible 3-cells, a;: (1®@n;)5(e1®1) — 1 and B1: (n®1)5(1®e;) — 1, witnessing
the 2-adjunction (L,) 4 (R.) and satisfying the swallowtail equations; and two invertible 3-cells,
o2 (1®@n)s(ea®1) — 1and Ba: (m®1)5(1®e;) — 1, witnessing the 2-adjunction (R,) - (La)
and and satisfying the swallowtail equations;

o two3-cells,c: A¥3A, — landi: 1 = A, jA*, witnessing the adjunction A* 4 A , and satisfying
the snake equations;

e two 3-cells, u;: ny§e; — 1 and v;: 1 — e §n; witnessing an adjunction e; - n; and satisfying the
snake equations; two 3-cells u;: 1 — na§e; and v;: e §ny — 1 witnessing an adjunction n; - e
and satisfying the snake equations.

Theorem 5.3. There is a 3-functor from the syntactic tricategory of internal diagrams into pointed
bimodular profunctors for any interpretation of the polygraph into a monoidal category.

Proof. See Appendix, Theorem E.1. O

Remark 5.4. This syntax can be exemplified by evaluating a quantum comb [/”], or a monoidal lens
[44] with a morphism, in terms of internal string diagrams [26], see Figure 10. It has been used more
generally to reason about coends in monoidal categories [+7] and topological quantum field theory [3].



12 Collages of String Diagrams

i A |
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Figure 10: Evaluating a comb in terms of internal string diagrams.
6 Conclusions

Collages of string diagrams provide an abundant graphical calculus. Functor boxes, tensors of bimodular
categories and internal diagrams all exist in the graphical calculus of collages. Their technical undepin-
ning is complex: we characterized them as diagrams of pointed bimodular profunctors, but these arrange
themselves into a tricategory, which may be difficult to reason about.

Apart from introducing the technique of collages and formalizing multiple extensions to string dia-
grams, we would like to call the attention to the techniques we use: most of our results on soundness and
completeness of diagrams are arranged into adjunctions, which allows us to prove them by reusing the
better known results on soundness and completenss for monoidal categories and bicategories.

Related work. An important line of research revolves around module categories and fusion categories,
some specific enriched categories with actions with applications in topological quantum field theories
[19, 20, 40]. Specially relevant and recent is Hoek’s work, which constructs diagrams for a bimodule
category [25, Theorem 3.5.2]. We follow the more elementary notion of bimodular category, called
“biactegory” in the taxonomy of Capucci and Gavranovic¢ [ | ]. Cockett and Pastro [ | 4] have used instead
linear actions for concurrency, and even when we take inspiration from their work, their approach is more
sophisticated and expressive than our toy example demonstrating bimodular categories (Figure 5).

Most work has been presented for some particular cases of collages: functor boxes have been ex-
tensively employed, but never reduced to string diagrams [ 5, 37]; internal diagrams have served both
quantum theory and category theory [2, 26, 31], and can be given semantics into pointed profunctors
[45], but again a presentation as string diagrams was missing. A convenient algebra of lenses [44], a
particular type of incomplete diagram, has been recently introduced [ 1], but this is still independent of
the semantics of arbitrary internal diagrams.

Finally, the first author has published a blog post that accompanies this manuscript [V].

Further work. It should be possible to “destrictify” many of the results of this paper. We have only
presented a 1-adjunction between strict bimodular categories and bipointed 2-categories; but a higher
adjunction would allow us to reuse coherence for bicategories to automatically obtain coherence for
bimodular categories. We have marked along the paper the conjectures where further work is warranted.

We conjecture pointed bimodular profunctors to also form a compact closed tricategory, with the
dual of each monoidal category being the reverse monoidal category, A @g., B =B ® A. Even when it
may be conceptually clear what a compact tricategory should be, it is technically challenging to come up
with a concrete definition for it in terms of coherence equations.
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A Preliminaries

Proposition A.1 (Reducing an adjunction). Let F: A — C and H3U : C — A determine an adjunction
(F,H3U,n,€) and let P: B — C determine a second adjunction (P,H ,u,c) such that the unitu: I — P§H
is a natural isomorphism (as in Figure 11). Then, F §H is left adjoint to U.

HUF

A@Cs @;@s@;mseﬁﬁ

LI

Figure 11: Setting for reducing an adjunction.

Proof. We employ the string diagrammatic calculus of bicategories to the bicategory of categories, func-
tors and natural transformations [35]. We define the morphisms in Figure 12 to be the unit and the counit
of the adjunction. We then prove that they satisfy the snake equations in Figures 12 and 13.

(h @
(e) ()
L}
(W)

Figure 12: Unit and counit of the reduced adjunction (left). First snake equation (right).

In the first snake equation, in Figure 12, we use (i) that there is a duality (1,€), and (ii) that u is
invertible. In the second snake equation, in Figure 13, we use (i) that there is a duality (u,c), (ii) that u is
invertible, (iii) that there is a duality (u,c), again; and (iv) that there is a duality (1, €).

ﬁl

Figure 13: Second snake equation.
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O

Proposition A.2. Let L: C — D and R: D — C determine an adjunction (L,R,n,€). For each object
A € C,pj, this induces an adjunction between the coslice categories C\ A and D\ LA.

Proof. The functor Ly: C\ A — D\ LA is just an application of the functor L. The functor R4: D\ LA —
C\ A is defined using the unit of the adjunction as

RA(LAQB)z (AlRLA’EB).

Note that a morphism ¢ : LB — C makes the first diagram in commute if and only if its adjunct, a*: B —
RC, makes the second diagram in commute.

IB —% C B % RC
LfT / fT TRg
A A" RIA

This is because two morphisms are equal if and only if their adjuncts are. We have that (Lfsa)* =
fea* and g = 1 ¢ Rg. This induces the hom-set isomorphism of the adjunction, where each morphism
is again adjunct to the same adjunct it was before. O

A.1 Bicategories

In the same way that a polygraph represents the signature for a monoidal category, a 2-graph is the
signature that allows us to freely generate a 2-category.

Definition A.3. A 2-graph & is given by a set of vertices, ¢,;;; a set of edges between any two ver-
tices, 4(X;Y) for X,Y € ¢,,;; and a set of 2-edges for each pair of paths of vertices with the same
source and target. That is, there is a set of 2-edges ¥ (X;Y)(Ao,...,An;Bo,...,Bn), for each path
Ao €9(X;Uo),...,An € 9(Uy—1;Y) and each path By € 4(X;Vo),...,Bn € G (Viu—1;Y).

A homomorhpism of 2-graphs is a family of functions on vertices, edges, and 2-edges that preserve
their sources and targets; these form a category 2Graph endowed with a forgetful functor U: 2Cat —
2Graph from the category of 2-categories and 2-functors.

Correctness of string diagrams for 2-categories [+, 55] amounts the fact that free 2-category over a
2-graph is given by string diagrams. It is difficult to find a proof for this exact result in the literature, but
the widespread use of string diagrams for bicategories suggests that it is commonly accepted.

Theorem A.4 (String diagrams for bicategories). There exists an adjunction between 2-graphs and 2-
categories given by progressive string diagrams Str: 2Graph — 2Cat and the previously mentioned
forgetful functor U: 2Cat — 2Graph.

A.2 Profunctors

Definition A.5. A profunctor (P,<,>) between two categories A and B is a family of sets P(A,B)
indexed by objects A and B, and endowed with jointly functorial left and right actions of the morphisms
of A and B, respectively. Explicitly, types of these actions are (>): hom(A’,A) x P(A’,B) — P(A,B),
and (<): hom(B,B’) x P(A,B) — P(A,B’). These must satisfy
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* compatibility, (f > p) <g=f>(p<g),
* preserve identities, id > p = p, and p < id = p,

* and preserve composition, (p < f) <g=p < (fsg)and f > (g>p)=(f38) > p.
More succintly, a profunctor P: A — B is a functor P: A’? x B — Set. When presented as a family of

sets with a pair of actions, profunctors have been sometimes called bimodules. We avoid this term, which
we reserve for the classical algebraic notion, and its categorification.

B Bimodular categories

We provide here an alternative spelled-out definition of bimodular profunctors.

Definition B.1. A bimodular profunctor from C to D, a pair of (M,N,>, <)-bimodular categories, is a
profunctor (P, <,>): C — D endowed with a pair of natural whiskering operators,

(>): M(X;X') x P(A;B) - P(X>A;X'>B), and (<): P(A;B) x N(Y;Y') — P(A<Y;B<Y’),

satisfying the following axioms up to coherence of the monoidal actions.

(m>f) < (m'>g)=(msm)>(f <g), (f<n) < (gan) = (f < g)<(n3n'),
(m'>g) > (m> f) = (m'ym)> (g > f), (gan’) > (f<n)=(g>f)<(n'3n),
id>f=f=f<id, u>(f<v)=(u>f)<v,

u>w>f)=wev)>f, (f<u)<v=f<(uxv).

Remark B.2. Not only is this definition a natural extension of profunctors as category-bimodules to
bimodular categories, but the strengths of bimodular profunctors can be seen as an additional bimodule
structure in the form of an action of the monoidal categories on the profunctor.

monoidal action __----> C dem—e
|

- ~

| . LN
/ | functorial action™\
/ | \

The vertical composition of bimodular profunctors is given by ordinary profunctor composition while
the strength is obtained as the cartesian product of the two constituent strengths.

C C
T~
M 7§Q‘> N — M HPGQ N
\E/f \E/f

As with ordinary profunctors, this composition is not strictly associative or unital but indeed there is
additionally a natural notion of morphism between bimodular profunctors with which structure maps
can be defined. Namely these are natural transformations which commute with the strengths. This
makes bimodular categories and the profunctors between them into a bicategory.
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As noted in the main text, the strength of a bimodular profunctor could alternatively be considered as
a horizontal action of a monoidal category on the profunctor. In fact such strengths are equivalent to the
data of monoid actions for the lax monoidal functors M(—, —) and N(—, —), viewed as monoid objects in
their respective functor categories. This gives a route for defining the horizontal composite of bimodular
profunctors, just as we do for bimodular categories, by quotienting out the common action.

c D CanD
M HT N ﬂu 0O —= M HT@oNU 0
c’ D’ C'onD’

As in any category of modules we would like to define the composite by quotienting out the action of the
common scalar, taking a coequaliser of the two action maps.
P(C,C") x Q(D,D’)
left strengthurighl strength
MP(C <M,C'<M)xQ(D,D')+P(C,C")x Q(M > D,M > D)

g

P®Q(C,C',D,D')

The form of this diagram is slightly more complicated than the one we saw for bimodular categories.
In the form we have seen them, the strengths of a Tambara module have different codomains for the
two action maps. So to match the form of a coequaliser we embed both into their coproduct. This is
alternatively the pushout of the two action maps, but we choose to present it as is to reinforce that this is
just another instance of bimodule composition.

B.1 String Diagrams for Bimodular Categories

Proposition B.3 (From Proposition 2.4). There exists a forgetful functor U : SBimod — Bgraph.
Proof. Given (A,M,> N, <), we define the following bimodular graph.

Jzi(Mo,...,Mm,A.,No,...,N,,;Po,...,P,,,B,Q(),...7Qq) =

AMo> ..o My >A, <N <... ANy Nob> ... >Ny >B<Qp<...<Qy),
M (Mo, ... My Po, ... Pp) =M(Mo ® ... @ My Py ® ... @ Pp),
J/(NQ,...,Nn;Qo.,...,Qq) =NNo®... ®N,; Q0 R ... ®Qq).

We now check that this assignment is functorial: indeed, the functors (F,H,K) induce three functions
between the edge sets of the bimodular graph. O

Lemma B.4. Collages induce a functor Coll: sBimod — 2Cat, from strict bimodular categories to
bipointed 2-categories. Picking the hom-category between the chosen 0-cells of a bipointed 2-category
induces a functor from bipointed 2-categories to strict bimodular categories Chosen: 2Cat, — sBimod.

Proof. See Appendix, Lemmas B.5 and B.6. O
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Lemma B.5 (From Lemma B.4). Collages induce a functor Coll: sBimod — 2Cat, from strict bimod-
ular categories to bipointed 2-categories.

Proof. On objects, the functor is defined by the collage with its two 0-cells, Coll(C,M,N) = (Collc, M, N).
Given a morphism of bimodular categories, (F,H,K): (C,M,N) — (D,P,Q), the functor takes it to the
strict 2-functor defined by: sending Collc(M, M) =M to Collp(P,P) = P with H; sending Collc(N,N) =
N to Collp(Q, Q) = Q with K; sending Collc(M,N) = C to Collp(P,Q) = D with F; and finally noticing
that both Collc(N,M) and Collp(Q, P) are empty. This assignment defines a 2-functor preserving com-
position: this is thanks to the fact that composition has been defined in Collc and Collp using the strict
monoidal actions, and the functors F, H and K do preserve the monoidal actions. O

Lemma B.6 (From Lemma B.4). Picking the hom-category between the chosen 0-cells of a bipointed 2-
category induces a functor from bipointed 2-categories to strict bimodular categories Chosen: 2Cat, —
sBimod.

Proof. On objects, the functor is defined by taking a bipointed bicategory the hom-category between the
selected points, Chosen(A,M,N) = A(M,N). This hom-category is a bimodular category acted on by the
hom-categories A(M,M) and A(N,N); both of these are monoidal categories (bicategories with a single
object) with the tensor defined by composition in the bicategory. The actions are also defined by pre and
post-composition in the bicategory.

Consider now a strict 2-functor S: (A,M,N) — (B,P,Q) that sends S(M) = P and S(N) = Q. It
must induce strict monoidal functors H = S(M,M): A(M,M) — B(P,P) and K = S(N,N): A(N,N) —
B(Q,Q) and a functor F = S(M,N): A(M,N) — B(P,Q). All these functors must preserve composi-
tion in the original bicategory, so the triple Chosen(S) = (F,H,K) is a morphism of strict bimodular
categories. O

Theorem B.7 (From Theorem 2.7). There exists an adjunction between strict bimodular categories
and bipointed 2-categories given by the collage, Collc: sBimod — 2Cat,, and picking the hom-category
between the chosen 0-cells, Chosen: 2Cat, — sBimod. Moreover, the unit of this adjunction is a natural
isomorphism.

Proof. We have already proven that both sides of the adjunction are indeed functors in Lemma B.4. Let
us show that Collc is the free bipointed 2-category on a bimodular category C. We start by noting that
there exists a homomorphism of bimodular categories

7+ (C,M,N) = (Collc(M,N), Coll(M, M), Collc(N,N)),

by construction of the collage; this determines the natural isomorphism of the unit of the adjunction
we are constructing. Consider now a bipointed 2-category (A, P,Q) and a homomorphism of bimodular
categories

(F,H,K): (C,M,N) — (A(P,0),A(P,P),A(Q,0Q));

we will now prove that there exists a unique 2-functor .%: Collc — A such that .# §.% = (F,H,K).
Because the 2-functor is bipointed, we know that .% (M) = P and that . (N) = Q, so it is determined on
0-cells. We know that its component on Collc(M,N), Collc(M,M) and Collc(N,N) must be given by F,
H and K; while its only possible component on the empty category Collc(N, M) is trivial; this determines
it on 1-cells, but also on 2-cells, because F', H, and K are a functor and a pair of monoidal functors. [
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Theorem B.8 (From Theorem 2.8). There exists an adjunction between bimodular graphs and strict
bimodular categories. The left side of this adjunction is given by finding the bimodular category whose
collage is the free 2-category on the bimodular graph, bmStr: bmGraph — sBimod. The right side of
the adjunction is the previously mentioned forgetful functor U: sBimod — bmGraph.

Proof. String diagrams for bicategories are based on an adjunction between 2-graphs and 2-categories in
Theorem A.4, whose left adjoint is Str: 2Graph — 2Cat. By Proposition A.2, this induces an adjunction
between bipointed 2-graphs and bipointed 2-categories, Str,: 2Graph,; — 2Cat,. We can compose this
adjunction with the adjunction between bimodular graphs and bipointed 2-graphs; to obtain a left adjoint
bStr, : bmGraph — 2Cat,.

Finally, we employ the adjunction given by collages from strict bimodular categories to bipointed
2-categories in Theorem 2.7. This adjunction has an invertible unit, and thus, by a general principle
(Proposition A.1), it induces an adjunction with left adjoint bmStr: bmGraph — sBimod. O

Remark B.9 (Shared state). The equations in Figure 14 present the theory of shared state over the string
diagrams of bimodular categories. Semantics can be given in two different theories of processes shar-
ing the same state. For instance, the first category can allow for probabilistic processes, A = Stoch,
while the second can be deterministic, B = Set. The bimodular category determined by the promonad
StochStates(A, B) = Set(S x A,Stoch(S x B)) can give semantics to both and has suitable monoidal
actions: the actions to the common wire become the get and put functions of the state promonad.

e
-e

n

 TERP

At A
A
LI
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vy
A -

Figure 14: Theory of shared state.
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B.2 String Diagrams of Premonoidal Categories

Definition B.10. A premonoidal category is a category C endowed with an object / € C and an object
A®B € C for each A,B € C,p,;; and two functors (A®e): C — C and (e ® B): C — C that coincide
on (A®B), even if (e ® e) is not itself a functor. Finally, it is endowed with the following cohernece
isomorphisms, o4 pc: AQ (BR®C) = (AQB)®C, Ay: AQI — A and ps: [ ®A — A, which interchange
with any other morphism, are natural at each given component and satisfy the pentagon and triangle
equations.

Definition B.11. An effectful category is an identity-on-objects functor, V — C, from a monoidal cat-
egory V to a premonoidal category C that strictly preserves all of the premonoidal structure and whose
image is central.

for {eG(R,....An:B,...Ba), and vV, A .B..)

QeI+ 8- Lé-!- 1 -

Figure 15: Syntax for the string diagrams of premonoidal and effectful categories (Roman, 2020 [46]).

Proposition B.12. Effectful categories V — C are equivalent to (V,V)-bimodular categories such that
there exists an identity on objects functor that preserves the monoidal actions [30)].

In this sense, the string diagrams of premonoidal categories and effectful categories are particular
cases of the string diagrams for bimodular categories. The extra wire that appears in the string dia-
grams of an effectful category V — C is precisely the bimodular category C, with its two actions on V.
Morphisms in C need this wire as an input and as an output, while morphisms in V do not. A detailed
discussion of the string diagrams of premonoidal categories was presented to the last Applied Category
Conference by this second author [46].

C Functor Boxes

Proposition C.1. There exists a forgetful functor from the lax functors category to the category of functor
box signatures, Ulax: Lax — Fbox.

Proof. Any lax monoidal functor induces a functor box signature Ulax(A, X, F,e,u) = (o, X, Fe, F*)
defined by o74; = Aopj, by Zonj = Xopj and taking edges to be morphisms,

o o (A, .., An;Boy ooy B) = A(A)® ... A,;;By R ... Q Byy),

o Z(X0yes X3 Y0, oy Yi) = X(X0®... X3 Y0 R ... @Yp),

¢ Feo(A0 s A Y0, V) =A(A0® ... @A F(Y0®...QY,)),

o F*(X0,-s Xn3 B0y oy Bi) = A(F (X0 @ ... ©X,); By @ ... @ Byy).
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Consider now a homomorphism of lax monoidal functors (H,K): (A, X,F) — (B,Y,G). The pair of
strict monoidal functors H and K extend to all the sets of edges. For instance, because of the condition
F K = H 3G, the functor K induces a map

AA)®...RALF(Y0®...0Y,)) = B(K(40) ® ... @K(A,);G(H(Y0) @ ... 2 H(Y,))),

and the rest of the maps are analogous. This assignment preserves the composition and identities of the
lax monoidal functors category, which are precisely compositions and identities of functors. O

Lemma C.2. The syntactic bicategory of a functor box signature (<7 , 2 ,.F) induces a lax monoidal
Sunctor Sgs a7 ¥iuon(Z) — S(,.o7) from the free monoidal category on 2 to the monoidal category
of the endocells in 7. This assignment, S: Fbox — Lax, is functorial.

Proof. We begin by defining the assignment explicitly. We first consider F,,,,(Z"), the free strict mo-
noidal category on the polygraph 2". We then consider S(.«7,.27), the strict monoidal category formed
by the endocells of the syntactic 2-category on 27. A functor F: Fyu0,(2°) — S(47,.27) is defined on
objects by the composition F (X¢) = F! $X04F|, and similarly on morphisms. It becomes a lax monoidal
functor with thanks to the unit and counit maps provided by the adjunction F' -1 F|.

We now prove that this assignment is functorial. Consider a functor box signature map determined
by (h,k): (o, Z) = (AB,%), inducing lax monoidal functors F: Fpn(2) = Sy 2 (&7, o) and
G: Fuon(?) — Spo(#B,#). Because of the adjunction determining free strict monoidal categories,
the map h: 2" — % determines a strict monoidal functor H: Fp00(2Z") = Fuon(#'). Now, because the
syntactic bicategory of a functor box is also freely generated, we can describe a map of 2-categories
S, 27 — Sz, induced by the functions &,k and sending the pieces determining the adjunction on one
side to the adjunction on the other side. This 2-categorical functor restricts to a strict monoidal functor
K: Sy a(d, o)~ S%.’oy(,@,%).

Finally, by construction and because the 2-categorical functor sends F - F| to G' 4 G|, we have
that the H and K here defined satisfy F § K = H § G and preserve the structure maps of the lax monoidal
functor. O

Theorem C.3 (From Theorem 3.4). There exists an adjunction between the category of functor box
signatures, ¥box, and the category of pairs of strict monoidal categories with a lax monoidal functor
between them, Lax. The free side of this adjunction is given by the syntax of Figure 7.

Proof. Given a functor box signature (7, 2") we will prove that the lax monoidal functor induced by
its syntactic bicategory, F : Fpon(Z) = Soy. 2 (/,47), is the free one.

Consider a lax monoidal functor G: B — Y endowed with a box signature morphism (<7, 2") —
(B,Y). Already by the universal property of the free strict monoidal category, we know that there exists
a unique strict monoidal functor H: Fyon(Z) = Fmon(?#) that, under the forgetful functor, commutes
with the box signature morphism.

We need to show that there exists a unique strict monoidal functor K : S o (47, 2/) = S o (%, %)
that commutes with H and with the box signature morphism. We first define it on 1-cells. By structural
induction, a 1-cell of Sy o (o7, 47) is: (i) an object of <7 followed by a 1-cell; or (ii) a functor box
opening F', a 1-cell of Z0n(2") and a functor box closing F), followed by a 1-cell of Sy o (7, 7).
In the first case, the object in <7 must be sent to the object determined by the box signature morphism;
in the second case, because the condition F § K = H §G must be satisfied, we must send the object F(X)
to G(H(Xo)).
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We now define it on 2-cells. The plain edges need to be mapped according to the functor box
signature homomorphism; the functor box edges are already mapped according to H; the in-box and out-
box edges are mapped according to the functor box signature homomorphism. The unit of the adjunction
must be preserved because it is a structure map of the lax monoidal functor. Finally, the unit of the
adjunction must always appear enclosed in between the cells F' and F| |» which means it always represents
the ur structure map of the lax monoidal functor and must be mapped accordingly to L. O

D Pointed Bimodular Profunctors

D.1 The Point of Coend Calculus

Coend calculus is the name given to the algebraic manipulations of coends that prove isomorphisms or
construct natural transformations between profunctors. In the same way that regular logic links relations,
a coend calculus expression is a list of profunctors linked by some objects that are bound to a coend.
Usually, the isomorphisms that we construct are never made explicit, and it is difficult for the reader to
compute the precise map we constructed.

Fortunately, this has a straightforward solution. We propose to point the coends: to write an expres-
sion together with the generic element it computes. An expression of pointed coend calculus is a coend
bounding some objects and a series of pointed profunctors. For instance,

MN MN
/ FEP(A:M,N) x g € O(M;B) x h € C(N;C), instead of / P(A:M,N) x Q(M;B) x C(N:C).

The coend quotients expressions by dinaturality, meaning that any action on the left of a coend can be
also written as an action on the right. In terms of pointed profunctors, this means that

N M
/ (f < h) € P(A:N) x g € Q(N:B) :/ FEP(AM) x (h> g) € Q(M:B).
Proposition D.1. Let C be a category and let F: C°? — Set and G: C — Set be a presheaf and a
copresheaf, respectively. The following are natural isomorphisms of pointed profunctors,

/XfGC(X;A)xheF(A) ~ (f>h) € F(X): /XfeC(A;X)xheG(A) ~ (h<f) € G(X).

We call these isomorphisms the “pointed” Yoneda reductions.

Remark D.2. Using pointed coends, any derivation does also include the computation of the isomorphism
itinduces. As an example, compare the following with the usual coend derivation of a cartesian lens [ | 2],

Proposition D.3. In a cartesian monoidal category, the pairs of morphisms f € C(A;M x X) and g €
C(M x Y;B), quotiented by dinaturality, are in bijective correspondence with the pairs of morphisms
C(A;M) and C(M x Y;B).
M
/ feECAMxX)xgeC(MxY;B) = ( by the adjunction A= x)
M
/ (fsm) e CAM) x (fsm) e C(A;M) xg e C(M X Y;B) = ( by pointed Yoneda lemma )

(f3m) € C(A:M) x ((f3m1)®id)3g € C(M x Y:B).
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In the first step, we have used that the adjunction (A - X) is given by postcomposition with projections
and; in the second step, we use that the action on the last profunctor is defined as h > g = (h®id)3g.
The bijection has been explicitly constructed as sending the pair (f;g) to (f3m; ((f571) ®id) ¢ g).

D.2 Semantics of Functor Boxes

Proposition D.4 (Bimodular categories of a lax monoidal functor, from Proposition 4.9). Let X and A be
two monoidal categories and let F: X — A be a monoidal functor between them, endowed with natural
transformations Wy: J — FI and y,: FX  FY — F(X ®Y). The following profunctors, A xp X: A X
X—=AxXand XxpA: Xx A— XX A determine two promonads, and therefore two Kleisli categories.

MeX

ANFX(A,X;B,Y):/ A(A:BRFM) x X(M@X:Y);
MeX

Xz A(X,A;Y, B) =/ A(A;:FM ®B) x X(M ©A;B):

These two Kleisli categories are (A, X) and (X,A)-bimodular, respectively.

Proof. We prove that A xr X define a promonad and, in particular, the hom-sets of a category. We write
the elements A xy X(A,X;B,Y) are given by pairs (f, o) where f: A—B®FM and o.: M®@X — Y for
some M € X,p.

The unit of the promonad sends a pair of morphisms #: A — B and r: X — Y to the morphism
(u® wo,r), where u® yy: A — B® FI and, modulo coherence, r: I ® X — Y. The multiplication of
the promonad sends (f,a): (A,X) — (¥,B) and (g,8): (Y,B) — (Z,C), to the composite formed by
fe(g®id)s(id®@yr): A>ZQF(M®N) and (id@a)sB: N®M ®A — B. Finally, from the axioms
of lax monoidal functors, it follows that this composition is associative and unital. O

E Internal Diagrams

Theorem E.1 (From Theorem 5.3). There is a 3-functor from the syntactic tricategory of internal dia-
grams into pointed bimodular profunctors for any interpretation of the polygraph into a monoidal cate-

8ory.

Proof. The syntactic tricategory of internal diagrams has been constructed as a free tricategory, so it
suffices to determine where the generators are sent. For this, we follow Figure 16. Let the square
brackets, [e], denote the interpretation of the polygraph into a monoidal category.

The region ¢ is sent to the monoidal category [¢] = (A,®,I), while the region .# is sent to the
terminal monoidal category. The generator L, is sent to the pointed bimodular category (1Aa, /), while
the generator R, is sent to the bimodular category (aA1,I). The generator A is sent to the pointed
bimodular category (aAa, [A])-

Let us consider the 2-cells. The 2-cells n; and e, are sent to the profunctors A(e @ e;e) and A(e;e ®
e), pointed in the identities of the monoidal unit. The 2-cells n; and e; are sent to the profunctors A(/; e)
and A(e;]), pointed in the identities of the monoidal unit.

The 2-cells A* and A, are sent to the representable and corepresentable profunctors of the object
[A], which are pointed in ids, the identity on that object. Finally, any 2-cell arising from an edge
f€9(Ao,...,An; Bo, ..., Byy) is sent to the hom-profunctor, pointed in the relevant morphism,

11 € A([Ao] ® ... ® [Au]; [Bo] @ ... ® [Bu])-
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Figure 16: Semantics for open internal diagrams in terms of pointed bimodular profunctors.

It is well-known that every representable profunctor is adjoint to its corepresentable profunctor, which
gives semantics to the syntactic adjunctions. The only adjunctions missing are that between pA; and
1Aa; for these, we must note that there is a Yoneda isomorphism of the following form,

M M
/A(I;M)><A(M®X;Y)%A(X;Y)7 /A(X;Y®M)XA(M;I)%A(X;Y),

and analogous ones swapping the position of M in the tensor product. O

F The Collage of Bimodular Profunctors

To define collages in greater generality we use the notion of a bimodular pasting diagram: a composable
arrangement of bimodular categories and profunctors. For a precise definition of 2-dimensional pasting
diagrams, see the reference book by Johnson and Yau [2¢, Chapter 3].

Definition F.1 (Collages of Bimodular Profunctors). Let & be a bimodular pasting diagram. We define
a bicategory Coll(2) as follows:

« there is an object M for each vertex in &, labelled by a monoidal category M,
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* endomorphism categories Coll(2)(M, M) are given by M with its monoidal structure;

for each 1-edge labelled by an (M,N)-bimodular category C, and each object C € C, we have a
1-cell (C,C): M — N;

for each 2-edge labelled by an (M, N)-bimodular profunctor P : C — D, and each p € P(C,D) we
have a 2-cell (p,C,D): (C,C) — (D,D);

* compositions are given by monoidal actions, actions of morphisms on profunctors, or quotienting
maps of tensor products, where relevant.

Example F.2. In the case where the pasting diagram & is a single edge labelled by a bimodular category
C, we recover our earlier notion of collage from Definition 2.5.

Example F.3. Each of the profunctors in Figure 8 have a collage whose 2-cells describe string diagrams
for the section of functor box depicted. More complex composable arrangements of these profunctors
can be assembled giving rise to bicategories modelling whole functors boxes or arrangements of them.

Remark F4. The definition of a bimodular pasting diagram can be seen as that of a trifunctor from the
free 2-category on a 2-graph to a tricategory of monoidal categories, bimodular categories, bimodular
profunctors, and natural transformations. We conjecture that the collage described here realises a lax
colimit of such a diagram, where the target category is enlarged to a tricategory of bicategories and
“2-profunctors” [1 1, 37].

Conjecture F.5. The collage of a diagram of bimodular profunctors is the lax 3-colimit of this diagram
when viewed as a functor into a tricategory of 2-profunctors between 2-categories

Coll(2) = CoIim|aX< | —Z— BmProf —— 2Prof )

Moreover the tricategory of pointed bimodular profunctors is the universal collage, given by the identity
diagram
BmProfy. = CoIim|aX< BmProf —— BmProf —— 2Prof >

This perspective unifies our construction with the typical notion of a collage of profunctors [57],
which can be considered as a lax colimit of a functor into the bicategory of profunctors. Additionally,
this elucidates the relationship between the various syntactic bicategories we have constructed, and tri-
category of pointed bimodulars which we pronounced as a universe in which all such diagrams can live.
Indeed, if BmProfy; is a colimit of the terminal diagram, then we should obtain inclusions of all collages
into this tricategory. We leave the development of these notions for further work.
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1 Introduction

State from feedback. A remarkable fact

from electronic circuit design is how data- Set A
storing components can be built out of a com-

bination of stateless components and feed-

back. A famous example is the (set-reset) A
“NOR latch”: a circuit with two stable con- Reset

figurations that stores one bit of information. Fig. 1: NOR latch.

The NOR latch is controlled by two in-
puts, Set and Reset. Activating the first sets the output value to A = 1; activating
the second makes the output value return to A = 0. This change is permanent:
even when both Set and Reset are deactivated, the feedback loop maintains the
last value the circuit was set to*—to wit, a bit of data has been conjured out

* Elena Di Lavore, Mario Romén and Pawel Sobocinski were supported by the Euro-
pean Union through the ESF funded Estonian IT Academy research measure (project
2014-2020.4.05.19-0001).

4 In its original description: “the relay is designed to produce a large and permanent
change in the current flowing in an electrical circuit by means of a small electrical
stimulus received from the outside” ([11], emphasis added).
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of thin air. In this paper we show that this can be seen as an instance of a
more abstract phenomenon: the universal way of adding feedback to a theory of
processes consists of endowing each process with a state space.

Indeed, there is a natural weakening of the notion of traced monoidal cate-
gories called categories with feedback [28]. The construction of the free category
with feedback coincides with a “state-bootstrapping” construction, St(e), that
appears in several different contexts in the literature [7,21,24]. We recall this
construction and its mathematical status (Theorem 1), which can be summed
up by the following intuition:

Theory of Processes + Feedback = Theory of Stateful Processes.

The algebra of transition systems. Our primary focus is the Span(Graph)
model of concurrency, introduced in [25] as a categorical algebra of commu-
nicating state machines, or — equivalently — open transition systems. Open
transition systems do not interact by input-output message passing, but by syn-
chronization, producing a simultaneous change of state. This corresponds to a
composition of spans, realized by taking a pullback in Graph. The dual algebra
of Cospan(Graph) was introduced in [27]. It complements Span(Graph) by
adding the operation of communicating-sequential composition [16].

Informally, a component of Span(Graph) is a state machine with states
and transitions, i.e. a finite graph given by the ‘head’ of the span. The transition
system is equipped with interfaces or communication ports, and every transition
is labeled by the effect it produces in all its interfaces. We give examples below.

Stateful and stateless components. In Figure 2, we depict two open tran-
sition systems as arrows of Span(Graph). The first represents a NOR gate
B xB — B. The diagram below left is a graphical rendering of the corresponding
span B x B <~ N — B, where B is considered as a single-vertex graph with two
edges, corresponding to the signals {0, 1}, N is the unlabeled graph depicted
within the bubble, and the labels witness the action of two homomorphisms,
respectively N — B x B and N — B. Here each transition represents one of the
valid input/output configurations of the gate. NOR gates are stateless compo-
nents, since their transition graph N has a single vertex.

The second component is a span L = {Set, Reset, Idle} — {A,A} = R that
models a set-reset latch. The diagram below right, again, is a convenient way of
denoting the relevant span L <~ D — R. Latches store one bit of information,
they are stateful components; consequently, their transition graph has two states.

In both cases, the boundaries on Span/Cospan(Graph) are stateless: in-
deed, they are determined by a mere set — the self-loops of a single-vertex graph.
This is a restriction that occurs rather frequently: the important subcategory
of Span(Graph), the one that we can clearly conceptually explain as transi-
tion systems with interfaces, is the full subcategory of Span(Graph) restricted
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O Idle,A
L4 Set,A
Reset,A °
Idle, A O

Fig.2: A NOR gate and set-reset latch, in Span(Graph).

to objects that are single-vertex graphs, which we call Span(Graph),. Analo-
gously, the relevant subcategory of Cospan(Graph) is Cospan(Graph)., the
full subcategory on sets, or graphs with an empty set of edges.

Definition. Span(Graph), is the full subcategory of Span(Graph) with ob-
jects the single-vertex graphs.

The problem with Span(Graph). is that it is—at first sight—somewhat
mysterious from the categorical point of view; the morphisms are graphs, but
the boundaries are given by sets. Decorated and structured spans and cospans
[13,3] were introduced as theoretical frameworks to capture such phenomena,
which occur frequently when composing network structures. Nevertheless, they
do not quite answer the question of why such examples do arise naturally.

Canonicity and our original contribution. Universal constructions, such as
“state-bootstrapping” St(e), characterize the object of interest up to equivalence,
making it the canonical object satisfying some properties. This is the key to
avoiding the problem outlined by Abramsky [1]: because of the lack of consensus
about the intrinsic primitives of concurrency, we risk making our results too
dependent on a specific syntax. It is thus important to characterize existing
modeling formalisms for concurrent systems in terms of universal properties.

The main contribution of this paper is the characterization of Span(Graph).
in terms of a universal property: it is equivalent to the free category with feedback
over the category of spans of functions. We now state this more formally:

Theorem. The free category with feedback over Span(Set) is equivalent to
Span(Graph),, the full subcategory of Span(Graph) given by single-vertex
graphs. That is, there is an equivalence of categories

St(Span(Set)) = Span(Graph),..

Given that Span(Set), the category of spans of functions, can be considered
an algebra of predicates [4,10], the high level intuition that summarizes our main
contribution (Theorem 2) can be given as:

Algebra of Predicates + Feedback = Algebra of Transition Systems.

We similarly prove (Section 3.4) that the free category with feedback over
Cospan(Set) is equivalent to Cospan(Graph)., the full subcategory on dis-
crete graphs of Cospan(Graph).
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Related Work. Span/Cospan(Graph) has been extensively used for the
modeling of concurrent systems [25,27,39,40,9,36,16,14,15]. Similar approaches
to compositional modeling of networks have used decorated and structured co-
spans [13,3]. Despite this, Span(Graph), has not previously been characterized
in terms of a universal property.

In [28], the St(e) construction (under a different name) is exhibited as the
free category with feedback. Categories with feedback have been arguably under-
appreciated but, at the same time, the St(e) construction has made multiple ap-
pearances as a “state bootstrapping” technique across the literature. The St(e)
construction is used to describe a string diagrammatic syntax for concurrency
theory in [7]; a variant of it had been previously applied in the setting of carte-
sian bicategories in [24]; and it was again rediscovered to describe a memoryful
geometry of interaction in [21]. However, a coherent account of both categories
with feedback and their relation with these stateful extensions has not previously
appeared. This motivates our extensive preliminaries in Sections 2.1 and 2.2.

Synopsis. Section 2 contains preliminary discussions on traced monoidal cat-
egories and categories with feedback; it explicitly describes St(e), the free cat-
egory with feedback. It collects mainly expository material. Section 3 exhibits
a universal property for the Span(Graph). and Cospan(Graph). models of
concurrency and Section 3.5 discusses a specific application.

Conventions. We write composition of morphisms in diagrammatic order,
(f;9). When describing morphisms in a symmetric monoidal category whose
input and output are known, we omit the associators and unitors, implicitly
using the coherence theorem for monoidal categories.

2 Preliminaries: categories with feedback

Categories with feedback were introduced in [28], and motivated by examples
such as Elgot automata [12], iteration theories [6] and continuous dynamical
systems [26]. We recall their definition below, contrast them with the stronger
notion of traced monoidal categories in Section 2.2, discuss the relationship be-
tween feedback and delay in Section 2.3, recall the construction of a free category
with feedback in Section 2.4 and conclude with some examples in Section 2.5.

2.1 Categories with feedback

A feedback operator, fbk(e), takes a morphism S® A — S ® B and “feeds back”
one of its outputs to one of its inputs of the same type, yielding a morphism
A — B (Figure 3, left). When using string diagrams, we depict the action of the
feedback operator as a loop with a double arrowtip (Figure 3, right).
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fiS®@A—SeB s

fbks(f): A — B

A B

Fig. 3: Type and graphical notation for the operator fbkg(e).

Capturing a reasonable notion of feedback requires the operator to interact
nicely with the flow imposed by the structure of a symmetric monoidal category.
This interaction is expressed by a few straightforward axioms.

Definition 1. A category with feedback [28] is a symmetric monoidal category
C endowed with an operator

fbkg: C(S® A, S ® B) — C(A, B),
which satisfies the following azioms (A1-A5, see also Figure /).
(A1). Tightening, u;fbkg(f);v = fbkg((id ® u); f; (id ® v)).
(A2). Vanishing, fbk;(f) = f.
(A3). Joining, fbky(fbkg(f)) = fbkggr(f)-

(A4). Strength, fbkg(f) ® g = fbkg(f ® g).
(A5). Sliding, fbkp(f; (h®id)) = fbkg((h®id); f), for h: S — T any isomorphism.

Fig. 4: Diagrammatic depiction of the axioms of feedback.

The natural notion of homomorphism between categories with feedback is that
of a symmetric monoidal functor that moreover preserves the feedback structure.
These are called feedback functors.

Definition 2. A feedback functor F': C — D between two categories with feed-
back (C,fbkC) and (D, fbkP) is a strong symmetric monoidal functor such that

F(fkS (£)) = fokB g (s F 7).
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where pa p: F(A)® F(B) — F(A® B) is the structure morphism of the strong
monoidal functor F. We call Feedback to the category of (small) categories with
feedback and feedback functors between them. There exists a forgetful functor
U: Feedback — SymMon.

2.2 Traced monoidal categories

Categories with feedback are a weakening of the well known traced monoidal
categories. Between them, there is an intermediate notion called right traced
category [37] that strengthens the sliding axiom from isomorphisms to arbitrary
morphisms. This first extension would be already too strong for our purposes
later in Section 2.4: we would be unable to define a state space up to isomorphism.
However, the more conceptual difference of traced monoidal categories is the
“yanking axiom” (in Figure 5). Indeed, strengthening the sliding axiom and
adding the yanking axiom yields the definition of traced monoidal category.
Traced monoidal categories are widely used in theoretical computer science.
Since their conception [22] as an abstraction of the trace of a matrix in linear
algebra, they have been used in linear logic and geometry of interaction [1,17,18],
programming language semantics [19], automata theory [2] and fixed point op-
erators [20,5].
Traces are thus undeniably important,
but it is questionable whether we really want
to always impose all of their axioms. Specif- =
ically, we will be concerned with the yanking
aziom that states that tr(c) = id. The yank-
ing axiom is incontestably elegant from the
geometrical point of view: strings are “pulled”, and feedback (depicted as a loop
with an arrowtip) disappears (Figure 5). However, if feedback can disappear
without leaving any imprint, that must mean that it is instantaneous: its output
necessarily mirrors its input.® Importantly for our purposes, this seems to imply
that a feedback satisfying the yanking equation is “memoryless”, or “stateless”.
Consider again the NOR latch from Fig-
ure 1. We have seen how to model NOR gates
in Span(Graph) in Figure 2, and the algebra
of Span(Graph) does include a trace (Fig-
ure 6). However, imitating the real-world be-
havior of the NOR latch with just a trace is
unsatisfactory: the trace of Span(Graph) is Fig.6: Diagram for the NOR
built out of stateless components, and tracing latch, modeled with a trace in
stateless components yields again a stateless Span(Graph).
component.
In engineering and computer science, instantaneous feedback is actually a
rare concept; a more common notion is that of guarded feedback. Consider signal

Fig. 5: The yanking axiom.

5 In other words, traces are used to talk about processes in equilibrium, processes that
have reached a fized point. A theorem by Hasegawa [20] and Hyland [5] corroborates
this interpretation: a trace in a cartesian category corresponds to a fixpoint operator.
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flow graphs [38,32]: their categorical interpretation in [8] models feedback not
by the usual trace, but by a trace “guarded by a register”, that delays the signal
and violates the yanking axiom (see Remark 7.8 in loc.cit.).

The component that trace misses in such examples is a delay.

2.3 Delay and feedback

The main difference between categories with

feedback and traced monoidal categories is

the failure of the yanking axiom. Consider Q = /@\
the process that only “feeds back” its own
input to itself then uses the “fed back” in-
put to produce its output. We call this pro-
cess, 04 == fka(UA’A)7 the delay endomorphism. The yanking aziom of traced
monoidal categories states that the delay is equal to the identity, which is not
necessarily true for categories with feedback. In that sense, a non-trivial delay is
what sets apart categories with feedback from traced monoidal categories.

Fig. 7: Definition of delay.

This interpretation of feedback as the combination of trace and delay can be
made into a theorem when the category has enough structure. Compact closed
categories are traced monoidal categories where every object A has a dual A*
and the trace is constructed from two pieces e: AQ A* = I and n: [ - A*® A.
Even if not every traced monoidal category is compact closed, it is true that
every traced monoidal category embeds fully faithfully into a compact closed
category.® In a compact closed category, a feedback operator is necessarily a
trace “guarded” by a delay.

Proposition 1 (Feedback from delay, [7]). Let C be a compact closed cat-
egory with bk€ feedback operator that takes a morphism S® A - S® B to a
morphism A — B, satisfying the azioms of feedback (that we saw in Figure 4)
but possibly failing to satisfy the yanking axiom of traced monoidal categories.
Then the feedback operator is necessarily of the form

bk (f) = (e ®id); (id ® £); (id ® s ®id); (n @ id)
where 9a: A — A is a family of endomorphisms satisfying

— 04 ®0p = 0agp and Or = id, and
— Ja;h = h;0p for each isomorphism h: A= B.

In fact, any family of morphisms 04 satisfying these properties determines uniquely
a feedback operator that has 04 as its delay endomorphisms.

5 This is the Int construction from [22].
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Proof. Given a family Og satisfying the two s
properties, we can define a feedback struc- m
ture to be fbk$ (f) == (e ®id); (id ® f); (id ® D
0s ®1d); (n ® id) and check that it satisfies A B

all the axioms of feedback (Figure 4). Note
here that, as expected, the yanking equa- Fig. 8: Feedback from delay.
tion is satisfied precisely when delay endo-
morphisms are identities, 4 = id 4.

Let us now show that any feedback operator in a compact closed category is
of this form. Indeed,

fok$ (f) = fbk§ (id @ e @ e @ id); (0 ® 0 ® f); (id @0 @ p @ id))
= ([d®e®e®id); (kS (o) ® o @ f); ([d®@n ©n ®id)
= (e ®id); (id ® f); (id ® bkS (o) ® id); (n @ id).

Here we have used the fact that the trace is constructed by two separate
pieces: € and 7n; and then the fact that the feedback operator, like trace, can be
applied “locally” (see the axioms in Figure 4). O

Consider one more time the NOR latch
from Figure 1. The algebra of Span(Graph)
does also include a feedback operator that is
not a trace. This feedback operator is indeed
canonical, in that it is the one that makes
Span(Graph) the canonical category with
feedback containing spans of functions. Im- Fig.9: NOR latch with feedback.
itating the real-world behavior of the NOR
latch is finally possible: one of the components that builds up this feedback (and
in fact, the only difference with the previous trace) is a stateful delay component.
The emergence of state from feedback is witnessed by the St(e) construction.

2.4 St(e), the free category with feedback

In this section, we identify the construction that yields the free category with
feedback over a symmetric monoidal category. The St(e) construction is a gen-
eral way of endowing a system with state. It appears multiple times across the
literature in slightly different forms: it constructs a stateful resource calculus in
[7]); a variant is used for geometry of interaction in [21]; it coincides with the
free category with feedback presented in [28]; and yet another, slightly different
formulation was given in [24].

Definition 3 (Category of stateful processes, [28]). Let (C,®,I) be a
symmetric monoidal category. We call St(C) to the category having the same
objects as C but where morphisms A — B are pairs (S | f), consisting of a state
space S € C and a morphism f: S® A — S ® B. We consider morphisms up
to isomorphism classes of their state space, and thus

(S| /)= (T](h'®id); f;(h®id)), for any isomorphism h: S = T.
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When depicting a stateful process, we explicitly mark the strings forming the
space state. That is, an equivalence class will be depicted as any of its represen-
tatives plus some strings marked.

S T
-
A B A B

Fig. 10: We depict stateful processes by marking the space state.

We define the identity stateful process on A € C as (I |idrga). Sequential
composition of the two stateful processes (S| f): A— B and (T | g): B— C is
defined by

(S1£);(T1g)=T|(0c®id);(id® f); (0 @id); (id ® g)).

Parallel composition of the two stateful processes (S| f): A — B and (S |
f): A — B’ is defined by

S1HRS =285 ([dzeoxid); (f® f);([d® o id)).

S -

' f
SCED X=X
i ] s P} s Vi
A B C A’ — B’

Fig. 11: Sequential and parallel composition of stateful processes.

This defines a symmetric monoidal category. Moreover, it is a category with
feedback with the operator

storer(S| f) = (S®T| f).

Theorem 1. 28] The category (St(C),store(e)) is the free category with feed-
back over a symmetric monoidal category C.

" S S

store

S at 7/
A B A B

Fig. 12: The store(e) operation, in diagrammatic terms.

2.5 Examples of categories with feedback

Our first source of examples is traced monoidal categories. The axioms of feed-
back are a strict weakening of the axioms of trace, and every traced category is
automatically a category with feedback. A more interesting source of examples
is the St(e) construction we just defined.
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Ezample 1. Consider St(Set), the free category with feedback over the monoidal
structure of sets with the cartesian product. A Mealy (or deterministic) transi-
tion system with boundaries A and B, and state space S was originally defined
[33, §2.1] to be just a function f: Sx A — S x B, which is a morphism of St(Set)
up to isomorphism of the state space. Mealy transitions compose sequentially
and in parallel following Definition 3, and they form a category with feedback
Mealy := St(Set).

0,1/1 1,0/0

1/ 0 0 Ql

fok Qogl = Q‘T\o
O(),n/n

Fig. 13: Feedback of a Mealy transition system.

The feedback operator of Mealy transitions internalizes input/output pairs
as states. Figure 13 is an example.

It is traditional to depict automata as state/transition graphs. The charac-
terization Span(Graph). = St(Span(Set)) that we prove in Section 3 lifts the
inclusion Set — Span(Set) to a feedback functor Mealy — Span(Graph),.
This inclusion embeds a deterministic transition system into the graph that de-
termines it.

Similarly, when we consider Set to be the monoidal structure of sets with the
disjoint union, the notion we recover is that of an Elgot automaton [12], given
by a transition function S + A — S + B. These categories of transition systems
motivate the work in [24,28].

Ezample 2. A linear dynamical system with inputs in R"™, outputs in R™ and
state space in R¥ is given by a matrix (4 B) € Matg(k + m, k +n) [23]. Two
linear dynamical systems (£ £ ) and (4, 2) are considered equal whenever there

is an invertible matrix H € Matg(k, k) such that
A =H'AH, B =BH, C =H"'C.

Linear dynamical systems are morphisms of a category with feedback which
coincides with St(Vect). The feedback operator is defined by

Ay Az By A1 Az By
fbkl(k,<A3 As B2>):(k+l,<A3 Ay Bz))
Cy Cy D C; Cy D

Ay As By
where (A3 Ay B2> € Matg(k+1+m,k+1+n).
C1Cy D

2

3 Span(Graph): an algebra of transition systems

Span(Graph) [25] is an algebra of “open transition systems”. It has applica-
tions in concurrency theory and verification [24,25,27,29,16], but it has also been
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recently applied to biological systems [14,15]. Just as ordinary Petri nets have
an underlying (firing) semantics in terms of transition systems, Span(Graph)
is used as a semantic universe for a variant of open Petri nets, see [40,9].

An open transition system is a morphism of Span(Graph): it consists of a
graph endowed with two boundaries or communication ports; each transition of
the graph has an effect on each boundary, and this data is used to synchronize
a network of multiple transition systems. This conceptual picture actually de-
scribes a subcategory, Span(Graph)., where boundaries are described by mere
sets, accounting for the alphabets of signals that open transition systems syn-
chronize on. In this section we recall the details of Span(Graph), and show
that it is universal in the following sense:

Span(Graph), is the free category with feedback over Span(Set).

3.1 The algebra of Span(Graph).

Definition 4. A span [4,10] from A to B, both objects of a category C, is a pair
of morphisms with a common domain, A <+ E — B. The object E is the “head”
of the span, and the morphisms are the left and right “legs”, respectively.

When the category C has pullbacks, we can sequentially compose two spans
A+ F—Band B+ F — Cintoaspan A<+ E xg F — C. Here, E xg F'is
the pullback of E and F' along B: for instance, in the category Set of sets and
functions, E' x g F is the subset of E' x F' given by pairs whose two components
have the same image on B.

Definition 5. Let C be a category with pullbacks. Span(C) is the category that
has the same objects as C and isomorphism classes of spans between them as
morphisms. That is, two spans are considered equal if there is an isomorphism
between their heads that commutes with both legs. Dually, let C be a category
with pushouts. Cospan(C) is the category Span(C°P).

Span(C) is a symmetric monoidal category when C has products. The paral-
lel composition of A <~ E — B and A’ < E’ — B’ is given by the componentwise
product A x A’ +— E x E' — B x B’. An example is again Span(Set).

Definition 6. The category Graph of graphs has graphs G = (s,t: E = V) as
objects. A morphism G — G’ in this category is given by two functionse: E — E’
and v: V. — V' such that e;s’ = s;v and e;t’ = t;v. In other words, it is the
presheaf category on the diagram (e = e).

Recall, however, that we are not interested in the whole Span(Graph) but
only in Span(Graph),, the spans of graphs that have a graph of the form A = 1
on the boundaries.

Definition 7. An open transition system, a morphism of Span(Graph)., is a
span of sets A < E — B where the head is the set of transitions of a graph E =
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A+ E-t4 B

() L)y ()

l1+—V ——1

Fig. 14: A morphism of Span(Graph)..

V. Two open transition systems are considered equal if there is an isomorphism
between their graphs that commutes with the legs of the span.

We have been calling “stateless” to the open transition systems whose graph
E =V has a single vertex, V = 1.

Sequential composition (the communicating-parallel operation of [25]) of two
open transition systems with spans A <+ F — B and B < F — C and graphs
E = S and F = T yields the open transition system with span A <~ E xp F —
C and graph F xp FF = S x T. This means that the only allowed transitions are
those that synchronize F and F' on the common boundary B.

EXBF

L
E/

SxT F

¢\ Y
A/S%BXT\O
LIV \‘Jf/ \s1¢

Fig. 15: Sequential composition in Span(Graph)..

Parallel composition (the non communicating-parallel operation of [25]) of
two open transition systems with spans A + F — B and A’ + F' — B’
and graphs £ = V and E’ = V’ yields the open transition system with span
Ax A+ ExE — Bx B and graph Ex E' =V x V',

3.2 The components of Span(Graph)

Let us now detail some useful constants of the algebra of Span(Graph). We
will illustrate how to use the algebra with an example in which we construct the
NOR latch circuit from Figure 9.

Ezample 8. In this example, we model the circuit in Figure 9 in Span(Graph).,.
The connectivity of the circuit is modeled with a Frobenius algebra [10] (<, ¥,
o—, —e). The corresponding spans are constructed out of diagonals A — A x A
and units A — 1.

(a={A«A-AxA} (oa={A-A=1}
3a={AxAc-A- 4} (e)a={1< A4}
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These already induce a compact closed structure (and, therefore, a trace), given
by the following spans.

(e€)a={l-A—=AxA} (PoOa={AxA+A—=1}

In general, any function f: A — B can be lifted covariantly to a span A «+ A —
B and contravariantly to a span A <~ B — B. Any span A < E — B can be
lifted to Span(Graph), by making the head represent the graph £ = 1. We
use this to obtain the graph of the NOR gate (Figure 2). However, components
created like this have a single-vertex: they are stateless.

We will need a single stateful component
to model our circuit, the delay

Ax A
(H2-)a = Y AN .
A/QAE\A

This is not an arbitrary choice. This is the
canonical delay obtained from the feedback
structure” in Span(Graph), that gives its
universal property.

The NOR latch circuit of Figure 9 is the
composition of two NOR gates where the out-
puts of each gate has been copied and fed
back as input to the other gate (Figure 17).
The algebraic expression, in Span(Graph).,
of this circuit is obtained by decomposing it
into its components.

Fig. 16: Delay morphism over the
set B := {0,1}.

&5

'f_

Fig. 17: Decomposing the circuit.

(id ® o4 ® o4 ®id); (NOR ® o ® NOR); (4 ® id ® <)
((1[d®I®id®I®id); (i[d® yed Pexid)

The graph obtained by the computation of this expression, together with its
transitions, is shown in Figure 18. This time, our model is indeed stateful. It
has four states: two states representing a correctly stored signal, A = (1,0) and
A = (0,1); and two states representing transitory configurations Ty = (0,0) and
T =(1,1).

We will be controlling the left boundary: it can receive a set signal, Set = ((1));
a reset signal, Reset = (?); none of the two, Idle = (8); or both of them at the
same time, Unspec = (i), which is known to cause unspecified behavior in a NOR
latch. The signal on the right boundary, on the other hand, is always equal to
the state the transition goes to and does not provide any additional information.
Knowing this, we omit it from the drawing in Figure 18.

7 As in Proposition 1.
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Idle

Set
Reset

Unspec (> °

Unspec
Set,

Reset
s @ M

Idle

Fig. 18: Span of graphs representing the NOR latch

In normal functioning, activating the signal Set makes the latch transition
to the state A in two transition steps. Analogously, activating Reset makes the
latch transition to A again in two transition steps. After any of these two cases,
deactivating all signals, ldle, keeps the last state.

Moreover, the (real-world) NOR latch has some unspecified behavior that
gets also reflected in the graph: activating both Set and Reset at the same time,
what we call Unspec, causes the circuit to enter an unstable state where it
bounces between the states T; and Ty. Our modeling has reflected this “un-
specified behavior” as expected.

Feedback and trace. In terms of feedback, the circuit of Figure 18 is equiva-
lently obtained as the result of taking feedback over the following stateless mor-
phism in Figure 19. We know that it is stateless because it is the composition of
stateless morphisms.

fbkexp

Fig. 19: Applying fbk(e) over the circuit gives the NOR latch.

But Span(Graph), is also canonically traced: it is actually compact closed.
What changes in the modeling if, over the same morphism, we would have used
trace instead? As we argued back for Figure 6, we obtain a stateless transition
system: it is given by a graph with a single edge. The valid transitions can be
now computed explicitly to be

{(Unspec, T1), (Idle, A), (Idle, A), (Set, A), (Reset, A)}
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These encode important information: they are the equilibrium states of the cir-
cuit. However, unlike the previous graph, this one would not get us the correct
allowed transitions: under this modeling, our circuit could freely bounce between
(Idle, A) and (Idle, A), which is not the expected behavior of a NOR, latch.

The fundamental piece making our modeling succeed the previous time was
feedback derived from the stateful delay. The next section explains in which
sense that feedback is canonical.

3.3 Span(Graph) as a category with feedback

This section introduces our main theorem. We start by introducing the map-
ping that associates to each stateful span of sets the corresponding span of
graphs. This mapping is well-defined and lifts to a functor St(Span(Set)) —
Span(Graph). Finally, we prove that it gives an equivalence St(Span(Set)) =
Span(Graph)..

Lemma 1. The following assignment of stateful processes over Span(Set) to
morphisms of Span(Graph) is well defined.

A+ p-t.B

N Y Py

Sx A Sx B 1+— S —1

Proof. We first check that two isomorphic spans are sent to isomorphic spans
of graphs. Let S x A+ E — Sx Band S x A+ E' — S x B be two spans
that are isomorphic with h: E 2 E’. Then (h,id) is an isomorphism of spans of
graphs, also making the relevant diagram commute (Figure 20).

a’ b
m
(s,a) E (t,b) A lae E h E b B
sa” | sen () () () ()
A~ 1 § g 1
~N_ >

Fig. 20: Isomorphic spans result in isomorphic spans of graphs.

(s,a

We show now that the assignment preserves the equivalence relation of state-
ful processes. Isomorphisms in a category of spans are precisely spans whose
two legs are isomorphisms (Proposition 3). This means that an isomorphism in
Span(Set) can be always rewritten as S + S — T, where the left leg is an
identity and the right leg is h: S — T, some isomorphism. Its inverse can be
written analogously as T' <— S — S. In order to prove that the quotient relation
induced by the feedback is preserved, we need to check that equivalent spans of
sets are sent to isomorphic spans of graphs. If two spans are equivalent with the
isomorphism h: S = T, then the corresponding graphs are isomorphic with the
isomorphism of graphs (id, h). O
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a b
N~
E : ALe _pZHdyp 5B
i s,a t,b i s s;h t;h
N/ NN L) Oyt L)
TxA SxA SxB TxB 1 S T 1

Fig. 21: Equivalent spans result in isomorphic spans of graphs.

Theorem 2. There exists an equivalence of categories
St(Span(Set)) = Span(Graph)...

The free category with feedback over Span(Set) is equivalent to the full subcat-
egory of Span(Graph) given by single-vertex graphs.

Proof. We prove that there is a fully faithful functor K: St(Span(Set)) —
Span(Graph) defined on objects as K(A) = (A = 1) and defined on mor-
phisms as in Lemma 1. We have shown there that this assignation is well-defined.
We now show that it is functorial, preserving composition and identities.
We can directly check that the identity morphism in St(Span(Set)), as a span
A+ A — A is sent to the identity span of the graph A = 1. Let us now show
that composition is also preserved. The sequential composition of two stateful
spans is computed as follows. Let the two stateful spans be given by S x A +
E—SxBandT x B+ F — T x C, then the composite stateful span is given
by SXxT x A+ ExpF — S xT x C. We check that this span is sent to the
corresponding composition in Span(Graph). As Graph is a functor category,
limits are computed pointwise. Thus, the pullback of two graph morphisms is
given by taking the pullbacks of both the vertices (where the pullback on 1 is a
product) and the edges; this was shown in Figure 15.

The final step is to show that the original assignment is fully-faithful. We can
see that it is full: every span of single-vertex graphs given by A <~ F — B and
E = S does arise from some span, namely Sx A < E — S x B. Let us check it is
also faithful. Suppose that two morphisms in St(Span(Set)), SxA < E — SxB
and S’ x A + E' — S’ x B, are sent to equivalent spans of graphs, i.e. there
exist h: E = F’ and k: S’ = S making the following diagrams commute.

/%(b\
Ale E h/E’Ib B
SRS
1 S s’ 1

W

In this case, we know that S x A +— E — S x B is equivalent to S’ x A <
E — S’ x B because of the equivalence relation on stateful processes. Finally,
S"x A+ E — S x B is equivalent as a span to S’ x A+ E' — S’ x B.
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We have shown that there exists a fully-faithful functor from the free cate-
gory with feedback over Span(Set) to the category Span(Graph) of spans of
graphs. The functor induces an equivalence between St(Span(Set)) and the full
subcategory of Span(Graph) on single-vertex graphs. O

3.4 Cospan(Graph) as a category with feedback

The previous results can be generalized to any category C with all finite limits.
By taking Graph(C) to be the presheaf category of the diagram (e = e) in C
and Span(Graph(C)), the full subcategory on objects of the form A = 1, we
can prove the following result.

Theorem 3. There exists an equivalence of categories
St(Span(C)) = Span(Graph(C)).

The free category with feedback over Span(C) is equivalent to the full subcategory
on Span(Graph(C)) given by single-vertex graphs.

Cospan(Graph), can be also characterized as a free category with feedback.
We know that Cospan(Set) = Span(Set’), we note that Graph(Set®”) =
Graph (which has the effect of flipping edges and vertices), and we can use
Theorem 3 because Set has all finite colimits. The explicit assignment is similar
to the one shown in Lemma 1.

A—*5 8+ B

e RN P (AR S

E+ A E+ B 0—— E«+——0

~

Corollary 1. There exists an equivalence of categories St(Cospan(Set)) =
Cospan(Graph)..

Two feedback structures on Cospan(Graph). Cospan(Graph) is also
compact closed and, in particular, traced. As in the case of Span(Graph), the
feedback structure given by the universal property is different from the trace.
While the trace identifies the vertices that are the images of the same element
on the boundaries, the feedback puts an additional edge between them.

3.5 Syntactical presentation of Cospan(FinGraph)

The observation in Proposition 1 has an important consequence in the case of
finite sets. Let us call FinGraph to Graph(FinSet). Cospan(FinSet) is the
generic special commutative Frobenius algebra [30], meaning that any morphism
written out of the operations of a special commutative Frobenius algebra and
the structure of a symmetric monoidal category is precisely a cospan of finite
sets (or, in other words, symmetric monoidal functors out of Cospan(FinSet)
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correspond to special commutative Frobenius algebras). But we also know that
Cospan(FinSet) with an added generator to its PROP structure [7] (the delay,
with the conditions given in Proposition 1) is St(Cospan(FinSet), or, equiva-
lently, Cospan(FinGraph). This means that any morphism written out of the
operations of a special commutative Frobenius algebra plus a freely added gen-
erator of type ({2-): 1 — 1 is a morphism in Cospan(FinGraph),. This is a
direct proof of a fact that already appeared in [35].

Proposition 2 ([35], Proposition 3.2). The category Cospan(FinGraph).
is the generic special commutative Frobenius monoid with an added generator.

Proof. Tt is known that the category Cospan(FinSet) is the generic special
commutative Frobenius algebra [30]. Adding a free generator (f2-): 1 — 1 to its
PROP structure corresponds to adding a family ({2-),,: n — n with the condi-
tions on Proposition 1. Now, Proposition 1 implies that adding such a generator
to Cospan(FinSet) results in St(Cospan(FinSet)). Finally, we can use again
Theorem 2 to conclude that St(Cospan(FinSet)) = Cospan(FinGraph)..

0

4 Conclusions and further work

We have characterized Span(Graph),, an algebra of open transition systems,
as equivalent to the free category with feedback over the category of spans of
functions. The St(e) constuction is well-known as a technique of adding state to
processes. In [28], it had been characterized as the free category with feedback
under a different name. What was missing was a coherent and explicit connection
between the two.

We have seen how the St(e) construction creates categories of transition sys-
tems out of symmetric monoidal categories. As future work, we plan to study
how to expand our investigation from mere transition systems to automata,
which have initial and accepting states. Initial states are particularly important
when providing semantics: for instance, we would like to interpret a transition
system S X A — S x B as a stream transducer Stream(A) — Stream(B), but
this is not possible without an initial state sg € S. In future work, we discuss an
elegant way of accomodating initial states by considering a more general defini-
tion of feedback. This generalized definition modifies the sliding axiom: instead
of sliding isomorphisms, we can slide arbitrary classes of morphisms under the
image of a functor. We conjecture that sliding point-preserving homomorphisms
of pointed sets recovers a well-behaved notion of initial state without modifying
the framework of categories with feedback any further.
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Appendix

Remarks

Remark 1. An alternative definition of feedback, fbk(e), declares it to be an
operator taking instead a morphism S ® A — B ® S, yielding a morphism

A — B.
f:S®RA—-B®S

fbkg(f): A — B

Borrowing the names from the exposition of traces in [34], we will call this
twisted feedback, and contrast it with the aligned feedback we have decided to
define instead. Let us explain the rationale behind this decision. The advantage
of using twisted feedback is that we can define sequential composition of stateful
processes without ever requiring symmetry of the underlying monoidal category
(as in [24]). However, the parallel composition does require symmetry in any
case; and diagrams seem easier to draw and read when using aligned feedback.
M 10
\

Fig. 22: Twisted vs. aligned feedback

Omitted definitions: Monoidal categories

Definition 8. A monoidal category (C,®,1I,a,\, p) is a category C equipped
with a functor ®: C x C — C, a unit I € C, and three natural isomorphisms:
the associator aa pc: (AQB)®C = A®(BQC), the left unitor \a: I A= A
and the right unitor ps: A®I = A; such that aa ;1 p; (Ida @A) = pa®idp and
(aa,B,c ®1d);aa,Bec,p; (ida ® ap,c,p) = aags,c,D;®A,B,cop- A monoidal
category is strict if o, A and p are identities.

Definition 9. Let (C,®,I,a%,\C, p®) and (D,K,.J,aP, AP, pP) be monoidal
categories. A monoidal functor (or strong monoidal functor) is a triple (F, e, )
consisting of a functor F: C — D and two natural isomorphisms e: J = F(I)
and p: F(A®B) = F(A)XF(B); such that the associators satisfy Q%AﬁpBch; (idpa®
UB.C); A Bec = (1ta,B®Idrc); agB,C; F(aS,B,C), the left unitor satisfies (€®
idra); pr.a; F(AS) = AR, and the right unitor satisfies (idpa®e); pa,1; F(p$4) =

ple 4~ A monoidal functor is a monoidal equivalence if it is moreover an equiva-
lence of categories. Two monoidal categories are monoidally equivalent if there
exists a monoidal equivalence between them.

Theorem 4 (Coherence theorem, [31]). Every monoidal category is monoidally
equivalent to a strict monoidal category.

Let us comment further on how we use the coherence theorem. Each time we
have a morphism f: A — B in a monoidal category, we have a corresponding



A canonical algebra of open transition systems 23

morphism A — B in its strictification. This morphism can be lifted to the original
category to uniquely produce, say, a morphism (Aa; ;A5 ): I ® A — [ ® B.
Each time the source and the target are clearly determined, we simply write f
again for this new morphism.

As an example, consider the statement of the vanishing axiom, which says
that for f: A — B, we have fbk;(f) = f. However, the feedback operator needs
to be applied to a morphism I ® A — [ ® B, and the only such morphism
that is mapped again to f: A — B in the equivalent strict monoidal category is
Aa; f;287): I® A — I ® B. Thus, we are really stating that

fok;(Aa; f3287) = f.
In the same vein, the joining axiom really states that

fbkg (foky(f)) = fokggr(as.r,a; f3 050 ).

The reason to avoid this explicit notation on our definitions and proofs is that
it would quickly become verbose and distractive. Equations seem conceptually
easier to understand when written assuming the coherence theorem. And we are
following this criterion anyway when employing string diagrams. In fact, in [28],
strictness is assumed since the beginning to facilitate the reading, even when we
have shown it is not a necessary assumption.

There are cases where we do need to be careful about the correct use of
associators and unitors. For instance, when writing stateful processes, we could
be tempted to conclude that, for any f: (S®T)QR)®A — ((S®T)®R)® B,
the following equation holds ((S®T)®R | f) = (S®(T®R) | f) without needing
to invoke the equivalence relation. This would allow us to construct the category
St(e) of stateful processes without having to quotient them by the equivalence
relation. However, this equality is only enabled by the fact that ag 7 g is an
isomorphism: we have

(S®T)®R|f)=(S®(T®R) | asrr; fiagrr)

even if we write the equation omitting the coherence maps. This is also what
allows us to notate stateful processes diagramatically. We only mark the wires
forming the space state; the order in which they are tensored does not matter
thanks again to the equivalence relation that we are imposing.

Definition 10. A symmetric monoidal category (C,®, I, a, A, p, o) is a monoidal
category (C,®,1,a, A, p) equipped with a braiding oa,p: A® B — B® A, which
satisfies the hezagon equation aa p,c;0A,Boc; AB,c,A = (04,®id); ap, a,c; (1d®
oa,c) and additionally satisifes o4 p;0p,.4 = id.

Definition 11. A symmetric monoidal functor F': C — D between two sym-
metric monoidal categories (C,0€) and (D,oP) is a strong monoidal functor
such that oP;v = ; F(c©).

Definition 12. A traced monoidal category [22,37] is a category with feedback
that additionally satisfies the yanking axiom fbk(o) = id and that additionally
satisfies the sliding axiom, fbky(f; (h®id)) = fbkg((h ®id); f), for an arbitrary
morphism h: S — T.
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Omitted proofs: spans

Proposition 3. Let C be a category with all finite limits. In its category of
spans, Span(C), an isomorphism A = B is always of the form A < A — B,
where the left leg is an identity and the right leg is an isomorphism in C.

Proof. Let A + E — B and B <+ E’ — A be inverses. This means that the
following pullback diagrams commute.

Fig. 23: Pullback diagrams repreesnting compositions in Span(C).

We know then that a, a’, b and b are split epimorphisms, whereas z, 2/, y
and y' are their corresponding split monomorphisms. Let us prove that they are
also isomorphisms.

Thespan E + E — E’, given by b;y': E — E’ and the identity, is a cone over
the diagram E — B «+ E’, because y'; ' = idg. By the universal property of the
pullback, there exists a unique h: E — A such that h;x =idg and h; 2’ = b;y/.
This proves that x is a split epimorphism and, hence, an isomorphism. The
same reasoning can be repeated for x’, y and y’. It follows that a,b,a’,b’ are
isomorphisms as well.

Once we have shown that the original A < E — B and B + E’ — A have
pairs of isomorphisms as legs, we can rewrite them as

id

-1 -1
b r id
A&E A B and A" B% B,

where one leg is an identity and the other is an isomorphism. O
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1. INTRODUCTION

1.1. Optics. Optics are an abstract representation of some common pat-
terns in bidirectional data accessing. The most widely known optics are
lenses: ‘focussing’ on a subfield A of a larger data structure S through a pair
of functions view (S — A) and update (S x A — S) that respectively retrieve
and modify the field. Lenses have been used in functional programming as
a compositional solution to the problem of accessing fields of nested data
structures [10, 40] (Figure 1).

data Address = Address

{ street' :: String

, town' :: String

, country' :: String }
viewStreet :: Address -> String

viewStreet (Address str twn ctr) = str

updateStreet :: Address -> String -> Address
updateStreet addr str = addr {street' = str}

example :: Address

example = Address
{ street' = "221b Baker Street'
, town' = "London"
, country' = "UK" }

>>> example

Address { street' = "221b Baker Street'
, town' = "London"
, country' = "UK"}

>>> viewStreet example
"221b Baker Street"

>>> updateStreet example "4 lMarylebone Road"

Address { street' = "4 Marylebone Road"
, town' = "London"
, country' = "UK"}

FIGURE 1. Lenses are pairs of ‘view’ and ‘update’ functions
that capture the repeating pattern of accessing subfields. Here,
viewStreet extracts a field from a record, and updateStreet
updates that field.

As the understanding of these data accessors grew, different families of
optics were introduced for a variety of different types (e.g. prisms for disjoint
unions and traversals for containers), each one of them capturing a particular
data accessing pattern (Figure 2).
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1.2. Modularity. It is straightforward to compose two lenses, one given by
S — Aand S x A — S and the other given by A -+ X and A x X — A, in
order to access nested subfields. However, explicitly writing down this com-
position (or explaining it to a computer) can be tedious. Intercomposability
only becomes increasingly difficult as other data accessors enter the stage:
composing a lens given by S — A and S x A — S with a prism given by
A — X+ Aand X — A can produce a function S — X x (X — S)+ S5,
which is neither a lens nor a prism but a different optic known as affine
traversal. Implementing explicitly a composition like this for every possible
pair of optics would be prone to errors and result in a large codebase. How-
ever, we would like optics to behave modularly; in the sense that, given two
optics, it should be possible to join them into a composite optic that directly
accesses the innermost subfield.

buildString :: Address -> String
buildString (Address str twn ctr) =
str ++ ", " 4+ twn ++ ", " ++ ctr

verifyAddress :: String -> Either String Address
verifyAddress a = case splitOn ", " a of
[str, twn, ctr] -> Right (Address str twn ctr)
failure -> Left a

asAddress :: Prism Address String
asAddress = mkPrism verifyAddress buildString

>>> "221b Baker Street, London, UK" 7. asAddress
Just (Address

{ street' = "221b Baker Street"
, town' = "London"
, country' = "UK" })

FIGURE 2. A prism is given by a pair of functions match and
build that account for the possiblity that the pattern matching
does not succeed (for instance, when the string does not have the
correct format). In the figure, we verify whether a string can be
parsed as an address. The combinator (?.) returns the results
using the Maybe monad (see §5.3.1).

Perhaps surprisingly, many implementations allow the programmer to
wrap optics into a different representation and then use ordinary function
composition to construct composite optics.

How is it possible to compose two constructs, that are not functions,
using ordinary function composition? Implementations provided by popular
libraries such as lens [20], mezzolens [26] in Haskell, or profunctor-optics [12] in
Purescript, achieve this effect by using different representations of optics in
terms of polymorphic functions and the Yoneda lemma. This paper focuses
on the encoding known as profunctor representation, which is based on the
isomorphism between lenses (and optics in general) and functions that are
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polymorphic over profunctors with a particular algebraic structure called a
Tambara module. Optics under this encoding are called profunctor optics.

1.3. Profunctor optics. Profunctor optics are a compositional solution to
the problem of easily combining data accessors for the fields of nested data
structures [10, 40].

Different families of profunctor optics are intercomposable. When we use
the profunctor representation of optics, composing optics of different kinds
becomes also a particular case of ordinary function composition. Together,
all families of profunctor optics form a powerful language for modular data
access. Consider the example of Figure 3, where a lens and a prism are used
in conjunction to manipulate parts of a string.

>>> let place = "221b Baker St, London, UK"

>>> place 7. asAddress . street
Just "221b Baker St"

>>> place & asAddress . street .~ "4 Marylebone Rd"
"4 Marylebone Rd, London, UK"

FIGURE 3. The composition of a prism (asAddress) and a lens
(street) produces a composite optic (asAddress . street).
This optic (an “affine traversal”, see §3.24) is used to parse a
string and then access and modify one of its subfields.

Moreover, optics can be used to entirely change not only the value but
the type of the focus, and propagate that change back to the original data
structure. These are called type-variant optics, in contrast with the type-
invariant optics we have introduced so far (Figure 4). In that case, the
functions defining the optic need to account for that type change (commonly,
by also introducing polymorphism), but the internal representation will work
the same. The optics we discuss in this paper are assumed to be type-variant,
with type-invariant optics being a special case.
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data Timestamped a = Timestamped

{ created' :: UTCTime
, modified' :: UTCTime
, contents' :: a }
viewContents :: Timestamped a -> a

viewContents = contents'

updateContents :: Timestamped a -> b -> Timestamped b
updateContents x b = x {contents' = b}

contents :: Lens' a b (Timestamped a) (Timestamped b)
contents = mkLens' viewContents updateContents

FIGURE 4. A type-variant lens that targets the contents of
a value paired with creation and modification timestamps.
The lens is constructed from two functions viewContents and
updateContents.

In its profunctor representation, each optic is written as a single func-
tion that is polymorphic over profunctors with a certain algebraic structure.
For instance, lenses can be written as functions polymorphic over carte-
sian profunctors, whereas prisms can be written as functions polymorphic
over cocartesian profunctors [30, §3]. Milewski [24] identified these algebraic
structures (cartesian profunctors, cocartesian profunctors, ...) as Tambara
modules [39] and used a result by Pastro and Street [29] to propose a unified
definition of optic. This definition has been later extended by Boisseau and
Gibbons [3] and Riley [33], both using different techniques and proposing
laws for optics.

1.4. Mixed profunctor optics. However, the original result by Pastro and
Street cannot be used directly to unify all the optics that appear in practice.
Our work generalizes this result, going beyond the previous definitions of
optic to cover mized [33, §6.1] and enriched optics.

Our generalized profunctor representation theorem captures optics already
present in the literature and makes it possible to upgrade them to more
sophisticated definitions. For instance, many generalizations of lenses in
functional programming are shown to be particular cases of a more refined
definition that uses mixed optics (Definition 3.1). We also show derivations
for some new optics that were not present in the literature (Definitions 3.8,
3.26 and 3.31). Finally, Milewski [24] posed the problem of fitting the three
basic optics (lenses, prisms and traversals) into an elementary pattern; lenses
and prisms had been covered in his work, but traversals were missing. We
present a new description of traversals in terms of power series functors
(Proposition 3.22) whose derivation is more direct than the ones based on
traversables as studied by Jaskelioff and Rypacek [17].

1.5. Coend Calculus. Coend calculus is a branch of category theory that
describes the behaviour of ends and coends, certain universal objects as-
sociated with profunctors P : C°? x C — V. Ends can be thought of as
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some form of universal quantifier, whereas coends can be thought of as their
existential counterparts.

Ends are subobjects of the product [[xcc P(X, X), whereas coends result
from quotienting the coproduct HXeC P(X,X). Both take into account
the fact that P depends on two “terms”, covariantly on the second, and
contravariantly on the first. Explicitly, the end is the equalizer of the action
of morphisms on both arguments of the profunctor, whereas the coend is
dually defined as a coequalizer.

Definition 1.1 (Ends and coends).

end(P) = GQ( [Ixec P(X, X) == ;. 45 P(A, B) ) )

coend(P) := coeq( . psaP(AB) == [Ixec P(X, X) ) .

Ends are usually denoted with a subscripted integral, whereas coends use
a superscripted integral.

XeC
/ P(X, X) = end(P), / P(X, X) = coend(P).
XeC

In both cases, X is a dummy variable, and we consider [y o P(X,X) and
erC P(Y,Y) ‘equivalent modulo a-conversion’. The notation draws on an
analogy with elementary calculus. An integral f f(x) dx depends “covari-
antly” on the variable x defined, say, on R", whereas the differential “dx” can
be regarded as an element of the dual space (R™)*. A more striking analogy
is that co/ends satisfy a form of ‘Fubini rule’ and a ‘Dirac delta’ integration
rule (see Proposition 1.3 and Proposition 1.2).

Theorems involving ends and coends can be proved using their universal
properties. Here, we offer a terse account of coend calculus [4, 21]. Using the
calculus based on the following rules, it is possible to construct isomorphisms
between objects of a category by means of a chain of ‘deduction steps’.

Proposition 1.2. Yoneda and coYoneda reductions.
XeC
/ V(C(A, X), FX) = FA, / C(X, A) @ FX = FA,
XeC
where ® is the tensor product in the monoidal category V (the base of the

enrichment for C) and F: C — V is a co-presheaf (there are analogous
identities for presheaves).

Proposition 1.3. Fubini rule.

/ / P(Xl,Xz,Xl,Xz)z/ / P(X1, Xo, X1, Xa).
X;€C JX5eC X2eC JXeC

XeC X2eC X2eC X,1eC
/ / P(X17X2aX17X2) g\/ / P(X17X27X1aX2)'

Proposition 1.4. Continuity and cocontinuity.

Y (A’/XEC P(X, X)) g/XeC V(A, P(X, X)).
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XeC
V (/ P(X, X)7A> g/ V(P(X, X), A).
XeC
Proposition 1.5. Natural transformations are ends.

D(FX,GX) = |C,D](F,G)
XeC
Finally, coend calculus expressions are commonly simplified using adjunctions
(FH4G)as D(FX,Y) = C(X,GY).

1.6. Contributions. Our first contribution is the derivation and partial
classification of mixed optics, covering both optics existing in the literature
and some novel ones, all following a unified definition (Definition 2.1). Our
work completes and extends the classification of (non-mixed) optics in [3, 33].

Explicitly, we present a new family of optics in Definition 3.8, that uni-
fies new examples with some optics already present in the literature, such
as achromatic lenses [2, §5.2]. We introduce an original derivation showing
that monadic lenses [1] are mixed optics in Proposition 3.6. Similarly, in
Proposition 3.4, we present a novel derivation showing that the appropiate
generalization of lenses to an arbitrary monoidal category [37, §2.2] is not an
optic but a mixed optic. We give a unified definition of lens in Definition 3.1
that for the first time can be specialized to all of these previous examples.
Finally, we present a new derivation of the optic known as traversal in Propo-
sition 3.22.

Our second contribution is the definition of the enriched category of mixed
profunctor optics. The construction requires a generalization of the Tambara
modules of [29] that had been used to define categories of profunctor optics |3,
33| to generalized Tambara modules. This is done in Section 4. As a corollary,
we extend the result that justifies the use of the profunctor representation of
optics in functional programming to the case of enriched and mixed optics
(Theorem 4.14), endowing them with V-category structure.

1.7. Synopsis. We introduce the definition of mized optic in Section 2. Sec-
tion 3 describes some practical examples from functional programming and
shows how they are captured by the definition. Section 4 describes how the
theory of Tambara modules can be applied to obtain a profunctor repre-
sentation for optics. Section 6 contains concluding remarks. The Appendix
(Section 5) introduces the details of a full Haskell implementation.

1.8. Setting. We shall work with categories enriched over a Bénabou cosmos
(V,®,1); that is, a (small)-complete and cocomplete symmetric monoidal
closed category. In particular, V is enriched over itself, and we write the
internal hom-object between A, B € Obj(V) as [A, B] or just V(A, B) when
it does not cause ambiguity. Our intention is to keep a close eye on the
applications in functional programming: the enriching category V should be
thought of as the category whose objects model the types of an idealized
programming language and whose morphisms model the programs. Because
of this, V will be cartesian in many of the examples. We can, however,
remain agnostic as to which specific V we are addressing.

For calculations, we make significant use of coend calculus as described,
for instance, by Loregian [21]. The proofs in this paper can be carried out
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without assuming choice or excluded middle, but there is an important set-
theoretical issue: in some of the examples, we compute coends over non-
small categories. We implicitly fix a suitable Grothendieck universe and
our categories are to be considered small with respect to that universe. As
Riley [33, §2] notes, this will not be a problem in general: even if some sets
of optics are indexed by large categories and we cannot argue their existence
using the cocompleteness of Sets, we will still find them represented by
objects in the category.

2. OpTICS

Our first goal is to give a unified definition that captures what it means
to be an optic. We have seen so far how lenses and prisms work (Figures 1
and 2). A common pattern can be extracted from these two cases. Lenses
can be constructed when we have a function S —+ M x A that splits some
data structure of type S into something of the form M x A and then a
second function M x A — S recombines it back. Here, A is the type of
the field we want to focus on, and M is the type containing the remaining
information that constitutes .S. From this split, we can extract the pair of
functions C(S, A)x C(Sx A, S) that define a lens. Prisms can be constructed
when we have a function that can split some data structure of type S into
something of the form M 4+ A and put the pieces together again.

The structure that is common to all optics is that they split a bigger data
structure of type S € C into M © A, some focus of type A € C and some
context or residual M € M around it. We cannot access the context directly,
but we can still use its shape to update the original data structure, replacing
the current focus by a new one, M ® B. The definition will capture this
fact imposing a quotient relation on the possible contexts; this quotient is
expressed by the dinaturality condition of a coend. The category of contexts
M will be monoidal, allowing us to compose optics with contexts M and N
into an optic with context M @ N. Finally, as we want to capture type-variant
optics, we leave open the possibility of the new focus being of a different type
B € D, possibly in a different category, which yields a new data structure
of type T' € D. This is summarized in Figure 5.

residual

FIGURE 5. The common structure of an optic. Profunctors give
semantics for diagrams of this kind [36].

Multiple definitions of optics of increasing generality have been given in
[3, 24, 33]. We encompass all of them under an abstract definition in terms
of monoidal actions.
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Let (M,®,I,a,\,p) be a monoidal V-category [6]. Let it act on two
arbitrary V-categories C and D by means of strong monoidal V-functors
(©): M = [C,C] and (®): M — [D,DJ; and let us write

QSAIA%JI@A, ¢M,N,AM®N®A2(M®N)®A7

pp: B=I®DB, ¢M7N,B:N[®N®BQ(M®N)®B,
for the structure isomorphisms of the strong monoidal actions © and ®,
which we use in infix notation.

Definition 2.1. Let S, A € C and T, B € D. An (©,®)-optic from (S, T)
with the focus on (A, B) is a (generalized) element of the following object
described as a coend:

MeM
Opticoe((4, B), (S,T)) = / C(S,M ©A) @ D(M ® B, T).

The two strong monoidal actions © and ® represent the two different ways
in which the context interacts with the focus: one when the data structure is
decomposed and another one, possibly different, when it is reconstructed. By
varying these two actions we will recover many examples from the literature
and introduce some new ones, as the table in Figure 6 summarizes.

Name Description Actions Base
Adapter C(S,A) @ D(B,T) (Opticig,id) V,®
Lens C(S,A) xD(SeB,T) (Opticyx e) W, x
Monoidal lens CCom(S A) x C( S® B,T) (Opticg,,x) W, x
Algebraic lens  C(S, A) x (\IIS ) (Optic, x o) W, x
Monadic lens ~ W(S, A) x W(S x B, ¥T) (Opticy x) W, x
Linear lens C(S,[B,T)e A) (Optice g) V,®
Prism C(S,TeA)x D(B,T) (Optice +) W, x
Coalg. prism  C(S,0T e A) x D(B,T) (Optic,e,+) W, x
Grate D([S,A]e B,T) (Opticy | 4.) V,®
Glass C(S x [[S,4],B],T) (Opticx[ <[, ]) W, x
Affine traversal C(S, T+ A® {B,T}) (Optictg +2) W, X
Traversal V(S,Y " A" @ [B™,T)) (Opticpy pw) V,®
Kaleidoscope >, V([A™, B],[S™,T)) (Opticapp,App) V,®
Setter V([A, B, [S,T]) (Opticey,ev) V,®
Fold V(S,LA) (Opticroldablex) V. ®

FIGURE 6. Table of optics, together with their explicit descrip-
tion and their generating monoidal actions.

The purpose of an abstract unified definition is twofold: firstly, it provides
a framework to classify existing optics and explore new ones, as we do in
Section 3; and secondly, it enables a unified profunctor representation, which
we present in Section 4.

3. EXAMPLES OF OPTICS

3.1. Lenses and prisms. Lenses are as accessors for a particular subfield
of a data structure. In its basic form, they are given by a pair of functions:
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the view function that accesses the subfield; and the update function that
overwrites its contents.

The basic definition of lens [10, 27, 28] has been generalized in many
different directions. Monadic lenses [1], lenses in a symmetric monoidal
category [37, §2.2|, linear lenses [33, §4.8] or achromatic lenses [2, §5.2]
are some of them. These generalizations were not meant to be mutually
compatible. They use the monoidal structure in different ways and introduce
monadic effects in different parts of the signature. Some were not presented
as optics, and a profunctor representation for them was not considered. We
present a unified description.

We provide two derivations of lenses as mixed optics that capture all of the
variants mentioned before, together with new ones, and endow them with a
unified profunctor representation (Theorem 4.14).

The first derivation is based on cartesian structure. It generalizes the
original derivation [24] and captures lenses in a symmetric monoidal category
(Definition 3.3) and monadic lenses (Definition 3.5). It is then refined to
cover achromatic lenses and describe some new variants of optics missing in
the literature. The second derivation slightly generalizes linear lenses 33,
§4.8] and uses the closed structure instead.

3.1.1. Lenses. Most variants of lenses rely on a cartesian monoidal structure.
Throughout this section, we take a cartesian closed category (W, x, 1) as our
base for enrichment. During the rest of the paper we will explicitly use W to
refer to a cartesian monoidal base of enrichment and use V to refer to a not-
necessarily-cartesian base of enrichment. A monoidal W-category (C, x,1)

~

is said to be cartesian if there exist YW-natural isomorphisms C(Z, X xY) =
C(Z,X)xC(Z,Y) and C(X,1) = 1.

Definition 3.1. Let C be a cartesian WW-category with a monoidal W-action
(¢): C x D — D to an arbitrary W-category D. A lens is an element of

Lens((4, B), (S,T)) = C(S, A) x D(S ¢ B, T).

Proposition 3.2. Lenses are mized optics (as in Definition 2.1) for the
actions of the cartesian product (x): C x C — C and the given action
(o): Cx D — D. That is, Lens = Optic(y -

Proof. We apply the universal property of the product, which can be sum-
marized as it being right adjoint to the diagonal functor (A): C — C2.

CeC
/ C(S,C x A) x D(C e B, T)
>~ {Adjunction A 4 (x)}
CeC
/ C(S,C) x C(S,A) x D(C e B,T)

=~ {Coyoneda}
C(S,4) x D(S e B,T). O

This definition can be specialized to the pair C(S, A) x C(S x B,T) if we
take C = D and we let (o) be the cartesian product. It is, however, more
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general than that, and it captures the following examples (Definitions 3.3
and 3.5).

3.1.2. Lenses in a symmetric monoidal category.

Definition 3.3 ([37, §2.2]). A monoidal lens in a symmetric monoidal cat-
egory C is a view and update pair where the view is a commutative comonoid
homomorphism,

MonLensg((A, B),(S,T)) = CCom(S,A) x C(US ® B,T).
Here U represents the forgetful functor &/: CCom — C.

Proposition 3.4. Monoidal lenses in a symmetric monoidal category are a
particular case of Definition 3.1.

Proof. The category of cocommutative comonoids CCom over a category C
can be given a cartesian structure in such a way that the forgetful functor
U: CCom — C is strict monoidal (a consequence of Fox’s theorem [11]). By
Proposition 3.2, we can show MonLensg = Optic(g o) where (o) is given
by Se A:=US ® A in this case. a

3.1.3. Monadic lenses.

Definition 3.5. Monadic lenses [1, §2.3] allow for monadic effects in the
update function (an example is Figure 7). For ¥: W — W a W-monad,

MndLensy ((4, B), (S,T)) = W(S,A) x W(S x B, ¥T).
Proposition 3.6. Monadic lenses are a particular case of Definition 3.1.

Proof. Every W-endofunctor is strong; thus, the YW-monad ¥ comes with a
W-natural family 0xy: X x U(Y) — ¥(X x Y). This induces a W-action
(x): W x KI(¥) — KI(¥), with KI(¥) the Kleisli category of the monad,
defined, on morphisms, as the composite

W(X,Y) x WA, UB) —) s W(X x A,Y x UB)

—% 5 W(X x A, U(Y x B)).

Using that Klg(S x B,T) = W(S x B,¥T), monadic lenses are lenses
(as in Definition 3.1), MndLensy = Optic(y ), where (o) is given by
(x): W x KI(¥) — KI(). O

Remark 3.7. This technique is similar to the one used by Riley [33, §4.9] to
describe a non-mixed variant called effectful lenses.

3.1.4. Algebraic lenses. We can further generalize Definition 3.1 if we allow
the context over which we take the coend to be an algebra for a fixed monad.
The motivation is that lenses with a context like this appear to have direct
applications in programming; for instance, the achromatic lenses of [3]| are
a particular case of this definition. These algebraic lenses should not be
confused with the previous monadic lenses in Definition 3.5.
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stamp :: MonadicLens I0 a b (Timestamped a) (Timestamped b)
stamp = mkMonadicLens QIO viewContents updateContentsAndStamp
where
viewContents :: Timestamped a -> a
viewContents = contents'

updateContentsAndStamp :: Timestamped a -> b -> I0 (Timestamped b)
updateContentsAndStamp x b = do

currentTime <- getCurrentTime

return (x {contents' = b , modified' = currentTime})

ultimateQuestion :: I0 (Timestamped String)
ultimateQuestion = do
t <- getCurrentTime
x <- pure (Timestamped t t "What is the answer?")
threadDelay (2500000) -- microseconds
x & stamp .! "42"

>> ultimateQuestion

Contents: "42",

Created: 2020-02-02 12:24:55.119075225 UTC,
Modified: 2020-02-02 12:24:57.621826372 UTC.

FIGURE 7. A polymorphic family of type-changing monadic
lenses for the I0 monad is used to track how a data holder
(Timestamped) is accessed 2.5 seconds after creation.

Definition 3.8. Let ¥: C — C be a W-monad in a cartesian WW-category
C. Let (o): CxD — D be a monoidal W-action to an arbitrary W-category
D. An algebraic lens is an element of

AlgLensy((A, B),(S,T)) = C(S,A) x D(VS e B,T).

Proposition 3.9. Algebraic lenses are mized optics for the actions of the
product by the carrier of an algebra (yx): EMy xC — C and some given
tensor (ye): EMy xD — D. That is, AlgLensy = Optic,

ue)”

Proof. The W-category of algebras is cartesian, making the forgetful functor
U: EMy — C monoidal; UC x A defines a strong monoidal action. The
forgetful I/ has a left adjoint F¥ such that ¢ o F¥ = .

CEEMg
/ C(S,UC x A) x D(UC e B, T)
=~ {Adjunction (x) 4 A}
CEEMyg
/ C(S,UC) x C(S, A) x DUC » B,T)
=~ {Adjunction F¥ 4U}

CeEMy
/ EMy(FYS,C) x C(S,A) x D(UC o B, T)
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~ {Coyoneda}
C(S, A) x D(US B, T). O

Remark 3.10. Algebraic lenses are a new optic. When (e) is the cartesian
product, algebraic lenses are given by the usual view function that accesses
the subfield, and a variant of the update function that takes the original
source as a computation rather than a value.

Example 3.11. The algebraic lens for the list monad £: V — V is a new kind
of optic that we dub a classifying lens. This is given by two functions, the
usual view function that accesses the focus, and a classify function that
takes a list of examples together with some piece of data and produces a
new example. A classifying lens can be trained with a dataset (Figure 8) to
classify a new focus into a complete data structure. A learning algorithm (in
this case, a naive version of nearest neighbor) defines an algebraic lens that
can be used to classify foci into full data structures.

let iris =
[ Iris Setosa 4.

9 1.
, Iris Setosa 4.7 1.

w

3.0 0.2
3.2 0.2

, Iris Virginica 5.9 3.0 5.1 1.8 ]

measure :: AlgebraicLens [] Measurements Flower
measure = mkAlgebraicLens @[] measurements learn
where
distance :: Measurements -> Measurements -> Float
distance (Measurements a b ¢ d) (Measurements x y z w) =
(sqrt . sum . fmap (**2)) [a-x,b-y,c-z,d-w]

learn :: [Flower] -> Measurements -> Flower
learn 1 m = Flower m (species (minimumBy
(compare “on” (distance m . measurements)) 1))

>>> (iris !! 4) ~. measure
(5.0, 3.6, 1.4, 0.2)

>>> iris & measure .7 Measurements 4.8 3.1 1.5 0.1
Iris Versicolor (4.8, 3.1, 1.5, 0.1)

FIGURE 8. Fisher’s iris dataset [8], samplying lengths and
widths of sepals and petals of three species of iris. A classifying
lens (measure) is used both for accessing the measurements of
a point in the iris dataset and to classify mew measurements
(not already in the dataset) into a species (Versicolor).

Remark 3.12. The algebraic lens for the maybe monad M:V — V was stud-
ied in [2, §5.2] under the name achromatic lens. It is motivated by the fact
that, sometimes in practice, lenses come naturally equipped with a create
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function [10, §3| along the usual view and update. For this implementation,
we note that

C(S, A) x C(MS x B,T) = C(S, A) x C(S x B,T) x C(B,T).

Remark 3.13. The name achromatic lens can also refer to a different proposal
in [33, §4.10],
C(S,[B,T]+1) x C(S,A) x C(B,T).

This is the optic for the action ®: C — [C, C] defined by M © A .= (M +
1) x A. It is not exactly equivalent to the achromatic lens in [2], which is
the optic for the action (x): M-Alg — [C, C] defined by UM x A. It can
be implemented by view and create functions, this time together with a
maybeUpdate that is allowed to fail.

3.1.5. Lenses in a closed category. Linear lenses are a different generalization
of lenses which relies on a closed monoidal structure. Their advantage is that
we do not need to require our enriching category to be cartesian anymore.

Definition 3.14 (33, §4.8). Let (D, ®,[]) be a right closed V-category with
a monoidal V-action (¢): D ® C — C to an arbitrary V-category C. A
linear lens is an element of

LinearLensg +((4, B), (S,T)) = C(S,[B,T] e A).

Proposition 3.15. Linear lenses are mized optics (as in Definition 2.1) for
the actions of the monoidal product (®): D xD — D and (¢): D x C — C.
That is, LinearLensg o = Optic, o

Proof. The monoidal product has a right adjoint given by the exponential.

~DeD
/ C(S,DeA)@D(D® B,T)
~ {Adjunction (— ® B) 4 [B, -]}

DeD
/ C(S.D e A) @ D(D, [B,T))

=~ {Coyoneda}
C(S,[B,T]e A). a

3.1.6. Prisms. Prisms pattern-match on data structures and handle a pos-
sible failure to match. They are given by a match function that tries to
access the matched structure and a build function that constructs an ab-
stract type from one of its possible matchings. Prisms happen to be lenses in
the opposite category. However, they can also be described as optics in the
original category for a different pair of actions. We will provide a derivation
of prisms that is dual to our derivation of lenses for a cartesian structure.
This derivation specializes to the pair C(S,T + A) x C(B,T).

Definition 3.16. Let D be a cocartesian VW-category with a monoidal WW-ac-
tion (e): D x C — C to an arbitrary category C. A prism is an element
of

Prism((A, B),(S,T)) .= C(S,T e A) x D(B,T).
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In other words, a prism from (S,T') to (A, B) is a lens from (T, S) to (B, A)
in the opposite categories D and C°. However, they can also be seen as
optics from (A4, B) to (S,T).

Proposition 3.17. Prisms are mized optics (as in Definition 2.1) for the
actions of the coproduct (+): D x D — D and (e): C x D — D. That is,
Prism = Optic(, 4

Proof. The coproduct (+): DxD — D is left adjoint to the diagonal functor.

DeD
/ C(S,D e A) x D(D + B, T)
>~ {Adjunction (+) 1 A}

DeD
/ C(S, D e A) x D(D,T) x D(B,T)

>~ {Coyoneda}
C(S,T e A) x D(B,T). O

Remark 3.18 (Prisms in a symmetric monoidal category). A prism in a sym-
metric monoidal category C is a match and build pair where the build is a
monoid homomorphism,

MonPrism((4, B), (S,T)) = C(S,UT ® A) x CMon(B,T).

Remark 3.19 (Prisms with coalgebraic context). Let © be a WW-comonad in
a cocartesian W-category D and (e): D x C — C a monoidal W-action. A
coalgebraic prism is an element of

AlgPrismg((A, B), (S,T)) = C(S,0T ¢ A) x D(B,T).

The coalgebraic variant is given by a cMatch function, that captures the
failure into a comonad, and the usual build function.

3.2. Traversals. Traversals extract the elements of a container into an or-
dered list, allowing us to iterate over the elements without altering the con-
tainer (Figure 9). Traversals are constructed from a single extract :: s
-> ([al, [b] -> t) function that both outputs the elements and takes a
new list to update them. Usually, we require the length of the input to the
function of type [b] -> t to be the same as the length of [a]. This restric-
tion can be also encoded into the type when dependent types are available.
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let places =
[ "43 Adlington Rd, Wilmslow, United Kingdom"
, "26 Westcott Rd, Princeton, USA"
, "St James's Square, London, United Kingdom" ]

each :: Traversal a [a]
each = mkTraversal (\x -> (x , id))

>>> places & each.asAddress.street %~ uppercase
[ "43 ADLINGTON RD, Wilmslow, United Kingdom"
, "26 WESTCOTT RD, Princeton, USA"
"ST JAMES'S SQUARE, London, United Kingdom"
]

FIGURE 9. The composition of a traversal (each) with a prism
(asAddress) and a lens (street) is used to parse a collection of
strings and modify one of the resulting subfields.

Definition 3.20. Let C be a symmetric monoidal closed V-category with
countably infinite (and smaller) coproducts. A traversal is an element of

Traversal((4, B),(5,T)) :=C (S7 /nEN A" ® [B"7T]> .

Remark 3.21. Let (N,+4) be the free strict monoidal V-category on one ob-
ject. Ends and coends indexed by N coincide with products and coproducts,
respectively. Here AC7): N — C is the unique monoidal V-functor sending
the generator of N to A € C. Each functor X: N — C induces a power
series

neN
Pwx (A) :/ A" ® X,

This defines an action Pw: [N, C] — [C, C] sending the indexed family to
its power series (see Remark 3.23). We propose a derivation of the traversal
as the optic for power series.

Proposition 3.22. Traversals are optics (as in Definition 2.1) for power
series. That is, Traversal = Opticpy py-.

Proof. The derivation generalizes that of linear lenses (Definition 3.14).
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X€[N,C] neN neN
/ 0(57/ A”®Xn>®c</ B”@Xn,T>

=~ {Continuity}

XeN,C] neN
/ c(&/ A”®Xn)®/ C(X,®B",T)
neN
~  {Adjunction (— ® B™) - [B", -]}

X€N,C] neN
/ C (S/ A" ®Xn) ®/ C (Xn, [B",T))
neN

~ {Natural transformation}

Xe[N,C] neN
/ c (s, / A Xn> & N.¢] (X, [B0).1])
= {Coyoneda}

neN
C (S/ A"®[B",T]), O

The derivation from the general definition of optic to the concrete descrip-
tion of lenses and prisms in functional programming was first described by
[30] and [24], but finding a derivation of traversals like the one presented
here, fitting the same elementary pattern as lenses or prisms, was left as an
open problem. It should be noted, however, that derivations of the traversal
as the optic for a certain kind of functor called Traversables (which should
not be confused with traversals themselves) have been previously described
by [3, 33]. For a derivation using Yoneda, [33] recalls a parameterised adjunc-
tion that has an equational proof in the work of [16]. These two derivations
do not contradict each other: two different classes of functors can generate
the same optic; if, for instance, the adjunction describing both of them gives
rise to the same monad. This seems to be the case here: traversables are
coalgebras for a comonad and power series are the cofree coalgebras for the
same comonad [35, §4.2].

In the Sets-based case, the relation between traversable functors, applica-
tive functors [23] and these power series functors has been studied by [17].

Remark 3.23. The V-functor Pw: [N, C] — [C, C] is actually a strong mo-
noidal action thanks to the fact that two power series functors compose into
a power series functor.

m

meN neN
/ (/ A”®Cn> © Dy,

>~ {Product distributes over colimits}

m.o ni,..,Mm
/ / AT @A™ RCh ® - ®Ch, ® Dy,

>~ {Rearranging terms}

keN
/ AF @ > Co®--@Ch, @Dy
ni4Anm=k
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We are then considering an implicit non-symmetric monoidal structure where
the monoidal product (e): [N,C] ® [N,C] — [N, C] of C), and D,, can be
written as follows; and the relevant copowers exist because of C having an
initial object.

m N1y Nim
/ / N(n1+"'+nm7k)'Cn1®"'®cnm®Dm~

This is precisely the structure described by Kelly [19, §8] for the study of non-
symmetric operads. A similar monoidal structure is described there when
we substitute N by (P,+), the V-category of permutations defined as the
free strict symmetric monoidal category on one object. The same derivation
can be repeated with this new structure to obtain an optic similar to the
traversal, with the difference that elements are not ordered explicitly, and

given by
neP
C (s/ A" [B”,T]) .

3.2.1. Affine traversals. Affine traversals strictly generalize prisms and lin-
ear lenses in the non-mixed case allowing a lens-like accessing pattern to fail;
they are used to give a concrete representation of the composition between
a lens and a prism. An affine traversal is implemented by a single access
function.

Definition 3.24. Let W be cartesian closed and let C be a symmetric
monoidal closed W-category that is also cocartesian. An affine traversal
is an element of

Affineg (A, B), (S,T)) := C(S,T + A® [B, T)).

Proposition 3.25. Let (Aff, ®) [33] be the monoidal structure in C? rep-
resenting composition of affine polynomials,

(C,D)o (C',DY=(C+DxC', D D).

Affine traversals are optics (as in Definition 3.1) for the action (+®): Aff —
[C, C] that sends C, D € C to the functor C+ D ® (—). That is, Affinegy =

OptiC(+®),(+®) .

Proof. The action uses that the monoidal product, which is in this case a
left adjoint, distributes over the coproduct.

c.D
/ C(S,C+D®A)xC(C+D®B,T)
>~ {Adjunction (+) 4 A}
c.D
/ C(S,C+D®A)xC(C,T)x C(D® B,T)
>~ {Coyoneda} {Adjunction (—® B) 4 [B,—]}
D
/ C(S,T+ D& A) x C(D, [B, T))

>~ {Coyoneda}
C(S,T+A®[B,T]). 0
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3.2.2. Kaleidoscopes. Applicative functors are commonly used in functional
programming as they provide a convenient generalization to monads with
better properties for composition; they form the V-category App of monoids
with respect to Day convolution (x): [V, V]x [V, V] — [V, V], which is defined
as

X,YeVy
(F*G)(A):/ V(X ®Y,A) @ FX © GY.

Alternatively, they are lax monoidal V-functors for the cartesian structure.
It is natural to ask what is the optic associated with applicative functors.
We know from a basic result in category theory [22, §VII, Theorem 2] that,
as the category [V, V] has coproducts indexed by the natural numbers, and
Day convolution distributes over them, the free applicative functor can be
computed as the colimit (I + F 4+ F*2 + F*3 4 ...). Having characterized
free applicative functors, computing their associated optic amounts to an
application of coend calculus.

Definition 3.26. A kaleidoscope is an element of

Kaleidoscope ((4, B), (S,T)) H V ([A", B], [S™,T]) .
neN

Proposition 3.27. Kaleidoscopes are optics for the action of applicative
functors.

Proof. Let U: App — [V, V)] be the forgetful functor from the category of
applicatives.

FeApp
/ V(S,UF A) & VUFB,T)
>~ {Yoneda}
FeApp
/ v <S/ [[A,C},UFC}) ®VUFB,T)
cey
=  {Continuity}
FeApp
/ / [[A,CL,UFC]) @ VUFB,T)
=~ {Adjunction ([4,C]® —) 4 [[A4,C], -]}
FeApp
/ (/ V([A,C]@SJ[FC)) ®VUFB,T)
C
=~ {Natural transformation}
FeApp
/ V.V (4, -] @ S,UF) & VUFB,T)

>~ {Adjunction of free applicatives}

FeApp
/ App (Z[A”, -]® S, F) @ VUFB,T)

neN
>~ {Coyoneda}
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1% (Z S"® [A",B],T>

neN
>~ {Continuity} {Adjunction (5™ ® —) 4 [S™, —]}
[Iv(anBl.[s.1). 0
neN

Remark 3.28. The free applicative we construct here is known in Haskell
programming as the FunList applicative [41]. In the same way that traver-
sables are written in terms of lists, we can approximate Kaleidoscopes as
a single function aggregate :: ([a] -> b) -> ([s] -> t) that takes a
folding for the foci and outputs a folding for the complete data structure.
Kaleidoscopes are a new optic, and we propose to use them as accessors for
pointwise foldable data structures.

Kaleidoscopes pose a problem on the side of applications: they cannot
be composed with lenses to produce new kaleidoscopes. This is because
the constraint defining them (Applicative) is not a superclass of the con-
straint defining lenses: a functor given by a product is not applicative, in
general. However, a functor given by a product by a monoid is applicative.
This means that applicatives can be composed with lenses whose residual is
a monoid, which are precisely the newly defined classifying lenses (Defini-
tion 3.8).

representative :: Kaleidoscope Float Measurements
representative = mkKaleidoscope aggregate
where

aggregate f 1 = Measurements
(f (fmap sepalle 1)) (f (fmap sepalWi 1))
(f (fmap petalle 1)) (f (fmap petalWi 1))

iris & measure.representative >- mean
>>> Iris Versicolor; Sepal (5.843, 3.054); Petal (3.758, 1.198)

F1GURE 10. Following the previous Example 8, a kaleidoscope
(representative) is composed with an algebraic lens to create
a new point in the dataset by aggregating measurements with
some function (mean, maximum) and then classifying it.

3.3. Grates. Grates create a new structure when provided with a way of
creating a new focus from a view function. They are given by a single grate
function with the form of a nested continuation.

Definition 3.29. Let C be a symmetric closed V-category (as in [7]). Let
(©): C°? x D — D be an arbitrary action. A grate is an element of

Grate (A, B), (S,T)) := D([S, A] © B, T).

Proposition 3.30. Grates are mized optics for the action of the exponential
and (©): C® x D — D. That is, Grate = Optic| | |-
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Proof. We know from |7, Proposition 1.2| that the adjunction [—, A]°P A
[—, A] holds in any symmetric monoidal category.
CeC
| csicapepcon
~ {Adjunction [—, A]°? 4 [—, A]}

CeC
/ C(C,[S, 4)) ©D(C & B, T)
=~ {Coyoneda}
D([S,Al© B,T) O

The description of a grate and its profunctor representation in terms of
“closed” profunctors was first reported by Deikun and O’Connor [25]; it can
be seen as a consequence of the profunctor representation theorem (Theo-
rem 4.14).

3.3.1. Glasses. Glasses are a new optic that strictly generalizes grates and
lenses for the cartesian case. In functional programming, glasses can be
implemented by a single function glass that takes a way of transforming
views into new foci and uses it to update the data structure. We propose
to use them as a concrete representation of the composition of lenses and
grates.

Definition 3.31. A glass in a cartesian closed WW-category is an element of
Glass (4, B), (5,T)) := C(5 x [[S, A], B], T).

Proposition 3.32. Glasses are optics for the action (X[, ]): C? x C —
[C, C] that sends C,D € C to the W-functor D x [C, —].

Proof.
C,D
/ C(S,C x [D, A]) x C(ID, B] x C,T)
>~ {Adjunction A 4 (x)}
C,D
/ C(5,C) x C(8, (D, A]) x C(ID, B] x C, T)
=~ {Coyoneda}
/D C(S,[D, A]) x C(|D,B] x S,T)
=  {Adjunction [—, A]°P? - [, A]}
/D C(D,[S,A]) x C(|[D,B] x S,T)

>~ {Coyoneda}
C([[S,A], B] x S, T). O
3.4. Getters, reviews and folds. Some constructions, such as plain mor-
phisms, can be regarded as degenerate cases of optics. We will describe these

constructions (getters, reviews and folds [20]) as mixed optics. All of them
set one of the two base categories to be the terminal category and, contrary
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to most optics, they act only unidirectionally. We will derive the usual im-
plementations of getters as s -> a, of reviews as b -> t, and of folds as
s -> [a]. Their profunctor representation can be seen as a covariant or
contravariant application of the Yoneda lemma.

Definition 3.33. Let C be an arbitrary V-category. Getters (morphisms
C(S, A)) are degenerate optics for the trivial action on the covariant side.
Reviews (morphisms C(B,T')) are degenerate optics for the trivial action on
the contravariant side. In other words, we can obtain plain morphisms as a
particular case of optic when M =1 and D =1 or C = 1, respectively.

The category of foldable functors is the slice category on the list functor
L:V — YV, also known as the free monoid functor. Using the fact that £ is
a monad, the slice category [V, V]/L can be made monoidal in such a way
that the forgetful functor [V, V]/L — [V, V] becomes strong monoidal.

Definition 3.34. Folds are optics for the action of foldable functors and the
trivial action on the contravariant side.

FeFoldable
Fold((A, %), (S, %)) :/ V(S, FA) 2 V(S, LA).

Folds admit a concrete description, V(S, LA), which can be reached from the
definition of coends as colimits. A coend from a diagram category with a
terminal object is determined by the value at the terminal object. The same
technique can be used to prove that the optic for the slice category over a
monad G: V — V has a concrete form given by C(S5,GA).

3.5. Setters and adapters.

Definition 3.35. We finish our examples of optics with two extremes. A
setter [20] is an element of

Setter((4, B), (5,T)) = V([4, B, [S,T]).

Proposition 3.36. Setters are optics for identity action id: [V, V] — [V, V].
That is, Setter = Opticiq;iq.

Proof. The concrete derivation is described by Riley [33, §4.5.2], and his
strength requirement can be transferred directly to the enriched case.

FelV,V]
/ V(S, FA) @ V(FB,T)
=~ {Yoneda}
Fev,V]
/ ( / V(A,C), V(S, FC)]) % V(FB,T)
cey
>~ {Copower}
Fey)V]
/ ( V(S ® [A,C], FC)> © V(FB,T)
cey
=~ {Natural transformation}

Fev,)V]
/ W V(S®[A,~],F)®V(FB,T)
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=~ {Coyoneda}
V(S®[A4,B],T)
=~ {Adjunction (S® —) - [S,—]}
V([4, Bl [S,T1). 0
Remark 3.37. In functional programming, we implicitly restrict to the case

where V is a cartesian category, and we curry this description to obtain the
usual representation of setters as a single over function.

Definition 3.38. Adapters [20] are morphisms in C? @ D. They are optics
for the action Id: 1 — [C, C].

Adapter((A, B),(S,T)) .= C(S,A)  D(B,T).

3.6. Optics for (co)free. A common pattern that appears across many
optic derivations is that of computing the optic associated with a class of
functors using an adjunction to allow for an application of the Yoneda lemma.
This observation can be generalized to a class of concrete optics.

Consider some V-endofunctor H: V — V. Any objects A, B,S,T € V
can be regarded as functors from the unit V-category. The following iso-
morphisms are the consequence of the fact that left and right global Kan
extensions are left and right adjoints to precomposition, respectively.

V(S,HA) = [V,V](LanaS, H),
V(HB,T) = [V,V|(H,RanpT).
These extensions exist in V and they are given by the formulas
LangS = [A,—-]® S, RangT = [[-,B],T].

Proposition 3.39 (|35, §3.4.7]). Let the monoidal V-action U: M — [V, V]
have a left adjoint L: [V, V] — M, or, dually, let it have a right adjoint
R: [V,V] = M. In both of these cases the optic determined by that monoidal
action has a concrete form, given by

VUL([A, -] ® S)(B),T) or V(S,Z/{R[[—,BLT](A)),
respectively.

Proof. We prove the first case. The second one is dual.
MeM
/ V(S,UMA) @ VUMB,T)
>~ {Kan extension}
MeM
/ WV, V] (LangS,UM) @ VUM B, T)
>~ {Adjunction £ U}
MeM
/ M (LLangS, M) @ VUM B, T)

=~ {Coyoneda}
V (ULLanyS(B),T). O
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4. TAMBARA THEORY

A fundamental feature of optics is that they can be represented as a single
polymorphic function. Optics in this form are called profunctor optics and
we say this function is their profunctor representation. Profunctor optics
can be easily composed, even if they are from different families: composi-
tion of optics as polymorphic functions becomes ordinary function compo-
sition. Figure 3 shows an example of this phenomenon. Profunctor optics
are functions polymorphic over profunctors endowed with some extra alge-
braic structure. This extra structure depends on the family of the optic they
represent. For instance, lenses are represented by functions polymorphic
over cartesian profunctors, while prisms are represented by functions poly-
morphic over cocartesian profunctors [30, §3]. Milewski [24] notes that the
algebraic structures accompanying these profunctors are precisely Tambara
modules, a particular kind of profunctor that has been used to characterize
the monoidal centre of convolution monoidal categories [39]. Because of this
correspondence, categories of lenses or prisms can be obtained as particular
cases of the “Doubles for monoidal categories” construction defined by Pas-
tro and Street [29, §6]. The double! of an arbitrary monoidal V-category
(A, ®,1), is a promonoidal® V-category D.A whose hom-objects are defined
as

CeA
DA((A, B),(5.T)) = / A(S,C ® A) @ A(C® B.T).

In the particular case where A is cartesian or cocartesian, the V-category DA
is precisely the category of lenses or prisms over A, respectively. Moreover,
one of the main results of [29, Proposition 6.1] declares that the V-category
[DC, V] of copresheaves over these V-categories is equivalent to the V-cat-
egory of Tambara modules on C. In the case of lenses or prisms, these
Tambara modules are precisely cartesian and cocartesian profunctors, and
this correspondence justifies their profunctor representation.

We will see how the results of Pastro and Street can be directly applied to
the theory of optics, although they are not general enough for our purposes.
Milewski [24] already proposed a unified description of optics, later extended
by [3] and [33], that requires a generalization of the original result by Pastro
and Street from monoidal products to arbitrary monoidal actions. In order
to capture V-enriched mixed optics, we need to go even further and generalize
the definition of Tambara module in two directions. The monoidal category
A in their definition needs to be substituted by a pair of arbitrary categories
C and D, and the monoidal product ®: A — [A, A] needs to be substituted
by a pair of arbitrary monoidal actions (©): M®C — C and (®): M@D —
D, from a common monoidal category M.

IDouble, as used by Pastro and Street [29], should not be confused with double in the
sense of double category.

2A promonoidal category A is a generalization of a monoidal category with functors
replaced by profunctors. For instance, the tensor product is a profunctor P: A?QA®A —
V and the unit is a presheaf J: A°? — V.
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This section can be seen both as a partial exposition of one of the main
results of the work of Pastro and Street [29, Proposition 6.1] and a general-
ization of their definitions and propositions to the setting that is most useful
for applications in functional programming.

4.1. Generalized Tambara modules. Originally, Tambara modules [39)
were conceived of as a structure on top of certain profunctors that made
them play nicely with some monoidal action in both their covariant and
contravariant components.

For our purposes, Tambara modules represent the different ways in which
we can use an optic. If a profunctor P has Tambara module structure for
the monoidal actions defining an optic, we can use that optic to lift the
profunctor applied to the foci, P(A, B), to the full structures, P(S,T). For
instance, the profunctor (—) x B — (—) can be used to lift the projection
A x B — B into the update function S x B — T. In other words, this
profunctor is a Tambara module compatible with all the families of optics
that admit an update function, such as lenses. In programming libraries,
that profunctor can be used to define a polymorphic update combinator that
works across different families of optics.

Formally, we want to prove that Tambara modules for the actions © and
® are copresheaves over the category Opticge. This will also justify the
profunctor representation of optics in terms of Tambara modules (Theo-
rem 4.14).

Definition 4.1. Let (M, ®, I) be a monoidal V-category with two monoidal
actions (©): M® C — C and (®): M ® D — D. A genecralized Tambara
module consists of a V-profunctor P: C? @ D — V endowed with a family
of morphisms

apap: P(A,B) - P(MOA,M® B)
V-natural in A € C and B € D and V-dinatural in M € M, which addition-
ally satisfies the two equations
arapo P(da, pg') =id,
apmen,A,B © P(om,N A, 905/11,1\/,3) = QUM,NOA,N®B © O'N,A,B;

for every M,N € M, every A € C and every B € D. In other words, a
family of morphisms making the following two diagrams commute.

P(A,B) —2MeNAE L p(M @ N)© A, (M ® N)® B)
D‘NwA,Bl lp(qu,N,A#’;]l,N,B)

PINOAN®B) —— P(MONOA,M® N ® B)

QM ,NoA,NeB

ar,A,B

P(A,B)

PIOA,I®B)

lP(m,«:gl)
P(A, B)

id
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When V = Sets, we can define a morphism of Tambara modules as a
natural transformation n4 p: P(A, B) — Q(A, B) satisfying

/
IMOA,M®B © M, ,A,B = Q1 A B ©1A,B-

For an arbitrary V, Tambara modules are the objects of a V-category Tamb
whose hom-object from (P, a) to (Q,«’) is computed as the intersection of
the equalizers of

/ V(P(X.Y),Q(X,Y))
XY

TA,B

V(P(4,B),Q(4, B))
Viid,oy )

V(P(A, B),Q(M © A, M ® B)
and

/ V(P(X,Y),Q(X,Y))

XY

TMOA,M®B

V(P(M©A,M® B), QM © A, M ® B))
V(P(A,B),Q(M ©A,M® B))
for each A € C, Be D and M € M |29, §3.2].

V(aa,B,id)

Remark 4.2. Pastro and Street [29] follow the convention of omitting the
unitors and the associators of the monoidal category when defining Tambara
modules. These appear in Definition 4.1 replaced by the structure isomor-
phisms of the two monoidal actions.

4.2. Pastro-Street’s “double” comonad. Tambara modules are coalge-
bras for a particular comonad [29, §5|. That comonad has a left adjoint that
must therefore be a monad, and then Tambara modules can be equivalently
described as algebras for that monad. We will describe the V-category of
generalized Tambara modules Tamb as an Eilenberg-Moore category first
for a comonad and then for its left adjoint monad. This will be the main
lemma (Lemma 4.6) towards the profunctor representation theorem (Theo-
rem 4.14).

Definition 4.3. We start by constructing the underlying V-functor of the
comonad ©: Prof(C,D) — Prof(C, D). Consider first the V-functor

T:M?P@M® C? @D ® Prof(C,D) — V,

given by the composition of the actions (©) and (®) with the evaluation
V-functor C? @ D ® Prof(C,D) — V. On objects, this is given by

T(M,N,A,B,P):=P(M©®OA,N® B).
By the universal property of the end, this induces a V-functor C? @ D ®
Prof(C,D) — V given by

r(ABP) = [ PMOAMOD),

MeM
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which can be curried into the V-functor

OP(A, B) — / P(M© A M® B).
MeM

Proposition 4.4. The V-functor © can be endowed with a comonad struc-

ture. Its counit is the V-natural family of morphisms epap: OP(A, B) —

P(A, B) obtained by projecting on the monoidal unit and applying the uni-

tors,

P(pa05") P

OP(A,B) —— P(IOA,I®B) (A, B).

Its comultiplication is given by 0pa.p: OP(A, B) — ©OP(A, B), the V-nat-
ural family of transformations obtained as the unique morphisms factorizing

—1
P(¢IM,N,A74P1M’N’B)O7TJ\/I®N

OP(A, B)

PIMONODA M®N ® B)
through the projection

OOP(A,B) M, P(IMON© A, M ® N ® B)
for every M, N € M.

Remark 4.5. Before the proof, let us recall the axioms for a strong monoidal
V-action @: M®C — C of a monoidal V-category (M, ®, I') with coherence
isomorphisms (a, A, p) to an arbitrary category C. Let

da:AZTQA, duna:MO(NOA)=(MQN)QA,

be the structure V-natural isomorphisms of the strong monoidal action. Note
that the following are precisely the axioms for a strong monoidal functor
M — [C, C] written as M ® C — C; they are simplified by the fact that
[C, C] is strict.

ToMoALMA oA vorea

¢I,JL{,AJ/ Jid J/¢JM,I,A

(I®M)®AWM®A<W(M®I)®A

MoNoKoA—9 s MoNoOKoA

¢1L1,N,K®AJ/ J/M®¢N,K,A
(M@N)oKoA Mo(NK)oA
¢AI®N,K,AJ/ J/¢A{,N®K,A

(Mo N) oK) 04— (Ma(NeK)oA

Proof. In order to keep the diagrams in this proof manageable, we introduce
the notation P[M](A,B) = P(M © A,M ® B). We will show that this
construction satisfies the comonad axioms.



PROFUNCTOR OPTICS: A CATEGORICAL UPDATE 29

We first prove left counitality, ©cp o p = idgp, which follows from the
commutativity of the following diagram.

OP(A,B) — ' eoP(A,B) 2", op(4,B)
lmu lm
Tran oP[M|(A, B) M PIM](A, B)
nr id
P[I ® M|(A, B) —— P|M][I)(A, B) —— P[M](A, B)
P(61,0,4:97 hr.5) P(¢roa$aron)

The left pentagon of this diagram commutes because of the definition of
6. The upper right square commutes because of functoriality of ends and
naturality of 7p;. The lower right square commutes because of the definition
of . By the axioms of the monoidal actions (Remark 4.5), the bottom edge
of the whole diagram can be rewritten as

P(¢r0a, Pagep) © P(G1.0.4, 97 3 5) = P(A\y} @ A, Au @ B).

Now, by the wedge condition of the end, the left-bottom side of the previous
diagram is just the projection mp;.

OP(A,

B)

P[I ® M](A, B) P[M](A, B)

P(id ,\m %@A,id)

PI®M®A,M® B)

Finally, by the universal property of the end, that implies that Gep o ip
must coincide with the identity.

Let us now prove right counitality, egp 0 0p = idgp, which follows from
the commutativity of the following diagram.

OP(A, B) — 2 ©OP(A,B) —°F OP(A, B)

ok I

P4 BT 0 p(4, B)

™M J/ﬂ' M

PM®I)(A,B) — P[ 1IM)(A,B) —— P[M](A, B)
(¢J\/I,I,A799]y[111]3) P(¢apgt)

Again, the definition of § makes the left pentagon commute. The upper right
square commutes now because of the definition of e, whereas the lower right
square commutes because of functoriality of ends and naturality of 7. By
the axioms of the monoidal actions (Remark 4.5), the bottom edge of the
diagram can be rewritten as

P(¢a,¢5") o P(dar1.4,%01 1.8) = Plpa) @ A, pur @ B).



30 CLARKE, ELKINS, GIBBONS, LOREGIAN, MILEWSKI, PILLMORE, AND ROMAN

Now, by the wedge condition of the end, the left-bottom side of the previous
diagram is just the projection ;.

OP(A, B)
TIQM m}
Pl @ M(A, B) PM](A, B)
P(id,A\p;@B) Py @A,id)

PI®M®A,M®B)

Finally, by the universal property of the end, egp o dp must coincide with
the identity.

Coassociativity, ©dp o §p = dgp o dp, follows from commutativity of the
following diagram in Figure 11.

OP(A, B)
% x)
©OP(A,B) ©OP(A,B)
m} %
©OOP(A, B)
TK J/ﬂ'}( TNQK
©OP[K]|(A,B)
Op(K)
OP|[K|(A, B) ™ ©P[N ® K](A, B)
/ -1
@P[KHNKA, B) 6P(¢N,K,A»<PNYK,B)
TM®N lﬂ' M ™™
A (¢1\4,N,KOA7(/’;11‘N‘K®B) P[K} [N} [M] (A7 WN}K‘B)

P[K][M ® N](A, B) PIN ® K|[M](A, B)

1 1
J/P(¢1\4®N,K,A#’M®N,K’B) P(¢AI,N®K,A7¢’M,N®K,B)J/

P(ay) n ser@0 N K)
P[(M ® N)® K](A, B) (@, N, K OM N, K

FIGURE 11. Diagram for the coassociativity axiom.

We need to show that the upper diamond commutes; by the universal
property of the ends, this amounts to showing that it commutes when fol-
lowed by mas o mny o . The lower pentagon is made of isomorphisms, and
it commutes by the axioms of the monoidal actions (Remark 4.5). The two
upper degenerate pentagons commute by definition of §. The two trapezoids
commute by functoriality of ends and naturality of the projections.

PM ® (N ®K)|(A, B)
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Finally, the two outermost morphisms of the diagram correspond to two
projections from ©P(A, B), namely T(yonex and Tygvgk)- The wedge
condition for the associator ans,n, x makes the external diagram commute.

O

Lemma 4.6. Tambara modules are precisely coalgebras for this comonad.
There exists an isomorphism of V-categories Tamb = EM(©) from the
category of Tambara modules to the Eilenberg-Moore category of ©.

Proof. Note that the object of V-natural transformations from P to ©P is
precisely

Prof(C,D)(P,OP)

>~ {Natural transformation}
/ % (P(A,B),/ P(M@A,M®3)>
AB MeM
>~ {Continuity}
/ V(P(A,B),P(M© A, M® B))
A,B,M

whose elements can be seen as a family of morphisms that is natural in both
M € M and (A4,B) € C? ® D. The two conditions in the definition of
Tambara module can be rewritten as the axioms of the coalgebra. a

Proposition 4.7. The © comonad has a left V-adjoint ®, which must there-
fore be a monad. On objects, it is given by the following formula.

M,UV
BQ(X,Y) :/ QU V)2 C(X,MOU) 2 D(M®V,Y).

That is, there exists a V-natural isomorphism Nat(®Q, P) = Nat(Q, OP).

Proof. We can explicitly construct the V-natural isomorphism using coend
calculus.

/A’Bv <Q(A,B),/M P(M@A,M®B)>
~  {Continuity}
/ V(Q(A, B), P(M © A, M ® B))
JM,A,B
~ {Yoneda}
/W’Bv (Q(A,B),/X’YV(C(X,M@A) ©D(M® B,Y), P(X, Y))>
>~ {Continuity}
/ % (Q(A,B)7V(C(X7M®A) ©D(M® B,Y), P(X, Y)))
M,A,B,X)Y
=~ {Copower}
/ V(Q(A, B) ® C(X, M © A) ® D(M® B,Y), P(X,Y))
M,A,B, XY

= {Continuity}
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/va </M,A,BQ(A,B) @C(X,MDA) ®D(]\/[®B7Y)7P(X7y)> .

Alternatively, the adjunction can be deduced from the definition of the
comonad © and the characterization of global Kan extensions as adjoints
to precomposition. ([l

4.3. Pastro-Street’s “double” promonad. The second part of this proof
occurs in the bicategory of V-profunctors. In this bicategory, there exists a
formal analogue of the Kleisli construction that, when applied to the Pastro-
Street monad @, yields a category whose morphisms are the optics from
Definition 2.1. This is the crucial step of the proof, as the universal property
of that Kleisli construction will imply that copresheaves over the category
of optics there defined are Tambara modules (Lemma 4.10). After that, the
last step will be a relatively straightforward application of the Yoneda lemma
(Lemma 4.12).

Let Prof be the bicategory of V-profunctors that has as 0-cells the V-cate-
gories C,D,E, .. .; as 1-cells P: C -» D the V-profunctors given as P: C?P®
D — V; and as 2-cells the natural transformations between them. The com-
position of two V-profunctors P: C? @ D — V and @Q: D? Q@ E — V is the
V-profunctor Q ¢ P: C? @ E — V defined on objects by the coend?

DeD
(QoP)(C,E):/ P(C,D)® Q(D, E).

There is, however, an equivalent way of defining profunctor composition if we
interpret each V-profunctor C? @D — V as a V-functor C°? — [D, V] to the
category of copresheaves. In this case, the composition of two profunctors
P: C? — [D,V]and Q: D? — [E, V] is the V-functor (QoP): C? — [E, V]
defined by taking a left Kan extension (Q¢P) := LanyQo P along the Yoneda
embedding y: D°? — [D, V]. The unit profunctor for composition is precisely
the Yoneda embedding.

pr 2 [E,V)]

l AyQoP

cor £, [D,V]

In the same way that we can construct a Kleisli category over a monad, we
will perform a Kleisli construction over the monoids of the bicategory Prof,
which are called promonads. Promonads over the base category V that are
also Tambara modules for the product appear frequently in the literature on
functional programming languages under the name of arrows [14, 15, 34].

Definition 4.8. A promonad is given by a V-category A, an endoprofunc-
tor T: A’ ® A — V, and two V-natural families nxy: C(X,Y) = T(X,Y)

3 Although in general the composition of two profunctors can fail to exist for size reasons
or when V lacks certain colimits, we only ever need these composites in a formal sense.
This perspective can be formalized with the notion of virtual equipment [5].
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and pxy: (ToT)(X,Y) —» T(X,Y) satisfying the following unitality and
associativity axioms.

T Y e T ToTor Y Tor

ToT —* T

A module for the promonad is a V-profunctor P: X°? ® A — V), together
with a V-natural transformation p: ToP — P making the following diagrams

commute.

Wd ToP ToToP —— puoid ToP

\ l idopl lﬁ
ToP —2 P
An algebra is a module structure on a V-copresheaf P: A — V), interpreted

as a profunctor I ® A — V from the unit V-category.

Lemma 4.9. The bicategory Prof admits the Kleisli construction [29, §6].
The Kleisli V-category KI(T') for a promonad (T, u,n) over A is constructed

as having the same objects as A and letting the hom-object between X,Y € A
be precisely T(X,Y) € V.

Proof. The multiplication of the promonad is a V-natural transformation
whose components can be taken as the definition for the composition of the
V-category K1(T').
ZeC
V(/ T(X,Z)@T(Z,Y),T(X,Y))
>~ {Continuity}

V(T(X,2)®T(2,Y), T(X,Y))
ZeC

Let us show now that this V-category satisfies the universal property of
the Kleisli construction. Let P: X°? ® A — V be a V-profunctor. A module
structure p: T ¢ P — P corresponds to a way of making the profunctor P
functorial over KI(7') in the second argument

/XeX,ZeAV (/YGA PX,)Y)®T(Y,Z),P(X, Z)>

=~ {Continuity}

/ VP(X,Y)®T(Y,Z),P(X,2))
XY, 2

~

>~ {Exponential}
/ V(T(Y, 2),[P(X,Y), P(X, Z))).
XY Z

Functoriality of this family follows from the monad-algebra axioms. O

Lemma 4.10. The category of algebras for a promonad is equivalent to the
copresheaf category over its Kleisli object.
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Proof. Let X be any category and ®: Y — Y a promonad. By the universal
property of the Kleisli construction (see Lemma 4.9), Prof(X,Kl(®)) is
equivalent to the category of modules on X for the promonad. In particular,
V-profunctors from the unit V-category to the Kleisli object form precisely
the category EM(®) of algebras for the promonad; thus

[KI(®), V] = [I” @ KI(®), V] = Prof (I, KI(®)) =2 EM(®). 0

Proposition 4.11. Let T: [A,V] — [A,V] be a cocontinuous monad. The
profunctor T': A°? — [A, V] defined by T := T oy can be given a promonad
structure. Moreover, algebras for T' are precisely algebras for the promonad
T.

Proof. First, the fact that T is cocontinuous means that it preserves left Kan
extensions and thus,

Lan,T = Lan, (T oy) = T o Lan,(y) = T.
This means that the composition of the profunctor 7" with itself is
ToT = LanyToT% LanyToToy':VToToy.

The unit and multiplication of the promonad are then obtained by whiskering
the unit and multiplication of the monad with the Yoneda embedding; that
is, Moy):y > Toy and (uoy): ToT oy — T oy. The diagrams
for associativity and unitality for the promonad are the whiskering by the
Yoneda embedding of the same diagrams for the monad. In fact, the same
reasoning yields that, for any P: D? — [A, V],

ToP=(Toy)oP=Llan,(Toy)oP=ToP.

As a consequence of this for the case P: I — [A°,V)], any T-algebra can be
seen as a T-algebra and vice versa. The axioms for the promonad structure
on T coincide with the axioms for the corresponding monad on T O

In particular, the Pastro-Street monad @ is a left adjoint. That im-
plies that it is cocontinuous and, because of Proposition 4.11, it induces a
promonad ® = ® oy, having Tambara modules as algebras. We can compute
by the Yoneda lemma that

M
®(A,B,S,T) = / C(S,M©A) @D(M® B,T).

This coincides with Deﬁnitionv2.1. We now define Optic to be the Kleisli
V-category for the promonad ®.

4.4. Profunctor representation theorem. Let us zoom out to the big
picture again. It has been observed that optics can be composed using their
profunctor representation; that is, profunctor optics can be endowed with a
natural categorical structure. On the other hand, we have generalized the
double construction in [29] to abstractly obtain the category Optic. The
final missing piece that makes both coincide is the profunctor representation
theorem, which will justify the profunctor representation of optics and their
composition in profunctor form being the usual function composition.

The profunctor representation theorem for the case V = Sets and non-
mixed optics has been discussed in [3, Theorem 4.2]. Although our statement
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is more general and the proof technique is different, the main idea is the same.
In both cases, the key insight is the following lemma, already described by
[24].

Lemma 4.12 (“Double Yoneda” from [24]). For any V-category A, the hom-
object between X and'Y is V-naturally isomorphic to the object of V-natural
transformations between the functors that evaluate copresheaves in X andY';
that is,
A(X,Y) =[[A, V] VI(=(X), =(Y)).

The isomorphism is given by the canonical maps A(X,Y) — V(FX, FY) for
each F € [A,V]. Its inverse is given by computing its value on the identity
on the A(X,—) component.

Proof. In the functor V-category [A, V], we can apply the Yoneda embedding
to two representable functors A(Y, —) and A(X,—) to get

AVIAY, ). AKX ) = [ V(AKX -).FLAY). 7).

Here reducing by Yoneda lemma on both the left hand side and the two
arguments of the right hand side, we get the desired result. O

Remark 4.13. As a very simple special case of the Double Yoneda construc-
tion, the Haskell type

forall £ . Functor £ => f a -> £ b
is isomorphic to the simple function type a -> b [24]. It is straightforward
for a functional programmer to construct the two witnesses to the isomor-
phism: the functorial action in one direction, and instantiation to the identity
functor in the other.

Theorem 4.14 (Profunctor representation theorem).
Optic((4.B). (1) = [ V(P(4,B), P(S.T).
PeTamb

Proof. We apply Double Yoneda (Lemma 4.12) to the V-category Optic and
then use that copresheaves over it are precisely Tambara modules (Proposi-
tion 4.10). O

Remark 4.15. The immediate practical application of this theorem is to jus-
tify the following profunctor representation commonly employed in Haskell
libraries.

Optic a b s t = forall p . Tambara p =>p ab ->p s t
For all the optics we’ve been discussing in this paper, where the Tambara
constraint is replaced by the class of profunctors preserving the appropriate
monoidal action. For instance, the standard lens

type Lens a b s t = forall p . Cartesian p =>pa b ->p s t
is defined by the class of profunctors preserving the action defined by the
cartesian product.

class Profunctor p => Cartesian p where

first' :: pab ->p (a, ¢) (b, ¢)
second' :: pab ->p (c, a) (c, b)
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5. HASKELL IMPLEMENTATION

Let V be a cartesian closed category whose objects model the types of
our programming language and whose points 1 — X represent programs of
type X. The following is an informal translation of the concepts of enriched
category theory to a Haskell implementation where a single abstract defini-
tion of optic is used for a range of different examples. The code for this text
can be compiled under GHC 8.6, using the libraries split and delay. It
includes an implementation of optics and all the examples we have discussed
(Figures 1, 7, 8 and 9).

The complete code can be found at

https://github.com/mromand2/vitrea
5.1. Concepts of enriched category theory.

Definition 5.1 (18, §1.2, see also 42). A V-category C consists of a set
Obj(C) of objects, a hom-object C(A, B) € V for each pair of objects A, B €
Obj(C), a composition law C(A, B) x C(B,C) — C(A,C) for each triple
of objects, and an identity element 1 — C(A, A) for each object; subject to
the usual associativity and unit axioms.

class Category objc c where

unit :: (objc x) => ¢ x x

comp :: (objc x) =>cyz->cxy->cCxz
Here, the objects for our category are selected from Haskell types by the
constraint objc. Hom-objects are selected by the two-argument type con-
structor c.

Definition 5.2 (18, §1.2). A V-functor F': C — D consists of a function
Obj(C) — Obj(D) together with a map C(A, B) — D(FA, FB) for each
pair of objects; subject to the usual compatibility with composition and
units. V-bifunctors and V-profunctors can be defined analogously,

class ( Category objc c, Category objd d, Category obje e
, forall x y . (objc x , objd y) => obje (f x y) )
=> Bifunctor objc c objd d obje e f where

bimap :: ( objc x1, objc x2, objd y1, objd y2 )
=>cx1 x2 ->dyly2->e (f x1 y1) (f x2 y2)

class ( Category objc c, Category objd d )
=> Profunctor objc ¢ objd d p where
dimap :: (objc x1, objc x2, objd yl, objd y2)
=>cx2x1 ->dyly2->pxlyl->pzx2y2

Definition 5.3 (6). A monoidal V-category is a V-category M together
with a V-functor (®): M ® M — M, an object I € M, and V-natural
isomorphisms a: (A®B)®C =2 A®(B®C), p: AQI = A,and A\: IQA= A,
satisfying the usual coherence axioms for a monoidal category.

class ( Category obja a
, Bifunctor obja a obja a obja a o
, obja i)
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=> MonoidalCategory obja a o i where

alpha :: (obja x, obja y, obja z)
=>a (x "o (y "0” 2)) ((x "0~ y) “o° z)
alphainv :: (obja x, obja y, obja z)
=>a ((x "0~ y) "0” z) (x "o (y "o z))

lambda :: (obja x) => a (x o™ 1) x

lambdainv :: (obja x) => a x (x “o” i)

rho :: (obja x) => a (i "o x) x

rhoinv :: (obja x) => ax (i "o x)

Definition 5.4. A strong monoidal V-action F': M ® C — C from a monoi-
dal V-category M to an arbitrary category C is a V-functor together with two
V-natural isomorphisms F(I, X) = X and F(M, F(N, X)) 2 F(M®N), X)
satisfying associativity and unitality conditions.

class ( MonoidalCategory objm m o i
, Bifunctor objm m objc ¢ objc c £
, Category objc c )
=> MonoidalAction objm m o i objc c f where
unitor :: (objc x) => c (f i x) x
unitorinv :: (objc x) => c x (f i x)
multiplicator :: (objc x, objm p, objm q)
=>c (fp (fqgx) (f (p 0”@ %
multiplicatorinv :: (objc x, objm p, objm q)
=>c (f (p 0 @ x) (f p (f g x))

Definition 5.5. Definition 2.1 has now a direct interpretation in more gen-
erality. Note how the coend is modeled as an existential type in x using a
GADT.

data Optic objc c objd d objmm o i £ g a b s t where
Optic :: ( MonoidalAction objm m o i objc c £
, MonoidalAction objmm o i objd d g
, objc a, objc s , objd b, objd t , objm x )
=>cs (fxa) >d(gxb)t
-> Optic objc c objd d objmmo i f gab st

5.2. Mixed profunctor optics. We can implement Tambara modules (Def-
inition 4.1) and profunctor optics using the profunctor representation theo-
rem (Theorem 4.14).

class ( MonoidalAction objm m o i objc c f
, MonoidalAction objmm o i objd d g
, Profunctor objc ¢ objd d p )
=> Tambara objc c objd d objmm o i £ g p where
tambara :: (objc x, objd y, objm w)
=>pxy->p Ewx) (gwy)

type ProfOptic objc c objd d objmm o i f gab s t = forall p .
( Tambara objc c objd d objmm o i f g p
, MonoidalAction objm m o i objc c £
, MonoidalAction objmm o i objd d g
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, objc a , objd b , objc s , objd t
) =>pab->pst

The isomorphism between existential and profunctor optics can be explic-
itly constructed from Lemma 4.12.

ex2prof :: forall objc c objd d objmmo i f gabs t
Optic objc c objd d objmmo i f gabst
-> Prof(Optic objc c objd d objmm o i f gabst
ex2prof (Optic 1 r) =
dimap Qobjc @c Qobjd @ 1 r .
tambara @objc @c Q@objd @ Qobjm @m Qo @i

prof2ex :: forall objc c objd d objmmo i f gabst
( MonoidalAction objm m o i objc ¢ f
, MonoidalAction objm m o i objd d g
, objc a , objc s
, objd b , objd t )
=> ProfOptic objc c objd d objmmo i f gabst
-> Optic objc c objd d objmmo i f gabst
prof2ex p = p (Optic
(unitorinv @objm @m @o @i @objc @c @f)
(unitor @objm @m @o @i @objd @d @g))

We used the TypeApplications language extension to explicitly pass type
parameters to polymorphic functions.

5.3. Combinators. After constructing optics, an implementation should
provide ways of using them. Many optics libraries, such as Kmett’s lens [20],
provide a vast range of combinators. Each of these combinators works on
some group of optics that share a common feature. For instance, we could
consider all the optics that implement a view function, and create a single
combinator that lets us view the focus inside a family of optics.

This may seem, at first glance, difficult to model. We do not know, a
priori, which of our optics will admit a given combinator. However, the fact
that Tambara modules are copresheaves over optics suggests that we can use
them to model ways of accessing optics; and in fact, we have found them to
be very satisfactory to describe combinators in their full generality.

Remark 5.6. As an example, for any fixed A and B, consider the profunctor
Py p(S,T) = (S — A). It can be seen as modelling the view combinator
that some optics provide.

newtype Viewing a b s t = Viewing { getView :: s -> a }
instance Profunctor Any (->) Any (->) (Viewing a b) where
dimap 1 _ (Viewing f) = Viewing (f . 1)

If we want to apply this combinator to a particular optic, we need it to
be a Tambara module for the actions describing the optic. For instance,
we can show that it is a Tambara module for the cartesian product, taking
C = D = M; this means it can be used with lenses in the cartesian case. In
other words, lenses can be used to view the focus.
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instance Tambara Any (->) Any (->) Any (->) (,)
(,) (,) (Viewing a b) where
tambara (Viewing f) = Viewing (f . snd)

Optic combinators are usually provided as infix functions that play nicely
with the composition operator. Specifically, they have “fixity and seman-
tics such that subsequent field accesses can be performed with Prelude. .
[function composition]” [20].

infixl 8 ~.

() :: s -> (Viewing a b a b -> Viewing a b s t) -> a

(~.) s 1 = getView (1 (Viewing id)) s

5.3.1. Table of combinators. The names of our combinators try to match,
where possible, the names used by Kmett’s lens library [20].

Combinators.

(=) :: s -> (Viewing a b a b -> Viewing a b s t) -> a
View a single target.

(?.) :: s -> (Previewing a b ab

-> Previewing a b s t) -> Maybe a
Try to view a single target; this can possibly result in failure.

(.7) :: (Setting a b ab -> Settingabst) ->b ->s ->t
Replace a target with a given value.
(%) :: (Replacing a b a b -> Replacing a b s t)

> (a->b) -> (s -> %)
Replace a target by applying a function.
(.?) :: (Monad m) => (Classifying m a b a b
-> Classifyingmabs t'') ->b ->ms ->t
Classifies the target into a complete instance.
(>-) :: (Aggregating a b a b -> Aggregating a b s t)
-> ([al ->b) -> [s] > ¢
Aggregates the whole structure by aggregating the targets.
(.1 :: (Monad m)=> (Updating m a b a b
-> Updating ma b s t)->b ->s ->m t
Replaces the target, producing a monadic effect.

5.4. Table of optics. We can consider all of these optics in the case where
some cartesian closed W is both the enriching category and the base for the
optic. This case is of particular interest in functional programming.

Name Description Ref.
Adapter (s ->a), (b ->1t) 3.38
Lens (s >a), (8 ->b ->1t) 3.1
Algebraic lens (s >a) , (ms ->b ->t) 3.8
Prism (s -> Either a t) , (b -> t) 3.16
Coalgebraic prism (s -> Either a (c t)) , (b -> t) 3.8
Grate (s =>a) ->Db) >t 3.29
Glass ((s ->a) ->b) >s >t 3.31

Affine Traversal s -> Either t (a , b -> t) 3.24
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Traversal s -> (Vecna, Vecnb ->t) 3.20
Kaleidoscope (Vecna->b) -> (Vecns ->t) 3.26
Setter (a->b), (s ->t) 3.35
Fold s -> [al 3.34

6. CONCLUSIONS

We have extended a result by Pastro and Street to a setting that is useful
for optics in functional programming. Using it, we have refined some of the
optics already present in the literature to mixed optics, providing derivations
for each one of them. We have also described new optics.

Regarding functional programming, the work suggests an architecture for
a library of optics that would benefit from these results. Instead of imple-
menting each optic separately, the general definition can be instantiated in
all the particular cases. We can then just consider specific functions for
constructing the more common families of optics. Tambara modules can be
used to implement each one of the combinators of the library, ensuring that
they work for as many optics as possible. The interested reader can find the
implementation in Appendix 5.

Many of the other applications of optics may benefit from the flexibility
of enriched and mixed optics. They may be used to capture some lens-like
constructions and provide a general theory of how they should be studied;
the specifics remain as future work.

6.1. Van Laarhoven encoding. This paper has focused on the profunctor
representation of optics. A similar representation that also provides the ben-
efit of straightforward composition is the van Laarhoven encoding [40]. It
is arguably less flexible than the profunctor representation, being based on
representable profunctors, but it is more common in practice. For instance,
traversals admit a different encoding in terms of profunctors represented by
an applicative functor.

Proposition 6.1 (Van Laarhoven-style traversals).

Traversal((A, B), (S, T)) = /F  V(AFB) @ V(S FT).
CAPP

Proof.
/ V(A, FB) @ V(S, FT)
FeApp
>~ {Yoneda}
[ wvias B e vsF
FeApp

>~  {Adjunction, free applicatives}

/F oAb (Z A" o (B, -, F> 2 V(S, FT)

neN
>~ {Coyoneda}
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V (S,ZA”@[B”,T]). O

neN

Exactly the same technique yields lenses and grates [25], using arbitrary
representable or corepresentable profunctors, respectively.

Proposition 6.2 (Van Laarhoven lenses [40]).
LinearLensg g ((A, B), (S,T)) = / V(A,FB)QV(S,FT).
Fev)V]
Proof.

/ V(A, FB) @ V(S, FT)
Fev,V)
=~ {Yoneda}
/ V. VI(A® [B,-],F) @ V(S, FT)
Fev,V)

=~ {Coyoneda}
V(S,A®[B,T]). O

Proposition 6.3 (Van Laarhoven-style grates).

Grate((A, B), (S,T)) = /F o V(FA,B)® V(FS,T).

Proof.
/ V(FA, B) @ V(FS,T)
Fev,V]
>~ {Yoneda}
[ Ve AL B) 0 vEs.T)
FevV]

>~ {Coyoneda}
V([[S,A],B],T). O

6.2. Related work. Pastro and Street [29] first described the construction
of doubles in their study of Tambara theory. Their results can be reused
for optics thanks to the observations of [24]. The profunctor representation
theorem and its implications for functional programming have been studied
by [3]. We combine their approach with Pastro and Street’s to get a proof
of a more general version of this theorem.

The case of mixed optics was first mentioned by Riley [33, §6.1], but his
work targeted a more restricted case. Specifically, the definitions of optic
given in the literature [3, 24, 33] deal only with the particular case in which
V = Sets, the categories C and D coincide, and the two actions are the
same. Riley derives a class of optics and their laws [33, §4.4] that is closely
related to ours in Section 3.6; our proposal makes stronger assumptions
but may be more straightforward to apply in programming contexts. Riley
uses the results of [16] to propose a description of the traversal in terms of
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traversable functors [33, §4.6]; our derivation simplifies this approach, which
was in principle not suitable for the enriched case.

A central aspect of Riley’s work is the extension of the concept of lawful
lens to arbitrary lawful optics [33, §3]. This extension works exactly the
same for the optics we define here, so we do not address it explicitly in this
paper. A first reasonable notion of lawfulness for the case of mixed optics
for two actions (©): M® C — C and (®): N® D — D is to use a cospan
C — E < D of actions to push the two parts of the optic into the same
category and then consider lawfulness in E.

6.3. Further work. A categorical account of how optics of different kinds
compose into optics is left for further work. Specifically, it should be able to
explain the “lattice of optics” described in [3, 30]. Some preliminary results
have been discussed by [35], but the proposal to model the lattice is still too
ad-hoc to be satisfactory. The topic of lawfulness [33, §3] and how it relates
to composition and mixed optics is also left for further work.

The relation between power series functors and traversables is implicit
across the literature on polynomial functors and containers. It can be shown
that traversable structures over an endofunctor 7' correspond to certain pa-
rameterised coalgebras using the free applicative construction [17]. We be-
lieve that it is possible to refine this result to make our derivation for tra-
versals more practical for functional programming.

It can be noted that lenses are the optic for products, functors that dis-
tribute over strong functors. Traversals are the optic for traversables, func-
tors that distribute over applicative functors. Both have a van Laarhoven
representation in terms of strong and applicative functors respectively. A
generalization of this phenomenon needs a certain Kan extension to be given
a coalgebra structure [35, Lemma 4.1.3|, but it does not necessarily work for
any optic.

Optics have numerous applications in the literature, including game the-
ory [13], machine learning [9] and model-driven development [38]. Beyond
functional programming, enriched optics open new paths for explorating ap-
plications of optics. Both mixed optics and enriched optics allow us to more
precisely adjust the existing definitions to match the desired applications.
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