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Abstract

We study a type theoretic definition of weak w-categories originally introduced by Finster and
Mimram, inspired both from ideas coming from homotopy type theory and from a definition of
weak w-category due to Grothendieck and Maltsiniotis. The advantages of such an approach are
multiple: The language of type theory allows for a definition restricted to only a few rules, it also
provides an explicit syntax on which one can perform inductive reasoning, and gives an algorithm
for implementing a proof-assistant dedicated to exploring weak w-categories. The work we present
about this type theory is organized along two main axes: We investigate the theoretical grounds
for this definition and relate it to an other known definition of weak w-categories, and we present
the proof-assistant based on this theory together with practical considerations to improve its use.
We also consider a generalization of this approach to other related higher structures.

We start with an introduction to the language of dependent type theory that we rely on to
introduce our definitions, presenting both the syntax and the semantics that we study by means
of categorical tools. We then present weak w-categories and a type theory that defines them.
We detail the categorical semantics of this theory and our main contribution in this direction
establishes an equivalence between its models and the prior definition of weak w-categories due
to Grothendieck and Maltsiniotis. This definition has enabled us to implement a proof-assistant
capable of checking whether a given morphism is well-defined in the theory of weak w-category,
and we present this implementation together with a few examples demonstrating both the ca-
pabilities of such a tool, and its tediousness in the vanilla version. To improve this issue, we
present two main additional features allowing to partially automating its use: The suspension
and the functorialization. These two operations are defined by similar techniques of induction
on the syntax of the type theory. We then generalize this definition of weak w-categories and
present a type theoretic framework that is both modular enough to allow for defining higher
structures, and constrained enough to precisely understand its semantics. This enables us to
sketch a connection with the theory of monads with arities. Using this framework, we introduce
and study two other definitions of higher structures: Monoidal weak w-categories and cubical
weak w-categories. By using syntactic reasoning we are able to define translations back and
forth between the type theory defining weak w-categories and the one describing monoidal weak
w-categories. One of our main result is to show that these translations imply an equivalence at
the level of models: It shows that the monoidal w-categories are equivalent to the w-categories
with a single object thus justifying the correctness of the appellation monoidal. We then give an
alternate presentation of the type theory defining monoidal weak w-categories, which diverges
from our framework but is more standalone, and prove it to be equivalent to the previous pre-
sentation. We finally introduce in our framework a definition of cubical weak w-categories and
study its semantics, our main result along these lines is to characterize the models of this type
theory and extract a mathematical definition equivalent to them.
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Introduction

Type theory and type theories

Along the developments of computer science and the theory of formal languages, type theory has
revealed itself to play an important role on a theoretical levels in various topics. It was first used
to extend A-calculus, a formalism introduced by Church to model computation [26], to typed
A-calculus, and thus eliminate from the syntax some terms that were problematic because they
could not be normalized. A complete overview of this topic can be found at [10].

Martin-Lo6f type theory. It was then noticed that the rules for constructing and computing
with these types were very similar to the rules for intuitionistic logic, a result known as the
Curry-Howard correspondence. This presents type theory as a natural place to do construc-
tive mathematics, this idea was further developed by Martin-Lof [55], and then Coquand and
Huet [30] (calculus of constructions), leading to the development of the Coq proof-assistant !,
and ultimately of other type-theory based proof-assistants (such as Agda 2, Lean 3). These
systems introduce the notion of inductive types, among which in particular is the identity type,
which expresses the equality between two elements. The construction of this identity is generic
and makes it possible to “stack” them, i.e., to consider identity types between two terms which
are themselves in an identity type, and so on. The structure generated by the interaction of
these identity is very rich and lead in particular to homotopy type theory (that we present in
more details later).

Constructive mathematics in Coq. One of the main successes of type theory is to provide
a language suited to formalize mathematical proofs and software verification, that can be later
computer-checked. This is the principle behind the proof-assistant Coq, in which important
results have been developed. Most notably, in mathematics, it has been used by Gonthier and
Werner [36] to formalize the demonstration of the four-color theorem: A famous question which
had stayed open for a long time and was resolved shortly before. Later, Gonthier and al. [37]
also formalized the Feit-Thomson theorem in Coq, which is a fundamental result in group theory,
upon which relies the classification of finite groups. On a more computational side, Coq has been
used by a team lead by Leroy to implement a completely certified compiler for the language C
called CompCert [49]. Other proof assistants are also getting used on a wider scale, such as
for instance Lean, with which Buzzard has recently started a project [22] to formalize algebraic
geometry. The present document is itself accompanied with a formalization of some of the results,
in the proof-assistant Agda [12], our choice for using this particular proof assistant is motivated

Ihttps://coq.inria.fr/
’https://hackage.haskell.org/package/Agda
Shttps://leanprover.github.io/
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by our heavy use of one of its features called inductive-inductive types, that is well-suited to
work with our problems.

Type theories as generalized algebraic theories. Since the early days of type theories,
Cartmell [23] had noticed that this general guideline could be used as a syntax to express axioms,
and he called the logical theories expressed this way generalized algebraic theories. With the
help of categorical tools, an appropriate notion of semantics was defined to formalize a notion of
model of a type theory. There are various categorical settings to perform this, like comprehension
categories, display map categories, categories with families, natural models, contextual categories.
A survey of these notions can be found at [41]. Note that these tools study type theories in general
and see them as generalized algebraic theories, whereas Martin-Lof type theory is a fixed type
theory inside of which one can develop constructive mathematics.

Weak w-groupoids

The more recent development of homotopy type theory unveils a connection between type theory
and a particular area of topology called homotopy type theory. To understand this connection we
present a brief detour to weak w-categories. Like all other higher structures, they are particularly
difficult to define, and as a result there have been a lot of variations on this definition. In
particular, we mention a definition due to Grothendieck [39], since it has strong connections
with our work.

The fundamental groupoid of a space. Algebraic topology is the study of topological
spaces, by the mean of algebraic tools. A primary example is the one of the so-called fundamental
groupoid. Given a space together with two points, one can study the space of paths between
these points, we consider the data of the set of all points of the space, together with, for all pairs
of points, the set of all paths between those points. Given a path from x to y and a path from
y to z, one can compose them simply by following the first path first, and then the second path.
However, this composition is not associative on the nose, it is only associative up to a continuous
deformation of the paths (a homotopy). To account for this fact, one can quotient the set of
paths by the homotopies, and thus get a structure where the composition is associative: the
fundamental groupoid. Algebraically, this structure is a groupoid, and it defines an invariant of
the space: two homeomorphic spaces have equivalent fundamental groupoids.

The fundamental higher groupoid. Focusing on the fundamental groupoid of a space erases
a lot of information about the space: Intuitively, it only keeps the paths, which are all of
dimension 1 and forgets all the higher dimensional data. Indeed there are known examples
of different spaces such as the 2-dimensional disk and the 2-dimensional sphere (see Figure 1),
that have equivalent fundamental groupoids (topologist justify this claim by saying that they are
connected and simply connected). A way to address this problem is to remember the homotopies

N

Figure 1: The disk and the sphere



in the fundamental groupoid, as an extra structure instead of quotienting them. In doing so, we
make the paths non-associative. Moreover the homotopies themselves can be composed and this
composition is associative only up to a continuous deformation (a 2-homotopy). One can once
again quotient these 2-homotopies to define the fundamental 2-groupoid of a space. Algebraically,
this is an instance of a weak 2-groupoid. We can also iterate this process by taking in account
the 2-homotopies, which require 3-homotopies and so on, and we finally obtain a structure with
infinitely many levels, each of which is equipped with a composition that is associative only up to
the next level. We call this structure the fundamental w-groupoid of a space, and it is the subject
of study of homotopy theory. The usual way of constructing the fundamental w-groupoids of all
spaces is to endow the category of spaces with a model structure and to compute the homotopy
category of this model structure: It is the category obtained by forcing all the weak equivalences
to become isomorphisms. This formalizes the idea of considering the object of the category up
to an appropriate notion of equivalence. For the category of spaces, the space up to equivalence
are called the homotopy types.

Homotopy hypothesis. The homotopy hypothesis states that weak w-groupoids are Quillen
equivalent to the category of homotopy types. Depending on the chosen definition for weak
w-groupoids, it is either a conjecture or a theorem, and it should rather be understood as a
guideline for a satisfactory definition of weak w-groupoid than a theorem: it prescribes that weak
w-groupoids should be a description of the homotopy types. Moreover, most people interested
in providing such a description often require it to be algebraic in a sense that is not fully formal
but generally means that not only cells do compose, but there is also a chosen witness for their
composition. There is at the moment no definition of weak w-groupoid that is known to satisfy
the homotopy hypothesis and recognized as enjoying algebraicity. However, it is mostly admitted
that Grothendieck’s definition of weak w-groupoids (that is algebraic) satisfy this hypothesis. We
admit this result as well, for the sake of giving the motivation of our work, even though it plays
a minor role in this thesis.

Homotopy type theory

One of the major recent development of type theory is homotopy type theory, and it comes from
a subtle observation of the role played by the identity types in Martin-Lof type theory.

Identity types. In Martin-Lof type theory, given two terms ¢, u of the same type A, one can
construct the type ¢ = u, whose inhabitants are proofs that ¢ and w are equal. If ¢t and u are
not equal then the type ¢ = w is not inhabited, and we refer the reader to [63] for a complete
presentation of these types, and of other inductive types. The terms of these types have a very
interesting properties: they can be composed. Given a term p of type ¢t = u and a term ¢ of
type u = v, one can define a term p - g of type t = v, this property is usually referred to as
the transitivity of equality, but since we are working in a constructive setting we prefer see this
as a way to compose two proofs in order to produce a new proof. A natural question to ask is
whether this composition is associative, and it turns out that it is not: if one compute (p-q) - r
and p - (g - t) completely, they define different terms, however, both these terms are of the same
type, and as it turns out, the type (p-¢q)-r = p- (¢-r) is inhabited. Hence the composition
of equality proofs is associative up to an equality proof. This is reminiscent of our description
of the fundamental w-groupoid of a space. Moreover this argument can be repeated for identity
types over identity types, and identity types over identity types over identity types and so on.
Making these arguments formal [52, 64, 2] was one of they key progress of homotopy type theory.



It showed that the iterated identity types naturally endow each type with a structure of weak
w-groupoids.

Homotopy type theory and univalent foundations. The idea of making use of Martin-
Lof type theory in order to study homotopy theory is originally due to Awodey [8], who is at
the origin of the term homotopy type theory. This idea was then backed up by the formal proof
that the identity types carry a structure of weak w-groupoid, which was the original motivation
behind this correspondence. Independently, Voevodsky introduced the univalence aziom |[7],
which provides a way to characterize the identity types between types themselves, and studied
the models of the type theory with univalence within simplicial sets. This initiated the study of
the connection between type theory and homotopy theory as an independent and active field of
research. Since the special year at the IAS about univalent foundations [63], the term homotopy
type theory generally designates a type theory which has both the univalence axioms and higher
inductive types: a generalization of inductive that allows to introduce generators for the identity

types.

Synthetic homotopy theory. Martin-Lof type theory was initially introduced as a setting
to perform constructive mathematics, and homotopy type theory takes this approach further
and provides a setting for synthetic homotopy theory: The types with their iterated identities
are identified with weak w-groupoids, which under the homotopy hypothesis are equivalent to
homotopy types. It then becomes possible to translate a result about the structure of the
identities of a type to a result about the fundamental w-groupoid of a space. Along these
lines various results of homotopy theory have been formalized in one of the implementations of
homotopy type theory, such as the universal cover of the circle [51], some of the homotopy groups
of the spheres [20] and the Blackers-Massey theorem [3]. Usual constructive mathematics can be
seen as a special case of synthetic homotopy theory manipulating only types that are 1-truncated
(i.e., types that correspond to groupoids with no non trivial (> 1)-cells).

Models of homotopy type theory. Homotopy type theory still has a lot of open problems,
among which we are particularly interested in the question of its models. As we have mentioned,
a type theory is a generalized algebraic theory, and so is the case for homotopy type theory.
A legitimate question for an algebraic theory is then to understand its models: all object of a
given category that satisfy the axioms defined by the theory. This line of study is often called
categorical semantics. In the case of homotopy type theory, one is not simply interested by any
model, but specifically by the ones that interpret the identity types as homotopies.

A type theory for the theory of weak w-groupoids. From the rules that generate the
identity types in homotopy type theory, Brunerie [20] has extracted a minimal setting of a
type theory that describe weak w-groupoids. This type theory does not have the type formers
of homotopy type theory, and is less powerful than it, as it does not allow for a developing
constructive mathematics in general. However it pinpoints exactly the process that spans weak
w-groupoids. He has proved that the algebraic theory corresponding to this theory is the theory
of weak w-groupoids, as defined by Grothendieck [39]. Our work is heavily influenced by this
idea, and generalize it to weak w-categories.



Higher categories

We are interested in a generalization of the structure of weak w-groupoid which adds a preferred
direction to each of the cells of the groupoid. These are called weak w-categories. By default,
all our structures are weak, so unless stated otherwise, when we refer to w-categories, we always
mean weak w-categories. Similarly to w-groupoids, w-categories are higher structures, which
make them very difficult to define, and allow for a lot of different definitions. For instance, one
can chose the cells to look like higher dimensional disks, higher dimensional triangles, higher
dimensional cubes, or to have more exotic shapes like the opetopes. As a result, the literature
on w-categories consists mainly in a lot of definitions, along with various proofs of equivalence
between some of these definitions. We refer the reader to the surveys [47] and [25] for a complete
overview of this literature, and we focus on giving an intuitive introduction to a particular
approach to w-categories. This approach was proposed by Maltsiniotis [54], as a variation on the
definition of w-groupoid defined by Grothendieck. We give here a intuitive approach to motivate
our work, and present a formal definition in Section 2.1. This definition was studied extensively
by Ara [4] who has in particular proven it to be equivalent to a definition introduced by by
Batanin [11] and Leinster [48].

Cells and compositions. A weak w-category is a structure that contains n-cells, for each
n € N, that we represent graphically as filling discs in higher dimensions as follows

n | typical n-cell
0 °

3 o@o

In addition, the cells are also required to be able to be composed, when adequate requirements
are met, as is the case for instance for two 1-cells in the following situation

e —— e — @0

or for a pair of 2-cells in one of the following situations, that we call respectively the wvertical
composition and the horizontal composition.

/‘U’\l FETS T
o@o o\l})’o\l})’o

In the second case the composition of the 2-cells relies on the composition of the one cells, as
for composing such a diagram, we first compose the two 1-cells on the top together and the two
bottom 1-cells together. Cells in higher dimension have more and more ways to be composed:
3-cells can be composed in 3 ways, 4-cells in 4 ways, and so on.

Associativity and exchange. These compositions are required to satisfy axioms that gener-
alize the usual axioms of composition in a category, most notably they must be associative. In



the case of the 1-cells, this is the usual associativity, which is usually expressed by the equation
ho(gof)=(hog)o f. Our preferred way of stating this result is by saying that the diagram

defines a composition which is unambiguous. Indeed, one could chose to first compose together
the two cells on the left and compose the result with the cell on the right, or the other way
around, one could compose the two cells on the right and compose the result with the cell on
the left. The associativity requires these two compositions to be equal. Similarly, we require
the associativity for the two compositions of 2-cells, that we can state by the fact that the two
following diagrams define an unambiguous operation.

We also require an additional condition imposing that the two compositions that we have de-
fined on the two cells interact nicely. This condition is called the exchange law, and can also
be expressed in the same way with diagrams. It states that the following diagram defines an
unambiguous operation

e — e —— o
N AN
Intuitively, there are two strategies to compose this diagram: either one can compose horizontally
the two 2-cells on the top together, and the two 2-cells on the bottom together, and then compose
the results vertically, or the other way around, one can compose vertically the two 2-cells on the
left together and the two 2-cells on the right together, and then compose the results horizontally.
The exchange law states that these two ways should be equal. The conditions and associativity
requirements become harder to express as the dimension increases, but can still be fully expressed.

Weak axioms. The presentation that we have sketched until now gives rise to strict w-
categories. Indeed, for every axiom like associativity, we have required an equality between
two composition. Although these are important structure in their own right, our objective is
to study the weak variant of this structure, since it is the right setting to describe situations
arising from homotopy theory or from type theory. Intuitively, to obtain a weak structure, we
need to shift perspective for what it means for a diagram to compose unambiguously: From the
strict point of view that we have adopted until now, it means that there is only one operation
that compose the diagram. In a weaker setting, like from the point of view of homotopy theory,
one would typically only require that there is a contractible space of ways of composing these
diagrams. From our more algebraic perspective, we use a variant of this requirement to be con-
tractible, that we express as follows. We require any two ways of composing such a diagram to
be related by a higher cell that we call a witness. For instance in the case of the associativity,
we require that for any two ways f and g of composing the following diagram

there exists a 2-cell that relates f to g as follows (and since this is for any two ways of composing,
we can switch f and g to get a witness the other way around)

f f
~__ ~_ 7
g g



Weak w-categories are obtained by relaxing all the conditions that we have expressed about
diagrams defining a composition in an unambiguous way the same way as we have just illustrated
for the associativity. Note that the new witnesses that are obtained by these relaxed compositions
are now cells in the categories, and as such, they must compose like any other cell, and these
composition have to themselves satisfy (weak) axioms and so on.

Unbiased categories. This discussion about weak w-categories illustrates how intricate they
are, and shows how defining them with a list of axiom can quickly get out of hands, hence the
necessity to find a more homogeneous way to describe them. One solution is to work with an
unbiased version of weak w-categories, that is, for instance, instead of requiring the existence
of a composition of two 1-cells, we require the existence of such a composition for arbitrarily
long sequences of composable 1-cells. Since one can apply successively the composition of 1-cells
several times, there was already a way to compose such arbitrarily long sequence. Hence requiring
a new way of composing them should lead to equivalent (in a informal weak sense) structures, if
we also require this new composition and the ones that were already there to be equal (again in a
weak sense). Unbiased weak w-categories are obtained by applying this line of thinking to every
dimension and every operation, and defining as primitive any composition of previously defined
operations. It may seem that doing so we add a lot of unnecessary data, but it also allows for
a more homogeneous description of weak w-categories. In fact the w-categories we manipulate
both in type theory and in our corresponding mathematical description are always unbiased.

A type theory for weak w-categories. The definition of weak w-categories due to Maltsin-
iotis [54] is a variation on Grothendieck’s approach to define weak w-groupoids [39]. Using a
type-theoretic approaches, Brunerie has given [20] a reformulation of Grothendieck’s definition
of weak w-categories. Combining both of these approach, Finster and Mimram have carried
over [33] Maltsiniotis’ variation in a type theoretic style similar to Brunerie’s work. This is the
starting point of our approach to weak w-categories, using this type-theoretic definition as a tool.
In their article [33], Finster and Mimram have left several points about this approach unanswered,
most notably about the models of this theory. One of our goals is to answer these questions.
We also discuss about the practical implications of such a theory and the implementation of a
proof-assistant based on it, as well as generalization to other variations of weak w-categories.

Directed type theory. A very common approach in type theory is to use a type theory as
an axiomatic framework in which one can perform mathematics internally. This is the approach
of Martin-Lof type theory and its variants, in which one encounters various constructions such
as the Y-types, and the Il-types, or the identity types, whose behaviour turn out to define the
structure of w-groupoids. There have been several attempts to define a similar type theory where
the identity types carry a direction [50, 58, 56] however none of these achieve at the moment a
structure that adding a direction in all the dimension, that would encompass every type with
the structure of a weak w-category. Our approach is orthogonal to this one, we introduce a type
theory in order to encode the combinatorics of weak w-categories within its rules. This theory
does not have the usual X-types and II-types, and does not intend to be a suitable framework to
perform mathematics or replace set theory.

Structure of the thesis

We first introduce the generic background about type theory, in order to recall the common
notations and conventions of this field. Along with this introduction, we present a fairly generic
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and modular framework we rely on to introduce and study type theories. We also specify the
tools from categorical semantics that we use all along the thesis. In the second chapter, we give
a formal definition of weak w-categories, and present the type theory CaTT that describes these
w-categories and upon which most of our work relies. We then use our categorical semantics
tools to prove the equivalence between the mathematical definition and the type theory we have
introduced. In the third chapter, we study the practical implications of CaTT, and in particular
how it can be used to implement a proof-assistant. We then study two features that allow for
partially automating the usage of this proof assistant. In the fourth chapter we briefly describe
a much more general framework to present higher dimensional theories, using type theory, and
establish connections with similar notions from categorical logic. Finally, in the last two chapters,
we use this general framework to introduce and study two new type theories describing variations
of weak w-categories: monoidal weak w-categories (chapter 5) and cubical weak w-categories
(chapter 6).
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Chapter 1

Introduction to type theory

1.1 Introduction to type theories

We first present the notion of type theory that we extensively use to describe all our theories.
There are many variations and flavors of type theory, as it is more a generic guideline and style for
introducing a theory than a fully defined notion. For our purposes, we are interested in dependent
type theories with weakening, exchange and contraction, and we only present a framework that
implements these features as is usually the case for dependent types. We present two ways for
introducing type theories, as they both provide a different insight, and both have their respective
drawbacks. Our presentation of type theory is heavily influenced by Shulman [59].

1.1.1 Conventions and notations

For our purposes, a type theory is a framework that manipulates four kind of objects, that we
introduce here together with the respective notation conventions we adopt.

— Types : A, B, ...
— Terms : t,u,...
— Contexts : T, A, ...
— Substitutions : v, 0,. ..
In the different styles, these objects will not be implemented in the same way, hence we do not

provide yet a specific implementation for them.

Judgments. These objects are related to each other by the means of judgments, which can be
thought of as the statements that are expressible in the theory. These judgments also come in
four kinds, one for each kind of object the theory manipulates.

'+ T is a well-formed context

A A is a well-formed type in the context I"
I'Ft: A t is a term of type A in the context I
'Fo6:A 0 is a substitution from I" to A

The intuition is that in type theory, the objects we study do not make sense on their own, they
only make sense in relation to one another, and these judgments are our way to express the
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relations: Their are too many expressions and the judgments are a way to select only some
of them. The primary concept that we want to study are types, they can be thought of as
describing the kind of things that a term can be. For instance mathematicians often consider
the type of natural numbers, or the types of real-valued functions. Types are allowed to depend
on arguments, as for example does the type of square real matrices of size n, however this only
makes sense under the assumption that n is a natural number (which we state in type theory as n
is of the type of natural numbers). It is the role of the contexts to encode those assumed types of
the variables used in the types and in the terms. Thus the judgment I' - expresses the fact that
T" defines a valid set of such assumptions, the judgment I" - A expresses the fact that under the
assumptions defined by the context I', A defines a valid type, the judgment I' - ¢ : A expresses
the fact that under the assumptions defined by I' the term ¢ is of type A. Finally substitutions
can be thought of as ways to relate these assumptions: The judgment A F v : I' expresses the
fact that the assumptions A and I" are related in such a way that for everything happening under
the assumptions I' there is a corresponding thing happening under the assumptions A.

Derivations. Type theories are usually formulated in terms of inference rules, these are ex-
pressions of the form

T EE In
J
where J, J1, ..., Jn are all judgments of the theory. The judgment 7 is called the conclusion of
the rule, while the judgments Ji,...,J, are called its premises. These rules can be assembled

into derivation trees, by plugging in, for each premise a rule whose conclusion match this premise.
We write these trees as indicated in the following example

Ji T2 T3 o
Ja TIs
J

A derivation tree whose leaves are all rules with no premises and whose conclusion is 7 is called
a derivation of J, and a judgment in a type theory which has a derivation using only the rules
of the type theory is called derivable, they are the judgments we are interested in. In a given
type theory, a rule

T e In

J
that is not part of the theory is said to be derivable if there exists a derivation tree whose

premises are J1, ..., J, and whose conclusion is . The rule is said to be admissible if provided
a derivation of each of the judgments 71, ..., ,, there is a derivation of 7.

1.1.2 Cut-full type theory

We present our first formulation of the rule of a type theory, following [32], that we call a cut-
full type theory. This style is the closest to the categorical semantics we provide but present
drawbacks for the practical use and implementation of a type theory. It is an intrinsic approach,
in the sense that there is no syntax independently from the rules, and the rules both define the
syntax and specify its behavior at the same time.
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Structural rules. Among the rules that define a theory, we distinguish between the structural
rules and the rules associated to types and terms constructors: The structural rules are shared
by all the type theories we consider, and indicate how the theory is structured around the types
and the terms, in particular they allow for constructing the contexts and substitutions. On the
contrary, the rules for types and terms are specific to each type theory. The term ‘structural rule”
is usually used to designate only some of these rules, along with contractions and weakening; we
use this terminology here which diverges slightly from the norm as these rules are the ones that
generate all the structure of a dependent type theory.

For contexts:

'HA

Zhs T,A+
For types:

AFA TF§: A
'+ Ald)
For terms:

IAR AFt:A TF6:A
I'AF proa: Almr, al [+ t[0] : B[§)
For substitutions:

e I A

'+{):o IVAFmp 4T

'k =EF6:A Abk~:T

'Fidp:T EFq06:T

TF6:A  AAF  Tkt:A]]
T (5,t): (A, A)

The entities introduced in these rules have to interact with each other and satisfy some axioms,
called definitional equalities. We express these axioms in the form of inference rules, and they
have to be understood as, under the conditions in the premise of the rules, the equality between
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the two entities in the conclusion of the rule must hold.

UEE:E EFd:A AbF~:T
Uk (yod)of=~vo0(do&): T

Ab~:T Ab~:T
AF~yoida=~:T AFidroy=~:T
EFo:A AFvy:T r-A 'rA
EF Alyod] = A[y][d] ' Afidrj= A
ZEF6:A AkFvy:T Pt A 'kt A
Ebtlyod] =t[y][0] : Aly o] FkHifidrj=t: A
'k~:9 A+
Fl—’yE<>:® F,Al—idpyAE<7Tp’A7pp’A>
At (y,t): (L)) At (y,1): (T, 4)
Abmpao(y,t)=v:T Ak pral(y,t)] =t: AR

AF (y,t): (T, A) EFd:A
EF{y,t)od = (y04,t[d]): (T, A)

We denote wkr 4(B) the type Blnr 4], and think of it as a weakening: Given a type B in a
context I' it produces a corresponding type in the context I'; A. With this notation, a type
theory as presented above supports the weakening, that is the following rule is derivable

r-A I'-B
I, At wkp 4(B)

These structural rules for type theory are very close to the categorical semantics that we present
in Section 1.2. However, from a computational standpoint they have some drawbacks: Since
we introduce definitional equalities, a same judgment may be derived in various ways. Hence it
is unclear how a type checker could be defined for this system. Indeed, checking the equality
between two expressions, which is essential for type checking, relies on the previously introduced
definitional equalities and requires an algorithm two determine whether two expressions belong
to the same equivalence class, for the equivalence relation generated by those equalities. The
problem of finding such an algorithm is known as a word, and it is known in the general case to
be undecidable. It is complicated, when providing a type theory in this style , to show that its
associated word problem and hence its type checking is decidable.

Type and term constructors. We add new features to introduce types and terms in the
theory that we call type constructor and term constructor. Both of them come with an associated
introduction rules, which explains under which premises it should be used. We illustrate this
concept by defining the introduction for the unique type in a simple type theory with only one
type (by “simple type theory” we mean that the type constructors do not depend on the terms,).
This theory has only one type constructor, that we denote %. Intuitively, we want to describe
a system in which there is exactly one type in each valid context. Our first intuition is then to
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give the following rule
'+

I'F%

However, this rule is problematic, as it clashes with the presentation we have given. For instance,
there are now two derivable types in the context (z : x), namely

*Fx and * = wk, (%)

This comes from the fact that the rule we have given has “built-in” weakening, while the structural
rule also has weakening, hence in order to perform a weakening, one has the choice to either use
the structural rule for weakening applied to the introduction rule, or to immediately use the
introduction rule with the appropriate context, thus skipping the explicit weakening altogether.
In order to correct this problem, a solution is to modify the introduction rule in order to allow
it only in the “minimal context” in which it applies, shaving off the built-in weakening of it. In
our example, the correct rule is

o *

Taking this example into the more complicated territory of dependent type theory makes us
realize that a general pattern for the introduction rules for types of a theory presented in this
form is

r-c¢

where I is a specific context of the theory, and C is a type constructor. For instance, consider
the theory with the constructor x as above, and a constructor —, which given two terms ¢, u of
type x in a context produces a type t — u, then the introduction rule for this constructor is

(z:xy:x)Fz—y

Since types then depend on these “minimal contexts”, which themselves depend on types, this
forces us to define these “minimal contexts” mutually inductively with the rules of the theory and
thus each theory has to be defined and studied separately, as one needs to show every time that
these mutually inductive definition are well-formed. We call a cut-full type theory any theory
implemented in this style, which has all the structural rules as well as introduction rules for types
and terms.

1.1.3 Cut-free type theory

We give a more tractable presentation of type theory. This presentation is closer to the syntactic
aspects, and makes explicit use of the variables (not just as convenience for writing). Moreover,
this setting can be seen as less theoretically robust as the previous one, for reasons we shall explain
after with the presentation of the structural rules. However, it also makes the introduction rules
for types and terms a lot more easier to describe, and matches more the intuition of arity of
operations. We present here an introduction for this style of type theory, and state many of its
properties, without proofs. In Section 4.1, we introduce a precise framework for manipulating
a large number of type theories that we study in a cut-free style, and we have formalized this
framework along with all the properties we state here in the proof-assistant Agda [12]. We thus
postpone the proofs to Section 4.1, where we present our formal proofs for the aforementioned
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framework. This is an extrinsic presentation of a type theory: the syntax exists in its own right
and the rules only allow to specify which of the preexisting syntactic expression have to be taken
as valid from the point of view of the theory.

Signature. In this style of presentation, we make a more heavy use of the syntactic aspect of
type theory, and consider that the contexts, types, terms, and substitutions all have an underlying
expression, which has an existence in its own right. We call pre-contexts (resp. pre-types, pre-
terms and pre-substitutions) the set of all expressions of all contexts (resp. types, terms and
substitutions). We axiomatize these sets, and understand the judgments in a slightly different
way, for instance, we conceive the judgment I' I as statement that makes sense for every pre-
context I', but that is only derivable for the pre-contexts I' that are in fact contexts.

In order to present this style of theory, we start with a infinitely countable set of variables V
(whose elements we denote z,y,...). We also assume type constructors and term constructors,
each of them being equipped with an arity that is a natural number. We then define by induction

— Pre-contexts to be lists of couples (x : A) where z is a variable and A a pre-type. The
empty list is denoted @, and concatenation is denoted (T',z : A)

— Pre-types to be the expressions formed by C(¢1,...,t,) where C is a type constructor of
arity n and tq,...,t, are pre-terms.

— Pre-terms to be either variables or expressions of the form T'(¢1,...,t,) where T is a term
constructor of arity n and ¢4,...,t, are pre-terms

— Pre-substitutions to be lists of couples (z — t) where x is a variable and ¢ is a pre-term.
The empty list is denoted () and concatenation is denoted (7, — t)

Given a syntactical expression, we define its set of variables, by induction on the syntax as follows
Var(2) =0 Var(T',z : A) = Var(T') U {z}

Var(C(ty, . .. 1)) = CJ Var(t);

Var(z) = {z} Var(T(t1,...,tn)) = U Var(¢);
Var(()) = {} Var(y,z — t) = Var(y) U Var(t)

Intuitively, they are all the variables needed to write the corresponding expression. For a type
or a term, this set is often referred to as the set of free variables. For substitutions, we do not
consider the variables appearing on the left of the mappings x + t as they are merely placeholders
for defining the action.

We say that = appears with type A in T" and write (x : A) € T if either T' = (I, 2 : A) or
I'=(T",y: B) with (z: A) € T and y # «. Similarly, we say that the mapping (x — t) appears
in v or that v sends x to ¢t and write (x — t) €  if either v = (v, — ) or v = (v, y — u)
with (z — t) € 4 and = # y.

Action of substitution. In this style of presentation, we can combine together syntactic
entities to get another syntactic entity, which gives a computation directly on the syntax of the
theory, regardless of the derivation rules. More precisely, the pre-substitutions act on the pre-
types and on the pre-terms: Given a pre-substitution vy and a pre-type A (resp. a pre-term t),
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we define the pre-type A[y] (resp. the pre-term ¢[]). This action can be defined by induction on
the syntax with the following formulas

— For each type constructor C of arity n:
Ctr,.. ., to)[Y] = Clta[v], -, ta[?])

— For each variable x:

t ify=ux
x[y] otherwise

2] = 2,y 8)] = {

— For each term constructor T' of arity n:
T(uy,. .. un)y] =T(wa[y];- - unlr])

This action also lets us define a composition of pre-substitutions: Given two pre-substitutions =y
and 4, it produces a new pre-substitution § o 7y, that we define inductively as follows.

(Jov=20 0,z t) = (S0, x> t[])

It is sometimes convenient to think of this composition as the pre-substitution v acting on the
right on the pre-substitution §, by analogy with how it acts on types and terms. These actions
are compatible in the following sense

Proposition 1. Given two pre-substitution §,y, for any pre-type A, we have A[d o y] = A[d][7]
and for any pre-term t we have t[d o y] = t[d][7]

We also define a particular pre-substitution idr associated to a context I' that we call the identity
substitution of I' by induction as follows

idg = <> idF,z:A = <idr, T $>

By definition of the action of substitutions, this substitution satisfies for all pre-type A, A[idr] = A
and for all pre-term ¢, t[idr] = ¢, and thus for all substitution §, § oidr = 4.
Structural rules. In a cut-free type theory, the judgments are subject to the following struc-

tural rules.

For contexts:

'A
E(EC) W(CE) Where x ¢ Var(T')
For terms:
N (x:A)e F(VAR)
I'txz: A

For substitutions:
AFvy:T Nzx: Ak AFt: Al
AF{(yvyz—=1t): (T,z:A)

(ES) (SE)

AF():o

In this presentation, most of the rules that were primitive in the previous one become computable
operations on the objects of the syntax. We thus define the substitutions 71 4 and idr, as well
as the composition of substitutions o and the action of substitutions on terms A[y] and ¢[y] from
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the rules that we have presented here, and then show that these definitions satisfy on the nose
the definitional equalities that we have previously introduced. Hence this presentation enjoys
the uniqueness of derivations: Each derivable judgment has only one derivation. However, note
that the rule (VAR) allows for the derivation of the judgment I' - z : A without ensuring that the
judgment I' F A is also derivable. It relies on the fact that weakening for types can be derived
from the introduction rules for types and terms. So in this presentation, not all introduction
rules give a valid type theory, only the ones that allow for derivability of the rule of weakening for
types in order to ensure the important properties that we want type theories to satisfy, presented
in Proposition 2.

Types and term constructors. In practice, in order to ensure that weakening for types is
valid, and hence that the whole theory enjoys the properties of Proposition 2, we only allow for
introduction rules for types and terms that have “built-in” cut. Considering again our example
of a simple type theory with only one type %, in this style, the introduction rule for x is now

'+
I'Fx

In general, in this setting, a type constructor C or arity n obeys a rule of the form

F"tliAl F}_tnIAn
THC(t,... tn)

whereas a term constructor T' of arity n obeys a rule of the form

ThHt A - I'tt,:A4, TF+B
F}_T(tl,...,tn)ZB

The reader familiar with variations of Martin-Lof type theory may notice that this particular
form for the rules does not capture X-types and II-types - In fact we do not allow for any variable
bindings: All the variables in a term are free. The rules allowing for variable bindings are also
expressible in a way that builds-in the cuts, and we need not restrict ourselves here to rules
that disallow them for the rest of our presentation of cut-free type theories. However, since we
only use rules that prevent variable bindings, we have proved and formalized all our results in a
framework that only allows these rules.

Proposition 2. In a cut-free type theory, all the entities that appear in a derivable judgment
are also derivable, and these theories support the weakening. Moreover, valid expression only use
variables declared in the context. More precisely, the following hold

— For every derivable judgment A F A, the judgment A & is also derivable.

— For every derivable judgment A Ft: A, the judgments A+ and A+ A are also derivable.

For every deriwable judgments A+~ : T', the judgments A+ and T' F are also derivable.

— For every derivable judgment (A, x : A) b, if the judgment A = B is derivable then so is
(A,z: A)F B.

— For every derivable judgment (A, x : A) b, if the judgment A+t : B is derivable then so is
(Ajxz: A)Ft: B.
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— For every derivable judgment (A, x : A), if the judgment A b~ : T is derivable then so is
(Ajz: A)F~:T.

— For every derivable judgment A+ A, we have Var(A) C Var(A).
— For every derivable judgment A+t : A, we have Var(t) C Var(A).

— For every derivable judgment A &~ : T, we have Var(y) C Var(A), and moreover writing
v = (x; = ti)o<i<n and T' = (y;  Ai)o<i<m we necessarily have n = m and for all i,

Cut admissibility. The action of pre-substitution that we have defined is compatible with the
rule and hence lifts on substitutions.

Proposition 3. The following rules are admissible

AF~y:T A AbF~:T 'kt A
At Al Aty : Al

Composition, identity and projections. The composition of substitution and the identity
substitution that we have defined on the pre-syntax is also compatible with the structural rules
of the theory

Proposition 4. The following rules are admissible

AkF~:T '+é:2 I+
ZFdoy: A I'kFidp: T

Note that Proposition 2 combined with this result also shows the admissibility of the rule

Te: Ak
Nz:AkFidp: T

In order to distinguish between the two, we denote 7 4 the identity pre-substitution seen in the
judgment as above. Hence all the structural rules of the cut-full style type theory are valid in
the cut-free style type theory, either as structural rules or only as admissible rules.

Equalities. All the definitional equalities that we have introduced in the cut-full version also
hold our the cut-free presentation computationally. We have already mentioned some of these
that hold regardless of the derivability:

Ald o] = A[d][] t[0 0] = t[6][7]
(v, tyod = (yodx t[y])

Others only hold under the assumption that they are derivable, and we have:

— Given three substitutions W ¢ : = ZF §: A and A F v : T, the following equality holds

vo(6og) =(yod)of

20



— For any substitution A F ¢ : I', the following equality holds (Note that we have already
proved the other unit, as it holds directly on the syntax)

idp o =46
— For any substitution A b (y,z — t) : (I',x : A), the following equalities hold

A0 (Y, T 1) =7 z[{y, v t)] =t

For any substitution A v : &, we have v = ()
— For any context (I, x : A) I, we have idr ;.4 = (mp 4, 2 — )

Hence a cut-free type theory implements completely a cut-full one, but enjoys better computa-
tional properties: Whereas the equalities were assumed in the cut-full type theory, they simply
hold on the syntax in the cut-free type theory. More precisely, the following result holds

Proposition 5. For any cut-free type theory T, there exists a cut-full type theory T such that T
every (derivable) context (resp. type, term, substitution) in the theory T translates to a context
(resp. type, term, substitution) in the theory T', and conversely. The composition of the two
translations gives the identity on the theory T and produces on the theory T’ an expression which,
while not necessarily syntactically equal, is always definitionally equal to the one we started with.

This proposition relies on the particular form of the types and terms constructors, and proving
completely such a result is beyond the scope of this thesis, however we can provide an intuition
of how this correspondence works, in particular for substitutions: a non-empty substitution is
always of the form A F (y,z — t) : (I',z : A) in the theory T, thus we can send it, in the
theory 7" onto the substitution obtained by (vy,¢'), where 4 is the translation of v and t', the
translation of t. A substitution in 77 however may be of several forms: If it is of the form idr,
we can send it on the substitution idr, where I' is the translation in 7" of I, this is allowed
since idr is defined in the theory 7. Similarly, if it is of the form ¢’ o 4/, we can send it on
the substitution § o v where ~ is the translation of 4’ and § the translation of ¢’, and similarly
for all the other possible forms for a substitution in 77. From these associations, we can see
that taking a substitution from 7" into 7" and then back to T yields the same substitution we
started with. Conversely, starting from a substitution of 77 and taking it into 7' and then back
to T’, we may change the term: If for example the original term of T” is of the form ¢’ o +/,
then it gets translated as a composite in T', which is an operation on the syntax and thus can be
computed to yield a substitution of the form (x; — ¢;); this substitution is translated in T onto a
substitution obtained by iterating the ( , ) construction. Since the definitional equalities in T”
are also satisfied in 7', the new substitution that we get is definitionally equal to the substitution
we started with, but has been reduced in the process. In fact this two ways translations between
the two theories gives a normalization procedure on the theory T': Any expression of T” can be
written in a unique way as an expression from 7', thus defining a preferred orientation for the
definitional equalities. This entire discussion holds for cut-free type theory that do not assume
any definitional equality. In the case of cut-free type theories that assume definitional equalities,
the equalities may interact in complicated ways, and there may not exist a normal form, hence
there may not exists a unique expression of T' corresponding to an expression of T”. However,
the structural part of the theory T” can still be reduced, and while not presenting a normal form,
the theory T still presents a reduced version of the theory T”: It has less assumed definitional
equalities.
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Substitution extensionality. All the cut-free type theories also satisfy the following result,
that is not theoretically very meaningful, but very important for reasoning

Lemma 6. Given two substitutions A+~ : T and A+~ : T such that for all variable x in T,
we have the equality x[y] = x[y], then v =~'.

Proof. We prove this by induction on the context I
— For the context &, we necessarily have v =" = ().

— For a context of the form I' = (I'g,x : A), we necessarily have v = (yo,z — ¢) and
v = v,z — u), with A~y : T'and A~ : T'. Then for all variable y in T', either y = =,
or y is a variable of I'g. Hence our assumption shows that z[(yo,x — t)] = 2[(y), z — u)]
which translates to ¢ = u, and for all variable y in T, y[vo] = y[y(]- By induction this
shows that vy = 7{. O

Uniqueness of derivation. Cut-free type theories provide a setting which may enjoy unique-
ness of derivations i.e., every derivable judgment has exactly one derivation, when this was
impossible for cut-full type theory. Indeed, the structural rules of the type theory do not clash
with each other: Every syntactic construction corresponds to a unique rule. This property may
however depend on the type and term constructors along with the assumed definitional equali-
ties between them. We prove and formalize that this property holds for a specific framework in
Section 4.1 and Section 4.3, and admit for now that it holds for the theory we introduce.

1.1.4 Categorical structure of a type theory

The general framework that we have given both in a cut-free and in cut-full style for type theories
ensures that, no matter what the terms and type constructors are, the theories expressed by this
framework satisfy some properties and are endowed with a general structure. The aim of the
categorical semantics that we introduce in Section 1.2 is to characterize precisely this structure,
but we motivate it by the notion of syntactic category.

Syntactic category In both styles of type theory, the existence of identity substitutions and of
composition of substitutions, as well as the associativity of the composition, and its left and right
unitality show that the contexts and the substitutions can be assembled into a category. Given
a type theory T, we call its syntactic category, and we denote St the category whose objects
are the (well-formed) contexts I' F in T, and whose morphisms A — T" are the (well-formed)
substitutions A F ¢ : " in T". Since both styles of presentations also satisfy other properties, such
as existence of types and terms, together with an action of substitutions on both, the syntactic
category of a type theory actually carries more structure than a mere category, characterizing
precisely this structure is the aim of Section 1.2

Our convention. For our purpose, we always present type theories in a cut-free style. We also
implicitly work at the level of the syntax on a theory, and sometimes emphasize that we work on
the pre-syntax by using the words “expression” or “syntactical”. In Section 1.2, we introduce the
categorical semantics of a type theory in a formalism closer to the cut-full version of the type
theory, and use our previous discussion showing that the cut-free type theories also implement
the structure of a cut-full type theory to ensure that this formalism encompasses the explicit
type theories we work with.
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Variables in the syntactic category. When constructing the syntactic category of a type
theory presented in a cut-free style, we consider all the judgments of the theory up to a-
equivalence, that is we identify two judgments that differ only by the names of their variables,
but have the same inductive structure. For instance, given a type constructor x as above, the
contexts (x : %,y : x) and (y : x, z : x) define the same objects in the category. There are various
ways of achieving this. Firstly, we can replace in the type theory “contexts” by “equivalence
classes of contexts” and “substitutions” by “equivalence classes of substitutions”. This has the
drawback that the entities in the syntactic category do not correspond to syntactical entities,
but to equivalence classes of them. Another solution is to add conditions on the variables that a
context is allowed to use, to ensure that only one of the possible order is allowed. This amounts
to choosing a syntax that gives a specific representative for each of the aforementioned equiv-
alence classes. Examples of such conditions are the de Bruijn indices or the de Bruijn levels,
which both require the variables of a context to be consecutive natural numbers starting from 0.
The drawback of this approach is that one is that one cannot for instance consider the context
(0:%,1:%,2: %) and remove the middle variable to obtain the context (0 : x,2 : %), as the latter
is ill-formed, and forces us to carry the identifications of variables with substitution, instead of
having simply the same name. In our presentation, we extensively rely on the names of variables
for the sake of readability. However, we assume that there is an equivalent formulation of the
theory using de Bruijn levels, and implicitly rely on it to keep a correspondence between the
entities in the syntactic category and the syntax.

1.2 Semantics of type theory

We study additional structure that the syntactic category of a type theory is endowed with, and
use this to give a framework for defining the notion of model of a type theory. We also give a
connection with other notions of theory formulated in categorical logic, hence justifying partially
the fact that a type theory indeed corresponds to a notion of theory.

1.2.1 Categories with families

We now give a categorical description of the type theories that we use to interpret a type theory in
a category (especially in the category of sets). This gives the semantics of the theory. Interpreting
the theory can be thought of as giving an incarnation of its axioms in the category, and thus
corresponds to the notion of model of a theory. We work specifically in the formalism of categories
with families, introduced by Dybjer[32], but other categorical models have been considered for
type theory, such as categories with attributes [23], comprehension categories [42], display maps
categories [62], and natural models [6], we refer the reader to [41] for a survey on these notions.
We use categories with families to describe our specific case of type theory, but it is a much
more general formalism and can encompass a lot of other features one may require a type theory
to have, like ¥-types or Il-types, and they have been studied extensively by Clairembault and
Dybjer 28, 27, 24].

Categories with families. We write Fam for the category of families, where an object is a
family (A;);er of sets A; indexed in a set I and a morphism f : (4;)ier — (Bj)jes is a pair
consisting of a function f: I — J and a family of functions (f; : A; = By )icr-

Suppose given a category C equipped with a functor T': C°? — Fam. Given an object I" of
C, its image will be denoted

TT = (Tml,) ATy
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i.e., we write Ty' for the index set and ng for the elements of the family. By analogy with a
type theory, for a morphism ~: A — T an element A € Ty and an element ¢ € ng, we write
A[y] = T~(A) the image of A in Ty®, and t[y] = Ta~(t) the image of ¢ in Tmf,‘m. With those
notations, the functoriality of T' can be written as

Ao 0] = Al][3] t[o 0 8] = t[o][0]
Alid] = A tlid] = ¢

for composable morphisms of C.

A category with families (or CwF') consists of a category C equipped with a functor as above
T : C°°? — Fam, such that C has a terminal object, denoted @, and that there is a context
comprehension operation: given a context I' and type A € TyF, there is a context (T',A),

together with a projection morphism 7 : (I, A) — T" and a term p € ng[;r'?), such that for every

morphism o : A — T' in C together with a term ¢t € Tmﬁ[g], there exists a unique morphism
(o,t) : A — (T', A) such that p[{(o,t)] = t:

(', A4)

<of>_ LT lﬂ

A%F

In a category with families, the class of display maps is the smallest class of morphisms containing
the projection morphisms 7 : (I, A) — I" and closed under composition and identities.

Proposition 7. The syntactic category of a type theory is endowed with a structure of category
with families, where for every context T, Ty' is the set of derivable types in T and ng is the
set of derivable terms of type A in T

Proof. For a cut-full type theory, this is a direct translation of the structural rules of the the-
ory, together with the equation it satisfies. Since we have asserted that a cut-free type theory
completely implements a cut-full type theory, and satisfies the same equations, it gives the same
structure to the syntactic category of a cut-free type theory. O

Given a category with families C, we define its presheaf of types Ty : C°P — Set which associates
to each object T the set Ty', as well as its presheaf of terms Tm : C°° — Set which associates
to each object T the set | | AeTy" ng. There is a natural transformation Tm = Ty associating

for each term in Tmﬂ the type A € Ty'. The axioms of category with families can be expressed
in terms of representability of this natural transformation (c.f. [6]).

Models. A morphism between two categories with families (C,T) and (C’,T"), is a functor
F : C — C' together with a natural transformation ¢ : T — T’ o F, such that F preserves
the terminal object and the context comprehension operation. A 2-morphism 6 between two
morphisms (F,¢) : T — T" and (F',¢’) : T — T’ is a natural transformation 6 : F; — F» such
that THo ¢ = ¢'.

We define a large category with families in a similar way, as a large category equipped with a
functor into families of large sets indexed by a large set, and satisfying the exact same properties.
Note that a category with families can be seen as a large category with families. There is a
structure of category with large families on the category Set, where, given a set X, Ty~ is the
(large) set of all function f : Y — X with codomain X and given such a function f :Y — X
Tmf is the (large) set of all sections of f. We define the (large) category of models of a category
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with families C to be the category whose objects are the morphisms of categories with families
from C to Set, and whose morphisms are the 2-morphisms of categories with families. We denote
Mod(C) the category of models associated to a category with families C.

Pullbacks along display maps. The structure of category with families encompasses a com-
patibility condition between context comprehension and the action of morphisms on the type,
expressed by the following lemma. In particular, it states that all pullbacks along display maps
exist and that they can be explicitly computed from the given structure.

Lemma 8. In a category with families C, for every morphism f: A —T inC and A € Ty", the
square

(A&, A L) (1, 4

/| Js

A——7T

f
is a pullback, where 7' : (A, A[f]) = A and p' € Tmfﬁb’cﬁﬂ) are obtained by context comprehen-
ston.
Proof.
] ’K‘
(for',p’

Consider the term p € ng[;f]l), then plo] € Tmf[ﬂ][a] = ng[f][t?]' By context extension, we
get a map (4,plo]) : © — (A, A[f]) such that 7’ o (§,plo]) = ¢ and p'[{J, p[o])] = p[o]. Since
moreover p' = p[(f o 7’,p’)], the term equality gives in fact plo] = p[(f o ', p") o (4, p[o])],
which is a necessary condition for the upper triangle to commute, thus proving uniqueness of
the map. We just have to show that this map makes the upper triangle commute. Notice that
mo(fon p')o (s plo]) =moo, and plo] = p[(f on’,p) o (4, p[o])], by universal property of the
extension for morphisms, this implies the commutativity of upper triangle. O

Lemma 9. Let C and D be two categories with families, together with a morphism (F,¢): C — D,
then for any object T in C together with an element A € Ty" and for any morphism v : A — T
in C, the following equation is satisfied

Proof. By definition of a morphism of category with families, we have
F(A, Al)) = (F(A), (¢a(AN]))
Moreover by naturality of ¢, the following square commutes

Ty" ér TyFm)

_ml l_[m

TyA éa TyF(A)
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thus ¢ (A]7]) = (ér-A)[Fa]. -

Note that Lemma 8 allows to understand this result as the fact that F' preserves the pullbacks
along the display maps. In fact one can understand the formalism of category with families
as a way to define a category with a choice of pullbacks along a certain class of maps, while
also ensuring that this choice of pullback is split: the composition of two pullbacks is not only
isomorphic to the pullback of the composition, but is equal on the nose. Syntactically, this
translates into the equality (A, A[y o d]) = (A, A[Y][4]).

A characterization of the models. The pullbacks along the display give a nice characteri-
zation of the models of a category with families

Lemma 10. The category of models of a category with families C is isomorphic to category of
functors C — Set that preserve the terminal object and the morphisms along the display maps.

Proof. Lemma 9, the underlying functor of a morphism of category with families preserves the
pullbacks along the display maps, and by definition, such functor has to preserve the initial object
as well. So it suffices to prove that a functor F' : C — Set preserving the initial object and the
pullbacks along display maps gives rise to a unique model. Consider such a functor F', together
with an object I' in C and a type A € Ty'. Suppose defined ¢ such that (F, ¢) is a model of
C, then necessarily F(T', A) = (FT, ¢rA) = ¢rA by definition of the context comprehension in
Set. Thus necessarily ¢p(A) = F(T', A). Consider a term ¢t € TmY, then there is a morphism
(idp,t) : T' — (T, A), and by definition of the category with families structure of Set, we then have
F((idr,t)) = (idpr, ¢r,a(t)) = t, which proves that necessarily ¢r 4(t) = F({idr,t)). Conversely,
these assignments define a natural transformation ¢, which make (F, ¢) into a model of F. [

This condition relies on the specific structure of category with families of Set: It may not be true
in general that the morphisms of categories with families between two arbitrary categories with
families C and D are isomorphic to the functors preserving the display maps and the pullbacks
along them. It also justifies retrospectively not to be too precise about the size issues with Set,
as one may as well ignore the structure of category with families on Set altogether, and define
a model as a functor C — Set that preserves the terminal object and the pullback along the
display maps.

Contextual categories. In order to carry some inductive constructions that we can perform
on the syntax on a theory, and treat them in full generality, we introduce the notion of contezrtual
category. These are precisely the categories with families with extra structure making those
inductive construction possible, they were introduced by Cartmell [23] and studied later on by
Streicher [61] and Voevodsky [65] under the name of C-system.

Definition 11. A contextual category is a category with families C together with a map ¢
associating to each object T' of C a natural number ¢(T") called its length, such that

— the terminal object & is the unique object such that (&) = 0,
— for every object I and type A € Ty", ¢(T, A)=4T)+1,

— for every object T such that ¢(T') > 0, there is a unique object I together with a type
A e Ty" such that T' = (I, A).
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Note that a contextual category is usually defined to be a category with attributes satisfy-
ing such properties. However, since categories with families and categories with attributes are
equivalent, we will also refer to these as contextual categories. Also note that, the notion of
contextual category is not invariant by equivalence of categories. Their use is justified by the
following proposition

Proposition 12. The syntactic category of a type theory is naturally endowed with a structure
of contextual category.

Proof. In both the cut-full and the cut-free styles, the objects of the syntactic category are
contexts, that are formally lists. Hence they are naturally equipped with a notion of length,
which by definition satisfies all the expected properties. O

Given a contextual category C, an object I' whose length is strictly positive is obtained in
a unique way as I, A, and we simply write mp : I' — (I, A) (or even ) instead of mp/ 4. We
also write zr for the term prv 4 in ng[ﬂ, thought of as a variable. More generally, we declare
that a term is a variable when it is of the form zp[n] where 7 is a display map. Note that in a
contextual category, if 7 : A — I' is a display map, then necessarily {(A) > [(I'). This implies
that the variables of a non-empty context (I', A) are either 2 4), or of the form x[m(p_4)] where
x is a variable of T'.

The following lemma shows that a map in a contextual category is entirely characterized by
its action on variables in its target context, it is a categorical analogue of Lemma 6 that we have
stated on the syntax.

Lemma 13. Consider two maps v,0 : A — ', in a contextual category, such that for every
variable z in T, z[y] = z[0]. Then v =24.

Proof. We will prove this result by induction on the length of the context I :
— If I is of length 0, then necessarily, I' = @ is the terminal object, and thus v = 4.

— If T is of length I + 1, then it is of the form (I”, A), and there is a substitution = : T' — I".
Suppose that there are two substitutions ,6 : A — I', such that for all variables = of T,
we have z[y] = z[0]. Note that we necessarily have v = (w o7, 2r[y]) and § = (7 0 4, zp[d]),
as it is the case for every substitutions. Then for the variable xzr, we have zr[y] = zr[d].
Moreover, for every variable  of IV, z[n] is a variable of I", and thus z[r][y] = z[x][d],
which proves z[r o 4] = z[7 0 §], and y induction hypothesis, m oy = 7 0 §. We thus have
proved that (7 o~,zr[y]) = (7 0 d, 2r[d]), i.e., v = 4.

O

Looking back at the cut-full versus cut-free. This discussion gives more insight about
the different presentations of the cut-full and the cut-free type theories. Both can be seen as
describing a universal category with families: Roughly speaking the syntactic category of a type
theory is the initial category with families that satisfy all the rules for types and terms of the
theory (i.e., the non-structural rules). This a bold claim, as in most cases, it is just a conjecture
(known as the initiality conjecture), whose quest for a proof is still a very active project [66, 5].
However, in the cases we are interested in, this claim is fairly reasonable to check, and for the
sake of this discussion, we assume that it is the case, if not strictly at least up to some technical
details that do not hamper the main idea. The two styles of type theory can be understood as
two presentations of this universal category with family (and moreover, both these presentations
enjoy a notion of length for object and hence give a structure of contextual category). The
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cut-full type theory is then akin to a standard presentation, where all the structure is in the
generators, and all the relations between them are required as relations, whereas the cut-free
type theory is comparable to a reduced presentation.

1.2.2 Most general unifiers

Let C be a category with families and T’ an object of C. Given a type A € Ty' and two terms
t,u € Tmﬂ of the same type A, we call a most general unifier of ¢ and v an object I'/;—,,
together with a map ¢ : I'/;—, — T such that ¢[¢] = ule] and every map ¢ : A = T" in C such
that ¢[o] = u[o] factors uniquely as o = £5:

A—2—T

B TE
o A

F/t:u

f

Given two morphisms A ——=< I" we also denote A/ s—, the equalizer of f and g in A, to emphasize
g

the similitude between the two universal properties.

Theorem 14. A contertual category C which has most general unifiers for every pair of terms
of the same type has all finite limits.

Proof. By definition of a category with families, C has a terminal element, so it suffices to prove
that it has all pullbacks. Consider a cospan in C
S}
0
A — r
We prove by induction on the length of T" that this cospan has a pullback.

— If T is of length 0, then it is the terminal object, and by uniqueness, § = 7©). Since the
successive pullbacks exist along all the display maps 7, this cospan admits a pullback.

— If T is of length [ + 1, then it is of the form (I, A) with IV of length [, and A € Ty" . Then
by induction, the following cospan has a pullback, denoted X

¥ 0
o2 - lWF”Ao (11)

!
A ﬁr',A r

From this pullback, we will construct the pullback of the original cospan, the following way.
Take the universal term p = prv 4 € ngl[ﬂrl ,)» 1t gives rise to two terms in X, t = plfo1]
and u = p[dos]. These two terms have respeétive types A[fo1mr 4] and A[doomr 4], thus
by commutation of the diagram (1.1), these two terms have the same type. Thus we can
construct their most general unifier e : ¥/;,—,, — 3, and we will now check that the following

diagram is a pullback
Y/ imw —5 O

e lle

A—g—
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First we will show that this square commutes. First note that by commutation of the
diagram (1.1) we have the equality

w(fore) = w(doze)

Moreover, by definition of the most general unifier, we have that t[e] = u[e], which rewrites
as vr|foie] = vrldoze], so by Lemma 13, it follows that the above square commutes. Now
take another commutative square of the form

Moreover, by commutation of this diagram, t[¢] = vr[fo1€] = vr[0&1] and u[€] = vr[dés].
By commutation of the initial diagram, this proves that t[{] = u[£]. By definition of the
most general unifier, this implies that £ factors as £ = e£. This gives a unique factorization
as

O

Most general unifiers and equalizers. Consider a category with families C, two morphisms
in the following form

(7.t)

A ——= (I 4)

()
Proposition 15. Suppose that the equalizer e : A/ — — A exists. Then the equalizer
A/ iy py=( ¢y exists if and only if the most general unifier of tle] and t'[e] ewists in A/ —,
and if so, they are isomorphic.

Proof. Suppose that the equalizer e, : A/, yy—(y ¢y — A exists, then by definition, we always
have that {v,t)e; = (v/,t')ey, so composing both sides by the projection 7 : (I'; A) — T yields
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the equality ve, = 7’e;. This proves by universal property of e that e, factors in a unique
way as ey = eu, with u @ A/ (v )y = A/y=y. We show that u satisfies the universal
property of the most general unifier of ¢[e] and t'[e]. Consider a map f: X — A/ =/ such that
tle][f] = t'[e][f], then we have by definition of e, the equality vef = ~v'ef, and by definition of f,
tlef] = t'[ef], hence by universality of the operation (_, ), this shows that (y,t)ef = (v/,t')ef,
so by definition of e, there exists a unique map f such that ef = e f . Using our decomposition
of ey, we have ef = eu f, and since e is an equalizer, this shows f = uf. Thus we have proved
that u satisfies the universal property of the most general unifier. Conversely, consider the
most general unifier of t[e] and t'[e] in A/,—=,/, in order to simplify the notations we denote it
w:U — A/ =,. We show that the map eu is the equalizer of (7,t) and (7/,t'). Consider a
map f : X — A such that (y,t)f = (y/,¢')f, then composing with the projection on the two
sides yields vf = 4/ f, and hence, since e is the equalizer f factors in a unique way in f = ef.
Moreover, we have t[f] = t/[f], which now translates to t[e][f] = [¢][f], and since u is the most
general unifier of ¢[e] and #'[e] there is a unique factorization of f into wf, which gives a unique
factorization of f in f = euf. Hence U is the equalizer of (v,t) and (', t'). O

Under the assumption that enough equalizers exist, we can iterate this result and express any
equalizer as a sequence of most general unifiers. A sufficient condition for this would be that
whenever the equalizer of (v,t) and (y/,¢') exists, so does the equalizer of v and 7/, and we
conjecture that this is the case in all the type theories we consider. Under this assumption, the
most general unifiers can be seen as the generators of the equalizers of the category.

Primitive most general unifiers. We now define a class of most general unifiers that we
call primitive: these are the ones that have to exist because of the structure of category with
family. Let C be a category with families (it needs not be a contextual category), and consider

an object of the form (T, A), and a term u € Tm &

Alnr. o) the most general unifier (T, A)/ pra=u
always exists and is given by

(idr,u) : T — (T, A)
Indeed, consider a map f : A — (I, A) such that u[f] = pr a[f], then f factors uniquely through
(idp,u) as
p S g
mr,af /
f

A

Suppose that T' is an object and ¢ and u are two terms with the same type A, such that the
most general unifier I'/;—,, — T exists. Consider A to be a sequence of context comprehensions,
such that I'; A is a well defined object, and wa be the corresponding display map obtained by
composing all the projection maps. Then the most general unifier of t[ra] and u[A] in the context
" exists, and it is computed as the following pullback (which exists since ma is a display map)

DA iieal=ufra] -~ T, A

©
TA
I')imy ——— T
Consider an object I' and a term ¢ in I' along with two maps f,g : A — I'. Then the most

general unifier of ¢[f] and t[g] exists if and only the most general unifier of f and g exists, and
when this is the case, they are equal.
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Define a primitive most general unifier to be a most general unifier of one of the following
form

— (I, A)/pp a=u Where u is a term of type A[rr 4] in (T, A)

— T, A/ijnal=ulra] Where I'/;—, is a primitive most general unifier

— T'/41f1=tq) Where I'/y—, is a primitive most general unifier
And for substitutions a primitive most general unifier is one of either of the following form

- T/o=0

— T'/(4.y=(g,uy Where both A =T/;—, and A/;[j—y[g are primitive most general unifiers
Lemma 16. Any category with families has all primitive most general unifiers.
Proof. By construction, we have defined the primitive most general unifiers from the pullbacks
along the display maps, which exist in any category with families. O
Models preserve primitive most general unifiers.

Theorem 17. If F is a model of a contextual category C, then F preserves the primitive most
general unifiers.

Proof. Since all the primitive most general unifiers are constructed only with context compre-
hension and morphism extension constructions, and that a model preserves these on the nose, it
has to preserve all the primitive most general unifiers. O

Corollary 18. If F' is a model of a contezxtual category C such that all most general unifiers are
primitive, and such that whenever the most general unifier of {y,t) and of (v',t') exists, so does
the most general unifier of v and ', then F preserves all the finite limits that exist in C.

Proof. Since F' is a model, it preserves all the pullbacks along display maps, and in particular
it preserves the products (since for any object ', the map I' — & is a display map). Moreover,
any equalizer e can be written as a series of most general unifiers, that are all preserved by F,
and hence can be iterated in Set and define F'(e) as the image equalizer. Hence F' preserves the
products and the equalizers, so it preserves all the finite limits in C. O

In particular, in a type theory that does not postulate definitional equality, all the most general
unifiers are primitive. This will be the case for our theories where the definitional equality of
terms will correspond to their syntactic equality.

1.2.3 Categorical notions of theories

We now introduce tools from categorical logic that formalize the notion of a theory, and of models
of a theory by the means of categories. This gives comparisons with the tools we have introduced
to study type theory, and allows us to understand a type theory as a language to manipulate
axioms of a theory.
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Lawvere theories. Category theory provides a framework in which it is possible to formulate
some axiomatic theories in a very elegant way, with the notion of product only. Indeed, consider
a category C whose objects are the natural numbers 0, 1, ..., and such that n + m is always the
categorical product of n and m (with 0 the terminal object), together with a functor F' that
preserves the finite products. Then F' defines a set X = F(1), and for all other n, we have
F(n) = X", the morphisms of C then give operations, and in particular a morphism p: 2 — 1 in
C provides an binary operation m = F(u) : X? — X. Finally the equalities between morphisms
in C provide equalities between operations, in particular, from a commutative square

3 2
|
2 1

we get an equation written as Va, b, c € X, u(a, u(b, ¢)) = pu(u(a,b), c). Other equalities could give
other equations, but the functor F' always corresponds to a set equipped with a specific structure.
Conversely, given an axiomatic theory, and under appropriate restriction, there exists a category
C as above such that the functors C — Set preserving the finite products are exactly the sets
equipped with these axioms. This lets us interpret such a category C as being an axiomatic
theory, and with this interpretation, the functors preserving the finite products are exactly the
models of the theory. This construction has been introduced by Lawvere [45] and is now known as
a Lawvere theory, the axiomatic theories that correspond to a Lawvere theory are called algebraic
theories.

pux1
—

“w

Gabriel-Ulmer duality. A more powerful notion of theory expressed in a categorical language
is given by the small finitely complete categories. These are the categories that have not only all
the finite products, but also all the finite limits. Such a category C defines an essentially algebraic
theory, i.e., a notion of theory similar to the algebraic theories, but allowing partially defined
operations, and its models are the functors C — Set that preserve the finite limits. Gabriel and
Ulmer [35] have showed that these categories assemble into a bicategory, and the functor which
associates its models to each essentially algebraic theory is a bi-equivalence. This characterizes
exactly the structures that can be expressed by an essentially algebraic theory, which are called
the locally finitely presentable categories.

Generalized algebraic theories. As motivated by the two previous examples, the notion of
a theory can be presented categorically by the existence and preservation of finite limits. The
case of Lawvere theory restricts only to finite products, whereas Gabriel-Ulmer duality requires
all finite limits. Contextual categories can be seen as a sort of intermediate between these two,
where the limits required are the pullbacks along display maps. In contextual categories all the
unique maps to the terminal object ! : I' — @ are display maps, thus a contextual category has
all products, but it does not necessarily have all limits. Hence the intuition is that contextual
categories lie in between Lawvere theories and finitely complete categories. This justifies the use
of the terminology generalized algebraic theory introduced by Cartmell [23] to denote a theory
that is categorically expressed as a contextual category. This comparison can even be taken a step
further: multi-sorted Lawvere theories need to have objects freely generated by a finite set. One
can understand the types and the length of objects in a contextual category as a convenient way
to express a condition of the set of objects being freely generated, and the terms as a convenient
way to express the existence of additional morphisms between two objects, that don’t come from
the limit structure. We illustrate how contextual categories can be understood as generalizations
of Lawvere theories with the following results
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Proposition 19. Contextual categories which only have a single type associated to each object
are equivalent to Lawvere theories.

Proof. Consider a contextual category C which has only one type associated to every context, to
simplify the notations, we denote * the unique type in any object, and note that any two objects
I" and A of the same length are necessarily equal. Indeed, the only object of length n in the
category is given by (%, ...,*). We thus simply denote n this object. Using this notation, we see
that 0 is the terminal object, and the map n — 0 is a display map by definition of a contextual
category. Thus we can consider the pullback of 1 — 0 along this map, which computes the
categorical product n x 1 as the object (n + 1). By iterating this construction, we prove that
the categorical product n x m is given by the object (n + m), hence C is a Lawvere theory.
Conversely, given a Lawvere theory C, we ca define the length of the object n to be n for every
object, and define the set of type associated to each object to be a singleton. We then define
the set of terms of the unique type associated to the object n to be C(n, 1), so that a morphism
f:m — n naturally acts on a term ¢t : n — 1 as to f : m — 1. We can check that this defines a
contextual category. O

Morita equivalence. Thinking of contextual categories as a generalization of Lawvere theo-
ries, allows us to interpret our notion of type theory: it provides a syntax to work internally to
a contextual category. Note that it would be wrong to conceive a type theory as a generalized
algebraic theory, because different syntaxes may yield the same contextual category (this is com-
monly referred to as a Morita equivalence). Rather we think of a type theory as a particular
presentation of a generalized algebraic theory, the same way a set of axioms gives a presentation
of a theory but different sets of axioms may define the same theory.
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Chapter 2

A type theory for globular
w-categories

2.1 The Grothendieck-Maltsiniotis definition of w-categories

This entire section is a quick presentation of the definition of weak w-categories given by Maltsin-
iotis [54], relying on the ideas for defining weak w-groupoids introduced by Grothendieck [39].
The aim is to introduce the notions that the type theory CaTT relies on, as well as the notations
we will use for these notions. For a more in-depth study of this definition, one can refer to the
original article by Maltsiniotis [54] or by a full account of this definition by Ara [4]

2.1.1 The category of globes and globular sets.

Similar to how the regular categories are supported by graphs, w-categories are supported by a
structure called globular sets. These are generalization of graphs that do not only include vertices
and arrows, but also arrows between the arrows (2-cells), arrows between the 2-cells (3-cells)
and so on. A convenient way to define the category of globular set is as a presheaf category.

The category of globes. We denote G the category whose objects are the natural numbers
0,1,... and whose morphisms are generated by the graph

g0 g1 g2

0 ¢ 1 ¢ 2 ¢ .o

To T1 T2

subject to following coglobular relations:
0i+100; = Ti4100; Oi+10T; =Ti410T;

The category of globular sets GSet = G is the presheaf category over the category G. Given
a globular set G, we write G,, instead of Gn. Equivalently, a globular set is a family of sets
(Gn)pew equipped with maps 9, G;r : Giy1 — G satisfying the globular relations, dual to the
coglobular relations

d; 00, =0; 00,

+ a— _ o+ o+
i+1 070071 =0 00;

i+1

When it is non-ambiguous, we only write 8~ and 9T, leaving the dimension implicit. Globular
sets may also be characterized by coinduction: a globular set is a set X equipped with, for all
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pairs 2,y € X, a globular set. Given an object n, the associated representable Y(n) is called the
n-disk and is usually written D™. It can be explicitly described by

{o_,0 }ifi<n
(D™); =< {e}ifi=n
fifi>n

with 97(_) = e_ and *(_) = e,. We also denote o, : D™ — D""! the image of the map o,
by the Yoneda embedding. Explicitly, this map is the identity in all the dimensions ¢ < n, and
it is characterized in dimension n by o, (e) = e_. Similarly, we denote 7, : D™ — D"*1 the
image of 7 by the Yoneda embedding, and it characterized by its action in dimension n given by
Tn(®) = e, . As is the case for any presheaf category, the Yoneda embedding G — GSet realizes
GSet as the free cocompletion of G.

The n-sphere. Given n € N, the n-sphere S™ is the globular set, equipped with an inclusion
(" 8™ — D™, defined by
— §71 = () is the initial object, and ) < D! is the unique arrow,

— §"*+1 and (/"1 are obtained by the pushout

L

STL c n D’I’L

o]

Dn SnJrl

Lnt1
.

Dn+1

Finite globular sets. A globular set G is finite if it can be obtained as a finite colimit of
representable objects. It can be shown that this is the case precisely when the set || G; is

1EN
finite, because all representables themselves satisfy this property. We write FinGSet for the full
subcategory of GSet whose objects are the finite presheaves. We sometimes call a finite globular
set a diagram, and describe it using a diagrammatic notation. For instance, the diagram

f
/\) h
SR
g

denotes the finite globular set GG, whose only non-empty cell sets are

Go = {z,y, 2} G1={f,9,h} G2 = {a}
and whose the sources and targets are defined by
O (f) == o (f) =y
07 (9) == 9 (g) =y
9= (h) =y ot(h) =z
O (o) = f 0 (a) =g
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Disks and spheres are finite globular sets. In small dimensions, they can be depicted as

DO = . SO — o °

l)l = e — @ Sl — o ~ °
— ~_ 7

D?2 = e \\ﬂ;h ° G2 — o ﬂ:::E .

FinGSet is the free cocompletion of G by all finite colimits since all the representables have
a finite number of elements. This means that FinGSet has all the finite limits, the Yoneda
embedding corestricts to Y : G — FinGSet, and for all category C with all finite limits equipped
with a functor F : G — C, there is an essentially unique functor F : FinGSet — C preserving
the finite limits such that FY = F.

FinGSet — ¢

YT/

g

2.1.2 Globular extensions

In the following, we consider a category C equipped with a functor F': G — C, such a functor is
called a globular structure on C. In this case, we denote D™ the object F'(n) of C, and we still
denote o, and 7, the images by F' of the morphisms o, and 7,,. When there is no ambiguity,
we may write o and 7, leaving the index implicit, moreover, we write also o (resp. 7) to indicate
a composite of maps of the form o (resp. 7). Dually, for a category C, a functor F : GP — C
is called a coglobular structure, and we denote respectively by D™, d;F and 9, the images by
F of [n], o, and 7,,. We thus always denote ¢ and 7 families of maps satisfying the coglobular
relations and 9~ and d* families of maps satisfying the globular relations.

Globular sums. In the category C equipped with a globular structure, a globular sum is a
colimit of a diagram of the form

D;, D,
NN e
l)jl l)jz

D

D;,
Jk—1

It will be useful to encode such a colimit by its table of dimensions

i i i
J1 J2 ot Jr—1

We give a few examples in the category FinGSet of finite globular sets that can be described as
a globular sum, using the diagrammatic notation, together with their associated dimension table

globular set | dimension table
«— e — e < ! 0 1 )
N 2 2 1
c— re—— e
NI b
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Intuitively, the globular sets that can be written as a globular sum are the ones that are well
ordered and that do not have a hole. We sometimes write D™ [, D [{ 1, ... [1pix_1 D' the
globular sum with a dimension table as above, leaving implicit that the coproduct is taken with
the iterated source and iterated target maps. Similarly, in a category equipped with a coglobular
structure, a globular product is a limit of the diagram of the form

D;, D,,
i t
l)jl l)jz

D

D;

k

Jk—1

It will also be convenient to denote it by its table of dimensions, we use the same notation and
distinguish between the two by the variance of the globular structure.

i i i
Ji J2 v Jr—1

If C has a globular structure and D has a contravariant globular structure, we will say that a
globular sum in C and a globular product in D are dual to each other if they share the same
table of dimensions.

Globular extensions. A category C with a globular structure F'is called a globular extension
when all the globular sums exist in C. Given two globular extensions F': G — C and G: G — D,
a morphism of globular extensions is a functor H : C — D such that H o F = G, and preserving
globular sums. Dually, a category with a contravariant globular structure that has all globular
products is called a coglobular extension, and the opposite notion of morphisms defines morphisms
of coglobular extensions.

The category ©g. There is a universal globular extension ©q, which is called a globular
completion. It is the initial object in the category of globular extensions, or equivalently it is
characterized by the fact that for any globular extension G — C, there is a unique morphism
of globular extensions ©y — C. Note that if © is a globular completion, then Og" is a glob-
ular cocompletion, that is for every coglobular extension G°? — C, there is a unique morphism
Oy — C. The objects of the category Oq are called pasting schemes, and it can be characterized
as the full subcategory of GSet whose objects are globular sums. Note that globular sums are
always finite globular sets, and thus, using our diagrammatic notation, we give a few examples
of pasting schemes, together with the dimension table of the corresponding globular sum.

pasting scheme globular sum
("o )
e —>e— e 0
N 2 2 1
e —— e — @
N oo

Combinatorial description of ©y. The pasting schemes can be defined inductively. For this
we need an operation ¥ which given a globular set X produces the globular set X defined by
(2X)g = {e_,e;} and (¥X),4+1 = X,,, with for all z € Xy, 07 (z) = e_ and 9" (z) = e, in
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¥ X. This operation is to be compared with the topological notion of suspension. Given two
globular sets of the form XX and XY, we define the globular set ¥ X x XY as the disjoint union
of ¥X and XY, where we have identified the object o, from XX with the object e_ from XY.
Categorically, it is a pushout of the following form

DOt . wvx

1

Y —— XX x XY
This lets us formulate the following equivalent characterization of the objects of Oq:

Lemma 20. A pasting scheme is either the globular set D°, or is obtained in a unique way as a
sequence of the form X X7 x XX X ... x XX, where Xq,...,X, is a list of pasting schemes,
and every such sequence defines a valid pasting scheme.

Proof. We sketch an idea of the proof, and mainly show how to unravel this correspondence. First
note that for all i, XD? = Dt! so an expression of the form Y1 D% x £2D0 x ... x £ DO is
by definition the globular sum whose dimension table is

11 iy ... in
0 ... 0

It now suffices to show that for a pasting scheme X the globular set ¥X is again a pasting
scheme, whose dimension table is obtained from the dimension table of X by adding one to
every number. O

In practice, we can switch in between two notations as follows: the top row in the dimension
table indicates the total number of ¥ that are applied to every of the D® whereas the bottom row
indicates the total number of ¥ that are applied to every x operation. The previous example
can now be completed with this additional notation

pasting scheme globular sum ‘ decomposition
1 1 0 0
. e s e . YD° x XD
VIR,
o L o —— o 2 2 1 (XD x ©D%) x £DO
N L

There are a lot of equivalent combinatorial characterizations of the pasting schemes, among which
we distinguish
— Dyck word:: They are words on the alphabet {(, )} which correspond to good parenthesizing
of an expression, for instance (() is not a Dyck work since there is a mismatch, whereas
(O(0)) is a Dyck word. To use this representation in practice, we associate to D° the empty
word, to the globular set XX, the word (w) where w is the Dyck word associated to X, and
we associate to XX x XY the concatenation of w and w’, where w is the word associated
to XX and w’ is the word associated to XY . This provides the following correspondence

pasting scheme ‘ Dyck word

o —— e —— o 00
PN

o —— e —— e | ()00
N5
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— Batanin Trees: [11] There is a bijection between the object of ©p and the trees. This
essentially comes down to the fact that trees satisfy the same inductive definition as pasting
schemes : a tree is either a leaf or a list of trees. The correspondence between trees
and pasting schemes is well known, and stronger results than a mere bijection have been
proved [4, 18, 43]. In practice, we associate a leaf to the globular set D°, and we associate
to the globular set XX the tree obtained by adding a single vertex as the new root, and
a single edge from this vertex to the root associated to XX. Similarly, we associate to
¥ X x XY the tree obtained by adding a single vertex as the new root and by adding two
new edges from this vertex, one that goes to the root of the tree associated to X and the
other one to the tree associated to Y. With our previous example, this gives the following
correspondence

pasting scheme Batanin tree

e |V

T \Q/
e —— 6 — o
N,

— Non decreasing parking functions: These are non decreasing functions over an integer
interval f : {0,...,n} — {0,...,n} such that f(0) =0, f(n) = n and for all 4, f(i) > i.
We can picture these as diagrams like the following, plotting only the over diagonal part

of the function. M

This is our preferred description as it is visual and makes the dimension table easily read-
able: the successive heights of the peaks give the first row of the dimension table, whereas
the height of the valleys in between the peaks gives its second row. The example we have
given thus corresponds to the dimension table

3 2 1 2 2
1 0 0 1

and out previous examples give the following correspondence

pasting scheme Non-decreasing parking function

. /\/\/\
e —— 6 — @

NG

In fact, pasting schemes entertain close relation with Catalan numbers, which are one of the
most ubiquitous sequence of numbers, and thus have a lot of equivalent definitions.
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Source and target of pasting schemes. A pasting scheme X naturally comes equipped with
a source and a target, that are two distinguished globular subsets of X which are also pasting
schemes. Since the source and target are isomorphic globular sets, we will define a unique object
0X along with the two inclusions which identify 0X as a subobject of X

ox,7Tx : 0X - X

For a pasting scheme X defined by a table as above, we first define the pasting scheme 90X
obtained from X by lowering all the cells of maximal dimension by one dimension. It is thus
given by the table

ot U where i, = Z.klfz.m.<z .
J J2 ot Jk—1 i—1ifiy, =1
Note that this definition may produce tables that do not strictly fall under the scope of globular
sums, as presented before, since it is possible to have the equality

tm = jm = ierl = 1—1

However when it is the case we will choose the corresponding iterated sources and target to be
the identity maps (i.e., the map iterated 0 times). We can then introduce the following rewriting
rule, that does not change the colimit and thus exhibits 0X as a pasting scheme

G B G

We illustrate this notions with our running examples, combining all the six equivalent repre-
sentations of pasting schemes we have given. In both of these examples, we indicate first the
wrong dimension table, with possibly repeating numbers, and then simplify them to the actual

40



dimension tables.

pasting scheme X border 0X
1 1 0 0 - 0
0 0
e —— e —— @ [ ]
ZDO X ZDO D(]

00

\ .
AVAN

2 2 1 1 1 1 - 1 1
1 0 1 0 0
Y
e —> e —— @ e —— e —— o
L,
Y(ED° x DY) x £D° ¥D° x £D°

(OO 00

A% v/
YN AN

Now we can define the two inclusion maps ox and 7x to induced by the families

Oipm - Dim — Dim T - Dim — Dim
___[idp, if iy < ___ [ idp,, if iy < d
tm c:D;,_1— D, if Ty, = 1 tm T7:D;_1— D, if Ty, = 1

We provide a visualization of the inclusions maps ox and 7x for our two running examples, using
the diagrammatic representation of pasting schemes
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Globular theories. Let G — C be a globular extension, then by universality of the globular
completion, there exists a unique morphism of globular extension F : Oy — C. The globular
extension G — C is called a globular theory if the functor induced by F' is faithful and is an
isomorphism on the isomorphism classes of objects. Whenever it is the case, we can up to
equivalence identify ©g as a (in general non-full) subcategory of C, all the objects of C are
equivalent to an object of this subcategory. Up to equivalence, the globular theories are thus the
categories obtained by adding morphisms to O, without adding isomorphisms: It is a category
whose objects can be described as the pasting schemes. A morphism of globular theories is a
morphism of the underlying globular extensions. A morphism f of a globular theory C is said
to be globular if it is in the image of ©y. Dually a coglobular extension G°? — C is called a
coglobular theory if C°P is a globular theory.

2.1.3 Weak w-categories

The notion of a globular theory formalizes a theory in the globular sets, for which the operations
we introduce may have generalized arities that have all the shapes allowed by the pasting schemes.
For instance, consider the following pasting scheme C' that we describe as a diagram and as a

globular sum
D! D!
e —> e —— e \ /
DO

together with a globular theory C in which there is a morphism x : C' — D'. Then a functor
F : C°? — Set induces a coglobular structure on Set, which is the same as a globular set X;
suppose that F' preserves the globular products of C°P for this coglobular structure. The functor
F then sends the morphism g onto an operation m : X (1) x x oy X(1) — X(1), that is given
two 1-cells f,g € X (1) such that O (f) = 9~ (g), the operation m gives a 1-cell m(f,g) € X(1).
Moreover, the interaction of p with o and 7 in C specify the source and target of the cell obtained
by applying m. This shows that a globular theory expresses a notion of theory allowing the inputs
to have shapes specified by the pasting schemes. This situation is analogue to Lawvere theories:
The objects are freely generated by a class of colimits (sums for Lawvere theories, globular sums
for globular theories), the additional morphisms define operations, and the equality between
the morphisms give axioms. Weak w-categories fall precisely under this scope, and thus can be
defined as a particular globular theory.

Admissible pairs of arrows. Let G — C be a globular extension, two arrows f,g: D' — X
in C are said to be parallel when

fooi=goo; fori=gom

If C is a globular theory, then a morphism f of C is said to be algebraic, when for every de-
composition f = gf’, with g globular, then g is an identity. Intuitively, an algebraic morphism
is a morphism f : D' — X of C that is “full” on its source, i.e., it cannot be decomposed as
f': D' = X' followed by an inclusion X’ < X They are the primitive morphisms of the form
D' — X, in the sense all the other morphisms of this form are obtained as an inclusion of an
algebraic morphism. A pair of parallel arrows f, g : D’ — X is called an admissible pair if either
both f and g are algebraic, or there exists a decomposition f = ox f' and ¢ = 7xg’, with f’ and
g’ algebraic. A lift for an admissible pair f,g: D' — X is a morphism h : D*t! — X such that
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ho=fand htr =g
Di—l—l

T
D $g X

Dually, in a coglobular theory C, an arrow is said to be coalgebraic if its opposite is algebraic in
the globular theory C°P, and a pair of arrows is called a coadmissible pair if the opposite pair is
admissible in C°P.

Cat-coherator. The definition of weak w-categories relies on the notion of cat-coherator. In-
tuitively a cat-coherator defines a globular theory obtained by freely adding lifts to ©¢ until
every pair of admissible arrows has a lift. The definition is a bit technical since every lift added
creates new pairs of admissible arrows, for which there needs to be lift, and hence requires taking
the limit of an iterative construction. We refer the reader to [54] for the formal definition of a
cat-coherator and only introduce the Batanin-Leinster cat-coherator ©.,. Since it is the only
one that we use, we usually refer to the Batanin-Leintser Cat-coherator as “the cat-coherator”;
it is defined to be the colimit

O ~colim(®@) 501 20y — - >0, =)

Where ©,, is given by induction on n. Define E,, to be the set of all pairs of admissible arrows
of ©,, that are not in E/, for any n’ < n. Then we can define ©,,11 to be the universal globular
extension of ©,, obtained by formally adding a lift for each pairs in F,,. In other words, for each
globular extension f : ©, — C such that the image by f of all pairs of arrows in F,, has a lift in
C, there is an essentially unique globular extension f , which preserves the chosen lifts and makes
the following triangle commute

@n — @n+1

\vf

C

Weak w-categories. We define a weak w-category to be functor F' : ©% — Set which pre-
serves the globular products in ©2 , for the globular structure on Set induced by F. The cate-
gory of weak w-categories is the full subcategory of (3; whose objects are exactly the presheaves
that are weak w-categories. Under a mild conjecture, Ara has proved [4] this definition to be
equivalent to a definition originally proposed by Batanin [11] and reformulated by Leinster [48].

2.1.4 Identities and compositions

We work out the definition of the identity 1-cells and the composition of 1-cells in weak w-
categories. They are the most basic constructions and we reserve more advanced examples
for Section 2.4.2 where they are given in a type theoretic style. We refer the reader to [54, 4] for
more examples in this style.

— Identity of a O-cell: The pair of maps (idpo, id po) is an admissible pair of arrows D° — D°,
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hence there exists a lift

Dl

I

DY —= D°
idpo

For every weak w-category F : O% — Set together with an element zz € F(DV), this allows
us to define its identity 1-cell i(x) € F(D') to be i(x) = F(v)(x). Moreover, by definition,
0~ (i(z)) = 07 (i(x)) = x as expected for the identity 1-cell on z.

— Composition of 1-cells: We consider the globular sum given as D' [[0 D'. Then there
are two canonical maps t1,t3 : D' — D' [[ 50 D', and we consider the following admissible
pair (v10,127) : D® — D[]0 D*. This provides the lift

Dl

L1

D —= D[]0 D!
LT

For every weak w-category F : ©%® — Set, a pair of composable 1-cells is the same as an
element (f,g) : F(D'[[po D), and the element f - g := F(c)(f,g) € F(D"') defines its
composition. By definition, 8~ (f - g) = 8~ (f) and 87 (f - g) = 91 (g), as expected for the
composition.

2.2 A type theory for globular sets

We first introduce and study a type theory to study globular sets. We later on build the type
theory for weak w-categories on top of this theory.

2.2.1 The type theory GSeTT

We call our type theory to work with globular sets GSeTT and introduce it in a cut-free style.
After studying its properties, we discuss briefly on how to describe the same theory in a cut-full
style.

Type constructors and introduction rules. Since we have already introduced the struc-
tural rules for type theories in a cut-free style, we only need to specify the type and term
constructors, along with their introduction rules. This theory has no term constructors, hence
the only terms are variables, and we introduce infinitely countably many type constructors: the
constructor  of arity 0, and for all n € N\ {0}, the constructor —,, of arity 2. These are subject
to the following introduction rules

T'Ht:% I'Fu:x

(x-INTRO) (—1-INTRO)
I'F% I'Ht—1u

'tz —ony I'Fu :x—,y

— -INTRO
F l_ t —>n+1 u ( ntl )

This theory can be presented in a much more efficient way, taking advantage of the uniformity
of all the rules (—,-INTRO), to encompass all of them in one and only rule. For this we replace
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all the type constructors —,, by a single type constructor — which takes as arguments one type
and two terms, subject to the following introduction rule

I'A 'kt A T'tu:A

(—-INTRO)
't 7 U

Note that this constructor does not strictly correspond to the framework given in Section 1.1, as
it takes a type as an argument. However, it can be viewed as a short-hand for the previous family
of constructors —,,, which does correspond to this framework. For this reason, we still consider
this theory as part of the framework. In order to relate these two formulations, we introduce the
notion of dimension of a type, that we define as follows

dimx = —1 dim(t:)u)zl—i—dimA

We also define the dimension of a term I' - ¢ : A in a context to be 1+ dim A, and the dimension
of a context to be the maximal dimension among its variables. Then, replacing the type ¢ 7 U

by the type t —, u where n = dim A + 1 everywhere it appears shows the equivalence between
the two theories. Formally, it defines an equivalence of categories with families between their
syntactic categories. Under this correspondence, the action of substitutions on types in the theory

with the constructor — is given by (¢ - w)[y] = (¢[v]) m (u[y]). This ensures automatically
7

that all the properties that we checked in Section 1.1 are also satisfied by this type theory. From
now on, are only interested about the formulation with only two type constructors x and —,
and we call the resulting type theory, with no term constructors GSeTT. We refer the reader to
Appendix A.1 for a complete description of all the rules of this theory in a single place.

2.2.2 Formalization

We have fully implemented this type theory in our Agda formalization! as well as proved most
of its properties. More specifically, we have proved all the syntactic properties that we have
mentioned, but we have not proved the categorical facts, to avoid the use of categories with
Agda which is not straightforward. We refer the reader to Appendix B for a summary of all the
result we have formalized.

Conventions and structure. For the formalization we have chosen to use de Bruijn levels to
encode the variables, so it slightly differ with the presentation we give here. All the formalization
relative to the type theory GSeTT is located in the folder called GSeTT/. We define the syntactic
expressions corresponding to contexts, types, terms and substitutions in the file Syntax.agda,
along with the syntactic properties: variables of an expression, action of substitutions. In the
file Rules. agda we state all the rules of the theory, and prove that they satisfy the Proposition 2
that we have stated for all type theories. In the file CwF-structure.agda we have formalized all
the properties showing that this theory satisfies the defining equations of a cut-full type theory,
and in the file Uniqueness-Derivations.agda we have proved that every derivable judgment is
derivable in a unique way. Additionally, we have also proved in the file Dec-Type-Checking. agda
that the derivability for all the judgments of the theory is decidable. We present a part of our
formalization here, in particular the definition and the statements of the results that we prove.

Thttps://github.com/ThiBen/catt-formalization/
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Definition of the syntax. The pre-syntax, where we define the expressions for contexts, types
terms and substitutions is declared in the file Syntax.agda as follows

data Pre-Ty : Set
data Pre-Tm : Set

data Pre-Ty where
* : Pre-Ty
= : Pre-Ty — Pre-Tm — Pre-Tm — Pre-Ty

data Pre-Tm where
Var : N — Pre-Tm

Pre-Ctx : Set,
Pre-Ctx = list (N X Pre-Ty)

Pre-Sub : Set,
Pre-Sub = list (N x Pre-Tm)

and we define the action of substitutions on types and terms

_[_1Pre-Ty : Pre-Ty — Pre-Sub — Pre-Ty
_[_]Pre-Tm : Pre-Tm — Pre-Sub — Pre-Tm

* [ v JPre-Ty = *

= Atul vy IPre-Ty = = (A [ v JPre-Ty) (t [ v 1Pre-Tm) (u [ 7 ]Pre-Tm)
Var x [ nil ]Pre-Tm = Var x

Var x [ v :: (v , t) ]Pre-Tm = if x = v then t else ((Var x) [ 7 ]Pre-Tm)

_o_ : Pre-Sub — Pre-Sub — Pre-Sub
nil o v = nil

(v :: x,t))od=((yo0d) :: (x, (¢t [0 1Pre-Tm))

Judgments and rules of the theory. We then define the judgments in the file Rules.agda,
as inductive inductive types, following, where the inference rules give the generators

data _FC : Pre-Ctx — Set

data _FT_ : Pre-Ctx — Pre-Ty — Set

data _Ft_#_ : Pre-Ctx — Pre-Tm — Pre-Ty — Set
data _FS_>_ : Pre-Ctx — Pre-Sub — Pre-Ctx — Set

data _FC where
ec : nil FC
cc : V{I'AYy > T'HFC - I'FT A — (I" :: ((length I') , A)) FC

data _+FT_ where
ob : V{I'} - T HFC — I'FT %
ar : V{Ir''Atuw} =T t#A > T+Ftu#A—>TFT =Atu

data _+Ht_#_ where
var : V{Il x A} - I'+FC - x# A e — I Ft (Var x) # A
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data _FS_>_ where

es : VA{AY - AFC - A FS nil > nil

sc : V{A T vyx At} > AFS~y>T — (I :: (x, b)) KC
— AFtt# (A [~ JPre-Ty)
= AFS (v 12 x, ) > U :: x, M)

Note that in this theory, the judgment _FS_>_ is not mutually inductive with the others and could
be defined separately, however in more complicated theories, we define it by mutual induction
and thus proceed the same way here. We then prove in this file the easier properties satisfied by
these rules, and particular we prove cut admissibility

OT : V{ A Ax}Y > T FTA
- AFS~y>T
— A FT (A [ v ]Pre-Ty)
(t : VAt Ay > T Ftt#A
- AFSy>T
— AFt (t [ v ]Pre-Tm) # (A [ v ]Pre-Ty)

Structure of category with families. In the file CwF-Structure.agda, we proceed with
showing all the equalities that define the syntactic category and endow it with a structure of
category with families. We have already proved cut admissibility, we now prove in particular
the functoriality of the application of substitutions and the associativity and unitality of the
composition

[T : V{I' AOG A~ 6 - T FT A

— AFS~y>T
- O Fsd> A
— ((A [ v 1Pre-Ty) [ § 1Pre-Ty) == (A [ v o 0 ]Pre-Ty)
[cJt : V{[T AO Aty —>TFtt#A
- AFS vy >T
—- O Fs6> A
— ((t [ v JPre-Tm) [ § 1Pre-Tm) == (t [ v o & ]1Pre-Tm)
o-admissibility : V{[ A O v} - AFSy > 1T
- OFsd> A
- O FS (yod) >1T
o-associativity : V{[ A O E~v§ b > AFS~y>T
- OFsd> A
-+ =ZFs6>0
— ((y 0 d) o8) == (yo (§d o))

o-left-unit : V{I' A v} > AFS v > 1T
— (Pre-id I o 7) == v
o-right-unit : V {A v} — (y o Pre-id A) == v

Uniqueness of derivations. In the file Uniqueness-Derivations.agda we prove by mutual
induction that every derivable judgment is derivable in a unique way, by showing that the type
of derivations of this judgment is contractible [63]|, using a terminology from homotopy type
theory. We can simplify the statement even further by showing that every judgment defines a
proposition, again in the sense of homotopy type theory
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is-prop-FC : V I' — is-prop (I' FC)
is-prop-FT : V I' A — is-prop (I" FT A)
is-prop-Ft : V I' At — is-prop (I' Ft t # A)
is-prop-FS : V A I' v — is-prop (A FS v > I")

Decidability of type checking. We show that every judgment defines a decidable type in
the file Dec-Type-Checking.agda

dec-HC : V I' — dec (I' FC)

dec-+FT : VI' A — dec (I' FT A)
dec-tt : VI At — dec (I' Ft t # A)
dec-FS : VA ' v - dec (AFS v >1)

These are the most involved proofs and they in particular give a certified implementation of a
type checker for this theory. Since the theory GSeTT is not very relevant in practice, this is
not so important here, however for more complicated theories formally proving the decidability
in Agda gives a certified implementation of the theory, of which one could extract a code that
computes.

2.2.3 Yoneda embedding and nerve functor

We now study a construction that is very useful, and specific to the theories whose type construc-
tors are the same as GSeTT: They have particular contexts, the disks and the sphere contexts
which classify the types and the terms of the theory.

Disks and sphere contexts. Our objective is now to introduce specific contexts in this theory
and show that they play an important role. We have completely defined them and proved their
properties in the file Disks.agda of our formalization. We define two families of contexts, that
we call the disks (denoted D™, n € N) and the spheres (denoted S™, n € NU {—1}). We start
by choosing once and for all a family of distinct variables (x,)nen, and define a family of types
A, by induction with the following formulas

A_lz*

Aps1 = 2on A—> Ton+1

n

In such a way that dim A,, = n. This lets us define the disks and sphere contexts by induction
as follows.

—1 _ _
5T =2 D" = (8" wap t Apy)
St = (Dn,$2n+1 : Anfl)
For instance, in low dimensions, the disks and sphere contexts are the following

Sl=g
D° = (x¢ : %) SO = (20 : %, 71 : %)
D' = (xo:*,@1 1 *, &g 1 Tg — 1) St = (xg: %, 21 %, Tyt g — T1, 231 To —> T1)
* * *

The Agda definition of the disks and sphere contexts that we give follows exactly these definitions.
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S : N — Pre-Ctx
D : N — Pre-Ctx

S 0 = nil
S n =(Dn) :: (length (D n) , n= n)
Dn=(Sn) :: (length (S n) , n= n)

Lemma 21. The following rules are derivable

S"E S"F A,

D"+ D"+ Ton - An,1
Proof. We construct a derivation for each of these judgments by induction on n.

— For n = —1, the context D~! is not defined, the context S~! = @ is derivable by the
rule (EC), and the judgment @ I x is derivable by the rule (x-INTRO).

— Suppose these judgments derivable for n, then the rule (CE) applies from S™ F A, to
give a derivation of D"*! |- .and the rule (VAR) then applies to show D"t! - 29,5 : A,.
By weakening (c.f. Proposition 2) this gives a derivation of D"*! |- A,, which allows for
applying the rule (CE) to get a derivation of S"™! I-. Since we now have (2,12 : A4,) € S7*!
and (22,13 : A,) € S"HL, the rule (VAR) gives a derivation of S"*! I~ 9,5 : A, and of
St 29,43+ A,. We can then construct a derivation of S"*! - A, as follows

Sn+1 - Ton+2 : An SnJrl - Ton+3 : A

. " (—-INTRO)
St T2n+2 A—> T2n+3

Although we have formalized this proof in the file Disks.agda we still present here as it is the
first proof by mutual induction on the syntax that we show, and is very typical of the kind of
proofs we use when working syntactically on a type theory. O

In the Agda formalization, the statements corresponding to this result are the following (where
we denote n= the type A,).

S :Vn— SntkC
DF : Vn— DntC
n= : N — Pre-Ty

Familial representability of the type functor. The particular importance of the disks and
sphere contexts is justified by the following property, which is the central structural fact about
the category with families SgseTT-

Theorem 22. For every n € N_;, the canonical map

Sgserr(I,S") — Ty"
v = ALl

induces a bijection between the substitutions I' — S™ and the types in ' of dimension n.
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Intuitively a type distinct from = in I' is of the form ¢ — u and hence is given by a pair of terms
of the same types, such pairs correspond to substitutions to a sphere context.

Proof. This can be proved by induction on the derivation trees, and we have formalized the
argument in the file Disks.agda. In our argument this is proved by mutual induction together
with Corollary 23. The induction essentially combines the inductive characterization of the

sphere as a pullback

gn Xwop 41 Dn

J
Xmgn ™

Dn E Snfl
with the property defining the extension of substitutions ( , ). O

By aggregating all these dimension wise bijections together, this result may be restated as a
natural isomorphism between two functors

Ty ~ U Scsert(_,S")

neN_;

The category SgserT is a category with families whose Ty is familially representable and the
sphere contexts and the family that represents this presheaf.

Corollary 23. For every n € N, the canonical map

Seserr(D,D") — Tm'
v = w2l

induces a bijection between the substitutions v : I' — D™ and the terms of type classified by mo~y
in L.

Intuitively, a term in I' is of the form I' ¢ : 4 — v with v and v two parallel terms. Thus v and
v define a substitution to a sphere, and the term defines a substitution to the disk that fills this
sphere.

Proof. This can be proved by mutual induction together with Theorem 22, and we have formal-
ized it in the file Disks.agda. O

We give the second result the status of a corollary as it is merely a consequence of the theorem
together with the structure of category with families: Any category with families whose presheaf
of type is familially representable automatically inherits of a familial representation of its presheaf
of terms. In our Agda formalization, we do not formulate this correspondence using diagrams,
but we are able to define the function that associates a type to each substitution to a sphere and
show that it defines an equivalence of types

Ty-n : V{I'} - ¥ (N x Pre-Sub) (A {(n, 79 - 'S vy >S5S n})
— X Pre-Ty (A A — (' T A))
Ty-classifier : V I' — is-equiv (Ty-n {I'})
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Generating display maps. In order to highlight the idea of seeing the sphere contexts as a
family of type classifiers and the disks contexts as a family of term classifiers, we denote x4 the
substitution T' F x4 : SU™4 associated to a type A, and y; the substitution I' F y, : Ddim?
associated to a term ¢t. The typing judgment I' - ¢ : A can then be interpreted directly on the
arrows of the syntactic category, as the commutation of the following triangle.

T Xt Ddim A +1

o b

Sdim A

Moreover, the structure of category with families implies that for a context extension (T',z : A),
with A of dimension n — 1, the following square is always a pullback

(T, z: A) —= Dn
|

n—1

And any context can be obtained as a finite succession of such pullbacks. We draw many
important consequences from this fact. It allows us to understand contexts in the theory as a
formal analogue to finite CW-complexes (see for instance [40] for a definition of those), which
are one of the central object of algebraic topology.

We call generating display map a display map of the form D™ — S™~!, and the display maps
are the closure by pullback and composition of the generating display maps. In practice the
properties we work with all respect pullbacks and composition, thus in order to check a property
for all display maps, it suffices to show it only for generating display maps.

The cut-full style GSeTT. This theorem also gives an interesting insight for a cut-full for-
mulation of the type theory GSeTT. We just sketch here the construction, and do not check
that it is well-formed. Such a proof could be done by mutual induction, however formalizing
this construction in a language such as Agda leads to a coherence problem: For instance, for a
term I' - ¢ : A proving that ¢[y][0] = t[y o J] is not straightforward, as both of these terms do
not have the same type, so one needs to transport along a proof that ' - A[y][§] = A[y o 4],
but this proof itself depends inductively on the proof that t[y][6] = ¢[y o §]. This minimalist
example illustrates how in such a formulation all the properties depend on each other, in a way
that Agda’s termination checking cannot handle.

We introduce the type constructors —,, which now do not carry any argument, and give the
following introduction rules for these type constructors

S" F—y

Of course, the context S™ cannot be defined beforehand and has to be defined together with
these introduction rules, by the following formulas

St=g S = (8" —,, =, (7))

This highlights why this style of presentation is not our preferred one to work with type theory
in practice. The sphere contexts are defined using types, which are themselves introduce by a
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rule using the sphere contexts, and this kind of mutually inductive situations make proofs very
complicated on paper as well as in a proof-assistant like Agda. Altenkirch and Kaposi [1] have
proposed a framework to introduce type theories in this style in Agda, using quotient inductive
inductive types, but those are not yet a native feature of Agda and have to defined completely
manually, hence although this method gives an important theoretical insight, it is still hard to
use in practice. Lafont [44] has also introduced a method using heterogeneous equality to handle
the problem, but it requires deactivating Agda’s termination checker.

2.2.4 The syntactic category SgsetT

As we have already illustrated with the familial representability of the Ty and Tm presheaves,
some properties of our type theory that are syntactic directly translate as categorical properties
on its syntactic category. Our goal is now to completely characterize the syntactic property of
this theory.

Coglobular extension. In the category SgsetT We have introduced specific objects D™ for
each n € N. Moreover, Corollary 23 shows that a morphism D" — D™ corresponds to a term of
dimension m in D". Since all terms are variables, we can list explicitly all these morphisms

{szvammﬂ} ifm<n
SasetT(D", D™) = ¢ {Xazn } if m=mn
0 if m>n

Moreover, we can check that these substitutions satisfy the globular relations, and hence this
explicit description exhibits G°P as the full subcategory of SgseTT Whose objects are the disk con-
texts. We denote D : GP — SgserT this inclusion functor. This gives in particular a coglobular
extension on the category SgsetT, and we denote 9~ : D**! — D™ and §~ : D"*! — D™ the
maps exhibited from this extension. For a term I' F ¢ : u — v of dimension non-zero classified by
the substitution I' F y;, we have ™ o x; = ., and 91 ox; = x,. With a slight abuse of notation,
we also denote 0~ (t) = v and 9T () = v in this case.

The nerve functor We denote v the nerve functor associated to the functor D
v:S&.rt — GSet v(T') = Sgset7(T, D-)

Explicitly, an element of the set v(I"),, is the same as a term in I of dimension n. Since the only
terms are variables, and each context has only finitely many variables, the functor v factors as
v: 8%t — FinGSet, and for simplicity, we also denote v : Sgsett — FinGSet? the opposite
functor. We denote v this functor, by opposition to Tm the presheaf of terms, to emphasize that
v equips the set of terms with a structure of globular sets, whereas in an arbitrary category with
families, the set of terms has no extra structure. The explicit description of v(D*) shows that it
is equivalent to the representable Y (k), or in other words, v fits into the following commutative
triangle
FinGSet®® «“— ScgseTT

YT /
D_
ger
This is equivalent to the fact that the functor D- is fully faithful. By continuity of the hom-
functor with respect to its first variable, and the pointwise computation of colimits in FinGSet,
v S%%eTT — FinGSet sends limits in SgsetT to colimits in FinGSet. With our abuse of
notation, this shows that v : Sgsett — FinGSet®® preserves the limits.
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Lemma 24. For all context A, and all n € N, there are two natural isomorphisms
ScserT(A, D™) ~ GSet(v(D"),v(A))
ScsetT(A, S™) ~ GSet(v(S™),v(A))
Proof. First note that in the case of a context D™, by definition of v, we have v(D") = Y(n),
hence, for any context A, by the Yoneda lemma,
GSet(v(D"),v(A)) =~ v(A), = SgserT(4A, D)

We check the second bijection by induction: for n = —1 it is satisfied since S~! is the empty
context which is terminal, and v(S~!) is the empty globular set which is initial. Suppose that
the equality holds for a given n € N U {—1}, then the context S™*! is obtained as the following
pullback which by continuity of the hom-functor gives the following pullback in Set

st —— pr SaserT(A, §") —— Scserr(A, D7)
o _|
| | | |
D — 5 gn ScseTT(A, D) ——— SgsetT(4, S™)

Moreover, since v sends the limits to the colimits, we have the following pushout in FinGSet,
which by continuity of the hom-functor gives the pullback in Set.

v(S") —— Y(n) GSet(v(S"), v(A)) ——— v(A),
Y(n) —— v(S™H) v(A), —— GSet(v(S™),v(A))

The induction hypothesis exhibits SgsetT(4A, S"*1) and GSet(v(S™"1),v(A)) as pullbacks over
the same diagram in Set, hence they are isomorphic. O

Lemma 25. The inclusion functor D— : G — SgserT 18 codense, or equivalently the associated
nerve v is fully faithful

Proof. Consider two contexts A and I', we prove by induction on the context I' the bijection
ScsetT(A,T) ~ FinGSet(v(T), v(A))

The proof is very similar to the second part of Lemma 24. If T" is is the empty context & which
is terminal, since no term is derivable in & , v(&) is the empty globular set, which is initial,
this proves the bijection. Suppose I' = (IV,z : A) with the bijection holding for I, then by
construction I' is obtained as the following pullback, which by continuity of the hom-functor
gives the following pullback in Set

V(Sn_l) — Z/(F/) SGSeTT(A,F) —_— SGSETT(A,Dn)
Y(n) e I/(F) SGSETT(A7P/) —_— SGSeTT(A; Sn)

Moreover since v sends limits to colimits, we have the following pushout, which by continuity of
the hom-functor yields the following pullback in Set.

r— s pn GSet(v(T'),v(A)) ——— GSet(v(A),)
I —— gn—t GSet(v(I'"),v(A)) —— GSet(v(S"1),v(A))
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and the induction hypothesis together with Lemma 24 then exhibits the sets SgsetT(A,T) and
GSet(v(T'),v(A)) as pullbacks over the same diagram, hence they are isomorphic. O

Although the above lemma is expressed in a categorical language, it has a very clear type theoretic
translation, indeed, a natural transformation between v(T') and v(A) can be described as the
data of, for each term of A, a term of I" such that this association respects source and target.
Since terms and variables are the same in this theory, this can be understood as associating a
term ¢, of A for each variable = of I, such that if x is of type y — 2 in I', ¢, is of type t, — ¢,
in A. This lemma states that such a data is equivalent to a substitution A — I', which is simply
a reformulation of the rules that generate substitutions.

Finite globular sets. The nerve functor closely connects the syntactic category of the theory
GSeTT to the category of finite globular sets.

Lemma 26. The syntactic category SgsetT has all finite limits and its models are equivalent to
the functors SgseTT — Set preserving the finite limits.

Proof. This is a consequence of the fact that all the terms in this theory are variables, which
immediately implies that SgsetT as all most general unifiers, and they are all primitive. An
equivalent way to state this is to notice that since all the terms are variables, all the maps in
ScsetT are display maps, and hence SgsetT has all pullbacks. As it also has a terminal object,
this shows that it has all finite limits. Models are then equivalent to the functor preserving the
terminal object and the pullbacks, which are the functors preserving all finite limits. O

Since the category SgsetT has all finite limits, the universal property of the free completion gives
a lift of the inclusion functor G — SgsetT as a functor F' : FinGSet® — Sgset1 which preserves
finite limits.

Theorem 27. The pair of functors v : Sgserr ——— FinGSet®” : F is an equivalence of cat-
€gories.

Proof. We have already proved in Lemma 25 that v is fully faithful, in order to prove that
equivalence is adjoint, it suffices to prove that it is essentially surjective, and in fact we show
that v o F' ~ id. The functors that we have defined fit into the following diagram

v

FinGSet®® — I SGseTT

YT/

ger

Note that vF'Y = vD- =Y, and since both v and F' preserve finite limits, so does vF. By
essentially uniqueness in the free completion by finite limits, this proves that vF ~ id. O

One could give more explicit characterizations of the functors F' and v, as in this simple case they
are easy to describe, and a proof of the equivalence can be derived from this concrete description.
However we still prefer the more categorical proof as it gives a more general view and generalizes
better to more involved cases, where explicit definitions tend to become quickly intractable. We
refer the reader to [33, 16| for the complete combinatorial description along with a proof of the
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equivalence in this style, and simply give examples of correspondence between contexts and finite
globular sets using diagrammatic notations

Finite globular set Context
o (x:xf:ox— 1)
*
o e (z:xy:xf:x—>y9:y—x)
r\/ ) ) * ) *
QTO%O (x:ky:xz kfiix—=y foix—=y,g:2—>ya:fi — fo)
~—_~7 * * * =y

The choice of names for the variables in a context and of a particular order among the valid ones
are arbitrary. This reflect the fact that the functor F' was defined up to isomorphism, by setting
its values on limits.

2.2.5 Models of SgsetT

Our characterization of the syntactic category Sgsert enables us to compute its category of
models. The characterization is simple in our theory without term constructors, but generalizes
in a very useful way for theories that have term constructors.

Theorem 28. The category Mod(Sgsert) of models of SgserT is equivalent to the category of
globular sets GSet

Proof. By Lemma 10, the models of GSeTT are equivalent to the functors Sgsett — Set pre-
serving the pullbacks along the display maps, and since all the maps are display maps, those are
the functors that preserve finite limits. Under the equivalence given by Theorem 27 these are
equivalent to the functors FinGSet®® — Set that preserve finite limits. Since FinGSet? is the
free completion of G°P by finite limits, these are equivalent to the functors G°P — Set, which are
exactly the globular sets. O

2.2.6 Coglobular structure on categories with families

The syntactic category SgseTT is equipped with a functor D- : G°P — SgsetT, such functors
constitute a coglobular structure on the category. Moreover, in this case all the morphisms of
GSeTT are sent onto display maps in the category SgsetT (since all its maps are display maps).
We thus call a coglobular structure on a category with family C a coglobular structure on its
underlying category which sends all maps onto display maps. We call a coglobular structured
category with families a category with families equipped with a coglobular structure.

Globular limits. Given a category with a coglobular structure F' : G°P — C, we call a globular
diagram a diagram that factors through F' as 7 — G°? — C, and we call globular limits the limits
of the globular diagrams.

Lemma 29. A coglobular structured category with families has all the finite globular limits.

Proof. All the maps in G are sent onto display maps, and by assumption C has pullbacks along
those. Hence C has a terminal object and the pullbacks long the images of the maps in G, so it
has all the finite globular limits. O
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Morphisms of coglobular structures category with families. Given two coglobular struc-
tured categories with families, a morphism between them is a morphism of the underlying cate-
gories with families that commutes with the globular structures.

Lemma 30. A morphism of coglobular structured categories with families preserve the finite
globular limits.

Proof. By definition a morphism of category with families preserves the terminal objects and
the pullback along display maps. Since the morphism commutes with the coglobular structures,
it then sends a pullback along a globular map onto a pullback along a globular map, and hence
preserve all finite globular limits. O

Induced coglobular structure. Given a coglobular structure on a category with families C,
and a morphism of categories with families F' : C — D, F induces a unique coglobular structure on
D such that it is a morphism of coglobular structured category with families, since as a morphism
of categories with families, F' preserves the display maps. In particular D— : GP — SgsetT iS
a coglobular structured category with families, and any morphism of categories with families
F : Sgsett — D induces a coglobular structure on the category with families D.

2.3 Pasting schemes as contexts

In Section 2.1 we have presented a definition of weak w-categories that heavily relies on some
specific finite globular sets that we call pasting schemes. In order to reproduce this construction,
we give a characterization of the pasting schemes, seen as contexts in the theory GSeTT as
allowed by Theorem 27.

2.3.1 Ps-contexts

We introduce a new judgment I' -, that we understand as “I" is a normalized context represen-
tation of a pasting scheme”. We also introduce an auxiliary judgment I' -ps = : A, whose meaning
we infer from the inference rules. These two judgments are subject to the following rules

Fhpsz: A
(PSS) (PSE)
Tixbps ik F,y:A,f:xjy}—psf:xTy
F'_psf:%:>y I hps i %
— = (PSD) —(PS)
Mhpsy: A I Fps

We call a context that satisfies I' s a ps-context.

Computation on an example. In order to understand how a derivation of this judgment
works, we give a graphical representation of its run: We derive the judgment asserting that the
following context I',, satisfies I'y Fps.

Fw:(x:*7y:*7f1 1$—>y7f2155—>y>015f1—>f2723*793y_>z)
This context describes the globular set

f
\ajly z
72
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We give a graphical representation using the description of pasting schemes as non-decreasing
parking functions, in which the dangling variable is circled, together with the corresponding
judgments, and applications of the rules, describing the entire derivation tree.
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Ps-contexts are well-formed The following property shows that any ps-context is in fact
firstly a well-formed context. Hence our judgment I' -5 only characterizes a sub class of contexts.

Proposition 31. Any pre-context that is a ps-context is also a context. In other words, the
following rule is admissible

I Fps

'

Proof. We prove by induction on the derivation tree that given a derivation of I' Fps z : A, we
can construct a derivation of I' - z : A. We give a sketch of the argument here, as we have
proved it in the file CaTT/Ps-contexts.agda of our Agda formalization?

— For a tree that is a single application of the rule (PSS), necessarily, the derived judgment is
f the form x : x -ps x : %, and we can construct a derivation of the judgment x : x - 2 : *.

— For a tree whose last rule is (PSE), the corresponding judgment is necessarily of the form
T,y : A, f:x = y) bps f: 2 — y. Then we have a derivation of I Fps @ : A, which by
induction lets us construct a derivation of I' - x : A. Since moreover, y, f ¢ Var(T'), we
successively derive that (I',y : A) b, that (I',y : A) F 2 — y and that (I',y : A, f : ¢ — y).
Using the rule (vAR), it follows that (I'y: A, f:z = y) - f:2 —y.

— For a tree whose last rule is (PSD), necessarily the corresponding judgment is of the form

I' -y : A, and we have derivation of the judgment I' ks f : z 7 y, which gives by
induction a derivation of I' - x 7 iy, from which we can extract a derivation of I' F gy : A.

We now apply this inductive result to the ps-context I' s : there necessarily exists a variable
x such that I' Fys @ %, so we extract a derivation of I' = x : x. Using Proposition 2, we get a
derivation of T" |-. O

Decidability. For all the syntactic contexts I', the derivability of the the judgment I' -ps is
a decidable problem. In fact we can show that the derivability of the judgment I' ks z : A
for any variable z and any type A is a decidable problem. Indeed, if T is of the form (x : %),
the only derivable judgment of this form is « : x Fps  : x. Otherwise, if it is of the form
T,y:A,f:2z —y), the judgment I',y : A,f : © = y Fps 2z : B is derivable if and only if
I Fps x + Ais derivable and (2 : B) € (I,y : A, f : * — y) is an iterated target of the variable
f. Since the second statement is decidable, and by induction the derivability of I" Fps @ A is
also decidable, so is the derivability of I,y : A, f : © — y Fps 2 : B. Since all the contexts are
finite, this shows that for every context, the judgment I' Fps z : A is decidable. Moreover, given
a context I', the only possible candidate for a variable x such that I' Fps @ : x is the last variable
to appear with type % in I', which shows that the existence of x such that I' ks  : x is decidable,
hence the derivability of I' Iy is decidable.

Uniqueness of derivations. For any context I', there is at most one derivation of the judg-
ment I' . Indeed, we can show by induction that there is at most one variable x in each
dimension dimension such that I' ks 2 : A is derivable, together with a unique derivation for
tree for this judgment. This is again done by induction on T.

— For a context of the form (x : x), there is only one variable y such that = : x Fps y : A.
Indeed, the only possible derivation is an application of the rule (PSS) which implies that
Y=z

’https://github.com/ThiBen/catt-formalization
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— For a context of the form (I',y : A, f : ¢ — y), there is by induction a unique derivation of
I' ps © : A, which yields a unique derivation of Iy : A, f : ¢ = y Fps f : ¢ — y by applica-
tion of (PSE). All the other derivations of judgments of the form I',y : A, f: & = y bps 2 : B
are obtained from this derivation by successive applications of the rule (PSD), which de-
creases the dimension by 1 every time, hence the uniqueness of the variable, together with
the uniqueness of its derivation.

Applying this result for a context I' such that I' -, there is a unique variable x such that
I' Fps © : %, and a unique derivation of I' l-ps @ : %, hence the derivation of I' ¢ is unique as
well. Although we have not formalized the decidability and the uniqueness of derivation for these
judgments, we keep it for future work and expect it to be straightforward.

Ps-contexts are not invariant by isomorphism. Note that the judgment I' ¢ is not
derivable for certain contexts that do correspond to pasting schemes, but only for ones that are
normalized. Consider the following example

(z:xy:xfx—=y,2z:%9:y— 2) is a ps-context
(z:xy:xz:ikfix—=yg:y—2) is a not ps-context

even though these two contexts are isomorphic in the category Sgsett. This is not much of an
issue, since we show in the next section that every pasting scheme corresponds exactly to one
ps-context, but it is an important point to keep in mind. Moreover, we could have chosen a
different normalization for the contexts that correspond to pasting schemes, which would lead
to a different notion of ps-context, but this would not change the theory for weak w-categories.
This shows that we are interested in a bijection between the set of ps-contexts and between the
set of pasting schemes, and not just an equivalence of categories between these.

2.3.2 Ps-contexts are normalized pasting schemes

The description and explicit example that we have shown for the ps-contexts shows that this
new judgment entertain a close connection with the notion of pasting schemes. We now explore
this connection and characterize exactly the relation between these two notions.

Double context extension. The main difficulty while working with ps-context is that in all
the inductions, we perform a succession of two context comprehension operations, which has a
rather sketchy interpretation in terms of limits in the category. In order to simplify the proof,
we give a much cleaner categorical interpretation of the double context comprehension that we
use.

Lemma 32. If T is a context with a well defined variable I'+ x : A, then (Tyy: A, f 1 x — y)
realizes the following pullback

(F7y : A, f LT — y) L} Ddimx-‘,—l
|- |-
r * Ddimm

Proof. There are two approaches to show this result. We can prove the dual statement holds for
the nerves of the contexts, which can be done by giving an explicit description of the nerves and
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computing colimits in Set. We can also show that it holds directly on SgsetT, by exhibiting the
following diagram

Ty A frz—y)

X)

Ddim x+1

Ty:A) —————————

—
\ Gdima \ pdima

T Xz pdima Sdim z—1

where the two horizontal squares and the vertical square are all pullbacks, and showing by
diagram chasing techniques that the expected square, which appears in the figure is a pullback
square O

Partial globular product cone. Although proving that ps-contexts are globular products is
not conceptually very complicated, it is a bit tricky to formulate precisely the good loop invariant
without introducing an ad-hoc categorical notion to describe it. For this reason, we introduce
here partial globular product cones, whose only purpose is to be a categorical invariant for the
induction proof.

Definition 33. A partial globular product cone is a limiting cone over a globular product

diagram
/ } \f”
Dh Diz . Dim
TM x/c'k2 Tl2 A’”
Djl

Diz - Dim-1
together with a map v : I' — D™ for n < j,, such that 79m—= o f,, = u.

This notion aims to encode categorically the information included in the judgment I' Fps 2 : A,
as expressed by the following lemma.

Lemma 34. A derivation of the judgment I' Fps yields a partial globular product cone of apex
I', whose additional specified map is x5 : I’ — DIm®

Proof. We prove this lemma by induction on the structure of the derivation of I' Fps 2 : A

— If the derivation is a single application of the rule (PSs), then necessarily A = x and I' = D,
and the identity substitution I' F idrp : T is the classifying substitution y, = idp
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— If the derivation ends with an application of the rule (PSE) , then necessarily I is of the form

(I'",;y: B,z :y — z), and A =y — 2, and we have a derivation of I s y : B obtained by
removing the last application of the rule (PSE). By induction, this gives a partial globular
product cone of apex I' and with distinguished map x,. Since moreover I' is obtained as
the pullback

T Xz pdimz

 Xv ., pdimy
The commutation of x, in the partial globular product diagram shows that we can glue
both diagrams in order to exhibit I" as a globular product. We then chose the distinguished
map X, which is the map of cone itself, so satisfy the commutation condition tautologically.

We can be a bit more explicit in how we compute this diagram, by looking at the dimension
tables, and denoting n = dimy

dimension table of T dimension table of T’
if n=14,,:
i e im i e im + 1
< B e ) ( B e )
if n <i,,:
( il e ier n+1 )
Jio Jme-1 n

If the derivation of I' Fps @ : A ends with an application of (PSD), then by removing this
last rule, we get a derivation of a judgment of the form I' s f : y — 2, and the induction
hypothesis exhibits I' gives a partial globular product cone whose distinguished map is
xr: I — Ddme+l - GQince z is the target term of f in I', we have the equality TXf = Xas
hence replacing the distinguished map x¢ by X, yields another partial globular product
cone.

O

Computation of globular product. Given a ps-context I', applying the previous lemma to
a derivation of I' -5 yields exhibits straightforwardly I' as a globular product, thus proving the

following result.

Proposition 35. A ps-context ' is a globular product in the category SGseTT-

A careful observation of the proof shows the computation that construct the globular product
diagram associated to the derivation of I' 5. Indeed, suppose that the derivation of I' ks is of

the form
[ Fps= (PSS)(PSE)* (PSD)"* (PSE)*? - - - (PSE)"™ (PSD)"™ (PS)
m m
then necessarily, for dimension reasons, > k, = Y. l,,. We denote i1,...,4, and j1,...,jn the
n=1 n=1
families of numbers solutions of the systems of equations
il = kl . o i1
in+1 = knJrl + ]n In " "

then the Proposition 35 exhibits I' as the globular product whose dimension table is
i is . im
J J2 ot Jm—
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Globular products are isomorphic to ps-contexts. We prove a partial converse to the pre-
vious result, showing the precise nature of the correspondence between ps-contexts and globular
products.

Proposition 36. Any globular product in the category SgserT 1S isomorphic to exactly one
ps-context (up to renaming).

Proof. Given a context A which is a globular product with dimension table

i ia im
J1 Jo o Jm—1

It suffices to inverse the previous system of equations and define the numbers k1, ..., k&, and
l1,...,ly, as solutions of
, ln=in—J
kl = " Z’;}n ]n+1m—l
knJrl:inJrl - jn+1 lm: Z kn - Z ln
n=1 n=1

to consider the ps-context I', whose derivation I' -ps is obtained as
T Fps= (PSS)(PSE)* (PSD)' (PSE)*2 - - - (PSE)"™ (PSD)!™ (PS)

which is a valid derivation of a ps-context. By the previous lemma, the context I is also a globular
product in SgsetT With the same dimension table as A, hence I" and A are isomorphic. O

Locally maximal variables. Given a ps-context I we define its locally mazimal variables to
be the variables z,, defining the maps ., : I' — D% in the cone exhibiting ' as a globular
product i.e., the map corresponding to the upper line of the dimension table. The following
result follows immediately from the decomposition of I' as a globular product, but is useful for
implementation purposes.

Lemma 37. Given two substitutions A+ ~v:T and A+~ : T where T is a ps-context such that
for all locally mazimal variable x in T, x[y] = x[¥], necessarily v =~'.

There are various syntactic ways of characterizing locally maximal variables in a ps-context I'.
For instance, they are the variables such that both the variables just before it and just after it
are of lower dimension. Equivalently, they are also the variables such that I' 5 « : A is obtained
by an application of (PSE), and followed by an application of (PSD) in the derivation of I' Fps.
For instance in the following ps-context

fo f1 f2 f2 g

Ao
xflf»y—mz
f2

NYB A

(mi*ay5*7f05$—>yvf151‘—>y7045f0—>f1af21$—>yw83f1—>f2,25*a95y—>z)

the locally maximal variables are «,3 and g, they are the ones at the peaks in the representation
as non-decreasing parking functions.

63



The category Spsy We denote Spso the full subcategory of Sgsett whose objects are the
contexts I' such that I' s holds. For most categorical constructions, we could equivalently
consider Sps o to be the full subcategory whose objects are contexts that are isomorphic to ps-
contexts, as by definition these two categories are equivalent, however it is more convenient for
our purpose to use only ps-contexts.

Proposition 38. There is an equivalence of categories
~ @°P
Spso ~ O

Proof. The nerve functor v sends limits in SgseTT Onto colimits in FinGSet°?, hence it induces
a functor Sps o — Og” which is fully faithful since v is fully faithful. Moreover, Proposition 35
shows that this induced functor is essentially surjective. O

In fact Sps o is even isomorphic to the category Oy, as it is constituted only in globular sums in
the category SgsetT that are in normal form.

Subcontexts and epimorphisms. Ps-contexts correspond to pasting schemes, and the latter
are equipped with notions of source and target, which are maps ox,7x in the category ©y. We
provide a direct characterization of the maps corresponding map in the category Sps under the
correspondence given by Proposition 38. Instead of providing the substitutions explicitly, we
use the fact that ox,7x are monomorphisms of presheaves and hence epimorphisms in SgseTT,
and rely on the variable names to present these substitutions in an efficient way. For instance,
given the context T' = (x : *,y : *, f : © — y), we have the following correspondence between
subcontexts of I' and epimorphisms in SgseTT

subcontext epimorphism
(2 : %) 'k {a— z)(a:*)
(y:*) Tk {ar—y)(a:x)

In both cases, the subcontext define a substitution from I' to (a : *) which identifies (a : *)
as a subcontext of I'. The substitution is given by the identical variable name in I" and in its
subcontext, in our first example, it is the variable x, and thus the defined substitution is (a — z).

Source and targets. We define for all i € Nyg the i-source of a ps-context I' induction on
the length of I', by setting 0; (z : %) = (x : %) and

_ o T if dimA >i—1
% (F,y.A,f.x—>y){ O;Ty: A, f:x—y otherwise

and similarly the i-target of T is defined by 0] (z : x) = (z : %), and

o T if dimA >
Of(T,y: A f:x—y)=< drop(d;T),y: A ifdimA =i—1
5‘:F,y:A,f:x%y otherwise

where drop(T") is the context I" with its last variable removed. One can check by induction on the
derivation of the judgment I' -5s that whenever I' is a ps-context which is of dimension nonzero,
both 9; I' and 5‘;" T" are also ps-contexts. It is straightforward in the case of the i-source, and for
the i-target, it relies on the fact that whenever the drop operator is used, immediately afterwards
a variable of the same type that the one that was removed is added.
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We denote 9~ (I') = ;I and 07 (T') = 85, ;I and call these the source and target of
I". Carrying explicitly the computations one can check that whenever a ps-context I' define the
pasting scheme X, the ps-contexts 8 (I') and 7 (T') are isomorphic, and they both define the
pasting scheme 0X. Moreover the “inclusion” substitution that identify a variable in 9~ (T") (resp.
in 07 (I")) with the same variable in T' corresponds to the map o, : X — X (resp. 7, : 0X — X).
Note that in the case of the ps-context (x : x) which is the only ps-context of dimension 0, the
source and target are not defined.

2.3.3 The relation «

Following Finster and Mimram [33] we introduce a relation < between the variables of a context
in GSeTT, by imposing the condition that for all variable f such that I' - f : x — y, we have
x <4 f<ay. We then consider the transitive closure of this relation.

< in ps-contexts. This relation is particularly well behaved in the case of ps-contexts, as the
following lemma shows.

Lemma 39. The relation < defines a total order on the variables of a ps-context I.

Proof. We prove by induction that whenever the judgment I' -5 2 : A is derivable, then < defines
a total order on I', and for all y, z such that x <y <z, we have dimz > dimy > dim 2.

— This condition holds for judgment (x : x) Fps 2 : x obtained by (PSs), as z is then the only
variable.

— For a judgment of the form (T',y : A, f : * = y) Fps f : * — y, by induction < defines a
total order on the variable of I'. Note that the variables z, f, y satisfy x< f <y, hence for any
variable z<z, we also have z< f<y. Suppose that x is not the greater variable in I" (otherwise
we have already proved the result) and consider the smallest variable z such that z < z.
Since all the variables greater than x are of dimension greater than x, we necessarily have
that z = 07 (z). But since  and y have the same type, we also have z = 9% (y), and hence
f <y<z. This proves that < defines a total order on the variables of (T',y: A, f : x — y).
Moreover, the variables greater than f are y and all the variables greater than x in I'. For
all the variables x <z <2’ in T', we have dim 2’ < dim z < dimy < dim f.

— For a judgment I' -ps ¥ : A obtained by (PSD), the judgment I' Fps f: 2 7 1y is necessarily

derivable, hence by induction < defines a total order on I', and for all variable y<z<2z’, we
have dim 2’ < dim z < dimy < dim f. the variables

Now considering a derivation of the judgment I" I, it necessarily ends with an application of (PS),
to a derivation of I' Fps @ : %, hence < defines a total order on the variables of I'. O

Substitution are order preserving. Consider a substitution A =+ : I' in the category Sps o,
then it preserves the typing: For any variable I' - f : ¢ — y, we have A F f[v] : z[v] — y[v].
This shows that for two variables z <y in the context I', we have the relation z[y] <y[y] in the
context A. This proves shows the following

Proposition 40. For a substitution A+~ : T, and two distinct variables x,y in ' the variables
z[y] and ylv] are necessarily distinct in A. Moreover, a substitution A &~y : T' that uses all the
variables of T' is necessarily an identity.
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Proof. Consider two distinct variables x, y in Var(T"), then either z <y, in which case x[y] <y[7],
or y <z, in which case y[vy] <z[y]. In both cases, z[y] and y[y] are distinct. If the substitution
A b~ : T uses all the variables of A, then necessarily I' has at least as many variables as A, and
since there can be no repetition, A and I' have the same number of variables. Then since the
substitution 7 preserves the typing, its only action is to change the name of the variables of I'
by the names of the variables in A. Up to a-equivalence, this is an identity. O

Totally ordered contexts. Finster and Mimram also show [33] this total order on the cell is
a characterization of the pasting schemes, and hence every context for which < defines a total
order is isomorphic to a ps-context. We state this fact here as it is helps understanding the
ps-contexts, but we do not prove it, as we do not use it in any way.

2.4 A type theory for globular weak w-categories

We now present our type theory to work with weak w-categories. This theory is originally due
to Finster and Mimram [33] and our presentation is very similar. We then study the syntactic
category of this theory and its models, an extended version of [16].

2.4.1 Type theory

In order to describe a type theory suitable to work with w-category, we extend the type theory
for globular sets with new term constructors that mirror the lifting that are formally added in
the Grothendieck-Maltsiniotis definition of weak w-categories (see Section 2.1). We add one term
constructor for each lift that is added in the construction of ©,. Since there are infinitely many
such lifts, we need a way to index these, in order to give a scheme for the induction rules.

First attempt to a description. The most immediate way to obtain this construction, is to
introduce a term constructor for each pasting scheme equipped with a pair of admissible arrows.
For each pasting scheme 6 together with a pair of admissible arrows (f, g) in 6, we introduce a
constructor Ty s ,. The arity of Ty s, is the number of elements of the globular set 6, and the
introduction rule is the following

FEt: Ay F'kt,: A, r'-B
Fl—Tg,ﬁg(tl,...,tn):B

where tq,...,t, is a list of terms in I' whose type “are prescribed by #”, and B is a type is '
corresponding to the admissible pair of arrows (f, g). This description is intentionally left vague,
as this is not our final description, but it gives a good intuition towards it. In fact this approach is
very self referencing and a proper definition of it would require to proceed level by level and take
some sort of a limiting process. Another problem with this formulation is we do not provide here
a computable way of enumerating the term constructors, which prevents for any implementation
of this theory.

Encoding this data in a computable way. A first step towards a computable enumera-
tion of the terms is to use the ps-contexts. Indeed we have proved that these are in bijective
correspondence with the pasting schemes, hence we can reformulate by introducing a term con-
structor Tt s 4 for all ps-context I', and (f, g) a pair of admissible substitutions in the pasting
scheme corresponding to I'. One can notice that a pair of admissible arrows (f, g) as mentioned
previously can be encoded into a type in I', and the trick is to give a characterization of those
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types in I" which correspond to pairs of admissible arrows. Recall that there are two situations in
which a pair of arrows is admissible: either both are algebraic, or they factor through the source
and target of the ps-context into algebraic arrows. Correspondingly, the types characterizing the
admissible pairs of arrows are one of the two following form

0~ (T)) = Var(t) U Var(A)
01 (T)) = Var(u) U Var(A)

Var

(Cop) T —u with { Var

Var
Var

I') = Var(t) U Var(A)
I') = Var(u) U Var(A)

P —~

(Ceon) T'HE 7 u with {

We thus introduce two families of term constructors opr. g, where I is a ps-context and B is a type
satisfying (Cop), and cohp g where I is a ps-context and B is a type satisfying (Ccon). Moreover
a list of terms in a context A that are “as prescribed by I can be formulated elegantly as a
substitution A F « : T', and the type in A corresponding to the admissible pair of substitution
and the substitution 7 is none other than the type B[y]. We show in Section 2.5 that these
conditions correspond to the admissibility condition in the Grothendieck-Maltsiniotis definition.

Introduction rules for terms. This lets us reformulate the previous rule, for instance for
the family of rules op as

AbF~:T A+ B[y
Al OPF,BM : BM

for all ps-context I' and type I' F B satistying (Cop)

Note that the premise A - B[y] is in fact redundant, as it follows from the fact that substitution
transport well-formed types onto well-formed types. Hence, in order to get the rule we actually
use, we leave this condition out. Moreover, we chose to write most of the indexing of the term
family in the premises of the rules instead of as a side condition, we only keep as a side condition
the conditions on variables. This leads to the definitive form of the rule for the family of term
constructors op

I Fps T'FA AF~:T
A opr 4t Ap]

(OP) where I' - A satisfies (Cop)

Written in a similar fashion, the introduction rule for the family of term constructors coh gives

I Fps A Ab~:T
AF cohp 4 : A[Y]

(COH) where T' b A satisfies (Ceon)

We show in Section 3.5 that this rule can be rewritten in a simpler way, by slightly changing
the condition (Ceon) in (CL,,). We say that a type I - A satisfies (CL,,,) if and only if we have
Var(T") = Var(A), and we denote (COH’) the introduction rule obtained by changing the condition
(Ceon) to (Ccoh)/ in the rule (COH). We admit in a first time that these two rules give equivalent
theories, and postpone the proof to Section 3.5 as it is surprisingly involved and requires some
syntactic tools that we have not yet introduced. For now we freely use either of these rules
depending on which one is best suited to our needs.

In this formulation, it appears as if I' and A are arguments of the term constructors op
and coh, and from now on, we may treat them as such. But formally they are rather indexes
for term constructor families, which allow us to understand this presentation as included in the
framework we presented to study a type theory in a cut-free style. We denote CaTT the resulting
type theory, which we present completely in Appendix A.2.
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Interpretation. Recall that the Grothendieck-Maltsiniotis definition of weak w-categories de-
fines a lift for every admissible pair of morphisms, and that there are two ways for a pair to be
admissible: Either both morphisms are algebraic, or they factor through the source and target
to give algebraic morphisms. In the theory CaTT we will show that the term constructor op
corresponds to the lift of an admissible pair where the morphisms factor through the source and
target, and the term constructor coh corresponds to a lift where both morphisms are algebraic. In
particular, the side conditions on variables can be understood as a translation of the algebraicity
condition.

We can also formulate a high-level interpretation of these rules, justifying their status as a
definition of weak w-categories. In this theory, it will turn out that a term I' - ¢ : A corresponds
to a composition of the cells described by I', and the condition Var(I') = Var(t) U Var(A) ensures
that this composition uses all the cells available. With this interpretation of the terms of the
theory, we can understand the rule (OP) as producing, for any ps-context, a way of composing
it completely down to a single cell. This operation requires to specify a way of composing
the source and a way of composing the target of the ps-context to explicit the borders of the
composition, this specification is ensured by the variables ¢ and uw. The rule (COH) can then be
understood as stating that given a ps-context and two ways of composing it, there necessarily
exists a cell relating these two ways, and we will see that in this case, this cell necessarily is an
equivalence. Contrarily to the rule (OP), the rule (COH) also applies to higher cells and thus fills
in higher dimensional gaps. Together, the rules (OP) and (COH) enforce all ps-context to have a
contractible space of ways to be composed. Note that this is informal, in particular we have not
given a precise definition of contractible in this setting and use it as a way to express existence
and uniqueness up to higher cells.

In Theorem 66, we show that CaTT is closely related to the Grothendieck-Maltsiniotis def-
inition of weak w-categories, and thus our high-level interpretation transfers to this definition,
which can be understood as saying that a weak w-category is a globular set in which every past-
ing scheme has a contractible space worth of composition. This is a weakened version of strict
w-categories in which every pasting scheme has a unique composition, and that justifies these
definitions as indeed describing weak w-categories.

2.4.2 Some examples of derivations

We provide some examples of derivations that one may compute in CaTT, using an actual syntax
that we have implemented in [15]. A new coherence is introduced with the keyword coh and is
followed by a name to identify it. Then comes a list of arguments which is the description of a
ps-context followed by a colon and a type. For instance the following line

coh id (x:*) : x -> x

defines a coherence called “id”, which correspond to the construction coh(y.4):3—s. Further refer-
ences to this coherence in order to produce a term have to include a substitution to the context
(z : ), that is expressed as a list of arguments, for instance one may write id y. Note that in
the implementation, we only use the keyword coh to introduce both term constructors coh and
op. As we explain in details in Section 3.1, we only specify the term in the substitution that
correspond to locally maximal variable of the ps-context, for instance, considering the following
operation

coh comp (x:%)(y:*)(f:x->y)(z:%)(g:y->z) : x -> 2z

one needs to write only comp f g instead of comp x y £ z g when applying it. Other examples
of operations and coherences one may define in CaTT include
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— left unitality and its inverse
coh unitl (x:*)(y:*)(f:x->y) : comp (id x) f -> £
coh unitl- (x:*)(y:*)(f:x->y) : £ -> comp (id x) £
— right unitality and its inverse
coh unitr (x:*)(y:*)(f:x->y) : comp £ (id y) -> £
coh unitr- (x:*)(y:*)(f:x->y) : £ -> comp f (id y)
— associativity and its inverse

coh assoc (x:*) (y:*) (f:x->y) (z:%) (g:y->2) (w:*) (h:z->w)
comp f (comp g h) -> comp (comp f g) h

coh assoc- (x:%) (y:%) (f:x->y) (z:%) (g:y->z) (w:*) (h:z->w)
comp (comp f g) h -> comp f (comp g h)

— vertical composition of 2-cells

coh vcomp (x:%) (y:*) (f:x->y) (g:x->y) (a:f->g) (h:x->y) (b:g->h)
f ->h

— horizontal composition of 2-cells

coh hcomp (x:*) (y:*)(f:x->y) (£f’:x->y)(a:f->f’)
(z:x) (g:y->2) (g’ :y->2) (b:g->g’)
comp f g -> comp f’ g’

— left whiskering

coh whiskl (x:*) (y:*)(f:x->y)(z:%) (g:y->2)(g’:y->2) (b:g->g’)
comp f g -> comp f g’

— right whiskering

coh whiskr (x:*) (y:*)(f:x->y)(£’:x->y)(a:f->f’)(z:%) (g:y->2)
comp £ g -> comp £’ g

We also provide a syntax to define terms in an arbitrary context, and not only coherences. The
corresponding keyword is let followed with an identifier and a context, and equal and a full
definition of the term in terms of previously defined term and coherences. For instance, the
following term defines the squaring of an endomorphism

let sq (x:*)(f:x->x) = comp f f

We refer the reader to Section 3.1 where we provide a more in-depth presentation or our imple-
mentation, the corresponding syntax and more examples of expressions that we have implemented
and checked.
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2.4.3 Syntactic properties

With the tools we have introduced, we can show directly a lot of properties satisfied by the type
theory CaTT. Firstly, as for any cut-free type theory, it satisfies Proposition 2, and implements
all the structure of a cut-full type theory. Moreover, since every term corresponds only to a
unique introduction rule and the theory has no definitional equality, it enjoys the uniqueness of
derivations.

Embedding of Sgsert. Since all the rules of GSeTT are also valid in CaTT, it follows that
any judgment in the theory GSeTT is also derivable in the theory CaTT. On a categorical level,
this translates by the existence of a morphism of categories with families Sgsett — ScaTT:
The uniqueness of derivations then implies that this morphism is faithful. Since SgsetT has a
coglobular structured, this morphism transports this structure and endows Sc,tT with a natural
coglobular structure.

Globular products. By definition of the coglobular structure on the category Scatt, the
embedding I : Sgsett — ScatT preserves all the finite globular limits, hence it preserves the
globular products. In particular, the ps-contexts in the category ScatT are again the globular
products. We denote Sps o the full subcategory of Sc,71 whose objects are ps-contexts, note
that Sps,oc has exactly the same objects as Sps, but its morphisms are not the same. More
specifically, there is a strict inclusion Sps < Sps oo Which is the identity on the objects.

Familial representability of Ty. The embedding I : Sgsett — ScatT also provides the
contexts S™ and D™ in the theory CaTT, which enjoy a similar property that the one they have
in the theory GSeTT

Theorem 41. For every n € N_;, the canonical map

Sgserr(I,S") — Ty"
v o= ARl

induces a bijection between the substitutions I' — S™ and the types in ' of dimension n.

Corollary 42. For every n € N, the canonical map

SGSeTT(F,Dn) — TInF
v ozl

induces a bijection between the substitutions v : T' — D™ and the terms of type classified by o~y
in I

Proof. As in the case of GSeTT we can prove these two result by mutual induction, and the
proof is essentially the same. Indeed, since the embedding I preserves the globular limits, the
sphere contexts enjoy the same inductive definition as successive pullbacks, and the substitution
extension (_, ) also enjoys the same universal property, as in any category with families. We
have also formalized this result in Agda for a more general framework, we refer the reader to
Section 4.1 for an introduction to this framework and a discussion of the formal proof. O
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Globular contexts, globular substitutions. Note that a context in GSeTT is a fortiori a
context in CaTT, let us call globular context a context in CaTT which is also a context in GSeTT.
Syntactically, a globular context is a context whose types do not contain any cohrences. For
instance, any ps-context is a globular context. Similarly, we define a globular substitution to
be a substitution whose defining terms do not contain any coherences. Note that a globular
substitution between two globular contexts is exactly a substitution in GSeTT, but there are also
globular substitutions that do not come from substitutions in GSeTT, since their contexts source
and target are not globular. For instance, the following substitution is globular

AF{y—z,z—z,9— f,h— fib—a):T
ith A = (z:%)(f:z—x)(a:comp f f—idy)
W I' = (y:%)(z:%)(g:y—=2)(h:2—y)(b: comp g h — id,)

The variables of dimension n of a context I' are exactly the globular substitutions I' -~ : D™

Decidability of type checking. In order to use induction on the syntax, we introduce the
notion of depth of a term, that we define as follows

depth(v) =0 depth(opp 4[v]) =1+ max depth(u)
: wey

depth(cohr 4[y]) =1+ max depth(u)
u€y

This notion expresses exactly how many nested coherences are needed to write a given term.
Proposition 43. The derivability of a judgment is a decidable problem for the type theory CaTT.

Sketch of the proof. The demonstration is a lot more complicated than it seems, a mere mutual
induction does not suffice here as it is not well-formed. To circumvent this problem, we proceed
in three steps.

1. We prove by mutual induction that these judgments are valid in a subset of the theory
considering only the ps-contexts, that, we prove that for all ps-contexts I'; A, the judgments
'FATFt: Aand AF v :T are decidable. The fact that this induction is well-defined
is ensured by a careful observation of both the dimension and the depth of the different
objects involved, and relies on the fact that any type that uses all the variables in a context
is necessarily of dimension at least the dimension of the context.

2. We prove that for all context A, the judgments A+, AF A AFt: Aand AF vy :T are
decidable, in the case where I' is a ps-context. This works by mutual induction, using the
previous result, without extra argument.

3. We finally prove that the judgment A F ~ : I is decidable without any assumption, using
the decidability of the other judgments. This is a simple induction

We have formalized this proof in Agda as well, for the framework we present in Section 4.1 [

2.5 The syntactic category of CaTT
We now study and characterize completely the syntactic category Scart. This is our main

contribution to the theoretical understanding of the theory CaTT as well as the key result to
characterize its models.

71



2.5.1 The category of ps-contexts with coherences

The first step towards relating the models of the theory CaTT with the Grothendieck-Maltsiniotis
definition of weak w-categories is to study the category Sps oo, which is the full subcategory of
ScatT Whose objects are exactly the ps-contexts. The precise study of this category is subtle,
and requires a good understanding of the syntactic properties satisfied by the expressions that
are derivable, along with appropriate tools to study these properties. A full presentation of these
tools would take us too far from the goal of understanding the syntactic category and the models
of the theory CaTT. For this reason, we state here the result that we are using, and refer the
reader to Section 3.5 where we introduce all the required tools and prove the theorem

Theorem 44. There is an equivalence of categories Sps oo >~ OF

We can still give a general idea of the proof: We start by introducing the notion of coherence
depth that exhibits the category Sps oo as the colimit of an iterative sequence

Sps)oo = colim (Sps)o — SPS,I — Sps72 - .. )

and we show that each of the category Sps,; is equivalent to ©;" since they satisfy the dual
universal property: The category Sps ;11 is obtained from the category Sps ; by formally adding
the lifts to the appropriate coadmissible pairs. In order to prove this, we characterize the types
I Fps A satistying (Cop) or (Ceon) as classifying the coadmissible pairs, and the term introduction
rules as providing a lift for the corresponding coadmissible pair.

2.5.2 Kan extensions and density

In the following, we make a heavy use of right Kan extensions and related constructions like
density. The Kan extensions that we consider are sometimes called “pointwise”, since all our
Kan extensions are pointwise, we leave this adjective implicit. Moreover, we only use right Kan
extensions and specific results about those, and thus only give a narrow exposition of the tools
we need to [53, 57| for a more complete presentation of these notions.

Nerve associated to a functor. Given a functor F' : C — D, we define its associated nerve
functor (or associated Yoneda embedding)

vp : D°P — C
d — D, F_)

To understand the significance of this functor, it is useful to think of the particular case where
D as the opposite of the presheaf category over C, i.e., D = C°P and F' is the Yoneda embedding.
In this case D(d, F'_) rewrites as D°P(F_, d), which by the Yoneda lemma is exactly d. Hence in
this particular case, the nerve associated to F' is the identity. We can also consider the slightly
more complicated case where D is the opposite of a presheaf category A, and F defines the
inclusion of a full subcategory C into A. Then every object ¢ in C can interpreted as a presheaf in
A and thus can be decomposed as a colimit of representable objects in A, we denote this colimit
¢ = colim, Y(a). The Yoneda lemma and the continuity of the hom-functor then shows

o~ o~

A(colim, Y(a),d) = colim, A(a, d)
= colim, d(a)
hence vp(d) characterizes the colimits of the elements of the presheaf d as prescribed by the
category C. Equivalently, it characterizes the limits of the co-elements of d in the category D.

In the more general case, the nerve functors vz (d) characterizes the elements in the image of F
that sit above d in the category D.

72



Comma category. For a functor F : C — D as above and an object d of the category D, we
define the comma category of d over F, denoted (d | F') to be the category whose objects are
the pairs (¢, f) where ¢ is an object of C and f : d — Fc is an arrow in D. The set of morphisms
(d) F)((c, f),(c,f) is by definition the set of arrows g in C such that (Fg)f = f’

d%Fc

7 ng
Fc

In the case of F is the inclusion of a subcategory, we denote (d | C) instead of (d | F), leaving
the inclusion functor implicit. There is a canonical forgetful functor I, : (d | F)) — C sending
a pair (¢, f) onto the object ¢ and a morphism g onto ¢ itself. This induce a canonical diagram
associated to every object d in D, defined as the composite

@diF)-2c-Esp

Intuitively, this diagram witnesses the objects of C that, seen through F' sit above d in the
category D.

Nerve and comma category. The intuitions behind the nerve functor vg(d) and behind the
canonical diagram over d are closely related: Both quantify the objects of C which seen through
F sit above d in D. Indeed, these notions carry similar information and are closely related. We
relate them by considering a pair of functor

D )
G
C
and constructing the diagram

@diF) eS¢

Lemma 45. Under the hypotheses as above, the category of cones of apex e in € over the diagram

~

G o1l is equivalent to the category of natural transformations C(vg(e),vr(d))

Proof. The proof of this result can be found in [53, Lemma on p. 245] and [57, Lemma 6.3.8 on
p. 202]. 0

In the case where £ = D and G = F', and choosing the object d as the apex of the cone, this gives
an isomorphism between the cones of apex d over the canonical diagram of d and the natural

transformations C(vr(d), vr(d)). The identity natural transformation id, (4 then defines a cone
of apex d over the canonical diagram of d, that we call the canonical cone of d.

Right Kan extensions. The notion of Kan extension is very general and can be characterized
in different ways. We here give the definition that is best suited to the situation we want
to describe. This is not the usual definition of the Kan extensions, but rather an equivalent

characterization (see [53, Corollary 4, p. 245]). Consider two functors D +——C —— € as

above, and a functor R : D — & together with a natural transformation € : RF = G. Then
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a morphism f : e — Rd in £ induces a natural transformation vr(d) = vg(e), defined on any
object ¢ of C as the composite

D, Fe) —B &(Rd, RF¢) 255 g(e, Ge)

Definition 46. With the notations as above, (R, €) is the (pointwise) right Kan extension of G

along F if for all objects d of D and e of &, the map &(e, Rd) — C(vr(d),va(e)) described above
is a bijection. When it is the case, we denote R = Ranp(G).

Another characterization of right Kan extension [53, 57| is the following: R is the right Kan
extension of G along F, if and only if for every object d of D, we can compute Rd as the colimit

Rd:hm<(d¢F)Ec%5)

Indeed, Lemma 45 characterizes the natural transformations between the nerves as the cones,
the canonical cone is a cone in D that factors through F, so G defines the image of the canonical
cone over d in £. The definition of Kan extension states exactly the universal property for this
cone to be a limiting cone. Intuitively, the right Kan extension of an object d is the object of £
that gives the best over-approximation for d in £ using only objects from C.

Codensity. A particularly important case of Kan extension is given when the functor R is
the identity functor and the functors G and F are equal, i.e., when idp = Ranp(F). When
this is satisfied, we say that the functor F is codense, and the previous characterization of Kan
extensions as limits shows that in this case, every object d in the category D is obtained as the
limit
d:nm((mF)EciD)

We then call this limit the canonical limit of the object d. The intuition is that the functor F
is codense if for every object d of the category D the best over-approximation of d using only

objects for the image of F is d itself. Equivalently, the functor F' is codense if every object of D
is canonically a limit of objects in the image of F'.

Lemma 47. For a codense functor F : C — D together with a functor G : D — €. Then G
preserves the canonical limits if and only if it is the right Kan extension

G = Ranp(GF)
Proof. This is exactly the second characterization that we have given for the right Kan extension.
O
Free completions. Kan extensions behave nicely with fully faithful functors, as shown by the
following result (c.f. [57, Corollary 6.3.9, p.203| or [53, Corollary 3, p.239] for a proof).

Proposition 48. If F' is fully faithful and R = Rangp(G), then RF is naturally isomorphic to
G.

Using this proposition, we can show that a functor F' : C — D that is both codense and fully
faithful realizes the free completion of C by finite limits.

Theorem 49. For any category £ together with a functor G : C — &€ such that the G-images of
the canonical diagrams of all the objects of D have a limit in £, there exists an essentially unique
functor G : D — £ which preserves canonical limits and such that GF = G.
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Proof. If such a functor G exists, since it preserves the canonical limits, it has to be defined as the
Kan extension G = Ranp(G), hence it is essentially unique. Conversely, our assumption about
the existence of the limits shows the existence of the Kan extension Rang(G), then Lemma 47
shows that it preserves canonical limits and Proposition 48 shows that it satisfies Rany(G)F = G.

O

We apply this particular in the particular case where £ is the category Set, which is complete.
In this case, the condition of the existence of limits is automatically satisfied, and this theorem
can be reformulated as follows

Corollary 50. There is an equivalence of categories between the category of functors [C,Set]

and the functors D — Set preserving the canonical limits, that we denote [C,Set] . .-

This result can be seen as a refinement (and dual version) of the fact that the presheaf category
is the free cocompletion of a category: Instead of completing with all the limits, we only complete
by a sub-class of limits.

Free completions limit-preserving. Suppose that we have a functor FC — D which is
codense and fully faithful, and that moreover C has a class of limits £, and that the functor F’
preserves those limits. Then a functor G : D — Set preserves the limits £ if and only if G o F
preserves the limits £. This shows that the preservation of limits in £ can be required in the
previous corollary, to get the following result

Corollary 51. There is an equivalence of categories between the category of functors [C,Set] .
preserving the limits in L and the category of functors [C, Set| preserving the limits in L
and the canonical limits.

L,canlim

2.5.3 A characterization of substitutions

In the theory CaTT as in any contextual category, a substitution is completely determined by
its action on variables of a context, our goal is now to study the converse problem: Given a
function sending variables of a context to terms of another contexts, does there exist a substi-
tution whose action on variables is given by the specified function? Since substitution have to
respect typing, the action on type cannot be completely free, it has to satisfy some conditions.
For instance, there is no substitution (x : %, f : @ — z) F v : (z : *) that sends the term
T 1% = coh(gi g [(z = )] 1 & — = onto f, since by definition of the action of a substitution,
we have (coh(g:x) 2z [(T = 7)])[7] = cOh(4.4) zma[( — 2[7])]. Our objective is now to describe
all the possible ways of associating a term of a context A to each term of a context I'" while
ensuring that it corresponds to a substitution A F ~: T

The various nerve functors. In the case of the theory CaTT, the categories and functors
that we consider and the associated nerves are the following

— The functor I : Sgsett — ScaTT, Which is the inclusion allowing to interpret a context
with only variables (i.e., a globular context) as a context in the theory CaTT.

— The functor D : G°P — Sgiop, Which is given by the characterization of the disk contexts
in the theory GSeTT. We denote its nerve functor V = vp (this is the functor that we had
simply denoted v in Section 2.2). Corollary 23 shows that an element of (VT),, is exactly
a term of I' of dimension n in the theory GSeTT, that is a variable in T', thus we call VT
the presheaf of variables of T'.
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— The functor ID : G°P — ScatT which is given by the disks contexts in the theory CaTT.
We denote its associated nerve functor T' = v;p, and Corollary 42 shows that an element
of (TT),, is exactly a term in I of dimension n. We call TT the presheaf of terms of T.

— The functor Py : Sps,0 — CaTT, which is the inclusion allowing to consider ps-contexts as
a particular contexts of CaTT, and the globular substitutions between those as particular
cases of substitutions of CaTT. We denote the nerve associated to this functor vy = vp,.

— The functor Py : Sps,.c — CaTT which is the inclusion allowing to consider ps-contexts as
contexts in CaTT, and substitutions between those as substitutions in CaTT. We denote
the nerve associated to this functor v, = vp_.

The situation can be visualized on the following diagram.

-

/ Gov \ /) SPso Sps, 00

SGSeTT —> SCaTT

N A N

Sps,0 SPs,00

In a globular contexts the source and target of a variable is again a variable which is not the
case in arbitrary contexts, so V is only definable as globular set on globular contexts, for
a general context, we can only define a set of variables. Consider for instance the context
P=(x: *, a : id x -> id x), then the set of variables is {x,a} but we cannot see it as a
globular set: the source of a is the term id x which is not a variable.

Action on terms. We use these nerve functors to encode an action, which for every term of
a context associates a term in another context. Indeed, a natural transformation TT' = TA
associates to each term of I" a term of A of the same dimension, while also respecting the source
and target. This in particular implies that it preserves the typing, which is required if we want
the action to define a substitution. We start by treating the case where we describe actions of
substitutions A F v : I with I" a globular context, as in this case, it suffices to specify the image
of all the variables of T', encoded as a natural transformation VI' = TA. In the general case
however, we cannot do this, since we do not have access to a presheaf of variables. For this
reason, we consider natural transformations TT' = TA instead, but we have to add an extra
condition that we call algebraicity, to make sure that those indeed define a substitution. The
nerves vy and Vs, play a role in defining and understanding this algebraicity condition.

Substitutions to a globular context. We first give a characterization of all the substitutions
whose target is a globular context. Since the set of variables of such a context is naturally a
globular sets, these substitutions are easier to characterize.

Lemma 52. Let A+ be a context and I' = a globular context. Then there is an isomorphism
Scarr(A, I(T) ~ GoP(VT, TA)

Proof. To any substitution A + « : T', we associate a natural transformation 7 : VI' = TA
defined as follows : For any dimension n, we define

¥, + (VD) — (TA),
x =z
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In order to check that this defines a natural transformation, it suffices to check that it is com-
patible with the source and target inclusion of disks, i.e., that it respects the types. If x,y, z are
variables in A such that A F z:y — z, this amounts to saying that I - z[y] : y[y] — z[y]. This
comes from Proposition 3, and hence 7 is a natural transformation. This allows us to define the
map

Scatt(A,T) — Nat(VI,TA)

Lemma 6 states exactly that this map is injective, and we prove that it is surjective, by con-
structing for any natural transformation n : VI' = TA, a substitution v such that ¥ = n. We
construct this substitution by induction on T'.

— For the empty context @&, we pose v = () and since VT is the empty presheaf, it is initial
and hence () = 7.

— For a context of the form I' = (I, z : A), the natural transformation n : VI' = TA induces
a natural transformation n’ : VIV = TA. Let A F +': +' be the preimage substitution of
7', define ~y to be the substitution A F (v, 2 — n(z)) : T'. Since both judgments A -~/ : T”
and (I, : A) F are derivable, and the naturality of 7 implies that A ¢ : A[7'] is also
derivable, an application of the rule (SE) shows that this definition yields a valid substitution
A F v :T. We now check that ¥ = 7. For a variable y in A, either y is a variable of A’
and then y[o] = ylo'] = 7' (y) = n(y), or y is the variable 2 and then z[o] = n(z)

O

This result shows exactly that I is in fact the pointwise right Kan extension
I =Ranp(ID)

Explicitly, a natural transformation n : VI' = TA is the data of, for each variable z of I, a term
n(z) in A of the same dimension as x, such that if ' - 2 : y — 2z, then A F n(x) : n(y) — n(z).
By Lemma 45 such a natural transformation is equivalent to a cone of apex A in the category
Scatt over the diagram (I' | V') — G°P < Scar1. Lemma 52 shows that this cone is colimiting,
which is an equivalent characterization of the Kan extension.

Algebraic natural transformations 7T = TA. We now study the more general case of
substitutions whose targets are generic contexts, and not necessarily globular ones. Note that
the same exact result does not make sense anymore, since VI is not defined in general. For
instance, for the context

F'=( : %) (f : id x -> id x)

we would like to define (VT')g = {f}, but then its source and target are the term id x which is
not a variable, and hence not an element of (VT');. In order to express the condition, we change
the point of view, and consider natural transformations TT' = TA instead of VI' = TA, to
establish a correspondence between the substitutions A F v : I'. However, by switching from
the presheaf of variables to the presheaf of terms, we have added too much freedom, and there
are now such natural transformations that are ill-defined substitutions; for instance, consider the
contexts
A= (x:%) (f:x->x) I'= (x:%)

together with a natural transformation n : TT' = TA such that n(id z) = £. This can never
be the action of a substitution, since, (id z)[y] = id (z[y]). To account for this, we express a
compatibility condition of the natural transformations with the term constructors op and coh,
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and show that it is the only obstruction to correspond to a well-defined substitution. We call this
compatibility condition algebraicity, and is defined inductively on the depth of the substitution
we consider. - -

We first define a function * : GoP(TT,TA) — Spso(vol', vpA). Suppose given the natural
transformation n : TT" = T'A, and consider a ps-context =, together with a substitution I' - £ : =
(i.e., ¢ is an element of (14I')z). By Lemma 52, £ induces a natural transformation £ : VE = TT.
By vertically composing this natural transformation with 7, we get a natural transformation
no&:VE = TA. We define the substitution A - n*(¢) : = to be the substitution associated to
this natural transformation by Lemma 52, it is thus characterized by the equation n*(£) =no&.
The following lemma ensures that this definition is natural in 7.

Lemma 53. For any natural transformationn € g‘;(TF, TA), the family of functions n* defines
a natural transformation in Spso(vol', 1pA)

Proof. Consider a substitution Z F ¢ : ¥ in the category Spso, we want to show that the
following square commutes

s

(vol)z —— (KA)=

ve_| Jpe-

D)y ——= (WA)v

Consider a substitution I' - € : = and a variable  in ¥, on one hand we have

where the first line is by definition of n* and the last line holds since z[t)] is a variable in = (since
1 is a map in Sps o), which is a ps-context hence a globular context. And on the other hand,

Yon*(§)(x) =

where the third line holds since z[¢] is a variable of =, and the last line holds by definition of n*.
This proves that for all  in ¥ we have n* (¢ o £)(x) = ¢ o n*(£)(z), and hence n*(po&) = Yon*(§)
O

We can understand this result in terms of canonical diagrams: Lemma 45 shows that a
natural transformation vo(I') = 19(A) is equivalent to a cone of apex I' over the diagram
(T'1 So,00) = So0,00 = Scart- Lemma 45 also shows that a natural transformation T = TA is
equivalent to a cone of apex A over the diagram (I" | G°P) — G°P — ScarT. The first diagram has
the ps-contexts as objects, whereas the second diagram has only the disks. But the ps-contexts
are themselves globular products, that are limits of disks. So Lemma 53 can be understood as a
procedure to develop the globular products in the former diagram to obtain the latter.
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Definition 54. A natural transformation n : TT' = TA is said to be algebraic if for every
ps-context = together with a term t derivable in = and a substitution I' - £ : =, one has the
equality

n(tlg]) = tn"(&)]

The following lemma, aside from being technically relevant shows that restricting ourselves to
algebraic natural transformation removes the additional unwanted freedom that we added when
we switched from the presheaf of variables to the presheaf of terms. Indeed, it gives an equivalent
of Lemma 6 for algebraic natural transformations.

Lemma 55. Two algebraic natural transformations n,n’ : TT = TA are equal if and only if
they coincide on all variables of T.

Proof. Suppose that n,n' : TT' = TA are two algebraic natural transformations that coincide on
all variables of I". We prove that for any term ¢ derivable in T', n(t) = n/(¢), by induction on the
depth of ¢t.

— For a variable x, we have by hypothesis n(z) = n'(z).

— For a term ¢ of the form T' = opg 4[¢] : A[¢], since 1 and 7’ are algebraic we have
n(t) = opz a[n*(€)] and 7'(t) = opz [0 (£)], so it suffices to prove that n*(§) = 7" (§).
Moreover, for every variable x in E, the term x[{] is of depth strictly less than ¢ hence by
induction we have n(z[¢]) = n(2[0]), which translates to n*(&)(z) = n'*(§)(x). Since this
holds for all z, it shows that we have n*(£) = n™*(€). O

Algebraic natural transformations and nerves. We have defined algebraic natural trans-
formations as morphisms in the category of globular sets, between two presheaves of terms. It
turns out that these correspond exactly to natural transformations in the category of presheaves
over Sps o between two nerves.

Lemma 56. If a natural transformation n € g‘j\P(TF, TA) is algebraic, then n* defines a natural
transformation in Sps oo (YT, VA).

Proof. We have already proved in Lemma 53 that n* defines a natural transformation 1yI' = 1A
and since for any ps-context =, we have the equality of sets (vpI')z = (vT)=, n% defines a function

(vI)g — (vA)z. It suffices to check that this family is a natural transformation, that is for all
substitution = F ¢ : ¥ between two ps-contexts, the following square commutes

*

(VD)= —— (
v
(vT)

v

vA)
v
vA)

Consider a substitution I' - £ : 2 in Sps o, then for any variable € V=E we have on one hand

v —— (

*

n

o (§)(x) =

and on the other hand




Since 7 is algebraic, this shows that ¢ o n*(&)(z) = n*(¢ o £)(z) and this being true for all the
variables © € VZ, it shows the equality 6 o n*(§) = n*(f o J).
[

This proof sheds a new light on the algebraicity condition: It is exactly the condition required
for a natural transformation between the presheaves of terms to lift to a transformation between
the nerves which is still natural. Once again this result can be understood in terms of canonical
diagrams: By Lemma 45, a natural transformation 7T = TA is equivalent to a cone of apex
A over the diagram (I' | G°P) — G°° — ScorT, and a natural transformation v(A) = v(T)
is equivalent to a cone of apex A over the diagram (I' | Sps.eo) — Spscec — Scatt- The
algebraicity condition provides a condition in which a cone over the disks can be factored as a
cone over the ps-contexts.

Lemma 57. There is a natural isomorphism between the set of algebraic natural transformations
TT = TA and the set of natural transformations v(T') = v(A)

Proof. We have already proved in Lemma 56 that an algebraic natural transformation n7TT = T'A
defines a natural transformation n* : v(I') = v(A). Conversely, given a natural transformation
n:v(T') = v(A), it restricts along the inclusion functor G < Sps o to a natural transformation
n : TT = TA. We first show that 7 is an algebraic natural transformation: Given a ps-context
=Z and a term t in =, together with a substitution I' - ¢ : =, the naturality of n shows the
commutation of the following square

28E /N (vA) pn
) |
(D)= —— (vA)pr
which gives the equation t[n(¢)] = n(t[¢]). Since t[¢] is a term, 7/(¢[¢]) is well defined as

7 (t[€]) = n(t[€]), so in order to show that 1’ is algebraic, it suffices to show that t[n(£)] = t[n"™(£)].
We show that n'*(§) = n(€): For any variable x in Z, we have that

So this proves the equality of natural transformations 7(£) = 7 o €. Since this equation charac-
terizes n'*(£), it follows that n(§) = n'*(€), and hence the algebraicity of 7'.

We now show that the restriction n +— 7' is inverse to the extension n — n*. We have
already proved that for all transformation n : v(I') = v(A), and all element & of v(I')z, we
have n(¢) = n'*(€), so this proves that n* = 1n. Conversely, consider an algebraic natural
transformation 7 : TT = TA, we show that (n*)’ = 7, that is, for all term ¢ of dimension n in T,
we have n(t) = n*(t). It suffices to show that n(t) = n*(t). Consider a variable x in D™, then we
have on one hand

and on the other hand,
n*(t)(z) = not(z) = n(zt])
The naturality of n gives the equality between these two expressions, proving that (n*) =n. O
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In terms of canonical diagrams, this can be understood as showing that the algebraicity condition
characterizes exactly the diagrams over the disks that can be factored as a cone over the ps-
contexts.

Substitutions to arbitrary contexts. These results let us characterize all the morphisms in
the category ScatT and exhibit Sps o as a codense subcategory of this category.

Theorem 58. The category Sps,o 15 a codense subcategory of ScatT, or equivalently, the nerve
functor v is fully faithful

Proof. We define a natural isomorphism Sca17(A,T') ~ Nat(v(T'), »(A)) for any two contexts A
and I" in Scar1. By Lemma 57, it suffices to prove that the substitutions A |« : I" are naturally
in bijection with the algebraic natural transformations TT = TA.

To any substitution A + ~ : T', we associate the natural transformation 7 defined for all
terms ¢t in TT by 7(¢) = t[y]. This family of functions defines a natural transformation, since
the morphisms in G are the source and target, and the application of v preserves the typing,
ie, if AFt:u — v, then T' - t[y] : u[y] — v[y]. Moreover we show that this natural
transformation is algebraic: Consider a ps-context = together with a term ¢ derivable in = and
a substitution I' - £ : E. Then we have F(t[{]) = t[¢][v] = ¢[€ o v]. Moreover for all variable z,
Eory(x) =x[€0ry] = (Fo&)(z), which is the defining equation for *(¢), hence £ oy = 7*(£), and
F(t[€]) = t[7*(£)]. This proves that 7 is a algebraic natural transformation.

Conversely, given an algebraic natural transformation 7 : TT' = T'A, we define a substitution
A+ &, : T such that &, = by induction over the length of T

— If I' is of length 0, then it is the terminal context @, and we define d,, to be the unique
substitution A+ () : @.

— If T is of length n + 1, then T' = (I',z : A), and the projection T' F 7 : I” induces a

“restriction” natural transformation TT” = TT. By composing this transformation with 7,
we get ' : TT' = TA, and since 7’ is a restriction of 7 it is also algebraic. By induction this
gives a substitution I'" - 6,/ : A. We then define 8, (d,/, n(x)), and check that an application
of the rule (Es) shows that d, is well defined. Since we have by induction A F 4,/ : IV, and
by hypothesis I,z : A t, it suffices to check that A - n(x) : A[d,/]. This is immediate
if A =%, and if A =y — 2z, the naturality of n shows that A F n(z) = n(y) — n(z),
and by definition of d,/, we have that A[6,y] = '(y) — n'(2) = n(y) — n(z). Hence the
substitution is well defined.
It now suffices to check that g = 7, and since it is an equality between two algebraic
natural transformation, it suffices by Lemma 55 to check that they have the same actions
on variables. Let y be a variable in I', then either y = x, and then by definition of 4,,, we
have z[d,] = n(x), or y is a variable in I", and then y[d,] = y[d,/] and by induction, we
have that y[d, ] = n'(y) = n(y).

We then prove that these two maps are inverse to one another. We have already proved during
the induction that &, = 5 for all algebraic natural transformation, so it suffices to show that for
all substitution A v : I', we have §5 = 7. By Lemma 6, it suffices to prove that for all variable
z in T', we have z[d5] = =[], which holds by the following argument

2[65] = d(x)
(z)
[v]

Il
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2.5.4 ScatT as a free completion

Theorem 58 shows that Sps ~ is a codense full subcategory of Sca1T, so Corollary 50 shows that
the inclusion Sps oo — ScatT exhibits Scatt as the free completion of Sps o by the canonical
limits.

Canonical limits. Apply the definition of canonical limits to our specific case of the codense
subcategory Sps oo shows that every object I' in the category ScaTT is obtained as a limit of the
following form, which is the canonical limit

I' =1lim ((I' | Sps,00) = SPs,00 = ScaTT)

Preservation of globular products. Since P : Sps,oc < ScatT is fully faithful and Scarr
has the globular products, P, preserves the globular products. Corollary 51 apply to show the
following

Corollary 59. The category ScatT is the free completion of the category Sps.oc by the canonical
limits preserving the globular products. FEquivalently for any complete category C, the functor
Py : Spsco — Scart induces an equivalence of categories

[SPS,007 C]gprod = [SCaTTa C]gprod,canlim

2.5.5 Functors preserving globular products

We now suppose given a category C equipped with a functor F' : Scat1 — C which preserves the
globular products, and we reproduce the previous results for the category C seeing the objects
as generalization of contexts, as allowed by the functor F.

Morphism to the image of ps-contexts.

Lemma 60. If T is a ps-context, and X is an object of C, then there is a bijection
Set(X, FT') ~ Nat(VI,vpX)

Proof. Consider a ps-context I', then it can be written as a globular product. Since F' preserves
the globular products FT is also a globular product, and a natural transformation VI' = vpX
is exactly a cone of apex X over a diagram which is equivalent to the globular product diagram
of FT', hence the equality, by definition of a limit. O

This lemma can also be formulated in terms of Kan extensions. Note that we have the
following induced functors
I
Sps,0 —— Sps,00
o,
Ggeop

and the previous lemmas restricted to this functor state that I, = Ranp (I,D,). Lemma 60
states that a functor F' : Scat1 — C preserving the globular products necessarily preserves this
right Kan extension, i.e., that we have F'I, = Ran D,(FI,D,).
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Algebraic natural transformations TT = TrX. Given a functor F' : Scot1 — Set, pre-
serving the globular products, we denote Tr the nerve functor associated to the composite
G°? — Scatt — Set. Similarly to the previous section, a natural transformation vI" = vp X is
redundant, and can be reduced to a natural transformation TT = Tr X, satisfying a particular
algebraicity condition.

Lemma 61. A natural transformation n: TT = Trp X induces a natural transformation between
the nerves n* : v(T') = vp(X).

Proof. For a natural transformation n : TT' = TpX, given a ps-context = together with a
substitution I' F & : =, we have the natural transformation 7 : V(2) = v(I'), by vertically
composing with 17 we get the natural transformation no7¥ : V(2) = vr(X), and we define n* ()
to be the unique map such that n*(y) = no7. The fact that this defines a natural transformation
is analogous to Lemma 53 O

Definition 62. A natural transformation 1 : TT = T X is algebraic if for all ps-context = and
for all term ¢ in =, along with a substitution I' -« : =, the following equality is satisfied

n(tl]) = F(t) o (")

The term algebraicity comes from an analogy with the monads, and has no direct connection
with the algebraicity of a morphism that we have introduced to present Grothendieck-Maltsiniotis
definition of weak w-categories.

Lemma 63. Two algebraic natural transformation TT' = TrpX are equal if and only if they
coincide on all variables.

Proof. The proof is the same as the one of Lemma 55 O

Lemma 64. The set of algebraic natural transformations TT = TpX is naturally isomorphic
to the set of natural transformations vI' = vp X.

Proof. Again, the proof is essentially the same as the one of Lemma 57. O

2.6 Models of CaTT

The characterization of the syntactic category that we have given enables us to compute the mod-
els of the theory CaTT. In particular we show here that they are equivalent to the Grothendieck-
Maltsiniotis definition of weak w-categories [54] that we have presented in Section 2.1. The
idea behind this proof is that the canonical limits together with the globular product define
the same class of limits as the pullbacks along the display maps and the terminal object. Thus
the models, which are the functors preserving the terminal object and the canonical limits, are
equivalently described as the functors preserving the canonical limits and the globular products.
The latter are equivalent to the Grothendieck-Maltsiniotis definition, by the characterization of
the syntactic category as a free completion that we have presented in the previous section.

Lemma 65. If F : ScatT — Set is a functor that preserves globular products, then F preserves
canonical limits if and only if F preserves the pullbacks along display maps and the terminal
object.
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Proof. Consider a functor F' : Scatt — Set that preserves globular products. We first refor-
mulate our goal by applying Lemma 47 together with Lemma 64, and show that F' preserves
pullbacks along display maps if and only if for every context I' and every set X, the associa-
tion f + f induces a bijection between Set(X, FT) and the algebraic natural transformations
T =T X.

First we assume that F' preserves the pullbacks along the display maps and the terminal
object, and show that the desired map is an bijection, this by induction on the context I"

— For the empty context @, it is the terminal object in the category Scart and F' preserves
terminal object, hence F@ is the terminal object in Set, and hence for all X, Set(X, F@)
is a singleton. Moreover, by construction (7T, is the set of terms of dimension n in
the empty context. Since in the theory CaTT no term is derivable in the empty context,
T is the empty presheaf which is initial, hence there is a unique natural transformation
T@ = TrX, and it is vacuously algebraic. Hence the map  is a map between two singleton
sets, so it is a bijection.

— Consider a context I' = (IV,x : A), and assume the bijection holds for I'. Then T" writes
as the following pullback (on the left) and since F' preserves pullbacks along display maps,
taking image by F' yields the following pullback square (on the right)

F%D" F(I) —— F(D")
[ | |
M — sl F(I') —— F(S" 1)

For any set X, the continuity of the hom-functor with respect to its second variable shows
that the following square is a pullback

Set(X, F(T')) — Set(X, F(D"))
Set(X, F(I')) —— Set(X, F(S"1))

An algebraic natural transformation n : TT = TrX restricts as a natural transformation
n' : TT” = TrX which is again algebraic, and by induction this gives a map 6, : X — FI".
Applying the last variable to 1 also gives a specific element 7(x) € (TrX),, = Set(X, FD").
Moreover, the naturality of 1 shows that these two constructions fit into the following
commutative triangle, which by the property of the pullback gives a unique map §

Natalg (TF, TFX)

\éet(X,F(F)) . Set(X, F(D"))

| |

Set(X, F(I")) —— Set(X, F(S"1))

Where Nat,, (Il", TrX) is the set of algebraic natural transformations. By precomposing
with the map : Set(X, FT') — Natoe(TT,TrX), we have that for all map v : X — FT,
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by induction hypothesis d5» = F ()7, and F(x) = z[7], and hence by universal property of
the pullback, this implies that 6 o = idget(x,rr). Conversely, for all natural algebraic
transformation n : TT' = TpX and all variable y in I', we have that §,(y) = Fy o oy,
then either y is a variable I and by induction Fiy o, = n'(y) = n(y), or y = « and then
Fyo 6, = n(xz) by definition of 4,. Hence for all variable y of T, n(y) = 0,(y), and by
Lemma 63 this shows n = &, Hence § is an inverse to the map ~, and thus the map is a
bijection. -

Conversely, we suppose that the map  is a bijection, and show that then it also preserves
pullback along display maps and terminal object. First note that for the terminal object @,
we have already proved that there is exactly one natural transformation 7@ = Tr X for all set
X, and the assumed bijection then ensures that F'@ is terminal in Set. So we are left proving
that F' preserves pullbacks along display maps, and for this it suffices to prove that it preserves
pullbacks along generating display maps. Consider such a pullback, which is of the following
form (on the left), and we consider a commutative on the following form (on the right) for an
arbitrary set X.

(C,z: A) —% Dr X —— F(D")
[ B |
I 5! FT —2 p(sn1)

By the assumed bijection, the map g : X — FT corresponds exactly to an algebraic natural
transformation g : T'(I',x : A) = TpX. Under this bijection, the fact that F(I',z : A) is the
preserved pullback is equivalent to saying that there exists a unique algebraic natural transfor-
mation 7 : T(T',z : A) = TrX which coincide with g for all terms that are definable in ', and
such that n(z) = t. By Lemma 63 the uniqueness is clear, since the requirement specifies the
values on all variables of (I',z : A), so it suffices to show that such a natural transformation
exists. We define this natural transformation by first setting n(t) = g(¢) for all terms in I', and
extend it by induction on the depth of the term that are not definable in I'.

— For a term of depth 0, it is necessarily the variable z, and we set n(z) = t. The fact that
this is natural for x is equivalent to the fact that the initial square we consider commutes.

— Suppose that we have constructed 7 which is natural for all terms of depth at most d,
and consider a term ¢ of depth d 4+ 1 derivable in (I',x : A). Then ¢ is necessarily a
coherence oh the form ¢ = coha g[y] with v being a substitution of depth d. We then set
n(t) = F(coha plida]) o (n*7y). We now check that this is natural for ¢ : consider the source
substitution ¢ : D™ — D™ ! we have that

Foon(t) = Fo o F(coha glida]) o (™)
= F(0 o coha glida])(n™y)
=n(oot)

and similarly for the target substitution. This proves the naturality of 1 on the term ¢ we
constructed.

This natural transformation is algebraic by construction, hence we have proved the existence of
a unique algebraic natural transformation that meets the requirements, and hence F' preserves
the pullbacks along the generating display maps. This shows that F' preserves pullbacks along
all display maps. O
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Theorem 66. The models of CaTT are equivalent to the weak w-categories.

Proof. The models of CaTT are the functors Sca7t — Set preserving the terminal object and
the pullbacks along display map as stated in Lemma 10. Moreover, those induce a morphism of
coglobular structured categories with families from Scatt — Set, hence by Lemma 30, they also
preserve the globular products, so it follows by Lemma 65 that these are exactly the functors
ScatT — Set preserving the globular products and the canonical limits. Such functors are
equivalent to weak w-categories by Corollary 59 O

Following Ara’s result [4], under a mild conjecture [4, Conjecture 4.1.7, p.55] this proves that the
models of CaTT are also equivalent to the definition of weak w-categories due to Batanin [11]
and Leinster [48]. In fact we believe that CaTT is a good framework to explore the connection
between the Grothendieck-Maltsiniotis definition of weak w-categories and the Batanin-Leinster
definition of weak w-categories, but we have not pushed research in this direction yet.

Equalizers in the category Scatt- We present a second characterization of the models of
ScatT, based on Corollary 18. Indeed, given that our contextual category comes from an actual
syntax, all the most general unifiers that it has are primitive. Moreover, we assume the following

Conjecture 67. For any two substitutions of the form A F (y,z — t) : (T,z : A) and
AF (#,x—t): T,z : A) that have an equalizer in ScarT, the substitutions A F v : T
and A+ ~":T also have an equalizer in ScatT.

Under this conjecture, Corollary 18 gives another characterization of the models of CaTT.

Corollary 68. The category of models Mod(ScatT) is equivalent to the category of functors
ScatT — Set that preserves all the finite limits that are in ScarT.

This gives an important connection with categorical notion of models of an algebraic theory.

2.6.1 The syntactic category

In the light of Theorem 66, we understand the syntactic category ScarTt as describing an appro-
priate notion of finite presentation for weak w-categories. The traditional notion of presentation
for higher structure is the notion of polygraphs [21, 60], which is well-known in the strict and
truncated cases. Intuitively, polygraphs allow for presenting the cells that generate a higher cat-
egory, these cells may have sources and targets which are not themselves generators, but rather
composite of generators. The situation is analogous to the example we have presented, of the
context ' =(x : *, a : id x -> id x), where the variable a has a source id x, which is not
itself a variable, but a term which represents a certain composite of variables. This observation
supports our intuition that the contexts define a notion of polygraph for the weak w-categories.
Moreover, since the contexts necessarily have finitely many variables, we believe that they in fact
define finite polygraphs. For any context A of the theory CaTT, we can construct the functor
Scat7(4A, ) : Scatt — Set. By continuity of the hom-functor, this functor preserves the limits,
so in particular it preserves the terminal objects and the pullbacks along the display maps, hence
Lemma 10 shows that it is a model of CaTT. The association A — Scar7(A, ) thus defines a
functor F' : S+ — Mod(ScatT), and since it is a coYoneda embedding this functor is fully
faithful. The functor F' hence exhibits the syntactic category SZ1+ as a full subcategory of the
category of models Mod (Scat1). Our intuition from categorical logic is that this full subcate-
gory is defined by the fact that its objects are exactly the weak w-categories freely generated by
a finite polygraph.
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2.6.2 Towards a structure with weak functors

Even though the category of models of CaTT is equivalent to the Grothendieck-Maltsiniotis cat-
egory of weak w-categories, we claim that this category is not completely satisfying. The objects
in these category correspond indeed to our intuition of weak w-categories, but the morphisms
are not the expected ones: We expect the weak w-categories to be equipped with a notion of
weak functors, that satisfy all the axioms of functors up to invertible higher cells, whereas the
morphisms of models are a strict variant satisfying all these axioms on the nose. In fact we could
not have obtained our expected notion of functors as morphisms in the categories of models, since
those do not compose in a strictly associative way, hence they do not define a category, but rather
an (0o, 1)-category. We believe that the category of models of the theory CaTT could equipped
with a model structure, or a variation of it, that presents this (oo, 1)-category. In particular
we believe that the weak w-categories should be equipped with an appropriate notion of weak
equivalence, and that the properties that make sense for weak w-categories are the ones that
are invariant under this notion of weak equivalence. Moreover, this discussion can be repeated
for natural transformations, and all the higher cells, and we believe that the weak w-categories
in fact naturally define a weak w-category, even though we do not know a way to present or
manipulate it.
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Chapter 3

Practical use and partial automation

Now that we have presented and analyzed the type theory CaTT from a theoretical standpoint
and justified its correctness, we study practical aspects and in particular explain how such a
theory can be used to prove results about weak oco-categories.

3.1 Implementation

Along with the formal description of the type theory, we provide an implementation of a proof-
assistant for weak w-categories that functions as a type checker, for this theory. Our implemen-
tation, realized in the programming language OCaml is available at [15], and we discuss the
choices that were factored in during the implementation in order to make this proof-assistant
into a practical tool, along with its syntax.

3.1.1 Syntax

The type x is written in CaTT as the constant *, and the type ¢ 7 u is written A | t -> u,

moreover a context is simply a sequence of variables together with their types, denoted with
parentheses and colons as follows

x:%) (y:*) (E:*x|x->y)
£+ x| x->y) (@a:*x|x->y | f->f)
(z: %) (g:*1y->2)

Term constructors. Since our implementation was performed at the early stage of the thesis,
it has only one family of type constructor called coh that is meant to encompass both the
type constructors op and coh that we have presented. To this end, this type constructor has
two introduction rules, one corresponding to the constructor op and one corresponding to the
constructor coh. This is just a choice of implementation, and does not change the theory at
all since there is no occurrence where both rules can apply simultaneously. Since there are
two introduction rules for this type constructors that lead to terms having different syntactic
properties, we have chosen since then to separate this into the two term families op and coh,
and keep this distinction as much as possible in our discussion, even if our implementation, and
hence the syntax that we use hide this distinction.
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Type inference. As noticed previously, whenever there is an arrow type t 7 u, the argument

A can always be omitted since it is recovered as the common type of the terms ¢ and u, and this
justifies to denote this type ¢ — u. The same principle is implemented in the proof assistant.
This requires the proof assistant to work with type inference and not only type checking. Since
there is only one derivation that leads to a well-typed term, type inference is not more difficult
than type checking and this strategy is fully implemented.

(x %) (y: %) (£ :x->y)
(f? : x >y) (a: f ->£?)
(z : %) (g:y ->2)

3.1.2 Declaration

In order to manipulate terms in the theory without having to write them completely explicitly,
we define declarations introduce intermediate terms, that we can then substitute. So if we have
already defined a term ¢, simply providing a substitution 7 lets us access the term t[y] without
writing it out explicitly entirely. Using this technique we decompose complicated terms into
successive applications of simpler terms that are easier to handle.

Declarations of operations. A particular case of this instance that is very important for us
is the introduction of a operation: We call an operation a term of the form ¢ = opp 4[idr], and
we think of it as the primitive definition of the operation. Any other instance of a term opp_4[7]
can then be obtained by simply applying the substitution « to the term ¢. In order to introduce a
term of this form, we only need to specify the ps-context I" and the type A, and thus we provide
a dedicated syntax to introduce the declaration of an operation.

coh name G : T

where name is a string denoting the name we give to the declaration, G is the CaTT translation
of the ps-context I" and T is the CaTT translation of the type A. For instance, we can use a
declared operation to define the composition of 1-cells in a weak w-category as follows

coh comp (x : *) (y : *) (f : x ->y)
(z: %) (g:y->2):x->z

And we can later on refer to the constructed term using only the name comp, followed by a list
of term that we call the arguments, but that are formally understood as defining a substitution.
For instance in a context that defines terms a, b, ¢ of type *, a term ab of type a -> b and a
term bc of type b -> ¢, one can freely refer to the term

comp a b ab ¢ bc

which is understood as the composition of ab and bc, and reduces internally to a term of the
form

op(:p:*,y:*,f:wﬁy@:*,g:y—)z),w—)z[<x = a,y — b7 f = aba Zrrc, gt bC)]
Declaration of coherences. Similarly to the declarations of operation, we introduce the
declarations of coherence to define terms of the form ¢ = cohp alidr]. The syntax is in fact
exactly the same, due to our implementation not differentiating between the terms constructors
coh and op.

coh name G : T
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where name is a string denoting the name we give to the declaration, G is the CaTT translation
of the ps-context I and T is the CaTT translation of the type A. For instance, the identity 1-cell
of a 0-cell can be defined as a declared coherence as follows

coh id (x : *) : x -> x

As in the previous case, in any context defining a term a of type *, we can refer to the identity
of a by constructing the term

id a
which internally reduces to

COh(w:*),w—)me = CL”

General declarations. We also provide a syntax to introduce a term in an arbitrary context,
regardless of whether it is a ps-context or not. This can be seen as a general declaration, in the
sense that we allow for applying substitutions to these new terms as well. We think of these
terms as operations or coherences in a weak w-categories but that are not primitive and can be
decomposed into simpler operations and coherences. Our dedicated syntax to introduce such
terms is the following

let name G = t

where name is a string denoting the name we give to the declaration, G is an arbitrary context,
and t is a term in CaTT. For instance, using the coherence comp previously defined, one can
define the square of an endo-1-cell as follows

let sq (x : *) (f : x -> x) = comp x x f x f

internally, this term reduces to the expression

Op(z:*,y:*,f:z—)y,z:*,g:y%z),x%z[<x =T,y =, f = fv Z = x,g f>]

Moreover, we can also use this term as a basis of a declaration, for instance provided a context
where a is a term of type * and aa is a term of type a->a, we can freely refer the term

sq a aa

which internally is understood as sq[{x — a, f — aa)], which then computes to the following
expression

Op(:1::*,y:*,f:x%y,z:*,g:y—)z),z~>z[<x = a,y — a, f =aa,z —a,gi— CLCL>]

Declarations and cuts. Formally, the fact that we can define declarations can be modeled
with cut rules, and using a declaration then becomes an application of cut admissibility. Indeed,
for instance for the coherence id, the declaration of the coherence

coh id (x : *) : x -> x

amounts to giving a derivation for the term (x : x) = coh(y.) 22 [id(z:4)]. Using this coherence
later on, with for instance

let (x @ *) (y : x») (f : x ->y) =idy

amounts to defining the substitution (z : *,y : x,f : ¢ — y) F (x — y) : (x : %), and
then using the cut admissibility for showing that these two derivations yields a derivation of
(x:xy:xf:x =y cohgy anal{T—=y)] Yy — .
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Kernel and meta-operations. In our OCaml implementation of CaTT, we have chosen to
restrict as much as possible the meta-theoretic properties we rely on, and thus we have imple-
mented the bare bone theory without any additional feature in what we call the kernel of the
program. Every term that is fed to the kernel of the program is then checked to be valid. The
cut admissibility is a meta-theoretic statement, and as such is not a feature of the kernel, but
an external operation that computes on the syntax. This is a choice we have made to stay as
close as possible to the theoretical description of CaTT, but it has consequences: when apply-
ing a declaration, the program starts by computing the entire term, and then checks that it is
well-formed. For complicated terms, this can become computationally heavy. An implemen-
tation more focused on heavy use should incorporate the cut admissibility as a feature of the
kernel, in order to stop on an already checked declarations, and simply check the validity of the
substitution, instead of checking only completely reduced terms.

3.1.3 Implicit arguments

The syntax that we have introduced until now for the type theory is very heavy, and although it
is theoretically usable, the length of terms we need to write, together with a heavy redundancy
makes this implementation not usable in practice. So we add to the system implicit arguments,
which are by far the most useful feature to have in order to make CaTT usable in practice. We
can already see the need for having implicit arguments in the following example, which computes
the succession of two binary composition to make a ternary composition associated on the left

let comp3-left (x : *) (y : *) (f : x -> y)
(z : %) (g:y->2)
(w:x) (h:z->w =
comp x z (comp x yf zg) wh

Not only this term is complicated to parse for a human reader, it also does not match the usual
mathematical notation (f - g) - h in diagrammatic order (or more commonly h o (g o f)), where
only the arrows f, g, h are denoted. The implicit arguments will let us write this term instead as

let comp3-left (x : *) (y : *x) (f : x -> y)
(z : %) (g:y->2)
(w:x)(h:z->w =

comp (comp f g) h

which matches the usual mathematical practice. On this simple example it does not seem to make
that big a difference, but example quickly become much more involved, and each of the term
that we could omit may be, in more complicated scenarios, not only variables, but complicated
terms themselves, and being able to omit them ends up having a very important impact on the
usability of CaTT.

Unification algorithm. In order to implement the implicit arguments, we need a unification
algorithm, which matches an implicit term with a known list of constraints in order to recover
the unknown term. We keep this algorithm to its simplest form, as it is implemented outside of
the kernel, and produce terms that are later on checked by the kernel. This algorithm simply
guesses what an unknown term can be, and stops as soon as it finds an answer. In particular
it does not check that the various constraints are compatible, incompatibility errors are caught
later on by the kernel, as they produce invalid terms.
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Implicit arguments for declarations operation and coherence. In order to make the
syntax as light as possible, the software performs an inference to determine which arguments
should be left implicit and which are the ones that need to be entered by the user. In the
special case of the declaration of an operation or a coherence, we have a very efficient algorithm
to sort out the variables. Only the locally maximal variables should be left explicit, and all
the other variables should be understood as implicit. This can be understood categorically:
the ps-contexts are globular products in the category ScatT, and given a ps-context I' and a
substitution A F ~ : I', the image of the locally maximal variables of + define the maps A — D"
of the cone induced by I' to the top row of the diagram of globular product. This shows that two
substitutions sending the locally maximal variables onto the same image define the same cone,
and thus are equal. For instance, when declaring the composition

coh comp (x : %) (y : *) (f : x -> y)
(z: %) (g:y->2):x->2z

the software computes the locally maximal variables to be £ and g, and hence only these variables
should be left explicit, and one can then write, for the definition of comp3-left, the term

comp (comp f g) h

which is refined outside of the kernel as

comp x z (compx yfzg)wh

and then fed to the kernel to be checked. If the user makes a mistake and write for instance
comp (comp f g) £

the term would still be refined as the first possible guess that the refinement algorithm finds. In
this example, such a guess could be

comp x z (comp x y fzg)yf

But when sent to the kernel, this term does not typecheck since the variable £ does not have
type z -> y.

Implicit arguments for generic declarations. For generic declarations, we again have a
way to decide whether an argument should be left implicit or not, but since the context is not
necessarily a ps-context, the algorithm is a bit more complicated. It consists in, for each variable,
looking up if this variable appears in the type of the other variables in the context. If it does,
it can be kept implicit, and its associated term can be recovered by computing the type of the
term associated to the variable in whose type our variable appears. For instance when defining
the square term

let sq (x : *) (f : x -> x) = comp f f

the software determines that the variables x does appear in the type of the variable £, and hence
can be left implicit, whereas the variable £ does not appear in any type, and should be kept
explicit. Thus the user can define

let sq-id (x : *) = sq (id %)

which is refined as sq x (id x) and computed to be then checked by the kernel. Again, if the
user makes a mistake and tries to define

let bad-sq (x : *) (y : *) (f : x ->y) =sq £

the term would still be refined, for example to sq x £, but when sent to the kernel, it would not
type-check since f is not of type x -> x.
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Towards more implicit arguments. The cases we have identified reduce a lot the redun-
dancy in the arguments that are provided when defining a term in CaTT, and they are the only
ones that are implemented as of now. However, they do not cover all the cases. Consider for
instance the following definition

let idf (x : *) (y : *) (£ : x -> y) = comp (id x) £

One can notice that following our description, we need to specify the argument x, whereas in
this specific term, it could have been inferred. One could imagine, in order to cover this kind
of cases, to introduce an Agda-like syntax to tell the system that a particular argument can be
inferred and should not be specified. With this syntax, one could write

let idf (x : *) (y : *) (f : x -> y) = comp (id _) f

We have not implemented this feature yet, and in fact in practice this case does not come up too
often.

Towards a syntax with holes. The unification algorithm that we have provided is really
weak as it just makes an educated guess on what a term should be, and lazily stops as long
as it gets an answer without checking against the other constraints. In mathematical terms, it
provides a necessary condition, which may not be sufficient. Having a more powerful unification
algorithm could allow us to add holes in the syntax, like one could do in Agda. This is a feature
that would be useful to add for practical purposes, but that our current implementation is pretty
far from as of now.

3.1.4 An extensive example: the Eckmann-Hilton morphism

Our running example of a result that we prove for weak w-categories is the Eckmann-Hilton
morphism. We start by explaining the result before explaining how we proceed to formalize
it. The Eckmann-Hilton morphism can be described in a w-category that has one 0-cell x,
and two 2-cells a and b whose source and target are the 1-cell id,. In this situation, one can
compose vertically the 2-cells @ and b in two ways, and construct a - b and b - a. The Eckmann-
Hilton morphism eh(a,b) is a 3-cell that performs a braiding and relates these two 2-cell (i.e.,
J~ (eh(a,b)) = a-band 0" (eh(a,b)) =b-a).

The exchange rule. The main idea behind the Eckmann-Hilton morphism is the existence
of an exchange rule for w-categories. This exchange rule is a primitive operation, and can be
described pictorially as follows

T AR
xky%z E—— x#ny%Z
N7 \do
g2 f2

In this diagrammatic representation, a part of the diagram of the following shape symbolizes the

right whiskering
f1

z Voty —2
\ajly “
f2
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an operation which, given a 2-cell a and a 1-cell g produces a 2-cell rw(a, f) such that

O™ (rw(a, f)) = 07 (@) - f
0" (rw(a, f)) = 0% (a) - f

Formally, the right whiskering can be defined in CaTT as

coh rw (x : *) (y : *) (f1 : x -> y)
(f2 : x > y) (a : f1 -> £2)
(z: %) (g:y->2)
: comp f1 g -> comp f2 g

Symmetrically, a part of the diagram of the following form represents a left whiskering

g1
T

g2
which can be formally defined in CaTT as the following

coh 1w (x : *) (y : *) (f : x -> y)
(z : %) (g1 : vy ->2)
(g2 :y->2) (: gl ->g2)
: comp f gl -> comp f g2

The following diagram, obtained by superposition of the two previous diagrams, is meant to
denote the vertical composition of their result.

f1

/U'a\’ 91

T —— Yy —— 2z
N

and similarly, the target diagram of the exchange represents the vertical composition of the results
of the two whiskerings the other way around. We can formally define the vertical composition
of 2-cells in CaTT as follows

coh vecomp (x : *) (y : *) (f1 : x -> y)
(f2 : x > y) (a : f1 -> £2)
(f3 : x > y) (b : £2 -> £3)
: comp f1 gl -> comp f2 g2

which lets us give a completely formal definition of the exchange rule

coh exch (x : *) (y : *) (f1 : x -> y)
(f2 : x -> y) (a : f1 -> £2)
(z : %) (g1 : vy -> 2)
(g2 :y>2z) (b:gl->g2)
: veomp (rw a gl) (1w £f2 b) -> vcomp (lw f1 b) (rw a g2)
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A pictorial proof. We now give a pictorial definition for the Eckmann-Hilton morphism, that
we then explain how to formalize inside our implementation of CaTT. In this diagram, all the
objects are denoted e and denote the same 0O-cell x, and all the 1-dimensional arrows simply
denoted — are the identity on this object

= >

AT -
e —— @ e — o —— o
Q2 s~
g g
e — @ e — 06 — @
\&u \\u_oz/‘

~__—

Although this picture conveys the correct intuition, it represents operations that are actually
ill-defined in weak w-categories. Instead, it is the correct proof for the Eckmann-Hilton in strict
w-categories. Indeed, for instance the two diagrams

AT AT
e —3>e and e ——e —— e
s~ QP

represent two 2-cells whose respective source and target are id, and id, -id;. These two 2-cells
are thus not parallel, and hence there cannot exist a 3-cell between them.

Pictorial proof for the weak case. We can correct the previous picture, in order to obtain
a definition of the Eckmann-Hilton morphism in weak w-categories. To achieve this, we compose
our cells with a correction term, that cancels id, -id, into id, and conversely. We use two
definable 3-cells defined as in the following picture

f

! m
T >l 1
x&&yEx\l}%y—%y
g g ]

g

Using these arrows and their analogue for the left whiskering, together with cancellation of the
corrective 3-cells that we have introduced, we construct the following graphical proof for the
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Eckmann-Hilton morphism in weak w-categories

|
|
i
/
)

.h). .%.4).
\Js_~

N

Formal definition in CaTT. We have formalized the definition suggested by this diagram
in CaTT, and we present here some of the steps towards it. We start be defining the 3-cells
witnessing that a 2-cell whiskered with an identity 1-cell is equivalent to the original 2-cell
(again, we need to compose with corrective terms to ensure the cells we mention are parallel)

coh rw-unit (x : *) (y : *) (f : x >y) (g : x ->y) (a : f ->g)
: a -> 3vcomp (unitr- f) (rw a (id y)) (unitr f)

where 3vcomp is the ternary vertical composition on 2-cells and unitr- is the inverse of the unitor:
Given a cell it relates it to its composition with the identity. Similarly, we denote rw-unit- the
“opposite coherence” obtained by switching the source and target of rw — unit, and also lw-unit
and lw-unit- the analogue coherences for the operation 1w instead of rw. Assuming that we
also have defined a horizontal composition for 3-cells denoted hcomp3, we can express the first
step of our diagram as

let 1 (x : %) (a : id x -> id x) (b : id x -> id x)
= hcomp3 (rw-unit a) (lw-unit b)

as well as the last step of the diagram

let 5 (x : *) (a : id x -> id x) (b : id x -> id %)
= hcomp3 (lw-unit- b) (rw-unit- a)

Using the following coherences stating that left unitality of identity and right unitality of the
identity 1-cell are inverse to each other

coh unit(rl-) (x : %)
vecomp (unitr (id x)) (unitl- (id x)) -> id2 (comp (id x) (id x))
coh unit(lr-)- (x : *)
id2 (comp (id x) (id x)) -> vcomp (unitl (id x)) (unitr- (id x))
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where id2 is the identity 2-cell of a 1-cell, we can define the second and fourth steps of the
diagram as follows

let 2 (x : *x) (a : id x -> id x) (b : id x -> id x) =
Shcomp3 (id2 (unitr- (id x)))
(id2 (rw a (id x)))
(unit(rl-) x)
(id2 (1w (id x) b))
(id2 (unitl (id x)))
let 4 (x : *) (a : id x -> id x) (b : id x -> id x)
Bhcomp3 (id2 (unitl- (id x)))
(id2 (w b (id x)))
(unit (lr-)- x)
(id2 (rw (id x) a))
(id2 (unitr (id x)))

where 5hcomp3 is the 5-ary horizontal composition of 3-cells. Finally, using the previously defined
exch, as well as the following coherence which let us interchange left and right unitality for the
identity

coh unit(1->r) (x : *) : unitl (id x) -> unitr (id x)
coh unit-(r->1) (x : *) : unitr- (id x) -> unitl- (id x)

we can define the third step of our graphical proof as

let 3 (x : *) (a : id x -> id x) (b : id x -> id x) =
3hcomp 3 (unit-(r->1) x)
(exch a b)
(unit(1->r) x)

where 3hcomp3 is the ternary horizontal composition on 3-cells. We have now defined all the
steps, of the proof, and we just need to assemble them into one big term. However, they do
not assemble on the nose, because of associativity and identity cancellation issues. So we need
to associate and cancel the identities that appear in between each steps. We do not explain in
details how we do that here, as it is merely a technical difficulty. The fully formalized definition
is accessible online!, and it uses a total of 93 different definitions, spread over 531 lines of code.

3.2 Suspension

Using the proof assistant CaTT to prove any non-immediate result about weak w-categories
tends to be extremely cumbersome and time consuming, for various reasons. A good reason for
this observation is simply that the theory of weak w-categories is complicated, a lot of intuitive
reasoning that one performs implicitly while working in informal mathematics has to be made
explicit, and induces coherence problems that tend to grow with the dimension. We view this
as a good reason for CaTT to be complicated to use, as it factors all the verification that were
very hard to carry by hand into computer checked ones, and justifies the importance of having a
computer aided implementation of the theory such as CaTT. But there is also a bad reason why
the usage of CaTT tends to be complicated, which is the fact that a lot of developments have
to be repeated many times, with very slight changes, to express things that intuitively feel the

Thttps://github.com/ThiBen/catt/blob/master/examples/eckmann-hilton-versions/
eh-no-susp-no-func.catt
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same, but that are described in different ways in the theory. In order to address this problem,
we propose two ways to partially automate proofs in CaTT, that we call the suspension and
the functorialization. These operation have been defined in [17], and we give here an updated
version.

3.2.1 Example of suspensions

We start by presenting the suspension and how it can be used to reunite terms that intuitively
describe “the same coherence in different dimensions”, but whose formal descriptions as terms
in the theory are not related in an obvious way. We chose to present the suspension first as it
is simpler to describe, more general and more powerful than the functorialization. In order to
motivate our definition, we start by an informal discussion where the phenomenon of suspension
appears naturally.

Identity cells. The first natural occurrence of the suspension is in the definition of the identity
cells. For every cell z of dimension n is an w-category C, there is a cell id, of dimension n + 1
such that 0~ (id,) = 0 (id,) = x. We can define these operations formally in CaTT using the
disk contexts: A cell of dimension n defines a term, which can be interpreted as a substitution
T'F x¢ : D™ the identity for this cell ¢ is obtained as the term

I'F cohpn uy, —sas, [Xt] 16—

On this example, we see that even though the identities for the terms of the same dimensions
are expressed by the same coherence, applied to a different substitution, the identities for terms
of different dimensions are not very related, except from the relation between the disk contexts.
The fact that we call all these cells identities, and thus perceive them as “the same thing in
different dimensions” is not at all reflected by the theory.

Composition of 1-cells and vertical composition. Another instance of two definitions that
intuitively are very close, but whose connection is not immediate from their definition in CaTT
is the composition of the 1-cell and the vertical composition of the 2-cells. Graphically these are
given by the two following diagrams.

TN
N

O @0 {—— @

Intuitively, both of these operations correspond to the same idea of gluing the end of a cell to
the beginning of another one, but in different dimensions. The terms defining these are

coh comp (x:%*)(y:*) (f:x->y)(z:%) (g:y->z) :x->z
coh vcomp (x:%) (y:*)(f:x->y) (g:x->y) (a:f->g) (h:x->y) (b:g->h) :£->h

The intuition of these terms defining the same idea is lost without the diagrams. On the diagrams,
we see that the diagram describing the vertical composition of the 2-cells is obtained from the
diagram describing the composition of the 1-cells by adding two new 0-cells, and then replacing
all the previous 0O-cells by 1-cells between those, and all the previous 1-cells by 2-cells. This
operation reminds us of the topological notion of suspension, our goal is to describe formally this
operation for the entire syntax, we call it suspension by analogy.
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Coherences. This remark does not only apply to these operations: It also applies to many
other operations, but also to their coherences. For instance there is an associativity witness for
the composition of 1-cells and an associativity witness for the vertical composition of 2-cells, and
both express the same idea about two operations that we had noticed to be similar. Similarly,
there are unitality witnesses for the identity 1-cell with respect to the composition of 1-cells as
well as for the identity 2-cells with respect to the vertical composition. Both of these also express
similar ideas. Iterating this argument shows that a lot of terms that we can define for the 2-cells
are in fact just the same of terms that we defined for 1-cells, but in another dimension. Without
any automation, one has to define all of these both for 1-cells and for 2-cells, and it becomes
worse while working on higher dimensional cells, as the same ideas have to be developed in each
dimension. Our goal is to propose a framework to avoid this issue, by defining the terms once
and for all in a dimension, and allowing to transport from one dimension to another.

Interpretation in terms of enrichment. A way to understand what it means for two oper-
ation to “be the same in different dimensions” is to look at it from an enrichment point of view.
Intuitively, w-categories can be defined coinductively as categories enriched in w-categories. Al-
though this is true, it yields to a notion of strict w-category, and describing weak w-categories
would require a notion of weak enrichment that is extremely hard to define, so we keep this
discussion on an informal level, and use the word enriched assuming a weak enough notion of
enrichment, and building up on intuition from the strict case. Taking as a starting point that
an w-category is a category enriched in w-categories shows that the operations and coherences of
dimension n + 1 are either operations and coherences in dimensions n that were transferred by
enrichment, or a coherence coming from the composition in dimension n + 1, or characterizing
an interaction between these types. For two operations or coherence, to “be the same in different
dimension” in fact means that one can be deduced from the other by a series of enrichment.

3.2.2 Suspension of ps-contexts

Our objective is now to make formal the notion of sameness that we have described, in the type
theory CaTT. More precisely, we will describe the notion of suspension, that corresponds to
deducing an operation or a coherence in dimension n + 1 from its analogous of dimension n by
enrichment.

Definition. In order to describe the suspension, we need to first chose two variable names that
are not used in the theory, that we denote e_ and e, . We can simply do this by adding two
new elements to the set of variable names. If we work with de Bruijn levels, we can introduce
the levels —1 and —2 as an auxiliary step for computation and then renormalize so that all the
contexts start at 0. With these two variables, we define the suspension of a context I', denoted
> A by induction on the context, together with the suspension of a type A in GSeTT, denoted
YA

YO = (e_ %0 %) STz A)=(ET,z:XA)
E*:o,?hr E(x?y):xﬁy

Correctness. We have given an algorithm that, given a certain context generates a new con-
text, by induction. This is for now a purely syntactic description, so in order to check that this
operation can be used safely in practice, we need to prove a correctness result, showing that it
only yields well-formed contexts when the original context is well-formed.
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Lemma 69. The suspension of a ps-context is again a ps-context, the following rule is admissible

T o
ST Fps

Proof. We prove by induction on the derivation that for all variable  such that I' Fys © : A, we
also have XI' Fps z : ¥ A.

— If the derivation of I' Fps = : A is a single application of the rule (Pss), then necessar-
ilyI' = (z : x) and A = . In that case, we can compute explicitly the suspensions
SI'=(o_:x,0y :x,x:0_ — e;)and YA = e_ — e, and a successive application of
the rules (Pss) and (PSE) yields a derivation of the judgment XI' by x : X A.

— If the derivation of I' s = : A ends with an application of the rule (PSE), then necessarily,
[ is of the form (IV,z : B,x : y — 2), and A = y — z, and we have a derivation of
I'" tps y : B. In that case, £ = (XI",z : ¥B,z : y — z), and ¥A =y — z, then
by induction we get a derivation of XI” ks y : ¥ B, and applying the rule (PSE) to this
derivation yields a derivation of XI' lps 2 : Y A.

— If the derivation of I ks « : A ends with an application of the rule (PSD), then we have

a derivation of the form I' s f : y 7 z. Then by induction, we get a derivation of

X Fpsy ﬁ x, and by applying (PSD), we get a derivation of I' -ps z : ¥ A.

Now consider a derivation of I' -ps, it necessarily comes from a derivation of I' Fps = : x, and

applying the result we just proved yields a derivation of XI' - z : e — e, . Applying successively
*

the rules (PSD) and (Ps) gives then a derivation of XI" O

Example. We give a few examples of computing the suspension for some ps-contexts, and in
particular we pay close attention to the action of this operation on our combinatorial description
of the ps-contexts. An immediate induction shows that for the disk context D", the suspension
computes to X D" = D"*!. If we consider for instance the following ps-context

F=@:xy:%xfrz—=yz:xg:y—2)
its suspension computes to the following ps-context
ST=(e_:x0, :kxz:0_ e y:0_—e, fix—yz:e_ —e, g:y—z)

As a globular set, the new context %I is obtained from I' by adding two new 0-cells e_ and e,
and shifting all the other variable by one dimension: the variable z of dimension 0 in I" becomes
of dimension 1 in XT' (and of type e_ — ), the variable f of dimension 1 in I' becomes of
dimension 2 in ¥XI'. In general, following our proof of correctness shows that for a ps-context
I -ps, such that the derivation of the context I' -, is obtained as

T Fps= (PSS)(PSE)F! (PSD)" ... (PSE)"™ (PSD)'™ (PS)
then the derivation of the judgment XI" k- is obtained by the derivation

YT bps= (PSS)(PSE)" T (PsD) . .. (PSE)*™ (PsD)! 1 (PS)
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Note that the equality >k, = > I, is preserved by this transformation. Visually, this transfor-
mation of the derivation can be represented on our graphical representation on the combinatorial
structure that underlies the ps-contexts.

Pictorially, this operation can be understood as “lifting” a ps-context by one dimension. It has

also a very simple description using Dyck words: representing the structure of a ps-context I' by
a Dyck word w, the structure of T is represented by the word (w).

Source and target of suspension. We can compute the source and the target of a suspended
ps-context, and show that the suspension is compatible with these notions.

Lemma 70. Given a ps-context I' ks, we have the equalities

Proof. We show by induction that for all i € N, we have 9, ,(XT") = X(09; (I)).
— For the context I' = (x : %), we have 9, (x : x) = (x : %), hence
(O (x:x) =(o_ :x,0  :x,x:0_ —0y)
On the other hand XT' = (e_ : x,e; : x,2: e_ — o) and since i + 1 > 1, we have

0; (X)) = (e_ : %, 0 :x,x:0_ — o)

— For a context of the foom I' = (I",y : A, f :  — y) with dimA > ¢ — 1, we have
0, (') = 0; (I), so
%(9; (1) = 2(0; (T)")
Moreover XT' = (XTV,y : XA, f : « — y), and since dim(XA) = dim A + 1, we also have
dim(X A) > i, hence

0;11(3T) = 0,1, (2(1))

We thus have the equality by induction.

— For a context of the form I' = (IV,;y : A, f : * — y) with dimA < i — 1, we have
O (T) = (O (M) y: A, f 3> ), 50

K2

(95 (T)) = (07 1)),y : B4, f s — )
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Moreover XI' = (XTV,y : XA, f :  — y), and since dim(XA) = dim A + 1, we also have
dim(XA) < 4, hence

az+1(zr) (8;1(2(F/))a y: 2A7 f T = y)
The induction hypothesis then gives the equality.

Applying this inductive result to the case i = dimI' — 1, we get for all ps-contexts the equality
Y(07(I") = 04, (2L, and since dim XT" = dimI" + 1, this rewrites as X (0~ (I')) = 0~ (XI).
The case of the target of a ps-context is analogous. O

Note that in the case of the ps-context (z : %), the source and targets are not defined, and we
can check explicitly that 97 (X(z : x)) = (e_ : %) and 91 (Z(x : %)) = (e, : %).

3.2.3 Suspension for the theory CaTT

Using the suspension for ps-contexts, we can extend this operation to all the terms in the theory,

and express formally the intuition that two terms are “the same operation in different dimensions”.

Definition. Even though we are interested in the suspension of terms of CaTT, we have to
define this operation also for contexts, types and substitutions, in order to use mutual induction.
We again denote e_ and e, two fresh variables.

Yo =(e_:%,0; %) YT,z:A)=(ET,z: XA)
E*:°—j>'+ (t—>u) Et—A>Eu
Yr=u %(opp,a[7]) = opsr nalX7]
% (cohr a[7]) = cohsr 5.4[%7]
Y)=(e_r>e_0, rre,) v,z = t) = By, 2 — Xt)

Note that for a ps-context I', this operation coincide with the suspension that we have previously
defined, hence there is no ambiguity in denoting X.T". It is immediate from the definition that we
have for all type A, Var(X A) = Var(A) U{e_, e}, and for all term ¢, Var(3¢) = Var(¢) if t is a
variable, or Var(Xt) = Var(¢) U {e_, e } otherwise.

Application of substitution and suspension. In order to show the correctness of our gen-
eral version of the suspension, we need a result about the computational interaction of this
suspension with the application of the substitution.

Lemma 71. Suppose given a substitution A + ~ : T', then for any type T' = A, we have
S(A[Y]) = A [By], for any term T + ¢ : A, we have X(t[y]) = Zt[E~] and for any substi-
tution T F & : B, we have L (€ o) = X& o 3.

Proof. We prove these results by mutual inductions on the structure of the type, term or substi-
tution.

Induction for types:
— For the type %, we have x[y] = %, hence X(x[y]) = eo_ - e On the other hand,
Y[y = e_[27] - o [3v], and since o_ — o_ € ¥y, we have o_[y] = o_, and similarly,
o [y] = e4. This proves that X x [Ev] = e_ - ey and hence X (*[7]) = X + [£7].
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— For a type of the form A+t 7 u, we have the equalities
X((t—u =3t — X (u
(¢t b)) = St 5> E(ub)

B(t — u)[En] = Xt[5] T Zu[Zy]

The induction for types and terms then shows X ((¢ -~ u)[y]) = 2(¢ - uw)[y].

Induction for terms:

— For a variable term, on the one hand we have Yz = z, hence Xa[X+] = z2[X4]

— For a term of the form opg 4[¢], we have
E(OPE,A[f] ]) = OPEE,ZA[Z(§ o]
E(OPE,A[ED[E’Y] = OPEE,ZA[Ef o ¥1]

and then induction case for substitutions gives the result.

— Similarly, for a term of the form cohr 4[v],

¥ (cohz, 4[¢][7]) = cohsz s a[X(€ 0 7))
¥ (cohz, 4[¢])[E] = cohxz »4[X€ 0 2]

and the result comes from the induction case for substitutions.
Induction for substitutions:

— For the empty substitution (), we have

L((oy)=(e_rre_ e ire,)
() 037 = (o > o_[S7], 05 > 04 [9])

but since we have the associations e_ + e_ and e, +— e, in X, this shows that

o [Eq]=e_and e [Eq] =e,.
— For a substitution of the form (£, — t), we have

(& x = t)oy) = (B(E0),x = E(N])
Y&z t) 0Ny = (X o Xy, x — Tt[XA])

The induction cases for substitutions and for terms then gives ¥(£ o v) = € o Xy and

E(th]) = St[XA].

Correctness. Again, we have defined this operation as a purely syntactic operation, so we
need to provide a guarantee that it only yields to well-defined objects of the theory, in order to

use it freely.
Lemma 72. The following rules are admissible

e T'FA 'kt A Abk~:T
ST+ STHXA STHEYt: XA YAFYXy: YT
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Proof. We prove all these properties by mutual induction on the derivation trees.
Induction for contexts:

— For the empty context &, we have ¥& = (e_ : %, e, : x), and we can construct explicitly
a derivation tree for the judgment X & as follows

—(EC)
ol
(*-INTRO)
I *
(CE)
o_:xF
(*-INTRO)
o_ :xF %

(CE)
o_x e, kx|

— For a context of the form (I',z : A), a derivation of (I';z : A) I induces a derivation of
I' H A. By the inductive case for types, this gives a derivation of ¥I' - X A, and applying
the rule (CE) gives a derivation of (X', z : X A) I-.

Induction for types:

— For the type %, a derivation of I' - x induces a derivation of " I, which by induction gives
a derivation of X¥T' F. Since X+ = o_ — o, and (e_ : x) € X" and (e : x) € XT', this
*

gives the following derivation for the judgment XT" - X«

YT+ (e_:%) eXl YT+ (o4 : %) €XT
(VAR)
YT'He_ % ST'Hey :x
ST'He_ — ey

(VAR)

(—-INTRO)

— For a type of the form ¢ 7 u, a derivation of the judgment ' - ¢ 7 u induces a derivation

of THFA of 'Ht: Aand of I' - u : A. By the induction cases for types and for terms,
these give derivations for XI' - X A, for XI' - Xt : ¥ A and for XT'F 3¢t : ¥ A, which by an

application of the rule (—-INTRO) gives a derivation of the judgment XT" - Xt E) Yu.

Induction for terms:

— For a variable term x, a derivation of the form I' - x : A is necessarily obtained from the
rule (VAR), and thus induces a derivation of T -, and we necessarily have (z : A) € T'. Then,
we also necessarily have (z : ¥ A) € ¥T', and by induction on the case for contexts, we get
a derivation of XI" . Hence, applying the rule (VAR) yields a derivation of XI' -z : X A.

— For a term of the form A + cth s [+] : (¢ - u)[v], we have a derivation of I" F-ps, which
k) A u

by Lemma 69 gives a derivation of XT' Fps. Moreover, the condition (Cop) imply that I is
not the ps-context (x : %) and hence Lemma 70 along with the variable for suspension and
the conditions (Cop), shows

Var(0~(2T')) = Var(0~ (")) U {e_, e, }
Var(0T (XT)) = Var(0T(T)) U {e_, e}
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hence we have the equalities

Var(Xt) U Var(X A) = Var(0~ (X1))
Var(Xu) U Var(X A) = Var(01(2T))

so the condition (Cop) are satisfied by the suspended term. Finally by the induction
hypotheses for types and for terms, we have that XI" - X(¢ 7 u) and XA F X : XTI
Thus an application of the rule (OP) gives a derivation of the judgment

SAF opEF’E(t?u) [X7] : Zt[XA] m Su[¥A]

By Lemma 71, this shows that we have obtained a derivation of

SAFE(op,,_, ) S(( = wh)

— Similarly, for a term of the form A F cohr a[v] : A[y] we have a derivation of T' s, a
derivation of I' - A and a derivation of Ak~ : I'. Lemma 69 gives a derivation of I' k-p,
and the induction cases for types and substitutions give a derivation of ¥XI' - ¥ A and
YA Xy : XT. Moreover, the condition (C.,,) with the variables of a suspension show
that

Var(X A) = Var(A) U {e_, e} = Var(XT)

and hence XT satisfies (C!

coh

). Applying (COR’), we get a derivation of
YA F COhZRZA[Z’y] : (ZA)[Z’Y]
Lemma 71 shows that we have a derivation of

LA ¥(cohp a[y]) : X(A[Y])

Induction for substitutions:

— For the empty substitution A - () : &, we necessarily have a derivation of the judgment
A F, which by the induction case for contexts gives a derivation of XA F. Since moreover
Yo = (e_ :x,0, :%),and X() = (e_ > e_ e, > e, ) we can construct first construct
derivation of XA (e_ +— e_) : (e_ : %) as follows

SAF < ok o YA F o_:xc€ XA N
——(E *-INTR VAR
EA}—O:@( ) @l—*( ) YA e_ 1 x ( )S

E
SAF (o e )i(e_in) (55)
and using this derivation, we can construct a derivation of the judgment
SAF(e_re_ e e ):(e_ %0 ;%)
as follows
SAF o, :x XA
YA (e e_):(e_:x) o * (VAR)
ZA = o, % (S )
E

SAF(e_r—e_ o  —e.):(e_:% 0 %)
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— For a substitution of the form A F (v,z — t) : (T,z : A), we have a derivation of
At ~:T, aderivation of ' - A and a derivation of A -t : A[y]. By the induction cases
for substitutions, types and terms, these give a derivation for the judgment YA F X~ : T,
the judgment XT' F ¥ A and the judgment YA F Xt : ¥ (A[y]). By Lemma 71, this last
judgment is equal to XA F Xt : (¥ A)[X~], hence we can apply the rule (SE) and get a
derivation of XA F (v, 2z — Xt) : (BT, 2 : T A).

Note that in order to prove that this induction is well-founded, we need to perform factor both
the dimension and the depth of the terms in the proof, similar to an argument that we explain in
43. We have formalized a version of this argument for proving the decidability of type checking
of a theory in Section 4.1. O

3.2.4 Implementation of the suspension

Since we have defined the suspension operation for the terms of the type theory, we can add this
operation as a feature of our OCaml implementation of CaTT.

First examples. In order to respect the philosophy of introducing coherences and then apply-
ing them to get terms, we chose to add the possibility of computing suspensions for coherences
and for terms. For instance, if we define the identity of a 0-cell

coh id (x:*) : x -> x

and later on want to access to the identity of a one cell, we can simply apply the suspension of
id, as shown in the following example, where we denote S id the suspension of id (The notation
S id is not the actual syntax, as we explain in the next paragraph).

let idl (x:*) (y:*) (f:x->y) = (S id) £

Note that we now define this term with the keyword let, indicating that it can be constructed
from the coherence previously defined, and in this case, it is constructed from the suspension of
the coherence id. Similarly, when we define a term, for instance the square of an endomorphism

let sq (x:%) (f:x->x) = comp f f

we can later on refer to the square of an endo-2-cell, that is vertically composing this 2-cell with
itself, by using the suspension of the term sq as follows

let sq2 (x:%) (y:*x) (f:x->y) (a:f->f) = (S sq) a

Implicit suspensions. For our first examples, we have introduced the notations S id and
S sq in order to indicate that we need to use the suspension of a previously defined term. This
is still a little heavy syntax, so for the actual implementation, we opted for a syntactically lighter
method. Indeed, if we define a coherence ¢ = cohr 4, and apply it to a substitution v, the
dimensions of the various terms in the substitution v are determined by the dimensions of the
variables in I'. Since now Xc¢ = cohyr x4, when we apply the coherence Xc to a substitution
~', the dimensions of the terms in v’ are determined by the dimensions of the variables in YT,
which are all one more than the dimensions of variables in I". A consequence is that we can leave
implicit the suspension, and simply guess if a coherence or term needs to be suspended and if so
how many times simply by looking at the dimension of its arguments. In practice, this means
that we can define apply the declared identity to any cell, or the declared composition to any
pair of composable cells of the same dimension, and the appropriate suspension is automatically
generated by the system. For instance, with our two previous examples, the actual terms in our
implementation of CaTT are
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let idl (x:*) (y:*) (f:x->y) = id £
let sq2 (x:*) (y:*x) (f:x->y) (a:f->f) = sq a

From now on, all the expression that we write in CaTT are assumed to have implicit suspension.

Kernel syntax and meta-theory. The kernel of our implementation of bare type theory
CaTT corresponds in the strictest sense to the theory we have described in Section 2.4, and
thus does not recognize the suspension operation. Instead we have chosen to implement it
as a meta-operation, that takes a term in our syntax and refines it to produce a syntactic
expression in CaTT, that is then fed to the kernel to be checked. The suspension happens at
this refinement, and a consequence of this is that every time a new suspension is generated it is
checked formally by the kernel as if it was a new term. Together with our proof of admissibility of
suspensions, this check is redundant, and hence this choice is not computationally efficient, but at
the time of the implementation, we did not have a formal proof for correctness of the suspension.
Moreover, we introduce also another operation, the functorialization, whose correctness is more
case specific, and this choice helped us realize it. A future implementation of CaTT designed
with more extensive usage in mind should incorporate the suspension in the kernel of the theory,
for maximal computational efficiency.

Eckmann-Hilton morphism revisited We can use our implementation of the suspension to
simplify the formalization of the Eckmann-Hilton morphism that we have presented in Section 3.1.
Out of the 93 definitions that were introduced in the version without suspension, 58 of them can
be simplified by using a suspension. This does not necessarily mean that all 58 definition could be
removed, but all of them rely of a definition that could be removed and made implicit. We have
formalized the same result using the suspension, and the resulting file? contains 85 definition,
and is 476 lines long so 10% shorter. Another measure of the impact is given by the size of the
files, corresponding to the number of characters needed, and without suspension, the file weighs
29k, whereas with the suspension, it weighs 22k, which corresponds to a reduction of 24%. This
shows how implementing the suspension goes a long towards having extensive developments like
the definition of Eckmann-Hilton morphism more accessible in practice. It also spare the user
from needing to find different names for suspended morphisms, which forces to adopt awkward
convention, like the name id2 and 5hcomp3 that we have introduced before. Instead, the user
can now define the 5-ary horizontal composition on 2-cells, as 5hcomp, and the identity 1-cells
id, and use these simpler names for the suspended coherence.

Interpretation. The fact that the suspension is well defined on the syntax of the theory gives
additional structure to its syntactic category: It endows it with an endofunctor ¥, which as-
sociates to each context I' - its substitution XI" F and to each substitution A F v : T" the
substitution XA F X+ : XT". Moreover, the fact that we can also suspend types and terms, and
that the suspension respects the typing and the application of substitution shows that the end-
ofunctor ¥ is an endomorphism of categories with families. Under our assumed correspondence
between the syntactic category of CaTT and a adequate notion of finite polygraphs for weak
w-categories, the definition of the suspension gives an endofunctor for these polygraphs.

?https://github.com/ThiBen/catt/blob/master/examples/eckmann-hilton-versions/eh-susp-no-func.
catt
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3.3 Degree of a term

Before introducing our other meta-operation similar to the suspension and that we call the
functorialization, we introduce the notion of degree of a term in out theory, which gives the
necessary keys to understand the functorialization. The notion of degree is closely related to the
one of invertibility, that we define coinductively as follows

Definition 73. A term I' - a : ¢ — u is invertible if there exists a term I' - b : u — t together
with two invertible terms

'+ can(a,b) : comp a b — id ¢

I'+ can(b,a) : comp b a — id u
As we show with the notion of degree, the invertibility of a term is completely conditioned by
its syntactic properties.

3.3.1 Definition of the degree

The notion of degree of a term emerges naturally while carrying extensive developments in the
type theory CaTT. Intuitively, this notion characterizes how much invertibility information the
term carries. Terms of degree 0 are non-invertible, whereas terms of strictly positive degree are
invertible. Moreover, a term of degree k + 1 has sources and target of degree k, thus the degree
expresses how many layers of invertible cells are stacked.

Definition 74. We define the internal dimension dim;(t) of a term ¢ in the context I as follows

On variables : dim; (z) = dim(z)
On operations : dim;(opp 4[v]) = n\}m((r) {dim; (z[7])}
’ x€Var
On coherences : dim;(cohr a[7]) = max {dim;(z[y])}
z€Var(I')

and the degree of a term ¢ to be
deg(t) = dim(t) — dim;(¢)

The internal dimension of a term ¢ is simply the maximal dimension among all the dimensions of
the variables that appear in ¢, and hence the degree of ¢ is the difference between its dimension
and the variable of maximal dimension in ¢t. Note that since the term constructors op and coh
only produce terms of type constructed with —, the only terms of type x are variables, which
are necessarily of degree 0.

Internal degree of a variable. We can also understand the dimension more globally, by
considering the entire term and looking the contribution of each variable. Each of the contribution
is called the internal degree of the variable z in the term ¢, denoted deg,(x). Formally, the internal
degree of a variable is defined as

deg,(x) = dimt — dimz

The degree of the term ¢ is then the minimal among all the internal degrees of the variables
appearing in ¢. Intuitively, there are two phenomena that contribute to the dimension of a term,
one is the dimension of the variables in the terms, and the other one is the term constructor
coh. The internal degree quantifies how much each variable contributes to the dimension of the
term, and the degree of the term removes the contribution of the variable and quantifies the
contribution of the term constructor coh. When there is no confusion possible, we sometimes
refer to the internal degree more simply as the degree of a variable in a term.
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Example of degree. In order to get a better grasp of the notion, we introduce some example of
terms, along with their degrees. Our first recurring example is the composition of two morphisms

coh comp (x : *) (y : *) (f : x -> y)
(z : %) (g 1y ->2)

X -> z

We compute the type of this term to be of dimension 1, since its type is * — z which is of
dimension 0, and its variables of maximal dimension are f and g which are of dimension 1 as
well. Hence the composition is a term of degree 0. Considering the identity

coh id (x : *) : x -> x

the dimension of the result is 1, and its only variable is of dimension 0, hence the resulting term
is of degree 1. Similarly, the associativity

coh assoc (x : *) (y : ) (f : x -> y)
(z:%) (g:y->2
(w:x*x)(h:z->w

: comp (comp f g) h -> comp £ (comp g h)

defines a term of degree 1, since the term itself is of dimension 2, and its variables of maximal
dimension are f, g and h that are of dimension 1. Finally the cancellation of associativity with
its inverse

coh assoc-can (x : *) (y : *) (f : x -> y)
(z : %) (g:y->2)
(w:x) (h:z->w

: comp (assoc f g h) (assoc- f g h) -> id (comp (comp f g) h)

defines a term of degree 2. Up to this point it might seem that the degree quantifies how many
term constructor coh are stacked on top of each other to construct the term, however, it is more
subtle than this. Indeed, consider the term

let comp-id (x : *) = comp (id x) (id x)

Even though this term is constructed by the term constructor op, its degree is still 1, as both
arguments are themselves of degree 1. Moreover, considering the two following terms

let id-rw (x : *) (y : *) (f : x -> y)
(z : %) (g:y->2)
=rw (id f) g
let rw-id (x : *) (y : %) (f1 : x -> y)
(f2 : x > y) (a : f1 -> £2)
=rw a (id y)

Even though both these terms are constructed with one the constructor op and have one argument
of degree 0 and one argument of degree 1, the degree of id-rw is 1 and the degree of rw-id is
0. In fact the degree captures an interaction between the degree of the arguments and their
dimension.

3.3.2 Terms of degree 0

The notion of degree of a variable interacts very strongly with the typing rules, to give very
useful conditions relating the variables of a term with the variables of its type.
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Variables of degree 0. First note that self evidently, if we have a type A F ¢t : A together
with a variable x of degree 0 in ¢, then x is of the same dimension as ¢, hence z is of dimension
strictly greater than the dimension of A. This implies that = ¢ Var(A). The converse also holds,
and gives a characterization of the variables of degree 0 in a term. It is however harder to prove,
and is given by the two following result, that we prove by mutual induction.

Lemma 75. Consider a term At : A with a variable v € Var(t) which is not in Var(A), then
x is of degree 0 in t.

Proof. We prove this result by mutual induction on the coherence depth with Lemma 76, each
step of the induction is itself an induction on the depth of the terms.

— For a term of coherence depth 0 or of depth 0, it is a variable, and then its only variable
is itself, which is of internal degree 0.

— For a term of the form A - opr. 5[] : B[], since we have a variable = € Var(t), there is a
v € Var(T') such that x € Var(v[y]), but because = ¢ Var(B[7]), we necessarily have that
v ¢ Var(B). The condition (Cop) implies that Var(B) = Var(9~(T")) U Var(9(I')), and a
variable in I" that is not in Var(B) is then a variable of maximal dimension in I, hence
dimv = dimI". Moreover, all the variables in the type of v appear in B, hence all the
variables in the type of v[y] appear in A, and since  does not appear in A by hypothesis,
does not appear in the type of v[y], hence by induction z is of degree 0 in v[y]. This implies
dimz < dimv[y] = dimv = dimT". Moreover, Lemma 76 shows that dim B = dimT" — 1,
and hence dimt = dimT'. So in the end, we have proved that dimx = dim¢, hence «x is of
degree 0 in I'.

— For a term A F cohr g[v], the condition (Ccon) implies that all variables of v are also in
B[], and hence there is no variable to check.

O
Lemma 76. Suppose that the type T’ = A is derivable and satisfies (Cop), then dim A = dimI'—1.

Proof. From the condition (Cop), we necessarily have

_ . Var(t) U Var(B) = Var(9—(I"))
A=tpu Wlth{ Var(u) U Var(B) = Var(9*+(T'))
Then there necessarily exists a variable x of maximal dimension in 9~ (I") that does not appear
in 01(T), and since (') + u : B is also derivable, z cannot appear in B. Hence by mutual
induction, Lemma 75 shows that z is of degree 0 in ¢, and hence dim¢ = dimx = dim 9~ (T'), or
in other words, dim A = dimT" — 1. O

We thus have proved the following result
Proposition 77. Given a term A F t: A, a variable x € Var(t) is of degree 0 in t if and only
if it appears in Var(A)

Terms of degree 0. With the help of this characterization of the variables of degree 0 in a
term, we can give an inductive description of the class of terms that are of degree 0 in our theory
as follows
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Proposition 78. A term A Ft: A is of degree 0 if and only if it is a variable or it is of the
form opr 4[], where 7 is a substitution which has at least one argument of maximal dimension
of degree 0

Proof. First note that a variable is always of degree 0, since its only variable is itself, and it is
of internal degree 0, and for a term of the form A - cohr 4[] : A[v], for every variable  in this
term, there is a variable v in I" such that x € Var(v[I']). The condition (Ccon) then implies that
v € Var(A), and hence = € Var(A[y]). Hence = appears both in the term and in its type, so it
is of internal degree non-zero, and since it is the case for all the variables, the term cohr 4[v]
is necessarily of internal degree non-zero. Consider a term ¢ of the form A I opp 4[7] : A[7],
we necessarily have, by Lemma 76 that dim¢ = dim[". This term is of degree 0 if and only if
it contains a variable x of dimension dimI". Such a variable can only appear in Var(v[y]) for v
a maximal variable of v, and the term v[y] is of dimension 0 if and only if it contains such a
variable, hence t is of dimension 0 if and only if at least one argument of v is of degree 0. O

3.3.3 Degree and invertibility

We now explore the connection between the the degree of a term and its invertibility. As we have
not implemented this as a feature in CaTT, we keep this part less formal and only give sketches
of proofs. We keep the formalization and the proof of this construction for future work, as it is
very involved and does not work well with the inductive structure of the theory.

Inversion of a ps-context. In order to prove associativity, we construct a term associated to
any given term, that we then prove to be an inverse. In order to construct this term, we define
given a ps-context I its inversion that we denote I'". We can describe this operation using the
ordering on ps-contexts as follows, and it corresponds intuitively to reversing the direction of the
cells of maximal dimension. For each sequence of consecutive variables

y0<]f1<]y1<]f2<]-~-<]fn<]yn

with dimy; = dimI" — 1 and dim f; = dim T that is of maximal length, we replace this sequence
by its reverse in I'”

yannqyn—qun—l<]---<]f1<]y0

We give a few instance of computation of inversion of ps-contexts, using diagrammatic notations

T r-
x%y%z z%y%w
fo f2
Aoy, A,
mfdil%y*%z rT—firy ——=z2
NP8~ \Jo
f2 fo

By definition, the inversion of a ps-context is constructed from a linear order on its variables,
hence it is a ps-context. Moreover, one can check that 9~ (I'") = 97(T') and 97 (I'") =9~ (T).

Inversion of a term. We start by associating to each term ¢ of strictly positive degree a term
that we denote t~, and that we define by induction
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— For a term of the form ¢ = opr 4[7], suppose the maximal arguments of y are (ug, ..., un),
then they are all of degree strictly positive, then we pose t~ = opp- 4- [v~], where v~ is

obtained from 7 by posing for each variable z in I, z[y~] = z[y]” if = is of dimension
maximal in I and x[y~] = z[y] otherwise.
— For a term of the form ¢ = cohp 4[7], we pose t~ = cohp 4-[7].

— For a type of the form A =t -; u, we define A~ to be the type u -; t

We illustrate this construction in particular the first case with an example, as the description we
have given of it is not completely formal: Consider the term
(r:x)Fidz:z—>x
its inverse is given by itself. consider the an associativity witness
coh assoc (x : *)(y : *)(£ : x -> y)
(z : x)(@g:y > 2)

(w:®h: 2z ->w
: comp (comp f g) h -> comp £ (comp g h)

then its inverse is given by the term
coh assoc- (x : *)(y : ®»( : x -> y)
(z: (g :y ->2)
(w:xh:z->w
: comp f (comp g h) -> comp (comp f g) h

In a generic context, if we consider for instance the following term

let ex (x : *) (f : x -> x)
= comp (assoc (id x) £ £ ) (id (comp (id x) (comp f £)))

its inverse is given by

let ex- (x : %) (f : x -> x)
= comp (id (comp (id x) (comp f £f))) (assoc- (id x) f f )
Lemma 79. For any term I'+t: A derivable in CaTT, the term '+t~ : A~ is also derivable.

Proof. We prove this by induction on the term of degree non-zero t.

— For a term A I cohr 4[y] : A[y], by the rule (COH), we have A =1t 5 W and ' H A with

Var(t) U Var(B) = Var(T') and Var(u) U Var(B) = Var(T'). Hence the type ' - A~ is also
derivable and also satisfies (Ccon), so the type A F cohp 4-[y] : A[y]™ is derivable.

— For a term of the form A+ op, [v], first note that the condition (Cop) imply than we

gt u
A
have 0~ (I'")Ft: Aand 0 (I'") - u : A with the condition of using all the variables. Since

I'~ has inverted sources and target with respect to I', we also have I'™ F u 7 t satisfying

(Cop). Moreover, for all variable in I'” - z : B, we also have I' - z : B, unless z is of
maximal dimension, in which case I' - 2 : B~. These match exactly the type of z[y~], and
hence we have A F v~ : I'". Moreover, since neither ¢ or u contain variables of maximal

dimensions, we have t[y] = t[y~] and u[y] = u[y~], hence (u - By~ = (¢ - ul[y])~.

This shows that the term A+ opFi?u?t[fy’] (¢t - w)[y]) ™.
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O

One can also check that operation of taking the inverse is an involution, that is for all term of
strictly positive degree, we have (t7)~ =t.

Cancellation witnesses. We claim that given a term ¢ of degree non-zero, we can define a
cancellation witness associated to t, that we denote ¢(¢). This term is easy to define for a term
of the form A F cohr 4[], by posing c(t) to be the following term

CONT comp (cohr, afidr]) (cohy. ,— [idr])—ia (9= (4))[7]

we then have a derivation of A I ¢(t) : comp ¢ t~ — idy- ;). We conjecture that such a term c(t)
is also definable by induction for a term t of strictly positive degree , although explicit example
even in simple cases hint that this requires heavier automation and meta-operations that we
have as of now. This is a problem that we reserve for future work, as defining this automation
and proving its correctness may have drastic consequences on the practical use of CaTT. Our
complete conjecture is the following:

Conjecture 80. For any term I' -t : A of strictly positive degree, we can define a term c(t)
which has the same variables as t, and such that T'F c(t) : comp t t— — 1d (07 (¢)).

Under this conjecture, we have a reinterpretation of the degree of a term, as a way to quantify
the invertibility of a term.

Proposition 81. A term I' -t : A of degree strictly positive is invertible.

Proof. We prove this result by using coinduction, indeed, we have proven that for any term
Ik t: A, there exists a term I' - ¢~ : A7, along with a term I' b ¢(¢) : comp ¢ t~ — 0~ (A), and
this term is of degree strictly positive, hence by coinduction, it is invertible. Moreover, ¢~ is also of
degree strictly positive, hence it defines a cancellation witness I' - ¢(t~) : comp ¢~ (t7)~ = 0~ (A7)
which is invertible. By simplification, we can simplify the type of this cancellation witness as
follows T'F ¢(¢t7) : comp ¢t~ t — &1 (A), which then proves that the term is invertible. O

Non-invertible terms. We claim that the terms of degree zero are necessarily non-invertible.
Even though we do not provide a full proof of this fact, we give the general sketch of one. First
consider the case of a variable I' - z : t — wu, there is no derivation that allows us to derive a term
of type u — ¢ from z, but there might be a variable y in our context which is of the type u — t,
or which allows for a derivation of a term of this type. If there is such a variable, there is still
no derivation of the cancellation witness, unless the context contains yet another variable that
allows to derive it. By iterating this argument, in order to make x invertible, the context would
need to contain infinitely many variables, which is impossible, hence x cannot be invertible. The
intuition is similar for other terms of degree 0, and making such a term invertible would require
infinitely many variables in the context. This proof does not formalize well, due to the arbitrary
nature of the variables that can be in a context. However, we do not make use of this result, and
only present it to help building up our intuition, so we limit ourselves to this informal proof.

Source and target.

Lemma 82. Consider a term A F t : A of degree strictly positive, then we necessarily have

deg (97 (1)) = deg(9(t)) = deg(t) — 1.
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Proof. Consider the variable of dimension maximal x in ¢, since it is of degree strictly positive,
it has to appear also in 9~ (t) and 9% (¢), in which it is necessarily maximal. Since moreover
dim 8~ (¢) = dim 9™ (¢) = dim¢ — 1, we conclude that deg(9~(t)) = deg(d*(t)) = deg(t) — 1. O

This gives a clearer picture on the nature of the terms in the theory CaTT. A term of degree
n has necessarily its source and target of degree n — 1, which themselves necessarily have their
source and target of degree n — 2 and so on, until hitting the degree 0. Necessarily, all these
intermediate degrees are invertible terms, and moreover an invertible term (i.e., of degree strictly
positive) is always between two terms of the same degree. Note that we do not provide any
restrictions on the source and the target of a term of degree 0, since one can have variables of
arbitrary types. For instance, we may consider the context

F=(@:xf:z2—za:idx — f)

In this context, the term a is of degree 0 but its source is of degree 1 and its target is of degree
0. We can nevertheless give a restriction if we only consider contexts with only variables whose
source and target are of degree 0, then a term of degree 0 in such a context has its source and
target of degree 0.

3.3.4 Degree for automation

We describe here a feature that we wish to add to CaTT for in a foreseeable future, but that we
have not implemented yet, using the notion of degree. We expect to add a feature to compute
the degree of a term. As it is not very hard for the user to read the degree of the expression of
the term, this computation could be completely internal, or it could be made accessible by the
user via a syntax like

deg G |-t

where G is the context in which the term is defined and t is the expression defining the term. If
our Conjecture 80 holds, we could implement our algorithm that given a term of degree strictly
positive, computes its inverse and all the higher cells witnessing that the term is invertible. Of
course since there are infinitely many such cells, the algorithm would be able to compute any
given one of them, but not all at once. A good syntactic convention to manage such a feature is
also not completely clear at the moment, our first instinct is that it should have new keywords
to introduce the inverse such as for instance

let assoc- (x : *) (y : ) (£ : x -> y)
(z: %) (g:y ->2
(w:*)(:y->2)

= inv (assoc f g h)

in order to define the inverse term of the term assoc. The issue with such an approach is that
we then need to provide a syntax for the invertible terms of type

comp (assoc f g h) (assoc- f g h) -> id (comp (comp f g) h)

which is part of the invertibility condition. Let us assume that we introduce also a dedicated
syntax for these witnesses, for instance

let can-assoc (x : *) (y : *) (£ : x -> y)
(z: %) (g:y ->2
(w:*)(:y->2)

= can (assoc f g h)
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Then the invertible term of type
comp (assoc- f g h) (assoc f g h) -> id (comp f (comp g h))

part of the invertibility condition could be obtained as can (inv (assoc f g h)) Then for ex-
tensive developments, one would typically need to access the inverses of these terms, using for
instance inv (can (inv (assoc f g h))), and their cancellation witnesses, generating expres-
sions of the form can (can (inv (assoc a b ¢))), that would be very difficult to parse for a
human reader. Another option is to introduce a meta-theoretic tactic, that generates the right
cell when it is called. For instance, one could imagine writing an expression like

let example (x : *) (y : *) (f : x -> y)
(f- : y ->x) (a : comp £f- £ -> id y)
(z : %) (g :y ->2)
: comp f- (comp f g) -> g
= comp3 (invertibility (assoc f- f g))
(rw a g)
(unitl g)

where comp3 is the ternary composition. In this example, the first of 2-cell that we compose
is expressed as invertibility (assoc f- f g), which would be understood by the system
as a term automatically generated from the fact that assoc f- f g is invertible. Then us-
ing the environment, and in particular in our example, the type of the term that has to be
comp f- (comp f g) -> comp (comp f- f) g, the system would generated the appropriate
term - here assoc- f- f g. This however raises other questions, that we have not addressed,
and leave for future improvements of our implementation of CaTT. It is unclear for instance,
how to guarantee enough information for the system to be able to determine uniquely a cell from
an expression of the form invertibility t.

3.4 Functorialization

We now introduce the second meta-operation that we have implemented in the theory CaTT.
This meta-operation is much more constrained than the suspension, and only yields valid terms
under some conditions, that are well-expressed using the notion of internal degree of a variable.
This has been introduced briefly in [17], but we extend and complete the study of this operation.

Intuition and example. The intuition behind this operation is that all the operations that
are introduced in the theory of weak w-category act on the cells similarly to how functors act on
a category. A functor not only acts on the objects of a category, but on the morphisms as well;
in our case each operation not only acts on the cells it is defined, but on higher cells as well.
Consider for instance the composition

coh comp (x : *) (y : *) (f : x ->y)
(z: %) (g 1y ->2)
X -> zZ

this operation is functorial with respect to both of its arguments £ and g. What we mean by this
statement is that for instance fixing g, and replacing f by a two cella : £ -> £’ we can define
an operation that sends a onto a 2-cell of type comp £ g -> comp £’ g. We have already met
this operation, and called it the right whiskering rw.
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coh rw (x : *) (y : x) (f : x -> y)
(f> : x >y) (a: f -> 1)
(z : %) (g :y ->2)
: comp f g ->comp £’ g

The functorialization thus provides us with a new way to understand the right whiskering as the
action of the composition with a fixed morphism on the right on a 2-cell by functoriality. We
describe formally the operation that generates the term rw from the term comp. The idea is to
duplicate the variable f into f and f£’, and add an higher cell that relates the original variable £
to its duplicate £’. The return type is computed by applying the original term (in our example
comp), once to the original variable f, and once to the duplicate £’, while keeping the other
arguments the same. This idea generalizes to duplicating several variables at once which is in
fact the operation we formally describe. For a variable =, we always denote x its duplicate and
Z the higher dimensional cell that relates z and x™.

3.4.1 Functorialization of contexts

We start by defining an operation on contexts, which given a context I' and set of variables
X C Var(T'), produces a new context I'X that we call the functorialization of the context I' with
respect to X. Intuitively, this operation duplicates all the variables x that are in X into a variable
xT, and add a higher cell # of type z — x to the context. When X = {z} is a singleton, we
only denote I'? the functorialized context. We give a visual example, where we only represent a
context by the finite globular set it corresponds to, that emphasizes our example of composition
and right whiskering.

r rf
f
~Z<
f+

At this point we have defined the functorialization of a context with respect to any of its variables.
In the particular case of the ps-context that we study later, we add the condition that the variables
are of dimension maximal for reasons that have to do with the typing of the term constructors.

Definition. We proceed with defining this operation by induction on the context. For the rest
of this section, we assume that we have fixed two variables, that we call ' and f, and that are
completely fresh. This can be done by extending the alphabet. If we work in de Bruijn indices,
we just use z’ and f to denote two integers, and renormalize the context to ensure that the
variables conditions are still met.

X =2
(Fx~A)X:{ CX e Azt ATz —a) fzeX

1l

1)

I+, z: A) otherwise

In addition, we define a substitution that we denote tx(T'), or simply ¢ which has the same
syntactic expression as idr, i.e., tx(I') = (y = ¥)yevarr). We pick a different name than idr in
order to suggest that ¢x (T") is not destined to be typed as going from I" to I'. Since the action
of a substitution on types and terms is purely syntactical, and ¢x (') has the same expression as
idr, it follows, that it acts the same way on types and terms, and thus for all type A, we have
A[LX (F)] = A.
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Lemma 83. Functorialization can be performed successively in any order. For any partition
L X .
X = Xo U X1, we have TX1 =X

Proof. We can prove this by induction on the context I

= X, -
— For the empty context @, we have %1 = @ and @ = @.
)? XU X )?U
— For a context of the form (I, z : A) where z ¢ X, we have (I',z: A)"' = (T* |z:A)
. . L X .
and (T, z : A)X = (', 2 : A). By induction, the equality ['* ‘=X gives the result.
— For a context of the form (', z : A) where z € X, then either x € Xg or z € X;. If x € X

then since Xy and X are disjoint, « ¢ X; and hence (T, z : A))zl = (1"*)?1,3: : A). This lets
us compute

.3 Lz
T,z : A ’ = (% O,x:A,x*:A,f:x%aﬁ)

L% .
And the equality %" = 1X obtained by induction allow us to conclude. If x € X7, then
(T,z: A = @%,z: Azt : AT : 2 — ). Since neither of z, 2" of Z are in X, this
lets us again compute that

¢ Xo > Xo

(I‘,JC:A)X1 =T% x: At AT T

which gives the expected result.

O

Correctness. We have defined the operation of functorialization of a context purely syntacti-
cally and we need to ensure that it only ever produces valid contexts.

Lemma 84. The functorialized of a well-defined context with respect to any of its variable is a
well-defined contexts. The following rule is admissible

'

(X © Var(D))

Moreover, in this case, the substitution tx (I") is a well defined substitution X by (I:r

Proof. We prove these two results mutually, by induction on the context, by first assuming that
X = {z} is a singleton

— For a context of the form (T, z : A), an explicit computation shows
Tz: A =T,x: A2 A f:a ~ x')

Denote I'yy = (T, x : A, 2’ A), then the derivation of ',z : A F gives a derivation of I' - A,
which by weakening, gives a derivation of I';x : A + A. By applying the rule (CE) to
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this derivation, we construct a derivation of I'y» F. Using this derivation, we can give a
derivation of I'¥

I, r:Ael, VAR Iy - 2 A€ Iy VAR
I'vbFxz: A ( ) | I | ( )
(HOM)
Iy Fxz— 2
4 (CE)
v

Moreover, the substitution I',x : A+ idp 4.4y : I'; 2 : A can be weakened on the left twice,
yielding the valid substitution T'¥ I ¢, (T) : T.

— For a context of the form (I',y : A) where y # x, we have (I',y : A)f = (I'",y: A). By the
induction cases, we have derivations for the judgments, I'* - and T'¥ I 1, (T) : T'. From the
derivation of T,y : A F, we extract a derivation of I' F A, and since A[.,(T')] = A, applying
the substitution ¢, (T') gives a derivation of I'¥ - A. A single application of the rule (CE)
then gives a derivation for I',y : A7 + as follows

Ik A
— (CE)
IM,y: Ak
Moreover, by weakening of the derivation of the substitution, we get a derivation of
(T,y: A)* F 1(T) : T, which lets us get a derivation of (I',y: A)* F ¢, (T,y: A):T,y: A
as follows

(T,y: A" iy T Ty:AF T,y: A" Fy: A
(l",y:A)f F{.T),y—y):T,y: A

(SE)

By Lemma 83, it suffices to apply the singleton case successively for all elements of X to prove
the result for an arbitrary finite set of variable. We only consider finite sets, since by assumption
X C Var(T") which is finite. O

Target context of the functorialized. Additionally, we define a second substitution associ-
ated to a functorialization of a context, that we denote yx (T'), or simply 3, and that fixes every
variable but the ones in X, each variable z € X being sent to z+. We can give an inductive
definition for this substitution as follows

wx(2) =)

wx(Tyz: A) = { (x([),z—at) ifreX

(x(T),z — x)  otherwise
This definition also yields a well-defined substitution of the same type as tx(T).

Lemma 85. For all context T'+ and all set of variables X C Var(T'), the judgment ¥ by (I:r
is derivable.

Proof. We proceed by induction over the context T, following the definition of sx (T).

— For the empty context &, we have yx (&) = (), and since oX = @, the rule (EC) give X F,
and the rule (ES) then gives @~ Fax (@) : @.
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— For a context of the form (T',z : A) where 2 € X, by induction we have a derivation of
X 4x(T) : T. Lemma 84 ensures that (I',z : A)~ I, thus by weakening this substitution

(c.f. Proposition 2) we get a derivation of (I',z : A)X F sx (') : I. We can then apply the
rule (SE) in order to get the following derivation

¢ T, :AXI— T.Ae(T, :AX
Coo: A by T (Ta:ayr D24 2 Tz A" ary
(F,x:A)XI—m+:A

(T, : A)X FOax(@),z e zt): (T,z: A)

(SE)

— For a context of the form (I',z : A) with « ¢ X, we have by induction a derivation of
I'X Fax(T) : T, which gives by weakening a derivation of T,y : A%  1x(T) : T. This lets
us construct the following derivation

¢ (I‘,x:A)XI— X:AG(I‘,x:A)X

T,z: A Fax(D):T T,z:A)F = (VAR)
T,z: A Fx:A

Tz : A)S F (x (D)2 s x) : (T : A)

(SE)

3.4.2 Functorialization of a maximal variable in a ps-context

In order to define the functorialization of an operation, we are particularly interested in the case
of the functorialization of a ps-context with respect to one of its variables of maximal dimension.

Functorialization preserves ps-contexts. The process of functorializing a context is very
reminiscent of the algorithm checking that a given context is a ps-context, and in particular of
the rule (PSE), in that it introduces a new variable which is a copy of a known variable, and a
variable from the known variable to the new copy. This analogy can be exploited to show the
following lemma

Lemma 86. Let I' s be a ps-context and x € Var(I') be a locally mazimal variable in T, then
e Fps 45 again a ps-context.

Proof. We first treat separately the case of the context D°, whose functorialization with respect
to its unique variable is D!, which is a ps-context. So from now on, we may assume that I is
not the ps-context DY, and hence all its locally maximal variables are of dimension at least 1. In
this case, the derivation of I' l-ps necessarily is of the form

DI‘/
Mipsy: A

| A F (PSE)
N . — : —
)y 2 L LY a1 Zps T 1Y A z

/ (PSD)
F7z:A,x:y7>z}—psz:A

D
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where Dy is a derivation of the judgment IV s v : A, and D is a derivation tree that finishes,
from a derivation of IV, 2z : A,z : y — 2z Fps 2+ A to a derivation of I' ps. We can then obtain a

derivation of IV, 2z : A,z : y — 2F Fps z : A as follows

Dr‘/
Mipsy: A

I’ A —zkF — (P5e)
. . .
y 2 y LY a1 Zps T 1Y A z

- (PSE)
F’,z:A,x:yTz Ffix—a

) = ; (PSD)
IMz:Az:y—=2 b :yjz

/ - (PSD)
IMz:Az:y—2 bps2z: A

We can then finish this derivation into a derivation of T'X Fps by following the structure of
derivation tree D. O

Combinatorial interpretation. As we had done in the case of the suspension, we can provide
an interpretation on the combinatorial structure of the ps-contexts. Ge give a few examples of
ps-contexts graphically represented by their structure, and since we always functorialize with
respect to a given variable of dimension locally maximal, we specify this variable by circling a
position on our diagram.

~

/\/\/\ 5
Graphically, this operation can be understood as selecting one peek and pulling this peek alone

one dimension higher. In terms of the underlying globular sets, we give another visualization for
the last example

v

AT AT
[ ] e — @ > e —— 06 — o
NOY NEY S

Functorialization with respect to a set of variables. We can generalize our result to
functorialize ps-contexts with respect to a set of variables, instead of a single variable. Indeed,
consider a set of variables X such that all variables in X are locally maximal, and consider a

variable z € X, by Lemma 86, we know that I'* is again a ps-context. But X = I‘fX_{z}, and

now all the variables in X —{x} are locally maximal in I'*. We can thus iterate this construction,
which proves the following result

Lemma 87. For all ps-contexts I' -ps and all set X of locally mazimal variables in I', the context

¥ s again a ps-context.
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Source and target of the functorialized. In the particular case of functorializing with
respect to a set of maximal variables, we can compute explicitly the source and target of the
functorialized context.

Lemma 88. IfT' s is a ps-context and X C Var(T') is a set of variables of dimension maz-
imal in T, then 0~ (TX) = T, and the substitution TX I 1x(T') : T is the source substitution

0~ . Moreover, the substitution sx (I') defines an isomorphism between T' and 8+(FX), which
commutes with the substitution 0T

r¥ 20, g+(r¥)
Am ZJ«AX(F)
r

Proof. We handle separately the case I' = (z : %), where ['¥ = (z : x,2" : %,7: 2 — z7), and
we can compute explicitly that 9~ (I'") =T, 07 (I'") = (2% : %), and 3y = (z — z) defines an
isomorphism {x +— x"). In the other cases, we follow the inductive definitions:

~IfT = {T,2: Az :y — z) with x € X, denote X’ = X — {x}. Since z is of max-
imal dimension in I', it follows that & is of maximal dimension in r¥ , and hence the
rule for computing source gives 8_(1“)2) = O (I"*),z: A,z : y > 2). By induc-
tion 0~ (F’X/) = I", which shows the equality. Similarly, the target is computed by
8+(1"X) = (8_(F’X/),z : Azt .y — 2), and by induction 8"‘([)1"’)5/] Foax (V) : TV
induces an isomorphism. By completing this, we get the isomorphism

OTTX)VF bx/(T), 2= z,x s aT) : T

- IT=T,2:Ax:y— z) with z ¢ X, since dimI¥ = dimT + 1, z is not of dimension
maximal in FX, hence, 8*(FX) = (8*(F’X),z : A,z : y — z), and the induction gives
O~ (I'X) =T. Similarly for the target, we have T (I'X) = (9T(I"™),z: A,z : y — 2), and
completing the isomorphism 3 x (I') yields an isomorphism

ITTXVF x(T), 2z 2z, —>2): T

3.4.3 Functorialization of a term

We can use our definition of the functorialization of a ps-context in order to define the functo-
rialization of any term, and thus generate new terms from previously defined ones, as we have
already presented for the suspension. This operation is a bit more complicated to define, so we
split its definition into different cases, depending on the term we are computing with. In all the
cases, we always functorialize a term with respect to a list of variables of internal degree 0 in
this term.

Functorialization of a variable. The definition of the functorialization of a variable is
straightforward, we simply require that ¥ = #. Note that this is the only possible case, since
we require the variable with respect to which we functorialize to appear in the term.
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Lemma 89. Given a variable z in a context such thatT'F z : A, we also have T* 2% : ¢ 7 zt.

Proof. Since we have proved that we always have a derivation of I'* I, and that moreover

[z 7 2’ € I'? by definition, we can apply the rule (VAR) in order to get a derivation of

Ffl—f:xTﬁ'. ]

Functorialization of the declaration of operation. In order to define the functorialization
for a general term, we first study the case of the declaration of an operation.

Lemma 90. Suppose that we have a ps-context I -y, together with a type I' = A such that I', A
declares a wvalid operation, then for all set X of maximal variables in T, the functorialized pair

Fi,opF,A[idr] — opr 48] also declares a valid operation.

Proof. We have already proved by Lemma 86 that the context ¥ is a ps-context, so we have
rx Fps- We denote ¢ the term ¢ = opp 4[idr], since the pair (I', A) declares a valid operation,
we have a derivation of the judgment I" - ¢ : A. Moreover, the variables of ¢ are specified by
the identity morphism of I': It contains all the variables of I', hence Var(t) = Var(I'). Since
r=0- (1")?)7 this proves that we have 6_(1")2) Ft: A, with Var(t)UVar(A) = Var(T'). Since we
have a substitution 8+(F)?) ks : T, we can as well build the term 07 (T) & ¢[s] : Als]. Note that
(T, A) satisfying the conditions for declaring an operation operation forces A not to contain any
variable of maximal dimension of ", which are the only variables that can be in X. Since A does
not contain any variable in X, we have A[s] = A, hence the derivation 0 (T’ X ) Ft[s] : A. Finally,
Var(t[s]) = Var(s), and since 3 is an isomoprhism, it contains all the variables of 9 (1“)2 ), which
proves the equality Var(¢[s]) U Var(A) = Var(9" (F)_f )). We thus have verified all the conditions

shows that the pair (l“)2 ;0P 4 [idr] — ©oPr, 4[3]) declares a valid operation. O

In order to simplify the notations, given the declaration of an operation defined by the pair I" -p¢

and I" F A satisfying the side condition, we denote (F,A)X the declaration of the operation
defined in Lemma 90.

Functorialization of a general term. We now define the functorialization of a general term,
with respect to a set X of variables of internal degree 0 in this term. Note that having variables
of internal degree 0 forces the term to be of degree 0, and hence this eliminates terms constructed
with the term constructor coh which are all of degree strictly positive. We define by induction
the functorialization for terms as follows

< .
opr al1]” = 0p 4%, [17]

where X, is the set of variables y in I' such that Var(y[y]) N X # 0, and the functorialization is

defined on substitution by induction with ()X = () and we pose (7,2 — )~ to be

{ (v
(v

Lemma 91. Given a substitution A+ v : T' and an arbitrary set of variables X C Var(A), for

=i

, X > 1) if x € Xy

L& 6,2 = avarnx (D)), f — tVONXY - otherwise

i

all variable x in Var(T'), we have z[y] = x[X)Zﬂ
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Proof. This result is immediate from the definition of X X v : it only associates to a variable z
the term x[v], if  already has an image by 7. We can prove this by induction.

— For the substitution A F () : @, the result is vacuously true since there is no variable in &.

— For a substitution of the form A F (y,z — t) : (I',x : A) where z ¢ X, we have for

X

the variable z, z[(y,z — t)] = ¢, and since (y,z — )~ = (vX,z — t), we also have

z[(y,2 — t)*] = t. For any other variable variable y in (I',z : A), y is actually a variable
in T and y[(,z — t)~] = y[’yg}, which by induction is equal to y[7].

— For a substitution of the form A (y,z +— t) : (I',z : A) where x € X, the proof is very
similar: we have for the variable x, z[(v, z — t)] = ¢, and since

(e ) = (y

)?7ml—>t7x+»—>t[A],f:x—>x+>

we also have z[(vy, z — t)X] = t. For any other variable variable y in (T', z : A), y is actually
a variable in T and y[(y, 2 — t)X] = y[y*], which by induction is equal to y[7].

O

Correctness. Under the assumption that we functorialize a term with respect to variables of
internal degree 0, the definition of functorialization only produces valid terms.

Theorem 92. Given a term A+t : B and a set of variables X of internal degree 0 in t, the
following judgment is derivable

A)zl—t)?:t?th]

We prove this result by induction, but it is a bit technical to perform, so in order to simplify it,
we state and prove the following lemma, on which relies each of the induction steps

Lemma 93. Assuming that Theorem 92 holds for all terms of depth at most t, for any substi-
tution A+~ : T and any set of variables X the judgment T'X = ~% : TX~ is derivable.

Proof. We prove this result by induction on the derivation of the substitution A+~ : T.

— For a substitution of the form A I () : @, we have both ()* = () and oXr = g, giving a
derivation of the judgment AX - () : @.

— For a substitution of the form A & (y,z > t) : (I',z : A) with ¢ X, 5.4), we have by in-
duction that AX ~X : %+ and since z ¢ X (~,a—t), We have the equality X, zpy = X,
Moreover, from the derivation of A ¢ : A[y], we extract by weakening a derivation of
AX ¢ : A[y]. Moreover, since all the variables of A are in I', we have A[y] = A[y*X]. This
lets us apply the rule (SE) in order to obtain a derivation as follows

A)?}—'YX:FX” Fgw,x:Al— A)zl—t:A['yX]
AX - (fy)?,x»—>t>:FX”,x:A

(SE)

The judgment proved by this derivation can in fact be rewritten as

AX 7X Tz A)X“**””*’t>
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— For a substitution of the form A& (y,z +— t) : (I, z : A) with 2 € X, then by induction,
we have a derivation of A% F 4X : I'*~. Moreover, we have a derivation of A ¢ : A[y],
and since A only uses variables in T', the equality A[y] = A[XX~] lets us use the rule (SE)
as follows . . .
AX 4% 7% Iz Ak AX Ft: Ay
. _ _ (SE)
AXE (X z—t):T% 2 A

Moreover, Lemma 84 ensures that (I', z : A)X” == | is derivable, and since the variable
x is not in I', we have that % = r¥e. =~ which gives the equality

(T, x: A)XW%’” = (I‘X”,x At AT — o)

Moreover, Theorem 92 for the term ¢ of depth at most d ensures that A X ¢ :[—]% t[y].
gl
With the help of these two judgment and our previous derivation, we can construct the

derivation tree indicated in Figure 3.1. All the leaves of this tree being derivable, this gives
a derivation for the judgment AX F (y,o =) (D2 A)X” o)
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qel

AN (vY 2

:Fﬁv,x:A I‘Xw’sz’x+:A|_ AX"tM:A[fyX] .
(SE) (F,x : A) (v,z—1) }_

AN <7X7I'—>t,x+ >—>t[AD:FX“’,x:A,x+:A

t)
<

AN —— )

AlyX]

AX = <'Y,IE = t>)2 : (F,x : A)X)H,m»—»t,)

Figure 3.1: Derivation tree for the judgment AX (v, 3= t)X (Cx A)X(w,mHQ

(SE)



With this lemma, we are equipped to prove our Theorem 92

Proof of Theorem 92. We prove this result by induction on the depth of the term ¢. Lemma 84
already proves it for the terms of depth 0 (i.e., the variables), so it suffices to assume the result
for all terms of depth at most d, and prove it for a term of depth d+1. Consider a term A+ ¢: B
of degree d + 1, together with a (non-empty) set X of variables of internal degree 0 in t. Then
as discussed previously, necessarily ¢ is of the form ¢ = opp_4[y].First note that any variable in
Xr is necessarily of maximal dimension in I'. Indeed, suppose that we have a variable y € Xr,
then there exists x € Var(y[y]) N X, and being in X implies that z is of internal degree 0, hence
dimz = dimT. On the other hand since x € Var(y[y]), we have that dimz < dim y[y] = dimy.

This implies that dimy = dimI". By Lemma 86, this proves that (T, A)X” is declares a valid
operation. We then apply Lemma 93, which we can apply thanks to the induction hypothesis,

and shows that AX F~X : X~ This lets us use the introduction rule for op to conclude.  [J

3.4.4 Implementation and restrictions

We now discuss the practical applications of our definition of functorialization and show how
it can be used to reduce proofs, and then focus, using the notations that we introduce, on the
technical condition that lead us define only functorializations with respect to lists of variables of
internal degree 0, as opposed to any variable.

Implementation as a meta-operation. We have implemented in our software for CaTT
the algorithm that we have presented to compute functorializations of general terms. As for the
suspension, we chose to implement it as a meta-operation, outside of the kernel, in such a way that
any computation of a functorialization produces an expression, that is then checked to be a valid
expression in the bare theory CaTT. In particular, our meta operation computes an expression
without bothering to check the condition on the internal degree of the term, as whenever the
condition fails, the expression will simply fail to type check in the kernel. Although this is a
safety guard against our proof that this operation is valid, it again costs a lot computationally
as it forces the system to check terms that are known for meta-theoretical reasons to type check.
A future more application focused implementation of CaTT should then use the functorialization
as a primitive operation to create new terms directly in the kernel, without having to check them
first. This replace the problem of type checking an entire term by simply verifying out condition
that a list of variables is of internal degree 0, which is computationally much lighter.

Notations. In the case of the suspensions, we had chosen to make it completely implicit as
it can be easily guessed by the system by looking at the dimension of the arguments. As a
consequence, we cannot use the same trick for the functorialization, indeed writing for instance

let example (x : *) (a : id x -> id x) (b : id x -> id x)
= comp a b

would then yield a ambiguous expression: There would be no way of telling if it designates the
suspension of comp applied to the arguments a and b which defines the vertical composition
of a and b, or the functorialization of comp applied to the arguments a and b, which is their
horizontal composition. Thus, we keep an explicit syntax to indicate when a term should be
functorialized, and specifically, we chose to write between square brackets [] the places where
a functorialization happens. So in our previous ambiguous example, the way it was written
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without brackets indicates that the operation to perform is a suspension, and for defining the
version where comp is functorialized with respect to both its variables, one would write instead

let example (x : *) (a : id x -> id x) (b : id x -> ud x)
= comp [a] [b]

Similarly, one can define for instance the right whiskering by functorializing comp as follows

let rw (x : %) (y : ) (f : x >y) (£f2 : x ->y) (a: £ ->£?)
(z : %) (g 1y ->2)
= comp [a] g

but one could also define directly the right whiskering of an identity 2-cell as follows

let id-rw (x : *) (y : *) (f : x -> y)
(z : %) (g:y->2)
= comp [(id £)] g

In practice, we do not even need to define the right whiskering anymore, as we can simply write
comp [a] ginplace of rw a gevery time we use a right whiskering, thus saving extra definitions.

Examples of functorializations. We provide now a few examples of definitions that can be
avoided using functorializations. First, note that the left whiskering is obtained by functorializing
the term comp with respect to the second variable, and the horizontal composition is obtained
by functorializing the term comp with respect to both the variables as follows

let 1w (x : *) (y : %) (f : x -> y)
(z:*x) (g:y->2) (g :y->2) b:g->g)
= comp f [b]
let hcomp (x : *) (y : *) (f : x > y) (f> 1y ->2) (a : £ -> £?)
(z:*%x) (g:y->2) (g :y3y->2) (b:g->g)
= comp [a]l [b]

We also suggest adding the possibility of performing two functorializations successively, even
though we have not implemented it yet, allowing to define for instance the “right whiskering” of
a 3-cell composed with a 1-cell along a 0-cell

let comp3,1,0 (x : %) (y : *) (£ : x -> y)
(f> : x >y) (a: f ->1£)
(a> : £ ->£’) (A:a->a’)
(z : %) (g 1y ->2)
= comp [[Al] g

Note that the right whiskering of a 3-cell composed with a 2-cell along 0-cell can also be defined
using two successive functorializations as follows

let comp3,2,0 (x : *) (y : *) (f : x -> y)
(f> : x >y) (a: f ->1£)
(> : £ ->£’) (A:a->a’)
(z : %) (g 1y ->2)
(g2 :y->2z) (b:g->g)
= comp [[A]l]l [b]
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In this case, we functorialize all the inner brackets at once first, then all the outer brackets and
so on. We can also define the composition of two 3-cells along a 0-cell

let comp3,3,0 (x : *) (y : *) (£ : x -> y)
(f? : x >y) (a: £ ->£)
(a> : £ ->f’) (A:a->a’)
(z : %) (g:y ->2)
(g :y->2) (b:g->g)
(b> : g ->g’) (B: b ->D)
= comp [[A]]l [I[BI]

Combining the suspension and the functorialization, we can also access the right whiskering of a
three cell with a 3-cell along a 1-cell as follows

let comp3,2,1 (x : *) (y : *) (£ : x -> y)
(g:x->y) (a:f->g
(a> : £ >g) (A:a->a’)
(h:x->y) (b:g->h)
= comp [A] b

In this case, the functorialization is computed first, and then our dimension analysis shows how
many times the term has to be suspended. We can access as well the composition of two 3-cells
along a 1-cell

let comp3,3,1 (x : *) (y : *) (£ : x -> y)
(g:x->y) (a:f->g
(> : £ >g) (A:a->a)
(h:x->y) (b:g->h
(b> : g -=>h) (B : b ->b?)
= comp [A] [B]

and finally, using only the suspension, we can define the composition of two 3-cells along a 2-cell

let comp3,3,1 (x : %) (y : *) (f : x -> y)
(g:x->y) (a:f->¢g
(b:f ->g) (A:a->b)
(c: £ ->g) (B:Db->c)
= comp A B

All these examples show how by combining suspensions and functorializations we can define all
the six possible compositions of a 3-cell with another cell, using only the operation comp.

Our final version of the Eckmann-Hilton morphism. We have formalized the Eckmann-
Hilton morphism, that we have presented in Section 3.1 using functorializations as well as sus-
pensions (but without the possibility to add successive functorializations). This is the third
implementation of this term, with various degrees of automation, as we have also defined it us-
ing the suspension only in Section 3.2. The resulting file? contains 76 definitions, compared to
the 85 of the file using only the suspension, and the number of lines reduced from 476 to 422,
corresponding to a gain of 11%. The size of the file however dropped from 22k to 20k, which
corresponds also to 10%, indicating that even though it let us avoid some definitions, it did not
contribute a lot to simplify the other definitions, contrarily to the suspension.

Shttps://github.com/ThiBen/catt/blob/master/examples/eckmann-hilton-versions/eh-susp-no-func.
catt
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Towards a more general functorialization. It is a little frustrating to only define the
functorialization for variables of internal degree 0, as it implies for instance that even though
we can functorialize the composition with respect to both its variables to define the horizontal
composition of 2-cells, we cannot functorialize the coherences associated to the composition like
the associator, to higher coherences like the associator for the horizontal composition of 2-cells.
Indeed, the associator is defined by

coh assoc (x : *) (y : ) (f : x -> y)
(z : %) (g:y->2)
(w:x)(h:z->w

: comp (comp f g) h -> comp £ (comp g h)

which is of dimension 2 and the variable of highest dimension are f, g and h, which are of
dimension 1. Hence we still have to define the associator for the horizontal composition manually.
It also does not match our intuition very well. We believe that it is possible to generalize the
functorialization to arbitrary variables, or at least to the variables such that no other variable
in the context depends on them (i.e., the variables that we have chosen to be explicit), but we
now explain why this problem has to be hard. We consider the simplest example of a term with
a variable of internal degree 1, the identity 1-cell.

coh id (x : *) : x -> x
If we give a meaning to the functorialization of this term, we should then be able to write
let id[] (x : *) (y : *) (£ : x -> y) = id [f]

and we expect the type of this term to be id x -> id y. But this type is ill-formed, since id x
and id y are not parallel. Instead, the situation can be described as in the following square
diagram

id x

Hh
Hh—— X

%
id y

< — ™
[

So the only way to define the functorialized version of id is to encode this square diagram in a
globular setting and define the functorialization such that id[] reduces to the term

CON(gix i, frz—ry),comp (id @) f—comp f (id y) (T = T,y =y, f = f)]
The situation gets even more complicated if we define the composition of two identities
let compid (x : *) = comp (id x) (id x)
Now functorializing this simple term yields the situation described by the following diagram

id x id x

X —— X —
| :
f id y y id y

o]

h
Hh

<

and defining this functorialization requires encoding this diagram in a globular setting, and in
particular it requires encoding the composition of two squares in a globular setting. Already
on these two very simple examples, with only argument of dimension 0, the functorialization
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is difficult to define, and it goes increasingly complicated as the dimension and the depth of
the terms increases, requiring to encode harder and harder cubical composition in a globular
setting. We present in Section 6.2 a type theory for working with a cubical variant of the weak
w-categories; we believe that an approach close to the one would be better suited to compute
functorializations.

3.5 The category Sps

Our goal is to prove Theorem 44 that we have claimed in Section 2.5. For this we introduce tools
to understand subtle syntactic conditions relating the variables of a term and the variables of its
type. The main idea is to exhibit Sps  as a colimit of the form

SPS,oo = colim (SPS,O — SPS,I — Spsyg — .. )

that reproduces the iterative construction of ©,, in the Grothendieck-Maltsiniotis definition of
weak w-categories.

Coherence depth. We introduce the notion of coherence depth of a term, type or substitution
in order to relate our definition of the type theory CaTT with the Grothendieck-Maltsiniotis
definition of weak w-groupoids. Note that this definition is distinct from the one of depth, we
use for syntactic reasoning.

cd(v) =0 cd(opr 4[7]) = max(cd(4) + 1, cd(7))

cd(opr 4[7]) = max(cd(A) + 1, cd(7))
cd(x) =0 cd(t —» u) = max(cd(A), cd(t), cd(u))
cd(()) =0 cd({y, = t)) = max(cd(v), cd(?))

max(cd(A

We consider the subcategory ScatT,n, Whose objects are the objects are the same as ScatT,
but whose morphisms are substitutions whose all terms are of depth at most n, and the full
subcategory Sps, of ScatT,, Whose objects are the contexts I' such that I' -y holds. To
emphasize this construction, we sometimes denote Sc,TT,00 the syntactic category of CaTT. We
then have the following inclusions.

SgseTT =ScatT,0 — ScatT,1 — ScaTT,2 = +*+ — SCaTT,00

J J J J

Sps = Spsg — Sps; 1 — Sps,2 SPs,00

]

gep

The rules (CoH) and (COH’) We now want to prove that each of the category Sps ,, is equiv-
alent to ©)P, and to do so, we characterize the term introduction rules as a formalism to add lifts
for some coadmissible pairs of morphisms in the category Sps ,,. For the rules (0P) and (COH’) this
turns out to be fairly straightforward, however, for the rule (COH), this correspondence is more
involved. Recall that when introducing the theory CaTT, we have defined two versions (COH)
and (COH’) for the same rule

I'tpe THA AbF~:T
A+ cohr a[y] : A[Y]
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The difference between these two is that it does not apply under the same conditions: We require
the rule (COH) to apply only under the condition

Var(t) U Var(B) = Var(I')

(Ceon) A is of the form ¢ ? u with { Var(u) U Var(B) = Var(T')

whereas for applying the rule (COH’) we require the condition

(C..,) Var(4) = Var(D).

coh

We have claimed these two rules to be equivalent, and thus we reason mostly with the rule (COH),
whereas in the implementation, we use the rule (COH’). We now show that these two rules are
indeed equivalent, to ensure that the theory CaTT that we study theoretically is indeed the same
as the one we have implemented.

3.5.1 Equivalence between the rules (COH) and (COH’)

Our goal is now to show that the rules (COH) and (COH’) can be used interchangeably, so that we
can prove Theorem 44 using the rule (COH’). It is immediate from the rule that any application
of (COH) is a particular case of application of (COH’), thus changing the rule (COH) for the
rule (COH’) may only create new terms. Our goal is to show the converse: Any application of the
rule (COH’) can in fact be proved to satisfy (C.,,). We first remark that a ps-context I' is never
empty, hence the condition Var(A) = Var(I') implies that A cannot be the type *, so it has to

be of the form ¢ -; u. The rest of this section is dedicated to showing that in this case, we have

both the equalities Var(t) U Var(B) = Var(I') and Var(u) U Var(B) = Var(T'), and to achieve
this, we introduce tools that let us analyze precisely how the variables in a term and in its type
are related. Precisely, we show that whenever the type of a term contains two parallel variables,
the term has to contain a path between them, and in the case of locally maximal variables, their
is only one path. Hence whenever the common type of two terms contain two parallel variables
delimiting a path of maximal variables, both of the terms have to contain the same path, which
forces them to contain the same variables.

Path of variables. Given a context I' in the theory GSeTT and two variables x,y of same
type in I', we call a path from x to y in I' a family of variables of the form fi,..., f, such that
we have a family z;, with xo = = and x,, = y, satisfying I' F f; : ;1 — z;. We give an visual
interpretation of various contexts with two marked variables and a path between them, in the
form of finite globular sets.

xT

~ /‘U'—ﬂ\’
e — I % o Y ei—— e ——— o
~— L2
Y
To simplify our vocabulary, we say that (fi,..., f.) is a path between z and y in order to say

that it is either a path from x to y or a path from y to z. We also denote a path = ~~ y to
express that it is a path from x to y. By convention, the empty path defines a path x ~» x for
every variable x, and we say that a term ¢ contains the empty path from x to x if the variable x
appears both in the source and in the target of ¢.
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Paths in ps-contexts. In a ps-context, if there is a non-empty path (f1,..., f,) from z to ¥,
then we have by definition of < that x < f1 <z1 < fo <...< f, <y, and hence by transitivity, we
necessarily have z <y.

Lemma 94. For any two variables x,y of the same type in a ps-context, with x <y, there exists
a path x ~> y.

Proof. We prove this result by induction over the number of variables f such that x < f <y. Note
that since x and y have the same type, they cannot be of locally maximal dimension, hence there
exists a variable f whose source is x, and this is necessarily the smallest variable greater than x,
thus it is between z and y.

— If there is only one variable f between z and y, then we necessarily have I' - f : x — v,
and hence (f) defines a path  ~~ y.

— If there are n > 1 variables between x and y, then consider the smallest variable f such
that x < f, then we necessarily have I' - f : x — 2, with z <y, and there are strictly less
than n variables between z and y. Hence by induction we have a path (f1,..., f,,) from 2
to y, and by appending f, we construct the path (f, f1,..., f,) from z to z.

O

Paths of locally maximal variables in a ps-context. In a ps-context I' there can be at
most one path z ~» y if dimz = dimy = dimT" — 1. Indeed, consider two paths (fo,..., fr)
and (go, ..., gm), since fo and gy are of dimension maximal and share the same source, they are
necessarily equal, and we can rewrite the second path as (fo, g1, .., gm). Doing this successively
on all variables of the second path, we show that it necessarily use the variables f;. Moreover,
since the variables all increase along a path, a same path cannot reach twice the variable y, hence
we have m = n, and the two paths are equal. This proves the following result

Lemma 95. In a ps-context T, given two variables x and y with the same type and such that
dimz =dimy = dimI" — 1, there exists exactly one path x ~»y in I

Variables of degree 0 in the type of a term. The variables of degree 0 in the source of
a term are particularly important in our study, as they constraint the variables that the terms
must have. Namely, they must span a path from it inside the term.

Lemma 96. For a context A of the theory GSeTT, consider a term A+t : A in the theory CaTT,
together with a variable x € Var(9~ (t)) which is of degree 0 in O~ (t), then either x € Var(dT(t))
or there exists a variable y € Var(97(t)) together with a path of variables from x to y in A.

Proof. We prove this result by induction

— For a variable term A+ z: ¢ 7 u. Since A is a context of GSeTT, ¢t and u are necessarily

variables, and we thus have ¢t = z, posing y = u, the variable z defines a path z ~~ y.

: t[y] —— u[y]. Consider a variable z € Var(t
7m[v] Wiredliel v ()

— For a term of the form A P,
of degree 0. Then there exists a variable v in 9~ (T") such that = € v[y], hence we have
dimv > dima and since z is of degree 0 in 0~ (t) we have, dimz = dim¢[y] > dimT" — 1.
Since v € Var(9~(I')), this implies dimv = dim "' — 1. If v is locally maximal in ', then we

also have v € 97 (I"), in which case Var(v[y]) C Var(u[y]), and in particular x € Var(u[]).
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If v is not locally maximal in ', then there exists a variable w in Var(0™ (")) of the same type
as v, and by Lemma 94, there exists a path (f1,..., f,) of variables of dimension maximal
in I', from v to w. We can now apply the induction to each of the terms fo[y], ..., ful7]-
There is a variable z1 € 9% (f1[y]), together with a path from z to x; in f1[y], then there
exists a variable zo in Var(9%(f2[7])) such that f[y] contains a path from z; to x2, and
so on. In the end we get a variable x,, € Var(w[]), together with a family of paths. By
concatenating these paths, we create a path from z to x,. Moreover, since w € 9 (T"), we
have w € Var(u), and hence z,, € Var(u[y]).

— For a term of the for A cth R [v] : t[v] ;[—7 u[y], and consider a variable x of degree 0
T u ¥

in ¢[]. This implies that we have a variable v in Var(t) such that « € Var(v[y]). Moreover,
since z is of degree 0 in t[v], the term ¢[7] itself is of degree 0, hence the term cohr 4, [7] is
of degree 1 (since it is necessarily of degree strictly positive) so it is of dimension dim '+ 1,
and z is of degree 1 in it. Thus dimz = dimI" and v is of dimension maximal in I', so
this shows that v ¢ Var(A). By the rule (COH’), we necessarily have v € Var(u) U Var(A),
which implies v € Var(u), and hence x € Var(u[y]). Hence the empty path defines a path
T ~» z in out term.

O

We have a symmetric result concerning the variables that are of degree 0 in the target of a term.
We do not repeat the proof as it is completely symmetric.

Lemma 97. For a context A of the theory GSeTT, consider a term A &kt : A in the theory
CaTT, together with a variable y € Var(0T(t)) of degree 0 in 0T (t), then either y € Var(9~ (t))
or there exists a variable x € Var(0~ (t)) together with a path of variables from x to y in T.

Variables of degree 0. We present a converse to the previous remark: every variable of degree
0 in a term must be part of a path from a variable of its source to a variable of its target.

Lemma 98. For a context A in the theory GSeTT, consider a term A F t : A of dimension
non-zero, in the theory CaTT, together with a variable x € Var(t) of degree 0. Then there exist
two variables x~ € Var(0~(t)) and xt € Var(9*(t)) such that t contains a path from x~ to x™*
that goes through x.

Proof. We prove this result by induction on the depth of the term.

— For a variable term A  x : t — wu, since the context A is derivable in the theory GSeTT,

necessarily ¢t and u are variables, and we chose 2~ = ¢, + = u.
— For a term of the form A F op [7] : t[y] — u[7], consider a variable x of degree 0 in
Tt AlY]

this term, then there exists v such that 2 € Var(v[y]), and since dimv > dim2 = dim T, v
is necessarily of dimension maximal in I'. Hence there exists two variables v~ € Var(9—(T"))
and v € Var(9+(T")) such that there is a path from v~ to v™ which goes through v in T.
Applying the induction on the term v[y], we get two variables x; and z{§ such that v[y]
contains the path from z; to xar that goes through . Then applying the lemma 97 to
all the variables before v in the path from v~ to v+ and the lemma 96 to all the variables
after v in the same path, we get families of paths

T NS T, X Ty gy, ] T
+ + + + + +
AN R AR AN AP P S
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concatenating all these paths with the path x5 ~ 2, we get a path 2~ ~» o7 containing
x. Moreover, Since v~ € 07 (I'), we have v~ € Var(t), and hence 2~ € Var(t[y]), and
similarly v* € 97 (T') hence z € Var(u[y]).

— For a term of the form A F cohr 4[v], then it is of degree strictly positive, and do not
contain any variable of degree 0, thus the result is vacuously true.

O

Uniqueness. We now prove the key lemma to show that the rules (COH) and (COH’) are
equivalent. The structure of the proof is a little involved, since it requires an induction on
the depth of the terms, whose induction case uses a lemma which depends on the induction
hypothesis and that is itself proved by induction on the dimension. In order to present it in a
clearer way, we present these as two separate lemmas that we prove by mutual induction.

Lemma 99. Consider a term A+t : A in a ps-context T, and two variables x,y € Var(t) of
degree 0 and of the same type. Then x =vy.

Proof. We prove this result by mutual induction with Lemma 100. This part is by induction on
the depth of the term.

— For a variable term I' - z : A, the only variable is can ever contain is x itself.

— For a term of the form A F opp,_,,[v] : t[y] = u[y], we necessarily have two variables
v,w € Var(I") with € Var(v[y]) and y € Var(w[y]). Lemma 100 then applies by mutual
induction and shows that v and w necessarily have the same type. Since z and y are
of degree 0, necessarily v and w are of dimension maximal in I'. Since they are also in
the same type, this implies that v = w. We thus have exhibited the term v[y] such that
x,y € Var(v[y]), so by induction, this proves z = y.

— A term A I cohr a[v] : A[y] is of degree strictly positive, hence do not contain variables of
degree 0, so the result is vacuously true.

O

Lemma 100. Given a substitution A F v : T between two ps-contexts T' and A, and two variables
v,w € Var(T'). Suppose we have x € Var(v[y]) and y € Var(w[y]) of degree 0 and of the same
type, then v and w are of the same type.

Proof. We prove this lemma by induction on the dimension of the variables v, w Note that the
condition that = and y are of the same type and both of degree 0 imply that dim v[y] = dim w[y],
and hence dimv = dim w.

— If v, w are of dimension 0, then they are necessarily of the same type *.

— If v,w are of dimension n + 1, then by applying Lemma 98 we get a path = ~ zT in

v[y] which goes through x with 2= € Var(9~ (v)[y]) and 2z € Var(d*(v)[y]), and a path
y~ ~ yt in w[y] which goes through y with y~ € Var(0~ (w)[y]) and y* € Var(d™ (w)[v])
We then have the following inequalities, with =, 2%,y and y* all sharing the same type
that we denote A.

T

IA

0~ () <« O (xr) Qa7
I I
y= 2 0 (y) < O0f(y) Dyt
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Note that for all variable 9T (v) <v™ of the same type as 9T (v), we necessarily have by
Lemma 94 a path 07 (v) ~ vT in T', hence Lemma 96 gives a variable z € Var(v'[y])
of type A and such that z+ < 2. Moreover, Lemma 99 by mutual induction shows that,
it is the only variable type A in v*. Consider now the variable 9~ (w): since 9~ (w)[v]
contains the variable y~ of type A and of degree 0 and 0% (v)[y] contains the variable z*
of type A and of degree 0, we have by induction that 0~ (w) and 9% (v) have the same
type. Since y~ € Var(9~ (w)[y]) and y~ <x™, we necessarily have 9~ (w) < 9T (v), hence
0~ (w) <97 (v). A symmetric argument shows that 0~ (v) < 9~ (w), hence 9~ (v) = 9~ (w).
Moreover, the same argument on the targets shows also that 1 (v) = 9% (w), and hence v
and w necessarily have the same type.

O

Paths in terms. The terms that are derivable in a ps-context satisfy a very strong property
regarding the variables they must contain. This condition can be expressed using the notion of
path of variables.

Lemma 101. Consider a term A Ft : A derivable in a ps-context A, together with two variables
x,y € Var(A) that are of the same type in A, then there exists a path fi,..., fn between x and
y in Var(t) U Var(A).

Proof. We prove this result by induction on the terms. In order to ensure that the induction is
well-formed, we keep track of both the depth and the dimension of the terms we manipulate.

— For a term of depth 0, it is necessarily a variable term A + f : A, and we proceed by
induction on its dimension, note that the term cannot be of dimension 0, or its type
would not contain variables. If it is of dimension 1, then necessarily A = z — w with

*

{z,w} = {z,y}, and {f} defines a path form z to w. For a term of dimension at least 2,
since A is derivable in GSeTT, A necessarily contains only variables, so it is of the form

z . If {z,w} = {x,y}, then f is a path from z to w. Otherwise, the dimension shows

that we necessarily have {z,y} N {z,2} = 0, and hence z,y € Var(B). Then by induction
Var(B) U z contains a path from x to y or from y to z, hence so does Var(A).

— For a term of the form A + op,, [v] : t[y] — uly] or A F cth [v] : t[y] — uly],

—u L. =’ App]
consider two variables z,y € Var(u[y]) U Var(t[y]) U Var(A[y]). If x € Var(A[y]), then
dimz < dim¢, and hence dimy < dim¢. Hence if y appears in t[y] or in u[y], it is of degree
strictly positive, and also appears in A[y]. In this case, we have z,y € Var(A[y]), hence by
induction t[y] contains a path between x and y. So we suppose that = ¢ Var(A[v]), which
implies that dimx = dim¢. In this case since we also have dimy = dim¢, we also have
y ¢ Var(A[y]), hence z,y € Var(t[y]) U Var(u[y]). Moreover, by Lemma 99, both of these
variables have to be in different sets. We assume that x € Var(¢[y]) and y € Var(u[y]), then
we have v, w € Var(T") such that « € Var(v[y]) and y € Var(w[y]). Moreover, x and y are of
degree 0 in v[y] and w[y], which implies by Lemma 100 that v and w are of the same type.
Lemma 94 then applies to give a path (g1,...,¢,) from v to w in T'. Applying Lemma 96
successively to g1[7], ..., gn[Y] gives a family of paths & ~ x1, 21 ~ za,...,Tp_1 ~ &, With
x, € Var(w[y]), and by concatenation, we get a path 2 ~» z,, in Var(y). By Lemma 99, we
necessarily have z,, = y, so we have indeed defined a path x ~ y.

O
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The equivalence. Our careful analysis of the interaction of the variables of degree 0 in a term
with the existence of a total order in the ps-contexts lets us prove the equivalence between the
two versions of the side condition that we have given for the rule (COH).

Proposition 102. Given a type I' = A in a ps-context satisfying (CL.,), then it also satisfies
(Ccoh)'

Proof. Consider a variable € Var(t) U Var(u), which is not in Var(A) (if no such variable exists,
the result is trivial). This implies in particular that x is of dimension maximal in T, and of degree
0 in ¢ or u. Suppose that z € Var(t), then Lemma 98 shows that there exists a path = ~» 2™
in ¢ which goes through x, with = € 9~ (¢) and #* € 97 (¢). Since ¢t and u have the same type
A, we also have = € 8 (u) an 2+ € 9% (u), and hence by Lemma 101, u must contain a path
z~ ~» zT, but the condition on dimension imply that this path is of maximal dimension, hence
it is unique. But since we already have a path = ~» 27 in ¢ which goes through z, the path
in u has to be the same, and hence it also goes through u. Hence x € Var(u). If we suppose
x € Var(u), a symmetric argument shows that = € Var(t). O

Corollary 103. The rules (COH) and (COH’) are equivalent.

Proof. Although this might seem immediate from our previous proposition, there is a subtlety
to take into account. We have proved that, in the theory using the rule (COH), every type I' - A
satisfying (CL,,,) also satisfies (Ccon), but we have not proved that it is the case in the theory using
the rule (coH’). In order to solve this, we replace successively the rule (COH) by the rule (COH")
for each depth of term, and prove the result by induction.

— For a term of depth 0, the rules (COH) and (COH’) are equivalent, hence we can freely
replace (COH) by (COH’) to derive terms of depth 1.

— Suppose that the rules (COH) and (COH’) are equivalent for all terms of depth at most d,
and consider a type I' = A of depth d derivable in the theory using the rule (COH’) and
satisfying (C.,,), then by induction hypothesis, the type I' F A is also derivable in the
theory using the rule (COH), and since it satisfies (C._,,) in this theory, by Proposition 102,

it also satisfies (Ceon), hence the rules (COH) and (COH’) are also equivalent for all terms of

depth d + 1.
O

Since these rules are equivalent, we use either one of them, depending on our purpose. For the
implementation, we prefer the rule (COH’), which gives a computationally lighter side condition
to check, whereas for reasoning we tend to prefer (COH) since it provides better guarantees on
the terms.

3.5.2 The category Sps . and the cat-coherator

We now prove the equivalence between the subcategory Sps o of the syntactic category and
the opposite of the cat-coherator ©,,. We proceed in an iterative way, showing that there is
an equivalence in each step, and for this, we start by characterizing the coadmissible pairs of
substitutions in the category Sps . Using Corollary 103, we chose to reason with the rule (con),
as it fits better with the definition of coadmissible pair.
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Coadmissible pairs substitutions. We work in the category Sps ,, for n € NU{oco}, which is
a coglobular theory, and we consider a morphism & : A — D™ in this category. Such a morphism
is a substitution to a disk context, so by Corollary 42, it can be written as £ = x; for a term t.
Using the notations that we introduced in Section 2.2 for defining the disk and sphere contexts,
the term ¢ in A can be recovered as t = x9,[¢] and the type of ¢ in A can be computed to be
Apl€]. Then note that A, contains all the variables of D", except for the variable z5,, hence
Var(za,) U {A4,} = Var(D"). This equality shows

Var(¢) = Var(xa,[€]) U Var(A,[€])
= Var(t) U Var(A)

Lemma 104. A term A &t : A defines a coalgebraic morphism x; in Spsy if and only if
Var(t) U Var(A4) = Var(A)

Proof. First suppose that Var(t) U Var(A) = Var(A) and consider a factorization of the form
xt = & o, for a globular substitution A F «I'. Since Var(§) = Var(A), we also necessarily
have Var(y) = Var(A). Since v is a globular substitution, Proposition 40 shows that v is an
identity, hence x; is coalgebraic. Conversely, suppose that there exists a variable f of dimension
locally maximal in A such that f does not appear in Var(¢) U Var(A). Then there is necessarily
at least one among the source and the target of f in A is not in Var(t) U Var(A). Indeed,
by contraposition: if both the source and the target of f appear in Var(t) U Var(A), then by
Lemma 101, Var(t) U Var(A) contains a path between these, and since f is of dimension locally
maximal, this path is necessarily (f). Suppose that the target 97 (f) of f does not appear in
Var(t) U Var(A), then consider the context I obtained by removing the variables f and 0% (f)
from A: This context is again a ps-context (this can be checked by induction on the structure
of ps-contexts and is very similar to checking the correctness of the source and target of a ps-
context). There is a substitution A I 72 : I obtained by associating to each variable in T' the
same variable seen in A, and since I" and A are not isomorphic, this map is globular but is not
an identity. Moreover, the judgment I' - ¢ : A is necessarily derivable (in fact it is exactly the
same derivation than the derivation of A ¢ : A since neither ¢ nor A uses the variables f and
9% (f)) and we denote X} the substitution I' - x} : D™ that classifies this term seen in the context
I'. We then have the equality t = t[7?] since 7% acts trivially on the variables, which provides
the non trivial factorization
A——— D"

Xt
A%
T

This shows that in this condition the substitution x; is not coalgebraic, and the same proof also
holds if the target of f appears in Var(t) U Var(A), it which case its source cannot appear. In
general, given any variable z of A which does not appear in Var(t) U Var(A), there is a variable
f of dimension maximal in A whose type contains z, thus f cannot appear in Var(t) U Var(A),
and the previous example shows that x; is not coalgebraic. O

Lemma 105. The pairs of coadmissible morphisms in ' are classified by the types I' = A
satisfying either (Cop) or (Ceon). For such a type T' = A, the terms T' 1t : A classify exactly the
lifts of the corresponding coadmissible pair.

Proof. Note that the types I' F A of dimension nonzero of the form ¢ ? u classify the pairs of

terms (¢,u) of same type B, which are exactly the pairs of parallel maps (x¢, xu). Moreover,
these pair is coadmissible whenever:
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— Either both x; and Y, are coalgebraic, which by Lemma 104 translates to the conditions
Var(t) U Var(B) = Var(T') and Var(u) U Var(B) = Var(T'): This is exactly the condition
(Ccoh)-

— Or x; factors through the source inclusion of T" as a coalgebraic morphism and y, factors
through the target as a coalgebraic morphism. Again by Lemma 104, these conditions
translate into = (T') - ¢ : B with Var(¢) U Var(B) = Var(9~(T')) and 07 (T') + w : B with
Var(u) U Var(B) = Var(91(T")): This is the condition (Cop).

A lift for such a coadmissible is a map ¢ : I' — DImA+L sych that we have both 97 (¢) = x4
and 07 (£) = xu. In the category Scatt,, we can encode this data into a substitution towards
the sphere context

Xt
r
Y
Xu Sdim A o~ Ddim A

o] - |
Ddim A Sdim A-1

A lift thus becomes equivalent to a morphism ¢ : I' — DdimA+L iy ScatT,n which makes the
following triangle commute

T 3 pdim A+1

o b

Sdim A

By Corollary 42, these are classified by the terms I' - ¢ : A in the theory CaTT, O

Tower of definition. We define the set F, to be the set of all types I' ¢ 7 u of coherence

depth n in a ps-context I, satisfying (Cop) or (Ceon). With our previous discussion, the family
E,, can be defined inductively as the set of all pair of coadmissible maps in Sps, that do not
belong to any E, for n < n/'.

Lemma 106. The inclusion Sps,, — Spsn+1 exhibits Sps 11 as the universal coglobular ex-
tension of Sps,, which has a lift for all pair of morphisms in E,.

Proof. As we have already proved, this map commutes with the coglobular structure, and both
these categories have all the globular products, hence it defines a coglobular extension. Moreover
consider a coadmissible pair (f,g) : I' — D™ in E,,, then by Lemma 105, corresponds to a type
I' F A in the ps-context I', which satisfies (Cop) or (Ceon) and which is of depth n. Hence we
can derive a term ¢ by I' - opp_4[idr] : A if A satisfies (Cop), or I' - cohr 4[idr] : A if A satisfies
(Ccoh), which is of depth n + 1. This term defines a map x; in the category Sps 41, which by
Lemma 105 is a lift for the coadmissible pair (f,g). Hence Sps n+1 is a coglobular extension
which contains a lift for all pairs in F,,. We now show that this extension is universal: consider
another extension F' : Sps, — C that defines a lift for all the pairs in F,,, we show that there
exists a unique F that preserves the chosen lifts which makes the following diagram commute

Sps;n — Spsn+1
C
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Indeed, the map F is already defined on all objects of S ps,n+1, and all maps of coherence depth
less than n, to coincide with F', so it suffices that there is a unique extension to the maps of
coherence depth n + 1. Since all the object in Sps 11 are globular products, it suffices to show
it for the maps of the form I' — D". We can thus reformulate by saying that it suffices to show
that there is a unique map F' on terms, with the condition that F(¢[y]) = FtoFy. We proceed by
induction on the depth, noticing that a term of coherence depth n+1 cannot be a variable, hence
we have already defined a unique value for F on terms of depth 0, by our previous condition,
and thus the induction is already initialized

— For a term A = opr 4[7] : A[7] of depth d + 1, the value of F'is uniquely determined by
F(OPRA['V]) = F(opnA[idp])F% and since 7 is of depth d, by induction F(v) is defined,

and F(opr, 4lidr]) is uniquely defined by the condition of preserving the lifts for the pairs
in F,

— Similarly for a term A F cohp 4[y] : A[y] of depth d + 1, the value of F' is uniquely
determined by F'(opr 4[7]) = F(opr Alidr])Fy, and since v is of depth d, by induction

F(v) is defined, and F(cohr_4[idr]) is uniquely defined by the condition of preserving the
lifts for the pairs in E,

This proves that there exists a unique F satisfying the condition, and hence Sps 1 is the
universal coglobular extension obtained by adding a lift for all arrows in E,, to Sps O

This relates very strongly the categories Sps ,, to the categories ©,, and lets us prove the following
theorem.

Theorem 44. There is an equivalence of categories Sps oo ~ OF

Proof. By construction Sps o is obtained as the colimit of the inclusions of categories
G — Spso — Sps1 — -+ = Sps.n —> -+ — Sps o = colimy, Sps
so it suffices to prove that S, is equivalent to ©7P, which we do by induction.

— We have already proved the Sps ¢ is equivalent to ©g: this is Proposition 38.

— Suppose that Sps j, is equivalent to ©}" for all k until n. Note that Lemma 106 shows that
Sps,n+1 is the universal coglobular extension that adds a lift for each pair in the set E,.
Moreover, the set F), coincide with the set F,, and by definition, ©,,,1 is the exact dual.
Hence Sps 41 and 623_1 satisfy the same universal property, hence they are equivalent.

O
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Chapter 4

A type theoretic framework for
monads with arities

4.1 A framework for globular type theories

The type theory CaTT that we have presented is obtained from the type theory GSeTT by adding
some term constructors, and in this sense, one can think about it as a globular type theory. We
now propose a general framework for introducing and studying other globular type theories, of
which CaTT is a particular case. We later on generalize this even further to encompass type
theories with various shapes, and not necessarily just globular, but the process is similar, and
building up this framework in the globular case helps gaining intuition about the general case.
Additionally, we provide a fully formalized account for globular type theories implemented in
Agda [12].

4.1.1 Presentation of the framework

Our framework for globular type theories is meant to encompass a class of type theories, in a
cut-free style, whose type constructors are the same as those of GSeTT and CaTT. We thus
assume a cut-free theory with type constructors x and — satisfying the same introduction as
CaTT.

Indexes for term constructors. Such a theory is completely defined by its term constructors
and term introduction rules. In order to keep track of these term constructors, we suppose that
they are indexed by a set J. We denote for every j € J, T} the corresponding term constructor.
To handle the arities in a uniform way, we chose to use the same trick as in the case of CaTT,
and represent a family of terms in a given configuration as a substitution to a specific globular
context. Thus we define a term to be either a variable, of an expression of the form T;[y] where
v is a substitution.

Introduction rules. Each term constructor has to come with a specific introduction rule, as
explained earlier one of the data we need to express the rules for constructors, are a specific
globular contexts that encode the arities and their dependency of each term constructor. We
thus assume that for each j € J we have a given globular context I';. Moreover, produces a
term, which needs to be of a given type, we thus assume that for each j € J, we have a specified
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type A;. With this data, we can express the term construction rule for each term constructor as

Fil_Ai A"’)/Fl

forieJ
AFTil]: Aily]

It is important in order for the theory to be well-founded to require that I'; is always a globular
context, hence the theory GSeTT needs to be defined and studied separately, so that globular
type theories can rely on it. Additionally, we require that whenever I'; - A; holds, we have
dim A; > dimI; — 1: It is a technical condition to ensure that the type checking is decidable
in all these theories. Intuitively it means that any information about a dimension can only be
encoded into higher dimensions.

GSeTT and CaTT. By definition, choosing Jgsett = () exhibits GSeTT as a specific case of a
globular type theory. We show how CaTT is also obtained as a globular type theory. We now
chose JeatT to be the set of pairs (I', A), where I -y is a ps-context, and A is a type satisfying
either (Cop) or (Ceon). We define the context associated to the pair (I', A) to be I', and the
type associated to be A, and we recover exactly the theory CaTT in this way. In Section 5.2 we
introduce another type theory MCaTT which has the same indexing set J as the theory CaTT,
but different introduction rules, since we chose the specified globular contexts and types to be
different from those of CaTT.

Restriction. Our framework for globular type theory is more restricted than it may appear:
it does not allow for instance, rules of the form

TFA Nz:A+Fu:B
'FT(u):C

Such rules are common in type theory in general, but are not required for our purposes and
restricting ourselves to the framework we introduce allow for studying both in-depth and with
enough generality the theories that we study.

Formalization. In order to study this general framework for globular type theories along with
their properties, we have formalized it in Agda [12], using de Bruijn levels for variables. This
construction is found in the directory Globular-TT/ of the project and follows the same structure
as the one of the folder GSeTT that we have presented in Section 2.2. The folder CaTT is dedicated
to the work in progress of formalizing the type theory CaTT as a particular case of a globular
type theory (which is slightly more difficult in a constructive and proof relevant setup, that what
we have presented here). We define in particular the syntax of a globular type theory in the
file Syntax.agda as follows, and define the action of substitutions on types and terms as well as
their composition

module Globular-TT.Syntax {1} (index : Set 1) where
data Pre-Ty : Set (lsuc 1)
data Pre-Tm : Set (1lsuc 1)

data Pre-Sub : Set (lsuc 1)
data Pre-Ctx : Set (lsuc 1)

data Pre-Ty where
* : Pre-Ty
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= : Pre-Ty — Pre-Tm — Pre-Tm — Pre-Ty

data Pre-Tm where
Var : N — Pre-Tm
Tm-constructor : V (i : index) — Pre-Sub — Pre-Tm

data Pre-Sub where
<> : Pre-Sub
<_,_+_> : Pre-Sub -+ N — Pre-Tm — Pre-Sub

data Pre-Ctx where

& : Pre-Ctx

__#_ : Pre-Ctx — N — Pre-Ty — Pre-Ctx
_[_1Pre-Ty : Pre-Ty — Pre-Sub — Pre-Ty
_[_]Pre-Tm : Pre-Tm — Pre-Sub — Pre-Tm
_o_ : Pre-Sub — Pre-Sub — Pre-Sub

We then define the judgments as inductive inductive types whose generators are the inference
rules of the theory, they are indexed over typed contexts in the theory GSeTT, which we include
as an argument of the module.

module Globular-TT.Rules {1} (index : Set 1)

(rule : index — GSeTT.Typed-Syntax.Ctx X (Globular-TT.Syntax.Pre-Ty index))
where

open import Globular-TT.Syntax index

{- Notational shortcuts : the context corresponding to an index -}
Ci : index — Pre-Ctx
Ci i = GPre-Ctx (fst (fst (rule i)))

Ti : index — Pre-Ty
Ti i = snd (rule i)

data _FC : Pre-Ctx — Set (lsuc 1)

data _FT_ : Pre-Ctx — Pre-Ty — Set (lsuc 1)

data _Ft_#_ : Pre-Ctx — Pre-Tm — Pre-Ty — Set (1lsuc 1)
data _FS_>_ : Pre-Ctx — Pre-Sub — Pre-Ctx — Set (1lsuc 1)

data _HC where
ec : @ FC
cc : V{I'AY > I'+C — I''FT A — (I" - (C-length I') # A) FC

data _FT_ where
ob : V{I'} - THFC — I FT %
ar : V{I''Atuw} =T FTA T HFHt#A > T+Fu#A—>TFT = Atu

data _+Ht_#_ where

var : VA{I x A} > I'+FC - x# A eI — '+t (Var x) # A
tm : V {A 4} — (i : index)
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— CiiFTTi i
- AFS vy >Cii
— A Ft Tm-constructor i v # (Ti i [ v ]Pre-Ty)

data _FS_>_ where
es : VA{A} - AFC - AFS <> >0
sc : V{A T vyx Aty > AFSy>T
— (" - x # A) FC
— (AFt t # (A [y JPre-Ty))
= AFS <y ,x—=t>> U -x #A)

4.1.2 Properties

Most of the properties that we have stated or proved for the theory CaTT are in fact non-specific,
and the vast majority of results can be verified for any globular type theory, the exact same way
we have verified them for CaTT. We present here all of these results, along with, when we have
one it, its formalization.

Syntactic properties. We can first check by mutual induction that all the properties of
Proposition 2 hold in any globular type theory. Our formalization shows all these properties in
the file Rules.agda. Note that in this framework, term constructors depend mutually inductively
on substitution, which makes some of these properties harder to prove - If we are not careful,
some of the inductions become ill-formed. For this reason, some of the properties stated here are
proved in the file CwF-Structure.agda, although the corresponding properties for GSeTT are in
the file Rules.agda. The statements corresponding to these properties are similar to the ones
we have presented for the theory GSeTT in Section 2.2.

Structure of category with families. We have defined all the structure of a cut-full cat-
egory as we have presented in Section 1.1, and proved that all the defining equations of a
cut-full type theory hold for globular type theories. The corresponding proofs are in the file
CwF-Structure.agda. The fact that term constructors depend on substitution also makes this
fact a little bit harder to prove, and most of the results are mutually inductive together. This
makes the proof very hard to check by hand, and illustrates the use of having a proof-assistant
as Agda to manipulate type theories in our case.

Decidability of type checking. The existence of a derivation for any judgment in a globular
type theory is decidable, and we have proved this by induction. For this proof, we follow the
structure described in Proposition 43, and it requires a subtle argument keeping track both of the
depth and the dimension of the terms to ensure that the induction is well-formed. In particular,
it is this property that motivates us to assume that dim A; > dimI'; — 1. We have formalized
this argument in the file Dec-Type-Checking.agda.

module Globular-TT.Dec-Type-Checking {1} (index : Set 1)
(rule : index — GSeTT.Typed-Syntax.Ctx x (Globular-TT.Syntax.Pre-Ty index))
(assumption : Globular-TT.Rules.well-founded index rule)
(eqdec-index : eqdec index)

where

dec-GFT : V (I : GSeTT.Typed-Syntax.Ctx) n A
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— dim A < n
— dec (GPre-Ctx (fst I') FT A)
dec-GFt : V (I : GSeTT.Typed-Syntax.Ctx) nd A t
— dim A < n — depth t < d
— dec (GPre-Ctx (fst I') Ft t # A)
dec-GFS : V (A I' : GSeTT.Typed-Syntax.Ctx) n d v
— dimC (GPre-Ctx (fst [)) < n
— depthS v < d
— dec (GPre-Ctx (fst A) kS ~ > GPre-Ctx (fst I))

dec-HC : V I' — dec (I' FC)

dec-FT : VI' A — dec (I' FT A)

dec-tt : VI At — dec (I' Ft t # A)

dec-FS:G : V A (I' : GSeTT.Typed-Syntax.Ctx) v
— dec (A FS v > GPre-Ctx (fst I))

dec-FS : VAT v — dec (AFS vy >1)

The statements separate in three groups, corresponding to the three steps of the proof that
we have sketch for CaTT (Proposition 43). We first prove the decidability for derivability of
judgments in a context that is in the theory GSeTT. We then prove the derivability for the
regular judgments, restricting the substitution to those whose target is in the theory GSeTT. We
then can prove it for every substitution. The first part of this proof is a bit subtle, as it requires
keeping track both of the dimension and the depth of the objects we manipulate, and relies on
the assumption (which is denoted by the argument assumption of the module) that for all j € J,
we have the inequality dimI'; < dim A; 4 1, we have formalized this by the type well-founded
defined as follows

well-founded : Set (lsuc 1)
well-founded = V (i : index) — Ci i FT Ti i — dimC (Ci i) < dim (Ti i)

We also rely on the fact that our indexing set for the term constructors have decidable equality.

Uniqueness of derivation. Every judgment is derivable in at most one way in a globular type
theory: This is a straightforward mutual induction, and can be seen by the fact that the syntactic
expression of a context, type, term or substitution completely encodes its possible derivation.
We have proved this property in the file Uniqueness-Derivations.agda of our formalization.
The formulation is similar to the one presented in Section 2.2

module Globular-TT.Uniqueness-Derivations {1} (index : Set 1)
(rule : index — GSeTT.Typed-Syntax.Ctx X (Globular-TT.Syntax.Pre-Ty index))
where

is-prop-FC : V I' — is-prop (I' FC)
is-prop-FT : V I' A — is-prop (I' FT A)
is-prop-Ft : V I' At — is-prop (I' Ft t # A)
is-prop-FS : VA I' v — is-prop (A FS ~v > I")

Familial representability of Ty. The sphere contexts S™ and the disk contexts D™ that
we have defined in GSeTT are also valid contexts in any globular type theory, and they satisfy
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the same universal properties: The substitution towards the context S™ classify the types of
dimension n. As a consequence, the terms of type A in a context I' are classified by the triangles

D’Vl

>

T Sn—l
XA

This can be proved in the exact same way we have proved it in the case of GSeTT (Theorem 22
and Corollary 23) or of CaTT (Theorem 41 and Corollary 42), we have formalized a reformulation
without diagrams of this properties for all globular type theories in the file Disks.agda. Again
the formalization is very close to the case of GSeTT presented in Section 2.2.

S : N — Pre-Ctx
D : N — Pre-Ctx
n= : N — Pre-Ty

S :Vn— SntC
DF : Vn — D ntC
Sb= : Vn —- SntTn=>n

Ty-n : V {I'} - ¥ (N x Pre-Sub) (A {(n, 79 - I'FS vy >S5 n})
— X Pre-Ty (A A — (I" FT 4))
Ty-classifier : V I' — is-equiv (Ty-n {I'})

Characterization of the syntactic category. Given a globular type theory GTT, we define
its coherator to be the category ©¢tT obtained as the opposite of the full subcategory of Sgr1
whose objects are the contexts I';, for 7 € J. Since all the contexts I'; are globular contexts,
they can be written as canonical limits of disks in the category SgsetT, and since the embedding
ScsetT — SeTT induces a coglobular structure on SgrT for which it is a morphism of coglobular
structured categories with families, it preserves these limits. Hence every context I'; is canonically
a limit of disks contexts in SgrT and in OgyT since it is a full subcategory. We call these limits
the arity limits of the theory.

Theorem 107. The inclusion O gt — ST defines a free completion of © g1 preserving the
arity limits, or equivalently, O¢rT is a dense and full subcategory of SgTT

exhibiting all objects of SgtT as canonical limits of objects of Ogrt. Although we have not
formalized this result, it can be proved by following the exact same construction we have presented
for CaTT in Section 2.5. In fact our proof of this result for CaTT never uses the specific term
constructors or the notion of ps-contexts, but only the fact that they are of a specific form.

Models of a globular type theory. Following once again our proof for CaTT presented in
Section 2.6, we have a complete characterization of the models of any globular theory

Theorem 108. The models of the theory GTT are equivalent to the presheaves © gt — Set
preserving the arity limits and the canonical limits.

This construction gives a new understanding of our study of CaTT: Most of the properties are
in reality properties of a globular type theory, and only our computation of the arity limits as
globular products and our characterization of the coherator as the cat-coherator ©, are specific
to CaTT.
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4.1.3 Non-free globular type theories

In our examples, all the theory we consider are free, that is, they do not have congruence for
terms. One may also add congruence for terms, but it may break the properties listed above. In
particular decidability of type checking amounts to the decidability of the word problem. Since
this problem is known to be undecidable in general, it has to be treated individually for each
system of congruence. Since this is somewhat tangential to the appplications we are interested
in, where all the type theories are free, we do not study these here.

4.2 Free category with families over a direct category

We now generalize the framework of globular type theories to other kinds of dependent type
theories. This construction is based on ideas due to Leena Subramaniam and LeFanu Lums-
daine [46], and adapt it slightly in order to give a more syntactic presentation. The intuition
is to replace the category G by another category thus changing the globes by other shapes. We
restrict our study to the case where we replace G by another direct category I, the intuition being
that I encodes the dependencies of type constructors, and requiring it to be direct eliminates
any circular dependency.

Definition 109. A direct category is a category C in which every object ¢ is equipped with a
dimension dimc € N, and such that for all morphism f :c — d in C, f is either an identity of
dimc < dimd

We also assume that I is finitely branching, i.e., for any object i of I, the presheaf I( ) is
finite, to encode that any type constructor may only depend on a finite amount of data.

4.2.1 Type theory associated to a direct category

We construct a type theory Tt whose only terms are variable to the direct category I. To present
such a type theory, it suffices to define its type constructors along with the introduction rules.
To each object i of I, we associate a type constructor C;, whose arity are the element of the
presheaf I(_,4): If the presheaf I(_,7) has n elements, and t1,...,t, are n term expressions in
the theory, then C;(t1,...,t,) defines a type expression. In particular, we chose an enumeration
of all the elements of the presheaves I( ,i), for all 4, such that the level of the target of the
element is always increasing. These type constructors are subject to the following introduction
rules, that are well defined by induction on the level of the object ¢

— For an object i of level 0, the constructor C; has the introduction rule

'k

— For an object i of level n, writing the given enumeration of the elements of the presheaf
I(_,i)as fi:j1 = 4y..oyfn t jn — @ (with j1,...,j, ordered by increasing levels) the
constructor C; has for introduction rule

F}_tlAl F"tnA
TECi(ty,... tn)

" (C;-INTRO)

where the type Ay is constructed with the type constructor Cf, and we require also the
following condition : for all functions g : jp — Jj; such that gfix = f; such that g is the
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m-th element in the chosen enumeration of the presheaf I(_,j;), then the m-th argument
of the constructor Cj in the type A; is the term t;. Note that since necessarily the level
of ji is strictly less that the level of j; (as witnessed by the existence of the map g), this
implies that the premise I" I ¢5 : A comes before the premise I' F ¢; : A; in the rule, thus
proving that the type A; is well-formed.

The type theory GSeTT. The theory GSeTT is a particular case of this definition, taking as
index category the category G. Indeed, following this definition, there is a type x along with a
type —+,, for each n in N>;, with the following introduction rules

'
'k«
F'Et:x N'Ew:x
I'Ft—1u
'ty I'Eug:* 'kt :tg =1 ug 'yt —1 ug

Fl—t1—>2u1

The rule for the constructor —5 can then reformulated: Since the derivability of I' F ¢ : tg —1 wg
implies the derivability of I' F ¢y : * and of I' F ug : %, these premises are superfluous, and the
rule rewrites simply as

FktlitgﬁluO Fkulltog)l’ll,(]

'ty —oug

Performing the same kind of simplification for all the other rules yields the theory that we have
proved to be equivalent to GSeTT in Section 2.2

4.2.2 The syntactic category Sy,

We study the properties that the syntactic category St, enjoys. Since 77 is a generalization
of GSeTT, the properties are very similar to the ones of the theory GSeTT, and we follow a
presentation that is parallel to the one of Section 2.2.

Limits in Sp,. Since all the terms in 77 are variables, all the maps in S7, are display maps,
and hence Sp, has all pullbacks. Given that, as a category with families it also has a terminal
object, it follows that S, has all finite limits, this is similar to Lemma 26.

Familial representability of Ty. We construct two families of contexts that we denote Y (7)
and 0Y (i), and that we call respectively the representable context and the boundary context
associated to an object ¢ of I. These contexts play the role respectively of the disks and sphere
context of the theory GSeTT. We define them by induction on the dimension of i, proving along
the way that they satisfy the following property

In any context I', the types definable in I' built from the constructor C; are
naturally isomorphic to the substitutions in Sp,(I',0Y (7)), the terms in T
whose type is built from the constructor C; are naturally isomorphic to the
substitutions in S, (I, Y (7)), and their type corresponds to the substitution
obtained by composing with 7.
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The contexts Y (¢) and Y (i) are built by induction on the level of 1.

— For 4 of dimension 0, we chose 0Y (i) = @ to be the empty context, and Y(¢) to be the
context (z : C;).

— For i of dimension n > 0, we consider the introduction rule (C;-INTRO). This rule provides
with a family of terms I' F ¢, : A, which by the above correspondence defines a family
of substitutions St, (T, Y(ji)). This family of substitution defines a cone over a certain
diagram. We chose the context Y (i) to be the limit of this diagram. The property for
the type is then tautological. Moreover, we chose Y (i) to be the context (9Y (i), A), where
A is the type in 0Y(i) defined by the identity substitution idgy ) € S7,(0Y(i),0Y(i)).
The condition for the terms is again tautologically respected.

Note that the context Y (7) being defined as a limit, and we can express its diagram as
OY(H) =lm(I Li—T5Sy)=1lmY())
j—i
it naturally comes equipped with a morphism ay : 9Y (i) = Y(ji) for each morphism f : j, — ¢
in the category I.

Proposition 110. The functor Ty : S1, — Set is familially represented by the family of objects
OY(i).

Proof. This is the property proved by induction, in the definition of 0 Y (7). Note however that
the same context may be the classifier of different type constructors. This is the case for instance
if there are two object ig and i{, of dimension 0 in I, in this case, the types in I' constructed
with Cj, and the types in I' constructed with Cy, are both classified by a substitution St, (I, @)
(i.e., there is only one of them). But the unique substitution I' - () : @ constructs the type C;,
when viewed as a classifying the constructor Cj,, and the type C;; when viewed as classifying
the constructor C;; O

To each type I' - A constructed by C;, we associate the substitution x4 : I' = Y (i), the terms
I'F ¢ : A are then classified by the commutative triangles

r X Y(i)

R

%0

From here onward, the study of this category generalizes effortlessly from the study of SgsetT.-
This is because we have studied most properties of SgseTT via categorical arguments, that do
not rely on the exact syntax of the theory, and that are again applicable to our case.

Yoneda embedding. The assignment Y : ¢ — Y (4) defines a contravariant functor I — St,.
Indeed, given a morphism f : ¢ — j in the category I, one has the substitution ay : Y (j) — Y(4)
obtained canonically and we define Y(f) to be the composite of ay with the display map =

Y(f): Y(5) 5 oY(5) V(i)

Note that this definition is not valid in the case of the identity morphism id; : 4 — 4, in which
case we define Y (id;). to be the identity substitution of Y (7). We now check that this assignment
is functorial, indeed, consider two maps f : i — j and g : j — k that are not identities, then we
have Y(gf) = ag¢m. Note that ma, defines a map 0Y (k) — 0Y(j), hence it commutes with the
legs of the cone defining 0 Y (j), which in particular contain the map ay, so we have a5y = asmayg,
and hence Y(gf) = Y(f) Y(g). Hence Y defines a contravariant functor I — Sr,.
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Nerve functor. We introduce the a nerve functor similar v : S7, — I°P to the one we have
studied for GSeTT, by posing v(T'); = S7,(I',Y(7)). In fact, since I has finite branchings, the
finite presheaves on I are exactly those which have a finite number of elements, we denote Fin([I)
the category of finite presheaves over I. The elements of v(I') are exactly the terms in T', which
are the variables in I', so there are only finitely many of them. Hence v corestricts as a functor
St, — Fin(I)°P.

Lemma 111. For all context A, and all n € N, there are two bijections

S, (A, Y (1)) = T(w(Y(i),v(A) and Sz, (A,0Y (1) ~ T(w(dY (i), v(A))
Proof. First note that we have v(Y(¢)) = Y(¢), hence for any context A, we have, by the Yoneda
lemma R
I((Y(@)), v(A)) = v(A)i = Sty (A, Y(3))
Moreover, since the context 0Y (i) is defined as the limit 0Y (i) = lim;_; Y(ji). Hence by
continuity of the nerve and hom functors, we have

T (dY()),v(A)) = I(colim;_;(v(Y(5))), v(A))
~ colim;_, ; T(V(Y(j))7 V(A))
~ colim;,; ST, (A, Y (j)
(

= STI (Aa hIIlY .7))
Jj—i
~ S1,(A,0Y(i))
O
Lemma 112. The inclusion functorY : I — St, is codense, or equivalently the associated nerve
v is fully faithful.

Proof. Consider two contexts A and I', we prove by induction on the context I' the bijection

~

S, (A T) ~ I(v(T),v(A))
If T is is the empty context & which is terminal, since no term is derivable in & , v(&) is the
empty globular set, which is initial, this proves the bijection. Suppose I' = (I',z : A) with

the bijection holding for I, then by construction I' is obtained as the following pullback, whose
image by v yields the following pushout in

r — Y (7) v(0Y (1)) —— v(IV)
7 I
[ —— 0Y(i) Y(n) — v(I)

These two diagrams yield, for any context A, the following pullbacks in Set

St (A, L) —— 81, (A, Y (4)) I(w(D),v(A)) ——— I(v(A)n)
St (A I) —— S1,(A,0Y(i)) I(w(I"),v(A)) — I(v(S" 1), v(A))

~

By induction and Lemma 111, S7,(A,T') and I(v(T'),v(A)) are thus pullbacks over the same
span, hence they are isomorphic. O
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S7, and finite presheaves. We now characterize the syntactic category Sp, in the same
way we have characterized the category SgsetT, that is as the opposite of the category of finite
presheaves over the category that encodes the dependencies. Note that since T has only variables
as terms, all the maps of S7, are display maps, and hence S, has all finite limits, then the functor
Y : I°? — Sy, extends in an essentially unique functor F' : Fin(I)°® — Sp, preserving the finite
limits.

Theorem 113. The functors v and F define an equivalence of categories between St, and
Fin(I)°P

Proof. Since Lemma 112 proves that v is fully faithful, it suffices to show that v o F' ~ id. The
functors that we have defined fit into the following diagram

v

l/?
Fin(I)? —— Sgsert

(I)
1

Note that vF'Y = vY =Y, and since both v and F preserve finite limits, so does vF. By
essentially uniqueness in the free completion by finite limits, this proves that vF ~ id. O

This allows us to understand this construction of the theory T} as the syntactic theory describing
a structure of contextual category on a category that is equivalent to Fin(I)°P. Since the notion
of contextual category is not invariant by equivalence of categories, there may well not exist a
structure of contextual category on Fin(I)°P itself, but this is as close as one can get to such a
structure.

Models of S1,. We can now use our characterization of the syntactic category S, to compute
the models of the theory T7, similarly to what we have presented for GSeTT.

Theorem 114. The category of models of ST, is equivalent to the presheaf category 1.

Proof. By Lemma 10, the models of 17 are equivalent to the functors Sy, — Set that pre-
serve finite limits. Under the equivalence of Theorem 113 these are equivalent to the functors
FinGSet®® — Set that preserve finite limits. Since FinGSet® is the free completion of G°P
by finite limits, these are equivalent to the functors G°P — Set, which are exactly the globular
sets. O

This terminates our study of the type theory T; and shows that in all aspects it plays the exact
same role than the theory GSeTT in the case of a base category G.

4.2.3 Examples

This construction gives a syntactic theory associated to the presheaf category over any direct
category I. There are a lot of examples of such presheaves that appear naturally in various areas
in mathematics, so we present only few of them that are of particular interest to us, aside from
our motivating example of the type theory GSeTT.
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Sets. When the direct category is the terminal category 1 (the one-point category), then the
associated type theory Tj is the theory obtained by adding one type constructor %, together with

the introduction rule
Ik

I'H%

The syntactic category associated to this theory is equivalent to FinSet°?, and the models are
equivalent to the category Set. This is a toy example, in which we retrieve naturally the usual
one-sorted algebraic theories (Lawvere theories).

Product of sets. When the direct category k is the discrete category on k objects, then the
associated type theory T is the type theory obtained by adding k type constructors xq, ..., *g,
subject to all the same introduction rule

'k
Fl_*i

(1<i <k)

The syntactic category is equivalent to (FinSetk)Op and the models are equivalent to Set®. This
is again a toy example as the types do not include any dependency, but it allows for retrieving
the notion of multi-sorted Lawvere theory.

Graphs. If the direct category is the category Gy freely generated by the graph
o
0 ;; 1

Then the associated theory Tg, is the type theory with two type constructors « and — subject
to the following introduction rules

'k I'Et:x I'Fu:x
I'Fx 't —=u

The syntactic category associated to this theory is equivalent to the opposite of the category of
finite graphs, and its models are equivalent to the category of graphs.

Semi-simplicial sets. We denote A, the semi-simplicial category, whose objects are the nat-
ural numbers and whose morphisms are generated by

do
S _do —5
0:0;1:5132%;...
51 52 J6_>
3

satisfying the relations, for all i < j,
(5]‘ o 51 = 51’ o 5j_1

It is a direct finitely branching category, whose presheaves are called semi-simplicial sets. We
can describe the theory T), , using the same sort of simplification that we have presented for
GSeTT. We denote A; its type constructor for all 4 € N, in such a way that A; is of arity ¢ + 1,
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for i #£ 0, and A\ is of arity 0. We give a description of the first few introduction rules of the
theory Ty, .
Itk
| R VAN
T'Ht: /g 'Fu:/ly
'k Al(t, ’U,)
F'Et:A(z,y) F'Fu:A(x,z2) F'Fov:Aq(y,2)
' Aq(t,u,v)

We do not provide a full description of this theory here, but this framework shows that it defines
a type theory whose syntactic category is the opposite of the finite semi-simplicial sets, and
whose models are the semi-simplicial sets.

4.3 I[-type theories

We generalize our framework for globular type theories to I type theories, by changing the basic
theory GSeTT for the theory T7. This yields our final framework, which may encompass different
theories based on different shapes. Although it is important from a theoretical standpoint, as
it establishes a connection with existing notions of algebraic theories, our main focus relies on
our application of this framework, through an example of a type theory for cubical weak w-
categories that we give in Section 6.2. As in the case of globular theory, we start by adding term
constructors.

Indexes for term constructors. As for globular type theories, I-type theories are cut-free
type theories, whose type constructors and type introduction are always the same: They are the
ones given by the type theory T7. In order to keep track of the term constructors, we start by
assuming an indexing set J, and a term constructor Tj for every j € J, and we define a term to
by either a variable or of the form T}[y], where j € J and v is a substitution.

Introduction rules We encode the introduction rules as a pair of a context I'; in 77 and a
type A; for each j € J, and we assume an introduction rule of the form

Fjl_Aj A}_’YFJ
AFTj[]: Aj[]

forjeJ

We also need to assume (for the type checking to be decidable), that whenever T'; - A; holds,
we have that dim A; > dimI';. The dimension of a type is defined using the dimension in the
direct category I: If a type A is constructed by Cj, then we pose dim A = dim+4. We denote 17 ;
the I-type theory obtained this way.

4.3.1 Properties

All the properties that we have proved for globular type theories still hold when changing the
constructors. Here we assume all the following properties, as their proof is no different than
the proof for globular type theories. Our formalization still focuses on globular type theories,
and does not include generic I-type theories for practical reasons: It lets us avoid manipulating
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the category I. However, there is no fundamental obstacle in doing so, and the proofs can be
transferred, to any I-type theory.

Syntax and cut-full type theory. All the properties listed in Proposition 2 still hold for any
I-type theory, and an I-type theory encompasses the structure of a cut-full type theory satisfying
all its defining equations. Hence the syntactic category of a cut-full type theory is a category
with families.

Decidability of type checking. The existence of a derivation for any judgment in a I-
type theory is decidable. This we can again prove by induction with a subtlety to prove the
termination, by manipulating both the dimension and the depth. Note that the dimension of a
type is induced by the dimension of the objects in the direct category I.

Uniqueness of derivation. Every judgment is derivable in at most one way in a I-type theory

Familial representability of Ty. The border contexts 9 Y (i) and the representable contexts
Y (i) that we have defined in T are also valid contexts in any I-type theory, and they satisfy
the same universal properties: The substitution towards the context 0Y (i) classify the types
constructed by C;. As a consequence, the terms of type A in a context I' are classified by the
triangles

FTQYZ'

In fact the proof of this fact given for the theory 77 does not depend in any way on the term
constructors, and applies exactly to the theory 17 ; as well.

Characterization of the syntactic category. Denote ©; ; the opposite of the full subcat-
egory ST, , whose objects are the contexts I'; for j € J, we call this category the coherator of
the theory. Then all the objects of ©; ; are canonically limits of the objects Y (i), we call these
limits the arity limits.

Theorem 115. The inclusion ©1 ; — ST, , defines a free completion of O ; preserving the
arity limits, or equivalently, ©r j is a dense and full subcategory of Sy, 5

As the consequence, every object of S, ; is a canonical limit of objects of Oy ;.

Models of a globular type theory. This gives a full characterization of the models of the
theory as follows.

Theorem 116. The models of the theory It ; are equivalent to the presheaves Or, , — Set
preserving the arity limits and the canonical limits.

These results that we assume are non-trivial and important results, however, they can be proved
following the exact same method that we have introduced in the case of CaTT, and for globular
type theories.

Non-free I-type theories As before, we have introduced only free theory. We do not consider
non-free ones, that is theory where we explicitly add congruences between terms, as they might
break the properties we have shown and our applications of interest are free.
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4.4 [-contextual categories

We now introduce a construction due to Leena Subramaniam and LeFanu Lumsdaine [46] that
sheds a new light on our construction.

4.4.1 [-contextual categories

Following the construction due to Leena Subramaniam and LeFanu Lumsdaine, we introduce
the notion of an I-contextual category. Intuitively, it is the syntactic category of a theory that
has only the types as described in I. In order to express this notion we introduce the contextual
completion of a category.

Contextual completion. Consider a category C, we call the contextual completion of C' a
contextual category D equipped with a functor F' : C — D which is universal. FExplicitly,
it satisfies the following universal property: For every contextual category D’ together with a
functor G : C — D’ there is a unique factorization G = G’ o I, with G’ a morphism of contextual
categories.

D - D
FT%
C

In the theory CaTT, the inclusion functor Sps o — ScatT is an example of such a completion.

I-contextual categories. A [-contextual category is a contextual category C' equipped with
a morphism of contextual categories F': Sy, — C which factors as

F F:
STI%C]#>C
F

with F3} an identity on objects functor and Fy a fully faithful functor which exhibits C' as the
contextual completion of Cj.

I-type theories. We claim that the notion of I-type theories that we have presented gives an
important example of I-contextual categories, and that in particular

Conjecture 117. The syntactic category of an I-type theory is an I-contextual category.

Note though that the I-type theories and the I[-contextual categories are not equivalent: two
different type theories may have the same syntactic category; in this case, the type theories are
often said to be Morita equivalence. So a type theory is more of a presentation of a contextual
category than an actual contextual category. Moreover, since we have only presented free I-type
theories, our framework may not be able to present any monad with arities. We leave for future
work a general description of I-type theory that includes rewriting rules while ensuring that the
expected properties of a type theory are still satisfied, and we expect such a framework to present
a wider range of I-contextual categories.
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4.4.2 Monads with arities

We introduce the notion of monad with arities, that has been primarily studied by Berger, Mellies
and Weber [19]. This notion, along with the theorem 116 due to Leena Subramaniam and LeFanu
Lumsdaine [46] gives an interpretation of our framework for I-categories in terms of categorical
logic.

Definition. Consider a category C equipped with a subcategory A, denote v4 : C' — [A°P, Set]
the nerve functor associated to the inclusion of A in C'. For every object X of C, we define its
canonical A-cocone, to be the cocone over the forgetful functor (A | X) — C. Then a monad T
in C is said to have arities A if T o v4 sends the canonical A-cocones to colimitng cocones. This
definition is very reminiscent of our study of the syntactic category ScatT, and more generally
of the category St, ,. Our aim is now to give a sketch on how they are related.

The nerve theorem. In the case where the subcategory A is a dense subcategory of C, we
have the following nerve theorem. We refer the reader to [19] for a proof

Theorem 118. Consider a monad T with arities A in a category C, with A dense, then the
following holds

~ The free T-algebras on the objects of A define a dense subcategory O of the category CT
of algebras of T

— A presheaf P : ©FF — Set is in the essential image of ve if and only if Po j : AP — Set
is in the essential image of v4, where j : A — O is the free algebra functor.

The first part of this theorem shows that ve is fully faithful, and hence it allows us to embed cT
into the category of presheaves ©r. The second statement gives a complete characterization of
CT in this category. This proves in particular that the algebras for the monad T are equivalent
to the presheaves over ©7 whose restriction to A is in v4.

4.4.3 Equivalence

In an ongoing work, Leena Subramaniam and LeFanu Lumsdaine have proved that the notion of
I-contextual categories coincide exactly with the existing notion of monads with arities. As of
the time of writing this document, this work has not yet been published, and thus the proof is
not available, but we refer the reader to the support of a presentation given by one of the authors
for reference [46], in which the following theorem is claimed.

Theorem 119. The category of I-contextual categories is equivalent to the category of monads
with arities on the category I.

Even though this is still unpublished work, we only rely on this result to build up our intuition
and establish a satisfying interpretation of our construction in the world of categorical logic.
None of our result do depend on this theorem, and the reader should not depend on the proof of
this result to tackle our work. However, this is very important theorem in that it gives a really
powerful interpretation for our type theory CaTT, and unifies it strongly with the other type
theories we introduce in Section 5.2 and Section 6.2.
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The monad with arities associated to CaTT. We can illustrate this equivalence in the
case of the theory CaTT. Recall our discussion in Section 2.5, in which we have exhibited a fully
faithful functor F' : S+t — Mod(ScatT) that we believe to characterize the syntactic category
of CaTT as the opposite of the full subcategory of the category of Mod (Sca11) whose objects are
the w-category freely generated by finite polygraphs. Composing this functor with the inclusion
I : Sgsett — ScatT yields the functor FI : opSgsett — Mod(ScatT). Our intuition is that this
functor sends an object of Sge 11, that is a finite globular set onto the weak w-category freely
generated by it. By precomposing a model of CaTT with the functor ID : G — Sca7T gives
a globular set, that we call its underlying globular set, so we can make this functor act on the
previous functor, to construct N

(ID)*FI : S(()S%eTT - g
Intuitively, given a finite globular set X, this functor gives the underlying globular set of the
free weak w-category on X. We can now generalize this functor to all the globular sets using a
Kan extension: There is a canonical functor ¢ : Sge .1 — G: since Sle 1t is equivalent to the
opposite of the finite globular set, this is the inclusion of the finite globular sets in the globular
sets. We can then consider, since G is cocomplete, the (pointwise) left Kan extension

~ Lan,((ID)*FI) =

G —rr——5 G
‘T %FI
SGseTT

We denote TcatT the functor Lan, ((ID)*FI), intuitively, this functor produces, given a globular
set X, the underlying globular set of the free weak w-categories generated by X. The universal
property of the left Kan extension shows that this functor is a monad. We conjecture the following
result, which we believe is the key point of Theorem 119.

Conjecture 120. The monad Lan,((ID)*FI) is a monad with arities the category Sps -

We believe that research in this direction is a good approach to understand the connection
between CaTT and the definition of weak w-category due to Batanin [11] and Leinster [48],
and that in particular this monad entertains a deep connection with the initial globular operad
with contraction defined by Leinster [48]. This program would be complementary to the result
proved by Ara [4] stating that the Grothendieck-Maltsiniotis definition of weak w-categories, is
equivalent to the Batanin-Leinster definition.

The monad with arities associated to any /-type theory. This construction that we have
presented is not specific to CaTT, and we could have performed it following the same process
for any I-type theory. We conjecture that this construction associates a monad with arities to
any I-type theory. We start by defining the functor F : SOTI;’,J — Mod(S7, ,) by imposing for
every context I', FI' = Sz, ,(I', _). By composing this functor with the inclusion S7, — St, ;
and pulling it back along the functor I — Sy, ,, this defines a functor ;" — 1. By computing
the left Kan extension of this functor along the inclusion 77" — T given by the inclusion of the
finite presheaves in the presheaves, this defines an endofunctor 7" on the category jc, which by
the universal property of the Kan extension can be shown to be a monad. We claim that this is
a monad with arities, whose arities are exactly given by the opposite of arity limits of the theory
in the category S77:

Conjecture 121. The monad T defined this way has as arities the opposite of the full subcategory
of St, whose objects are the contexts I'; for all j € J
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I-contextual categories. The theorem claims an equivalence between the monads with arities
and the I-contextual categories, we have only illustrated one side of the equivalence in the special
case of the I-contextual category is given by an I-type theory. We do not illustrate the generic
case of an I-contextual category nor do we show do we explain the other side of the equivalence,
as we are mostly interested in I-type theories, which provide an actual syntax to work with.

4.4.4 Interpretation of our work

Conjecture 117, together with Theorem 119 gives a new interpretation of I-type theory. As we
have explained with Conjecture 117, we can think of an I-type theory as a presentation of certain
I-contextual category, even though not all the I-contextual category may be presented in this
way. Theorem 119 then shows that one can think of an I-type theory as a presentation of a
certain monad with arities on the category I, even though not all monads with arities may be
presented in such a way.

Nerve theorem. We can also interpret Theorem 116 which characterizes the models of an
I-type theory as an analogous to the nerve theorem (Theorem 118) in the light of the correspon-
dence given by Theorem 119. We illustrate this in the case of the theory CaTT, but it is similar
for a general I-type theory. In the case of CaTT, Theorem 66 shows that the models of CaTT are
equivalent to the presheaves over the category O, that preserves the globular sums. We have
showed that ©2 is equivalent to Sps oo, which through the functor F : S& 1 — Mod(ScatT)
can be seen as a full subcategory of the category of weak w-categories. Our intuition is that
it is the full subcategory whose objects the weak w-categories freely generated by the pasting
schemes. This intuition motivates the following conjecture

Conjecture 122. We conjecture that the category Sps o is equivalent to the opposite of the
category O +r, Where TcarT i the monad with arities on G associated to CaTT as above.

Following this intuition in the general case, we also state the following conjecture

Conjecture 123. We conjecture that the category Thetar, where T is the monad with arities
associated to a theory Ty j as above is equivalent to the opposite of the full subcategory of S, ,
whose objects are the contexts I'; for all j € J.

The nerve Theorem 118, together with Conjectures 120 and 122 in the case of CaTT, or together
with Conjectures 121 and 123 in the case of an I-type theory show the following

Corollary 124. The models of the category CaTT are equivalent to the algebras of the monad
TcatT, the models of the theory Ty ; are equivalent to the algebras of the monad T', where T is

the monad with arities on I associated to 17 ; by Theorem 119.

We have presented various conjectures in this section as it contains the later developments of
the thesis. However, we believe most of these conjectures to be fairly accessible with the tools
we have developed and that developing this approach further is fruitful from a theoretical point
of view.
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Chapter 5

Monoidal weak w-categories

5.1 Monoidal and multiply monoidal weak w-categories

We now present different variations of the type theory CaTT in order to work with coherent
monoidal categories, and we start with a brief overview of the notion of monoidal weak w-category.
In category theory, one usually defines a monoidal category to be a category C equipped with a
bifunctor  ® :C x C — C together with natural transformations called left and right unitors,
and associator, satisfying various coherence axioms that can be chosen more or less strict [53].
Such an approach generalizes poorly to higher categories, since the number of coherence axioms
one has to introduce becomes very quickly too big to handle, and is even infinite for any notion
of w-category.

5.1.1 Delooping of a monoidal category

We present a key observation for understanding monoidal structure on higher categories, start-
ing from decategorified structures, and building up towards higher structures by categorifying
successively the result. This is folklore result in category theory.

Monoids. The definition of category is closely related to that of a monoid

Definition 125. A monoid is a set equipped with a binary product which is associative and
unital

For any category C together with an object ¢, the axiom of category ensure that the set
C(c,c) is equipped with a composition, defining an associative and unital product, hence it is a
monoid. A category with a single object thus amounts exactly to a monoid: The hom-set of the
unique object. Conversely, a monoid M defines uniquely a category with a single object that we
call the delooping of the monoid, denoted BM. Denoting e the unique object of BM, we have
BM (e, e) = M, with the composition in BM (e, e) is given by the product in M.

Proposition 126. The delooping is a functor between the category of monoids and the category
of categories with a single object. It defines an isomorphism of categories.

Proof. By definition the monoid BM (e,e) is equal to M, so it suffices to check that for any
category with a single object C, the category B(C(e,e)) is isomorphic to C. The functor sending
the unique object of B(C(e,®)) onto the unique object of C and defined as the identity on C(e, )
realizes this isomorphism. O
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Monoidal categories. Categorifying our previous remark yields a more interesting result: The
monoidal categories are equivalent to the 2-categories with a single object. This statement holds
for various strictness for the axioms of monoidal category and 2-categories, and we illustrate it
in the weakest possible case, so our monoidal categories are here implicitly lax. Explicitly, this
equivalence is induced by a functor B from the category of monoidal categories to the category
of bicategories called the delooping. For a monoidal category C we describe the bicategory BC
as follows

— BC has a single object e.
— The morphisms in BC from e to e are the objects of the category C.

— The 2-cells in BC between two morphisms f, g are the morphisms in C between the objects
fand g.

— The composition of morphisms f - g in BC is given by the monoidal product f ® g in the
objects of C.

— The vertical composition on the 2 cells a *; 8 in BC is given by the composition of the
morphisms « - 8 in C.

— The horizontal composition a *g 8 in BC is given by functoriality of the monoidal product
in C with respect to both its variables as a ® .

As illustrated by this example, the delooping induces a change in the dimension, sending every
n-cell to an n 4+ 1-cells, and the axioms of monoidal category translates exactly to the fact that
this data assembles into a bicategory, thus the axioms for monoidal categories are subsumed by
the ones of bicategories.

Later categorifications. These results can again be categorified, and gives an equivalence
between the monoidal bicategories and the tricategories with a single object, and then an equiv-
alence between monoidal categories and quadricategories, and so on. We quickly reach a point
where no definition of monoidal weak n-categories has been proposed, except by taking this
equivalence as primitive and declaring a monoidal weak n-category to be a weak n + 1 category
with a single object.

Monoidal weak w-categories. We can now define the notion of monoidal weak w-categories
that we describe: They are the weak w-categories with a single object. With our definition of
w-categories as models of CaTT, this gives the following characterization: For a model F' in
Mod (ScatT), its set of O-cells is the image of the 0-th dimensional disk F(D), and we thus
denote Mod, (ScatT) the full subcategory of Mod(ScatT) whose objects are exactly the models
F of CaTT, such that F(DY) = {e}. The category Mod, (ScatT) is thus the category of monoidal
weak w-categories that we are trying to describe. In what follows, we reserve the term monoidal
weak w-categories for the model of the new type theory MCaTT that we introduce, and call the
objects of Mod, (ScatT) the models of CaTT with a single object before proving that they are
equivalent. After proving the equivalence we use the same term for these notions interchangeably.

5.1.2 k-tuply monoidal categories

The construction we have presented here can be iterated, and instead of considering w-categories
with a single object, one can consider a monoidal category with a single object, which corresponds
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to the intuition of adding a second monoidal product to a monoidal category. These are known
under the name of twice monoidal categories, and an Eckmann-Hilton argument shows that
corresponds to adding a braiding a®b — b®a to the monoidal product. Iterating this construction
we get k-tuply monoidal categories as (k — 1)-tuply monoidal categories with a single object,
and they correspond to categories with a monoidal product which is more and more coherently
symmetric. The structure that we get as a limit by iterating this construction infinitely many
times is called symmetric monoidal categories. These notions are tangential to our work, so we
briefly mention them and refer the reader to [9] where they are introduced.

5.2 Type theory for monoidal weak w-category

We now focus on monoidal categories and define a theory that we call MCaTT. The idea here
is to adapt the type theory for weak w-categories, in order to enforce the constraint that our
categories should always have exactly one 0-cell. To this end, we simulate the existence of “a
virtual object of dimension —1” in our monoidal categories. There is no formal way in the theory
for considering this object, but all the rules act as if it existed. For presenting this theory, we
follow the work we have presented in [14] but with a slight modification: We first introduce a
globular type theory, that we prove to be correct, and then present a second theory, which is the
one presented in the aforementioned article, and that we prove to be equivalent to our globular
type theory.

The subcategory of context with one objects. The first candidate for describing the weak
w-categories with only one objects is the full subcategory of Sc,11 whose objects are the context
that define only one object, we denote it ScaTT,e. It is not clear however that there is a structure
of categories with families on this category, nor how to find a type theory the present it. The
type theory that we introduce now can be understood as a solution to these questions.

5.2.1 The theory MCaTT

We present a globular type theory whose models are monoidal weak w-categories as an application
of our framework from globular type theories. We start by considering our index set Jucatt to
be the same as for CaTT, i.e., it is the set of pairs (I', A), where I" is a ps-context, and A is a
type from CaTT satisfying (Cop) or (Ceon). The difference with the type theory CaTT relies in
the way we associate a context and a type to such a pair.

The desuspension operation. We start by describing an operation in the theory GSeTT
only, which, given a non-empty context I', associates a context lF. We call this the desuspension
of I' and it is defined together with the corresponding operation on types of GSeTT, by induction

B . _ lI‘ if A =%
l@ = J,(va tA) = { lnx : lA otherwise
* fA =%

l* = TIYVEY r— y otherwise

|a
Proposition 127. The desuspension respects the judgments in GSeTT, more exactly:

— For any context I = the judgment ll" F is derivable
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— For any type I' = A the judgment ll" + lA is derivable

— For any term I' Fx : A of dimension non-zero, the judgment lF Fa: lA is derivable.
Proof. We prove this result by mutual induction
Induction case for contexts:

— For the context @ I, the rule (EC) gives a derivation of l@

~ For a context of the form (T',z : x), we have |[(I',z:%) = |T and the induction case for
contexts gives directly that l(F, x: Ak
— For a context of the form (I',z : A), and A distinct from «, by induction case on types we
have iP H lA, and applying the rule (CE) yields a derivation for ll", T lA F.
Induction for types:

— For the type of the form I' F x, we necessarily have I I, and by the induction case for
contexts, it implies ll" F, hence we can apply the rule (x-INTRO) to get a derivation for
[T F

— For a type of the form I' - ¢ — wu, we necessarily have I' - by Proposition 2, and the
*

rule (—-INTO) applies to give a derivation of lF ~ l(t — u).
*

— For a type of the form I' F ¢ 7 u with A # %, by the induction cases for types and
variables, we have derivations for the judgments lF F, LF Ft: LA and lF Fou: lA. This

lets us apply the rule (—-INTRO) in order to get a derivation for the judgment lF Ft l—> U

A
Induction for variables: For any variable I' - = : A, of dimension non-zero, A is distinct from
*, necessarily we have I' F, which by induction for contexts implies lI’ F, and (z : A) € T,

which implies (z : lA) € lI’. Thus applying the rule (VAR) lets us construct a derivation for
lF Fa: lA.

O

Interpretation of the desuspension. Intuitively, the desuspension operation on ps-contexts
corresponds to a shift in dimensions, by decreasing all the dimensions by 1, and forgetting the
information that lies in the dimension 0. Visually considering a ps-context with the following
combinatorial structure

performing the desuspension yields the following structure, that describes a context that is not
a ps-context anymore. In order to visualize, we have kept the dimension 0 as dashed in the
diagram, even though there is no such information in the syntax of the theory.




The general desuspension operation. In the theory we are presenting, we denote mop and
mcoh the families of term constructors corresponding to op and coh, in such a way that the
terms of the theory are either variables or of the form mopp Alv] with T a ps-context, A a type
satisfying (Cop) and v a substitution, or mcohr a[v] with I' a ps-context, A a type satisfying
(Ccoh) and +y a substitution. The conditions (Cop) and (Ccon) were introduced in Section 2.4, we
recall the definition here

Var(t) U Var(B) = Var(9—(T"))

(Cop) A is of the form ¢ —u with { Var(u) U Var(B) = Var(9*+(T'))

Var(A) = Var(I') or equivalently
Var(t) U Var(B) = Var(T")
Var(u) U Var(B) = Var(T")

(Ceon) A is of the form ¢t ;) u with {

We generalize the desuspension operation to well-defined contexts, types, terms and substitutions
of the theory CaTT, with the following definition

For the context @ + For the context (I'yz : A)
i ifA =«
le=o lTe: 4= { [T,z A otherwise
For the type I' F For the type I' - ¢ 7 U
* ifA =«
be=x L Iy u) = |t l—> |u  otherwise
A
For a variable I' -2 : A For the term A I-opp 4[] : A[7]
lo=2 lopr,al7] = mopr 4[[7]

For the term A + cohr a[v] : A[7]
|cohr 4[] = mecohr a[|]

For Ak (): o For Ak (v,z—t): (T,z: A)
=0 Loz = { (lf%x = [t :)ft}?er;i:e

The theory MCaTT. We consider the type theory MCaTT obtained by associating to all
couple (T, A) in Jeca7T the context lF and the type lA. Note that if (T, A) is a couple in JeaTT,
then A cannot be the type *. The introduction rules of the theory are thus the following
I Fps kA AF~: iI‘
A+ mopp 4 : (|A)}]

whenever I' F A satisfies (Cop)

Thp THA  Aby:]T
A F mcohr 4 : (lA)['y]

whenever I' - A satisfies (Ccon). Note that in order to strictly respect the framework of globular
type theory, we should replace the premise I' - A by ll" F lA. We justify with Proposition 129
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that these two premises are equivalent. Importantly, the premise I' - A is a judgment of CaTT,
even though we use it to introduce terms in MCaTT, and we thus define a type theory indexed
over CaTT. We have compiled and presented all the rules defining MCaTT in Appendix A.3

Properties of this type theory. Since MCaTT is a globular type theory, it enjoys all the
properties that we have proved for this framework in Section 4.1, in particular, it has the disks
and sphere contexts, which characterize types and terms respectively. Moreover, denoting Oon
the coherator for this theory, we admit that we can compute the arity limits to be obtained as
products of globular products. Theorem 108 then characterizes the models of MCaTT to be the
presheaves over Oy, sending the globular sums to globular products and the sums to products.

Examples. Even though we do not provide an implementation for this theory, we can check
by hand a few examples of derivations that are possible

— Monoidal product: We consider the ps-context for the composition of 1-cells,

F=(@:xy:*xfrx—oyz:xg9:y—2)

and denote
prod := mopr ..

We have ll" = (f : %,g : %), thus for any context A in the theory, a substitution A F ~ : iI‘
is just a pair of terms t,u of type x. Suppose that A F ¢ : x and A F u : %, then the
rule (MOP) gives a derivation of the product of ¢ and u:

AFprodtu:x

— Associativity of monoidal product: similarly, we consider the ps-context
F=(@:xy:*xfix—=yz:xg:y = z,w:xh:z—w)

and denote

assoc = mCOhF,comp (comp f g) h—comp f (comp g h)

A substitution A b~ : lF is now a triple of terms ¢, u, v of type x in A, given such a triple,
the rule (MCOH) gives a derivation of

'k assoc t u v:prodt (prod u v) — prod (prod t u) v
*

— Neutral element: Consider the ps-context I' = (x : %), and pose
e := mcohr 4,

A substitution I' -~y : lF is necessarily the empty substitution, which lets us define by the
rule (MCOH) the term
AFe():x

We refer the reader to Section 5.3 for a presentation of the theory MCaTT with a lighter syntax,
and more examples of derivations along these lines, expressed in that syntax.

163



5.2.2 Properties of the desuspension

While defining the theory MCaTT we have introduced an operation that we called the desus-
pension, and that we freely used. We now study this operation more precisely and show some
of its properties. Understanding this operation in details is the key step to relating the theories
MCaTT and CaTT, in a similar way that monoidal categories and categories are related.

Lemma 128. Given a substitution A+~ : T, for any type I' = A, we have i(A['y]) = iA[i’y],
for any term T &t : A of dimension non-zero, we have |(t[y]) = [t[|7] and for any substitution

T'F&: 2, we have l(fo'y) = l§Ol'y,
Proof. We prove this by mutual induction
Induction for types:
— In the case of the type x, we have |(x[y]) = and [[|7] = *.
— In the case of a type of the form A = ¢ - u, we have A[y] = t[v] - u[y], hence |(A[y]) = *.
But also |A = *, hence |A[|7] = .

— In the case of a type of the form ¢ 7 u with A distinct from x, we have the following

equalities

Wt — )l = [(th]) —— [(ub])

A LcanD
Lt — wa = [t ——— lul]]
L]

The induction case for types shows that |(A[y]) = |A[|+]. Moreover, since the type

t 7 u and the type A is not x, necessarily ¢t and u are of dimension non-zero in T,

hence the induction case for terms applies, showing the equalities |(¢[y]) = [¢[|7] and
[(u[7]) = |u[]7]. These prove the equality between the two above expressions.

Induction for terms of dimension non-zero:

— In the case of a variable I' b 2 : A, denote t = x[y]. Since z is of dimension non-zero, A is
not the type , and hence the mapping x lt appears in LW. Hence x[l’y] = l(x[’y])

— In the case of a term of the form opp 4[d], the following equalities hold

L(opr 4l8)[7]) = mopr 4[| (3 07)]
lOPr,A[(S][lW] = mOPF,A[l‘S © lV]

The induction case for substitution then provides the equality between these two expres-
sions.

— Similarly in the case of a term of the form cohp 4[d], we have the equalities

L(cohr [d][y]) = mcohr a[[(6 0 7)]
leohr a[8][|7] = mcohr a[[d o [7]

The induction case for substitution then provides the equality between these two expres-
sions.
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Induction for substitutions:
— In the case of the empty substitution (), we have () oy = (), and hence |(() o) = (). But
we also have |[() oy = ().

— In the case of a substitution of the form (£,z — ¢) with = of dimension 0 in = then we
have the following equalities

ez tyoy=[(Eon)
l{,x%)t ify lgoh

The induction case for substitution then proves the equality between these two expressions.

— In the case of a substitution of the form (£, x + t), with 2 of dimension non-zero, we have
the following equalities

ez tyoy= (oo |
l§7x'—>t l’y— lﬁ l’y7w'—>ltl

Then the induction case for substitutions proves that l({ o) = if o i’y, and moreover
since the term t is of dimension non-zero, the induction case for terms applies and shows
that |(¢[v]) = [t[]7]. This proves the equality between the two above expressions.

O

Correctness of the desuspension. We have defined the desuspension as a syntactic operation
between the theories CaTT and MCaTT. This operation actually preserves most of the structure
of the theory, and in particular it preserves the derivability of most of the judgments.

Proposition 129. The following statements hold
— For every context T' & in CaTT, the judgment lI‘ F is derivable in MCaTT.

For every type T' = A in CaTT, the judgment lI‘ F iA is derivable in MCaTT.

For every term, I' =t : A of dimension non-zero, the judgment lF F lt : lA is derivable
i MCaTT

— For every substitution A & ~ : T in CaTT, the judgment lA F l’y : lF is derivable in
MCaTT.

Proof. We prove this result by mutual induction
Induction for contexts:

— For the empty context &, we have l@ = & and the rule (EC) gives a derivation of l@ F
— For a context of the form (T',z : ) b, we have necessarily T' - which gives by induction
case for the contexts |I' . Moreover, |(I',z: %) = |I', hence [(T',z: %) .

— For a context of the form (I',z : A) F where A is distinct from x, we necessarily have
T'F A, so the induction case for types shows that lF F lA and hence the rule (CE) applies
to give a derivation for (|[I',z : |A) k. Since we also have |(I',z:A) = ([T, : |A), this
lets us conclude that |(T,z : A) -
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Induction for types:

— For the type I' b x, we necessarily have I' I, hence the induction case for contexts shows
that lF F, and applying the rule (*-INTRO) gives a derivation for \LI‘ F l*.

— For a type of the form I' - ¢t — w, by Proposition 2, we necessarily have I' I, which
*

by the induction case for contexts gives a derivation for lF F. This lets us apply the
rule (x-INTRO) to obtain a derivation of [I'F |(t — u).
*

— For a type of the form I' - ¢ - u where A is distinct from %, we necessarily have a
derivation of I' F A, which gives by the induction case for the types a derivation of
lF F lA. Moreover, we necessarily have two derivations I' ¢ : A and I' - u : A, and
since A is not %, both terms ¢ and u have dimension non-zero, hence the induction case
for terms gives derivations of lf F lt : lA and lF H lu : iA. These derivations assemble

with the rule (—-INTRO) to provide a derivation of ll“ F lt — lu
A

Induction for terms:

— For a variable I' F = : A of dimension non-zero, we necessarily have I F which by the
induction case for contexts provides a derivation of ll" . Moreover, we have the condition
(z: A) €T, and since x is of dimension non-zero, A is not the type *, hence (z : |[A) € |T.
This lets us apply the rule (VAR) in order to prove ll" Fa: lA.

— For a term of the form A = opp 4[7] : A[y], necessarily (I', A) defines a valid operation
cut, and we have a derivation for A F « : I" which by the induction case for substitutions
provides a derivation for lA (e lfy : LF. This lets us apply the rule (MOP) to construct
the term |A + mopp 4[|7] © |A[]7]. Lemma 128 then shows that it is a derivation of
1A+ [(opralla]) : [(AR))-

— Similarly, for a term of the form A F cohp 4[v] : A[v], necessarily (I, A) defines a valid
coherence cut, and we have a derivation for A + « : I' which by the induction case for
substitutions provides a derivation for lA F lV : ll". This lets us apply the rule (MCOH) to
construct the term lA F mcohr, A[lv]. Again Lemma 128 shows that this is a derivation

of lA H l(COhF’A[’Y]) : l(A['y])
Induction for substitutions:

— For the empty substitution A + () : &, we necessarily have a derivation of A +, and
hence by induction case for the context, this produces a derivation of iA F. Applying the
rule (ES), we get a derivation of lA F(:wo.

— For a substitution of the form A F (y,z +— t) : (I',x : x), we necessarily have a derivation
of A F ~ : ', which by the induction case for the substitutions gives a derivation of
|AF |v: ]I Since |[(y,z = t) = |y and [(T,z: A) = [T, this is in fact a derivation of
[AF [(vyz=t): [T,z A).

— For a substitution of the form A F (y,z — t) : (I x : A) with A distinct from *, we
necessarily have a derivation of A F ~ : I', which by the induction case for the substitutions
gives a derivation of |[A F |y : |T. Moreover, we have a derivation of (T',z : A) - which
provides, by the induction rule for contexts a derivation of l(I‘, x : A) F, which reduces to
(ll",x : lA) since A is distinct from *. Finally, the substitution also gives derivation of
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A b t: Aly], and since A is not *, this term is of dimension non-zero and the induction
case for terms applies to give a derivation of |A F |t : [(A[y]). Since the term ¢ is of
dimension non-zero, Lemma 128 applies and this judgment rewrites as lA = lt : lA[l’y]
We can then apply the rule (SE) in order to get a derivation of LA + l(fy, x—=ty: (Tyz: A)

s follows IAF [y |0 |Toe:|AF |AF Jt: AL
AF v,z [ty ([T, 2 |A)

(SE)

O

This proposition allows to replace the premise iI‘ F lA in the rules (MOP) and (MCOH), by the
premise I' = A. This premise is simpler, but it takes place in the theory CaTT, thus making
MCaTT indexed over CaTT.

The desuspension as a functor. We have proved in Proposition 129 that the desuspension
operation sends a well-defined context in the theory CaTT onto a well-defined context in the
theory MCaTT, and sends a well-defined substitution in CaTT onto a well-defined substitution
in MCaTT. Moreover Lemma 128 shows that the desuspension respects the composition of
substitutions, and we can verify by induction that it also respect identity substitutions. This
shows the desuspension defines a functor Scatt — SmcatT- This categorical reformulation
concerns only some of the results stated as Lemmas 128 and Proposition 129, and the other stated
results which adds additional structure to the desuspension functor. For starters, Proposition 129
shows that the desuspension acts on types and associate to every well-defined type in a context,
a well defined type in the its desuspension, and similarly for terms of type distinct from *, while
also respecting the typing and Lemma 128 ensures that this association is functorial whenever
it is defined. This shows that in fact the desuspension almost lifts as a morphism in Cat/Fam,
where we see Scatt and SmcatT as elements of Cat/Fam with the functor induced by the
structure of categories with families. It does not quite define such a morphism, as it fails to give
an image for the terms of type x, but it gives an image for the types and all the other terms.
Moreover, we have l@ = & so l preserves the terminal object, and for all type A distinct from
*, we have l(F,m cA) = (lf, T lA) so it also preserves these context extensions on the nose.
This shows that l almost defines a morphism of categories with families, the only obstruction is
that it fails to provides an image for the terms of type *

5.2.3 Reduced suspension

We define another translation related to the desuspension that goes in the other direction: From
an expression in the theory MCaTT, it associates an expression in the theory CaTT. We call this
translation the reduced suspension and the intuition is that it exhibits MCaTT as the theory of
the judgments in CaTT concerned with context that only have one object. It is closely related
to the operation of suspension, that we have introduced in Section 3.2.

The reduced suspension operation. We assume that there is a variable e( that is free (say
we extend the set of variable of MCaTT by adding the variable ej), and define the reduced
suspension T by induction on the syntax. Note that contrarily to the desuspension, the reduced
suspension is defined purely syntactically and does not require any judgment to be derivable in
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the type theory MCaTT.

T®:<00:*) T(F,x:A):(TF,:{::TA)

T*:.OT).O T(t—A—)u :TtTZTu
Tx = TmOPF,A[V] = opr aler o TW]

Imcohr 4[] = cohp aler o T7]

T() = (o0 > o0) Tz t)=(Tv,z~ Tt)

Where the substitution er is defined by induction on the context I' as follows

oy —

<> o — <.F,$ — .0> lf A = %
(Fed) = (e, — x)  Otherwise

Before showing that this operation respects the derivability of judgments, we first show some
useful syntactic properties.

Lemma 130. For all substitution v, we always have '0[T7] = og.

Proof. By definition of T'y, the mapping ey — eg appears in T’y. Moreover, by assumption eq
is a fresh variable, so it cannot appear in =y, and hence it cannot appear anywhere else in T%
hence we necessarily have '0[Tﬂ = ey. Note that we prove this result for all substitutions, even
the potentially ill-formed ones, this is why we need to check that ey can only be mapped on one
term. O

Lemma 131. Given a substitution «y in the theory MCaTT, For any type A we have the equality
T(AR]) = TA[TH], for any term t, we have the equality T(t[y]) = Tt[]7] and for any substitution
8, we have the equality [(60~) =100 Tr.

Proof. We suppose given a substitution v and prove these three results by mutual induction
Induction for types:
— For the type *, we have x[7] = %, hence J(x[7]) = ey — ;. Since we have the equality
*

1*[T7] = ®0[T7] — 0[]7], and using Lemma 130, this implies TA [[7] = o9 — .

— For the type t 7 u, we have the two following equalities

(¢t = wbl) = T(th]) —— T(h])
Teamn

(1t = w1 = (DY) ——— ()]
A R

The induction case for type shows that T(A[y]) = (TA)[]~] and the induction case for terms

proves the equalities [(t[y]) = (1¢)[]7] and T(u[y]) = (Ju)[T~]. These three equalities show
the equality between the two previous expressions.

Induction for terms:
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— For a variable x, such that the mapping = — t appears in v, we have z[y] = ¢, and hence
T(z[~]) = Tt. Moreover the mapping = — [t appears in |, and hence z[[+] = ]t.

— For a term of the form mopr 4[0] we have the two following equalities
T(mopr 4[0][7]) = opp, aler o T(9 07)]
(Tmopp, 4[0])[T7] = opr al(er o Td) o T4]

and the induction case for substitutions together with the associativity of composition for
substitution show that these two terms are equal.

— Similarly for a term of the form mcohr 4[0] we have the two following equalities

T(mcohnA[(S][fy]) = cohr aler o T (6 079)]
(Tmeohr a[6])[T7] = cohr a[(er o T6) o T7]

and by induction and associativity these two expressions are equal.
Induction for contexts:

— In the case of the empty substitutions, we have ()oy = (), and hence T(<> 0) = (eg > o).
Moreover, () o Ty = (o9  o[]7]). By Lemma 130 this shows that () o Ty = (e > ep).

— In the case of a substitution of the form (J, z — t), we have the following equalities
18,z = t)yoy) =(T(007),z— T(tly
Mo,z tyoTy={(T60Tv,2— (Tt) Tv
and the induction cases for substitutions and terms provide the result.

O

Reduced suspension on the theory GSeTT. Our definition of the reduced suspension can
be restricted to the theory GSeTT, since this theory is included in MCaTT. Since the term
constructors op and coh are only used as images for term constructors, computing the reduced
suspension of an expression in the theory GSeTT yields again an expression which is in the
theory GSeTT and hence the reduced suspension can be understood as an operation from the
theory GSeTT to itself. Understanding this operation first is key in studying the general reduced
suspension between MCaTT and CaTT, since general terms are introduced by substitutions to a
ps-contexts, that are special cases of contexts in GSeTT.

Lemma 132. In the theory GSeTT, the following properties are satisfied
— For any well-defined context I' b, the judgment TF is derivable.
— For any type I' b A, the judgment TF F TA 1s derivable.
— For any term T' -t : A, the judgment TF H Tt : TA is derivable.
— For any substitution A F v : T, the judgment TA F T’y : TF 1s derivable.
Proof. We prove this result by mutual induction on contexts, types, terms and substitutions

Induction for contexts:
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— In the case of the empty context @, we have T@ = (eg : x), and the following derivation
shows that T@ F

o F O

——— (*-INTRO)
T *x

.02*"

(CE)

— In the case of a context of the form (I',z : A) I, we can extract a derivation of I' - A
and by the induction case for types, it gives a derivation for TF F TA. by applying the
rule (CE), we get a derivation for (]I, z: TA)

Induction for types:

— In the case of the type I' - %, we can extract a derivation of I' -, which by the induction
rule for contexts shows TF k. Since moreover (e : x) € TF, we can construct a derivation
of TF F T* as follows

TI‘I—
TFI—*

TTFI— (eg :T*) S TF
T'Heg:x I'Heg:x
TFF.OTQO

(*x-INTRO) (VAR)

(—-INTRO)

— In the case of a type of the form I' ¢ -A—> u, we have a derivation for I' = A, which by the

induction case for types gives a derivation for TF + TA and two derivations for ' F¢: A
and I' - u : A, which by the induction case for terms gives TF F Tt : TA and TF F Tu : TA.
These three derivations assemble with the rule (—-INTRO) in order to produce a derivation

for the judgment TF F Tt — Tu
A

Induction for terms: A term is necessarily a variable I' - = : A. Since we have I' I, by the
induction case for contexts we also get TF . Moreover, the condition (z : A) € T' is also
necessarily satisfied, which implies that (z : TA) € TF. Hence, applying the rule (VAR) yields a
derivation for Tl" Fa: TA.

Induction for substitutions:

— In the case of the empty substitution A F () : &, we necessarily have a derivation of A F,
which by the induction case for contexts gives a derivation of TA F. Moreover, we also
have by definition that (e : x) € TA. This lets us construct a derivation for A+ T() : T@
as follows

TAF

TAER() : @

A+ (e0:%) € TA
TAI—OO:*
TAI—<00'—>00>Z(.02*)

(ES) o) : % I (VAR)

(SE)

— In the case of a substitution of the form A F (v,z + ¢) : (T',z : A), we necessarily have
A F ~: T, which gives by the induction case for substitutions, TA H T’y : TF. Moreover, we
have a derivation of (I', z : A) I, which gives by the induction case for contexts a derivation
of TF,x : TA F, and a derivation of A ¢t : A[y], which gives by the induction case for
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terms a derivation of JA F |t : TA[y]. Lemma 131 allows to rewrite this into a derivation
for JA+ Tt : TA[T+]. Thus these derivations can be assembled using the rule (SE) into a
derivation of TAF T(y,z — t) : T(I',x : A) as follows

TAETy: D T,z: TAF TAETt: TAT7
TAF(T'y,x»—)TQ Tl—‘x TA

O

Properties of the substitution ex. In order to study the reduced suspension operation, we
also need to give the properties of the substitution e for a ps-context A, on which the reduced
suspension relies.

Lemma 133. We have the following result for the action of the substitution e on terms, types
and substitutions.

— For any type A & A distinct from %, Alea] TlA
— For any term A&t : A with A distinct from *, t[ea] Tlt
— For any substitution At~ :T, yoes =ero|y.
Proof. We prove these equalities by mutual induction
Induction on types:

— For a type of the form A =t — u, we have TlA = oy — (. Moreover, we necessarily have
* *

At t:xand AF u:x and the only possible terms of type x in CaTT are the variables,
hence t and w are variables of type x in I". This implies that the associations t — ey and
u +— e appear in e, and hence t[ep] = oy and u[ea] = . Since we also have x[ea] = *,
this proves the equality.

— For a type of the form ¢ -A—> u with A distinct from x, we have the following equalities

(t —> u)[on] = t[oa] ﬁ ufea]

Tt —w) =Tt T Tlu

By the induction case on types Afea] = TlA and by the induction case on terms
tlea] = T|t and u[ea] = T|u. This proves the equality (¢ - u)[en] = T|(t - u)

Induction on terms:

— In the case of a variable A - z : A, with A distinct from x, by definition of the substitution
en, the association x — z appears in e, hence xz[ep] = 2. Moreover, by definition,
Tix = x, hence the equality.

— In the case of a term of the form A& opp 4[7] : A[y], we have the following equations

opr,a[vl[ea] = opr aly o ea]
”C’PF,AM = °Pr,A['F o HW]

and the induction case for substitutions then gives the equality.
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— Similarly, in the case of a term of the form A F cohp 4[y] we have

cohr a[y][ea] = cohr a[y o ea]
T [cohr a[y] = cohp aler o T]4]

and we conclude by the induction case for substitutions.
Induction case for substitutions:

— In the case of the empty substitution A F () : &, since ez = (), we have the two following
equalities

— In the case of a substitution of the form A = (v,z — t) : (U, z : %), since || (y,z —t) = |7,
we have the following equalities

(Vx> t)oen = (yoen, x> tlea])

(or, 2 > 8g) o Ty = (er o Ty, 2= eo[]]7])

By the induction case for substitutions, we have yoea = ero Tl% by Lemma 130, we have
the equality oo[Tl'y] = og, and finally since t is a term of dimension 0 in the theory CaTT,
it is necessarily a variable of type * in A, and by definition of e, the mapping t — e
appears in e, hence t[ea] = oq. this proves that (y,z — t)oen =epo ||(y, 2 t).

— In the case of a substitution of the form A F (y,z — t) : (T,z : A) with A distinct of *,
we have the following equalities

(x> t)oen = (yoen, x> ter])

(ep,z — )0 <Tlfy,:17 — Tlt) = (er o <Tlfy,:p — Tlt), T I[<Ti’7, T Tlt>]>

Since the substitution er has source TlF that do not use the variable x, we have

ero(Tlyz = Tlt) =erolt

Moreover the expression x[(Tlﬂy, T~ Tlt}] simplifies to Tlt Hence we have the equality

(op,z = z) o (T|y,2 = T[t) =(ero|v,z— T[t)

the induction case for substitutions then shows that v o ex = ep o ||y, and the induction
case for terms shows, since ¢ is of dimension non-zero, that tfea] = Tlt, which proves the
equality

(voz > t)oen = (ep,z s a)o(]|y, x> T]t)

O
Lemma 134. For any context T' - in GSeTT, there is a well defined substitution TlF Fep:T.
Proof. This result is proved by induction on the context I'.

— For the empty context @, we have already proven that Tl@ . Hence the rule (ES) proves
that T[T+ () : @.
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— For a context of the form (I',z : x) b, we have | |(I',z : x) = T|T", thus the induction shows
that we have T|(I',x : %) - ep : I'. Moreover, we have | |(I',z : x) I, and the association
(ep : x) appears in Tll",gc : %, hence the rule (VAR) applies and provides a derivation of
Tl(I’, x : %) | og : x. This lets us apply the rule (SE)to build the following derivation of the
judgment T|(T, : %) F o 4z 1 (D, @1 %):

T,z %) Fer:T T,z %) F TlF,x:*}—oO:*(
TL@, 2 %) F (op,x 1 og) : (T, : %)

SE)

— For a context of the form (I',x : A) + with A distinct from %, we have by induction
that TLI‘ F e, and hence by weakening (c.f. Proposition 2) this shows that we also have
T[(T,z: A) - ep : I'. Moreover, by Lemma 132, we have that | |[(I',z: A) -z : ||A, and
since A is distinct from *, Lemma 133 then shows that we have ||[(T,z: A) - z : Afer].
This lets us apply the rule (SE) to construct a derivation of Tl(l", r:A) o ga): (T2 A)
as follows

Tz A Fer:T (Doa:A)F  T|(Toa:A)Fa: Afer]
H(va cA) (o pay, = x) s (D A)

(SE)
O

Correctness of the reduced suspension. We are now equipped to study the reduced sus-
pension operation in its full generality, as an operation from the theory MCaTT to the theory
CaTT. In particular we prove the following correctness result showing that this operation is a
well defined translation between these two theories.

Proposition 135. The reduced suspension operation preserves derivability. More precisely, we
have

— For any context A b derivable in the theory MCaTT, TA F is derivable in the theory CaTT.

— For any type A B A derivable in the theory MCaTT, TA H TA is derivable in the theory
CaTT.

For any term A+t : A derivable in the theory MCaTT, TA F Tt : TA is deriwable in the
theory CaTT.

— For any substitution A+~ : T derivable in the theory MCaTT, TA H T7 : TF is derivable
in the theory CaTT.

Proof. The proof of this result is essentially the same than the proof of Lemma 132 by mutual
induction, and adding additional cases for the term constructors we added. For the sake of
completeness and to avoid the reader to constantly refer to the previous proof, we still give the
entire proof here, by mutual induction on contexts, types, terms and substitutions.

Induction for contexts:

— In the case of the empty context @, we have T@ = (eg : x), and the following derivation
shows that T@ F

o F O

T *x

.02*"

(x-INTRO)

(CE)
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— In the case of a context of the form (I',z : A) I, we can extract a derivation of I - A
and by the induction case for types, it gives a derivation for TF H TA. by applying the
rule (CE), we get a derivation for (JT',z : TA)

Induction for types:

— In the case of the type I' - x, we can extract a derivation of I' -, which by the induction
rule for contexts shows TF k. Since moreover (e : x) € TF, we can construct a derivation
of TF F T* as follows

T+

TFI—*

TFI— (00:*)ETF
TF".():* TFI—.O:*
TF|‘°07°0

(x-INTRO)

(VAR)

(—-INTRO)

— In the case of a type of the form I' - ¢ 7 u, we have a derivation for I' = A, which by the

induction case for types gives a derivation for TF F TA and two derivations for I' ¢ : A
and I' - u : A, which by the induction case for terms gives TF F Tt : TA and TF F Tu : TA.
These three derivations assemble with the rule (—-INTRO) in order to produce a derivation

for the judgment TF F Tt — Tu
A

Induction for terms:

— For a variable I' F x : A, we necessarily have I' + which gives by the induction case
for contexts TF F. Moreover, the condition (x : A) € T' is also necessarily satisfied,
which implies that ( TA TF. Hence, applying the rule (VAR) yields a derivation for
TF Fa: TA.

— For a term of the form mopp 4[y] (resp. mcohr a[y]), the pair (T, A) declares a valid
operation (resp. declares a valid coherence cut), and we necessarily have a derivation
of Ak ~ : lF. By the induction case for substitutions, this gives a derivation for
TA F Tfy : Tﬂ‘ Moreover, Lemma 134 ensures that we have TLI‘ F er : I', hence we
have a substitution TA Fero T'y : I'. By applying the rule (OP) (resp. the rule (COH)),
this provides a derivation for the judgment TA b opp 4[er o J7] : Afer o 9] (resp. for
the judgment TA b cohp afer o 1] : Afer o [7]). We then have the following equalities,
proving that the type is the reduced suspension of (|A)[v]

A[opony = opoT*y
Tl T’y By Lemma 133
=T((]4) By Lemma 131
Induction for substitutions:

— In the case of the empty substitution A F () : &, we necessarily have a derivation of A F,
which by the induction case for contexts gives a derivation of TA F. Moreover, we also
have by definition that (e : x) € TA. This lets us construct a derivation for A+ T() : T@
as follows

TAE

TA}—O:@

TA H (eg : %) € T
TA Feg:x
TA F (o — o) : (eg : %)

(ES) oy x I

(VAR)

(SE)
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— In the case of a substitution of the form A F (v,z — ¢t) : (T',z : A), we necessarily have
A F ~: T', which gives by the induction case for substitutions, TA F T'y : TF. Moreover, we
have a derivation of (', z : A) F, which gives by the induction case for contexts a derivation
of TF,SE : TA F, and a derivation of A F ¢ : A[y], which gives by the induction case for
terms a derivation of TA F Tt : TA[’y]. Lemma 131 allows to rewrite this into a derivation
for TA - Tt : TA[TV] Thus these derivations can be assembled using the rule (SE) into a
derivation of TAF T(y,z — t) : (T, z : A) as follows

TA + T’y : TF TF,x : TA H TA + Tt : TA[T’}/]
TAE (Tv,z = Tty : (0,2 : T4)

(SE)

O

Reduced suspension as a functor. By combining the syntactic aspects with the correctness
properties of the reduced suspension, we can reformulate our construction in more categorical
terms. First note that the reduced suspension sends well-defined contexts onto well-defined con-
texts, well-defined substitutions onto well-defined substitutions and preserves the composition of
substitutions (as well as the identity substitutions, which we can prove immediately by induc-
tion). This exactly means that we have defined a functor T : SmcaTT — ScatT. But we have
also proved that the reduced suspension sends valid types and terms onto valid types and terms,
while respecting the action of the substitutions on those. This can be reformulated as saying that
T actually define a morphism Smcatt — ScatT in the slice category Cat/Fam. Moreover, this
morphism by definition preserves context extensions on the nose, that is T(F, x:A)= (TF, T TA)
and T(m x> t) = <Tfy, T~ Tt>, so at this point it might seem like T defines a morphism of cat-
egories with families. This is in fact not quite the case, since it fails to preserve the terminal
object. Indeed, the terminal object in MCaTT is the empty context &, which is mapped by T
onto the context (eq : ) which is not terminal in CaTT. This is the only obstruction for | to be
a morphism of categories with families, this functor preserves all the structure but the terminal
object.

5.2.4 Interaction between desuspension and reduced suspension

We have defined two translations between the theories MCaTT and CaTT, that define functors
between their syntactic categories. We now study how these two translation relate to each other
syntactically and translate it as a categorical result about the aforementioned functors. In order
to understand the interaction between the desuspension and the reduced suspension, we first
show the following result, describing the action of the desuspension on the substitution er.

Lemma 136. For every context I' - in the theory CaTT, we have l’l“ = ile

Proof. We prove this by induction on the context I

— For the empty context @, we have |ep = () and moreover |@ = &, hence id lo = ().

— For a context of the form (I',z : x), we have o ;.,) = (ep,z + eg),and |er ;.. = |ep. On
the other hand, we have that l(R x k) = lF, hence idl(r ) = ile. We then conclude

by induction, using the fact that l.l" =id lF.
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— For a context of the form (I',x : A) where A # %, we have .(I‘IA) = (er,z — x),
and thus l'(r‘ﬁz:A) = (iolﬂ,x — ). Moreover, lI‘ x:A) ll" T lA), and thus
idl(F A) = (idr, z — z). We again conclude by induction using the fact that lop = ile.

O

Desuspension of the reduced suspension. We have the following result
Proposition 137. The equality between functors lo T = ids e, ROlds.
Proof. We show by mutual induction the following properties of the theory MCaTT
— For all context I" -, lTF =TI
— For all type I' - A, lTA =A
— Forall term '+ ¢ : A, iTt:t

— For all substitution A+~ : T, LT’Y =7

Induction for contexts:

— For the empty context &, we have T@ = (eg : %), and thus lT@ =g.

~ For a context of the form (I, A), we have [(I',z : A) = (T, z : TA). Since A is necessarily
distinct from , we have | (I, z : A) LTI‘ " lTA and the induction case for context
shows that lTF =T and the 1nduct10n case for types shows |TA = A. This proves that
[T,z A) = (D, z: A).

Induction for types:

— For the type x, we have Jx = o) — e, and thus |[x = *.
*

— For a type of the form ¢ 7) u, we have Tt 7 u = Tt — Tu7 and since TA is distinct from
A

*, this implies that th 7 u = th — lTu The induction case for types then shows
A

that lTA = A, and the induction case for terms shows th =t and iTu = u, which lets us
conclude.

Induction for terms:

— For a variable x, we have Ta: =z and thus le =ux.

~ For a term of the form mopp 4[y], we have Tmopp 4[7] = opp_4[er © [7], and thus we have
the following equalities

leopF,A[V] = MOPr 4 l e o T’y

[
= mopp 4[|er o | ] by Lemma 128
= mopp 4[| 1] by Lemma 136
= mopr 4[7] by the induction case for substitution

176



— The case for a term of the form mopr. 4[7] follows the exact same steps.
Induction for substitutions:

— For the empty substitution (), we have () = (e — e¢), and thus |]() = ().

~ For a substitution of the form (y,z > t), we have [(y,z — t) = (]v,z — [t). Necessarily
]t is a well defined term of dimension non-zero, hence |T(y,z —t) = ([Tv,z — |]t).
Then the induction case for substitutions gives the equality lT*y = v and the induction
case for terms gives th = t, which lets us conclude.

O

A natural transformation. In order to study the reduced suspension, we have introduced
the family of substitutions er for all contexts I', and we have proved in Lemma 134, that it
defines a family of morphisms er : TLI‘ — I'. Moreover, the equality 7o ex = e o Tlfy that we
proved for all substitution v in Lemma 133 can be expressed by the commutation of the following
diagram

TlA =25 A

T

Tr——T

So we have in fact already proven the following proposition, which is simply a categorical refor-
mulation of our previous fact

Proposition 138. The family of morphisms ep : TlF — I define a natural transformation
TO J, = idsc,rr-

Adjunction between desuspension and reduced suspension. Combining these two pre-
vious theorems, we have in fact proved the following result, which is very important categorically

Theorem 139. The functor T 1s left adjoint to l, the counit is given by the family er.

This adjunction is to be understood as an analogue in the world of categories of the topolog-
ical adjunction between the reduced suspension and the loop space. In our terminology, the
desuspension corresponds to the loop space, and the reduced suspension corresponds to the re-
duced suspension. This is also analogous to the relation between the loop space and the reduced
suspension in topology.

Remark 140. In fact we even have a more precise result: Since the unit of the adjunction is the
identity, it exhibits SpmcaTT as a coreflective subcategory of Scat1. Moreover the essential image
of T is exactly the category ScatT,e. SO a way to understand our type theory MCaTT is that it
achieves a structure of category with families on Sca7T,e, Which coincide with the structure on
ScatT for all the operation that are defined in both structures.

5.2.5 Models of the type theory MCaTT.

The definition of the desuspension and reduced suspension operations that we have defined relate
very tightly the models of the theory MCaTT and the models of the theory CaTT.
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Reduced suspension acting on the models of CaTT. Given a model F': CaTT — Set,
we define a functor T*F : MCaTT — Set by precomposing with the functor T, hence we have
1*F(I') = F(T) and T*F(y) = F(]7). Since both | and F preserve the context comprehension
on the nose, so does T*F , SO T*F is a model of SmcatT if and only if it preserves the terminal
object. But [*F(@) = F(D°), hence [*F is a model of Smcatt if and only if F(D%) = {e},
that is if F' € Mod, (ScatT). This shows that the reduced suspension translation from MCaTT
to CaTT induces a functor T* : Mod, (Scatt) @ Mod(Smcatt). Importantly, the reduced
suspension induces on the models an operation akin to the loop category.

Desuspension on the models of MCaTT. Similarly, for a model (F,¢) : MCaTT — Set,
and define the functor l*F : CaTT — Set by precomposing with the functor l Note that we
necessarily have

so if |*F can be completed into a model of CaTT, this model is in Mod, (Scatt). Consider a
pullback along a generating display map in the category Sca1T, it is then of the form

T,z:A) —— D"
|0
r XA Sn71
If n > 0, then we have

|"F(T,z: A) = F(|(T,z: A))
=F(|l,z: |A)
= (F(|1),z: ¢r(lA))

l*F of the previous pullback square is the following square, that is again a pullback

([*"F(D),z: ¢r(]A)) —— [*F(D™)
[PF(T) W IACE

In the case of n = 0, the image of the previous square is the following square, that is again a
pullback

[*F) —— (o)
l |
[*F) —— (o)

This shows that l*F preserves all pullback along display maps, and thus it defines a unique
model of CaTT. Note however that by composing the l and ¢, we get a natural transformation
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l*(ﬁ associating to each type I' H A in CaTT an element of Tyl*F(F), and to each term ' ¢ : A,
*FT

an element of Tmi () This natural transformation is not the one that makes l*F into a
*or

model, but is isomorphic to it. Indeed, equipped with this natural transformation, the preser-

vation of context comprehension may not be strict for contexts of the form (I',z : x). However,

since it makes the context comprehension strict for all other contexts, l*¢ coincide with the

transformation that makes l*F into a model on all types distinct from * and all terms of type

distinct from x. For the sake of simplicity, we just denote l*F the induced model of CaTT that

is necessarily in Mod, (Sca11). This then defines a functor l* : SmcatT — Mod, (ScatT). The

desuspension induces on the models an operation similar to the looping.

Models of the category Smcatt- We have now defined a pair of functors l* and T* between
the categories Mod (SmcatT) and Mod, (ScatT)-

Theorem 141. The functors l* and T* define an equivalence of categories between Mod (SumcatT)
and Mod, (ScatT)

Proof. First, Proposition 137 implies that
T* °© l* = (l © T)* = idsycarr

and proposition 138 shows that there is a natural transformation, obtained by whiskering

l* °© T* = (T °© D* = idMod, (Scar)

So it suffices to show that this natural transformation is a natural isomorphism, that is for any
F € Mod, (Scat7) and all context I in CaTT

F(or): F(][T) + F(T)
is an isomorphism. We prove this property by induction on the context I'.

— For the empty context &, we necessarily have that F(&) = {e}, and since Tl@ = DY and
F € Mod, (ScatT), we also have that F(]|@) = {e}. Hence F(ey) is the unique map
between the singleton to itself, which is an isomorphism.

— For a context of the form (T',x : ), it is obtained as a (trivial) pullback, and the map
®(I',z:x) 1S obtained by universal property of the pullback, as follows

Zo

TL(T, 2 %)

&r,j:*)

(Tx:A) — D°
r %]

Taking the image by F on this pullback yields another pullback in Set (since F' is a model

"

*
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of CaTT), as follows

F (Tl(F,x : *))

\FO(F;I:*)

FT,z:A) —— {e}

M0

FT —_— {e}

Since the square is a pullback, F'rr is an isomorphism, and since by induction Fer is also
an isomorphism, necessarily F'er ;.. is an isomorphism.

— For a context of the form (I, z : A) where A is a type distinct from *, the context is obtained
as a pullback, the context Tl(I‘, x: A) is also a pullback and the substitution e ;.4 is
obtained by universal property as described in the following diagram which has the shape
of a cube whose faces are commutative and whose front and back face are pullbacks

1lTz: A) ——— Dn*!

SN

(Tx: A) ——= D+t
|
b
I R

NN

Taking the image by F' of this diagram yields another cube whose faces are all commutative
square, and whose front and back square are again pullback squares, since as a model, F’
preserves the pullbacks along the display maps (in the following figure, we have left implicit
most of the arrows, they are simply the image by F' of the ones of the previous figure).

F(T|(T,z: A)) —— FD"

F,z:A) —— FD"*!

J

F(I1) —|—— Fs”

NN

FT — FSsm
By induction, the map F'(er) is an isomorphism, making the span defining F(T',z : A) and

the span defining F/(T |(T',z : A)) isomorphic. This proves that the map F(er ,.4)) is also
an isomorphism, by uniqueness of the pullback up to isomorphism.
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O

A correspondence for free. Note that our general framework for globular theories shows that
the models of MCaTT are equivalent to the presheaves on O,,,, preserving the sums and the
globular sums, and our syntactic translation using the desuspension and reduced suspension show
that the models of MCaTT are equivalent to Mod, (ScatT). Composing these two equivalence
yields the following correspondence

Theorem 142. The category of sum and globular sum preserving presheaves on Onoy 1S equiv-
alent to the category of globular sum preserving presheaves on O which send Y(0) onto the
terminal object.

5.2.6 Interpretation

The way we have stated the equivalence may seem a bit surprising, to the reader familiar with
homotopy type theory, since having a single object is not a property that is expected to by
invariant by any good notion of equivalence of weak w-categories. However, we expect the stated
equivalence to lift to an equivalence between the monoidal weak w-categories and the weak w-
categories that are weakly equivalent to a weak w-category with only one object, when considering
all these up to weak equivalence, in their appropriate higher structure. Our intuition is that our
speculative notion of weak equivalence should let us characterize the weak w-categories that are
weakly equivalent to a weak w-categories with only one object as the weak w-categories whose
groupoidal core is 0-connected.

5.3 An alternative presentation of MCaTT

We have introduced the type theory MCaTT in the framework of a globular type theory. However,
relies on types in the theory CaTT together with the looping operation. We present here a more
standalone version, in which we give a direct combinatorial description of the introduction rules
for the terms. In order to achieve this, we provide a calculus for the contexts of the form lF,
with I' a ps-context, together with an appropriate notion of types, terms and substitutions.

Intuitive description. In order to describe this new kind of contexts, we use the structure
of a list of contexts. Intuitively, starting with a ps-context such as the one represented on the
following picture

We compute its looping, as follows
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and remove the (—1)-cells in order to finally obtain the following list of ps-contexts

INAL AN

This operation is closely related to computing ll“, the difference is that it does not produce
a single context, but a list of them, which we think of as encoding a product. This lets us
axiomatize directly which are the lists of contexts that are obtained in this way.

5.3.1 A framework for type theories with local exchange

Our aim is to present a type theory to compute the coherator for monoidal weak w-categories.
Contrary to the coherator for weak w-categories, this coherator has objects which admit auto-
morphisms, such as the globular set composed by only two 0-cells, as in the following diagram

As a consequence, we need to change the structural rules for this type theory to eliminate these
automorphisms.

Lists of contexts. Our new structural rules for this type theory require us to change the
syntax and define new notions of contexts and substitutions, supported respectively by lists of
contexts and lists of substitutions. As we only use this syntax to describe the coherator for
monoidal categories, we call these new contexts and substitution respectively monoidal contexts
and monoidal substitutions. In the following, we always denote with an over lined character @
the lists and [] the empty list. We also respect our previous conventions, so that T denotes a
list of contexts, and 7 denotes a list of substitutions. We denote [a;b] for the list whose tail is
@ and whose head is b. Moreover, given two lists @ and b, we denote @@b the concatenation of
these two lists, and given a list @, we denote £(a) its length. Finally, given a non-empty list of
contexts T', we denote (T, z : A) the list of context whose tail is the tail of T', and whose head
is T,z : A where T is the head of T, and similarly, given a non empty list of substitutions 7, we
denote (7, x > t) the substitution whose tail is the tail of 7 and whose head is (y,z — t), where
v is the head of 7.

Monoidal judgments. The type theory that we present has the regular notion of contexts,
types, terms and substitutions, to which we add an additional notion of contexts, types, terms and
substitutions. To distinguish the two kinds, we call the new ones with the adjective “monoidal”
as we use them to describe monoidal categories. Monoidal contexts are supported by lists of
regular contexts, and monoidal substitutions are supported by lists of regular substitutions,
whereas monoidal types and terms are supported by the same syntactic expression as regular
types and terms. We introduce four new kinds of judgments, that we call monoidal judgments
and are analogous to the regular judgment, but for the monoidal part of the theory

T+ T is a valid monoidal context

THA A is a valid monoidal type in T'

THt: A t is a valid monoidal term of type A in T'
AF7:T ¥ is a valid monoidal substitution from A to T’

We use similar notations for these judgments and for regular judgments, but they are distinct
judgments, we rely in the notation in the fact that the we can disambiguate by looking at the left-
hand side: a regular context indicates a regular judgment while a monoidal context indicates a
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monoidal judgment. We also introduce two kinds of substitutions that connect the monoidal part
of the theory to the regular part, one of them is supported by regular substitution expressions,
and the other one by a list of regular substitution expressions. We again give the associated
judgments for these new kinds of substitutions

Ab~:T  vis a valid substitution from A to T
AF7:T 7 is a valid substitution from A to I’

Concatenation and action of substitutions. We define the operation of concatenation and
that we denote II as a translation from the monoidal part of the theory to the regular part of
the theory: It consists in, given a list of contexts (resp. a list of substitutions), concatenate all
of its components to produce a single context (resp. a single substitution), and can be defined
inductively as follows

@] =1r or; Tz : A)] = (UG 1), 2 A)
(

I1[] =
) =117 0[F; (v, z = )] = (I[¥;7], 2 = tz)

11]]

%) II
() 11

o

Using this operation, we can define an action of the monoidal substitution on the types, terms
and regular substitutions by reducing it to the action of a regular substitutions

AR = Alll7] thy] = 1[I doy=dolly

We also define the notation (z : A) € T as a shorthand for (x : A) € IIT, and (z + t) € 7 as a
shorthand for (z — t) € TIy

Structural rules. To define our type theory, we have added an extra part on top of our theory,
that we call the monoidal part. This part is subject to structural rules similar to the structural
rules for the regular judgments. Since we are only interested in a type theory describing globular
sets with extra structure, we present here the type introduction rules together with the structural
rules. Our theory MCaTT satisfies, in addition to the structural rules of a cut-free type theory
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for the regular judgments, the following rules:

For monoidal judgments:

_ C — C
I Tolr "
;1] ;T - A
— (MCE)
L, (T,z: A)] -
where in the rule (MC+) we assume that = ¢ Var([T;T])
T+ THA THt:A ThHu:A
Tk x t—u
_ A
'+ (x:A) el
'kx: A
(EMS) AF5:T A F (M5H)
EM e — M
IE0:1 AQA [z ()] [T 2]
AQA' b [yix4] [T [Tz Al Akt Af ](MSE)
AQA F [Vix (v, = 8)] : [T (T, 2 A)]
For substitutions between monoidal and regular contexts:
A+ AF5:T Ab~:T
AR AF[Fi9] : [T
A AF~:T Tx:AF AFt: Ay
AF(): o AF{(y,z—t):([,x:A)

Assumptions on term constructors. In this presentation, we have not given the introduc-
tion rules for term constructors, as these rules are not easy to state and we need some preparatory
work. However, the properties that we are going to study are independent of the term construc-
tors, and can thus be defined independently. However, we still require for the theory to be
well-behaved that the term constructors satisfy some properties, in particular, they must make
the following rule admissible
AF75:T TrHt:A
At : AR

We also require that the term constructors are such that for all term ¢, we have t[idp] = ¢, where
idr is the monoidal substitution defined inductively as follows

ld[] = H id[f;r] = [idf; ldr‘]

This condition implies that we also have for any type A the equality Afidg] = A.

Interpretation. We interpret the monoidal contexts along with their structural rules, as usual
contexts with extra structure added. A way to understand them is to picture them as contexts
that have two extension operation. The usual extension, that we still denote (I',z : A) still
behaves like the context extension, but we have added another extension that comes from the
“cons” operation of the lists. For instance [[; (z : x)] defines a monoidal contexts, that is the
monoidal context I, extended by the variable z of type = with the second extension operation.

184



This extension has different properties, and in particular the order fundamentally matters, even
for non-dependent types. For instance there is no non-trivial isomorphism of the monoidal
context [(z : *); (y : %)], even though there is a non-trivial isomorphism of the context (x : %,y : %)
obtained by taking the substitution that exchanges x and y as follows

(z:xy:x)F{x—yy—x): (z:*xy:*)

Uniqueness of derivations. In this theory, every derivable judgment is derivable in a unique
way. Indeed, every rule corresponds to exactly one syntactic entity. There is however a rule that
could be applied in different ways: The rule (MSE). Indeed given a list, it might decompose in
many ways into a concatenation of lists, and without further assumptions, several decompositions
may satisfy the premises of the rule. This is why we annotate the lists with the contexts in the
case of substitutions.

Categorical structure. Like for usual type theories, the contexts, together with the substi-
tutions form a category, for an appropriate notion of composition of substitutions, and identity
substitution. More precisely, we have introduced a formula to compose regular substitutions
expressions, and proved that the second of the two following rules is admissible. We admit that
the second one is also admissible.

AFvy:T rH¢: =2 AkF~:T FH¢: =
AFfon:E AbFfovy:E

This composition lets us also define the composition of a regular substitution expression with a
monoidal substitution expression on the left as follows

lov=1 [0,0] 0y =[007;801]

and we admit that this definition makes the following rules admissible, as is the case in a regular
type theory

[11]
[11]

AF~:T r-Ee: Ab~:T e
AFfon:E A€oy E
In this theory, monoidal substitutions also act on term expressions, and thus we can define a com-

position of a monoidal substitution expression with a regular substitution expression expression
on the left as follows

(ov=10 0,z =)oy =(do7,z—t[])

This composition yields well-defined expressions and we admit that the following rules are ad-

missible o _ _ _ _
AF7:T ¢ =2 AF7:T rL¢: =2

AF¢oxy: B AbF&oqy: 2

Moreover, this composition also lets us define the composition of two monoidal substitutions
together, with the following formula

lov=1 [6:6] 07 =[5 07;0 07]

Similarly, we admit that these definitions make the following rules admissible

8]

T THE:E AF5:T THE:
F = +

v
A Eoi:

[
>
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Importantly, we have not given the index for a composition of two monoidal substitutions. In
fact, we can only state for now that there exists a correct indexing, without making it explicit.
However, we are introducing this theory to study monoidal ps-contexts that we introduce later
on and, which have only one possible indexing, so this definition becomes unambiguous.

Correctness of the concatenation. We have introduced the concatenation as an operation
on the syntax of the theory, we now show that it respects the derivability of the judgments.

Lemma 143. In the theory that we present the following results hold
— For any monoidal context T -, the judgment IIT & is also derivable.
— For any monoidal type T + A, the judgment IIT - A is derivable.
— For any monoidal term T Ft : A, the judgment IIL &t : A is derivable.
— For any monoidal substitution A -7 : T, the judgment IIA - II7 : IIT is also derivable.

— For any monoidal context T' -, the substitution IIT F idg - T is a derivable substitution
from a regular context to a monoidal context.

Proof. We prove these results by mutual induction
Induction for monoidal contexts:

— For the monoidal context [|, we have by definition II[] = @, and the rule (EC) gives a
derivation of @ .

~ For a monoidal context of the form [T'; @], we have II[T; @] = IIT', and the induction case
for context gives a derivation of III" F-.

— For a monoidal context of the form [[; (T,z : A)], by the induction case for context we
have a derivation of II[T"; T]. Moreover, we necessarily have a derivation of I' - A, hence
this provides a derivation of [I';T] F A, and by the induction case for types, this proves

that TI[;T) - A. Applying the rule (CE) then gives a derivation of (II[T;T],z : A) I-.
Induction for monoidal types:

— For the type T' - *, we necessarily have T+, which by the induction case for contexts gives
a derivation of IIT" . Applying the rule (x-INTRO) then provides a derivation of III" F *.

— For the type ' - ¢ 7) u, we necessarily have a derivation of I' F A, which by the induction

case for types provides a derivation of IIT - A. Moreover, we also have a derivation of
I't:Aand of I' - u: A, which by the induction case for terms provides a derivation for
II'+¢t: Aand IIl" - w : A. By applying the rule (—-INTRO), we then get a derivation of

IC -t — .
A
Induction for monoidal terms:

— For a variable term T’ k2 : A, we necessarily have T F, which by the induction case for
contexts shows that III' - = : A. Moreover, we also have (z : A) € I', which implies
(x : A) € TIT, hence by the rule (VAR), we have a derivation of IIT" - z : A.

— For a generic term T’ F ¢t : A, by induction, we have a derivation of T + idg - T, and
our assumptions on terms constructors certifies that we have IIT' - ¢[idg] : Alidg], hence
Ir-t: A
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Induction case for monoidal substitutions:

— For the monoidal substitution A - [] : [], we necessarily have a derivation of A I, which
by the induction case for contexts gives a derivation of IIA t. Applying the rule (ES) then
gives a derivation of ITA I () : @.

— For a monoidal substitution of the form A [¥; ()] : [T; @], the induction case for substi-
tution gives a derivation of A7 : T'.

— For a monoidal substitution of the form A F [7; (y,z — t)] : [['; (I, z : A)], we necessarily
have A -t : A, hence by the induction case for terms, this gives a derivation of IIA -t : A.
Moreover, we have a derivation of A - 7 : T', and the induction case for substitution
provides a derivation of IIA + II5 : IIT. The rule (SE) then applies and provides a
derivation of A F (ITy,x ~ t) : (IT, z : A)

For the identity monoidal substitution:

— For the monoidal context [|, we have idj = [], and the rule (EMS) gives a derivation of
gH[:]-
~ For a monoidal context of the form [['; @], we have id ) = [idg; ()]. Since [T 2] F, we

have derivation of I' -, which by the induction case for contexts gives a derivation of IT +.
Moreover, the rule (Es) applies to give a derivation of III"' - () : @. By ‘the induction case
for the identity monoidal substitution, we also have a derivation of III' - idy : I', hence
the rule (Ms+) applies and gives a derivation of IIT" F [idg; ()] : [I'; @].

— For a monoidal context of the form [T;(I,z : A)], the induction case for the identity
monoidal substitution gives a derivation of the judgment II[T; T F idp [T; T, which
by weakening provides a derivation of (II[T;T],z : A) - idp g [T;T]. Moreover, we have

a derivation of (II[I;T'],z : A) F = : A obtained by application of the rule (VAR). This lets
us build a derivation for the judgment

(I3 T, 2 - A) F idg; (idp, 2 — t)] : [T (T, 2 A)]

O

This proposition formalizes the fact that monoidal contexts are regular contexts with extra
structure, in the sense that it defines a way to forget this extra structure, and take any monoidal
judgment to a regular judgment.

The unit. Conversely, we define an associated operation to the concatenation, that we call
the unit (as it is the operation induced by the unit of the lists monad) and denote 1. It takes a
regular context (resp. a regular substitution) and produces a monoidal context (resp. monoidal
substitution) by associating the one-element list whose element is the argument.

() = [I] m =[]
We can also give an inductive definition of 7, that is useful for the proofs by induction

n(2) = [2] n(l,z 2 A) = (), z : A)
n(() = [0] n((y,z = 6) = m0), = 1t)

Lemma 144. This operation on the syntax respects the derivability:
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— for any context T -, the judgment n(T) F is derivable
— for any type T+ A, the judgment n(T') - A is derivable
— for any terms I' =t : A, the judgment n(T') =t : A is derivable
— for any substitution A+~ : T, the judgment n(A) b n(y) : n(T') is derivable
— the expression idr defines a substitution n(I') F idp
Proof. We prove these result by mutual induction
Induction for contexts:

— For the empty context &, we have a derivation of (@) as follows

HT(MEC)

7[@ C (MC+)

— For a context (I',z : A) F, we necessarily have a derivation of T' - A, which by the
induction case for types gives a derivation of n(I") F A, and since x ¢ Var(T"), we also have
x ¢ Var(n(T")), which lets us apply the rule (MCE) to get a derivation of (n(T"),z : A) F.

Induction for types:

— For the type I' = x, we have a derivation of I" -, which gives by the induction case for
contexts a derivation of (") F, and hence the rule (x~-MINTRO) applies to give a derivation
of n(T) .

— For the type I' - ¢ 7 u, we necessarily have a derivation of ' H A, of ' - ¢t : A and

of ' F u : A. By the induction cases for types and terms, these provide derivations of
n(T)F A, of n(T') Ft: Aand of n(T") - u: A. The rule (—-MINTRO) then applies and gives

a derivation of n(T") ¢ - U

Induction for terms:

— For a variable term I' - = : A, we have a derivation of I' -, which by the induction case
for contexts gives a derivation of n(T") . Moreover, the condition (x : A) € T" implies that
(x : A) € n(I'), and then by the rule (MVAR), we have a derivation of n(I") -z : A.

— For a generic term I' F ¢ : A, then we have the substitution n(T') F idr : T, and by our
assumption on term constructors, this ensures that we have n(I') F ¢[idr] : Alidr], hence
nT)kFt: A

Induction for substitutions:

— For the substitution A F () : &, we have a derivation of A F, which by induction provides
a derivation of n(A) . This lets us build a derivation of n(A) F n(()) : n(=) as follows




— For the substitution A F {(y,2 — t) : (I',x : A), we have a derivation of A v : T, which
by the induction case for substitution gives a derivation of n(A) F n(y) : n(T'). Moreover,
we also have a derivation of A ¢ : A[y], which by the induction case for terms gives a
derivation of n(A) F t : A[y], and since A[y] = A[n(~)] this lets us apply the rule (MSE) in
order to get a derivation as follows

nA) gyl :n@) @),z A n(A)Ft: Aln(y)]
Al vz = )] (n(T),z: A)

(MSE)

Induction for the identity:

— For the context @, we have by the induction case on context a derivation of n(@) F, and
thus we have a derivation of n(@) F () : @

— For the context (I, : A), we necessarily have a derivation of I' -, so the induction case
for the identity gives a derivation of n(I') F idr : I', and since we also have a derivation of
n(T,x : A) F by the induction case for contexts, we get by weakening (which we assume
to hold in this framework as well) a derivation of n(T,z : A) - idr : T'. Moreover, we have
a derivation of n(I',z : A) F x : A by the induction case for terms, which lets us build a
derivation as follows

n(Cyz: A)Fidp: T (Tyz: A)F nloe:A)Fx: A
N,z : A F {idr,z— ) : (T,z: A)

O

It is immediate from the definition that the unit and the concatenation interact nicely, in the
sense that for all context I', we have II(n(I")) =T.

5.3.2 Monoidal ps-contexts

Inference rules for monoidal ps-contexts. We call monoidal ps-contexts the lists of con-
texts that are obtained from a ps-context by the operation we just described, and we introduce
a new judgment in order to characterize them, as well as a judgment for partially constructed
monoidal ps-contexts as before.

T Fps T is a well-formed monoidal ps-context
Thpsz:A T is a monoidal ps-context with dangling variable z of type A

The derivation rules for the monoidal ps-contexts are reminiscent of the derivation rules of the
judgment for regular ps-contexts, but allow for more derivations.

(MPSNIL)
Trem )
+ 'k c A

= T_S — (MPSS) — ps ¥ (MPSE)
[ (2 s %)) Fps 2 % (Ry:Aj:xTy)l—psf:x?y
FFPSf:xTy Thpsx:x

———~ _(MPSD) _ (MPS)

Ihpsy: A I' Fps

where in the rule (MPsS) we assume that  is not a variable in T, and in the rule (MPSE) we
assume that neither y nor f are variables in I'. Intuitively, these rules simply describe lists of

189



ps-contexts, indeed a derivation of T Fps can only be a succession of application of rule (MPSs)
followed by (MPs) with in between a proof that a component of I is a ps-context. The only added
constraint is that these ps-contexts have non-clashing variable names.

Source and target of a monoidal ps-context. We define operations of i-source and i-target
suited for monoidal ps-contexts. In this operation, we need to treat the case i = 0 separately, we

define in this case 9; (T') = [] and 97 (T') = [], and consider a number i > 0. Then we pose
o () =1 0 ([T (= %)]) = 07 (D); (w : )]
o 0, (T) if dimy >4
% (F,y:A,f:xTy): (8;(?),y:A,f:x7>y) otherwise

For the i-source, and for the i-target, we pose

or( =10 O ([IT; (z : %)]) = [0, (D); (x : )]
T if dimy > i
Of Ty Afra—y) = (drop(9;(T)),y : A) if dimy = i

(0 (T),y: A, f:x —>y) otherwise

where dropT is the operator drop applied to the last context in T'

This lets us define the general notion of source for monoidal ps-contexts, which are useful for
defining the introduction rules for coherences
T—o T tT_agt T

0 F—Gdimfl" 0 F—('“)dimfl"
Note that in the case of a monoidal ps-context of dimension 0, (i.e., a list of ps-contexts all
isomorphic to DY), this definition does not make sense and we then use the convention that
07T = []. In general the case of the monoidal ps-context of dimension 0 is a limit case, and it
will appear in various places. Similarly, monoidal ps-contexts come equipped with a notion of
target 07T, defined the same way as the source from the corresponding notion on ps-contexts.
The following lemma is immediate by definition of the source and the target,

Lemma 145. Any monoidal ps-context T of dimension non-zero has the same length than its
source and its target {(I') = (0~ (T)) = £(0T(T)).

Term constructors. With the help of the monoidal ps-contexts, we can define new term
constructors, analogous to mop and mcoh, and that we denote mop’ and mcoh’. Formally, we
define terms to be of the form mop’f AW], where I' is a monoidal ps-context, A is a monoidal
type is T and 7 is a list of regular substitutions. Additionally, we require as a side condition
that either dimT = 0 and A = x, or A is of the form ¢ 5 U with Var(t) U Var(B) = 0—(T)
and Var(u) U Var(B) = 97(T'). When these conditions are met, we say that A and T satisfy

(Crmop’)- Similarly, we add terms of the form mcoht ,[¥], where T is a monoidal ps-context, A
is a type expression, and 7 is a list of regular substitution expressions. Additionally, we also

require as a side condition that either I' = [| and A = %, or A is of the form t - U with
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Var(B) U Var(t) = Var(T') and Var(B) U Var(u) = Var(T'), and when these condition are met, we
say that A and T satisfy (Cpeon’). In addition to these term constructors, we have to define the
action of substitution and lists of substitutions, that we pose as follows

mopy: ,[7[0] = mopf: , [ 0 6] mopf: , [7][0] = mopf , [ © 9]

mcohg , [7][8] = mcoh: ,[7 © 4] mcohy: , [7][8] = mcohf: [ 0 9]

Note that these definition rely on the compositions, which themselves rely on the application of
the substitution on terms, hence making these two definitions mutually inductive. For the sake
of simplicity, and to present our motivation, we have chosen to present them separated, and we
admit that the properties that we have proved still hold when these definitions become mutually
inductive.

Term introduction rules. These new term constructors come with associated introduction
rules in order to create new monoidal terms, and hence new monoidal terms. This gives the
recursive structure of the theory. Formally, these rules mirror the term introduction rules of
CaTT, but in the monoidal fragment of the theory. These rules are the following

The TFHA Ary:T
A+ mopg , [7]

whenever T’ and A satisfy (Cmop'), and

Tty TFA AF7:T
A+ meohg , [7]

whenever T' and A satisfy (Cpeon’). Additionally, we add introduction rules for regular terms in
the theory, that are intuitively nothing else than a monoidal term that has been transferred to
a regular context. Formally these rules are the following

T b ps THA AF75:T
AFmop’iA[i]

(MOP’)

whenever T’ and A satisfy (Cpmop), and

Thp TFA AF5:T
At mcoh%’AW]

(MCOH’)

whenever I and A satisfy (Cmeon’). We refer the reader to Appendix A.4 for a complete presen-
tation of all the rules of MCaTT’.

Substitutions satisfying the side conditions. Consider a monoidal substitution A -5+ T,
between two monoidal ps-contexts A and T, such that the variables of 7 are either Var(A), or
Var(0~(T)) or Var(0T(A)). We admit that in this case, there is a unique way annotate the list
~ such that A -7 : T, so in this case we can forget the annotation and a monoidal substitution
is completely determined by a list of substitutions.
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5.3.3 Folding and flattening

Our objective is now to prove that theory MCaTT’ that we have defined is the same as the
theory MCaTT. More precisely, we consider the syntactic category of MCaTT’, that is the
category whose objects are regular contexts and whose morphisms are regular substitutions, and
show that there is an equivalence of category with families with the syntactic category of the
theory MCaTT. For this we consider syntactic operations on the theory MCaTT'.

Folding of a ps-context. We define translations between the monoidal ps-contexts and the
regular contexts, that relate our ad-hoc notion of monoidal ps-context with the notion of ps-
contexts that we have used in CaTT. We start by defining the operation of folding, that takes
any regular context to a monoidal context. Although this operation is well defined for any
context, we only study it in the case of a monoidal ps-contexts, as it does not have a clear
interpretation in a regular context. Intuitively it forgets the variables of dimension 0 in the
context and remove them, like the desuspension, but it also remembers their position by cutting
the context into a list of context in every place of a variable of dimension 0. We define this
operation inductively as follows

o] A==

ot = | (T A)ﬁ - { (I‘ﬁ,x : lA) otherwise

Proposition 146. The association ¥ is well-defined, for every ps-context T Fos, the list It s
a monoidal ps-context. In other words, the following rule is admissible

T Fps
T b

Proof. We prove by mutual induction that a derivation of the judgment I' ks = : x induces a
derivation of I'* |-, and a derivation of the judgment I' Fps = : A with A distinct from *, induces
a derivation of I'? Fps 7 lA.

— Induction for I' Fps x @ %
— For the derivation of (z : x) Fps obtained by the rule (PSS), we have (x : x)* = [], and
the rule (MPSNIL) then gives a derivation of [| Fps.
— For a derivation of I' -5 v : x obtained by application of the rule (PSD), we necessarily

have a derivation of the judgment I' ks f : © — y, which by the other induction case
*

gives a derivation of T'# Fps [ : x. We can then apply the rule (MPS) to get a derivation
of T¥ Fps as follows
D8 fox
———(MPS9)
T¥ b ps

— Induction for T't x : A:
— For a derivation of (I',y : %, f : © — y) bps f : © — y obtained by applying the
* *

rule (PSE), we necessarily have a derivation of I' ps @ : %, which by induction gives a

derivation of I'* 5. This lets us build a derivation of (T,y : %, f : & — y)f bps f 1 *
*

by applying the rule (MPss) as follows

T b
[T% (f = %)) Fps o %

(MPSS)
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— For a derivation of (T,y: A, f : x 7) Y) bps f iz 7 y obtained by an application of

the rule (PSE), with A distinct from %, we necessarily have a derivation of I' -ps z @ A,
which by induction gives a derivation of I'* by 2 : lA. This lets us build a derivation

of(F,y:A,f:a::)y) I—psf:lxjyasfollows

rt Fps @ : lA

(MPSE)

(Fﬁ,y:lA,f:x—>y)l—p5f:x—>y
la la

— For a derivation of I' F y : A obtained by the rule (PSD), we necessarily have a
derivation of the judgment I' ks f : x 7) y, which by induction gives a derivation of

the judgment T by f @ 2 l—) y. We can then construct a derivation of the judgment
A
Ity lA as follows

Fﬁl—f:ac—>y
A

— F (MPSD
Fqu:lA ( )

O

Flattening of a monoidal ps-context. We define an operation acting as the opposite of
the folding on ps-contexts , and which associate to each monoidal ps-context, a regular context
obtained by suspending all the components of the ps-context and gluing them together along
the new objects introduced by the suspension. We call this operation the flattening, and given

a monoidal ps-context I', we denote fb the result of the flattening on I'. In order to define this
operation, we assume that have a countable list of fresh variables e, @1, e5, ..., that we can add to
the signature of the theory, to ensure their freshness. We then define by induction the flattening
of a generic monoidal context, but are only interested in the case of monoidal ps-context where
this operation has good properties.

1° = (o : %) [0 = (T, 041 : %)
(T, y: A = ([T, y: BHA)

Where [ is a shorthand for /(T'), and the operation ¥%/ A is defined of types as follows

Yok =e, — @ Yi(r — y) =2 —
i (@—y)=o—y

To simplify the notations, we simply write 3?4 instead of X% 1 A.

ops . = =b . . .
Proposition 147. For any monoidal ps-context I' -ps, the context I obtained this way is a
ps-context. In other words, the following rule is admissible

T b ps

T b
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Proof. We prove by induction that a derivation of the judgment T' Fps induces a derivation
of fb Fps T % and a derivation of the judgment fb Fps  : A induces a derivation of
fb b xnt@-14,

Induction for the judgment T Fpq:

— For the derivation [] s obtained by the rule (MPSNIL), we have the following derivation
of [|° Fps ®0 @ %

——FFF (PSS)
o) . X l_ps o) . X

— For the a derivation T Fps obtained by the rule (MPS), we necessarily have a derivation
of the judgment I' s = : « and by the induction case for this judgment, this provides a
derivation of fb Fps @ *)T)—1 = ) This lets us build a derivation of fb Fps T *

*
by applying the rule (PSD) as follows

=
T Fps oy g 2 o)

5 (PSD)
I Fps T ¥

Induction for the judgment T bps x 1 A:

— For a derivation [I', (z : )] - z : x obtained by application of the rule (MPSs), we necessarily
have a derivation of I' -6, which by the induction case for this judgment gives a derivation

of T Fps ®¢(ry : *. We then construct a derivation of [T'; (x : %)]” Fps @ = Mx as follows

=b
r l_ps o4(T)

— (PSE)

Y Ty TR TR ) 7 %uT)+1 Fps @ 2 @y 7 *uT)+1

— For a derivation [[,(I,y : A, f : z - y)] bFps f 1 <Y obtained by applying the

rule (MPSE), we necessarily have a derivation of [[';I] Fps 2 : A, which by induction
provides a derivation for [T[;T)° bps 2 @ S A. This lets us construct a derivation of

T (Cy: A fa ? y)]b Fps f PILLY) (x T y) as follows

[TT) Fpe 2 : 204

— (PSE)
(TIPS WA fra ——y) by fra——y
ne™ A n¢m A
— For a derivation T’ Fps ¥ : A obtained by application of the rule (MPSD), we necessarily
have a derivation of a judgment on the form T Fps f : @ 7) y. By induction, this provides
a derivation of the judgment fb Fps f : © ——— y. This lets us build a derivation of
EZ(F)—lA
fb Fps ¥ $M-14 as follows

—=b
I i —
Ze(r‘)—lA

fb Fps ¥ : »iM-1 4

(PSD)
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. . . = . . . . —=b
We then apply this result to our derivation of I' -5, which gives a derivation of I 5 @ o(F)

Applying the rule (PS) gives a derivation of I Fps O

Monoidal ps-contexts vs. ps-contexts. The two operations of folding and flattening show
that the structure of monoidal ps-context is closely related to the one of ps-context, and in fact
we have the following result

Lemma 148. The folding and the flattening define a bijection between monoidal ps-contexts and
ps-contexts (up to a-equivalence).

This can by proved by following the proofs of Lemmas 146 and 147 and show that starting
from a derivation of I' s 2 : A the induced derivation of I' s y : B by applying folding and
then flattening has the same structure as the original derivation, and the other way around. We
admit this result here, as it is apparent on the combinatorial structure. An efficient way to follow
the derivations would be to give a system of equation computing a derivation of I'* Fps from a

.. . .= .. =
derivation I' -ps as well as system of equation computing I" ps from a derivation of I' -, and
show that these systems are inverse to each other.

Concatenation of a monoidal ps-context.
Lemma 149. For every ps-context I' the equality TI(T*) = lF.
Proof. We prove this by induction on the structure of the ps-contexts
~ For the ps-context (z : ), we have |(z:%) =@ and (2 : %)” = [], hence II((z : %)°) = @.
— For a ps-context of the form (T',y: «, f:x - y) with T' a ps-context, we have
l(F,y:*,f:x?y):(lF,f:*)
Ty x fra—y) =[(f %)

hence TI(T,y : *, f : © — y)* = (II(I"®), f : ), and the induction shows that II(I") = lF,
hence the equality.

— For a ps-context of the form (I',y: A, f : = 7 y) with A distinct from %, we have

l(F,y:A,f:x:)y):lRy:lA,f:w—>y

Ty A fro—y) =y [Afiz—y)

thus II((T,y : A, f : x -~ y)’) =TI(I"),y : lA, f :x — y. Moreover, by induction we have
II(T"®), hence the equality.
O
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Source and target. These definition are just the induced notions of source and target from
the regular ps-context to the monoidal ps-contexts, under the bijection defined by folding and
flattening. More formally, we have the following lemma

Lemma 150. For every ps-context I' and every i < dim T, the following equalities hold
(07 (1))F = o7 (1)
(8 (D))F = o (IF)

Proof. We first treat separately the case ¢ = 0, which is a special case.

— In this case the contexts d; (I') and 9; (T') are both of dimension 0, and hence we have

(@ (M)F =1 (85 (D))F = [
on the other hand, we have by definition
85 (T%) = [ 5 (T%) = [

We now assume that ¢ > 0 and prove this result by induction on the structure of the ps-context
T.

— For the ps-context (z : x), we have the following equalities
(0; (z:%) =2 (0 (z:%) =2
=1 =
and on the other hand
0; ((z:%)") = 0; () O ((x %)) =3 ()
( =

— For a context of the form (I',y : %, f : © — y), we have the equalities
*

O @y :xfra—oy)f =0 D)y xfro—y)
= [(07 (D)% (f = )]
and
@F Ty x o2 y) = @F D)y :x fra—2y)
= [0 ()% (f = )]
and on the other hand
O7(Toy . f 3 = y)) = 9 (IT% (£ 5 2))
= [0 (T%); (f : )]
and
OF(T,y v f i3 = y)h) = OF (T (£ £ 4))
= [0 (T%); (f = )]
By induction, we have (9; (T))* = 0; (I'*) and (9;"(T'))* = 0;(I'*) which prove the desired

equalities
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— For a context of the form (T,y: A, f: x 7 y), we separate into three different cases
— If i < dimy, we have the following equalities
(07 (Tyy = A f oo —r ) = (97 (1))F
(OF Ty A frx —y))F = (07 (1))
and on the other hand
0 (DA fro—y)f) =07 Ty A frx—y)
=0, (%)
and
Of (Coy: A fro—y)f) =07 (hy: A fra—ry)
- o)

By induction we then have (9; (T))* = 9; (I'*) and (9;(I"))* = ;" (I'¥)

— If i = dimy, we have the following equalities
(07 Ty = A fox —y))* = (07 (D))F
and
(0 T,y A, f 22— ) = (drop(9;(I")), y : A)F
= (drop(9 (1)), y + |4)
and on the other hand
O (Cy: A fro—y)f)=07Fy: [Af:o T
=07 (%)

and

8;"((F,y:A,f:x7>y)u):8;"(Fn,y:lA,f:xHy)
|a

= (drop(9] (), y : |A)

By induction we have (9; (T"))f = 9; (T'*) and (9;"(I"))* = 9;"(I'*), and moreover an
induction shows that drop(A)* = drop(AF).
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— If i > dimy, we have

0, (Tyy: A, f:

and

(aj(I’,y:A,f:

and on the other hand

O (T,y: A f:

and

O (Tyy: A, f:

By induction we have (9;
equalities.

Flattening of a monoidal judgment.

follows

v —y)f =07 D)y A f o —y)
= (07 (O)y: A fra—y)
|a
z W)= OF D)y Ao y)f

=(OFM)y: |Afra ? y)

z—y)) =07 (My: A f:x—y)
A A

= (a;(rﬁ)ay: lA’f ‘T —>y)
a

r—y)f) =07 (T y: |A fra—y)
A

= (aj(Fu),y:lA,f:x—>y)
A

(I))* = 8; (I'*) and (9;(I'))* = & (I'*), which prove the

b
g

b _ b b
(t Z) u); =t —r
mOPIﬁA[ﬂ = OPp 4 WEhm]
mcoh'iA[ﬁ] = cohfbﬂb [W?L,m]

Yia Ol =

_ b — b b
[’%Z <77 T = t>]i,j = <[’Y’K7]1,j’ ti+€(Z)+1,j>

=
Ve e = *5)
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In the particular case of a monoidal judgment in a
monoidal ps-context, we can extend the operation of flattening. In order to define this operation
in general, we need to provide two extra arguments, ¢ and j that are natural number, and we
always assume that ¢ < j. We denote AE’ j (resp. t
monoidal term ¢, monoidal substitution 7) by this operation, and we define it by induction as

> 72, ;) the result of a monoidal type A (resp.



Where for a type T' - A satisfying (Cmop') 0OF (Cmeon) We denote A” for A(b) o(T)

In order to prove the correctness of the flattening operation, we introduce the notion of (i, 7)-
fullness of a monoidal type, a monoidal term or a monoidal substitution. We define this notion
by mutual induction for types and terms:

— A monoidal type A A is (i,7)-full if it is either the type x, or of the form ¢ ? u with
both the terms A+t : B and A+ u : B that are (i, j)-full.

~ A monoidal term A -t : A is (i,)-full if Var(t) U Var(A4) contains variables from all the
contexts at the indices ¢,i+1,...,7 — 1 in A, and only from those.

A substitution A -7 : T is said to be (i, j)-full if the terms composing it contain all variables
from the contexts at the indices 4,7+ 1,...,5 — 1 in A, and only from those.

Lemma 151. The notion of (i, j)-fullness is well-behaved in ps-contexts, to allow for inductive
proofs

— The type A -t - u is (i, §)-full in a monoidal context A if and only if the type A and the

terms t and u are (4, j)-full

~ Given two monoidal ps-contexts A and [T; (x : %)], the monoidal substitution

At [Figr (= 1)] 2 [T (22 %)

is (i,7)-full if and only if 7 is (i,f(zl))—full and t is (E(Z/)J)—full

— Given two monoidal ps-contexts A and [U; (T,y : A, f : & — y)], the monoidal substitution
AbFg (ry=tfow] D@y Afa—y)
is (i, j)-full if and only if [7;x ] is (i,7)-full and t and u are (Z(Z/),j)—full

Proof. By definition, of (i, j)-fullness, the monoidal type A I ¢ —A—> u is (4, 7)-full if and only if

the monoidal type A and the monoidal terms ¢ and w are (4, j)-full. The second property comes
from the fact that 7 can only contain variables in the contexts before A’, and ¢ can only contain
variables from the context starting from A’, but they must together contain contexts from all
contexts between ¢ and j. The last property combines these two arguments: The substitution ~y
and the terms ¢t and u can only ever contain variables starting from contexts starting from Z/, but
together they have to contain variables from all contexts between ¢ (Z/) and j. The connectedness
of the ps-context (I',y : A, f :  — y) then implies that all the terms of (y,y — ¢, f — u) contain
variables from all contexts between ¢(A’) and j O

Lemma 152. For any type A = A satisfying (Cmop') (resp. satisfying (Cmeon)) the flattened

v . .
pair (A ’AZ,Z(Z)) satisfies (Cop) (resp. satisfies (Ceon) ).
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Proof. Consider a type At - satisfying (Cmopr) and denote I = £(A), we have

Var(d~ (&) = Var(9~ (A)?) by Lemma 150
= Var(9~ (A)) U {eq,..., e}

Moreover, by assumption Var(t) U Var(A) contains all variables of 9~ (A), hence it contains a
variable z; of dimension 0 from each of the contexts A;, after translations, each of the xz; has
type o; — o, 1, hence all of these variables appear in A and hence

Var(t”) U Var(A”) = Var(t) U Var(A) U {eg,...,e_1}

We can perform a symmetric reasoning for Var(u) U Var(A). If we consider the type A  x

satisfying (Cmop'), we check directly that Var(0~ (Zb)) = {eg,®,_1} = Var(«"). The case for a
term A F A satisfying (Cpeon) is similar to the first case. O

Lemma 153. The operation _° respects the action of monoidal substitutions: Given a monoidal
substitution 7,

~ for any type T = A which is (0,4(T))-full and substitution A =75 : T which is (i,7)-full, we

have A[ﬁw,] = A%,g(f) [75,]]

— for any term t which is (a,ﬁb) -full in T, we have t[ﬁ]ga’jb = tg’b[ﬁj], where i, 15 the minimum
index of the variables of A that appears in 7 after the index a and jy, is the maximal index
of the variables of A appearing in 7 before the index b.

. . . = . . — — —b —=b

— for any monoidal substitution & which is (a,b)-full in T we have (£ o V)EE,jb = &ap ©&ij
where i, and j, are defined as in the previous case

Proof. We prove this by mutual induction
Induction for monoidal types:

— For the type *, we have

(*W])g,j =0 e

*(b)ﬁz(f) WE;] = 'OWEJ] ) WEJ]

Since 7 is (4, j)-full, we have (o — ;) € ﬁg’j and (e, — ;) € 75,]" which proves the
equality.

— For the type t 7 u, we have

((t - “)W])E] = t[ﬁ]?,j RPN UW]E]
AR

b b1 b _b b _
0,6 Vi) = 10,5 [7i ] o] Mo [7:.5]
0,0 Vi,i

(t = u)

By Lemma 151, A, ¢ and u are all (0, ¢(T))-full, hence the induction applies and shows the
equality.
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Induction for monoidal terms:

— For a variable term z, z being (a,b)-full necessarily implies that b = a + 1. Denote
t = x[7], then we have (z — t) € 7. By definition of i, and j,, we then have so necessarily
(x>t ) € 77 ;. This shows that tEa,jb = z[77 ;.

~ For a term of the form T' F mopZ 4[£], we have

moPIE,A [€o W]EQ,jb = OPzb 4» [(€o W)EQ,jb]
(mop A€ [755] = 0P=> as 0 er) © 72
and by induction this shows that the equality
~ The case for the term T - mcohy ,4[£] is identical.
Induction for monoidal substitutions:

— For a substitution of the form [], the (a, b)-fullness condition implies that I’ = [] and a = b,
and hence 7 = [] and ¢ = j, then we have

(Mol = (o0 e

[oa o lis = (oa > 0a) 0 (00 > o;)

a,a 1,8

Hence these two expressions are equal.

— For a substitution of the form [¢ = O],

(& 0] Oﬁ)ga,jb = <(E°7)Ea,jba @ " %)
B Olp oy = EopoTsnoue — oolTo,)

By Lemma 151, the induction applies, and by definition of j, we have ’bW;’,j] = e, . This
implies the equality.

— For a substitution of the form [£;r (£, ~— )], we have the equalities

(& (& x> 1)] OW)?W‘I, = <[E°7§€°7]27j,$ = t[ﬁ]iﬂ-,)

(B {6 0By 0T) = (Gl 0 Tow = £,y 1, o))

where 7 is of the form [ ;x/ _]. We admit that the index z is the appropriate index

corresponding to a + é(f/) + 1 for the induction for terms applies. The induction for
substitutions also applies and gives the result.

O

Lemma 154. The general flattening operation preserves the derivability of monoidal judgment
in a monoidal ps-context: For a monoidal ps-context A with two indices 0 < i < j < (A), the
following hold

— For any type A = A, which is (i, j)-full, we have the derivation ofEb + AEJ-

~ For any term A &t : A which is (i,7)-full, we have a derivation on" F t?yj : Ag_j
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— For any substitution A =7 : T which is (i,7)-full we have a derivation ofA F7 ’yw :T 7&)

Proof. First note that by hypothesis, we have A ks, hence by Lemma 147 and Proposition 31

. .. -~ . .
give a derivation of A" = We prove these results by mutual induction.

Induction for types:

— For the type A F %, since 4,7 < (A), we have (e; : %) € A and (o0; 1 %) € Zb, hence
— —
rule (VAR) applies twice and gives derivations of A" - ; : ¥ and A" F e; : x. We can then
apply the rule (—-INTRO) to give a derivation of Zb ey — e
*

— For the type A F ¢ —A—> u, we have a derivation of AF A, of AF¢t: Aandof Al u: A, and
since the type is (i, 7)-full, so are A, ¢ and u be Lemma 151. Then, by the induction cases
of A I t?hj : AEJ and of A’ F u‘z’7 : Ag)j.

o b
These let us apply the rule (—-INTRO) to give a derivation of A" ¢’ — u’.
A

for types and terms a derivation of A F Al e

Induction for terms:

. -~ . —b .
— For a variable term A F z : A, since we have A" F, it suffices to check that x belongs to

A’ with the appropriate type. Since we have (z : A) € A, there exists a index k such that
(z : A) belongs the to context in k-th position in the list A, and then x being (i, j)-full

implies that ¢ = k and j = k+ 1. Then by definition of the operation Zb the association
(z Abk et1) € N , and hence the rule (VAR) applies to give a derivation of NAE Ak Jtl:
— For the term A mops [7] © A[7], since A satisfies (Cop) it is necessarily (0, £(A))-full

—b =b
and we have by the induction case for types that I" éb, and by Lemma 152, T, A
satisfy (Cop). Moreover, we have a derivation of A 7% : T, and the condition, and since
Var(()mop% ,[v]) = Var(y), v is (i, 7)-full, so by the induction case for substitutions, we
have a derivation of Zb F 'yib’j : fb. The rule (MOP’) then applies to give a derivation of
—b

A Fopg Ab[ﬂ,j]. By Lemma 153, we also have Ab[ﬂ,j} = (A[F))?
result.

;7 which gives the

— The case for a term A F mcoh%’ A7)+ A[F] is exactly similar: Necessarily T A s
derivable and satisfies (Ceon), and Zb k5 : I'® is derivable, thus the rule (McoH’) applies,
and Lemma 153 gives the result.

Induction for substitutions:

— For the empty substitution A I [] : []. Since the substitution [] has no variable and is
(i, 4)-full, it implies i = j < £(A), so we have (e; : ¥) € A". Since we also have a derivation
of A" I, the rule (VAR) gives a derivation of A" - ey : %, and we can then construct a
derivation of A F H%,o . ]’ as follows

ZI—

<> (ES) (o0 : %) A+ o) 1 %

At <.0 — .0> : (.0 :*) (SE)

T
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— For the substitution A + [y;(z — t)] : [[ix (z : *)], we denote [ for ((A’) since by
hypothesis this substitution is (4, j)-full, Lemma 151 shows that ¥ is (4,/)-full, and that
t is (I,j)-full in A. Hence by the induction case for substitutions, we get a derivation of
A 75‘,1 .T". For simplification, we denote k = £(T'). Since by definition j < £(A), we
necessarily have (e; : ) € A, and by the induction case on context we have a derivation

of Zb F. This lets us build a derivation as follows

—b _

— | A+ k) €A
Ab = 75«’1 : Fb (Fb,ok cx) F — (%:%)
A Fejx

(VAR)

; (sE)

B

=b
H <72’,la.k = ‘j> : (F ) Ok :*)

. . . . . . —b
Moreover, the induction case for terms applies and gives a derivation of A" + t?, jie ey,
and since we also have ‘k—l[(ﬁg’l,% — o;)] = e and ok[ﬁ';’l,ok — o;)] = e, this lets us
build the following derivation

ZI—WE“%HOJ»}:(fb,Ok:*) (fb7ok:*,x:ok,1—>ok)l— Zbl—t?j:ol—)oj
’ * ’ *

—b | —=b
Ak <’75,1»°k — T — t?,j> (T e ik, o - o)

— For the substitution A F Tz (hy = 4 f = w)] - T,y : A f - o -~ y)], denote

I = ¢(A), then since the substitution is (i, j)-full, so is the substitution [¥;+], and more-
over, the terms t and y are necessarily (I, j)-full by Lemma 151. Hence, by the induc-

. s e =~ _ = .
tion case for substitutions, we have a derivation of A" F [§;7]° : [T;T)°, the induc-

. . . P _
tion case for terms gives a derivation of A" tlb,j : (A[’y;fy])lb’j,

(A, 7])% = (LR A)[[; 7}%], this lets us build the following derivation

and one can check that

—b - — — _ —b .
A FFol LI TP,y = YA AR A

b 5y T —
N (T y e ) (TP, y s SF k)

»J

(SE)

b

. . . e P
The induction case for terms also provides a derivation of A" F u} o t;bj —

Ayt
where ¢ = z[J;7]. We then again use the equality (X*~1FA)[[¥; 'y]Ej] = Aly; 'y]?,j to get
the following derivation

A (Fal, £3:T, Tik  Arul, it t
<[777]1,]3y = l,j> ) f Uy - U4 W
QeI

b
L,j

—b _
A E <[’Y7’V]E,j7y’_>tlb,yf’_>utl),j> I‘f
Where we denote T', to be the context ([T;T]’,y : ¥¥~1*A4) and T'; to be the context

(T F]b>y cXRTLRAf m Y)

O

Note that this mutual induction is not structurally well-formed, as it requires to prove the
induction hypothesis for any type in any given monoidal ps-context in the case of terms. However
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this always decreases the depth of the terms, hence we can layer this induction by depth and
dimension, in order to prove that it is well-formed, similarly to the technique we have used
in Proposition 43 Importantly, along this proof, we have showed that given a monoidal type
= c e =b c e

T F A satisfying (Cmop') (resp. (Cmeo)), We have a type T' - A” satisfying (Cop) (resp. (Ceoh))-
Moreover, it is immediate from the inductive definition that given two monoidal types I' - A and
T I B both satisfying (Cmop') 0or (Ceon), if A’ = B°, then A = B, hence " defines a injection

— =b

from moniodal types in I' satisfying (Cmop) (resp. satisfying (Cmcon’)) to types in I' satisfying
(Cop) (resp. satistying (Cecon))-

The general folding operation. We now show that this association in fact defines a bijection,

that is we consider a type N satisfying (Cop) (resp. (Ceon)), there exists a monoidal type
A F B satisfying (Cmop) (resp. (Crmeoh’)) such that B’ = A. We call this type A the folding of
A and denote it A%, and we define it by induction as follows

* = x (t — u)f =% (t:>u)ﬁ:tﬁz>uu
*
df=z (opr, A7) = mopl: sz [7¥] (cohr a[y])* = meoht s[7%]

For the substitutions, we only define this operation in the case of a derivable whose target is a
ps-context

For the substitution A F (z — t) : (x : %):

(= t)f =]
For the substitution A+ (v,y—t, f—u): (T,y: A, f:x —~ )

Woas, (fouf)] A =x
(Y, y = th, f > uf)  otherwise

|

where in the first case, t is a term of dimension 0, hence it is necessarily a variable of A, and we
denote A< the context obtained from A by removing all the variables that are after ¢.

Lemma 155. We have the following results relating the introduction rules for the terms in CaTT
with the introduction rules for the terms in MCaTT

— For any type I' F A derivable in a ps-context I' in the theory CaTT satisfying (Cop), the
monoidal ps-context T* and the type A* satisfy (Cmop')-

— For any type I' = A derivable in a ps-context ' in the theory CaTT satisfying (Ceon), the
monoidal ps-context T'* and the type A* satisfy (Cmcoh’)-

Proof. We separate the two cases, for the side conditions of the two term constructors.

— Consider a ps-context I' F together with a type I - A satisfying (Cop) in the theory CaTT.
Then by definition of (Cop), we necessarily have A =t -
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— If B = «, then A® = x. Moreover, necessarily t and u are derivable and of type x in T,
hence ¢ and u are variables. The condition (Cop) then becomes Var(9~(T')) = {¢} and
Var(01(T)) = {u}, hence & (T') and &1 (T") are of dimension 0, so I is of dimension 1,
and thus I'* is of dimension 0 in MCaTT’. Hence (I'*, A*) satisfy the condition (Cmep)

— If B is not the type x, then A% = ¢# - uf. Then since 0~ (I'*) = (0~ (")), we have
Var(0~(I'*)) = Var(0—(I")) — Vj, where V} is the set of variables of dimension 0 in the
context T'. Similarly, Var(9+(I'*)) = Var(9+ (")) — Vo, and Var(B*) = Var(B) — V;,
Var(t!) = Var(t) — Vp, Var(u*) = Var(u) — Vy. The equalities between sets of vari-
ables given by (Cop) then gives the equalities Var(t*) U Var(B*) = Var(9~ (I'*)) and
Var(u®) U Var(B*) = Var(9*(I'*)), which shows the condition (Cpmop’)-

— Consider a ps-context I' b together with a type I' A satisfying (Ceon), then we can

decompose A =t ? U.

— If B = « then the condition (Ccon) imply that both ¢ and u are the same variable
z, and that T is actually the ps-context (x : ). In this case, the folded judgment is
[| F %, which by definition satisfies (Ccon)-

— If B is not the type *, then we have the equalities between the set of variables
Var(I'*) = Var(T') — V; Var(B*) = Var(B) — V,
Var(t*) = Var(t) — Vj Var(u®) = Var(u) — Vp
where Vj is the set of variable of dimension 0 in T, The condition (Ccon) then implies the
equalities Var(t!) U Var(B*) = Var(I'*) and Var(u!) U Var(T*), which imply (Cmeon’)-
O

In order to prove the correctness of the folding operation, we introduce a notion that is analogous
. . . —~P
to the (7, j)-fullness of a monoidal type, for a regular type in a context of the form A". We say
—_ —b . . —b . e .
that a type A+ A (resp. a term A ¢ : A or a substitution A" -~ : ') is full if in contains at

least a variable from each of the contexts in A. Contrarily to our prior convention, the type * is
now not full in any context.

Lemma 156. The fullness condition allows to perform induction, more precisely, we have

— The type Zb Ft -A+ u with A distinct from x is full if and only if A, t and u are full.

~ The substitution (A<,QAsy)" F Wix_, 7]+ T s full if and only if T is full and all the

terms of Gg are full for Ay,
Proof. If the type t 7 u, then it contains in particular a variable of dimension 0 in A which

for each of the contexts in A. these variables are of dimension 1 in A" and since by assumption
A is not «, they are necessarily of degree strictly positive, hence they appear inﬁVar(A)7 Var(t)
and Var(u). Similarly, If the substitution (A<; @A })” - W;Zq ~] : T is full in A<y, then since

all the variables in Var(vy) are in Asj, necessarily 7 contains at least a variable from each of
the contexts in ng, so it is full for this context. Moreover, since  contains at least a variable
from each of the context in Ay, it has to contain the variables o} and /A and these are the
only variables of dimension 0 possible in . Hence all the terms from + have to contain a math
between these variables, and such a path is necessarily full in A~ O
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Lemma 157. The folding respects the action of substitutions. More precisely, given a substitu-
tion AF~y:T

~ For every type I' = A, we have A[y]* = A¥[¥]
~ For every term T' =t : A of dimension non-zero we have t[y]* = t#[v4].
— For every substitution T - € : 2 whose target is a ps-context, we have (£ o y)f = &f o At.
Proof. We prove these by mutual induction
Induction for types:

— For the type I' - %, we have

— For the type I' -t — u, we have
*

— For the type I' - ¢ 7 u with A distinct from x we have
t— # #
((t = w)])* = t[] rvey uly]

(t — wlr’] =[] gy uf[yf]

and the result is given by induction, since the target of £ is the ps-context =
Induction for terms:

— For a variable term I' F x : A, denote ¢ = x[y], such that (x — t) € 7. Then since z is of
dimension non-zero, we necessarily have (x + t*) € 4*, which proves that t* = z[%].

— For a term of the form I' - opz 4[¢] : A[¢], we have
(op=, 4 [€][1])F = mopL: 4 [(€ 7))
(op=,4[€)*[7] = mopk. 4 [€°][+/]

And the equality comes from the induction.

— The case for a term of the from cohz 4[¢] is exactly identical.
Induction for substitutions:

— For the substitution I' F (x +— t) : (z : x), we have



— For the substitution T F (§,y — ¢, f = u) : (B,y: %, f: 2 — y), we have

({&y =t f = u) oy)F = [(€ o) (f = u[y]F)]
oyt frou)fort = onf f o uf ]
The induction for substitutions and for terms then gives the equality.

— For the substitution I' - (£,y — ¢, f — u) : (E,y: A, f : & — y) with A distinct from *,
we have
((Eom)ty = th], f = ul]®)

&yt frru)oy)t ]
(€ oty > Y], f > uf[])

&yt frru)font

The induction cases for substitutions and terms then give the equality.
O

Lemma 158. The folding operation preserves the derivability of the full judgments in ps-contexts.
— For any full type Zb F A, we have a derivation of A - Af
—b i
— For any full term A"+t : A, we have a derivation of A - tf : A

—
— For any full substitution A"+ v : T', such that T is a ps-context, we have a derivation of
AFAf:TE,

Proof. We suppose given a monoidal ps-contexts A Fps, and proceed by mutual induction

Induction for types: Note that the type x is not full, so the induction is in fact the following

—b . . . -~
— For the type A" + t — u, we have A¥ = %. Since we have a derivation of A F the
*

rule (x-INTRO) gives a derivation of A k- x.
-~ . .. . . .
— For the type A" ¢ 7 u with A distinct from x, we necessarily have derivations of the

judgments Zb A, Zb Ft:Aand Zb Fu: A Sincet 7 u are full by Lemma 156, so

are A, t and u. Hence the induction case for types gives a derivation of A Af and the
induction case for terms provides a derivation of A F ¢# : A and of A uf : A%, This lets

us apply the rule (—-INTRO) to get a derivation of A - ¢ .u> ul
A

Induction for terms:

— For a variable term A - x : A which is full, necessarily A is a single context [A], with
(x: B) € A, such that B(b)’1 = A. Hence by definition of the folding, we have A* = B, and

hence (x : A*) € A. The rule (VAR) then applies to give a derivation of A -z : A%,

~ For the term A F opp 4[y], then we necessarily have a derivation of I' - A, with A
satisfying (Cop). Up to renaming of the variables, we have that e — I, and we denote
A’ the type obtained from A by renaming the variables accordingly, so that we have a

derivation of T# + A’ satisfying (Cop). This implies in particular that A’ is full for
the monoidal ps-context I'%, and hence the induction case for types gives a derivation of
' - A" and by Lemma 155, this satisfies (Cmopr). Moreover, since the only variables
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in A that were renamed to get A’ are of dimension 0, we have that A* = A’ hence we
have in fact a derivation of I'* - A¥. Moreover, since the variables of the terms are exactly
the variables of v, and the term is full, so is 7, hence the induction case for substitution
gives a derivation of A F A% : T%. The rule (MOP’) then applies and gives a derivation of
A mopiﬂﬁ’Ati [v¥] - A¥[v#]. Then result is then given by Lemma 157

— The case for a term of the form cohr_4[v] is exactly identical.
Induction for substitutions:

— For the substitution A  (z + t) : (z : x),we have by definition (x — ¢)! = [] and

(v :%)f = []. Then ¢ is a term of dimension 0 in A, hence it is a variable, which cannot
appear in A. The fullness condition then implies that A = [], and the rule (MES) gives a
derivation of [ F [] : [].

— For a substitution of the form A+ (y,y ¢, f = u) : (T,y : %, f : © — y), we have the
*
following equalities

(ry o o, f o w) = g, (F e df)]
Ty ox fro—y) =[5 (f )]

where we denote A<y, the list constituted in the k first elements of the list A. The fullness

.- . . . —b . . . —b
condition implies that v is full for A_;, and we necessarily have a derivation of A, I,

hence the induction case for substitution gives a derivation of A<y F 4 : I't. Moreover,
we have A I, that we can split into A = A<, @A, and we necessarily have Ay, F, so
we can build the following derivation

>k (MS+)

ZS ’}/Fﬁ A
AF 0] %o

. N =~ . .
Moreover, we necessarily have a derivation of A" F u : z[y] — ¢, and since it does not use
*

variables of Ay, w is full in A~ . More precisely, we can rename the variables of dimension
. . . —b

0 of u by the transformation e,, ~ e, and get the term «’, which is such that A_; v’

and v’ is full. Applying the induction case for terms, we have a derivation of Ay I v’ ek,

and since u/f = u¥, we have in fact a derivation of A5y F u! : . This lets us build the

following derivation

Brbis, 01 (0500 F Bog b o
Ak g (f = uf)] s D5 (f 2 )]

(MSE)

— For a substitution of the form A F (y,y — t,f — u) : T,y : A, f : ~ y), with A
distinct from the type %, we use a similar reasoning. We first decompose (v)* as W;Z<k 1,

and split the context A into A = ng@ﬁ>k. Then we have a derivation of Zb F~y:T
which is full by Lemma 156, hence the induction case for substitutions gives a derivation
of A ~F : T%. Moreover, by Lemma 156 the terms ¢ and u are also necessarily full for
As. Denote B = A[y], then we can perform the renaming of the variables of dimension 0
given by e,, ~> e, _; on the type B and the terms ¢ and u in order to get the type B’ and
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the terms t’ and /. Then we have a derivation of A<, F ¢ : B’ which is full, and by the
induction case for terms provides a derivation of A + ¢# : B’%. Since t"* = t! and B"* = B,
and by Lemma 157, we have Bf = Af[y¥], so this in fact is a derivation of A I ¢# : A¥[#].
This lets us build a derivation as follows

AFAF T (T%,y: A) Aoy Fth: AHH
AF (Ffy = ) (T gy« AF)

(MSE)

We can now iterate this construction: denote s = z[y], then we have a derivation of
AL, Fau s = t' which is full, thus it provides by induction a derivation of the

judgment Asj, F u' : s — %) which is also a derivation of Asy F uf : x[yf] W th,
B’ Ab[y
This lets us apply the rule (MSE) and get a substitution as follows

ZF(ﬁ,yHtﬁ>:(Fﬂ,y:A) Fﬁ,y:A,f:x—>yF Z>kkuﬁ:x[7ﬁ]—>tﬁ

APyt fouf) My A fra—y)

Note that again this mutual induction is not structurally well defined, but we can layer it using
the depth of the judgments, in order to make it correct.

Flattening and folding. The two operations of flattening and folding that we have defined
are inverse to each other. More specifically, we can check that whenever we have a derivation
of T I A satisfying (Cmop') OF (Cmeon’), then we have (A°)¥ = A. Conversely, whenever we have
' - A satisfying (Cop) or (Ceon), then we also have (I'¥)” - (A%)” satisfying the same condition,
and additionally, we have proved that (')’ is equal to I up to a renaming of its variables of
dimension 0, up to the same renaming, (Aﬁ)b is equal to A. These proofs are straightforward,
but one seeds to take the same care about the indices in monoidal substitutions and the names
of the variables, as we have presented before, so we admit this result here. Since by convention
the term constructors do not distinguish between the renamings of the variables, the situation
can be described by the following equations

OpF,A = Op(Fu)b7(Aﬁ)b COhF’A = COh(Fn)by(Au)b

/ _ / h/ _ h/
mopf’A = mop(rb mco f,A = mco (7

), (AP V)%, (A%)>

5.3.4 Equivalence between MCaTT and MCaTT’

With the help of the folding and the flattening operation, we can define syntactic translations
between the theories MCaTT and MCaTT’. These translations are defined only for regular
judgments of the theory MCaTT’, and respect completely the structure of category with families,
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in fact they are merely a renaming of the term constructors.

Fo=0 F(D,z: A) = (FT,z : FA)
Fx=% (t->u) FtA%Fu
Fo=ux F(mOPr Al = Prﬁ,Au [idps oF']
F(mcohr a[v]) = mcohpy s [idps 0 F7]
F( =0 Fly,z = t) = (Fy,x = Ft)
and conversely
Go=0 G,z : A)=(Gl,z: GA)
Gx = * (t—>u) Gt—>Gu
Gr=u=x G(mcoh A[7]) = meoh, b [G(I17)]
(mopF A7) = mopg . [G(I1Y)]
G( =0 Gy, = t) = (Fy,z = Gi)

Correctness of the translation F. The translation F' takes a judgment of the category
MCaTT to a judgment of the category MCaTT’, in order to prove this we use the following
intermediate result

Lemma 159. The translation F respects the action of substitutions, more precisely, given a
substitution A+~ : T,

— For any type '+ A, we have F(A[y]) = FA[F7].
— For any term T'+t : A, we have F(t[y]) = Ft[F7].
— For any substitution T'F 6 : ©, we have F(§ o) = Ff o Fy.
Proof. We prove this result by mutual induction
Induction for types:
— For the type I' F x, we have x[vy] = %, and hence F'(x[y]) = %, but we also have F'(x)[vy] = *.
— For the type I' -1 7 u, we have the equalities

t _—
A th) F(ARD

(E(t —u)l] = (F1)[] Fonl (Fu)l]

The induction cases for types and terms then prove the equality, by showing that we have
F(AR) = (FA)W], F(th]) = (Ft)[y] and F(u[y]) = (Fu)[]

Induction for terms:

— For a variable I' F x : A, we necessarily have (z : A) € T', hence there is a mapping of the
form z — t in 7, ans we have z[y] = ¢, thus F(z[y]) = Ft. But the mapping « — ¢ in ~
also implies the existence of the mapping x — F't in F'y, hence x[F~] = F't, which proves
the desired equality.
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— For a term of the form I' - mopgry 4[0], we have the following equalities

F(mope 4[0][7]) = mopg; 4:[ide: oF' (6 0 )]
(Fmope,4[0])[7] = mope; 4: [(ide: 0F0) o F7]

The induction case for substitutions, along with the associativity of substitution then shows
the equality between these two expressions.

— Similarly for a term of the form I' F mcohgrw 4[], we have the following equalities
F(mcohe, 4[0][7]) = meohg: 4 [ides oF (6 0 7)]
(Fmcohe, 4[0])[y] = mcohgs 4:[(ide: 0F ) o Fv]

The induction case for substitutions, along with the associativity of substitution then shows
the equality between these two expressions.

Induction for substitutions:

— For the empty substitution T'() : &, we have () oy = (), and hence F({) o) = () and also
F()ovy =)
— For a substitution of the form I'F (§,z — t) : (©,x : A), we have the following equalities

F({f,z—t)oy) = (F(0on),z— F(t[y]))
F({f,z—1t))oy=(Fo~,z— (Ft)[])

The induction cases for substitution and terms show that F(f o y) = Ff o Fy and
F(t[y]) = (Ft)[v], which proves the equality between the two previous expressions.

O
Lemma 160. The translation F preserves derivability

— For any context T in the theory MCaTT, the context FT F is derivable in MCaTT

For any type T' - A in the theory MCaTT, the type FT - FA is derivable in MCaTT

For any term T' = t : A in the theory MCaTT, the term FT + Ft : FA is derivable in
MCaTT

— For any substitution A F v : T in the theory MCaTT, the substitution FI' &+ F~ : FT is
derivable in MCaTT

Proof. We prove this by mutual induction
Induction for contexts:

— For the context @ -, we have F@ = &, and the rule (EC) gives a derivation of & I-.

— For the context (I',x : A), we have a derivation of I' F and a derivation of I' - A, which
by the induction cases for contexts and types give a derivation of FT' - and of FT'+ FA.
The rule (CE) then applies to provide a derivation of (FT',z : FA) F.

Induction for types:

— For the type I' - x, we have a derivation of I" I, which by the induction for contexts gives
a derivation of FT', and the rule (x-INTRO) then applies to give a derivation of FT' I x.
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— For the type ' -t 7 u, we necessarily have a derivation of I' = A, which by the induction

case for types gives a derivation of FT' -+ FA. Moreover we have derivations of ' F¢: A
and I' - u : A, which by the induction case for the terms gives a derivation of FT' - F't : F A
and of FT'F Fu: FA. These let us apply the rule (—-INTRO) to construct a derivation of

FI'- Ft — Fu.
FA

Induction for terms:

— For a variable term I' - = : A, we have a derivation of I" I, which by the induction case
for contexts gives a derivation of FT' F. Moreover the condition (x : A) € I' implies that
(z: FA) € FT, hence the rule (VAR) applies and gives a derivation of FT Iz : FA.

— For a term of the form A = mopp 4[7], we have a derivation of I' - A satisfying (Cop),
hence, by Lemma 158, this gives a derivation of I'* - A* satisfying (Cmop). Moreover,
we have a derivation of A F ~ : lF, which by the induction case for substitution gives
a derivation of FA + Fy : F(|I'). By Lemma 149, we have F(|I') = |I' = II(I'¥), and
Lemma 143 shows that we have a derivation of II(T'*) - idps : T, hence the substitutions
compose and give a derivation of FA F idp: oF~y : T'%. This lets us apply the rule (MOP’)
to get a derivation of F'A - mopp, ,,[idr: oF™].

— Similarly for a term of the form A F mcohr 4[], we have a derivation of I' - A satisfying
(Ceoh), hence, by Lemma 158, this gives a derivation of I'f - A* satisfying (Cmcon’). More-
over, we have a derivation of A F v : lF, and the induction case for substitutions together
with Lemmas 149 and 143 give a derivation of FA F idp: oFy : T'*. The rule (MCOH’) then
gives a derivation of FA mcohfﬁ’Au [idrs oF7].

Induction for substitutions:

— For the substitution A F () : &, we have a derivation of A F which by induction gives a
derivation of F'A F, and applying the rule (ES) provides a derivation of FA + () : @.

— For the substitution A F (v,z — ¢t) : (I'z : A), we necessarily have a derivation of
AF~:T,of (T,xz: A)F,and of A - ¢ : Aly]. By the induction cases respectively for substi-
tution, for contexts and for terms, these give a derivation of FAF Fvy : FT, of (FT,z : FA)
and of FA + Ft : F(A[y]). Since by Lemma 159 we also have F(A[y]) = FA[F~], the
rule (SE) applies and gives a derivation of FA & (Fy,x — Ft): (FT,z: FA).

O

We can reformulate this result in a more categorical way. Indeed all these results show exactly
that F' defines a morphism of category with families between the syntactic category SmcatT and
the syntactic category SmcaTtt-

Correctness of the translation G. We follow the same reasoning as for the translation F' to
show that the translation G also respects the derivability, and defines a morphism of categories
with families. The proof follows the exact same steps as for F', since F' and G are defined the
exact same way on the syntax, replacing the folding by the flattening, and we have proved that
both the folding and the flattening satisfy the same lemmas, so we do not present it here.
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Cancellation of F and G. We now prove that the translations F' and G are exactly inverse
to each other

Lemma 161. The following result hold
— For every context I in MCaTT, GFT =T
— For every type A in MCaTT, GFA=A

For every term t in MCaTT, GFt =1t
— For every substitution v in MCaTT, GFvy =~

Proof. We prove this by mutual induction. The structure of the proof is exactly similar to the one
of the previous proofs, as F' and G respect exactly all the structure of categories with families, and
the type constructors, so we only present the induction case for the term constructors, and since
the two cases for term constructors are very similar, we only present the case of the constructor
mop.For the term constructor mopr 4[v], we have

GF(mopr 4[7]) = G(mopp; s [idrs o F'y])
= mopruy» (4t [G(IL(idps 0F))]
Since moreover we have

I(idps oFy) = I (idps) o Fy
= ldr OF’)/

the previous expression simplifies to
GF(mOPr,A[“Y]) = MOP(r#yb (At)b [GFY]

The induction case for substitutions and the equalities for the term constructors then give

GF(mopr 4[y]) = mopr 4[]

Importantly, we consider the indexes I', A for the term constructors mop and mcoh up to renaming
of the variables, so even though the contexts T’ and (') have different variables they have the
same structure. [

Lemma 162. The following result hold

— For every context I in MCaTT , FGT =T

For every type A in MCaTT , FGA = A
For every term t in MCaTT , FGt =t

— For every substitution v in MCaTT , FGy =~
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Proof. Again, we prove this by mutual induction, and only present the case of the term con-
structor mop’, since the case for the other term constructor is extremely similar and all the other
cases boil down to the fact that F' and G preserve all the structural operation of the type theory,
along with the rules for types. For the term constructor mop’i AW], we have

FG(mopg ,[7]) = F(mopg ,, [G(IT7)])

= mop [id oFG(II7)]

!
(T%), (%) 0 (T

By our previous discussion, this simplifies to
FG(mopls ,[5]) = mop). , lidoF G(I17)]
The induction case for substitution then shows
FG(mops ,[7]) = mop) i o(I17)]
— mopt 7]
O

These two previous lemmas can be reformulated in a more categorical way, as the following
theorem

Theorem 163. The morphisms of categories with families F' and G are inverse isomorphisms
between SpycatT and SypcatT

This shows that the theories MCaTT and MCaTT’ can be considered to be the same in the
strictest sense possible, and from now on we consider that the difference between MCaTT and
MCaTT’ is merely a choice of implementation.

5.3.5 Examples of derivations

Here are few examples and counter-example of derivable terms in MCaTT, to illustrate how they
describe monoidal weak w-categories.

— Monoidal product: we can define the monoidal tensor product in MCaTT as the coherence
prod := COhj(:u);(y:x)] +

By composing with a substitution, for every objects ¢ and u (of type %) in a given context I,
we can form their tensor product as

'Fprodtu:x

— Associativity of monoidal product: similarly, we can define the valid coherence

assoc = COh[(z:*);(y:*);(z:*)],prod z (prod y z)—prod (prod z y) z

Using this coherence, for every object ¢,u and v (of type x) in a given context I', we can
form a witness of associativity

't assoc t uv:prodt (prod u v) — prod (prod t u) v
*
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— Neutral element: it is also possible to derive the neutral element for the monoidal product,
which can be viewed as a nullary monoidal product. It is defined as a coherence

e = coh[],*

In any context, one compose with the empty substitution, in order to get the term wit-
nessing the neutral element.
Fkel:*

In order to simplify the notations, we may simply denote e in any context, and omit the
empty substitutions [] which carries no information.

— Cancellation witness: one can also prove in MCaTT that the term e is indeed a neutral
element for the monoidal product, here for instance on the left. This is done by the
coherence

l-unit := COh[(:L’:*)],(prod e x)—x

This coherence can be used to derive, for any object u in a context I', the following witness
of left unitality of e
Pt 1l-unit u: (prod e u) = u

— Functoriality of monoidal product: The following coherence defines the functoriality for
monoidal product

funl := COh[(m:*,y:*,f:a,’*)y);(z:*)],(prod z z)—(prod y z)

Given any three objects u,u’,v together with a term ¢ of type u — u' in a context T,
this coherence can be used to derive a witness for the functoriality of the monoidal tensor
product on the left

[+ funl t v: (prod u v) — (prod u’ v)

— Symmetry of the monoidal product: note that the same idea does not apply to derive the
symmetry of the monoidal product. Indeed, if we try to build a witness for symmetry, it
would be a term

sym = COh[(w:*);(y:*)],prod T y—prod y T

It turns out that the list [(z : *); (y : %)] F [(y); (z)] : [(z : %); (y : %)] is not a valid substitu-
tion, which makes the judgment [(z : *); (y;%)] F prod y = not derivable. So the term sym
is not derivable in MCaTT. This is a safety check, since the internal language for monoidal
categories is supposed to be unable to derive a witness for commutativity.

5.4 Towards k-tuply monoidal weak w-category

We generalize the type theory MCaTT to model k-tuply monoidal categories, following the exact
same principle as before, and call k-MCaTT the globular type theory we obtain this way. However,
proving that the models of k-MCaTT are equivalent to the models of CaTT that have only one
object in all the dimensions up to k turns out to me significantly more complicated, and we do
not provide a proof of this fact here.

Syntax. We can define the theory k-MCaTT from CaTT by iterating the construction we have
presented to obtain the theory MCaTT from CaTT. We denote ymop and pmcoh the two term
constructors corresponding to op and coh for k-tuply monoidal categories.
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The k-fold desuspension on Spso. We start by defining the k-fold desuspension as an
operation on the syntax, that is only valid for derivable judgments in the theory CaTT

For the context @ For the context (I'yz : A)
lo=e PEA={ i oo
For the type I' - % For the type I' - ¢ 7 U
* ifdimA<k-—1
lk* =* lk (t 7 u) = lk’t —_— lku otherwise

Lra
For a variable I' -z : A For the term A - opp 4[] : A[Y]
Ve =z Fopr,aln] = kmopp 4[]

For the term A b cohp a[v] : A[7]

[Feohr a[y] = kmeohr [ [*4]
For Ak {(): @ For Ak {(y,x—t): (T,z:A)
[0 = Foemt={ o ors 1y omion |

Introduction rules for the theory k-MCaTT. The introduction rules for these term con-
structors can be expressed using the k-fold desuspension operation.

Ik, TFA ArF~y:|FT
At gmopr 4 : (1* A

whenever A satisfies (Cop),

Fhes THFA  Aby:[FT
A+ pmcohp 4 : (lk A)[]

whenever A satisfies (Ceop)-
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Chapter 6

Cubical weak w-categories

6.1 Type theory for pre-cubical sets

We now present another variation of the theory CaTT that aims to define structures similar
to weak w-categories, but based on cubical shapes rather than on globular ones. To achieve
this, we first present the pre-cubical sets, that we use as support for these structures. Our
strategy is then to carry over the intuitions that we can grow from the theory CaTT to this
structure, and propose directly a type theoretic definition. We then study this definition to
extract a mathematical description of its models that serves as a new definition of cubical weak
w-categories.

6.1.1 The category of pre-cubical sets
We define the pre-cube category and the category of pre-cubical set as an alternate shape for

working with higher structures. Our presentation is inspired by [38].

The pre-cube category. We denote by [J the pre-cube category. It is the free completion by
monoidal product of the category

One can give a more explicit definition of the pre-cube category, by giving a presentation of this
category.

_
oo g1
g0 g1 o2
0 [0] (1] [2] 3]
70 To To
T1 T1
_
T2
subject to the cocubical relations, for all j < i
0j0; = 0410 0T = Ti4+1035
Tj0; = 034175 TiTi = Ti4+1Tj
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Shifts in [J. Notice that the category [ has a non-trivial faithful endofunctor shift.

shift : O — O
[i] — [i+1]
g, Oit1
T Ti+1

The well-definedness of this functor comes from the fact that the cocubical relations are invariant
under the transformation (i,5) — (i + 1,7+ 1)

Pre-cubical sets. We now define the category of pre-cubical sets CSet as the presheaf category

over the category U R
CSet = 0 = Set”

more explicitly, a pre-cubical set X4 is a collection of sets Xg, X1, Xs, - -, together with families
of maps 9;,0; : X,, = X1 (0 <i < n), satisfying the following cubical relations, that are
dual to the cubical relations:
0,07 =05 04
o 07 = 0507,

0y 0 =007,

oFoF = ot o7,

The elements of the set X,, will be called the n-cells of the pre-cubical set X. The 0-cells are
also called objects of X, and the 1-cells are also called arrows of X.We will refer to finite cubical
sets as (cubical) diagrams, and we may give a graphical representation for such diagrams. For
instance, the following diagram

ey 2,

kl U,a J{l
y/ . o - w'
g9

represents the pre-cubical set X with Xo = {z,y,2,v,2,w'}, X1 ={f, 9,9, 0, k, 1}, Xo = {a},
and X-o = (), together with the maps given by

[ f=y

gy gz 0y (@) =k
o . 9 gz () =1
O Bz h—w' O (a)=g

ky k—y of () =¢'

l—z =2

Shifts of pre-cubical sets. Let X : 0°° — Set be a pre-cubical set. The endofunctor

shift : 0 — O induces another pre-cubical set shift*(X) = X o shift. The object of shift*(X) are
exactly the arrows of X, and more generally the n-cells of shift*(X) are exactly the n + 1-cells
of X.

shift* (X)), = Xp41

218



6.1.2 Type theory for pre-cubical sets

From our presentation of the direct category [J, we can extract the type theory Tm. For integer
i € N, there is a type constructor —,, of arity 2n, that we denote with n arguments on the left
and n arguments on the right like in the following expression (¢1,...,t,) —n (u1,...,u,), and
similarly to the type theory GSeTT, we denote x for the type —¢. These type constructors are
then subject to the following introduction rules

'k IHt:x I'Fwu:x
I'Fx 't —1u

I'kFto:xz—1y 'bt1:x—1 2 I'tug:2z—>1w F'Fu:y—1w
Fl—(to,tl) —9 (uo,ul)

and so on. The rules becoming increasingly complicated as the dimension increases, this type
theory is complicated to study and to implement. We give an alternative presentation for the
type theory Tp, inspired from cubical type theory [29], and which treats the dimensions more
uniformly.

Signature. Our new presentation of the type theory T uses a new kind of variables, that we
call dimension variables or direction variables of which we suppose given a set D. The terms and
types may now have free dimension variables, and the constructors Path  binds those variables.
In our presentation I always denotes a list of dimension variables, and the dimension variables
are always denoted ¢,7---. We define a term t to be either a variable x € V, or of the form ti,
with ¢ a term, and 7 € D, and a type, to be either x, or of the form Path® A ¢t u where i € D, A
is a type, and t,u are terms.

Judgments. We introduce four kinds of judgments that are similar from our previous judg-
ments, except that they account for the dimension variables. This is done by indexing the
judgment by a list of dimension variables I, and we then denote ; the corresponding judg-
ments.

'k The context I' is valid

I'H A The type A is valid in the context I', with direction variables I
I'F;t: A The term ¢ is of type A in the context I', with direction variables I
I'Fo: A The substitution o is from I' to A

When the list I is the empty list, we will write - instead of -7, and we call a type A such that
'+ A is valid (resp. a term ¢ such that I' - ¢ : A is valid) a closed type (resp. closed term) in the
context I'. We are interested in the closed judgments in this theory, and see the judgment with
free dimension variables as intermediate steps to compute closed ones.

Variable replacement. For a term ¢ (resp. a type A) and two dimension variables 4,7, we
introduce the term t[r/i] (resp. the type A[r/i]) obtained by formally replacing all occurrences
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of the dimension variable ¢ by r. This is inductively defined by

For terms:

x[r/i] = (x is a variable)
(t i)[r/i] = tr

(t j)lr/i] = (tr/i) j (J #14)

For types:

*[r/i] = %

(Path! But)[r/i] = Path’ Bulr/itr/i] (j# 1)

(Path" Bu t)[r/i] = Path" B[r/i]tu

Typing rules. We consider the following typing rules for our type theory. These rules are very
similar to the general rules for a type theory, but we add the possibility to have free dimension
variables. We also add a rewriting rule that makes explicit the computation on dimension
variables.

For contexts:
kA x ¢ Var(T)

ok T,z : A) F
For types:
' Pk A L tyto: AJ0/1] [kt AlL/d]
[Frx Ik, Path® At t;
For terms: _
NS (x:A) el T byt Path® A ug ug ré¢l
T,z: A kFx: A Ikrptr: Alr/i
For substitutions:
AR AkFo:T '+A Akt: Alo]
AR : o AF{o,z—1t): (T,x: A
Rewriting:

Dhpt:Path’ A ug u
Thrte~ u: Ale/i]

(e=0,1)

Dimension. A type A of this theory come along with a notion of dimension denoted dim(A),
which is the height of the nested types. It is formally defined inductively as follows

dim(%) = —1 dim(Path’ At u) =dimA +1

Given a term ¢, together with a context I' such that I' - ¢ : A holds, then we define the
dimension of term ¢ in the context I'. In general the context I' is clear, and we will often write
dim ¢, unless we want to emphasize that the definition of this dimension fundamentally relies on
the context. We also define the dimension dim(T") of a context I' to be the maximal dimension
of all its variables

dimp(t) =dimA +1 dim(zg : Ag, -+ ,opn : Ap) = max {dim(4;)}

3
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Terms with free dimension variable. Notice that if we have a term ¢, such that ' ;¢ : A
holds, the only way possible for this judgment to be derivable is if there is a term ¢’ such that
I' bt : Path® B tg t; holds, and ¢t = t' i. This allows us to define an extraction function e,
which from a term with a free dimension variable extracts a closed term. We define € as a partial
function

et )=t

and by the above discussion, the following rule is admissible

Fke(t): B

and by the same argument, there is a more general rule

F}_[’TtZA
Ckre(t): B

In particular, from this composing this function n times defines a one to one correspondence be-
tween the terms of dimension 0 with n free dimension variables and the closed terms of dimension
nin I'.

Sources and target of a term. Given a type A = Path’ B t u, we define inductively its
sources and targets, in various directions. In the categorical point of view, the number of source
and target function depends on the dimension of the type, but here we will instead define the
sources and targets for all indexes as partial functions on types, in order to have an easier
inductive definition (the cases that are not specified here correspond to cases where the function
is undefined).

t Ifn =dimB+1

On (Path” Bt u) = { €(0,,(B)) Otherwise

U Ifn =dimB+1
€(0;7(B)) Otherwise

n

dF (Path’ B t u) = {

Notation. For the sake of simplicity, given terms tg,---,t, and ug,:-- ,u,, we may write
(to, -+ ytn) = (ug, -+ ,uy) for the iterated path type

Path’ (Path? - (t,_1 %) (Un—1 7)) tn Uun

so that the dimension of this type is given by dim ((¢g, - ,tn) — (uo, - ,u,)) = n and all its
sources and targets are given by the following equations

07 ((to, -+ »tn) = (u0, -+ s un)) = i

aj((t()v e 7t’n) — (U(), T 7un)) = Uy;

We can then check that the introduction rules for the types — are exactly the introduction for
the type —,, obtained as the theory T constructed from the direct category [J. We illustrate
this fact in dimension 2: Consider the type

I+ Path’ Path?  (to i) (ug i) t1 uy
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then we necessarily have a derivation for the following judgments
I+, Path? % (to 1) (ug ©)
L'ty : Path! % (t5 0) (ug 0)
Dk Path? % (o 1) (ug 1)
The first of these derivations implies that we have a derivation of
Thitgd:x I'Fug i x
Which necessarily gives ¢y and ug of the following form
Tk to:Path’ %ty t& Tk ug:Path! % uy ug
The second and the third of the previous derivations then rewrites as
Tkt :Path! % ty ug T Fuy:Path? « td uf

Hence the terms tg, ug, t1, uq satisfy the cubical relations

t_ t1 —
0 > Ug

o) [

+ +
by —ar Yo

Conversely, given four terms satisfying these relations, we can reconstruct the type
[+ Path’ (Path’ (¢ i) (u o) ) t1 uy

This correspondence works the same way for terms of higher dimension, but is more involved to
follow.

Syntactic category. We consider the syntactic category St to be the category whose objects
are all contexts I' F, and whose morphisms A — T' are closed substitutions A + ~ : I'. This
category is equipped with a structure of category with families, by choosing Ty' to be the set
of all closed types I' H A, and Tmi to be the set if all closed terms I' - ¢ : A. Our previous
remark shows that this syntactic category is isomorphic to the syntactic category of the theory
Th associated to the direct category . For this reason we denote St both syntactic categories.
Our study of the theory T for any I shows the following, as an application of Theorem 113

Theorem 164. The syntactic category St is equivalent to the opposite of the category of finite
pre-cubical sets.

Models. Again, our study of the theory 77 in general, shows the following as a special case of
Theorem 114

Theorem 165. The category of models Mod (Sty,) is equivalent to the category of pre-cubical
sets
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6.1.3 Functorialization in the theory T

We introduce two meta operations in the theory T that are the cubical analogue to the sus-
pension and the functorialization. Note that in a cubical setting, the suspension does not make
immediate sense, as it would generate cells that are not allowed, as we show on the following
diagram

L.
. ~_

Instead we replace our notion of suspension by another operation that we call extrusion. We first
describe the notion of functorialization, as it stays closer to the definition we have presented in
CaTT, and gives intuition to understand this new operation.

Intuitive description. The intuition for the functorialization is similar to the intuition of the
functorialization in GSeTT: we duplicate a cell, and create a higher cell whose source is our
original cell and whose target is the duplicated cell. Given a cell z, we denote ™ its duplicate
and & the higher cell that connects them. The difference however is that in order to functorialize
with respect to a cell, we need to functorialize inductively the lower cells from which it is built.
We give a pictorial example of the process of functorialization, along with its result

Definition. In order to define the functorialization, we suppose that we have enough fresh
variable names at our disposal, and we chose a set X ofavariables, with respect to which we
perform the functorialization. We then define a context I'* that we call the functorialization of
T with respect to the set X, together with two substitutions ¢, (") and 1, (T)

oX—g
(T, A)X— (TXa,z: Azt : Afsx, (T)], & : Path’ Ay zt) IfreX
T (TX x: A) Otherwise
where X4 = X UVar(A), and the operation 72 on types is defined by
Fi=x Path’ A 2 y =Path’ A (x i) (y 1)
%.

Path’ A z y =Path® A[k/d]" (z i) (y )

and the substitutions ¢ and s are defined by

tx (2)=() tx(Tyx s A)=(1,(T),z — x)
swx (9)=92 swx(Tyz: A)=(x(T), 2z — 27T)

Since we do not use this operation, any further and only present it to illustrate possible con-
structions in this theory, we admit without giving a proof that it only produces valid terms.
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6.1.4 Extrusion of a variable

We now describe the other meta-theoretic operation that we use on the theory 7. This operation
that we call extrusion is a bit analogous to the suspension in the globular setting, but has to be
adapted a lot to be definable in the cubical setting.

Intuitive description. Intuitively, the idea is similar to the suspension, in that we increase all
the dimensions of the cells by 1, except that we cannot perform this anymore by simply adding
two new points. Instead, we add two new entire copies of our context, and we reinterpret our
context as higher cells in between these two copies. In order to emphasize the similarity with
the functorialization, we reformulate this procedure as adding a copy of our context and higher
cells to fill the gap thus created. The difference with the functorialization is the direction of the
higher cells we add. We again denote for a cell x, its new copy z*, and the higher cell #. This
operation can be described pictorially as follows

X X L} SC+
fl ~ fl Uy lf*
y y—— vyt

Definition. We again assume that we have as many fresh variable names at our disposal, and
define a fixed set of variables with respect to which we perform the extrusion. For a context I,
we consider a set of variables X that is downwards closed, i.e., , if a variable 2 € X is in Var(T'),
so are all the variables of its type are in X. We denote X yI" the context obtained by extrusion
of I with respect to the variables of x, that we define as follows

Y@ =0
3 F,x:A,x*:A*,f:Ez’gﬁA IfrxeX
Bx(Tow:4) = { EEiF,x t A) ) Otherwise
Yaby =Path’ « ab  X*P(Path’ Atwu) = Path’ (2@ D0 DA4) St By
Sz =7 S(ti) = (St)i
where A% is defined by
*T =% (Path” At u)t = Path’ AT ¢t ot
v =2t (ti)t =tti

Correctness. We have defined this operation purely syntactically, but we can check that it
only yields valid judgments in the theory 7. More precisely, we have the following result

Lemma 166. The extrusion preserves the derivability of judgments, for a context I - together
with a set X downwards closed in T':

— There is a derivation of ¥y I' F-.
— For any type I' 1 A, there is a derivation of ¥y I' -1 A.

— For any term I' =1 t : A, there is a derivation of X't : A.

For any type T b1 A with Var(A) C X, there is a derivation of 3T 5 A*.

— For any type T by t : A with Var(t) C X, there is a deriwation of ¥ T byt : AT and of
S Dy St nith A,
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Proof. We prove these results by mutual induction, the presence of the dimension variables make
the proofs a little more involved.

Induction for T F:

— For the context @, the derivation is given by the rule (EC).

— For a context of the form (I',z : A) F with x ¢ X, by induction we have ¥, I' I and
Y «T'F A so the rule (CE) applies and shows X ((I',z : A)) F.

— For a context of the form (I',z : A) F with x € X, we have by induction ¥, I'  and
Y «T'F A, hence rule (CE) gives (X yI',xz : A) . Moreover, the induction gives a derivation
of ¥4I - A", by weakening and applying the rule (CE) this provides a derivation of

(EyT,z: Az : AT) F. So it suffices to prove that we have a derivation of ¥ T' LA
and applying (CE) then gives a derivation of ¥ (T',z : A) . We prove this by case analysis
on A:

— For the type A = %, we have (I',x : A,z" : AT) = ([, z : ¥, : %), hence we have a
derivation of (I',z : x,27 : %) F z : x and of (T,z : %, : x) - " : x. These give a
derivation of '

(T,x: %, 2% : %) F Path" z 2

which is exactly the type DL

— For the type A = Path’ B t u, we have a derivation of I' - ¢ : B[0/i] and of
'k w : B[1/i], which by the mutual induction give derivation of the following judg-
ments

S TSt 2t (Blo/i]]) S0 F Su: 2w (B[[1/d])

Since moreover ¢t = x 0, tT = 2+ 0, v = 1 and ut = zT 1, substituting these
equations into the previous judgments and factoring the variable replacements shows
that we have in fact derivations of

S D ESt: (8@ D@ OB 0] BTk Su: (RE@ 2@ DB)[1/)
So this lets us construct a derivation of
ST F Path! 2 D:7 ) p w¢ 7y
which is exactly the type yeet 4

Induction for I' i A:

— For the type I' k-1 x, we necessarily have I" F hence by induction ¥ I" I, so we have
YT F =

— For the type I' F; Path’ A t u, we necessarily have the judgments T'7; A, T' 7t : A[0/i]
and I' b7 w = A[1/i], so the induction gives the judgments X I' F;; A, BT F; ¢ : A[0/d]
and X T F; u: A[1/i], which prove

STk Path” Atu
Induction for T'F;t: A:

— For a variable term I' - x : A, we necessarily have I' - and hence by induction ¥ TI" F-.
Since moreover we always have (z : A) € £ T, this proves X'z : A.
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— For a term of the form T Fr; t j : A[j/i], we necessarily have T' F; ¢ : Path® A ug g,
which by induction provides a derivation of ¥ I' b7 ¢ : Path® A ug uj, hence we have a
derivation of X T' by ; t j: A[j/i].

Induction for T 1 A with Var(A) C X:

— For the type I' k1 x, we have already proved that we have ¥ I' - x, which rewrites as
DI R

— For the type T' by Path’ A ¢ u, we necessarily have T' Fr; A, T k7 t : A[0/i] and
I'brw: A[1/i], so the induction gives the judgments X T' F;, AT, BT+, ¢+ : A[0/d]
and X'y ut : A[1/i]". Since moreover A[r/i]t = A*[r/i], this gives a derivation of

YT ky Path” AT ¢+ ot

Induction for I' byt : A with Var(t) C X:

— For a variable term I' - x : A, we necessarily have I' - and hence by induction ¥ I" F-.
The variables condition then implies that z € X and thus we have (z7 : AT) € T, this
proves

Syl kFazt: At

Moreover, we also have (X : s’ A) € T, hence this gives a derivation of
S T HSa: 55 A4

— For a term of the form I' F;; t j : A[j/i], we necessarily have I F; t : Path® A ugy uq,
which by induction provides a derivation of X T F; ¢t : Path® A% ud u], hence we have
a derivation of

Sl b tt j: AT/

Moreover, the induction also provides a derivation of X T' by 3t : St (Path’ A ug uy),
which by definition of the extrusion gives ¥, ' by St : Path’ £(t 0.7 DA ¥(ug) S(uy).
Hence, we have constructed a derivation of

STk St g 200D 45/4)

6.2 Type theory for cubical w-categories

We now define a type theory that we call CaTT to describe a structure of weak w-categories
in the cubical setting described by the theory T, similar to our definition of the type theory
CaTT.

6.2.1 Ps-contexts

We start by defining a notion of ps-context adapted to the cubical framework, analogous to the
notion of ps-contexts for globular categories. Intuitively this notion classifies contexts that form
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a complete grid, as in the following examples

p
P
P

=
=
P

0ei—— 00— @
Oi—— @0<—— O
Oi—— @0<—— O
Oi—— @0<—— O

and rejects the context that form a grid where a square is missing, even if it is a square in a
corner, as in the following example

ERENEN
Pl

Judgments. We introduce two new judgments to describe these ps-contexts, that we denote
and interpret as follows

I ps The context IT' is a ps-context
s X The context I' is a ps-context whose dangling border is X

The judgment I' ks X has a set of variables X on the right, intuitively, we build ps-contexts
dimension by dimension, and we accumulate the information about the border of the context I"
in the set X, in order to always extend the context along a complete border.

Inference rules. We now define the rules to check that a given context is a ps-context

T hps X
——(PsS) o= o7 (PSE)
l‘:*l—ps ZXFFst
Iips X I ps

PS PS+
I Fps 9 Sr Fos Var(r)+( )

where the set XT is the set {z :xz € X}, denoting ™ the new copy of X coming from the
extrusion on the left of the rule. Note that we denote z+ a new variable that does not need to
be literally named z+. This is important because we might compute the extrusion with respect
to the same variable = several times, producing a new copy of x every time, all of them having
different names, and thus the notation xt is always given relatively to a particular extrusion.
We now give an example of a derivation for this judgment, where in the graphical representation,
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we circle all the variables that appear in the set X of the judgment I' Fps X

graphical representation | judgment
x (@ %) Fps
z%@ (z: %,y : % f: Path’ x = y) oo {y}

" f y g @

(x:

*,y % f:Path’ x zy,z:%g:Path’ x y 2) Fps {2}

cx,y ik, f i Path’ % xy, 2 :%,g: Path’ % y 2) bpe

sk, %, f:Path’ % 2 y,2:%,g: Path’ % y z,

cx,y ok f i Path’ % @/ yf 2%, g/ : Path’ % o/ 2/,
: Path’
: Path’
: Path’
{=,y/,

* x T,

* y o, Path’ Path? % (f i) (f' ) fo fy,
* z 2/, : Path’ Path! % (g i) (¢ i) fy f2)
f/7zl7g/}

cw,y ik, f i Path’ % 2y, 2:%g:Path x y z,

cx, ) sk, f i Path’ « 2 o, 2'%, ¢ : Path® * ¢/ 2/,
: Path’
: Path’
: Path’
. *’ y//
: Path’
: Path’
: Path’

* x ', ‘ ‘
* yy',a:Path® Path! « (f i) (") fu fy,
* z 2,3 : Path’ Path! * (g4) (¢’ i) fy -,

R A Path’ x 2 y' 2 %, g" Path’ x y" 2,

* z' z”,
*x y' y, o : Path’ PathJ: * (f" 1) (f"9) gz gy,
*x 2/ 2", 3" : Path' Path? x (¢’ i) (¢" %) gy g-)

{‘,‘vll’yll7 f,/7Z//,g//}

cw,y ik, f o Path % 2y, 2:%g:Path x y 2,

cx, ) sk, f o Path’ « 2 o, 2'%, ¢ : Path® * ¢/ 2/,
: Path’
: Path’
: Path’
N T
: Path’
: Path’
: Path’

* x

*yy,a: Path’ Pathj (f i)(f" i) fo fy,

* z 2/, Path’ Path? « (g i) (¢ @) f, [,

*, f// . Pathi - y”,z”*, g// . Pathi * y// Z”,

* z' x”,

* 1y y o Path® Path’ * (f"3) (f" 1) gz 9y,

* 2/ 2", 3" Path’ Path! % (g' i) (9" i) gy =) Fps

Sources and targets of a pasting scheme. Similarly to the case of CaTT, we define notions
of sources and targets of a ps-context, but since we are now working in a cubical framework,

228



a ps-context may have more than one source and one target. More specifically, we introduce the
judgment I' ko, to be equivalent to I' Fps and dimI' = n. We can then define n source and
targets for any ps-context I' such that T Fps ., we denote 0y (T'),...,0,_;(I') for the n sources

and 9y (T),...,0; (T for the n targets. We define these operations by mutual induction on
the derivation of a judgment of the form I' F,s X, and on the derivation of a judgment of the

form I' -ps. We first define the sources, with the condition that ¢ < dimI’
For the judgment T" pg X

— For a derivation obtained by application of the rule (PSE), the judgment is necessarily of
the form 3 T' Fps X1 and we have a derivation of ' Fps X, and we define

9y (T Fps X) Ifi =0

0; (I'Fps X)) Otherwise

07 (54T Fps X*) = (
XnNVar(9; (T'))

— For a derivation obtained by the rule (Ps+), the judgment is necessarily of the form
3T Fps Var(F)Jr and we have a derivation of I' s, and we then pose

Oy (T kps Var(I')) =T 0,

i+1<F Fps Var(I')) = 0; (I Fps)

For the judgment I' Fpg:

— For a derivation obtained as a single application of the rule (PSS), the context is necessarily
(x : %), which is of dimension 0, and the requirement that ¢ < 0 implies that there is no
source to define in this case.

— For a derivation obtained by application of the rule (Ps), we necessarily have a derivation
of I' ks X, and we pose
o (T }_PS) =0; (T Fps X)

Similarly, we define the notion of target of a ps-context by induction mutual on the derivation
of a judgment I' s X and on the derivation of the judgment I -y, for all ¢ < dimT".
For the judgment I' ks X:

— For a derivation obtained by application of the rule (PSE), the judgment is necessarily of
the form X T' Fps X and we have a derivation of I' b, X, and we define

O (BxThps XT) = X o =0
(XD Fps ) = ZXmVar(aj(F))(a;r(F Fps X)) Otherwise

— For a derivation obtained by the rule (PSF), the judgment is necessarily of the form
ST bps Var(I')™ and we have a derivation of T Fps, and we then pose

Of (T kps Var(T)) =T 8;5_1(1" Fps Var(T)) = 07 (T Fps)
For the judgment I' Fps:

— For a derivation obtained as a single application of the rule (PSS), the context is necessarily
(z : x), which is of dimension 0, and the requirement that i < 0 implies again that there is
no target to define in this case.

— For a derivation obtained by application of the rule (PS), we necessarily have a derivation
of I' Fps X, and we pose
a;r(l—\ }_PS) = aj(r Fps X)
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Uniqueness of derivation. The judgmentsI' s and I' s X enjoy uniqueness of derivations.
Indeed, suppose that a context I' is of length [, and that the set X is a subset of variables in
I' downwards closed of cardinal k, then the context X I' is of length [ + 2k. Moreover, in the
process of constructing a ps-context, each consecutive extrusion, so counting the number n of
variables of maximal dimension gives the number of consecutive extrusion. The length of the
context is then given by nf(I"”), where I'” is the context to which the rule (PSF) is applied. This
shows that there is only one possible way to obtain a derivation of I' l-ps from a derivation of
I Fps. Iterating this construction shows that there is a unique derivation for I' F,s. Moreover,
this argument gives an algorithm to check whether a context is a ps-context or not, by testing if
the only possible derivation is valid or not.

Typing rules for term constructors. We introduce two terms constructors that we again
call op and coh, and whose introduction are, for the constructor op:

AFopr (1) (up] = ((E1) = (ui) [7]
where we denote (t;) — (u;) as a shorthand for (¢o,...,tn—1) — (ug,--.,un—1). This rule applies
under the additional side conditions that for all ¢ the following equalities hold on the variables,

Var(t;) U Var(4;) = Var(9; T') and Var(u;) U Var(B;) = Var(9; T'), we denote this side condition
(Ceohop,01)- For the constructor coh, we give the rule

'ty THA AbF~:T
A+ cohp aly]: A

and this rule again applies under the condition that for all i, the equalities hold on the variables:
Var(A) = Var(I'), we denote this side condition (Ceon ;). We refer the reader to Appendix A.6
for a standalone presentation of all the rules of this theory.

6.2.2 Examples of derivation

We present in this section various coherences that are derivable in this theory. We have a proto-
typical implementation of this type theory available at [13], and the examples we provide here are
all formalized and computer-checked. Since the rules of the theory involve more computation,
and in particular one needs to compute all the sources and targets of every ps-contexts, which
is computationally significantly heavier than computing the source and target of a ps-context in
the globular setting, an implementation is a valuable tool to ensure that all expected operations
and coherences are indeed derivable. Note that our implementation does not feature yet the
implicit arguments, which are by far the most efficient way to reduce the size of the terms, and
as a result, the terms that we present here tend to be very long.

Identity and composition. The first few examples that we give are similar to the examples in
CaTT, as they apply only in low dimension, where CaTT and CaTT are the same. For instance,
we can define the identity 1-cell of a 0-cell as follows

coh id (x : *) : Path i * x x
and similarly we can define the composition of two composable 1-cells by

coh comp (x : *) (y : *) (f : Path i * x y)
(z : *) (g : Path i * y 2)
Path i * x z
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From now on, we denote f - g for the composition of f and g and id, for the identity of x when
we present the terms that we derive in the theory. Of course in the core definition, we still use
the names id and comp that we have introduced, in order to produce valid expressions of the
theory. Showing the unitality of composition is a bit different, it is witnessed by a 2-cell, which
then needs to be a square. In order to generate this square, we insert identity 1-cells for the
0-source and the O-target, thus describing, for instance the left unitality as the following diagram

—~

&{¢L

id,)-

<

idy

&
SR
S

This diagram can be encoded as the following expression in the theory CaTT.

coh unit-1 (x : %) (y : *) (f : Path i * x y)
Path i (Path j * ((id x) i) ((id y) 1)) (comp x x (id x) y f) £

and we can do the same to derive the right unitality.
Connections and symmetry. In addition to the usual composition, there are some specific
phenomena that appear in the cubical theory and that do not have an equivalent in globular.

An instance of such coherences are the connections, which given a 1-cell f from x to y produces
the two following 2-cells

idy,

~
@5
2
84— 8
xl <~ L?
@8
~

LR

These can both be defined in the theory as follows

coh comnexionl (x : *) (y : *) (f : Path i * x y)
Path i (Path j * (f 1) ((id y) 1)) £ (id y)
coh connexion2 (x : *) (y : *) (f : Path i * x y)
Path i (Path j * ((id x) i) (£ 1)) (id x) £

Another instance is the symmetry, which given two composable cells f and g, produces a 2-cell
as in the following diagram

BTN

<

~
LR
@

g

<

This can be thought of as a form of identity, and we can define it in the theory as follows

coh id-sym (x : *) (y : *) (f : Path i * xy) (z : *) (g : Path i * y z)
Path i (Path j * (f i) (g 1)) f g

Composition of 2-cells. We now define the composition of the 2-cells, that are mostly anal-
ogous to the compositions of the 2-cells in CaTT. First we consider the wvertical composition,
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which acts on two 2-cells in the following configuration

1]

coh vcomp (x : *) (x> : *) (hx : Path i * x x’)
(x?? ¢ %) (hx’ : Path i * x’ x’?)
(y : ) (y> : ¥) (hy : Path i x y y?)
(y>? : %) (hy’ : Path i * y’ y??)
(f : Path i * x y)
(f> : Path i * x* y?)
(a : Path i (Path j * (hx i) (hy i)) £ £7)
(£°° : Path i * x°’ y??)
(b : Path i (Path j * (hx’ i) (hy’> 1)) £’ £°°)
Path i
(Path j * ((comp x x’ hx x’’ hx’) i) ((comp y y’> hy y’’ hy’) 1i))
f f)’

Similarly, we also define the horizontal composition, that gives a result for composing two 2-cells
in the following configuration
e —>e—— o

v ]+ ]

—_— & ——— @

coh hcomp (x : *) (x? : *) (hx : Path i * x x’)
(y : *) (y2> : %) (hy : Path i * y y?)
(f : Path i * x y) (£’ : Path i * x> y’)
(a : Path i (Path j * (hx i) (hy 1)) £ £?)
(z : *) (z2: *) (hz : Path i * z z?)
(g : Path i * y z) (g’ : Path i x y’> 2?)
(b : Path i (Path j * (hy i) (hz i)) g g”)
Path i
(Path j * (hx i) (hz 1))
(comp x y £ z g) (comp x’ y’ £’ 2z’ g?)

We also define a term that we call hvcomp consisting in composing four 2-cell in the configuration

-1-]

l=1-]

We use this composition for later definitions, but we do not give its full definition here, as it is
very long and similar to the one we have already given. The interested reader look the definition
up in our implemented formalization [13].
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Associativity. We can define an associativity witness for the composition of 1-cells: Given
three composable 1-cells f,g and h, we always have a 2-cell as represented in the following
diagram

~
LR

I

We can define this as a term in our theory

coh assoc (x : *) (y : *) (f : Path i * x y)
(z : %) (g: Pathix*yz)

(w:*) (h:Pathixzw:

Path i (Path j * (f i) (h 1)) (comp x y £ z g) (comp y z g w h)

In the case of globular categories, the associativity is invertible, and we can directly define its
inverse. In the case of CaTT there is an analogue to this phenomenon, that is given by the
symmetric of the associativity. Diagrammatically, we describe it as follows

e Loy

{ -

and we define it as follows

coh assoc-sym (x : *) (y : *) (f : Path i * x y)
(z : *) (g : Path i *x y 2)
(w:*) (h: Path i *x z w):

Path i (Path j * ((comp x y f z g) i) ((comp y z g w h) i)) f h

We can define a witness that the associativity and its symmetric cancel each other, but it is a
little involved. Indeed, in order to compose the associativity and its symmetric, we fit them in
the following diagram

x%x%z
I
x%yg%hmf
f-gl U lg-h i
zTM*M

where the two additional 2-cells are connections. We can then relate this composition to an
identity, using a 3-cell, that is definable as follows

coh assoc-can
(x : %) (y : ») (f : Path i * x y)
(z : %) (g : Path i * y z)
(w: *) (h: Path i *x z w)
Path i
(Path j
(Path k *
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(((unit-1 x z (comp x y £ z g)) 1) j) (((unit-r z w h) i) j))
((unit-1 x z (comp x y £ z g)) i) ((unit-r z w h) 1i))
(hvcomp x x (id x) z (comp x y £ z g)
xyfw (compyzgwh)
(id x) f (connexion2 x y f) h (assoc-sym x y f z g w h)
zwhw (id w)
(comp x yfzg) (compyzgwh) (assocxyfzgwh)
(id w) (connexionl y w (comp y z g w h)))
(id-sym x z (comp x y £ z g) w h)

Second associativity. We can also define a second 2-cell that witnesses the associativity,
which given three composable 1-cell can be described with the the diagram

we define the corresponding term as follows

coh assoc-bis (x : *) (y : *) (f : Path i * x y)
(z : *) (g : Path i x y 2)
(w: %) (h: Path i * z w)
Path i (Path j * ((id x) i) ((id w) 1))
(comp x z (comp x y £ z g) w h)
(comp x y f w (compy z g w h))

We can also define a witness that relates the two different cells that we have defined for the
associativity, as follows (where hcomp3 is the ternary horizontal composition of 2-cells, that we
have not introduced, but have defined in our implementation).

coh equiv-assoc (x : *) (y : %) (f : Path i * x y)
(z : %) (g : Path i * y 2)
(w:*) (h: Path i * z w)
Path i
(Path j
(Path k * (((id2 x x (id x)) 1) j)
((Ed2 w w (dd w)) 1) j))
((unit-13 x z (comp x y £ z g) w h) i)
((unit-r3 x y £f w (comp y z g w h)) i))
(hcomp3 x x (id x) x y £ (id x) £
(connexion2 x y f) z w h
(comp x y £ z g) (comp y z g w h)
(assoc x y f z g w h)
w w (id w) h (id w) (connexionl z w h))
(assoc-bis x y f z g w h)

In our implementation, we have also formalized the exchange rule, that we do not present here,
as the corresponding term is very long.
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6.2.3 Comparison with cubical type theory

Although the theory that we have introduced here is directly inspired by cubical type theory [29]
in particular for the type Path | it does not compare immediately to it. The first difference is
that in cubical type theory, the dimension variables enjoy an extra structure, corresponding to
the negation, the meet and the join, whereas in the version we propose, these operations do not
exist. Instead, the cells that are computed using the meet and the join in cubical type theory
can be derived using the coherence rules in our version, hence our version is weaker. Moreover,
cubical type theory is not directed, the negation witnesses this fact, where our theory is directed.
A valuable further work would be to relate the theory CaTTg with cubical type theory in a
precise way, accounting for the divergence between the strictness and the directedness of the
theory. This would establish a connection between our term constructors for operations and
coherences, and the term constructors for the gluing and Kan filling operations introduced in the
cubical type theory.

6.3 Pre-cubical weak w category

Our goal is now to give a full description of the category ©p . as a universal property con-
struction the same way we have given a description of the category ©., in the Grothendieck-
Maltsiniotis definition of globular weak w-categories. We achieve this description by applying our
framework for type theories, and under a conjecture for characterizing the syntactiic category as
the opposite of the category ©g .

6.3.1 Monoidal structure of pre-cubical Sets

In order to understand the category O , we first exhibit a description of the cubical ps-contexts
in the category of finite pre-cubical sets. We describe a monoidal structure on the category of
pre-cubical sets which is helpful to achieve such a description.

The monoidal structure of [0. The category [J is equipped with a monoidal structure
® : 0 x O — [, defined on objects by

n®m=n+m
On morphisms, the monoidal product is generated, for o;7; : n — n + 1, by
o; ®id,, =o;:n+m—>n+m+1 7Q1d, =:n+m—>n+m+1
idy, ®r; =0, :m+n—-m+n+1 dp,®mn=7n:m+n—->m+n+1

Day convolution. The monoidal structure on [ induces a monoidal structure on CSet given
by the Day convolution, defined by

p,q:00
(X®Y):/ X, x Y, xO(_,p+q)

In the case of the pre-cubical sets, this operation simplifies to give a very explicit description
of the resulting presheaf. Indeed, the coequalizer characterization of the coend, along with the
pointwise computations in the presheaves give

(X®Y),=coeq | |J Xy xYyxUO(n,p+q) : IEIXp x Yy x O(n,p +q)

g:p—p’ b
h:q—q’
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In the category Set, the coequalizer can be computed as a quotient set, which gives the following
expression
(X @Y ) =] |Xp x Yy xO(n,p+q)/ =

P.q
where ~~ is the equivalence relation defined, for two tuples (z,y, f) € X, x Y, x O(n,p+ ¢) and
@y, f") € Xp xYy xO(n,p' +4¢'), by (x,y, f) ~ (2/,y/, f') if and only if there exists two maps
g:p—=p,h:q— ¢ such that X(g)(2') =z, Y (h)(y') =y and (g®@h)o f = f’. Notice that the
set O(n, p+ ¢) is non empty exactly when p 4+ ¢ > n. Suppose that p 4+ ¢ > n, let (z,y, f) be an
element of X, x Y; x O(n,p + ¢). The morphisms of O being generated by o;, 7;, there exists a
factorization of f as f =o;f or f =7 f'.

- If f =o0,f with i <p, then (z,y, f) ~ (0] z,y, ).
— If f =7, f' with i < p, then (z,y, f) ~ (9; z,y, f).

If f=o;f withp <i<gq, then (z,y, f) ~ (z,0;_,y, f’).

— If f =7 f with p <i<gq, then (z,y, f) =~ (x,@tpy, .

1

So in all the cases, there exists (', ', f') € X xYy xO(n,p'+¢'), such that (z,y, f) ~ («/, ¢/, '),
and with p’ + ¢ < p + ¢. By iterating this construction, we prove that any equivalence class of
(X ®Y), contains at least an element in X, x Y, x O(n,p+ ¢), with p+ ¢ = n. Moreover, since
O(n,n) = {id}, there is an equality X, x Y; x O(n,p + q) = X, x Y, whenever p + ¢ = n. If
(x,y) € X, x Y, and (2',y) € X,y x Yy, with p+ g =p' + ¢ =n, then (z,y) = («/,y’) if there
exists a pair of maps g : p — p’ and h : ¢ — ¢ satisfying the previous equalities. Such maps can
only exist if p < p’ and g < ¢/, but the equality p + ¢ = p’ + ¢’ then implies p = p’ and q = ¢/,
and so f =1id, and g = id,, which implies (z,y) = (2, y’). This proves the equality

XeY).= || X,xY,
pt+q=n

The sources and targets maps are given by, for z € (X ® Y),, let p,¢ and z, € X,,,y, € Y, such
that z = (xp,yq) € X, x Yy, then

(2

(82_ (Ip)ayq) for 0 < 1< p
(xp’ap_ﬂ(yp)) for0<i<gq

9t — (0 (2p),y,) for0<i<p
(@p, Oi(yp)) for0<i<g

1
For instance, with the diagrammatic notation, we have

o — o [ e —— e —— @ =

0i— @0 —— @
Oi—— @0<—— O

e —— e —— o [

°
°
Il
e+— o
=
ei— o

|-
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Pasting schemes. We denote Zj, the finite cubical set defined by (Z;)o = {0,...,k}, and
(Zk)1 = {f,,l;} and (Zg), = 0 for n > 1, together with the applications 9, (i) = ¢ and

8ar (i) = i+ 1. Intuitively, they are cubical sets of dimension 1 constituted in k composable
1-cells. We can illustrate this definition with our diagrammatic notations as follows

Zo=Y(0) e
Z1=Y(1) e——e
Zy € —e —— e
Zs e . . °

Definition 167. We define a cubical pasting scheme (or simply pasting scheme) to be either the
cubical set Zj, or a cubical set obtained as a finite Day convolution of the Z;, with k > 0.

For instance, the expression Zs ® Zs defines a ps-context, which corresponds to the following
diagram

p
P
P

p
=
=

0O<i—— 00— @
O @0 {— @
O @0{— @
O @0 {— @

Note that for k¥ = 0, the cubical set Zj is the unit of the Day tensor product, and hence given a
tensor containing the set Zj, one can simply remove it to exhibit the resulting cubical set as a
tensor which does not contain Zj.

Sources and targets of pasting schemes. Given a pasting scheme X which is not Z;, we
write X = Zj, ® ... ® Zy,,, we define its i-th border for i < n, denoted 0; x, by the formula

ai,X:Zkl®---®Zi71®Z0®Zi+1®...®zk"

For k£ > 0, the cubical set Z; comes naturally equipped with two maps 5'(; 7, ¢ 2o — Zj and
aofzk : Zo — Zy, defined by 9 , (0) = 0 and (“)0ka (0) = k. We can give a diagrammatic
definition as follows

These two maps induce two maps 8{7 v 1 0ix -+ X and 8;? ¢ 05 x = X, that we call respectively
the i-th source and the i-th target of the pasting scheme X. These maps are defined by

O =2, ®..0Zi1®0) 7, ®Zi1® ... Q Zg,
Of =21, ®..02, 1008, 8211 ©...Q Z,
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We can again give a graphical intuition for the i-th source and the i-th target, with our previous
example

LTI
Lol le el

Proposition 168. For a pasting scheme X, and for all i < dim X, the cubical set 9; X is a
pasting scheme.

Proof. For the pasting scheme Zj, we have dim Zy = 0, thus there is no ¢ such that ¢« < dim Zj.
For a pasting scheme of the form Zy, with & > 0, we have dim Z; = 1, and by definition,
0o,z, = Zo is again a pasting scheme. For a pasting scheme of the form X = Z;, ®...® Z;, with
k1,...,kn, # 0, we have by definition 0; x = Z, ® ... ® Z;-1 ® Zo ® Zj41 ... ® Zy, . Since Zj is
the unit for the Day tensor product, this simplifies to 0; x = Zj, ® ... @ Z;—1 ® Ziy1 ... ® Zy,,,
which exhibits 0; x as a pasting scheme. O

Nerve of an extrusion. We can use the Day convolution product in order to express the
nerve of an extruded context in the theory 7. This is an important computation to establish
the connection between pasting schemes and ps-contexts. Recall that there is a nerve functor
v: SOTE — FinCSet, given by, for all context T, v(T'),, = S7 (T, Y(n)). Consider a context I' in
the theory T, and X a downwards closed set of elements of v(I"), then v(I") can be written as
the colimit of the diagram

v(T)x
VN
v(T) v(I)x

where v(T") x is the sub-cubical set v(I") whose elements are in X.

Lemma 169. The nerve of the extrusion v(XyT') is characterized as the following colimit

v(D)x -
V(25 T) = colim / &le(r)x

V(F)X

Moreover, the set X defines the sieve of all the elements of the sub-cubical set characterized by
8({21 & V(F)X : V(F)X — Zl & I/(F)X — V(EXF)
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Proof. First note that we can construct a commutative diagram

/U(F)X \a(zjl@@lf(l“)x
v(T) Ziovl)x
\ /
v(3T)

by choosing the map v(I") — v(XT) to be the inclusion: to each variable z it associates z, and
the map Z; @ v(I')x — v(X 4 T') is the map defined, for all x € X by the associations (0, z) — =,
(1,z) — xT and (I,z) — &. We now check that this square is a pushout: consider a cubical set
Y with two maps f : v(I') > Y and g : Z; @ v(I')x — Y that make the diagram commute. Then
we can define a map h : v(X4I') by setting, for each variable x € I', h(x) = f(z), and for each
variable z € X, h(z) = g(0,z), h(z") = g(1,z) and h(Z) = g(I,z). The fact that the square
commute shows that these definitions agree on the variables x € X, and it provides a unique
map, hence proves the universal property of the pushout. O

In particular, when performing the extrusion with respect to all the variables in the context, we
get the following result.

Lemma 170. Given a context I' in the theory T, the nerve of its extrusion YT is isomorphic
to v(XT) = Z; @ v(T). Moreover, the set of variable Var(T')™ correspond to the elements of the
image of the sub-cubical set 83:21 Zo@v(T') = Z1 @ v(T") under this correspondence.

Ps-contexts are pasting schemes. The category St is equivalent to the opposite of the
category of finite cubical sets. Among the contexts in St we have exhibited a particular class
of ps-contexts, characterized by the judgment 5. We now show that these particular contexts
are pasting schemes.

Proposition 171. Consider a contextI' in I such thatI' s is derivable, then the finite cubical
set corresponding to T, v(T') is a pasting scheme.

Proof. We prove this proposition by mutual induction together with the fact that whenever the
judgment T is derivable, the cubical set v(T") is a pasting scheme such that the elements of the
image of 0y, () are exactly the elements of X.

For the judgment I' bpq:
— For the judgment (z : x) Fps, obtained by the rule (PSs), we have v(z : x) = Y(0) = Zo,
hence v(x : %) is a pasting scheme.

— For the judgment I' 5 obtained by the rule (PSD), we necessarily have a derivation of the
form T Fps X, and by the induction case for this case, this proves in particular that v(I")
is a pasting scheme.

For the judgment T' Fys X:

— For the judgment XI' VEM(I‘)Jr obtained by the rule (Ps+), the judgment I' -y is
necessarily derivable. By Lemma 170, the cubical set v(XT') is obtained as the product
Z1 @ v(T"). By induction, that v(T") is a pasting scheme, hence, either v(I') = Zj, in
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which case Z; @ v(I') = Z; is a ps-context, or v(T') = Zj, ® ... ® Zj,, in which case
Zyov(l) =721 @ Zk, @...R Z, is also a pasting scheme. Moreover, Lemma 170 also
shows that Var(I')" characterizes the variables in the image of o,v(=1)-

— For the judgment XT' by X T obtained by the rule (PSE), the judgment I' Fys X is neces-
sarily derivable. Lemma 169 characterizes v(X I") as the colimit

v(I)x
v(XxT') = colim / \
v(T) Z1®v

By induction, v(T') is a pasting scheme of the form Zy, ®,...,Z,, and v(I')x = 99 (1),
the inclusion v(I")x — v(I') being the map 6(')"”(11). Rewriting this in the previous colimit
and simplifying using the commutation of the Day convolution with the colimit yields

()x

Zo
83—2 9y
v(XT') = colim ’ “/ \:"Zl R Ly @ .. @ L,
Ly Z

The colimit now computes to Zy, 11, thus showing v(XT') = Zy, 41 @ Zy, @ ... Q@ Zy,, .
Moreover, Lemma 169 also characterizes X as the set of variables of the inclusion map
agfz,o ®id: Zog @ Zky @ ... @ Zg, — Z1 @ Zpy @ ... @ Zy,, — v(X5T), which is exactly the

image of application ao+ V(S T)"
) X

O

Global computation. From the previous proof, we can extract the formulas allowing to ex-
hibit »(I") as a pasting scheme from a derivation of I' Fps. Suppose that the given derivation of
I' ks is of the form

T Fps= (PSS)(PS+)(PSE)™ (PS)(PS+)(PSE) "1 (PS)(PS+)(PSE) =2 . .. (PSE)F! (PS)
then the cubical set v(T") can be expressed as a pasting scheme as the following expression

() =2z g, @zt gzt

Converse. Conversely, we show that every pasting scheme can be represented in the category
St by a unique context I' such that I" -5 holds.

Proposition 172. Given a pasting scheme X, there exists a unique ps-context I' such that I" -pe
is derivable and v(T') = X.

Proof. Given a pasting scheme X, if X is the pasting scheme Zj, then (x : *) is the only ps-
context such that v(x : x) = Zy. Otherwise, X is of the form X = Zy, ® Z,,, with ky,..., &k, > 0.
Then there is a unique ps-context whose nerve is X, obtained by the derivation

(PSS)(PS+)(PSE)* " 1 (ps) . .. (Ps+)(PSE)" ~1(Ps)
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Source and target. Our definitions for sources and targets for the ps-contexts and for the
pasting schemes are compatible. In particular, considering a ps-context I' of dimension n and
an integer i < n, we can compute its i-source J; (I') and its i-target ;" (I'). But we can also
define the pasting scheme v(I'). Our computation shows that v(9; (I')) and v(9; (T')) both
compute to d; ,(ry, and moreover, under this equality, the image of the canonical substitution
I' - 9; () (resp. I' — 9;"(T)) computes to the map 9, u(ry * Oiwry — v(T) (resp. the map

9, vyt Oiw(ry = v(I))

Equivalence. We have now proved that the map v defines an equivalence of categories between
the category of cubical pasting schemes and the category of cubical ps-contexts. Moreover, each
ps-context corresponds to a given globular sum, and hence two different ps-contexts are two
different globular sums, so are non-isomorphic. Hence it also defines a bijection between the
pasting and the ps-contexts, and this bijection respects the notions of source and target.

6.3.2 Cubical extensions

In our general framework, we characterize the contexts indexing the introduction rules for term
constructors, as corresponding to a class of colimits in the category of presheaves. Here we have
made them explicit as freely generated via tensor product by a family of globular sets that we
have called Z. In order to fit our framework, we provide another characterization of the pasting
schemes as a class of colimits. We call a cubical structure on a category C, a functor [0 — C.

Cubical sums. Define the category Zj, whose objects are the disjoint union of {0,--- ,k} and
of {T, e ,E}, and whose morphisms are generated by i~ : ¢ — 1 — iand it ;i — ;, for all
1<i<k.

T K
Zy 17 y+ K K
0 1 k/ \k

The dimension in objects of Zj is defined by dim(i) = 0 and dim(i) = 1. For (ky,---,k,) € N,
consider the category Zy, ... k., = Zg, X -+ X Z, . The dimension of an object of this category
is defined to be the sum of the dimensions of its components. The arrows in the category
Zj, ... k, are generated by the arrows (1,1,---,1,9¢,1,--- ,1,1), with the non identity in position
0<IlI<nand0 <i< k. Such an arrow is called a cosource when o« = — and a cotarget if
a = +. Let C a category with a cubical structure, and denote C,, the image of n. A cubical sum
in C is the colimit of a diagram D : Zy, ... x,, — C sending objects of dimension n in Zy, ... i, to

C,,, and sending the cosources (resp. the cotargets) in Zy, ... , on cosources (resp. on cotargets)
in C.

Cubical extensions. A category C with a cubical structure is called a cubical extension if it
has all cubical sums. The category FinCSet is equipped with a structure of a cubical extension
for the Yoneda embedding (0 — FinCSet, indeed, it has all finite colimits, so it has in particular
the cubical sums.

Proposition 173. In the category FinCSet, a cubical set is a cubical sum if and only if it is a
pasting scheme.
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Proof. By definition, Zj, is the cubical sum indexed by the diagram Zj;. Consider two diagrams
D:I— Oand D' :J — O, then they induce the diagram D@ D' : I x J — . Since the Day
convolution product preserves the colimits in both variables, we have

colim(Y oD) & colim(Y oD’) ~ colim(Y o(D o D))

hence, if we denote X the cubical sum indexed by Zj, . ., and Y the cubical sum indexed by
Zy,....1,,, then X®Y is the cubical sum indexed by Zy, ... .. 1,,....1., - This shows that Z;, ®...®7Z,
is the cubical sum indexed by Zg, .. .- O

Universal cubical extension. This shows that restricting the Yoneda embedding a functor
C : O — ©ny exhibits ©0 as a cubical extension. This in fact realizes the initial cubical
extension, in such a way that for any cubical extension F' : [0 — C, there is an essentially unique
functor F': ©g ¢ — C preserving the cubical sums, such that the following triangle commutes

9|:|70 L C

Indeed, suppose F exists, and consider X to be a cubical sum indexed by Zj, . x, in Oy,

then since F' preserves the cubical sums, ﬁ(X ) is a cubical sum indexed by Zg, .. k, for the
cubical extension I : [J — C, this determines F' up to isomorphism, hence F' is essentially
unique. Conversely, taking F' to associate to X the chosen cubical sum indexed by Zg, .., in

the cubical extension F': [0 — C yields a functor which preserves cubical sums.

.....

6.3.3 Cubical Cat-coherator

Cubical theories. A cubcial theory is a cubical extension [J — C such that the universal mor-
phism of cubical extensions ©g ¢ — C is faithful and induces a bijection of the set of isomorphism
classes of objects. Similarly to [54], up to equivalence of category, we can always identify O¢
with a full subcategory of C whenever C is a globular theory, and arrow f of C will be said to be
cubical if it is in Og.

Compatible families of arrows. Given a cubical theory C, we denote C,, the image of n,and
o, T; the respective images of ¢; and 7;. A family of arrows fo,90,.--, fn—1,9n—-1 : C; — X is
said to be compatible if it satisfies the following equations, for all 0 <i < j<n—1

fioi = fit10; [iTi = gi+10;
9i0i = fit17j 9iTi = Git1Tj

Intuitively, saying that a family (fo,go,-.-, fn,gn) is compatible means that they fit into the
border of a potential (n+1)-cell. In the category FinCSet, a compatible family of arrows Y ([n])
is equivalent to a morphism 9Y ([n+1]) — X, but in an arbitrary cubical theory, there might be
enough limits to define dY(n), thus we present it using explicit algebraic conditions. A lifting
for a compatible family of arrows (fo, g0, .- fnsgn) : Cn = X is an arrow h : Cp, 41 — X such
that for all 0 < ¢ < n, we have

fi = ho; gi = hi
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Intuitively, it corresponds to a filling of the (n + 1)-cube in X whose border has been specified
by the compatible family. An arrow f in a cubical theory is said to be algebraic if for all decom-
positions f = gf’ with g cubical, g is an identity. We also define a family of arrows fo, ..., f, to
be simultaneously algebraic if for all simultaneous decomposition fo = gf}, ..., fn = gf,, with g
cubical, g is an identity. A morphism of cubical theories is a morphism of the underlying cubical
extensions.

Admissible families of arrows. Let C be a cubical theory. An admissible family of ar-
rows is a compatible family of arrows f1,¢1,..., fn,9n : C; — X such that either the arrows
f0,90, -+, fn, gn are simultaneously algebraic, or for all £ there exists decompositions fi = 0, x f}.

and g = 8,: <0 With f; and g;. algebraic

Cubical Cat-coherator. We now introduce the cubical Cat-coherator to be the cubical theory
0 — ©0,c defined as the colimit

O0,00 ~ colim(®gg -+ O - Ope — - = Og, =)

Where © ,, is given by induction on n. Define E,, to be the set of all pairs of admissible arrows
of ©g,, that are not in E, for any n’ < n. Then we can define © ,, 11 to be the universal cubical
extension of ©g, obtained by formally adding a lift for each pairs in E,. In other words, for
each cubical extension f : ©g, — C such that the image by f of all pairs of arrows in E,, has
a lift in C, there is an essentially unique cubical extension f preserving the chosen lifts, which
makes the following triangle commute

®|:|,n — ®|:|,n+1

f
\v

C

Cubical weak w-categories. We define the category of cubical weak w-categories to be the
full subcategory of ©g o, whose objects are the presheaves that preserves the cubical products

of 62

Oyinfty”

6.3.4 Coherator of the theory CaTT.

This definition of cubical weak w-categories is the mathematical pendent of our type theory. Our
general framework for the [J-type theories and our nerve theorem shows that for studying the
models of this type theory, it suffices to study its coherator, which in this case is the subcategory
of ScatTy Whose objects are the ps-contexts. We denote Sps o this category. As in the case of
CaTT, there is a dualization happening, and we follow the same naming convention for the dual
notions: We thus have coccubical structures, cocubical extension, coadmissible families of maps,
and so on.

Coherence depth. As was the case with CaTT, we introduce the notion of coherence depth of
a term, in order to reproduce the inductive definition of ©5,. The coherence depth is defined

243



by induction as follows

cd(z) = 0 cd(opp[y]) = ma(ed(4) + 1,cd(7))
cd(cohr, a[7]) = max(cd(A4) + 1, cd(y))

cd(*) =0 cd(Path® A t u) = max(cd(A), cd(t), cd(u))

ed(()) = 0 ed({y,2 > 1)) = max(ed(7), cd(t))

We consider the category Spsy,» which is the subcategory of Sps o whose substitution all use
terms of coherence depth at most n.

Coadmissible families of arrows in Sps . The compatible families of arrows in Spsg oo
are exactly the families satisfying the cubical relations, that define the type constructors in the
theory Th. They are equivalent to the relations in our implementation with the types Path
Thus compatible families of arrows exactly correspond to types. We conjecture the two following
results that are analogous to the case of CaTT. We believe that proving these results would
require a similar analysis of the use of the variables allowed in a type and a term.

Conjecture 174. for any compatible pair of arrows (fo,g0 ..., fn,gn) : Cn = X, in ©q,,, the
family the arrows fo, go, - .., fn, gn are simultaneously algebraic if and only if both the families of
arrows fo, ..., fn and go, ..., gn are simultaneously algebraic.

Conjecture 175. The compatible family of morphisms corresponding to a type is coadmissible
if and only if the type satisfies either (Ceonop,01) 07 (Ceon,0)

Note that Conjecture 175 is the stronger one, as it implies Conjecture 174. From now on, we
admit this conjecture for continuing the study of the type theory.

Tower of definition. Following our proof in the case of CaTT, we define the set E,, to be the
set of all types I' = A of coherence depth n in a ps-context I, satisfying (Ceonop,1) or (Ceon,00)-
Conjecture 175 the family F, can be defined inductively as the set of all coadmissible families
of maps in Sps ,, that do not belong to any E, for n < n'.

Lemma 176. The inclusion Spsyn — Spsyn+1 evhibits Spsyni1 as the universal cocubical
extension of Spsy.n which has a lift for all pair of morphisms in E,.

Proof. As we have already proved, this map commutes with the cocubical structure, and both
these categories have all the cubical products, hence it defines a cocubical extension. Moreover,
consider a coadmissible pair (f,g) in E,, then id corresponds to a type I' F A in a ps-context
I, which satisfies (Cop) or (Ceon) and which is of depth n. Hence we can derive a term ¢ by
I' - opr 4[idr] : A if A satisfies (Cop), or I' - cohr 4[idr] : A if A satisfies (Ccon), which is of
depth n + 1. This term defines a map x; in the category Spsy n1, that fits in the following
diagram
Y(n)

)

244



By definition of A corresponding to the coadmissible pair (f, g), this shows that y; defines exactly
a lift for the pair (f, g). Hence Spsy,n+1 is a coglobular extension which contains a lift for all pairs
in E,. We now show that this extension is universal: consider another extension F' : Sps,,, — C
that defines a lift for all the pairs in F,,, we show that there exists a unique F that preserves the
chosen lifts which makes the following diagram commute

SPSD,TL ? SPSD,R-‘,-I
F
C

Indeed, the map F is already defined on all objects of S PSy,n+1, and all maps of coherence depth
less than n, to coincide with F', so it suffices that there is a unique extension to the maps of
coherence depth n + 1. Since all the object in Sps 41 are cubical products, it suffices to show
it for the maps of the form I' — Y(n). We can thus reformulate by saying that it suffices to
show that there is a unique map F on terms, with the condition that F(t[y]) = Ft o Fry. We
proceed by induction on the depth, noticing that a term of coherence depth n + 1 cannot be a
variable, hence we have already defined a unique value for F on terms of depth 0, by our previous
condition, and thus the induction is already initialized

~ For a term A = opr 4[7] : A[7] of depth d + 1, the value of F'is uniquely determined by
F(opnA[y]) = F(opnA[idp])F% and since v is of depth d, by induction F(v) is defined,
and F(opr, 4lidr]) is uniquely defined by the condition of preserving the lifts for the pairs
in F,

— Similarly for a term A F cohp 4[y] : A[y] of depth d + 1, the value of F' is uniquely
determined by F(opF’A['y]) = ﬁ‘(opF’A[idp])l*:"y7 and since v is of depth d, by induction
F(v) is defined, and F(cohr a[idr]) is uniquely defined by the condition of preserving the
lifts for the pairs in E,

This proves that there exists a unique F satisfying the condition, and hence Sps 41 is the
universal globular extension obtained by adding a lift for all arrows in E, to Spsy » O

Theorem 177. Under Conjecture 175, the category Sps, o s equivalent to the category 6%"700

Proof. By induction, Lemma 176 shows that the categories Sps,, and @Epn satisfy the same
universal property, hence they are equivalent, and taking the colimit yields an equivalence
SPSD,oo ~ @Op O]

,O0

Models of the theory CaTTg. Our framework for studying O-type theories then allows us
to obtain immediately the following characterization of the models of the theory CaTTp.

Theorem 178. Under Conjecture 175, the models of the theory CaTTp are equivalent to the
category of pre-cubical weak w-categories.

Proof. This is an application of Theorem 116: Since the arity limits are the cubical products,
the models are equivalent to the functors Sps o — Set that preserve the cubical products.
Theorem 177 then gives the result. O
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Conclusion and further work

The approach we have presented for studying weak w-categories and similar higher structures
has many practical advantages. It allows for an implementation of a coherence checker for these
structures, which gives a direct way to access and manipulate the operations and coherence,
experiment with them and build up strong intuition in a safe and computer checked environment.
Additionally it provides a syntax to do so, which is more convenient than diagram chasing. The
presence of a syntax also gives a good setup for inductive reasoning, which is useful both for
understanding the theory, and defining operations like the suspension (c.f. Section 3.2) and the
functorialization (c.f. Section 3.4). Additionally, the framework more general framework of I-
types theories for any direct finite branching category I, that we have introduced in Section 4.3
allows for defining various higher structures similar to globular weak w-categories, and gives a
convenient and modular way to directly characterize their models. The intuition gained from
the practical use of a proof assistant can then be used to tweak a little the rules and define
another type theory fit for different higher structures, and extract a mathematical definitions of
the models of the theory, as we have done in Section 6 for cubical weak w-categories. This has
left several directions open for further research

Polygraphs and weak functors. As we briefly mentioned, the syntactic category of CaTT
(or of any I-type theory) gives a natural notion of finite polygraphs for weak w-categories (or for
other higher structures). A natural follow up to this remark is to try to define all the polygraphs of
such structures, with a theory where contexts may be infinitely long. This approach is currently
being studied by Finster, and would have important consequences: We expect that for any
weak w-category F € Mod (ScatT), there is a morphism I' = F in Mod(ScatT), where I' is a
category freely generated by such a polygraph (not necessarily finite), and that this morphism
corresponds to an expected notion of weak equivalence, providing an analogue to the cofibrant
replacement. There may not be however a full-fledged model structure on the category of models
of CaTT. This “cofibrant replacement” is expected to provide a notion of weak functors: A weak
functor between F and F’ is then a functor in the category Mod (ScatT) between their cofibrant
replacements. This is analogous to a known definition of weak functors for weak w-groupoids.

Automation of the inverse. Working to prove Conjecture 80 is an important goal for two
reasons. It first strengthen our claim that terms of strictly positive degree are invertible, thus
providing a complete understanding of the invertibility of all the cells of the w-categories freely
generated by finite polygraphs. It would also provide with an explicit algorithm to compute
the cancellation witness of a term of degree positive with its inverse. Further work along these
lines would then be to implement the algorithm giving the inverse of a term of positive degree
together with the aforementioned algorithm in order to automatically generate all the inverses and
cancellation witnesses. This would be a significant improvement for the proof assistant, sparing
the user to manually define all of these, as they are an important part of the development. An
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approach that we consider for proving this conjecture is to work with an unbiased version of it.
It would be more general, but it is likely to also yield a more natural algorithm for computing
the inverses and cancellation witnesses, similarly to the fact that weak w-categories are easier
to define in their unbiased versions, even if in the end one wants to work in practice with the
(biased) binary composition.

Furthering automation. The meta-operations of suspension and functorialization that we
have defined respectively in Section 3.2 and Section 3.4 are important for the practical use of
the proof assistant, and using them enables for shorter and simpler developments. Their use
is however restricted to very specific cases, in particular for the functorialization which only
applies to operation, and does not allow for generating new coherences. We believe that this
operation can be extended to coherences and then used to generate automatically the coherences
associated to a functorialized operation. Simple examples show that such a definition would
have to generate complicated terms, and in particular it would have to encode all the cubical
compositions, in a globular setting. We believe that defining this operation in an appropriate
notion of cubical categories, and then defining a translation from this notion to the globular
categories is a promising approach towards a definition of the functorialization in general.

Cubical categories. In Section 6 we have defined a type theory that describes a cubical notion
of w-categories, motivated by the example of functorialization. However the functorialization in
this theory, that we have not presented, is very involved and yields to terms that are too long to
be manageable in practice. We believe that the reason for this is because we rely on a framework
that gives only cubes. Our intuition is that introducing more diverse shapes for composing, and
in particular allowing for some of the low dimensional faces of the cubes to be contracted to a
point, would provide a theory that encompasses both the globular approach and the cubical one.
Such a theory can be obtained by allowing weakenings with respect to the dimension variables,
which is not permitted in the theory we have presented, but the notion of ps-context and the
term introduction rules need then to be adapted. We believe that this is the natural setting
in which the functorialization lives, and expect such a definition of weak w-categories to be
computationally better behaved: It allows for both simpler expressions and heavier automation.
Additionally, while working with CaTT, it happens often that we perform cubical reasoning and
then manually encode it into globular shapes to fit the framework, this expected new framework
could provide a better account for this. We expect that any term of this theory can be translated
into the theory CaTT, requiring to automate the translation of a cubical cell into a globular one.
Such a translation would then immediately provide a general definition of the functorialization
in CaTT, and we expect it to be simpler than this general definition.

Monoidal categories. In Section 5 we have presented a type theory for describing monoidal
weak w-categories. As a generalization, we have briefly introduced a type theory for describing
k-tuply monoidal w-categories without studying it. In particular characterizing the models of
this theory in relation with the models of CaTT as we have done for MCaTT is an potential
research project, that could have deep consequences for the theory CaTT. We illustrate this fact
with the doubly monoidal w-categories: the theory 2-MCaTT describes a monoidal w-category
with a single object, whereas all the contexts in the theory MCaTT define infinitely many terms
of dimension 0: They all define at least (using the coherence names introduced in Section 5.3)
e, prod e e, prod (prod e e) e,...Hence a syntactic translation from 2-MCaTT to MCaTT
cannot be defined by simply reindexing the term constructors: It has to use the compositions
of the theory MCaTT to relate the borders of the terms to a reduced version of them where all
the products of the monoidal unit have been simplified. Defining such a translation amounts
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to a strictification procedure on the coherences that are generated by products of the monoidal
unit. Since the Eckmann-Hilton morphism is just a single definition in the theory 2-MCaTT,
this translation has to be powerful enough to generate our entire formalized definition of the
Eckmann-Hilton morphism in CaTT. As this formalization makes heavy use of the suspension
and the functorialization, and could also be simplified using automatic inverses, cancellation
witness and our expected general formalization, we expect all the previously mentioned work to
be very helpful for defining this translation. We do not know whether there is a general scheme for
this strictification that could work for & > 2 and give translations from k-MCaTT to CaTT. Such
a scheme would result in extremely heavy automation, making almost completely immediate a
definition such as the syllepsis in triply monoidal categories, that is barely manageable in the
current state of development. Another follow up would be to try and adapt the theory k-MCaTT
to a theory co-MCaTT describing symmetric weak w-categories.

Comparison with homotopy.io Homotopy.io! is another proof assistant for working with
higher categories of a slightly different flavor. These are higher categories where the identities
and the associativities are on the nose, but the other higher cells are weak. It would be very
valuable to study the connection between homotopy.io and CaTT, and in particular defining a
translation between these two would amount to generating automatically a lot of higher cells in
CaTT with very few input commands by the user. Extensive work has already been pursued in
this direction by Finster, Reutter and Vicary [34].

Flavors of type theory. All the theory that we have presented have exchange, contractions
and weakening. This is usually the case for dependent type theories, and these rules force every
context to be obtained as a series of pullbacks along display maps. For this reason we call these
kind of type theories cartesian. For simple type theories many other flavors of type theory exist:
One may present a theory that forbids some combinations of these rules. Not all combinations
can be allowed or forbidden (c.f. [31]). These yields to other notions of simple type theories such
as linear type theories (disallowing the contractions). Reconciling dependent types and linear
type theory in a single framework is an active project. In this regard, frameworks analogous
to the I-type theory that we have introduced could give a syntax for a notion of generalized
algebraic theory in which the arities of the operation are given by a computation that is not a
limit.

Lhttps://homotopy.io/
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Appendix A

Presentation of the type theories

A.1 The type theory GSeTT

Syntax.
Contexts: lists (zg : Ao, ..., Zn : Ay) with z; variables and A; types
Types: either x or of the form ¢ 7) u with A type and ¢ and u terms
Terms: variables

Substitutions: lists (zg > tg, ..., Ty > t,) with z; variables and ¢; terms

Inference rules.

For contexts:

rr4 Wh Var(I'
— (EC — (CE
o 1 EC) F,x:AF( ) ere = ¢ Var(T')
For types:
'+ '+t A T'tu:A
(x-INTRO) (—-INTRO)
[k Tht—u
For terms:
N (x:A) el
VAR
'tx: A ( )
For substitutions:
AbF~:T Nzx: Ak AFt: Al
~ = (ES) (SE)
AF(): o AF{(v,z—=t)y: ([x: A

Semantics.

Scsert = FinGSet?
Mod(SgsetT) = GSet
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A.2 The type theory CaTT
Syntax.
Contexts: lists (xg : Ao, ..., Ty : An) with z; variables and A; types

Types: either x or of the form ¢ - u with A type and ¢t and u terms

Terms: either variables or of the form opr. 4[] or cohp a[y] with I a ps-context, A a type and
~ a substitution

Substitutions: lists (zg — tg, ..., T, — t,) with z; variables and ¢; terms

Rules for ps-contexts.

Mbpsz: A
(PSS) (PSE)
FyyiA,fwijpsfifij

(%) Fps i x

FFPSf:zTy I'ps @ %
—— 2 (PSD) — > (ps)
Fkpsy: A I Fps
Source and target of a ps-context.
N - ) ) | o7 ifdimA >i—1
O (w:%) = (w:%) % (F,y.A,f.x—>y)—{ (0;T,y: A, f:x—vy) otherwise
ofr if dimA >4

O (x:%) = (v : %) O (Cyy: A f:z—y)=< drop(9;T),y: A ifdmA =¢—1

OfT,y: A f:x—y otherwise

- (F) = adiiml‘flr a+(F) = 8$mfflr

where drop(T") is the context I" with its last variable removed.
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Inference rules.

For contexts :

r-A

E(EC) W(CE) Where T ¢ Var(r)
For types :
't A T'Fu:A
(x-INTRO) (—-INTRO)
I'Ex IEt -A—> u
For terms :
'+ (x:A) el I ps T'HA AF~:T
(VAR) (OP)
T'kFxz: A AI—opFVA[fy]:A[y]

ke THFA  Aby:T

COH
A+ cohr a[v] : A[Y] (com

For substitutions :

AF AF~:T Dx:AF AFt: Aly]

A}—<>:®(ES) AF{(yyz—t): (T,x:A) o

where in the rule (OP), the type A is assumed to satisfy (Cop) and in the rule (COH), the type A
is assumed to satisfy (Ceon).

. . Var(t) U Var(B) = Var(9—(T"))
(Cop) A is of the form ¢ —u with { Var(u) U Var(B) = Var(9* (I'))

Var(A) = Var(T") or equivalently
(Ceon) . . Var(t) U Var(B) = Var(T)
A is of the form ¢ - u with Var(u) U Var(B) = Var(T)

Semantics.

SPS,OO = @gg

ScatT @ free completion of Sps o by canonical limits preserving globular products

Mod(ScatT) : equivalent to the category of weak w-categories

A.3 The theory MCaTT

Syntax.

Contexts: lists (zg : Ao, ..., Zn : Ay) with z; variables and A; types
Types: either x or of the form ¢ 7 u with A type and ¢ and u terms

Terms: either variables or of the form mopr 4[] or mcohr 4[y] with ' a ps-context, A a type

and v a substitution

Substitutions: lists (xg — to, ..., Ty > t,) with x; variables and ¢; terms
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Desuspension.

For the context @ For the context (T',z : A)
i if A =«
lo=0o @,z A) = { [D,z: A otherwise
For the type I' F x For the type T' -t 7 U
* ifA =«
‘L* = l(t 7 u) = lt T lu otherwise
A
For a variable T -2 : A For the term A = oprp 4[] : Al
lx =x lOPF,AM = mOPF,Au’Y]

For the term At cohp a[v] : A[7]
|eohr a[7] = meohr 4[]4]

For Ak (): @ For Ak {(v,x—1t): (T,x: A)
=0 lnzmt)= { %fw,x = [t) gt}?ervzvi:e

Inference rules.

For contexts :

c r-4 C Wh Var(T"
E(E ) W( E) ere x ¢ Var(T')
For types :
'Ft: A 'Fu:A
(*-INTRO) (—-INTRO)
'« FFt:)u
For terms :
'k :A) el R . T'htearT A Ar~: |
(@:4) (VAR) P catt 7l (MOP)
Thaz:A AFmopp 4[]+ (|A)[]
o et A ArF~:|T
p CaTT Y l (MCOH)

A+ cohr a[y] : ([A)[Y]
For substitutions :

At g AFvy:T Mzx: Ak AFt: Al
——F—(E
ArQ oY AF (o) (oA

(SE)

where in the rule (MOP), the type A is assumed to satisfy (Cop) and in the rule (MCOH), the type
A is assumed to satisfy (Ceon)-
Semantics.

— SmcaTT is equivalent to the full subcategory of ScatT whose objects are the contexts with
a unique variable of type =.

— Mod (SmcatT) is equivalent to the full subcategory of Mod(Scat1) that define a single
0-cell
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A.4 The theory MCaTT’

Syntax.

Contexts: lists (zg : Ao, ..., Zn : Ay) with z; variables and A; types
Types: either x or of the form ¢ 7 u with A type and ¢ and u terms

Terms: either variables or of the form mopr 4[] or mcohr 4[y] with ' a ps-context, A a type
and v a substitution

Substitutions: lists (xg — to, ..., T, > t,) with x; variables and ¢; terms
Monoidal contexts: lists of contexts [To;...; ']
Monoidal substitutions: lists of substitutions [yo; .. .;Vn]

Monoidal ps-contexts.

(MPSNIL)
| Fps
T Fps T Fpsz: A
_ (MPSS) — (MPSE)
(15 (@ %)] Fps @ 2 % (F,y:A,f:mZ)y)l—psf:m;)y
fl—psf:xﬁy fl—sx:*
———— = (MPSD) L (MPs)
Fhpsy: A I Fps
Source and target.
o7 (=1 0; ([T; (z = %)]) = [0 (T); (x : %)]
o7 (T) if dimy >4

6{(F,y:A,f:a?7y):{ (a»_(f),yiAaf:xZ}y) otherwise

(=1 O ([T (= #))) = [0 (D) ( : )
o if dimy > i
Of Ty A fro—ry)= (drop(9;(T)),y : A) if dimy = i

(0 (T),y: A, f :x —vy) otherwise

o-(T) =0, (T or([T) =0t _(T)

imT

where dropT is the operator drop applied to the last context in T'
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Inference rules.
For reqular judgments:
For contexts:

—(EC
I} I—( )
For types:
e

I'Fx

(x-INTRO)

For terms:
'k rz:Ael
I'tz: A

(VAR)

For substitutions:
———F—  (ES
Arg o
For monoidal judgments:

For monoidal contexts:

HT(MEC)

For monoidal types:
T'kF
THx

For monoidal terms:
T  (z:A)el
ThHz: A

For monoidal substitutions:

(EMS)

JE0:1
AQA' + [7;57] : [T

'k r-A

z:A (GE)

Where x ¢ Var(T')

T'HA 't A T'tu:A

(—-INTRO)
't 7 U

TFA AF7:T

AT mop, 7 : AP

Thps TFHA Ar75:T
A+ mcoh’f’A[ﬂ s A[F)

T bps

(MOP’)

(MCOH’)

AbF~:T Nx: Ak AFt: Al
AF{yvye—t): ([ z:A)

(SE)

TE on
MC
Tolr
I+ T:T|FA
1] 1] (MCE) Where z ¢ Var([I'; T])
[, (T,z: A)]
THA I'Ht: A ThHu:A
t—u
A
T+, TFA Arx
P . "7 mop)),,
A+ mopg ,[7] : AP
Th, TFA Ab7:
(MCOH'),,,
A+ mcohy ,[7] - A[F]
Ary:T A+
(MS+)

AQA'+ [y;x ()] : [T; 2]
[f/; (T,z: A+ Nkt Ayix 9]

E—
AQA +[ix

— (MSE)
(vse—= )] I (T2 A)]
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For substitutions between contexts and monoidal contexts:

Al AF7:T AFvy:T
AT AF 9] 0T

Ak AF~:T Nzx: Ak AFt: Ay

AF():o AF{y,z—1t):([,x:A)

Where in the rules (MOP’) and (MOP’),, the type A is assumed to satisfy (Cmop/) and in the
rules (MCOH’) and (MCOH’),, the type A is assumed to satisfy (Cpeon’)-

Either A = % and dimT =0
(Crmop') _ : Var(t) U Var(A) = Var(9~(T))
Ord =t 2 uwith ¢y U Var(4) = Var(0* (7))

Either A =% and T = |]
(Crmeoh’) - , Var(t) U Var(A) = Var(T)
Ord =t e with Var(u) U Var(A) = Var(T)
Semantics.

— SmcaTT is equivalent to SpcaTT

— Mod(SmcatT) is equivalent to Mod (SmcaTT)

A.5 The theory T
Syntax.
Contexts: lists (zg : Ao, ..., Zn : Ay) with z; variables and A; types

Types: either * or of the form Path’ A ¢ w with i a dimension variable, A type and ¢ and u

terms

Terms: either variables or of the form ¢ 7 where t is a term and ¢ a dimension variable
Substitutions: lists (xg — to, ..., T, > t,) with x; variables and ¢; terms

The judgments are now indexed by a list of dimension variables, we denote it
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Inference rules.

For contexts:

r-A x ¢ Var(T')

oF (T,z:A)F
For types:

I'kr = 'y PathiAto t
For terms: 4
NS (x:A) el [kt Path® A ug ug ré¢l
Tz:A)Fz: A Ikpptr: Alr/i]
For substitutions:

AR AFo:T I'-A AFt: Alo]

AF{():o AF{o,x—1t): ([ z:A)

Rewriting:

T byt Path® A ug uy
Dhrte~ u: Ale/i]

(e=0,1)

Semantics.

S1, = FinCSet®?
Mod (S7,) = CSet

A.6 The theory CaTT
Contexts: lists (zg : Ao, ..., ZTn : Ay) with z; variables and A; types

Types: either x or of the form Path’ A ¢ u with i a dimension variable, A type and ¢t and u
terms

Terms: either variables or of the form opp. 4[v] or cohr 4[] where I' is a ps-context, A a type
and v a substitution, or of the form ¢ ¢ where ¢ is a term and ¢ a dimension variable

Substitutions: lists (zg — tg, ..., T, — t,) with z; variables and ¢; terms
Extrusion.
Y@ =0
S Tz Aazt AT Z: 522 A) IfoeX
S a)=] ExDz:d v
x(Lhw A ) { (ExT,z: A) . Otherwise

Yobx =Path’ x ab  X%(Path’ Atwu) =Path’ (3(@:¢)A4) %t Sy

Yr =7 X(ti) =(3t)i
where AT is defined by 4 4

*T =% (Path" At u)* = Path" AT ¢+ u™

v =at (ti)t =ttt

Where X is set that is downwards closed in T'.
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Ps-contexts.

I Fps
(PSS) + (PSE)
x K Fps YxDFps X
Tk X T+
B (pS) pe (PS+)
I Fps ET Fps Var(I)
Inference rules.
For contexts:
T'HA b ¢ Var(T)

g+ (T,x: A)F where ar
For types:

'+ Pk A [krto: Al0/1] Lkt AL/d]

Lhrx Ik, Path® Aty ta
For terms: ‘
I (x:A) el T byt Path® A wup ug ré¢l
Tyx:A)Fax: A Tkrptr: Alr/i]
I' Fps I'FAAER~:T I' Fps T'HA Ab~:T
(Cop) (Jcomn)
At opp 4[] Ay A+ cohp a[y]+ AlY]

For substitutions:

A AFo:T '-A AFt: Alo]

AF(): o AF{o,x—t): (T,z:A)

Rewriting: A
T'F;t:Path® A ug ug
Dhyte~ ue: Ale/i]

(e=0,1)
Where in the rule (JOP) we assume that A satisfies the condition (Cgonop,0) and in the rule (JCoH)
we assume that A satisfies the condition (Ceon,0)

I' is of dimension n and A is of the form (¢, ..., ) = (wgy -y Upn—1)

tnfl
(Ceohop,01) . . Var(t;) U Var(B; ) = Var(9; (I"))
with for all 4, Var(t;) U Var(B;") = Var(d; (I'))

(Ccoh,D) Var(A) = Var(l")
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Appendix B

Summary of the formalized results

B.1 Formalized results for the theory GSeTT

Definition of the syntax. The pre-syntax, where we define the expressions for contexts, types
terms and substitutions is declared in the file Syntax.agda as follows

data Pre-Ty : Set
data Pre-Tm : Set

data Pre-Ty where
* : Pre-Ty
= : Pre-Ty — Pre-Tm — Pre-Tm — Pre-Ty

data Pre-Tm where
Var : N — Pre-Tm

Pre-Ctx : Set,
Pre-Ctx = list (N X Pre-Ty)

Pre-Sub : Set,
Pre-Sub = list (N x Pre-Tm)

and we define the action of substitutions on types and terms

_[_]Pre-Ty : Pre-Ty — Pre-Sub — Pre-Ty
_[_]Pre-Tm : Pre-Tm — Pre-Sub — Pre-Tm

* [ v JPre-Ty = x

= Atul v ]Pre-Ty = = (A [ v JPre-Ty) (t [ v ]Pre-Tm) (u [ v JPre-Tm)
Var x [ nil ]JPre-Tm = Var x

Var x [ v :: (v , t) ]Pre-Tm = if x = v then t else ((Var x) [ 7 ]Pre-Tm)

_o_ : Pre-Sub — Pre-Sub — Pre-Sub

nil o v = nil
(v :: x,t))od=((yo0d) :: (x, (¢t [ I 1Pre-Tm))
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Judgments and rules of the theory. We then define the judgments in the file Rules.agda,
as inductive inductive types, following, where the inference rules give the generators

data _FC : Pre-Ctx — Set

data _FT_ : Pre-Ctx — Pre-Ty — Set

data _Ft_#_ : Pre-Ctx — Pre-Tm — Pre-Ty — Set
data _FS_>_ : Pre-Ctx — Pre-Sub — Pre-Ctx — Set

data _FC where
ec : nil FC
cc : VA{I'AYy = I'+C - I'FT A — (I' :: ((length I') , A)) FC

data _FT_ where
ob : V{I'} - I FC — I'}FT %
ar : V{I''Atuw} - T t#A T+t u#A T FT = Atu

data _+Ht_#_ where
var : V{I  x A} - I'+FC - x#Ac I — I Ft (Var x) # A

data _FS_>_ where

es : VA{A}Y - AFC — A FS nil > nil

sc : V{ATvyx Aty > ARSy>T - U :: (x, ) FC
— AFtt# (A [~ IPre-Ty)
— AFS (v :: (x, ) > U :: (x, A)

Note that in this theory, the judgment _FS_>_ is not mutually inductive with the others and could
be defined separately, however in more complicated theories, we define it by mutual induction
and thus proceed the same way here. We then prove in this file the easier properties satisfied by
these rules, and particular we prove cut admissibility

OT : V{I A A~} 5> T FTA
- AFS vy >T
— A FT (A [ v ]Pre-Ty)
Ot : VI At Ay T et #A
- AFS~y>T
— A Ft (¢ [ v ]Pre-Tm) # (A [ v ]Pre-Ty)

Structure of category with families. In the file CwF-Structure.agda, we proceed with
showing all the equalities that define the syntactic category and endow it with a structure of
category with families. We have already proved cut admissibility, we now prove in particular
the functoriality of the application of substitutions and the associativity and unitality of the
composition

[T : V{[T A O A~ - T
— A FS
— 6 F
— ((A[ Pre-Ty) [ 0 ]Pre-Ty) == (A [ v o § ]Pre-Ty)
[6lt : V{T AO Aty >TFtt#A
- AFS vy >1T
- O Fs§> A
— ((t [fy]Pre Tm) [ § JPre-Tm) == (¢t [ v o § ]1Pre-Tm)

D~

7>
S 6>
v 1]
l_
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o-admissibility : V{I' A ©® v 6 - A RSy > 1T
- O Fsd>A
= O FS (yod) >TI
o-associativity : V{[ A O =5 ~v§0r > AFS~y>T
-+ O Fsd> A
- ZFs 0 >0
= ((y 09) 06) == (y o (J o 6))

o-left-unit : V{I' A v} - AFS vy > 1T
— (Pre-id I' o 7) == v
o-right-unit : V {A v} — (y o Pre-id A) == v

Uniqueness of derivations. In the file Uniqueness-Derivations.agda we prove by mutual
induction that every derivable judgment is derivable in a unique way, by showing that the type
of derivations of this judgment is contractible [63], using a terminology from homotopy type
theory. We can simplify the statement even further by showing that every judgment defines a
proposition, again in the sense of homotopy type theory

is-prop-FC : V I' — is-prop (I' FC)
is-prop-FT : V I' A — is-prop (I' FT A4)
is-prop-Ft : V I' At — is-prop (I' Ft t # A)
is-prop-FS : VA I' v — is-prop (A FS v > I")

Decidability of type checking. We show that every judgment defines a decidable type in
the file Dec-Type-Checking.agda

dec-HC : V I' — dec (I" FC)

dec-+FT : VI A — dec (I' FT A)
dec-tt : VI At — dec (I' Ft t # A)
dec-tFS : VA I' v - dec (AFS vy >1)

These are the most involved proofs and they in particular give a certified implementation of a
type checker for this theory. Since the theory GSeTT is not very relevant in practice, this is
not so important here, however for more complicated theories formally proving the decidability
in Agda gives a certified implementation of the theory, of which one could extract a code that
computes.

Disk and Sphere context. The Agda definition of the disks and sphere contexts are formal-
ized as follows

S : N — Pre-Ctx
D : N — Pre-Ctx

S 0 = nil
S n =(Mmn) :: (length (D n) , n= n)
Dn=(Sn) :: (length (5 n) , n= n)

we then prove that they define valid contexts

S :Vn— SntC
DF : Vn — Dn FC
n= : N — Pre-Ty
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and we show the familial representability of the type functor

Ty-n : V {I'} - ¥ (N x Pre-Sub) (A {(n, 79 - ['FS v >S5S n})
— X Pre-Ty (A A — (I FT A))
Ty-classifier : V I' — is-equiv (Ty-n {I'})

B.2 Formalized results for globular type theories

In order to study this general framework for globular type theories along with their properties,
we have formalized it in Agda [12], using de Bruijn levels for variables. This construction is
found in the directory Globular-TT/ of the project and follows the same structure as the one
of the folder GSeTT that we have presented in Section 2.2. The folder CaTT is dedicated to the
work in progress of formalizing the type theory CaTT as a particular case of a globular type
theory (which is slightly more difficult in a constructive and proof relevant setup, that what we
have presented here). We define in particular the syntax of a globular type theory in the file
Syntax.agda as follows, and define the action of substitutions on types and terms as well as
their composition

module Globular-TT.Syntax {1} (index : Set 1) where

data Pre-Ty : Set (lsuc 1)
data Pre-Tm : Set (lsuc 1)
data Pre-Sub : Set (lsuc 1)
data Pre-Ctx : Set (lsuc 1)

data Pre-Ty where
* : Pre-Ty
= : Pre-Ty — Pre-Tm — Pre-Tm — Pre-Ty

data Pre-Tm where
Var : N — Pre-Tm
Tm-constructor : V (i : index) — Pre-Sub — Pre-Tm

data Pre-Sub where
<> : Pre-Sub
<_,_—_> : Pre-Sub — N — Pre-Tm — Pre-Sub

data Pre-Ctx where

g : Pre-Ctx

_-_#_ : Pre-Ctx — N — Pre-Ty — Pre-Ctx
_[_1Pre-Ty : Pre-Ty — Pre-Sub — Pre-Ty
_[_]Pre-Tm : Pre-Tm — Pre-Sub — Pre-Tm
_o_ : Pre-Sub — Pre-Sub — Pre-Sub

We then define the judgments as inductive inductive types whose generators are the inference
rules of the theory, they are indexed over typed contexts in the theory GSeTT, which we include
as an argument of the module.

module Globular-TT.Rules {1} (index : Set 1)
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(rule : index — GSeTT.Typed-Syntax.Ctx X (Globular-TT.Syntax.Pre-Ty index))
where
open import Globular-TT.Syntax index

{- Notational shortcuts : the context corresponding to an index -}
Ci : index — Pre-Ctx
Ci i = GPre-Ctx (fst (fst (rule i)))

Ti : index — Pre-Ty
Ti i = snd (rule i)

data _FC : Pre-Ctx — Set (lsuc 1)

data _FT_ : Pre-Ctx — Pre-Ty — Set (1lsuc 1)

data _Ft_#_ : Pre-Ctx — Pre-Tm — Pre-Ty — Set (1lsuc 1)
data _FS_>_ : Pre-Ctx — Pre-Sub — Pre-Ctx — Set (lsuc 1)

data _HC where
ec : T FC
cc : V{I'AY = I'+C - I' FT A — (I" - (C-length I') # A) FC

data _+T_ where
ob : V{I} - THFC — I FT %
ar : VA{I'Atuw} - TFTA T HFt#A—>TFtu#A—-THFT = Atu

data _Ft_#_ where
var : VA{I' ' x A}y > I'FC - x# A e - '+t (Var x) # A
tm : V {A v} — (i : index)

— Ci 1 FTTii

- AFS vy >Cii

— A +t Tm-constructor i v # (Ti i [ v ]Pre-Ty)

data _FS_>_ where
es : V{A} > AFC - AFS <> >0
sc : V{A T vyx At} > AFSy>T
— (I" - x # A) FC
— (AFt t # (A [y JPre-Ty))
- AFS <~y ,x—=>t>> U - x#A4)

Syntactic properties. We can first check by mutual induction that all the properties of
Proposition 2 hold in any globular type theory. Our formalization shows all these properties in
the file Rules.agda. Note that in this framework, term constructors depend mutually inductively
on substitution, which makes some of these properties harder to prove - If we are not careful,
some of the inductions become ill-formed. For this reason, some of the properties stated here are
proved in the file CwF-Structure.agda, although the corresponding properties for GSeTT are in
the file Rules.agda. The statements corresponding to these properties are similar to the ones
we have presented for the theory GSeTT.

Structure of category with families. We have defined all the structure of a cut-full cat-
egory as we have presented in Section 1.1, and proved that all the defining equations of a
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cut-full type theory hold for globular type theories. The corresponding proofs are in the file
CwF-Structure.agda. The fact that term constructors depend on substitution also makes this
fact a little bit harder to prove, and most of the results are mutually inductive together. This
makes the proof very hard to check by hand, and illustrates the use of having a proof-assistant
as Agda to manipulate type theories in our case.

Decidability of type checking. The existence of a derivation for any judgment in a globular
type theory is decidable, and we have proved this by induction. For this proof, we follow the
structure described in Proposition 43, and it requires a subtle argument keeping track both of the
depth and the dimension of the terms to ensure that the induction is well-formed. In particular,
it is this property that motivates us to assume that dim A; > dimI'; — 1. We have formalized
this argument in the file Dec-Type-Checking.agda.

module Globular-TT.Dec-Type-Checking {1} (index : Set 1)
(rule : index — GSeTT.Typed-Syntax.Ctx X (Globular-TT.Syntax.Pre-Ty index))
(assumption : Globular-TT.Rules.well-founded index rule)
(eqdec-index : eqdec index)

where

dec-GFT : V (I' : GSeTT.Typed-Syntax.Ctx) n A
— dim A < n
— dec (GPre-Ctx (fst [) KT A)
dec-GFt : V (I" : GSeTT.Typed-Syntax.Ctx) nd A t
— dim A < n = depth t < d
— dec (GPre-Ctx (fst I) Ft t # A)
dec-GFS : V (A I' : GSeTT.Typed-Syntax.Ctx) n d 7
— dimC (GPre-Ctx (fst I)) < n
— depthS v < d
— dec (GPre-Ctx (fst A) FS v > GPre-Ctx (fst I))

dec-HC : V I' — dec (I' FC)

dec-FT : VI' A — dec (I' FT A)
dec-Ft : VI' At — dec (I' Ft t # A)
dec-FS:G : V A (I" : GSeTT.Typed-Syntax.Ctx) v

— dec (A FS v > GPre-Ctx (fst I))

dec-FS : VA I' v = dec (AFS v >1)

The statements separate in three groups, corresponding to the three steps of the proof that
we have sketch for CaTT (Proposition 43). We first prove the decidability for derivability of
judgments in a context that is in the theory GSeTT. We then prove the derivability for the
regular judgments, restricting the substitution to those whose target is in the theory GSeTT. We
then can prove it for every substitution. The first part of this proof is a bit subtle, as it requires
keeping track both of the dimension and the depth of the objects we manipulate, and relies on
the assumption (which is denoted by the argument assumption of the module) that for all j € J,
we have the inequality dimI'; < dim A; 4 1, we have formalized this by the type well-founded
defined as follows

well-founded : Set (lsuc 1)
well-founded =V (i : index) — Ci i FT Ti i — dimC (Ci i) < dim (Ti i)

We also rely on the fact that our indexing set for the term constructors have decidable equality.
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Uniqueness of derivation. Every judgment is derivable in at most one way in a globular type
theory: This is a straightforward mutual induction, and can be seen by the fact that the syntactic
expression of a context, type, term or substitution completely encodes its possible derivation.
We have proved this property in the file Uniqueness-Derivations.agda of our formalization.
The formulation is similar to the one presented in Section 2.2

module Globular-TT.Uniqueness-Derivations {1} (index : Set 1)
(rule : index — GSeTT.Typed-Syntax.Ctx X (Globular-TT.Syntax.Pre-Ty index))
where

is-prop-HC : V I' — is-prop (I' FC)
is-prop-FT : V I' A — is-prop (I' FT A4)
is-prop-Ft : V I At — is-prop (I' Ft t # A)
is-prop-FS : V A I' v — is-prop (A FS v > I")

Familial representability of Ty. We have defined the disk and sphere contexts and proved
their validity as well as the familial representability of the type functor in this case in the file
Disks.agda.

S : N — Pre-Ctx
D : N — Pre-Ctx
n= : N — Pre-Ty

S : ¥Vn— SnltC
DF : Vn — D n FC
S = : Vn—>SntT n=>n

Ty-n : V {I'} - ¥ (N x Pre-Sub) (A {(n, 79 - ['FS v >S5S n})
— X Pre-Ty (A A — (" T A))
Ty-classifier : V I' — is-equiv (Ty-n {I'})

B.3 Formalized results for the theory CaTT

The theory CaTT is an instance of a globular type theory, and thus in order to formalize, we can
simply instantiate our previous formalization with the right indexes. This requires formalizing
the algorithm for recognizing ps-contexts, that we have formalized in the file Ps-contexts.agda
as well as the side conditions, that we have defined in the file Fullness.agda. However, due
to the proof-relevance setting of Agda, it is not completely straightforward to translate these
definitions directly, in particular we have to be careful about not having different witnesses to
the equality Var(T') = Var(A). There are various ways to circumvent this issue. One is to only
work with variables of maximal dimension, another is to implement sets in Agda. In all the
cases, this requires some substantial extra work, that we do not discuss here.
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Résumé : Nous présentons une définition des w-
catégories faibles formulée en théorie des types
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