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Chapter 1
Introduction

Types and categories In the early 20" century RUSSELL concerned himself with the
paradox that now carries his name, which says the following: If we consider all possible sets,
then the “set” {z | x € x} can not be a set itself. As a solution he proposed in [59] that each
variable should not exist in a “vacuum”, but instead be assigned a type. This would make it
clear that the totality {z | 2 & 2} could not be of the same type as the z it contains and
thus the paradox is resolved, which could be seen as the birth of type theory. However his
theory of types has still some shortcomings from the current point of view, that is we do
not have the ability to form types in the context of a term of a given type. However such
definitions lie at the heart of mathematics, as if we are for example given a field k, that is
naively k : field where field is the type of fields, we want to be able to create a type Vec(k)
of vector spaces over this field k.

A type theory emerging some time later, in the 1970s, pioneered by MARTIN-LOF
addresses this: He proposed his intuitionistic theory of types which precisely allows one
to form dependent types of the above form and further. He further proposed that this
intuitionistic type theory ought to be seen as a foundation of mathematics. Even later, in the
2010s Homotopy type theory is developed [64] which features another approach to dependent
types. We will get into further details about differences in these two approaches later.

Since its introduction in [22] for topological purposes category theory started to enter all
areas of mathematics. One of its first impacts in mathematical logic came through LAWVERE
’s thesis [42] in which he subsumed many mathematical theories as what he called algebraic
theories and then showed how these algebraic theories are connected to certain categories.
This result led him to stipulate the “category of categories” (if such object exists) as a
foundation for all mathematics. Later in [41] he continued on this path by introducing
hyperdoctrines, a concept purely built from categorical notions which should serve as an
abstraction from theories. He already notes in [41, p.12] that

“Any (single-sorted) theory formalized in higher-order logic yields a hyperdoctrine [...]”

Thus the natural question arising from this observation is whether such correspondences
between categorical constructs and (typed) theories can also be found in other settings. This
was answered positively by LAMBEK and SCOTT in [40] where they linkey cartesian closed
categories to typed A-calculi and type theories (in their sense) and topoi. However, their
type theories do not include dependent types.

For type theories with dependent types the attempts of categorisation can be associated
to one of the two following sorts, depending on their underlying motivation.

e Based on MARTIN-LOF’s approach which realises dependent types as types formed in
contexts, which are finite lists of variables in their respective types, the categories realising
such type theories are usually developed in the framework of fibred category theory. The
most general notion in this sort of attempts are the comprehension categories of JACOBS
[34, 33, 35] in which the contexts are the objects of the base categories and the types
that can be formed in these contexts are realised as the object of the category above
their respective contexts in the base category of the fibration. They may be seen as a
generalisation of the preceding display map categories introduced by TAYLOR in his thesis
[62].
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e Similiar to the approach developed in [64] which realises dependent types as dependent
function types into an universe type, types dependent on variables of another type are
realised as additional structure on objects extraneous to the category. Examples of this
approach are CARTMELL’s categories with attributes [9],PITTS’ type categories [51], and
many more. The approach we will focus on mostly is that of the categories with family
arrows of PETRAKIS [48].

Many attempts have been made to reconcile different approaches of these two sorts. BLANCO
showed in [5] that categories with attributes due to CARTMELL are equivalent to discrete
comprehension categories. A recent paper by AHRENS et al. [1] showed that all approaches
are equivalent to a discrete notion of a comprehension category. However, one question
remained.

Question A. What categorical notion of the second above sort captures the non-discrete
cases of comprehension categories?

We will show that the categories with family arrows of PETRAKIS and an extension of
those due to EHRHARDT [20] are the required categories.

Computability and categories As there are many different theoretical notion of com-
putability, Turing computability, Kleene computability, the theory of partial continuous
functionals to name a few, the desire arose to have a unified theory allowing one to speak
about these models and compare their features in one common language. An early approach
were partial combinatory algebras, whose connections to topoi were examined by LONGLEY
in his thesis[44].

Independently, and in order to make categories appropriate for computability, others
tried to find an appropriate primitive notion of partiality for arrows in categories. One of
the earliest approaches are dominical categories due to DI PAOLA and HELLER (18], which
were generalised by ROSOLINI to p-categories in his thesis [58], were further generalised to
restriction categories by COCKETT and LACK in [11, 12, 13]. Surprisingly each of these
categories can be embedded into the category of partial arrows of a category with a base of
computability?

Later LONGLEY introduced another candidate for a general theory of computability, his
theory of (higher) computability models [43, 45], which abstract partial combinatory algebras.
He furthermore extended the notion of the category of assemblies to computability models
hence a way to go from computability models to categories had been established. PETRAKIS
then noticed in [50] that categories with a base of computability induce computability models.

Thus the following questions arise:

Question B. What categorical structure does the category of computability models carry and
can it be associated to a type theory as mentioned before?

Question C. What properties do the mappings

{ Computability models} — { Categories + bases of computability},
{Categories + bases of computability} — { Computability models}

have? Do they constitute an equivalence of categories?

We will at least determine which structure the category of computability models must
not carry and give intermediate results concerning question C.

!These are called dominions by ROSOLINI in [58].
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Chapter a

(2-)categorical prerequisites

a.l Notation for categorical notions

We will not reiterate all basic notions of category theory here and instead refer the reader
to [2] (a reprint available online is [3]) for the standard constructions of category theory,
namely products, coproducts, limits, colimits and such. However we shall make the following
notational conventions which may differ from the usual notation:

We denote the identity on an arbitrary object ¢ in a category € as 1.. We also adopt
this convention for sets. For a category € we denote the identity functor on € as idg.

We denote the von Neumann-ordinals using blackboard bold numbers, that is
0=0,1={0},2={0,1},3={0,1,2},....

We denote the standard simplices as [0],[1],[2],..., and regard them as linear orders
(categories) where the morphisms are given by the edges and are always orientied upwards,
that is

O0j=10 [1]=0—1, [2]=0——1, ...

o

We denote monic arrows in a category with “—" and epic arrows with “—".

We denote the pullback of a morphism ¢: ¢; — ¢ along a morphism f: ¢3 — ¢o with
f~'g and the object corresponding to the pullback with f~!(c;). We denote in diagrams

[13)]

that a square is a pullback square with a “J” as follows:

-1
FHe) L5 o

J
fflgl lg
f

3 ——— Cy.

For any span cg PEARP AN c1 making the obvious square commute we denote the unique
arrow ¢ — f~1(c1) obtained from the universal property of the pullback with (f’, ¢').

Dually, we denote the pushout of a morphism ¢: ¢; — ¢3 along a morphism f: ¢; — ¢3
with f,g and the object corresponding to the pushout with f.(¢;). We denote in diagrams

W

that a square is a pushout square with a “J” as follows:

/
Cci — Co

| |

wf
C3 I f*(Cz)

For any cospan c3 AN c1 making the obvious square commute we denote the unique
arrow f,(cy) — ¢ obtained from the universal property of the pullback with [f’, ¢'].

This notation differs from the usual i ~*(c3) and ¢z +., ¢3 used in most texts, but is used by
Rosolini in [57] and as we will later concern ourselves with sets and presheaves, the notation
is chosen to reflect the connection to inverse image and direct image.
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a.2 Notions of fibrations

For this we first recall some terminology regarding 2-categories. For an introduction to
2-categories we refer to [36]. For us a 2-category will always be locally small, and such
2-categories are simply categories ¥ enriched over Cat.

Notation (for 2-categories):

e We denote 2-categories using the same script as for normal categories, that is ¢, 2,8, . . ..
e The different types of n-cells in a 2-category are labelled as such:

0-cells are denoted using uppercase latin letters like X,Y, 7, ...,
1-cells are denoted using lowercase latin letters like  f, g, h,...,
2-cells are denoted using lowercase greek letters like «, 3,7, --

e Both the composition of 1-cells and the vertical composition of 2-cells are denoted using

«.
o .

o If a: e = ¢, where e,¢/: X — Y and B: h' = h, where h,h': D — X are 2-cells, then
the result of the horizontal composition is denoted o e 5. Visually:

h/ 6/ G,Oh,
—— — . T
D \%& X I Y =D e v

eoh

In the special case that either a or § are identity transformations 1; (or 1.), we use the
notation h e a (or (5 e e respectively) instead.

Definition a.2.1 (Cartesian 2-cells in a 2-category). Let € be a 2-category, a: e = ¢’
(where e, €’: X — Y') be a two-cell and p: Y — E be a one-cell. We say that « is p-cartesian
if for all f: D — X the 2-cell a ® f is a (p o =)-cartesian arrow in the category €' (D,Y).

The above definition of p-cartesian 2-cells can be further unpacked by analysing what it
means for o e f to be (p o =)-cartesian. It means that if we are given a 2-cell £: e’ = eo f

resulting in the cospan
N 1)

€'Ofoé:.f> eof

e//

and a 2-cell v such that
p o 6//

il \ (2)

poe’oxﬁpoeox

(where we already used that (po=)(ce f) =peae fand (po=)(§) =pef) we get a 2-cell

¢ such that
cﬂ \

eOf:>eOf
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commutes. Now to unravel this a bit. To give a functor £ as in (1) amounts to giving a

triangle
D %
\ ﬂg /
f e
X

and giving a 7 as in (2) amounts to giving a 2-cell as in

D < >
fl /
X - Y ——

where the equalities means that (pec e f)oy=pec.

~

p

o +—




Chapter b
Type theories with dependent types

We are going to give a brief exposition of the two kinds of type theories with dependent
types that underlie the different approaches to dependent function-objects in categories. This
material is taken from [30] and [64], albeit sometimes adapted to our notational conventions.

b.1 Dependent types out of contexts

Assume we are given an infinite supply x1, z9, x3, ... of metavariables ranging over elements
of types, 01,09, ... as metavariables for type-terms. Then a context I' is a (possible empty)
sequence of the form x : 01,25 : 09, ... where each o; contains only x; for j < i freely for all

7. Such a calculus has six elementary assertions, namely

FIT ctat [' is a valid context
' o type o is a type in context I'
I'-M:o M is a term of type o in context I

FI'=A ctat [' and A are definitionally equal contexts
I'tFo =7 type o and 7 are definitionally equal types in context I'
I'FM=N:0 M and N are definitionally equal terms of type ¢ in context I.

The rules to form contexts are as follows:

C-Emp ' o type

H ] ctat FT,z: 0 ctrt C-Fxt

where the variable z in the second rule has to be fresh.

FT'=A ctat I'Fo=rT1 type
Fl,x:0=Ay:7 ctxt

C-Ext-Eq

Here the variables x,y have to be fresh.
The following rule asserts our metatheoretical assertion that contexts are build up from

only variables.
FD,z:0, A ctxt

Nz:o0AFx:0
The following groups of three rules assert that equality of contexts, types and terms is an
equivalence relation.

ar

o [or contexts:

FT = A ctat F T ctat
FA=T ctot OO0 TET =T e CEOR
and FT=Actit  FA=0O clat
= ctx = ClT
FT'=0 ctat C-EqT
o For types:
' o type I'Eo =1 type
I'Fo =0 type Ty-EaR I'F7=0 type Ty-Fa-8
and I ! I !
o =T type T=0 WP o T

I'Eo=p type

8
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e [or terms:

N :
M :

I'EM:o I'FM= o
TE M=o \mBEeR oy ToEaS

and

I''FM=0:0

The equalities between context and types interact according to the following rules:

I'-M:o FI' = A ctat I'Fo =1 type

N Tm-Conv

and
FI' = A ctat ' o type

AF o type

Hofmann also demands the following two rules: (Here [J is either of the judgements M :
o,M =N : 0,0 type,oc = T type.

Ty-Conv

IAFO ' p type
Doz :p, AT

Weak

Dx:p, AFO 'cU:p
[ A[U/z) = O[U / x]

Here O[U/z] and A[U/z| refers to the usual capture-free substitution one is familiar with
from logic, that is bound variables are renamed to avoid free variables in U becoming bound.

However these additional rules are not of great importance for us, for the example of a
comprehension category generated from such a type theory it is only of relevance to us that
we can define our equivalence relation on context through this definitional equality and that
this equivalence is well-behaved with types.

Subst

b.2 Dependent types as function types

On the other hand the type theories with dependent types as introduced in [64] are defined
differently. They do not use contexts, but instead rely on type universes. So we are now
reduced to only four judgements instead of the previous six and we no longer have contexts,
thus our primitive judgements look like this:

o type o is a type
FM:o M is a term of type o
o =71 type o and 7 are definitionally equal types.
Ft=s:0 t and s are definitionally equal terms of type o
However we demand the existence of special types, our universes U; for : = 0,1,.... Note

that these indices ¢ are not canonically identified with some type N of natural numbers. We
d d that
emand tha CAU
F Z/{z type F Z/{l . Z/{iJrl HA type
for all 7. In the same fashion as [64] we will write = A : U if = A : U; for some 1.
e Product types: We want to be able to form product types for all types.

= A type F B type A=A type B = B type
A X B type HFAx B=A"x B type
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The following rules ensure that these product types behave like we would the cartesian
product in a category to behave.

Ft: A Fit,: B Ft:Ax B Ft:Ax B
F (t1,t9) : AX B Fopry(t) : A Fopry(t) : B
Ft, =t A Fty=1t,:B Ft=t:AxB Ft=t:AxB
= (t,to) = (1, 15) : Ax B Fpri(t) =pri(t) : A = pra(t) = pro(t') : B
o Function types:
H A type F B type A=A type B = B’ type
A — B type HFA— B=A — B type

The following rules ensure that the terms of these function type behave like functions.
First we postulate that we can apply function terms to terms of the domain type:

F A type = B type Ff:A— B Fa:A
F f(a): B

F A type = B type Ff=g9g:A— B Fa=d:A
= fla) =g(a): B
Secondly we postulate that we can obtain functions by A-abstraction:

F A type F B type Fb: B Fx: A
FAxb: A— B

= A type F B type Fb=10:B Fao: A
FAxb=Xzxb:A— B

where z and y are both variables. We demand that the term b contains at most the
variable x freely. Then z is bound in Az.b.

The usual rules governing this term formation are demanded, that is a-conversion,-
reduction and n-expansion.

F A type = B type Ft: B Fa: A Fy: A

FArt =)yl A B a-eony
F A type F B type Ft:. B Fa: A Bired
F (Az.t)(a) = tlz/a] : B
F A type F B type Ff.A— B I—x:An_eXp

Fle.f(x)=f:A— B
Here t[z/a] is simply the term where all occurrences of x are replaced by a.

We additionally demand all the rules turning definitional equality of types and terms into
an equivalence relation as before. In this framework the dependent types are then simply
modelled as types A — U; where A is a type. This theory is developed further in [64] by
adding types [[,.4 B(a),> .4 B(a) for types A, B: A — U;, but we will not reproduce this
here as it was merely our intent to highlight the different approaches to dependent function
types that motivate categories with family arrows and comprehension categories.
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Equivalences between categories with
dependent arrows and comprehension
categories
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In this part we will compare two approaches to categories for dependent structures motivated
by two different approaches to dependent types in type theory. There already exists a
survey by Ahrens et al. (cf. [1]) which compares most of the established approaches, namely
Comprehension categories, categories with families! and type categories and the categories
they are organized in, where comprehension categories are the most abstract notion. Building
on this we compare comprehension categories to categories with family arrows, and their
generalisations introduced by Petrakis in [48] and 2-family arrows introduced by Ehrhardt in
[20]. Categories with family arrows and their more abstract notions can be summarized in
the cube

(dep, X)C > (2-dep, X)C
depC T » 2-depC
(fam,X)C T > (2-fam, X)C

e

famC s 2-famC

where each category is the category of one of those notions (these will be explained later)
and the arrows are inclusions.
In this cube each direction corresponds to adding an abstraction, that is

e going up the y-axis (‘71’) corresponds to adding dependent arrows,

e going along the x-axis (‘ —’) corresponds to adding arrows between family arrow (that is
“2-dimensional” structure) and

e going along the z-axis (‘ V") corresponds to adding 3-objects. (Again, all these notions
will be explained in the succeding chapters.)
On the other hand are the comprehension categories of JACOBS which build on (discrete/Gro-
thendieck) fibrations and higher structure built using these. The notions already explored in
the literature falling into this approach can be summarized as the normal nodes in

HComprCStL. > HComprC™"*
dFibb ‘ > sas
ComprCe. T > ComprCiEﬁ
P s
dFib » Fib

The nodes highlighted in red correspond to new notions that will be introduced in the
following chapters, but first we will elaborate on the already established notions and the
2-equivalences between the corresponding nodes in the two cubes.

LCoRAGLIA and D1 LIBERTI introduced a notion of generalised categories with families in [15], whose
biequivalence to comprehension categories was shown in [14], which were not mentioned in this survey paper.

12



Chapter 2
(2-)fam-categories and fibrations

In this chapter we recall the basic notions of categories with (2-)family arrows due to PETRAKIS
and EHRHARDT as well as the notions of (Grothendieck) fibrations due to GROTHENDIECK
and GRAY. The equivalence results are a trivial extension of the known equivalence of split
Grothendieck fibrations and functors into the category of categories (modulo size issues) to a
2-dimensional framework.

2.1 Categories with family arrows

Definition 2.1.1 (fam-categories — [48]). A fam-category is a category € that comes
equipped with a collection fHom(c) of family arrows for each ¢ € €. These family arrows are

usually denoted with greek letters A, u, et cetera. In diagrams they are denoted as ¢ 2

e For each ¢, ¢ € € there is a composition operation o: fHom(c) x Hom(c, ¢) — fHom(¢),
such that the following two conditions are fulfilled:

(fam;) for all A € fHom(c) we have that Ao 1. = A.

A

AT

c—— ¢ ——
(famy) for all A € fHom(c) we have that Ao (fog) = (Ao f)og.

(Aog)of

Aog
f d9 A

> € >

Ao(gof)

Examples 2.1.2. 1. One can establish a fam-category structure on Sets by letting fHom(S)
for any set by the set of families (Bj)scs where the By are sets. The composition operation
is then given by mapping ((Bs)seg, f:T— S) to the family (Bj«))er-

2. One can turn every category into a fam-category by setting fHom(c) = %y, the collection
of objects of the category, for every ¢ € ¥. The composition is then simply defined by
mapping (d, f) to d for every object d and every morphism f of €.

3. If ¥ is locally small one can define fHom(%) = [¢°P, Sets|, and the composition is simply
defined by (G, F') — G o F. Thus Cat is a fam-category.

4. (PrTT8) Families in a topos Let € be a topos with subobject classifier (T,Q): If a € €
set

fHom(a) := U Hom(a x b, ).
be®

13
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The composition is defined by the rule ((b,€),g) — (b,e x (g x 1))

b
\,Z

1y b

y

c
C gx

r
X
!
|
|
|
|
|
4

(b,e)og

2.1.3 Dependent function types yield fam-categories. Given a type theory T as in
[64] (a quick recapitulation can be found in b.2) one can define a fam-category %7 as follows
(see [48, 20]):
e Its objects are types A : Y. The morphisms from A to B are given by terms t : A — B.
The identity on A is Az.x for some variable x : A. The compositionoft: A — B,s: B — C
is given by Az.s(t(z)).

e The family arrows of A are given as the families of types over A, that is

fHom(A) = D{t A — U}

1=0

The composition of t: A — U; and s: B — A is given by
Az.t(s(z)).
The properties of fam-categories follow immediately from the axioms of such type theories.

Definition 2.1.4 (fam-functors and fam-natural transformations). Let ¥ and 2
be fam-categories. A fam-functor F: € — & is a functor F': € — & of the underlying
categories together with an assignment rule

F.: fHom(c) — fHom (F(c)), A+ F.())

such that
(famg) for all ¢,d € €, f: ¢ — d and A € fHom(d) the following holds:

Fe(Ao f) = Fu(A) o F(f).

A fam-natural transformation n: F = G of fam-functors F,G: € — Z is a natural transfor-
mation of the underlying functors F, G such that

(famy) for every ¢ € € and A € fHom(c)

commutes, that is G.(\) on. = F.(\) .
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Usually we will omit the subscript in Fy, as it is evident from the family arrow it is
applied to.

For general examples see [20, 48], we only give an example corresponding to the categories
arising from type theory.

2.1.5 Maps between type theories yield fam-functors. If T, S are type theories with
respective type universes U/, ) and we are given a rule F' that assigns

e to each type A : U a type F(A) : V such that each type universe U; gets mapped to a
type universe Vjand

e to cach term ¢ : A a term F\(t) : F'(A)
such that definitional equality is respected, we obtain a fam-functor F': 67 — %5 by

A= F(A), (t:A— B~ F(t): F(A)— F(B)), (t:A—Uw F(t): F(A) — F(U,)).

Definition 2.1.6 (The category of fam-categories). Let famC be the 2-category whose
e objects are categories with family arrows.

e /-maps are fam-functors and

e 2-maps are fam-natural transformations.

2.1.7 Some remarks about size issues. In the above definition of the categroy famC one
encounters the usual question of size issues one gets when defining “categories of categories”.
Namely, if one does not restrict the size of the collection of objects and arrows paradoxes like
the one of RUSSELL might arise. Thus if we form categories of categories throughout this
paper we restrict ourselves to the case that these are locally small.

However, this is not sufficient for the present definition, as we additionally need to
control the size of the totality of family arrows, hence we extend the local smallness to the
family-arrows, that is for each ¢ € € for a given object ¢ of some fam-category 4 we demand
that fHom(c) be some form of set. We do not need the full power of set theory for the
equivalences in the following sections and chapter, but we need to be able to form unions
indexed by objects, that is we need to be able to form the collection

H fHom(c)

given a fam-category ¢. Additionally we will require in the following a form of comprehension
of sets, namely given a functor p: & — % we need to be able to form collections (sets) of the
form

{ee & |ple) =c}

where ¢ is some object of €.

2.2 Discrete fibrations

Definition 2.2.1 (discrete (op-)fibrations). A functor p: & — A is a discrete fibration
if for each e € & and each f: b — p(e) in A there is a unique g: ¢’ — e such that p(g) = f.
It is called a discrete opfibration if for each e € & and each f: p(e) — b in A there is a
g: e — €' such that p(g) = f.

Definition 2.2.2 (Maps of discrete fibrations). Let p: & — % and q: &' — %’ be two
discrete fibrations. A map p — ¢ is a pair (I, F') of a functor F': # — %' and another
functor F': & — &’ which lies over F' in the following sense:
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e The diagram
&Ly &
lp lq
B L B
commutes and the lift of f: 8" — b along e € & with p(e) = b gets mapped by F' to the
lift of F(f) along F(e).

Furthermore a transformation of maps (I, F) = (G, G) is a pair (7,n) of a natural transfor-
n:F =

mation n: F' = G and a transformation G living over 7 in the following sense:

e we have that g @) = n e p, that is

G
p q
Pl
B |n A

G

commutes.

Remark 2.2.3. Actually the second condition on maps of discrete fibrations is superfluous:
if we are given f: V' — b and a lift f(e): f*(e) — e along e, then F'(f(e)): F(f*(e) — F(e)
is a lift of F'(f) along F(e) and thus the unique lift.

Definition 2.2.4 (Category of discrete fibrations). Let dFib be the 2-category whose
e objects are discrete fibrations,

e I-maps are pseudo-maps of discrete fibrations,

e 2-maps are transformations of pseudo-maps.

Proposition 2.2.5. Letting famC be the 2-category of fam-categories, fam-functors and
fam-natural transformations as well as dFib be the 2-category of discrete fibrations, maps of
discrete fibrations and transformations of such maps we get a 2-equivalence

famC ~ dFib.

Proof: We begin by describing the two 2-functors.

p_: famC — dFib: ‘ This functor is given by the following data:

e it maps a given fam-category % to the discrete fibration py: .# — € where € is the
category whose objects are pairs (¢, \) where ¢ € ¥ and A € fHom(c). The only arrows in
F are arrows f: (¢, Ao f) — (¢, \) where f: ¢ — ¢ is an arrow in %. The composition
is then defined via the usual composition on % . It is immediate that this composition
satisfies the unity and associativity laws.

e A fam-functor F': € — & is mapped to a map (pg, F): py — pg of fibrations as such:
— the functor pp takes (c,A) in F to (F(c), Fo())).
— An arrow f: (¢, Ao f) = (¢, A) is taken to F(f): (F(c), F.(Ao f)) = (F(), Fu(N)).
To see that this is well-defined we simply use that F.(Ao f) = F.(\) o F(f).

It is immediate that this constitutes a functor as the interchangeability of pr with
composition and identity follows from the functoriality of F.
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e A fam-natural transformation n: F' — G is taken to a transformation of maps of fibrations
(n,py): (F,pr) = (G, pe) as follows: the maps 7. for (¢, \) € F are given by 7. It
is immediate that 7.: ((F(c), F.(A)) — (G(c),G:(\)) as by definition of fam-natural
transformations we have F.(\) = G.()) o 7.

It is immediate that this p_ is a 2-functor from the definition, a simple calculation proves
that it respects associativity and unity for both 1- and 2-morphisms.

F_: dFib — famC: ‘ In this direction we define the functor as follows:

e Given p: & — % we define our fam-category to have as underlying category 4 and
the family arrows are given by the fibres, fHom(b) := p~!(b). The precomposition of
A € fHom(b) with f: b — b is given by the domain of the unique lift of f along p and A.
It is immediate that this constitutes a fam-category as 4 is a category and for all b € £
and all A\ € fHom(b) = p~'(b) we have that Ao 1, = ), as 1: A — X is a lift of 1, along
p and A and as p is discrete it is the unique arrow with this property. Furthermore
Ao(go f)=(Nog)o f as the unique lift of g o f at A is given by the composition of the
unique lift of g at A and f at Ao g.

e Given a map (F,F): p— ¢ as in

e e
|
B, L B,

k]
)

(3)

LS

we obtain our fam-functor F z: %, — %, as follows: the underlying functor is F': &, —

A

%, and on the family arrows we set (Fp z)y(A) = F(A). We then simply compute that

A A

(Frp)e(Ao f) = F(Xo f) = F(\) o F(f) where we used the commutativity of (3) for the
last equality as A o f is the domain of the unique lift of f along \.

e Given a transformation (7,7): (F,F) = (G, G) as in

F
&y 0 &y
!
p q

F
B, | B,
G

we define our fam-natural functor F(fz,n) via

(F(ﬁm))b = -

It is then immediate that

A~

FieoyN) o Faa)s = GO\ omy = F(X)

as GI(\) o n, is the lift of 7, along G()\) and ¢, but by definition ¢(fy) = 1, and F()) is
the codomain of 7,.

One now computes that F_ op_ = idgamc and p_ o F_ = idgFip, hence we have an isomorphism
of 2-categories. Q.E.D.
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2.3 2-fam-categories

Definition 2.3.1 (2-fam-categories — [20]). A fam-category % is a 2-fam-category, if for
each ¢ € € the collection fHom(c) is a category whose morphisms are called 2-family arrows.
A 2-family arrow n € Hom(\, ) is pictured as follows:

-

I

Moreover, For each ¢, ¢ € €, A\, u € fHom(¢') there must be an operation e, assigning to
n € Hom(\, u) and f: ¢ — ¢ the 2-family-arrow ne.. f € Hom(Ao f, o f), such that the
following conditions hold:

(2fam;) Compatibility: For each ¢,c, " € €, each A\, € fHom(c”), each n € Hom(A, ) and

each f € Hom(c, (), g € Hom(c, ") the equation on the left holds (which equivalently
means the diagrams on the right commute.)

7 ®cc 1c =n nec,cle cC —— C @

‘ Xogof \ l
e . (g o f) c f v 9 N @ ne.r .(gof)
I

= (77 O ¢t g) O ¢ f
‘ pogo f T
[0

(2famy) Distributivity: For each ¢, € €, each A, d,v € fHom(¢') and n € Hom(d,7),n" €
Hom(~, \) as well as f € Hom(c, ¢) the equation on the left holds (or equivalently the
diagram on the right commutes).

f
(77, © 77) Occ /= (77, o f) © (77 o f) c——cd —i—>

2.3.2 Arrows between dependent function types. Continuing the motivating example
2.1.3 EHRHARDT extends the family-arrow structure by 2-family arrows as such. Given
t,t' € fHom(A), that is two terms t : A — U;,t' : A — U; we first observe that without loss
of generality j > ¢ and thus U; : U; which entails ¢ : A — U;. Then Ehrhardt defines

fHom(t, ¢') == [ [ (t(z) — '(x)).

z:A

The composition of v € fHom(¢, ') and s : B — A he defines as Az.v(s(z)).
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Definition 2.3.3 (2-fam-functors — [20]). Given 2-fam-categories ¢, Z a 2-fam-functor
F: %€ — 2 consists of

e a family functor F': € — Z (in the sense of definition 2.1.4),

e A functor FA: fHom(A, p) — fHom (F(X), F(p)) for every ¢ € €, A, p € fHom(c)
such that the following condition holds:

(2famg) for all arrows f: b — cin ¢ and all A\, u € fHom(c),n: A = p we have that

FM(no f) = F*(n) o F(f).

Definition 2.3.4 (2-fam natural transformations). Given 2-fam categories ¥, 2 and

2-fam functors F,G: € — %, a 2-fam natural transformation is a fam-natural transformation

in the sense of 2.3.3 of the underlying fam-functors F, G such that the following condition is

met:

(2famy) Forallc € €, \, u € fHom(c) and w € fHom(), §) the equation GM(w)on, = FM(w)
holds, which is equivalent to the commutativity of

F(o) e . G(c)
F(X) G(w)
l/F(w) G(w‘)\
F(w) . GO

Definition 2.3.5 (Category of 2-fam-categories). Let 2-famC be the 2-category whose

e objects are 2-fam-categories,
e /-maps are 2-fam functors and whose

e 2-maps are 2-fam-natural transformations.

2.4 Grothendieck fibrations

The following notions of cartesian arrows and fibrations were initially introduced by Grothendieck
in [29] and then further elaborated on in [28]. However, we use a slightly different definition
which can be shown to be equivalent to the one introduced by Grothendieck.

Definition 2.4.1 (cartesian arrows, Grothendieck fibrations). Let p: & — % be a
functor. Given an object e € & and an arrow f: b — p(e) in A, we say that an arrow
g: € — e is p-cartesian for f and e if both

 p(g) = [ and

e for all h: e’ — e and i: p(e”) — b such that p(h) = f o we get a unique j: ¢’ — €’ such
that p(j) = ¢. As a diagram:

el/

p(
A
~

p

/ p
e —|— b
f

p

e//)
p(h)
e)

e ——
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A functor p: & — A is a Grothendieck fibration if for each f: b — bin % and e € & such
that p(e) = b we obtain a unique arrow g: ¢’ — e that is p-cartesian for f and e. We call
this ¢ the lift of f along p and e.

2.4.2 Historical remarks. The original definition due to GROTHENDIECK in [29] takes
a completely different approach, which by current standards would fit better to 2-category
theory:

Namely he considers a category .# fibred over a base category % to be an assignment
¢ — Z,. mapping each object of € to a category. Additionally GROTHENDIECK demands
that each morphism f: ¢ — ¢ is mapped to a functor f*: .#, — %, that maps each £ € .Z.
to a pullback £ x. ¢ For composable pairs f: ¢ — ¢,g: ¢ — ¢’ a natural equivalence
crg: (go f)* — f*og*, which turns this assignment into a pseudo-functor from € to the
category of categories (although the term pseudo-functor was not used).

Later GRAY altered the definition to more closely resemble the definition we use today,
he started assembling the category .%,. into a “supercategory” &. GRAYalso introduced the
notions of pseudo-functor and of p-cartesian arrows in [27], although the latter is weakened:
In the given definition the condition holds if ¢ is the identity on b, whereas the stronger
notion we use is called strong cartesian (It is also called hypercartesian in [4]).

It is straightforward to show that if p is a fibration then every arrow p-cartesian in the
stronger sense is p-cartesian in the weaker sense and vice versa.

From now on a fibration will always mean Grothendieck fibration.

Examples 2.4.3. 1. Given any category %, the domain functor dom: €~ — % (where
¢ is the category of arrows and commutative squares of %) is a Grothendieck fibration.
Given g: b - c € €7 and f: a — bin ¥ a dom-cartesian lift of f along ¢ is given by
the commutative square

et
lf llc (4)
b — ¢

g

in €7, that is (f,1.): go f — g is the desired lift. To see that it is cartesian, let another
commutative square

/

a /

£

h n

b g

|

that is the arrow (h,h’): i — g be given such that dom(h,h’) = h = f o j for some j in
% . Thus we obtain the commutative diagram

I

J

‘h,

C

S Q5
<~

}

Our remaining task is to find a unique horizontal morphism in the middle splitting this
diagram into two commutative squares such that the lower square is 4. This morphism is
h', and is necessarily unique.
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2. If the category % has pullbacks, then also cod: €~ — % is a fibration. The cartesian lift
of g: b — c along f: a — c is the pullback square

a)&a

g
|
g*fl lf
b —2 ¢

We will not elaborate this further, to confirm that one can fill the triangle uniquely one
uses the universal property of the pullback.

2.4.4 Grothendieck fibrations from contexts. This is the quintessential example that
motivated JACOBS to introduce his comprehension categories (which we will discuss later).
For this example one needs a type theory T with contexts as in exempli grata [47, 63]).
However, going forth we will use the notation and definition of [30]. A small recapitulation of
this type theory can be found in b.1 Given such a type theory T' JACOBS defines the fibration
pr: & — ABr as follows:

e The base category Ay has objects equivalence classes [I'] of well-formed contexts I'
(definitional equality suffices for this equivalence) and its morphisms are defined as
such: Given I' = xy : 0q,...,2, : 0, and A = y; : T,...,Ym : T, and without loss
of generality m < n Jacobs defines a map f: [['] — [A] as ([Mi],...,[M,]) such that
'+ M, [Mi/yi, ..., M;—1/yi—1]. The equivalence on terms can again be taken to be
definitional equality. Like Jacobs we abbreviate ([M],. .., [M,,]) to ((M]).

The composition of ((M]): I' - A and ([N]): A — O is defined as (it can by found in
[30])

([NVM/y]], - [V MY]] )

where the N;[M/y] are formed by replacing y; with M; (capture-free) for all i =1,...,m.
The identity on [['] is simply ([z1], ..., [z.]).

e The total category &r has objects [,z : o] where I' F o type and [I'] is an object of Ay.
Its morphisms are ((M], [N]): [I' F o type] — [A F 7 type] where ((M]): [['] — [A] is a
morphism of ZBr and ',z : 0 = N : 7[M/y] (here the substitution with [M] is defined as
for terms above).

Composition and identity are then defined as expected.
e The fibration pr: & — ABr maps [I' - o type] to [I'] and ([M], [N]) to ((M]).

For ((M]): [I'] — [A] in #Ar and [A F 7 type] the pr-cartesian lift of ([M]) along
[A F 7 type] is defined as

((M], [z]): [I' F 7T type] — [A F 7 type].

Definition 2.4.5 (Cartesian functors). Let p: & — % and q: & — %’ be Grothendieck
fibrations. A functor F': & — & is cartesian for G: # — %' if it maps the lift of any arrow

fin # along p and e to the lift of G(f) along ¢ and F(e). One defines a map p — ¢ to be a
pair (F, F') where F': ' — 9 and F is cartesian for F.

Examples 2.4.6. 1. Continuing our examples from above, given two categories ¢, Z and
a functor F': € — 2, we obtain a functor F'~: €7 — &7 cartesian for F and dom in
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the following way:

a —— Fla') ——= F(V)
F7(f:a—=b)=F(f):a—0b, ( )

[ s
a b

I

One immediately sees that this is a cartesian functor as our dom-cartesian lift g o f of
f along g is mapped to F(go f) = F(g) o F(f) which is the dom-cartesian lift of F(f)
along F(g).

2. If F: € — 2 also preserves pullbacks, the functor F~ as defined above is cartesian for
F and cod.

Definition 2.4.7 (Splittings/cleavages). Let p: & — % be a Grothendieck fibration.
A cleavage) is an assignment routine that assigns to each e € & and each f: b — p(e) in
A an arrow p-cartesian for f and e. We use the same notation as Jacobs and denote this
p-cartesian arrow as f(e): f*(e) — e

If1,=1,:e - eforevery e € & and go f = go f for all composable g, f in % the
cleavage is called a splitting.

A Grothendieck fibration p: & — % together with a splitting is called a split fibration.

2.4.8 Some remarks regarding the notation. The fact that the morphisms obtained
from a pullback use f*, the same notation GROTHENDIECK used for his functors between
the categories can be seen by the adjoint relation

-
[6°°,Cat),s ~ Fib(%)
“—

where the category on the left is the category of contravariant pseudo-functors from % to Cat,
that is the fibrations in GROTHENDIECK’s sense, and the category on the right is the category
of fibrations on % in the modern sense. Then functors f* of GROTHENDIECK get mapped
to the cleavage maps f and vice versa. (Technically one needs the axiom of choice to equip
every fibration with a cleavage but we will not concern ourserlves with this technicality.)

Definition 2.4.9 (Maps of (split) fibrations). Given two (split) fibrations p: & — %
and ¢: & — % a map p — ¢ is a pair (F F) of functors F': B — B F: & — & that
preserves cartesianness, namely

e F'is cartesian for F.
If the fibration is split, we demand that additionally the splitting is preserved, that is
e foralle € Fand f: b — p(e) in A the following equation holds:

F(f(e)) = F(f)(E(e)).

Definition 2.4.10 (Transformations of maps of fibrations). Letp: & — %,q: &' — #'
be (split) fibrations and (F,F), (@, G): p — ¢ be maps between them. Then a transfor-
mation (F,F) = (G,G) is a pair (),7) of a natural transformation n: F = G and natural
transformation 7): F = @G such that

1. gen=nepand
2. for all b € # and e € & with p(e) = b we have that 7, is cartesian for 7, and e.
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If the map is split we instead demand

~

2. Mp(Gle)) =me for all b € # and e € & with p(e) = 0.

Remark 2.4.11. This definition naturally extends the definition of a natural transformation
betweens maps between two fibrations over the same base category, see for example [37,
p. 268] (but note that JOHNSTONE calls morphisms cartesian with respect to p p-prone
morphisms), and the resulting natural transformations are called p-vertical transformations.
Setting F,n to be the identity functor and identity transformation the condition that 7, = 1,
is then recovered from our notion as then 7, = 1, and thus 7, = T,(G(e)) = lg(e)-

Example 2.4.12. Considering F,F': € — 2 together with a natural transformation
n: F'= F’ such that all transformation squares are cartesian. We then obtain a transformation
of maps of fibrations

F(f)

F(a) —— F(b)
A~ _
(h,m): (F7, F)=(F"",F), NF amsh ©= lna lm)
F'(a) ZY% ).
To see that this is natural let (hy, hy): f — g be given, then
F(f)
F(a) » F(b)

\ Tl x’(hg)
F'(h1)

79 . F'(d).

As the cube on the right commutes to does the square on the right and the naturality is
proven.

It is immediate that dom 7™ =7 e dom from the above definition of 7™, and that n;" is
cartesian for 7, and f follows from the definition of 7.

In the above scenario we say that 7 lies over n.

Lemma 2.4.13 (Categories of Grothendieck fibrations). Let Fib be the 2-category
whose

e objects: are Grothendieck fibrations,
e l-maps: are pseudo-maps of Grothendieck fibrations and whose

e 2-maps: are transformations of such pseudo-maps

We additionally obtain a subcategory Fibs, whose objects are those Grothendieck fibrations
are split and whose 1-maps are split maps.

Proof: It is immediate that Fib is a well-defined category, however, it is not immediate that
the splittings of fibrations are preserved by horizontal compositions of transformations. So
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assume we are given split fibrations, maps of split fibrations and transformations of split
maps as in

s
— 3
%1 E e@g \ﬂ]; 5@3.
1 Ga

From the definition of the horizontal composition of natural transformations we know that
(Bod). = Bee) © Falde) and  (Boa), = Ba,p) o Falaw).

Similarly we can compute for an arbitrary splitting that go f(e) = g(e) o f(g*(e)). This
allows us to compute

(Boa)y((Ga0Gh)(e)) = Baym o Falaw) (G20 G1)(e))
= Bea (G20 G1)(€)) © Falan) (B, (G2 0 G1) (e))
= Bt 0 Falan) (B, (G2 0 G1)(e))) (5)
= Bevo @ Fal@) ((Fi 0 Gh)(e))) (6)
: : )

Here in going from (5 ) (6) we used that B, @) : Fo(G1(b)) = G2(G1(b)) and thus Be, @) =
5G1(e) F5(Gr(e)) — Go(Gi(e)) (as (3, B) is a transformation of split maps), hence Be, ) ((G’Qo

G1)(e)) = (Fy 0 Gi)(e). Q.E.D.
Proposition 2.4.14. There is a 2-equivalence
Fibgp >~ 2-famC.

Proof: We begin by describing the two 2-functors.

p—: 2-famC — Fibgy: | This functor is given by the following data:

e it maps a given 2-fam-category % to the fibration py: % — % where Z# is the category
whose objects are pairs (¢, A) where ¢ € ¢ and A\ € fHom(c). The arrows in .# are arrows
(f,m): (e,p) = (¢, N\) where f: ¢ — ¢ is an arrow in € and p: n= Ao f is an arrow in
fHom(c). The composition is then defined via (g,6) o (f,n) = (go f,(no f) o). It is
immediate that this composition satisfies the unity and associativity laws.

The splitting is defined via
f: b—>C|—>7: (fal(c,/\)): (bu)‘of) — (Ca)‘>‘

e A 2-fam-functor F': € — Z is mapped to a map (pg, F'): py — pg of fibrations as such:
— the functor pp takes (¢, \) in .Z to (F(c), F.(\)).
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— Anarrow (f,n): (¢, \) = (¢, p) is taken to F(f), FA*(n): (F( (A) = (F(), Fu(p)).
To see that this is well-defined we simply use that F (o f ) = ( Yo F(f) and thus

F*(n): F(A) = Fe(po f)
It is immediate that this constitutes a functor as the interchangeability of pr with
composition and identity follows from the functoriality of . The splittings are also
preserved as

pr(filio f) = (F(f), Fu(lxo f)) = (F(f), 1r(ree)

e A 2-fam-natural transformation n: F — G is taken to a transformation of maps of
fibrations (p,,n): (F,pr) — (G,pg) as follows: the maps (p;)(.) for (c,\) € F are
given by 7. It is immediate that n.: ((F(c), F.(\)) = (G(c), Ge())) as by definition of
2-fam-natural transformations we have F.(\) = G.(A) o .. This last property also shows
that (p,) is the split of 7. at A € fHom(c).

It is immediate that this p_ is a 2-functor from the definition, a simple calculation proves
that it respects associativity and unity for both 1- and 2-morphisms.

F_: Fibgp — 2-famC: | In this direction we define the functor as follows:

e Given p: & — ZA we define our fam-category to have as underlying category % and
the family arrows are given by the fibres, fHom(b) := p~!(b). The precomposition of
A € fHom(b) with f: b — b is given by f*)\ and the 2-maps n: A= p in fHom(b) are
given by the vertical morphisms n: A — p in &. To precompose a vertical morphism
n: A= p in fHom(b) we note that we have the situation

) —2— v
f*(p) ——|—— f (7)

\ noF(N) \
Fi®)
P b

T e

thus we get a unique g: Ao f = f*(\): f*(u) = p o f making the triangle on the left
commute. We set no f :=g.

It is immediate that this constitutes a 2-fam-category as 4 is a category and (fam;) as
well as (famy) follow from the conditions imposed on splittings, so # is a fam-category.
To see that it is also a 2-fam category note that for any n: A= p in fHom(b) we have that
n o1, = n, for this we simply observe that in (7) the map 1+(,) makes the left triangle
commute. A similar observation also yields no (go f) = (no g) f.

e Given a map (F,F):p—)qas in

& —L s &

lp lq (8)

B, L B,

we obtain our 2-fam-functor Fp, 1 %), — %, as follows: the underlying functor is F': %, —
2%, and on the family arrows we set (F , z)s(A) = F(\). On the 2-family arrows we set
F(AF“F)(T]) = F(n). We then simply compute that (Fyz)c(Ao f) = F(Ao f) = F(A) o F(f)
where we used the commutativity of (8) for the last equality as Ao f is the domain of the
unique lift of f along A\. A similar computation yields F**(n o f) = FA/#f(n) o F(f).
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~

e Given a transformation (7,7): (F, F) = (G, G) as in

we define our 2-fam-natural functor F, 5 via

(Fani)s = -

It is then immediate that
Faey(N) o (Fan)y = G(\) o = F())

as G(\) o, is the lift of 1, along G()\) and ¢, but by definition ¢(7y) = 1, and F()) is
the codomain of 7,.

One now computes that F_ o p_ = idofamc and p_ o F_ = idFibSpl (up to renaming of objects
in & /family arrows), hence we have a 2-equivalence of 2-categories. Q.E.D.



Chapter 3
Y:-objects and comprehension categories

Both PETRAKIS and EHRHARDT extend their notions of fam-categories and 2-fam-categories
to include specific objects associated to a family arrow over an object ¢ in the (2-)fam-category
%. On the side of fibred categories this additional structure corresponds to comprehension
categories which were introduced by JACOBS in [33].

We give a brief exposition of these notions and then extend the equivalence result of the
previous chapter.

3.1 X-objects in (2-)fam-categories

First we give the definition of ¥-objects.

Definition 3.1.1 ((fam,X)-categories - [48]). A fam-category % is a (fam,X )-category if
it additionally comes equipped with

(FX,) for each ¢ € € an operation assigning to each A € fHom(a) an object ) A (which is
called the Sigma-object of \) together with first-projection arrows

pry Z)\—)C.

(FX3) Foreachc, ¢ € € anoperation that assigns f € Hom(c,¢)to Y . f: D dof = > A
such that

Sorof =5 ¥
_
pr{ *Al lpr%
0o — I ¢
is a pullback square. Here the following strictness conditions must hold:

e For all ¢ € € the diagram

S (Aol, 2219 5 )

|
a, olg a,\
pry Pry

aQa ——

la
commutes, that is ) 5, 1. = 1y ».
e For all composable f, g the diagram
> a(fog)
S.hofog —00 e ) —20 v
e
c 7 > b 7 > a.

27
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commutes, that is

X EROIIED N

A A (xof)

Examples 3.1.2. 1. Considering the category Sets with the fam-structure as discussed
above setting

Z(BS)SGS = H B for all sets S and all (By)ses € fHom(S5),

S sesS
priP)es (s ) =z for all (s,z) € H B
s€S
Zf(t,x) = (f(t),z) forall f: T — S.
T

turns it into a (fam,X)-category.

2. If we consider Cat with the fam-structure as above we can let ) . F' be the Grothendieck
category whose

e objects are pairs (¢, z) where ¢ € €,z € F(c) and whose
e morphisms f: (¢,z) — (¢,y) are morphism f: ¢ — ¢ in € such that F(f)(z) = y.
e The composition is defined as in ¢ and the identities are as in ¢, that is 1(.,) = 1..

The first projection functor is then defined by (¢,z) — ¢, f — f. For each functor
F: %€ — 2 the functor ), F: >, SoF — 3% S is defined by

Y F(e,x) = (F(c),z) and Y F(f)=f.
€ €

3. A type category in the sense of Pitts [51] € is a category with terminal object 1 and
pullbacks equipped with the following additional structure:

a) For each object ¢ € € a collection type,(c) of c-indexed types in €.

b) For each object ¢ € € operations assigning to each c-indexed type A an object > A
called the total object of A\ together with a morphism pry: Y>> A — ¢ called the
projection-morphism of .

¢) For each morphism f: ¢ — ¢ in € an operation assigning to each ¢-indexed type
A a c-indexed type f*\ called the pullback of A along ¢, together with a morphism
Ef: Y. f*A—= > .\ making the following a pullback square in &

S =L s
_

A
pr{ ' Al lph
f

C—>C/

The following strictness conditions are imposed on these operations:

A=A and Yl =1y,
g (f'(N) =(fog)A and (Xf) o (Xg) = E(feg).

Type categories can be translated into (fam.X)-categories using the following “dictionary”.
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Type categories (fam,X )-categories
c-indexed type family arrow

Total object of A Sigma-object of A
projection-morphism first-projection arrow

pullback of A along ¢ f*A vs. Ao f composition operation

3.1.3 Continuing the motivating example 2.3.2. If we return to our motivating example,
that is the fam-category obtained by a type theory as in [48] PETRAKIS endows this category
¢r with Y-objects as follows: Given ¢t : A — U; we set >, ¢t := > ,t(z), the dependent
sum type.

The projection is defined via (a,b) — a.

For given f: A — B andt: A — U, the term ), f is given by the definiting equation
(a,b) — (f(a),b). (Details on the introduction of functions between dependent sum types
can be found in [64, §1.6]).

Definition 3.1.4 ((fam,X)-functors). Let €, Z be (fam, ¥)-categories. A (fam, 3)-functor
€ — 2 consists of a fam-functor F': € — & in the sense of definition 2.1.4 subject to the
following additional condition

(FX3) For all @ € € and all A € fHom(a) the following equation holds:
(T =5 R0y
a F(a)

(FX,) For all a,b € € and all A € fHom(a), f: b — a the following equation holds:

F(Y_ f) =) F)
A Fa(\)

We call the functor a weak (fam,>)-functor if instead we have the following:
(wF33) For all a € € and all A € fHom(a) we have an isomorphism

FPoF(Y M) — > Fu))
a F(a)

such that pri*™ o F& = F(pr}).
(wFX,) For all a,b € € and all A\ € fHom(a), f: b — a the diagram

FGQ2a D
F(3y Ao f) - P F(X
m ZF \ \
F(\ Okl o FalX
roren\ 2o PO \ )
‘/Fb(Aof) F(pr /%(M
Pr1 F(f)

F(b)
commutes.

Definition 3.1.5 ((fam, ¥)-natural transformations). Let €, Z be (fam, X)-categories,
F.G: ¢ — 2 be (fam, ¥)-functors. Then a (fam, X )-natural transformation F' = G is a
fam-natural transformation of the underlying fam-functors satisfying the following conditions:
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(FX5) For all c € ¢ and all A € fHom(c) we have ny x = 35 (y) Te-

In case F,G are weak fam-functors we define a weak (fam,X )-natural transformation to be a
fam-natural transformation n: F' = G such that:

(WFX5) For all ¢ € 4" and all A € fHom(c) we are given an isomorphism ny: >~y Fe(A) —
>_c( G(A) such that the following diagram commutes:

F(2.A) =2 620

I Js

Definition 3.1.6 (Category of (fam,X)-categories). (see 3.1.5) The 2-category (fam, ¥)C
has

e objects: (fam,Y)-categories
e I-maps: (fam,¥)-functors between those categories and

e 2-maps: (fam,X)-natural transformations.

Definition 3.1.7 ((2-fam,X)-categories — [20]). A 2-fam-category % is a (2-fam,X)-
category if the underlying category is a (fam,>)-category and the following data is given: for
each ¢ € ¢, A, € fHom(c) and n: A = p an arrow >\ n: > A — > p. The following
conditions must hold:

(2F%,) Forall ¢, € €, f: ¢ — ¢ with A\, u € fHom(c),n: A= p the diagram

ZMOJCLZC/)\

2oxof,uof ”‘fl
Yoo f

o f
pri‘”l

—_—
2t

lzm i
Zc’ /’L

/
cp

> C

r$ e
pry

must commute.
(2F%,) For all ¢ € € and A\, u,v € fHom(c) and n: A = p,n': p= v the equations
Do =) (men) and } Li=lg,
A1 79\ v, AN

hold.

3.1.8 Further continuation of the motivating example 3.1.3. EHRHARDT has checked
that the X-structure on €7 given above extends to the 2-fam-structure we gave earlier if one

sets
Z n = Az \y. (z.n(z)(y))

t,s

for t,s € fHom(A) and n € fHom(¢, s).

Remark 3.1.9. Usually, we omit the indices in e, and only write o. The operation e will
be called “horizontal composition” from now on.



3.2 Comprehension categories 31

Examples 3.1.10. 1. If M is a monoid, and % is a fam-category, we can define a 2-
fam-structure on ¢ by letting Hom(\, u) := M for A\, u € fHom(c) and ¢ € %,. The
compositions e are defined by the rule m e f := m. The compatibility and distributivity
properties are immediate to show.

2. All fam-categories in Examples 2.1.2 have their 2-analogue (see [20, §3.1]).

Definition 3.1.11 ((2-fam,X)-functors). Let €, Z be (2-fam,X)-categories. A (2-fam,X )-
functor from € to & is a 2-fam functor and the following additional conditions hold:

(2FX3) Fis a (fam, X)-functor of the underlying (fam, ¥)-categories.
(2F%y4) For all c € €, \, pn € fHom(c),n: A = p the following rectangle commutes:

F(> m)= > F*(@).
FOVF ()

A

We call F' a weak (2-fam,X)-functor if
(w2FX3) Fis a weak (fam,>)-functor of the underlying (fam,>)-categories, that is we only
are given an isomorphism Fy : >0 p Fe(A) = F ( > A) instead of an equality.

(w2FX,) For all c € €, A\, u € fHom(c),n: A = p we have that the squares

S F) — F(,)
> Fe(M), Fe(n) Fx,u(ﬁ)l lF(ZA,H(U))
ZF(C) FC(/’L) —M> F(Zc/"’)

commute.

Definition 3.1.12 ((2-fam, ¥)-natural transformation). Let ¢, Z be two (2-fam, ¥)-
categories and F,G: € — 2 be two (2-fam, X)-functors. A (2-fam,X )-natural transformation
n: F= G is simply a 2-fam natural transformation F'=-G that is also a (fam,X)-natural
transformation of the underlying (fam,Y)-categories.

Analogously we define a weak (2-fam,>)-natural transformation n: F = G to be a 2-
fam natural transformation F'= G that is a weak (fam,¥)-natural transformation of the
underlying (fam,>)-categories.

Definition 3.1.13 (Categories of (2-fam,Y)-categories). The category (2-fam, £)C" is
defined through the following data:

e Objects are (2-fam,Y)-categories,
e /-maps are weak (2-fam,>)-functors and whose

e 2-maps are (2-fam,>)-natural transformations.

We also get the subcategory (2-fam, ¥)C with the same objects and 2-maps, but with only
strict (2-fam,X)-functors.

3.2 Comprehension categories

Definition 3.2.1 (Comprehension categories — [35]). A comprehension category consists
of a functor P: & — %~ for categories &, % (where %~ is the arrow category) such that
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(CCy) The functor p := codoP: & — A is a Grothendieck fibration

& —Lr 5

NS

(CCq) P maps arrows cartesian with respect to Py := domoP to arrows cartesian with
respect to cod.

A comprehension category is split if the fibration p admits a splitting and discrete if the
fibration p is discrete.

Definition 3.2.2 (Pseudo-maps of comprehension categories). Let P: & — %~
and P': & — %'~ be comprehension categories. A pseudo-map from P to P’ is given
by a map (F,G): p — p’ of Grothendieck fibrations together with a natural isomorphism
¢: P'oF = G~ oP (where G is the lift of G to the arrow categories) lying over the identity
transformation of F. This data can be visualised as

s &'

p F
P / | pr G(Po( ) % P'(F( >)
T e TR
cod . o cod

(Technically the transformation ¢ would have two components, but as it lies over the identity
transformation on G the second component is always the identity, so we identify ¢, with
its first component.) If the transformation 7 is the identity we speak of a strict map. If
the underlying comprehension categories are split with splittings .S, S,y respectively and the
(strict/pseudo-)map of comprehension categories preserves the splitting then we call those
(strict/pseudo-)maps split.

B

3.2.3 Some historical remarks. Comprehension categories were introduced by JACOBS
in [34] in this manuscript the strict morphisms were already introduced, as is mentioned in
[33, p. 55]. However in the published version [35] these morphisms are no longer mentioned.
JACOBS student BLANCO then compared the category of comprehension categories and
strict morphisms with other categories for dependent types in [5]. In his thesis JACOBS also
introduced pseudo-maps of fibrations [33, 4.1.4 Definition], so they are not due to [16] as
claimed in [1].

Later JACOBS linked comprehension categories with weakening and contraction comonads
in [32], a relation that is further elaborated on in [14]. In the latter paper the authors also
introduce the notion of a lax map of comprehension categories [14, 3.4 Definition|, which we
will not consider here, in these the natural isomorphism 7 need not be invertible.

3.2.4 Continuing the categories from contexts of 2.4.4. Continuing the motivating
example the functor P then takes [[' F o type] to the projection

2ol =[], ([M],[N]) = ([M]).

One can add 2-arrows between pseudomaps of comprehension categories to obtain a
2-category ComprC of comprehension categories, pseudomaps and transformations.
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Definition 3.2.5 (Transformations of pseudo-maps). A transformation (F,G,n) =
(F".G', 1) consists of a 2-map of fibrations (&, «): (F,G) — (F',G’) in the sense of definition
2.4.10 such that for every A € & we have

m o P'(&y) = ap(n) o mx
for all \ € &.

Remark 3.2.6. When they were introduced by CORAGLIA and EMMENEGGER in [14] the
condition on transformations on pseudo-maps instead read as

F F
& :[Z & & /ﬂf /
ol bl
# " B B o B
G (€l

that is 7’ o (P’ e&) = (@ P)on: P' o F = G'7 o P. However as both n and 7’ lie over 14
and 1 respectively we obtain that in the diagrams
Py(FN) 2 pr(Fr(n) =2 6 (Ry(N)
lP’(F/\) lP’(F’(/\)) lG(P(A))
(&x) Lo
p((F(\) 25 p(F/(N) =2 p(F'(V)

PY(FO)) 2 G (R(N) ~2% @ (Ry(V)
lP’(F(/\)) lG% (P(N) lGH (P(N)
P(FO)) 5% p(F(N) —20 p(F/()
the compositions in the upper and lower row must coincide. However for the lower row this
is always the case so only the condition
1y 0 P'(@) = ap(ry © M
for A € & remains.

Examples 3.2.7. 1. The most trivial example is where P is simply the identity on %7.
It is immediate that this is constitutes a comprehension category, as the arrows in #~
cartesian with respect to cod are simply pullback squares

in €.
2. Another (class of) example(s) is given by another notion introduced to model dependent

types, namely display map categories due to Taylor (cf. [62]). These are categories €
together with a collection D of morphisms in €. This collection is supposed to be closed
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in the following sense: given an arrow d: a — ¢ in D and an arbitrary arrow f: b — c,
then the pullback

Jrd
— a

I~ 1(a

)
4
d*f

d
—)C

exists in € and d*f is in D. If we then consider the category €~ (D) with objects from
D, then the inclusion €7 (D) < ¢ constitutes a comprehension category.

. A category with attributes (cf. [9, §3.2]) is a category € together with

e a presheaf Ty: €°P — Sets
e a functor (—,—): > Ty = ¢
e a natural transformation p: (—,—) — prrlFy

such that the naturality square of p are pullbacks,

/
cC — C

This can be turned into a comprehension category P: € — %~ such that p is a discrete
fibration in the following way: we consider

Y Ty — L @

& Ad
pry
€

where P sends (c,a) € Y Ty to pay: (c;a) = c. By the prerequisite this P sends
cartesian arrows to cartesian squares and thus is a comprehension category.

BrLANCO showed in [5, Theorem 2.3] that if we consider ComprC,., the subcategory of
ComprC where the p are discrete fibrations then this category is equivalent to CwA, the
category of categories with attributes. This 1-categorical result immediately extends to
the 2-categorical framework by chosing the appropriate 2-arrows between categories with
attributes. As CARTMELL does not give such 2-arrows we simply take those obtained
from the translation to comprehension categories so that the 1-equivalence extends to a
2-equivalence CwA ~ CompMod ;..

Definition 3.2.8 (Categories of comprehension categories). The 2-category ComprC
consists of the following data:

Its objects are comprehension categories.
Its 1-maps are pseudo-maps of comprehension categories.

Its 2-maps are transformations of pseudo-maps.

It has the following subcategories:

ComprC,,), this category has as object the split comprehension categories and as 1-maps
the pseudo-maps that respect those splittings,

ComprC™" which has as 1-maps only the strict maps of comprehension categories,

ComprCyg;,. which has as objects the discrete comprehension categories.
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str

Obviously one can combine these above modifiers to for example obtain ComprCy;. etcetera.

Theorem 3.2.9. There is a 2-equivalence
~ (2-fam, £)C"*.

We divide the proof of this theorem into three parts (lemmata):
o1 — (2-fam, T)CV .

2. Then we show that there exists a 2-functor in the reverse direction.

ComprC

spl —
1. Firstly we show that there exists a 2-functor ComprC

3. Lastly we show that these functors constitute a 2-equivalence.
Lemma 3.2.10. There is a 2-functor ComprC_, — (2-fam, Z)CWk

Proof: This functor takes a comprehension category P: & — %~ to the (2-fam,>)-category
defined by the following datum:
e The 2-fam-category is given as in the proof of Theorem 2.4.14
e The X-structure is given by
Yp(N) = Po(N)
and the projection arrow is given by P(\). Given f: b — V' and A € fHom(¥'), that is
p(A) =V, the arrow X.(f): >, cop f — >, ¢ is given by
Po(f(N): Bo(f*(N) = Po(N).
Given an arrow g: A — A" in fHom(b) the arrow ), ,, g is given as
Po(g).
It is immediate that this constitutes a (2-fam,¥)-category. On the functors we do the
following: a pseudo-map (F,G,¢): (P: € — HB7) — (P: ¢ — ') of comprehension
categories is mapped to the weak (2-fam,Y)-functor defined as follows:
e The underlying 2-fam-functor H is given as in the proof of Theorem 2.4.14 using (F, G),
that is H(c) := G(c) and H.(A) := F(A).
e For every A € fHom(b) for an arbitrary b € % the arrow Hj is defined as ¢: G(Py(c)) —
Py (F(c)).
One can check that this fulfils the conditions of a weak (2-fam,¥)-functor as the underlying

functor is a (fam,X)-functor, which follows by the following argument: we have to show that
forallbe B, f: a— b\, pu € fHom(b),n: A= p we have the commutativity of

HE =~
Dby Ha(A o f) —— H(Zb A) S Ho(N) B H(T,N)
ZHa ) H(”l lH(EA /) and lZHC(A)aHC(M) H () lﬂ(zwﬂ)
= Hf
Sy Ho(\) ——s H(3,0) Sy Ho(p) —— H(3, ).

The commutativity of the first square follows from ¢ being a natural iso ¢: G7o P — P'o F
over the identity on (G, as this yields the commutative diagram

G(Po(f)) N G(PO()\Of))

R b N\ T

B (F(N) (F(Ao f))

s " a A"fx Aﬁ(xom

G(b) b

G(Po(N))

G(P(N)




36 Chapter 3 — ¥-objects and comprehension categories

Using the definition of the »-objects we see that the top square is the desired one.
The commutativity of the second square follows in the same fashion from the commutative
diagram

G(Po()\)) G(Po(n)) N G(Po(,u))
x‘ x
Py(F(N) \ » Po((F(w))

> P((
o) 1G G(P(“N & e
s > G(b).

Finally, given a transformation of pseudo-maps (&, «): (F,G,n)=(F',G',n') we get the
weak (2-fam,>)-natural transformation o: H = H’. As in the proof of proposition 2.4.14 it
follows that this « is a 2-fam-natural transformation. It remains to show that this is also a
weak (fam,¥)-natural transformation, that is to show the commutativity of

(XN —— H(X.N)

b e

S HoO) 2SS CHI).

Filling in the definitions of H and H' and the ¥ we have to show that commutativity of

P(E(V)

G(b)

F(P(N) 2 F/(Py(N)

b
P’ (o)
B(F(N) 2% By(F(V)).
But this commutes due to a being a transformation of pseudo-maps. Q.E.D.

Lemma 3.2.11. There is a 2-functor (2-fam, Z)CWk — ComprC,,

Before we prove this lemma, we make a few quick observations regarding the split fibration
that we associated to a 2-fam-category in 2.4.14, namely the cartesian morphisms. In the
definition of comprehension categories it is required that the functor P takes cartesian
morphisms to cartesian squares, so we need to know what the cartesian morphisms with
respect to the split fibration py stemming from a 2-fam-category look like.

Lemma 3.2.12. Given a 2-fam-category €, the arrows cartesian with respect to py and
some morphism € and some \ are the morphisms (f,n) € F such that 1 is an isomorphism.

Proof: We first show that any such (f,n) is indeed cartesian with respect to py. So assume
(f.im): (e, A) = (¢, ) is cartesian with respect to f and pu. As (f, Luof): (¢, A) = (¢, p)
fulfils pe(f, 1) = f = pe(f,n) there must be a (h,&): (¢, o f) — (¢, A) such that
(f, Luor = (fim) o (h,§) — as (f,n) is pg-cartesian with respect to f and ¢, p) and also a
(W, &): (e, N) = (¢, po f) such that (f,n) = (f,1,0r) 0 (K, &) as (f, 1,0r) is pg-cartesian with
respect to f and (¢, ). Thus we have the commutative diagram

(c,uo f

(h' T h&\(f‘“’f)

-



3.2 Comprehension categories 37

With a standard argument stemming from the uniquness we get that

(hlygl) © (hvg) = 1(0,u0f) and (hvg) o (hlvgl) = 1(01)‘)'

Additionally we can compute from the commutativity of the triangles that both foh' = f =
fohand (1,07 eh') o0& =nand thus & =n. This helps in the computation as

(hv 5) © (h/’ 6/) = (h ° hl» (6 ® h/) o 5/)

and thus (£ eh') o0&’ =1 and hoh' = 1.. Conversely we compute ({’ @ h) o0& = 1(. 05 and
h'oh = 1(c o) from the composition (A', &) o (h,§). So we immediately get (£ ®h')on = 1z
as ¢’ = n from earlier computations and

o(feh)=¢o({el)
= (o (hol))o(col)
= ((oh)eh)o(cen)
:( "eh)o )oh’
= Licpop) o W
=1

(¢A)

Thus 7 is an isomorphism with inverse £ e h.

If (f,m): (e, \) = (¢, u) is given where n: A=-p o f is an isomorpism we immediately see
that (f,n) is pg-cartesian with respect to f and (¢, ). Namely, glven (9,0): (d,v) = ()
such that there exists h: d — ¢ with f o h = g we define (h, (n7* e h) o 3): (d,v) — (c, \).
This is well-defined as 3: v — pogand n~'eh: X\: po(foh)=Xand o (foh)=pog.

A simple computation then yields

(fsm)o (h,(n"'eh)oB) = (g,(neh)o(n " eh)of) = (g,(non~")ehop)=(g,0).
This (h, (n~! e ) o 3) is obviously unique with this property. Q.E.D.

Proof of 3.2.11: We map a (2-fam,¥)-category % to the comprehension category P: ¢ —
P~ given by the following data:

e The categories &, % and the functor p: & — % are defined as in the proof of 2.4.14.

e The functor P: € — %~ takes (b, \) € € to the arrow pry: >, A = band (f,7): (¢, \) =
(d,p) to >, fod oy 0pn- This can be visualized as

Z)x, of n Z !
Zc /\ - Zc Ko f —H> Zd H
lpr{‘ lprflof lpr‘f
c > C ! > d.

It is again straightforward to check that this is indeed a comprehension category: Given
(f,m): (e, \) = (d, u) that is pg-cartesian with respect to f and (d, u) the resulting square

Zb fOZ)\ oi

pri‘l lpr‘f
LN

C ——
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is cartesian as ), 7 is an isomorphism. This follows as

donod pt=> (o )= la=1x.

)\,/I,Of lu‘of’)\ )\’)\

and similarly - -\ n'od0, n=1x .
We define our splitting to take each f to (f, 1xor) as defined above. Applying P to (f, Lxos
yields the usual pullback square obtained from pulling a family arrow back along a morphism.
Now if we are given a weak (2-fam,>)-functor F': Z — %' of (2-fam,X)-categories,
then our split pseudomap between the associated comprehension categories is defined as
(pp, F,0): (p: € — B) — (p': € — HA') where F is the given functor and pr is defined as
in the proof of Theorem 2.4.14. The natural isomorphism ¢: P’ o F'= G~ o P is defined via

b = Frt Lo FO) —— F(.2)
I I

P(GOBN) G (P(BY)

for all (b, \) € &. To verify that this is a split pseudomap of comprehension categories we
need to check the following:

1. The square
¢ —4— ¢
[l
B7 — B
FH
commutes up to ¢ and this ¢ is natural.

2. The splittings are preserved, that is G(f, 1, os) is the splitting of G(g).
That the given square commutes up to ¢ is immediate from the definition of ¢ from F} .
That ¢ is natural stems from the condition (wFX,) The second point is immediate from the
definition of the splittings.

Lastly, given a weak (2-fam,Y)-natural transformation n: F' = F’ we map it to a trans-
formation of pseudo-maps in the following way: we consider (&,n): (pr, F, ¢) =(pp, F', @)
where & is defined via

b = (1 Lrw): G, A) = (F(0), Fy(N) = (F'(b), Fiy (V).
Here we used that (2famy), that is Fy(\) = FJ(\) onp. It is immediate that this constitutes a
natural transformation &: G = G’ and by calculation we have that p’ e @ = n e p’ as for all
(b,\) €&
' o a)pn =1 (@wn) =1 (1 L)) = = Tpwr) = (19 D) e)-

It remains to check that (¢p)e,n) 0 P’ (&) = Np@p) © gf)’(b T A straightforward computation
yields

(Pr)@m) © Pl(@(b,A)) = Ff o Pl(d(b)\)) (definition of ¢r)
= Fy o P'((m, 11,n)) (definition of &)
=Fyo Z b (definition of P)
(A
=Ny, A0 FF (as n weak nat. trafo)
= NP © Y (by the definitions.)
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Lemma 3.2.13. The two above functors consitute a 2-equivalence.

Proof: To see the equivalence first note that if we are given a (2-fam,X)-category %, applying
the two functors equals to applying the identity. Additionally if we are given a weak (2-
fam,¥)-functor F': # — %’ applying the two functors is again the same as applying the
identity, thus the composition of the two given functors equals the identity, and the same for
weak 2-fam-natural transformations.

In the reverse direction, assume we are given a comprehension category P: ¢ — %7.
Applying the functors yields the comprehension category given as follows:

e The underlying category Z is the category ZA.

e The category & has as objects pairs (b,c¢) where b € % and ¢ € p~'(b). The arrows
of this category are pairs (f,u): (b,c) — (V/,¢) where f: b — b is a map in £ and
p: ¢ — domSy,(f,c') is a map in .

e The functor Q: 2 — %~ takes (b, c) to P(c) and (f,u): (b,c) = (b, ) to (PO(Sp(f, c))o
Po(p), f) This can be visualised as

P Sp(f)c)
Po(c) 2 Py(dom S, (f,c)) _PlsUo) Py(c)
_
P(c)l lp(domspu,c)) lmc')
b b s b ! e

So it is immediate that cartesian arrows get taken to pullbacks as all cartesian arrows
satisfy 1 = lgoms,(s,c) and thus the square on the left above is trivial.
The isomorphism (P: ¢ — #7) — (Q: Z — %) is then defined as follows: It is the
identity on Z and takes ¢ in € to (p(c),c) as well as f:¢c —  to (p(f),t), where t is
obtained in the following manner: first we take the cartesian lift S,(f, ") of p(f) obtained by
the splitting and the use the unique filler from the cartesianness of S,(f, ¢), as illustrated in
the diagram below.

dom(Sy(f,¢))  ———  p(c)

This is a strict, split map of comprehension categories as the diagram

|

P(f) ——— P(f)

— (p(f).1) l

Fo(Sp(p(f),p(c))) o Fo(t)

where we used that S,(p(f),p(c)) = f and Py(f)o Py(t). It is immediate that this assignment
is both invertible and natural. Q.E.D.

We summarize the correspondences of the different “ingredients” in both (2-fam,>)-
categories and comprehension categories in a table.
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(2-fam,Y)-categories comprehension categories

objects objects of the base category

family arrows over ¢ objects of the total category over ¢
precomposition A o f splitting of f and A

Y-objects and projection comprehension functor P

By restricting to strict maps and discrete fibrations each we also get the following

equivalences:

Corollary 3.2.14. There are 2-equivalences
ComprCg ~ (2-fam, X)C,
Comprcdisc = (fam7 Z)CWka
ComprCi. = (fam, T)C.
It is worth noting that every discrete fibration is split as there is exactly one lift given an
arrow f: a — band A over b, so the category ComprCy. ¢, is the same as ComprCy;..



Chapter 4
Dependent arrows in fam-categories

In this chapter we review the extension of categories with family arrows due to PETRAKIS
and compare it to the dependent products PITTS extends his type categories by. We then
introduce iterated discrete fibrations and show that these are equivalent to dependent arrows
under the previously established equivalence

{categories with family arrows} «» {discrete fibrations}.

4.1 dep-categories

Definition 4.1.1 (dep-categories). A dep-category % is a fam-category % in the sense
of definition 2.1.1 such that for each ¢ € € and each A € fHom(c) we are given a collection
dHom(\) of dependent arrows. A dependent arrow ® € dHom(\) for A € fHom(c) is depicted
in a diagram as follows:

[0}
%\&A
cC —

Additionally a map that assigns to each ® € dHom(\) and each f: ¢ — ¢ a dependent arrow
®[f] € dHom(A o f) is required, meeting the following conditions:

(dep;) For each ¢ € €, A € fHom(c) and & € dHom(\) the equation ®[1.] = & holds.

(]

R

lc
C — C ——

(deps) For each ¢ € €, € fHom(c), f: " — ¢,g9: ¢ — ¢ and & € dHom(\) we have
®lg o f] = (®lg]) [f]

(@[N]

4.1.2 The diagrammatical language. We want to make a few remarks on the diagram-
matical language we chose. Both PETRAKIS and EHRHARDT depict their dependent arrows
as living above their respective family arrows as in

A
C\_/(I

We instead chose the approach of having the dependent arrow pointing at the family arrow
itself while starting at the object over which the family arrow exists, that is as

(]
%\&/\
cC ————

41
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However, this means that commutative diagrams carry more information that one might
expect at first glance. If we for example consider

[
, f = A

\

the commutativity of this diagram not only means Ao f = but also ®[f] = ¥, even though
the arrows ®[f], ¥ do not point at the same target.

Examples 4.1.3. 1. Every fam-category can be turned into a dep-category by defining
dHom(a,\) =1

for every a € €, A € fHom(a). The conditions are trivially satisfied.

2. In the category Sets with the fam-category structure as before we can define the dependent
arrows as such:

dHom (S, (By)ses) = [ [ Bs = {®: S — Sets | Voes®(s) € B, }.

ses

The applications are defined as such: for ® € [[ .o Bs and f: T'— S define ®(f) as ®: f.
It is immediate that this lies in dHom(T', (B )ier) as ®(f(t)) € Byw) for every t € T' by
design. The strictness conditions are immediate from the definition of the application.

Pr1TTS also endows type categories (that is (fam,X)-categories with a terminal object) with
dependent arrows, albeit in a different manner. Before we give PITTS definition of dependent
products we need to make a few technical remarks about the pullback of projections.

1. The collection typey(c) can be made into a subcategory of € /c as such: Each c-indexed
type A gets mapped to pry, and an arrow A — X is simply an arrow f: > A — > N
such that prY of = pr}.

2. If we have a c-indexed type A then we can define a functor (pry)*: €' /c — € /> .\ as
follows:

e Each f: d— ¢ gets mapped to >, f: >, f*A—=> A
e Fach g: f — [, that is g such that

d —2— d

N

commutes gets mapped to the arrow § := (g o pr! *, > . f) which arises from

S S
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3. If we have an arrow f: d — ¢, then we obtain a functor f*: type,(c) — typey(d) (where
these are made categories as described above) in the following manner:

e Every \ gets mapped to f*\, using the identification this means that pr} gets mapped
to pr{ A
e Every g: A = X thatis g: > A — > .\ such that prl ¥ og = prl™* gets mapped to
g = <pr{*’\,g o>, f) which arises from
Salf

de*A ’ ZC)\

A
where the outer square commutes due to pr1 og = pr{ .

Definition 4.1.4 (Type categories with dependent products - [51]). A type category

% has dependent products if it is endowed with the following exrta structure: for each object

¢ € €.\ € typeg(c) and X € typey (Y. A) there is a c-indexed type [J(A, X) € typegy(c)

and a morphism ap, y : (pr})* [[(A, ') — X satisfying the following properties:

1. Adjointness property: for any f: ¢ — cin € and g: (pr})*(f) — pry in €/>, A
there is a unique morphism in % /¢ which we call cur(g): f — prll_[()")‘/) such that
ap,, v o(pry)* (cur(g)) = g.

2. Strictness property: For any morphism f: ¢ — ¢ in ¥ we have
FIION =TI (Fx (1) v).
<Zf) ap)\X = AP (ST NN

P11TSs himself used these type categories with dependent products as the classifying cate-
gories of dependently typed equational logic with dependent product types. We demonstrate
that these dependent products differ greatly from dependent arrows as in dep-categories by
exhibiting that Sets also has dependent product types in this manner.

Proposition 4.1.5. Sets is a type category with dependent products.

Proof: For this we first note that in this definition the types A are given as A: S — Sets,
that is each element s € S gets mapped to a set. With this definition

Z)\—HA {(s,2) | z € \(5)},

sES

f Ai=Aof,
Safr > Aof o> A
T S

(t,z) — (f(t),x)
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for every f: T — S. We then define the dependent arrow structure as follows: for A: S —
Sets, \': > g A — Sets define [J(A\,\): S — Sets via s — ],y A(s,2). Define the

application arrow

apy .y Z (H()\ N)o pr1> Z Novia o ((s,2), (ag)zencs) = ((s,2), aq).

PIER

To prove that this makes Sets a type category with dependent arrows we need to show
the adjunction and strictness conditions. Before we do this we need to understand the
functors (pry)*: Sets /S — Sets /> ¢ A and f*: type(S) — type(T) for f: T — S better. By
definition we know that for any g: U3 — S we have that (pr})*(g) = Sa(g): Y, Aog = D og A
For h: g — go we have that (pr{)*(g): Y., 91 — D_, g2 is the unique arrow arising from the
pullback diagram

TEA(S)

ZUl Aogy X
e
pry ! )ZU2 Ao gy = RRIYY Z; A
lprmgQ ord
Ui L > Us % > S
Thus we can compute that
(pr)*(h)(u, ) = (h(u), ) for all ( Z Ao g

Conversely we have for all A: § — Sets that f*(A\) = Ao f: T — Sets. If h: A — X that is
h: S2gA— Y ¢\ and pr} oh = pr}, then f*(h) is defined through the pullback diagram

>t
drAof 2 DL
" INON lh
S f
prio ZT Nof =5 Zs N

!
lpri of lpH

s T f > S,

Thus we compute that
)t w) = (6 ha(f(1)w)) o all ( Z Ao f

where ho(f(t),u) arises from h(s,u) = (hi(s,u), ha(s,u)) for all (s,u) € Y g A
Lemma 4.1.6. Let € be a type category and X € €, \, N € type,(X). Then

> )N =D (pr) A

2x A 2x N
Proof: We do this by using that both

Soapr NN ri\/
ZZ AP\ #p >ox N EZXN(WT) A= 2ox A

Ayk o/ and P A
lpr(lprl) A N lprl lprgprl )TA N lpﬂ

Sy sy
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are pullback squares. So we get unique arrows f, g making the diagrams

I\ % ZA Pr)\l
ZZX v (P A 1
2 >y / Z)\ prA e /
S ) 22 5
1
[ o
N +
s YA — 5 X
and
A\ * 2 pri
ZZX )\(pr1> N -
g
A Z pr>‘, ~
PAY AP
or PN ZZX AP )A == 30 A
1
lprgpr%/)*A pry
TN X
r2uxX
commute. Thus go f = lzzx (')A and fog= 1szx(Pr?)*X Q.E.D.

Remark 4.1.7. In the instance where we will use this, that is % = Sets, a small notational
hiccup occurs. Here for A\, \': S — Sets we get that

S ()N ={((s.2),y) [ s€ SAz e A(s) Ay e N(s)},
S

S () A={((s.).2) | s€ SAy e N(s) Az € As)}.
2s N

We will from now on always tacitly identify the both.

Adjunction condition For this let f: T — S, A: S — Sets, \': > 4 A — Sets be given.
Additionally let g: (pr{!)*(f) — pr}’ be given, that is an arrow g making the triangle

Sprof —= Vs N

/ (9)
ZA\ lpr%
2.5 A
commute. Then we must obtain a unique cur(g): 7' — > ¢ A making

i o (PWY
lprpu,x’) (10)

S

f

commute. This cur(g) 1s deﬁned in the following way: From the commutativity of (9) we
know that g(t,z) = ((f(t),2), g2(t,z)) where go(t,z) € N (f(t),z). We then set

cur(g)(t) := <f(t)7 (92(t7x>)xe/\(f(t)))'
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It is immediate that this definition makes (10) commute as

pri Y (cur(g) (1)) = ol (£(0), (g2t 2)) ey ) ) = £

for all t € T'. To verify the equation ap, ) o(pry)*(cur(g)) = g we simply compute that for
all (t,u) € Sy Ao f
apy x o(pry)* (cur(g)) (t, u) = apy, v (cur(t), u)
= apy v (f(), (92(t, 2))wercry, )
= apy x (f(t), 92(t7 u)? u)) - g(t> u)

It is immediate that cur(g) is the only function with this property and thus necessarily
unique.

Strictness conditions We have to check that for any f: T"— S we have that

[T e f=][ref, N> 5),

(Z f) (aPax) = APxrofxo(s, £) -

A
This can by verified via

(TIoxen)w =TI Yoo = TI (Ve n)wa)
)

zEA(f(2) zeX(f(t)) A

=[[Ao £ N> Ht) (forallteT)

and

(>7) (apan) ((1,2), (ay)yersoy) = (), apd oy (D2 £t ). (@)erson))
= ((t, x), ax)

= APxofNo(X, f) ((75» ), (ay)yek(f(t))>

for all (t,2), (ay)yercse) € D5 of (HO\, N)o Pri\of) Q.E.D.

Definition 4.1.8 (dep-functors, dep-natural transformations). A dep-functor F': € —
2 is a fam-functor F': € — Z in the sense of definition 2.1.4 together with a rule F) that
assigns to each ® € dHom()) a F\(®) € dHom (F,())). This is required to satisfy:

(deps) Foreach f: ¢ — ¢, \ € fHom(c) and ® € dHom(\) we have Fior (®[f]) = FA(®) [F(f)].

A dep-natural transformation n: F = G is a fam-natural transformation n: F' = G in the
sense of 2.1.4 such that additionally

(deps) for all ¢ € €, X € fHom(c)} and ® € dHom()) we have [GA(®@)](n.) = FA(®).

All of the above allows us to define the 2-category depC of dep-categories, dep-functors
and dep-natural transformations.

Definition 4.1.9 (Category of dep-categories). The cateogry depC has
e as objects categories with dependent arrows in the sense of definition 4.1.1,

e as I-maps dep-functors in the sense of definition 4.1.8 and

e as 2-maps dep-natural transformations in the sense of 4.1.8.
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4.2 Iterated discrete fibrations

Definition 4.2.1. We define the 2-category dFibb via the following data:
e its objects are pairs (¢, p) of composable functors q: 4 — &, p: & — % such that both p
and p o g are discrete fibrations.
e A l-mapis a triple (F, F, F): (q,p) = (¢, p') such that (F, F):p—p and (F,F): poq —
p' o ¢’ are maps of discrete fibrations.
e A 2-map is a triple (n,7),7): (F,F,F) = (G,G,G) such that (7,1): (F,F) = (G,G)
and (n,7): (F,F) = (G, G) are transformations of maps of discrete fibrations.

Remark 4.2.2. Similar to pullbacks discrete fibrations fulfil a pasting property, that is given
two functors

g1 E& - B
such that p is a discrete fibration, the following are equivalent:
e ¢ is a discrete fibration.
e poqis a discrete fibration.

This can be motivated by the fact that if all categories involved are small, then p is a discrete
fibration if and only if

glLﬁl

lcod lcod

50&%0

is a pullback (cf. [56]), thus we obtain the pasting diagram

q1 p1
{% @@1 > f@l

lcod lcod lcod

90 Po
go > go > %0.

g

However this can also be checked for categories that are not small. Thus we could equivalently
demand that (F', F') and (G, G) are maps of the respective fibrations, analogously with the
transformations.

Proposition 4.2.3. There is a 2-equivalence
depC ~ dFibb.

Proof. We give the two functors in each direction.

\ (¢,p)_: depC — dFibb‘

Given a dep-category %, we define two functors pg: F — €,qs: 9 — % where % is the
category of family arrows of &, that is its objects are family arrows A and its arrows are
f: Ao f— Xwhere f: ¢ — ¢ (and A € fHom(c)). Similarly & is the category of dep-arrows,
that is its objects are ® and the arrows are f: ® o f — ® for f: ¢ — ¢ (where ® lies over
A € fHom(c)).

The two discrete fibrations are then defined as follows:

p(A) = ¢ for A € fHom(c), p(f) = f,
q(®) = A for & € dHom(\), ¢(f) = f.
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It is immediate that these constitute functors, the associativity and unity follow from (fam;_,)
and (depi.o) respectively. They are also discrete fibrations, the unique lift of f: ¢ — ¢ along
pand Ais f: Ao f — A, and the unique lift of this f along pogand ®is f: do f — &.

Given a dep-functor F': ¥ — &, this functor is mapped to (F, F, F):(¢,p)¢ — (¢,0)2
where F, F are defined as follows:

F(\) = F.(\) for A € fHom(c), F(f)
F(\) = FA(®) for ® € dHom(\), F(f)

T
33
==

The functoriality of F , F' immediately follow from the functoriality of F. To see that
(F,F): pg = py and (F, F): py o g¢ — pg o qu are maps of discrete fibrations we remark
that

(p7 0 F)(A) = F(c) = F(pg(N)) and (pg o F)(f) = F(f) = F (ps(f))
as well as
(g o qs 0 F)(®) = F(®) = F((pg 0 q¢)(®)) and (pg 0 g¢ 0 F)(f) = F(f) = F((p2 0 q¢)(f))
Similarly, for a dep-natural transformation n: F'= G we define a map
(i 70,m): (F,F,F)=(G,G,G), i :=n. = Ta.

This choice works as 7,: F(A) = G(\) because F(\) = F,(A) = Go(\) o 1. = G()) o 1. where
we used that F' is a fam-functor for the second to last equality. A similar computation also
yields the same for F(®) and G(®).

It is straightforward to compute that these choices for 7, 7 make (n,7,7) a 2-map in dFibb.

%€_ . dFibb — depc\

In the reverse direction we map (¢: 4 — &,p: & — %) in dFibb to the dep-category %A
defined as follows:

e The underlying category is A.

e For each b € Z the family arrows are defined via fHom(b) := p~!(b).
e For each b € £, A € fHom(b) the dependent arrows are defined via dHom(\) := g1 ().
e For f: ¢ — ¢ we define A: f to be the domain of the unique lift of f along p and .

Furthermore we define ®[f] to be the domain of the unique lift of f along p o ¢ and ®.

It is straightforward to check that this constitutes a dep-category, one only needs to use that
the lifts of identities are identities and the lift of compositions is obtained by composing the
lifts.

A map (15 F F) (¢,p) = (¢',p') is then mapped to the dep-functor F': # — %' where
Fy(\) == F(\), FAN(®) := F(®). It is immediate that this constitutes a fam-functor as

F.(Aof)=F(\of)=F(\)oF(f)

which follows from the fact that (ﬁ’ ,F): p— p'is a map of discrete fibrations, thus it interacts
well with lifts. In a diagram:

(o f 2 s (Fvo ) 29 pov)

A




4.2 Iterated discrete fibrations 49

Here f, is the lift of f along p and A and as F/(f,) is the lift of F(f) along p’ and F'()\). A
similar argument proves the same statement for F* and p o ¢. Hence F is a dep-functor.
Finally, if we are given a 2-map (7,7, 7): (ﬁ’, F, F) :>(C~¥, G, (G) we obtain a dep-natural
transformation n: F' = G. We only need to check that G.(\) o n. = F.(\) for which we use
that Go(A) = G(N), F.(A) = F()), then the statement follows from the commutativity of

F
— 3
& i &

\_2
p G %
F
—

# | &
~—
G

which itself stems from (7,7): p — p’ being a map of discrete fibrations.

At last we show that these functors constitute a 2-isomorphism. A straightforward
computation shows that applying ¥_o(q, p)_ to a dep-category € yields the same dep-category,
analogously one computes the same for dep-functors and dep-natural transformations.

Conversely, applying (q,p)— o € to a pair (¢: 4 — &,p: & — A) yields (q, p) itself, the
same holds for 1-maps and 2-maps in dFibb. Q.E.D.



Chapter 5
(dep,>))-categories and higher comprehension
categories

In this chapter we recall the definition of PETRAKIS how to extend the dependent arrow
structure to an existing >-object structure. We then propose a notion of higher discrete
comprehension categories which are equivalent to these categories of PETRAKIS .

5.1 (dep,X)-categories

Definition 5.1.1 ((dep,X)-categories). A (dep,X)-category is a (fam,X)-category € that
is also a dep-category together with a dependent arrow pry € dHom(\ o pr}) for every family
arrow A subject to the following condition:

(DX;) for each f: a — b and each A € fHom(b) we have
[pr J(D_f) =™
X

This can be expressed through the commutativity of

2 S
Y Ao f ———— >, A

pr%& )\Ofoprlko\) A)ri‘ éjprg‘of

Definition 5.1.2 ((dep,X)-functors). Let €, Z be (dep,X)-categories. We define a (dep,X )-
functor from € to 2 to be a functor F': € — 2 that is both a dep-functor as well as a
(fam,X)-functor and fulfils the following condition:

(DX,) For all family arrows A € fHom(c) the equality F(pry) = pr5°()‘) holds.

We call F' a weak (dep,X )-functor if it is a weak (fam,>)-functor and a dep-functor such that
the following holds:

(wDX,) For all A € fHom(c) for some ¢ the equation [pr?m 1(FY) = Fa(pr3) holds.

This definition is inspired by the way Petrakis assigns to each (fam,>)-category a (dep,X)-
category. The following result is due [48, Thms 4.6 & 5.4].

Theorem 5.1.3. Every (fam,X. )-category can be turned into a (dep,3 )-category by setting

c—25 50\

C

dHom(\) :== < ®: ¢ — Z A N lp . commutes
"

C

20
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and letting pry be the arrow defined through the commutative diagram

EE:C‘A 1§:CA

Thus (dep,%)-functors should be defined in a way that this assignment routine becomes
a functor between the respective categories. We observe that if we are given two (fam,>)-
categories €, Z and a (fam,X)-functor F': ¢ — & then F(®) is a dep-arrow in Z for every

dep-arrow ® in €. Furthermore using F'( ZZC/\ Aopry) = ZZF(C) roy Fe(A) o prfc(A) we can

observe that F(pry) makes the diagram

ZF(C) FC()\) Isoa
*\\\\\\\\fifﬁi%:
B p FC()‘)OPrfc(A) ~
Fe r
> FMeprn > S o FeV)
2r(e) FeN)
c(N)
. )
Fe(M) 3
N Pry .
1Z:F(c) Fe(X) f EF(C) FC(A) ? F(C)

commute and thus pr = F(pry). 1s allows us to define our (dep,2.)-functor via
d thus pra™ = F(pr}). This all defi dep,X)-f i
c— F(c), A= F.(\), ®— F(P).

It is immediate from the definition that this assignment respects both identities and compo-
sition, hence we have the desired functor (fam,¥X)C — (dep, X)C.

For the case of weak (fam,X)-functors we need to work a little harder, as we only are
given the isomorphisms Fy : F(3°_\) — > k(o) Fe(A), thus from our ®@: ¢ — 37 A such that
pri o® = 1. we do not immediately get that F'(®) is a dep-arrow in the induced structure
instead we have to consider F o F(®) as the following diagram highlights:

FE

Fle) “% F(S,0) — Yoo o)

lp(e
\\\\\\\\fj:3 IT(pziz//////////
prfb(k)

F(e).

This also leads to further “complications” with the second-projection pr§c<)‘). For this we
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need to consider the diagram

o

e

FQC.N) > » 2o Fe(A)

lF(pr%‘) lerc()\)
F= =

)\opr ZFC(A)OP"fCo\) F)\ Fc(>\)
(Zx\oprl) Z FZ,\/\oprl)—> Z F.(\) o pr]

F(C.N) r 2 or(e) Fe(N)
l Py o a(hopr) l Fe(\oprie®)
pry pry

F(3. M) : > 2 op(e Fe(A)

>\opr>‘
Fpry 1)

in which the left triangle and bottom inner square (but not the top square a priori) commute.

Note that we also used that F5~ y(Aopry) = Fo(\)o prfco‘) oFy . To see that the outer square
commutes we compute

Fe(A)opr; e Fo(M)
r )

o prgc()‘) ofy = 15 Fen) © Fs defining property of pry

o~ Aopr?
= Fy o F(pr;™ opry)
o~ Ao r
— FY o F(pr,"™) o F(pr))

(

= Fy o F(1x ,) (properties of identities)
(defining property of pry)
(

functoriality of F').

As [pr2 )](F)\E) is defined as the unique arrow FI(3_,A) = > pis ) Fyoa(Ao pry) making
the required triangles in the pullback diagram commute. So by showing that Ffo o © F(pry)

makes them commute we obtain the desire [prQC(A) [(Fy) = F o) © F(pry).

Zc )\()\oprl OFﬁ

The equality pry Aopr

A 0 F(pry) = 1p(y_ ) is immediate as

F.
pry "V O FE L o F(pr}) = F(pri™) o F(pr}) = F(pr,™ opr}) = F(lIy ).

For the second equality we use that by showing

F. )\orFC()\) = = Fe(A)opry
pl’l()p o Z F)\—OF)\—opr%oF(prg‘):prl()p

Fe(X)

Fe(X)

o prgg()‘) OF)\E

Fe(M)opry

we already get the desired equality as we can the use that ZZF( RO F.(\)o prfc(A) itself is
a pullback. But the postulated equality follows immediately as

A)oprie™ o~ ~ Fs~ 5 (dopr))
pricVePn g Z Fy oFyn o F(pr)) = FZopr, ="t OFA_oprA o F'(pry)

Fe ()\)oerCO‘>

~ opr
= F¥ o F(pr”™) o F(pr))
o ch(A) ~
_ P en Y ) e

where we used the commutativity of the lower square and triangle for the first and second
equality respectively and then the commutativity of the outer square shown above.

Definition 5.1.4 ((dep,X)-natural transformations). Let €, % be (dep,X)-categories
and F,G: € — 2 be (dep,X)-functors. We define a (dep,X )-natural transformation n: F = G
to be a natural transformation fulfilling the following properties:
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(DX3) nis a (fam,X)-natural transformation of the underlying (fam,%)-functors.

(DX4) nis a dep-natural transformation of the underlying dep-functors.

(DX5) for every family arrow A we have prglm Ny A = prgm.

Remark 5.1.5. Actually the last condition on (dep,¥)-natural transformations is superfluous
as we already have—from 7 being a dep-natural transformation—that

F'(pry) ons>x = F(pry),

)

so using F’(pry) = prfl and the analogous equality for I yields the desired condition.

Definition 5.1.6 ((2-)Category of (dep,X)-categories). Let (dep,¥)C be the category
with

e Objects: (dep,X)-categories €,

e I-maps: (dep,X)-functors F.

e 2-maps: (dep,X)-natural transformations 7.

5.2 Higher discrete comprehension categories

5.2.1 Alternative viewpoints on comprehension categories. Before we proceed we
note the following observation made by JACOBS in [33, p. 4.1.2]: The object part of a
comprehension category P: & — %~ defines a natural transformation P: Py =p. We will
confuse P with this natural transformation it gives rise to, it will be obvious from the context
which of the two notions we refer to.

Definition 5.2.2 (Higher discrete comprehension categories). A higher discrete
comprehension category consists of the following data:

e a discrete comprehension category P: & — %A~
e An iterated discrete fibration (¢: 4 — &,p: & — %) where p stems from the comprehen-
sion category P.
e A functor pr,: & — ¢ and a natural transformation x: q o pr, = ide.
This data will be written as (g, P, x). It is subject to the following condition:
(HACC,) pex = P, that is for all A € & we have p(xa) = P(\).

Definition 5.2.3 (Pseudo-maps of higher discrete comprehension categories). Let
(¢, P,x), (d', P',x') be two higher discrete comprehension categories. A pseudo-map from
(g, P,x) to (¢, P'.x') is a quadruple (F, F, G, ¢) such that

(HACCy) (F, F,G): (q,p) — (¢, p) is a map of iterated discrete fibrations and

(HACC3) (F, G, ¢) is a pseudo-map of comprehension categories.

(HACCy) pryoF = F o pr,.

If ¢ is the identity such that (F,G,¢) is a strict map of comprehension categories we say

that (F ,F, G, ) is a strict map of higher discrete comprehension categories and drop the ¢
from the notation.

Definition 5.2.4 (Transformation of pseudo-maps). Let (F, F.G,¢), (F’, F'.G',¢): (q,P,x) —
(¢, P',x") be two pseudo-maps between two higher discrete comprehension categories. We
define a transformation of such pseudo-maps to be a triple (7,7, n) where
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(HACCs5) (1,7) is a transformation of pseudo-maps of comprehension categories (see Defini-
tion 3.2.5).

(HdACCg) (1,7) is a transformation of functors of discrete fibrations.

(HACCy) pryei) = 1) o pry.

Remark 5.2.5. Similar to (dep,X)-natural transformation we can see that the last condition
imposed on Transformations of pseudo-maps is superfluous in the case of the pseudo-map
being strict. For this we first observe that for each b € Z and e € & with p(e) = b we obtain
a commutative square

q<pr§(6)) M} q(pr ())

F’
2
lXF(e) l F'(e)

F(e) ———— F'(e)

in &. Applying p on the above square must yield

G(Xpe) —— e G'(Xye)

e / e
P >l lprf (©)

G(b) —2— G'(b)

in & as p is a discrete fibration, so q(pry(7.)) has to be the unique lift of 7y~ . with respect to

q( pri ) ). But fiprg) : F(prs) — F'(prs) and F'(prs) = pri’ @ hence p o ¢ being a discrete

fibration implies ﬁp(prg) = Prg(e)-

Definition 5.2.6 (2-category of Higher discrete comprehension categories). We
define the 2-category HComprC,,,. the be the 2-category with

e Objects: Higher discrete comprehension categories (g, P, x),
e I-maps: Pseudo-maps (ﬁ’ , I, F, ¢) between comprehension categories.

e 2-maps: Transformation of pseudo-maps.

str
disc

This category has a subcategory HCompr with the same objects but the 1- and 2-maps

restricted to the strict cases.

Theorem 5.2.7. There is a 2-equivalence

HComprC3-. ~ (dep, X)C.

disc —

5.2.8 Products in comprehension categories. Before moving on we must talk about
the notion of a comprehension category with products, as in [35, §5], and how they relate
to our notion of dependent arrows over (2-fam,¥)-categories. JACOBS defines—in [35]—
products in comprehension categories as a property rather than additional structure, namely
a comprehension category has products, if the functor (P) has a fibred right adjoint. Here
(P) is obtained by first considering the inclusion ¢: Cart(&) < & of the wide subcategory
of objects and p-cartesian morphism of &, and then the pullbacks (under identification
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Ip| :==por,|Py|:= Pyot) as in the following diagram:

Ip| (&) p*|pl
~
(P)
o plpl
1

||~ (&) —= &

p*| Pol
o) :
|p| ¥
oPp Cart(&) %; B.

Note that (P) is not defined by invoking the universal property of one of the pullbacks,
but instead using [19, Proposition 3]—the explicit construction will be recalled shortly. If
we consider only the discrete case, every arrow becomes cartesian, and the inclusion ¢ the
identity. In this case the functor (P) sends (e, €’) with p(e) = p(e’) to (P*(e),€’). An arrow
(f,9): (e1,€]) — (eq,€,) gets mapped to the unique arrow arising from first considering

P(e})
Py(ey) — pler)

Py (g)l lp(g)

Poleh) > pleh)

and observing that p(P(e;)) = Py(e}), hence

p(g) o P(e}) = p(g o Pler)).

Invoking the universal property of P(e;) on the situation as in the following diagram,

e > Po(e))

yields an unique arrow h: e; — P*(e2). Then define (P)(f,g) = (h, g).

In this discrete case a fibred adjunction (P) - [ is very restrictive, as vertical transforma-
tions can only consist of identities, as only those are mapped to identities by discrete fibrations.
Thus for a product ] to exist we need that (P) o [] =idjp,-1(s) and [] o(P) = idp-1(¢).



Chapter 6
2-dep-arrows and discrete ambifibrations

In this chapter we describe the relation between dependent arrows in 2-fam-categories and
ambifibrations as defined by SATTLER in [60]. Originally we were motivated by the known
result that each Grothendieck fibration yields an orthogonal factorisation system on its total
category into its vertical and cartesian morphisms. Building on this result we defined a
special kind of fibration which has an oplifting property with respect to the vertical and
a lifting property with respect to the cartesian morphisms. By coincidence we read in
[38] that SATTLER has defined such a concept in [60] — ambifibrations — which lead to a
ternary factorisation system on a category even higher up. However, we do not need the full
abstraction of this approach and only use what we will henceforth call discrete ambifibrations.
In the first section we recall the notion of a 2-dep-category due to EHRHARDT , in the next
section we give a brief overview of orthogonal factorisation systems and ambifibrations and
then use them to define an abstraction of the iterated discrete fibrations which we will use in
our 2-equivalence concerning the category of 2-dep-categories.

6.1 2-dep-categories

Definition 6.1.1 (2-dep-categories). A 2-dep-category is a 2-fam-category € together
with a collection dHom(\) for every family arrow A (over some arbitrary ¢ € €)) and

e an assignment rule that assigns to every ® € dHom(\) and f: ¢ — ¢ a dep-arrow

®[f] € dHom(A o f) and

e an assignment rule that assigns to every ® € dHom(\) and n: A\ — p a dep-arrow
no® e dHom(u).

These rules must fulfil the following conditions:
(2dep;) for every ® € dHom(\) and f: ¢’ — ¢,g9: ¢ — ¢ both

[@](g0 f) = [[@(9)](f) and [D](1.) = .
(2dep,) For every ® € dHom()) and 7: A= 1, €: 1= v both
(Eon)od=Eo(nod) and 1y0d = 0.
(2deps) For every ® € dHom()\) and n: A=y, f: ¢ — ¢
[0 @(f) = (nof)ol[@|(f)

Definition 6.1.2 (2-dep-functors). Let ¢, %" be 2-dep-categories. We define a 2-dep-
functor to be a 2-fam-functor F': € — %' of the underlying 2-fam-categories together
with an assignment routine F) for every family arrow A that assigns ® € dHom(\) to
F)\(®) € dHom (F,())). The following conditions must be met:

(2depy) for every f:c— ¢/, A € fHom(c) and ® € dHom(\) the following holds:
Fy(® o f) = FA(®) o F(f).

26
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(2deps) For every f:c— ¢,n: A — p where A\, u € fHom(c) and & € dHom(\) the equality
Fx(no®) = Fe(n) o FA(®)
holds.

Definition 6.1.3 (2-dep-natural transformations). Let €,%" be 2-dep-categories,
F.G: ¢ — €' be 2-dep-functors. We define a 2-dep-natural transformation to be a 2-
fam-natural transformation n: F'= G of the underlying 2-fam-functors (see Definition 2.3.4)
that fulfils the following additional condition:

(2depg) For all ¢ € €, A € fHom(c) and & € dHom(\) we have G5 (®) o n. = F)\(P), that is

Fle) ——— G(c

AN

Definition 6.1.4 (2-Category of 2-dep-categories). We define the category 2-depC to
have

commutes.

e objects 2-dep-categories,
e 1-cells 2-dep-functors and

e 2-cells 2-dep-natural transformations.

6.2 Ambifibrations and factorisation systems

Before we can define ambifibrations (and the required discrete variant) we need to introduce
orthogonal factorisation systems. Those were introduced by FREYD and KELLY in [23] and
later the weakened version was introduced by BOUSFIELD in [8]. but we will follow the
presentation of RIEHL in [54] and [55].

Definition 6.2.1 (Lifting problems). A lifting problem is a commutative square

(11)

Q.(T@

7

in a category €. Such a lifting problem has a solution if there exists an arrow h in % making
the following diagram

s
S

!

S8

O

commutative. If [,r are fixed and every possible lifting problem as in 11 has a solution, one
writes [ @ r. If all solutions to such lifting problems are unique one writes [ L r.

One then defines

M?:={ce€ € | Vmenmdc},
IM :={c €C | VimencBm},

analogously for “1” instead of “[7”.
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Definition 6.2.2 (Factorisation systems). A weak factorisation system (L,R) on a
category € consists of two classes £, R of objects of € such that

1. L= PR,

2. R =LP and

3. every arrow f in ¥ factors as f =rl where [ € £ and r € R.

A weak factorisation system is an orthogonal factorisation system if the first two properties
hold with “1” instead of “[@”.

Factorisation systems were introduced (independently) in [46],[31].

Examples 6.2.3. 1. The standard orthogonal factorisation system (Epi, Mon) on Sets con-
sists of the class Epi of surjective maps and Mon of injective maps.

2. For every category € one can define the orthogonal factorisation system (1,%};) where 1
is the class of all identities in % and % is the class of all morphisms.
The above two examples already show that for any given category there might be multiple
factorisation systems on it, so factorisation systems provide additional data not encompassed
by their underlying categories.

6.2.4 Orthogonal factorisation systems from fibrations. Given a Grothendieck fibration
p: & — A it is known that there is a orthogonal factorisation system (V,C) on & where V
consists of all morphisms vertical with respect to p, that is they are mapped to isomorphisms
by p, and C consists of all morphisms cartesian with respect to p.

Note that the vertical morphisms here are different from the ones defined in much of
the established literature in that they get mapped to isomorphisms and not identities! This
change is required as one would otherwise only have ¥V C ¥C in case % has isomorphisms
that are not identities.

Remark 6.2.5. A factorisation system (£, R) on a category ¢ can be seen as two subcate-
gories L, R of € whose morphisms are those in £ and R respectively. Those subcategories
are full as both £ and R have to contain all isomorphisms.

Definition 6.2.6 (Ambifibrations). Let & be a category with orthogonal factorisation
system (£, R). Given a functor p: & — 2 define p., pr through the pullbacks

62 — & éaR — &
| |

g b

L— A R — &.

Then p is called
e an ambifibration if both p, is a Grothendieck opfibration and pg is a Grothendieck
fibration,

e a discrete ambifibration if both p. is a discrete opfibration and pg is a discrete fibration.

We first show that the choice of pullback is not relevant for this definition, that is if we
are given two pullbacks

E —— & & —— &
_I
pﬁl lp and pfﬁl . lp (12)
L—— B L—— A

(similarly for pr in place of p.) then one being a opfibration implies the other being one and
vice versa. Explicitly:
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Lemma 6.2.7. In the situation of 12 the following are equivalent:
1. pr is a (split) opfibration.
2. plp is a (split) opfibration.

Proof: Assuming 1 we use that there exists a unique isomorphism i: &, — &/ by the
universal property of pullbacks, so for any arrow (: b — ¥’ in £ and any e € &/ with p/.(e) =b
we define the opcartesian lift to be i~'(I(e))—where I(e) is the opcartesian lift with respect
to pg. It is immediate that this is a splitting from the functoriality of ¢ and the opcartesian
property of the arrows follows from the opcartesian property of the arrow in &, in conjunction
with ¢ being a isomorphism.

The reverse direction follows from a similar argument. Q.E.D.

Alternative proof: Alternatively we can build the pasted diagram

- & > &

o W

LN s B

1%

where the outher and the right square are pullbacks and thus the left is as well. As opfibrations
are stable under pullbacks p, has to be an opfibration if p/, is. For the reverse direction we
observe that both i and id, are isomorphisms, so we can exchange &, and & to obtain the
desired result. Q.E.D.

Naturally this extends to a dual result for pr which we will not state explicitly here.
These two results allow us to always check the ambifibration property through the categories
&r, 6r explicitly defined as follows:

e The both share the same objects as A.

e The arrows in & are those arrows f in & such that p(f) € £, similarly those in & are
those projected to an arrow in R under p.

How does this relate to 2-dep-categories? First note that in all earlier equivalences
the precompositions of fam- and dep-arrows were solved through some lifting property: the
precomposition of ® or A with f was defined as a cartesian lift with respect to a (discrete/split)
fibration.

o A
A, o) -H2
2 st
C—FrCc—> 7 » »
.

However, 2-dep-categories introduce a way to postcompose dep-arrows with arrows between
family arrows, thus what is required is an opcartesian lift with respect to this arrow between

family arrows.
@
7= ® - (@)
e~ s

now ST (e, \) e, (e, p).

So if we obtain that our vertical morphisms are the left class of an orthogonal factorisation
system on the category obtained from translating the 2-fam-structure into a Grothendieck
fibration and the cartesian morphisms are the right class of that factorisation system, the
property of an ambifibration yields the desired (op-)cartesian lifts. In Lemma 3.2.12 we
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already saw that the cartesian morphisms with respect to the obtained split fibration are
(f,m) where n is an isomorphisms. But this is not a real obstacle as the opcartesian lift of a
dep-arrow ® along this map would simply consist of first lifting in a cartesian way along f~!
and then in an opcartesian way along 7.

For the vertical arrows with respect to the obtained split fibration we have the following
characterisation, whose proof is analogous to the cartesian case and is thus ommited.

Lemma 6.2.8. Let € be a 2-fam-category and py: F — € be the resulting split fibration.
Then the class V of morphisms vertical with respect to pg can be described as such:

V={(f,n) | f is an isomorphism}.

Similarly to before, the fact that f is an isomorphism and not the identity does not bother
us as we can simply postcompose with f~! before taking the oplift.

A small remark about notation: in the following definition we will indicate the (ambi-
)fibration to which the (op-)lift belongs in the (sub-/super-)script, so the lift of f: ¢ — ¢
along e with respect to p will be denoted by f"(e): f**(e) = e (and ip(e): fep(e) — e for
the oplift).

Definition 6.2.9 (Sas-tower). We define a sas-tower to consist of two functors ¢q: 4 —
&, p: & — A such that

(sas1) p is a split Grothendieck fibration,

(sasy) ¢ is a discrete ambifibration with respect to the orthogonal factorisation system (V,C)
of morphisms vertical /cartesian with respect to p and

(sas3) poqis a split Grothendieck fibration such that for every f: ¢ — ¢ in A, every e € &
with p(e) = ¢’ and every ® € ¢ with ¢(®) = e we have

—n0 q

@) = Fe) (@)

(sasq) Forany f:c— ¢ in %, g: e = € in & with p(g) = 1o and any & € 4 with ¢(P) = e
we have

FED(g.4(®)) = (g0 f)eg(f70(2))

where g o f is defined through the universal property of the cartesian lifts of f as in

>P
“(e) f(e) .
g-f% lg
MG
fie) —> e.

(see the proof of Proposition 2.4.14 for more details.)

Lemma 6.2.10. We can associate to any 2-dep-category a sas-tower in the following way:

e The categories &, and the split fibration p: & — A are defined as in the translation
between 2-fam-categories and split fibrations (see 2.4.14).

e The category ¢ has
— as objects dep-arrows ® over arbitrary A and

— a morphism (f,n): & — U consists of an arrow (f,n): (¢, \) = (d, ) in & such that
® € dHom(\), ¥ € dHom(u) and

no® = [V](f).
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e The functor q: 9 — & takes each ® to the pair (c,\) such that ® € dHom(\) and
(fym): @ = W to (f,n).

Proof: We have already seen in Proposition 2.4.14 that p: & — £ is a split fibration. To
see that poq: 4 — 4 is a split fibration we observe that defining f(®) := (f,1,): ®o f — ®
yields a splitting—the proof that (f,1,) is cartesian for f and ® is analogous to the proof
that it is cartesian for f and A—and by definition of a 2-dep-category this cleavage fulfils
functoriality, thus p o ¢ is a split fibration. From the Lemmata 3.2.12 and 6.2.8 we know
that the orthogonal factorisation system on & in vertical and cartesian morphisms looks as
follows:

V ={(f,n) | fis an isomorphism},
C ={(f,n) | nis an isomorphism}.

Thus we need to exhibit the discrete lifting (oplifting) property for ge (respective qy). Given
an arrow in V), that is (f,n): (¢, \) = (¢, u)— with f invertible—and ® € dHom(\) the lift
of (f,n) along ® is defined to be (f,n): ® — [no ®](f~'). This is an arrow in ¥ as

(o ®(f D](f)=Mmod®(f " of)=nod.

It is the necessarily unique lift of (f,n) with respect to gy.

Similarly, given an arrow in C, that is (f,n): (¢, \) — (¢, u)—with 7 invertible—and
® € dHom(u) the lift of (f,n) along ® is defined to be (f,n): n7' o ®[f] — ®. This is a
well-defined arrow as

no (nto®[f]) =(mon')od[f] = D[f].

It is also the necessarily unique lift of (f,n) with respect to gc.
It remains to check the equalities imposed upon the splitting. We compute that

q

F@®@) = ((£,1): Do f = @) = (£,1)'(®) = ['(e) ().

Similarly for f: ¢ — ¢,n: A — p with p(n) = 1. and ® with (po q)(P) = ¢ we compute

F PV ((Ley1)ag (@) = [P (0 ®)) = [0 @](f) and
(Lesn) @ o (F (@) = (Lo, n @ f), (Do f) =ne f)o®[f].

As [no ®](f) = (ne f)o ®[f] in any 2-dep-category this proves the desired equality. Q.E.D.
Conversely every sas-tower gives rise to a 2-dep-category.

Lemma 6.2.11. Let (¢: 9 — &,p: & — AB) be a sas-tower. Then we obtain an associated
2-dep-category € whose

e underlying fam-category € is the category obtained from p: & — B as previously.

e The dependent arrows over e € & are defined as q~*(e).

The compositions of f: ¢ — ¢,e € fHom(c),g: ¢ — e € fHom(c), ® € dHom(e) are defined
as

f) = f"(®) the lift with respect to po q.
b = g, (D) the lift with respect to qy.



62 Chapter 6 — 2-dep-arrows and discrete ambifibrations

Proof: We already know that we can obtain a 2-fam-category from the split fibration
p: & — HB. To see that it is a 2-dep-category we first observe that the functoriality of
composition [®](f) and g o ® is guaranteed as both are lifts with respect to discrete fibrations.
To check [go ®|(f) = (go f) o ®[f] we simply note that both are mapped to the same element
of & by ¢ and thus must be the same.

Q.E.D.

The notion of an arrow between sas-towers will be the expected one, but before we can
state it we need a few technical Lemmata.

Lemma 6.2.12. Let € be a category and let maps as in the diagram

Y‘
h1

f1

S

f2 C
a

ho

Nl

> .
7

be given such that all faces commute. Then we obtain a map f3: a — ¢ making the remaining
face commutative.

Proof: This follows as
kogyofi=mogiofi=moliofy=nolyo f,
so we can use the universal property of the pullback at c. Q.E.D.

Corollary 6.2.13. Given two ambifibrations q: & — %,q: & — %' and two functors
F:&— & F: B — A such that

commutes we obtain Fr: & — & and Fr: & — &g, such that

Fr E
gﬁ —_— L,:/ gR —>R 7/3//
qgl lqu and g, lq;{/
Fr ’ Fr ’
L—— L R—— R

commute (where Fr, Fr are obtained through pullbacks like qr, qr ).
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Proof: We obtain diagrams

éaﬂ > & (gaR s &
- ‘ \FJ - ‘ \
qc & ﬁl, > &' ar é%,
- lq and - l
L > B ¢ R > B ¢
D R N
Fr Fr
L > B R
so by the preceding Lemma we get the desired functors Fﬁ, Fx. Q.E.D.

Definition 6.2.14 (Maps between sas-towers). Let (¢: 9 — &,p: & = %), (¢': 9" —
&' p: & — AB') be two sas-towers. A map (q,p) — (¢, p’) is a triple (F, F, F) of functors

Fi9 59 F. & —>EF: B— R
such that
(sass) (F,F) is a map of split fibrations (see Definition 2.4.9),
(sasg) (F,F) is a map of split fibrations and
(sasy) Both (Fy, F), (F¢, F) are maps of discrete fibrations, where F),, Fy are obtained as

in the preceding corollary.

Lemma 6.2.15. Let €, %’ be two 2-dep-categories and (q¢,p¢), (q¢r, Der) the corresponding
sas-towers obtained as in Lemma 6.2.10. Then we obtain for every 2-dep-functor F: € — €’

amap (F,F,F): (pg,qs) — (per,qer) of sas-towers.

Proof: The map is defined as follows: The functors (F , I') are defined as the map of split
fibrations obtained from the underlying functor of 2-fam-categories. The functor F': 4 — ¥4’
is defined by

F(®) := F)\(®) and F(f,n) = (f,n).

It follows from Corollary 6.2.13 that both Fy, Fe are maps of discrete fibrations—that is they
commute with ¢ restricted to either C or V—and (F', F') is also a map of split fibrations, as

(poa)(F(®)) = F(c) = F((poa)(®)), (poa)(E(f.m)=F(f)=F(poa)f.n).
and for f: ¢ — ¢, A € fHom(c) and ® € dHom(\) we have

F(N(E(®)) = (F(f), Lroy) = F(f,10) = F(J(D)).

Hence (F,F, F) is a map of sas-towers. Q.E.D.

Conversely every map of sas-towers yields a 2-dep-functor between the corresponding
2-dep-categories.

Lemma 6.2.16. Let (¢: 9" — &' p': & — B') and (¢: Y — &,p: & — PB) be sas-
towers and €', € be the associated 2-dep-categories from Lemma 6.2.11. Then any map
(F,F,F): (¢,p") — (q,p) of sas-towers translates to a 2-dep functor F': €' — € where

E.(e) := F(e) and F,(®) := F(P).
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Proof: As in the case for 2-fam-categories the 2-fam-functor F is already well-defined. To
see that F, are well-defined we observe that for all e € fHom(c), that is p(e) = ¢ and all
® € dHom(e), that is ¢(®) = e we have

4(F.(®)) = a(F(e)) = F(d(®)) = Fpeo) (d'(2))

as desired. To see the equalities (2deps) and (2dep5) we compute
Fe(gofb):F(gocb):F( D)) = ( ®)) for (g: €' =€) €V,
Fe(cbof):ﬁ(q)of):F( )) = ( ®)) for (f: ¢ —c) € B.

Thus F' is a 2-dep-functor. Q.E.D.

It is immediate from the above definition that this assignment of sas-maps to 2-dep-functors
fulfils functoriality.

Definition 6.2.17 (Transformations of maps of sas-towers). Let (¢,p),(¢,p’) be
sas-towers and (F, F, F), (G,G,G): (¢,p) — (¢',p') be maps of sas-towers. We define a
transformation of sas-maps (F,F, F) — (G,G,G) to be a triple (1,7,n) where

0 F=G i F=Gn F=G
are natural transformations such that the following conditions are met:
(sasg) Both ¢’ enp =1 eq and p’ @) = n e p, that is the diagram
G —— & —— B
G’(j:)F é(/«:)ﬁ G(f:)F
7 7 n

g L @

commutes.
(sasg) Both (7,n): (F,F) = (G,G) and (7,n): (F,F) = (G,G) fulfil
(@) =1ne forbe B, € ¥ such that (poq)(e) =0,
m'(e) =1, forbe B, ec & such that p(e) =b.

Lemma 6.2.18. Let €,%’ be 2-dep-categories, F,G: € — €' be 2-dep-functors and
n: F=G be a 2-dep-natural transformation. Then we obtain a transformation of the
associated sas-maps, (1,7,m): (F, F, F)— (G, G, G), where (F, F, F), (G, G, G) are obtained
as in Lemma 6.2.15.

Proof: We first note that we obtain the 2-fam-natural transformation (7,7): (F, F)=(G, Q)
as in Proposition 2.4.14, thus in

9 s & s B

o5 ol

g e g
we already know that the right square commutes. To see that the left square commutes
we first have to define 7). We set g = (0, Lr.(n)): F(®) = G(P)—which is possible as
F(®) = G(®) o f. This allows us to compute

(@ ®M)a = q'(Ne; Le.y) = (Mes L) = Tin = Tlg(@) = (71 ® @)
Additionally we compute that

@) = (e L) : G(®) 0 = G(®)) = . Q8D
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Obviously we have the reverse direction as well.

Lemma 6.2.19. Let (¢,p), (¢.p') be sas-towers, (F, }31, P:),(C?,é, G): (¢,p) — (d',p') be
maps of sas-towers. Then any transformation (n,7,n): (F,F,F) — (G,G,G) gives rise to a
2-dep-natural transformation n: F = G between the associated 2-dep-functors from Lemma
0.2.16.

Proof: We already know from 2.4.14 that the underlying map of split fibrations (7, 7) gives
rise to a 2-fam-natural transformation. So it remains to confirm the remaining property, that
is

GA(®) on. = F)\(D).
But G1(®) o 1. := (.)®"°?)*(G(®)) and thus we compute

(1) 7o (G (@) = F() as flo: F(P) = G(®)
= F\(D) by definition. Q.E.D.

The functoriality of the assignment “transformation of sas-maps” — “2-dep-natural
transformation” is again immediate from the definition (similarly for the reverse direction).
Thus these assignment routines determine two 2-functors between categories we now define.

Definition 6.2.20 (Category of sas-towers). We define the 2-category sas of sas-tower
as follows:

e Its objects (0-cells) are sas-towers as in Definition 6.2.9,
e its 1-maps are maps of sas-towers as in Definition 6.2.14.

e its 2-maps are transformations of sas-maps as in Definition 6.2.17.

The composition of 1-cells and the vertical and horizontal composition of 2-maps is defined
component-wise.

Lemma 6.2.21. We obtain two 2-functors

(q.,p.): 2-depC — sas, € — (q,p) as in Lemma 6.2.10
F s (F,F,F) as in Lemma 6.2.15

n = (1,7,n) as in Lemma 6.2.18

€. : sas — 2-depC, (¢,p) — € as in Lemma 6.2.11
(F,F,F)—F as in Lemma 6.2.16

(n,7,m) = n as in Lemma 6.2.19

Proof: As we remarked the functoriality with respect to 1-maps and 2-maps is immediate in
both cases. Q.E.D.

Theorem 6.2.22. The two 2-functors of the previous lemma establish a 2-equivalence
sas >~ 2-depC.

Proof: It is immediate that mapping a 2-dep-category to the associated sas-tower and that
tower to its associated 2-dep-category yields the same 2-dep-category (up to renaming). An
analogous result holds for the 2-dep-functors and 2-dep-natural transformations.
Conversely, if we are given a sas-tower applying & first and then (¢, p.) yields the same
sas-tower (up to renaming), similar for sas-maps and transformations of such maps. Q.E.D.



Chapter 7

(2-dep,X)-categories and higher comprehension
categories

In this chapter we will examine the most abstract notion explored by EHRHARDT in [20], (2-
dep,X)-categories. To this end we will combine the notion of a higher discrete comprehension
category from chapter 5 and the notion of a sas-tower from the preceding chapter to arrive at
a notion of higher discrete comprehension category, which will turn out to be (2-)equivalent
to those (2-dep,X)-categories.

As only (2-dep,X)-categories defined in [20], but not the corresponding notion of maps
between those categories and transformation between these maps, we also have to define
these notions, inspired by the core result [20, Theorem 3.5.8], which allows associate to each
(2-fam,¥)-category a (2-dep,X)-category in a canonical way.

7.1 (2-dep,Y)-categories

Definition 7.1.1 ((2-dep,X)-categories). 0 A (2-dep,X)-category is a 2-dep-category (in
the sense of Definition 6.1.1) together with

e a morphism pry: > A\ — ¢ for each family arrow A such that " becomes a (2-fam,¥)
category through this data and

e a family arrow pry € dHom(\ o pry) for each family arrow A
such that the following conditions hold:
(2d%,) for every family arrow A € fHom(c) for arbitrary ¢ and f: b — ¢

el (> f) =pry*

(2d¥,) For every ¢ € €, A\, u € fHom(c),n: A — p
(e pry) o pry = [pr}] (Zn)
At

This can be expressed through the commutativity of the following diagram:

pry
Z A /A&)\Opr%
c
pry
A
—
Saul a {n".
m
pri
Zc s ~—— nopri
prh

Definition 7.1.2 ((2-dep,X)-functors). Let €, Z be (2-dep,X)-categories. We define a
(2-dep, X )-functor F: € — 2 to be a (2-fam,X)-functor F' (see Definition 3.1.11) such that

66
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(2d¥3) F is also a 2-dep-functor (see Definition 6.1.2),
(2d%4) Fis also a (dep,X)-functor (see Definition 5.1.2),

Definition 7.1.3 ((2-dep,X)-natural transformations). Let ¢, Z be (2-dep,X)-categories
and F,G: € — 2 (2-dep,X)-functors. We define a (2-dep,% )-natural transformationn: F = G
to be a (2-fam,>)-natural transformation (see Definition 3.1.12) such that

(2d¥5) n is a 2-dep-natural transformation (see Definition 6.1.3) and
(2d¥6) n is a (dep,X)-natural transformation (see Definition 5.1.4).

7.2 Higher comprehension categories

Before we define higher comprehension categories we will define a property of natural
transformations related by fibrations, and prove some small results regarding this property,
whose importance will become apparent after the definition of higher comprehension categories.

Definition 7.2.1. Let ¥, &, % be categories, p: & — % a split fibration and F,G: ¢ —
B, F',G'": € — & be functors connected by natural transformations y,n as in

&
l (13)
B

We then say that x is the p-lift of 7 if the above diagram commutes on the level of functors,
and for all objects ¢ of € we have that

7e(G(€) = Xe-

In this case we write 7 = x or 7 = y.

8

First we show that the notation 77 = x is actually justified, that is, if both 7 = x and
n=¢&, then y = €.

Lemma 7.2.2. In the situation of the definition above, if 7 = x and 7 =&, then x = £.
Proof: This is immediate, as for all ¢ in % we can compute
§e = mG<C>

Lemma 7.2.3. In the situation of the preceding definition, if 1 = x, then

Xe- Q.E.D.

pex =1,
that is the entirety of diagram (13) commutes.

Proof: The equation is immediate, because if x. is a lift of 7. along G(c), the equality
p(xe) = n. follows by definition. As this holds for all ¢ the equality follows. Q.E.D.

Lemma 7.2.4. If in the situation of the preceding definition the split fibration is discrete,
then the following are equivalent:

1. x =7".
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2. pex=nandpoG =G.

Proof: The direction 1 = 2 is immediate, as any discrete fibration is a split fibration, so we
can simply apply Lemma 7.2.3. For the direction 2 = 1 we remark that any lift of 7. along
G(c) must be unique, so as p(x.) = 7. we already know that it is that unique lift. That it
is p-cartesian is then immediate. Furthermore we can infer that (p o F')(f = F(f) for all
arrows f: ¢ — d, as both F'(f) and the unique lift of F'(f) make

Flle) = G(0)

C
lc'(m
C

F'(c) ——~ G'(d)

Xa
commute, thus F'(f) must be that unique lift and p(F'(f)) = F(f). Q.E.D.

Before we give the notion of higher comprehension categories, we recall some notation
(and introduce some new notation) that will make the definition more amenable.

7.2.5 Some notation for specific lifts. When working with fibrations p: & — % we
already saw (in 2.4.14) that the precomposition of a vertical arrow 7: ¢’ — e in & with an
arrow f of the base category involves invoking the universal property as such:

f*(e/) (¢

e/
‘h lﬂ
e

;o) =

)

where h is then 7 e f. From now on we will always use n e f when we mean the arrow
obtained in this manner. It is immediate that when we consider a fibration stemming from a
2-fam-category this 1 @ f coincides with the n e f of the 2-fam-category.

Another issue we have is regarding arrows vertical with respect to a fibration. As discussed
earlier section 6.2 the factorisation system obtained from a fibration distinguishes between
arrow which are vertical, in the sense that they map to an isomorphism under p, and those
that are cartesian, that is they are isomorphic to a chosen p-cartesian lift. However, when
discussing fibrations stemming from 2-fam-categories this distinction is to coarse for us, it
merely distinguishes morphisms (f,7) where either f is an isomorphism or 7 is. What we
want, however is that either f is an identity or 7 is.

e For 7, this can obtained easily, just consider p(f, n))p, which will have n “removed”.
Similarly, this works for any morphism f: ¢/ — e in the total category of a (split) fibration
p: & — B, taking p(f)(e). We will call this the p-prone part of f—a slight abuse of the
terminology coined by JOHNSTONE and TAYLOR in [37, 265ff] and [61, Definition 9.2.6]
respectively—and denote it as pra(f).

e For f we need to work more: considering the diagram
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we can see that h must be 7. Inspired from this, for an arbitrary fibration p: & — % and
a vertical morphism f: ¢’ — e, we define through the same universal property

the true vertical tv(f) of f. It is immediate from this definition that p(tv(f)) = 1, as

p(f) = p(p(f)(e) o tv(f)) = p(p(f)(e)) o p(tv(f)) = p(f) o p(tv(f)),

so as p(f) is invertible the claim follows.
Note however, that while any morphism in the total category of a fibration can be decomposed
into pra(f) o tv(f), this does not always yield the desired outcome, as for example tv(f)
may not lie over the identity, as the proof of this fact rested on p(f) being invertible!

The following lemma will be needed for the definition of higher comprehension categories

to be well-defined.

Lemma 7.2.6. If P: & — 2 is a comprehension category, then f ® Py(f) is vertical if f
18.

Proof: First we use that any pullback of an isomorphism is an isomorphism, so Fy(f) is an
isomorphism. Then f e Py(f) is be vertical because p(f ° Po(f)) = Py(f). Q.E.D.

Definition 7.2.7 (Higher comprehension categories). We define a higher comprehension
category to consist of

(HCC,) a sas-tower (Definition 6.2.9) (¢: 4 — &,p: & — B),
(HCCy) a comprehension category P: & — %1 such that codoP = p and

(HCC3) a functor pry: & — ¢ together with a natural transformation x: g o pr, = ids such
that

a) for all e € & and all f: ¢ — p(e) we have

ors (F7(0)) = Po(7(0)) (prale)).

b) for all e,e’ € & and all f: ¢’ — e vertical with respect to p we have
tv(f) o P(¢) pro(e) = Polf) (pra(e))-

¢) P’ =y.
We will denote this data as (g, P, x).

Remark 7.2.8. From Lemma 7.2.3 it is now immediate that condition (HCCj) is an
abstraction of condition (HACC) in the definition of higher discrete comprehension categories
to the setting of split fibrations. We could have defined higher discrete comprehension
categories simply as higher comprehension categories where p, poq are discrete, but this would
have resulted in a lot of unnecessary data attached to then, like the discrete ambifibration,
which could be replaced by a discrete fibration in this instance.

So we choose the more “streamlined” version for this definition, which can be recovered
from the general one after accounting for all simplifications—like Lemma 7.2.4—that the
discreteness of the involved fibrations allows for.
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Lemma 7.2.9. We can map any (2-dep,X )-category to a higher comprehension category by
letting (q: 4 — &,p: & — B be the sas-tower obtained from Lemma 6.2.10, P: & — 2
be the comprehension category obtained from Lemma 3.2.11 and pry: & — < be the functor
defined through

E3 X pry and ((f,m): A= p) — ((Zf Znnopr):pr%—)pré‘).

The natural transformation is defined through x» = (pr7, 1)\Opri\)'

Proof: It only remains to check the conditions on pr,, all other conditions are checked in
their respective lemmata. To check that pr, is well-defined we observe that obviously pry € ¢4
for all A € &. For (f,n): A — p we recall that this corresponds to n: A= p o f, where

f:p(A) = p(p). This implies

(o) o prd = ] (3) = [[prsﬂ(;fﬂ (S0)=bri( 7o %0)

Al

hence (Y, fo doaullne pri): pry — prh.
For the functoriality we compute for A € fHom(c)

(Do tod tutiepd) = (Igaod tubiept ) = (Igaoly o daepr)
A A A

= (120/\, 1/\ [ ] pri\> - (120/\7 1/\opri\>

= lyopn In &.

Analogously one checks the compatibility with composition, using the fact that given (g, ) o
(f,n) we have the commutativity of

Zc’/ A

Zz\,,uof n
M =t
Sopef —=L sy
zuof,uo(gof) H.f lzu,uog 0

M Dvog f 3.9
ZC,,VO(gOf) - Zc,yog id

| |
v o
prlo(gof> pry gl lprf
C

which allows us to compute

zy:go Z@on_Zgtoo Y befo> p

vog pof, Auof
no(gof)

NBWDWE W

Hyvog Aspo f
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The naturality of x can be checked via computation as well. Let (f,n): A — u be given, then

we have to show that
(prl )\Opr>‘)
Aopr} ——

(X, foXZa, . mmepry )l l(fﬂi)

T
po prl(PH “Op, ‘J/

commutes, that is to show
fopp=priod foy n and (L -Zf Z o (nepry) = (nepr)o L.
H A

The second equality is immediate. For the first equality note that from the definition of
(2-fam,>)-categories we know that

Zkﬂfl
pr} Sonof =5 S u

erOfl lpr,f

s e

commutes, which yields the desired equality.
From the definition of the postcomposition with an arrow f: ¢ — p(\) we can compute

pry (F(N) = pra(f, Laoy) = <Zf Z Lyof: Loy @ pry° )

Aof

(Zf Lyogopr ) = (Po(F' ). Ly operes )
= B0 (),

For the precomposition with a vertical arrow (f,7): A — pu we compute
tv(f,m) @ POY, pra(d) = (L. m) @ pri (Pra()) = Lyacprys 1 @ Pri (Pra())

= (e, neprt) (pras(N) = (nepry) o pry
= [pré“’f](Zn) = [pr’S](Zfo Zn)
=3 "fod " (pralw) = Ro(F) " (pra(i))

Lastly, it is immediate from the definitions that p(x,) = pr} for all A and thus P’ =
X- Q.E.D.

Lemma 7.2.10. We can map any higher comprehension category (q,p, P,x) to a (2-dep,% )-
category by letting the underlying 2-dep-category be the category € obtained from the sas-
tower (q,p) by Lemma 6.2.11 and the (2-fam,X.)-structure is obtained from p and P using
Lemma 3.2.10.

For each e € & we define pr§ := pry(e).
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Proof: As the two lemmata already yield the underlying 2-dep- and (2-fam,>)-structure, it
remains to check conditions (2d¥;) and (2d%,). For the first condition we first compute

ol (1) = B (e (orale)) = pry (7))

— pr§°f )
For the second condition we compute (where f: e/ — e is such that p(f) = 1,
(foprs)oprs = (tv(f)e Po(e’)) opry(e) =tv(f) e Po(e’)q( pry(€’))
0 poq
= R()" (prae)) =D (prale
p(e)

= [Pr§]<2f)- Q.E.D.
p(e)

Definition 7.2.11 (Maps of higher comprehension categories). Let (¢, P, x), (¢, P',X’)
be higher comprehension categories. A map is a triple (F, F, F): (q,P,x) — (¢, P',X') such
that

(hCCy) (F,F,F) is a map of sas-towers (see Definition 6.2.14).

(hCC;5) (F, F) is a strict map of comprehension categories (see Definition 3.2.2).
(hCCq) prooF = Fopryand y' @ F = F e y.

Lemma 7.2.12. Any (2-dep,X )-functor F': € — €' can be translated into a map between
the associated higher comprehension categories (from Lemma 7.2.9).

Proof: From Lemma 6.2.15 we know that the underlying 2-dep-functor F yields a map
(F, F.F): (q,p) = (¢,p) of sas-towers. Analogously we know from Proposition 3.2.11 that
the underlying (2-fam,X)-functor yields a strict map (F F) of comprehension categories.
It is immediate from the definition of those maps that F = F, so the maps agree on the
2-fam-structure. To see that pr), oFf =Fo pry we simply compute for (f,n): A\ — pu where
A € fHom(c), p € fHom(¢)

(pry o F)(A) = pry™ = Fy o (pr3) = (F o pry)(N)
and (pryoF)(f, 1) = ), F(n))

pry ((F'(
F(fye > Fun) Fun) e P a(pr)
(1) Fe(A),For ()
fo

<2
(F(Z ;),FC(UOPr?>

= F(prQ(fa 77))

This shows the last remaining property, so (F EF ) is a map of higher comprehension
categories. Q.E.D.

Lemma 7.2.13. If ((F, F.F)): (q¢,P,x) — (¢, P.X') is a map of higher comprehension
categories, then F' can be made a (2-dep,3)-functor of the associated (2-dep,3)-categories
from Lemma 7.2.10 by setting

F.(\) = F(\) and — F\(®) := F(P).
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Proof: It is immediate that the F' obtained in this manner is both a (2-fam,%)-functor of the
underlying (2-fam,¥)-categories from Lemma 3.2.10 and a 2-dep-functor of the underlying
2-dep-categories from Lemma 6.2.16. Thus by showing

F(pry) = F(pry(V) = pry (F(V)) = pr
we have that F'is a (2-dep,>)-functor. Q.E.D.

Definition 7.2.14 (Transformation of maps of higher comprehension categories).
Let (F, F.F), (G‘, G.G): (q,P,x) = (¢, P',X') are two maps of higher comprehension cate-
gories, we define a transformation to be a transformation between maps of sas-towers (see
Definition 6.2.17) that is also a transformation of maps of the underlying comprehension
categories (see Definition 3.2.5).

Lemma 7.2.15. Any (2-dep,X )-natural transformation between (2-dep,> )-functors F,G: € —
2 induces a transformation between the associated maps of higher comprehension categories
from Lemma 7.2.12.

Proof: Immediate from the Lemmata 6.2.18 and 3.2.11. Q.E.D.
The reverse direction holds trivially as well.

Lemma 7.2.16. Any transformation of maps (F,F,F) :>(@, G, G) induces a (2-dep,X)-
natural transformation between the associated (2-dep,X.)-functors of Lemma 7.2.185.

Proof: Immediate from Lemmata 6.2.19 and 3.2.10. Q.E.D.

7.3 A comparison with generalised categories with fam-
ilies

CoRrAGLIA and D1 LIBERTI introduced a notion very similar looking to higher discrete

comprehension categories—generalised categories with families—in [15]. CORAGLIA and

EMMENEGGER then proceed to show in [14] that generalised categories with families are

biequivalent to comprehension categories.
We start by recalling the definition.

Definition 7.3.1 (generalised categories with families). A generalised category with
families consists of a map of fibrations X: (u U — 93) — (u: u— %’) together with an
adjunction

A
u T
~_

b3

u

such that all components of the unit and counit are cartesian with respect to @ and u
respectively.

ARt

Looking at the diagrams governing the two notions they appear eerily similar:



74 Chapter 7 — (2-dep,X. )-categories and higher comprehension categories

generalised categories with families  higher comprehension categories

Pro

@ & —L . 5zl

q
q 7 cod

However, there are some differences, which we will emphasise in the following paragraphs,
which will make it easier when we examine how these generalised categories relate to categories
with dependent arrows, and how the biequivalence between comprehension categories and
generalised categories with families fits into our picture.

¥

bS]

/
RN R

7.3.2 Adjunction versus counit. The immediately visible difference (discarding the
triangle on the right for higher comprehension categories) is that where generalised categories
with families demand an adjunction, higher discrete comprehension categories demand only a
natural transformation. Unpacking the definition of an adjunction one sees that an adjunction
is a stricter version, as it unpacks to two natural transformations,

the unit idy = A o X and the counit ¥ o A =id,,
so our natural transformation y plays the role of a counit.

7.3.3 Split versus unsplit. One difference between generalised categories with families is
that they are concerned with normal fibration, whereas we demand that all fibrations come
equipped with a normalised cleavage, i.e. are split. This is the reason we demand that all
splittings are preserved by the functors involved, more precisely:

e in the definition of sas-towers in conditions (sass) and (sas,), the equivalent part to (sase?)
in the definition of generalised categories with families is that X is a functor between
fibrations and hence preserves cartesian morphisms. That it reflects cartesian morphisms
can be deduced from the definition (see [14, Lemma 3.20.3]). The part of oplifts with
respect to vertical arrows (with respect to u) is obviously missing, but we will explain
later why this does not matter for the translation to comprehension categories.

e In condition (hCCj) in the definition of higher comprehension categories the part c)
corresponds to the counit consisting of (chosen) lifts of arrows in &. That the counit for
the adjunction in a generalised category with families is at least cartesian (as no specific
chosen lifts are given) is guaranteed by the definition.

e That pr, preserves our choices of lifts for p corresponds to A respecting the cartesianness
of morphisms, this is guaranteed by [14, Lemma 3.20.2].
7.3.4 The (bi-/2-)equivalences. The biequivalences described in [14] are between com-
prehension categories and weakening comonads, and between weakening comonads and
generalised categories with families. Extending this picture with the notions of categories
with families/dependent arrows and the corresponding equivalence proved earlier, that is as
in Lemma 3.2.11, we get

(2-dep,X)C "2~ HComprC -—----- -

1] g

(2-fam,X)C  2-~" ComprC "bi-~ WCmd bi-~ gCwF,
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where the relation indicated with “?” is the one we want to explore in the following paragraphs.
For this reason we compute the obtained generalised category with families from a (2-fam,)-
category € by applying all the functors in the above diagram. This generalised category
with families has as U the category & of family arrows and 2-family arrows, and U is the
category of K-coalgebras, for the weakening comonad (K, ¢, v) defined via

1. K(A) = Xopr} for X € fHom(c), and for (f,n): A — u
K(f,n):(ZfOZn,mpr?)- (15)
7 A

The well-definedness can be seen from the commutativity of

o ;_Lf
ZCAZA’—”;?ZCMOJ” RTEN Do

lprT o lp'}f

c > C >

which yields poprio): fo) 7\ .n=po pry .
2. €\ = (pri\, 1Aopr?): Ao pri‘ — A

° A
3. =(Q,1 vt ) 2 Aopr) — Aopriopry

oot where () stems from the pullback diagram
opry opry

Zc )\ idZC)‘
T
.y S prd +
ZZC)\)\O pri\ 4 Zc)\ (16)
| i}
D _—
iy 2o pr> ¢

This category CoAlg(K) can be spelled out explicitly. It has as
e objects arrows (®,7): A — Ao pry such that

(@)
A0, 3 o A — s Nopr)

(1010\4 l(pr{‘,lk) and (é,n)l lw\
A

Ao
Aopr) Raa Ao pr} opr

A
pry

commute. The commutativity of the first diagram simply spells out that both pr} o® = 1.
and (1, e pr}) on = 1), which simplifies to = 1,. This in turn can be used for the
commutativity of the second diagram, which entails both

Qo(b:zcl)o Z nod and ne(priod)on=1

)\oprf )\,Aopri‘

N Aopri‘ L4 @ o T]
Aoprq o pry

We immediately see that the left hand side of the second equality simplifies to n on = 1,,
and the right hand side simplifies to 1) as well, so this equality always holds. For the
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first equality we observe that as n = 1, we have ) Aaoprd 11 = Iy~ x, and we can extend
the pullback diagram (16) to

[}
—2
¢ DA >
N Isoa Q
DTN i > pr! M
Zc)\ ZZ )\Aoprl - Zc)\
ZAopr
i, sl
>
5 S P YA c.

prl

It is immediate that the dashed arrow has to be ®, which yields the desired equality.
Thus (®,n) can be reduced to ® such that

commutes.

e An arrow (f,n): (P:c— > A) = (V:d— ) ,p) is an arrow f: ¢ — d together with a
2-fam-arrow 1: A= p o f such that

Ao prl (m A
(ODIFD DI Wv'Pr%)l l(f,n)
“w
lu’ o pr]_ (\I/,].,_L) /’[’
commutes. This can be reduced to the commutativity of both

ZfoZnoCI):\I/of and (no(pri‘o@))ol)\:(lﬂof)o
m A

Again the second equality is immediate (both sides equate to 1), so only the first equality
has to be checked. Thus the condition on (f,7n) reduces to the commutativity of

1e f
c c > d

y S o o f =t

Zd‘
° /
p>\ pl’ ! p

o > > d.

o

The only nontrivial condition of this is Zu fono® = Vo f. However, this condition is

equivalent to no ® = [V](f).
It is thus immediate that the objects of CoAlg(K') are the canonical dependent arrows of a
(2-fam,¥)-category introduced in [20] and the arrows are obtained as combinations of lifts of
(f,m): A — p such that no & = [V](f).

Conversely, if we first compute the canonical dependent arrow structure for a (2-fam,¥)-
category and then the higher comprehension category obtained from the 2-equivalence consists
of the following data:
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e The comprehension category structure P: & — 21 consists of (2-)family arrow and €

e The category ¢ has as objects coalgebras ¢ — Y _ A for the weakening comonad K
described earlier. Morphisms ® — W—where ¢(®) = ¢ and p(V) = —are given by
(f,m): A — p such that no & = [V](f).

From the discussion above we thus infer that ¢ = CoAlg(K).
Comparing the functors, we compute that ¥ takes ®: ¢ — > A to A and (f,7n) to (f,n),
hence ¢ = X. The functor A takes A to @ from v, = (Q, 1A Aoperpr{\) and (f,n) to K(f,n)

pry opry
defined in (15). Examining how the second projection arrow is defined in the canonical way

in [48] we see that pry = Q. A similar computation shows that also pry(f,n) = K(f,n). Thus
pry(A) = Q.

The adjunction

A
CoAlg(K) T &.
by

is not part of the higher comprehension category, but the natural transformation x: Aopry — X
can be extended to obtain this adjunction, as x and the counit coincide.
Thus we obtain that the diagram (14) can be extended to

(2-dep, X)C 2- HComprC \

(2-fam, X)C ComprC _bi-~, WCmd b1— gCwF .

The biequivalence ComprC ~ gCwF proved in [14] actually yields more than [20, Theo-
rem 3.5.8]: not only does it give the canonical (dep,)-structure given a (2-fam,)-category,
but also says that if we are given a (2-dep,X)-category, such that in the higher compre-
hension category, formed as in Lemma 7.2.9, the natural transformation y: g o pry =idg
can be extended to an adjunction ¢ - pr,, then we obtain a pseudo-natural isomorphism
¢ — CoAlg(K), where K is the comonad defined by bullet points 1-3 on page 75.



Part 11

Computability models induced by
categories
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Chapter 8
Computability models

8.1 Computability models

The original definition due to Longley only considers the case that 7" is a proper set, but we
do not require this restriction.

Definition 8.1.1 (Computability models). A computability model C over a class T is a
pair

C = ((C(), e (Clo7]),,cr))

of families of sets such that all C(7) are sets and all C|r, o] are sets of partial functions
between C(o) and C(7) such that:

1. For all 7 € T' we have 1¢) € Cl7,7].
2. For all o,7,p € T and all f € Clo,7],g € C|r, p] there exists g o f € Clo, pl.

Many examples of computability models can be found in [45, subsection 3.1.2, pp. 54].
We will repeat a few of the most important ones here.

Examples 8.1.2 (see [45]).

1. If one takes as underlying set the set 1 and only data type the set N and lets the
computable functions be the Turing computable ones, then one obtains Kleene’s first
model K7, perhaps the most fundamental of all computability models.

2. The terms of the untyped A-calculus are generated from a set V' of variable symbols z by
the grammar

M:=xz| MM | \x.M.

Let A be the set of terms obtained in this way modulo a-equivalence. Write M|z +— N]
for the term that is obtained by replacing all free occurrences of x in M by N. If ~ is a
equivalence relation on A satisfying

(Az.M)N ~ M[z — N], M ~ N = PM ~ PN

for all terms P, then we can define a computability model on A/ ~ in the following
manner:

The underlying set is again 1 and the only datatype is A/~ the computable functions
are the mappings A/~ — A/~ [M] + [PM] induced by the terms P.

3. This example is actually a class of examples. For this let B = (B;);c; be a given family
of sets and let F' = (F{; ;)@ )erz be a family of sets where for each (i,j) € I* we have
that F; ;) C B]Bi. Denote by (B) the family of sets by adding 1 to B and closing under
products and function spaces. Define a computability model K (B, F') by letting the
underlying set be I and setting K (B, F')(i) = B; for all i € I and the computable functions
are defined as follows:

e For each ¢, j € I, we have that Fi; jy C K(B, F)[i, j].
e For each i we have that {B; — 1} C K(B, F)(i,1).

79
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For each i,j € I we have that
pry € K(B,F)li x j,i] and pry € K(B, F)[i x 7, j].

o If fe K(B,F)[i,j] and g € K(B, F)[j, k], then g o f € K(B, F)[i, k].
o If fe K(B,F)|i,j] and g € K(B, F)[i, k], then (f,g) € K(F,B)(i,j x k).
o If f € K(B,F)[i x j, k|, then f € K(B,F)[i, k7).

Remark 8.1.3. In another work Longley defines the notion of computability model slightly
different: In [43] he writes that the datatype sets need to be inhabited and may not be empty.
Although a small difference at first we will later discuss why this distinction actually matters.
Furthermore he allows the computable function to be relations rather than partial functions.
We will discuss this approach in subsection 8.2.7.

As we want to discuss the connection between computability models and category theory,
we highlight the method to associate to a category a computability model introduced by
Petrakis [49]. A small notational convention beforehand:

Notation: Let €, Z be categories with pullbacks and S: € — Z be a pullback-preserving
functor. We denote a span of the kind

where ¢ is monic as (i, f): a — b. As S is pullback-preserving S(i) is monic as well and we
denote (S(i),S(f)): S(a) — S(b) as S(i, ).
Definition 8.1.4 (Canonical (total/partial) computability models). Let € be a

category and S: ¥ — Sets be a presheaf.
e The canonical total computability model CM'*(%’; S) associated to € is defined as

((S(@) e (S | T a—52}),,0).

From this is apparent that the underlying class of CM™"(%; S) is €.

o [f ¥ has pullbacks and S preserves those pullbacks, then the canonical partial computability
model CMP"(¢; S) associated to € is defined as

((50)) e (S, 1) 1 G, 1) a0 =B} e

One immediately notices the similarities between these computability models associated to
categories and the computability models constructed on a given family of sets we constructed
earlier. Namely giving a category ¢ and a presheaf S amounts to giving exactly such families
as above where I = 6y, B; = S(i) and F(; ;) = {S(f) | f:i— j}.

8.2 Simulations

Definition 8.2.1 (Simulations). Let C be a computability model over the class 7" and D
be a computability model over the class U. A simulation vy between C, D, written y: C — D
consists of the following data: A class function v: T" — U and for each 7 € T a subset
IFYC D(v(1)) x C(7), such that the following two conditions are satsified:
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(8iml;) For every 7 € T" and each x € C(7) exists a y € D(v(7)) such that (y,z) €lF). We
also write y IF) @ instead of (y, ) €lF.

(Simly) For every o,7 € T and each f € Clo,7] exists a f' € D[y(c),7(7)] such that
7 ) [, where f’ ”_(Ww) f stands for the following:

(0,7

Vo € C(o) Yy € D(v(7)) :
(z € dom(f)&y IF) z =y € dom(f') & f'(y) ] f(z)).

Example 8.2.2. If we two categories %, 2 with presheaves S, S’ respectively, then any
functor F': € — 2 making the diagram

(4 £ > 9
x % (17)

Sets

commute corresponds to a simulation y: CM'"*(%; S) - CM"'"(%; S’) defined as follows:
e The underlying class function is given via v¥'(¢) = F(c) for all ¢ € €.

e The tracking relations IF" C &' (F(c)) x S(c) are given by

S1 H—ZF S9 &> S1 = Sog.
This is possible as by (17) S"(F(c)) = S(c).

The above is an example of an important class of simulations, the so-called equality
simulations.

Definition 8.2.3 (Equality simulations). If C,D are simulations over T',U respectively,
then a simulation v: C — D is an equality simulation, if for all t € T the following three
properties are satisfied:

(EgSim;) For all ¢t € T we have that C(t) = D(~(¢)).
(EqSimy) For all ¢t € T we have that

diF c&d=c.
(EqSimg3) For all ¢,¢' € T we have that C[t,t'] C DJt, t'].

Another (class of) example(s) of simulations can be obtained as follows:

Example 8.2.4. If € is a category and S, S presheaves on that category, then any natural
transformation n: S — S’ an be translated into a simulation n: CM""(%’; S) - CM"*(%; )
as follows:

e The underlying class function is given by the identity on €.

e The tracking relations IF! are defined via
s'IF! s = n.(s) = 5.
The simulations in example 8.2.4 are instances of so-called natural simulations.

Definition 8.2.5 (Natural simulations). A simulation 7: C — C’ where the models live
over the same class T' is a natural simulation if the following conditions are fulfilled:

(NatSim;) The underlying class function is the identity on 7.
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(NatSimy) For all ¢ € T' there exists a 7, : C(t) — C'(t) such that for all z € C(t) and
y € C'(t) we have that y IF] x if and only if y = ~;(z).

(NatSimg) For all ¢,#' € T and all f € C[t,t] there exists a f' € CJt,t] such that for all
x € (t) we have that if x € dom(f) then ~;(z) € dom(f’) and

P () 15 37 (f (@)

This definition might suggest that all natural simulations between computability models
obtained from categories in the previously given manner arise from natural transformations
between the categories. The following proposition shows that this is not the case.

Proposition 8.2.6. Consider the category given by
fi

Y
a b Do
N2 s

g1

where fi1 # fo as well as g1 # g2 and

Jiogr=1,= fiogs = fa0 g,
faogi=gq,
¢ =1p,0200=91,91°0=g2,q4° f1 = fo,q0 fo = 1,
grofi=giofa=gr0fi=ga0 fo =1
Let v: CM"™(%¢; Hom(a, -)) — CM"™"(¢; Hom(b, -)) be the natural simulation given by
~vx: Hom(a,a) — Hom(b,a), 1, — g,
v+ Hom(a,b) — Hom(b, b), fi — foo g1, fo = f1og:.

Then (V2)aew, is not a natural transformation Hom(a, -) = Hom(b, -).

Proof: We first have to prove that the simulation 7 given through the ~ is actually natural.
For this, we check the axioms of a natural simulation.

(NatSim;) By definition we have vy = id,.

(NatSimy) By definition we have y IF) = < y =~} (x) for all z, vy, a.
g . . .

(NatSimg) We have to consider all possible cases

We start of with the case Hom(a, -)**[a,a]. As there is only one arrow 1,: a — a, it
suffices to remark that the diagram

Hom(a, a) —2=» Hom(a, a)

vzl lvz

Hom(b, a) === Hom(b, a)

comimutes, as

7;(]11 o ]—a> = 7;(111) =01 = 1a g1 = 1a o /Y:zk(]-a)'
Next we consider the case Hom(a, - )**[a, b]. Here we have two possible arrows fi, fo: a —
b. We start of with f;. One can see that the diagram

Hom(a, a) ey Hom(a, b)

vél lv;‘

Hom(b, a) % Hom(b, b)
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commutes, as there is only 1, € Hom(a,a) and

Y (fioly) =9 (f1) = fao g1 = fao,(1a).

If f5 is considered we can see that the diagram

Hom(a, a) LN Hom(a, b)

vzl lm?

Hom(b, a) e, Hom(b, b)

commutes, as
Yo (f201a) =% (f2) = fiogi = fio7,(1a).

Next we consider the case Hom(a, - )**[b, a]. Here we have two possible arrows, g1, go: b —
a. We start with the case g;. One can see that the diagram

Hom(a, b) -“= Hom(a, a)

lvif lvé

Hom(b,b) —— Hom(b,a)
commutes, as the only arrows in Hom(a, b) are fi, fo and we can compute

Yalg20 f1) =7,(La) = g1 =104
=gi10faog1 = g107%(f1),

Yalg20 f2) =7,(1a) = g1 = La0 g1
=gi0 fiogi = gi107%(f2).

Similarly, we have that the diagram

Hom(a, b) 2= Hom(a, a)

lvé lvé

Hom(b, b) = Hom(b, a)
commutes, as we can compute

Yalg20 f1) =7(la) =1 =g101,
=g10fa0g1 = g107%(f1),

Yalg20 fo) =7.(la) =1 =g101,
=giofiog=gi0o7%(f2)

At last we consider the case Hom(a, - )*™*[b, b]. Here we have to consider two morphisms,
1,,q: b — b. We start with the case 1,. One can see that the diagram

Hom(a, b) LN Hom(a, b)

Hom(b, b) —=5 Hom(b, b)
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commutes trivially, so we can redirect our attention to the case ¢. In this case we obtain
the commutative diagram

Hom(a, b) —=— Hom(a, b)

Hom(b,b) —=— Hom(b, b)
which is commutative because the only arrows in Hom(a, b) are fi, f> and we can compute

Y(go fi) =1(fe) =fiocgi=qo fom
=qo(f),
Wlgo f2) = (fi) = foogi=qo fiog
=qo7(f2)-
This finishes the proof that v is indeed a natural simulation.
To prove that (7}).e, does not constitue a natural transformation, we show that the diagram

Hom(a, a) e, Hom(a, b)

vél l%i‘

Hom(b, a) e, Hom(b, b)
does not commute. One the one hand one can calculate

Y (fioly) =% (f1) = faogi,

but we also obtain
fio7.(1a) = fio g,
and by design we have fy0g; # fi 0. Q.E.D.

8.2.7 Simulations in other contexts. In [50] poses the question whether one can define
computability models where the data types do not live in the category Sets, but another
category. Such an approach is taken by Cockett and Hofstra in [10], which bases on [11,
12, 13]. In this work one first considers restriction categories, which are categories where
the domains of a morphism f: ¢ — ¢ is realised not as an object but as an endomorphism
f: ¢ — c. This definition reads as follows:

Definition 8.2.8 (Restriction categories). A category ¢ is a restriction category if it
comes equipped with a map (-) that maps an arbitrary morphism f: ¢ — ¢’ to a morphism
: ¢ — ¢. This map (-) must be subject to the following conditions:

. For all f we have that fo f = f.

.Forall fre—,g:c— ¢ wehave fog=7o

Forall f:c—d,9:c— ¢ wehave go f =7o

<l =l

N N

Forall fre—d,g:cd — " wehavego f= fogof.

The map (-) is called the restriction map.

It is immediate that the presence of such a restriction map allows us to define a partial
order on each of the Hom-sets, by

fRg:egof=/F
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Example 8.2.9. The easiest example of a restriction category is the category of sets and
partial functions. The domain of a partial function f: S — S is then simply the partial
function

- - {:1: if f(x) is defined,

undefined otherwise.

A computability model in Cockett’s sense is then simply a functor F': € — % where #
is a restriction category. He defines a simulation as follows:

Definition 8.2.10 (Simulations - due to Cockett). Let F: € — Z,G: 9 — % be
computability models. A simulation consists of

e a map K that maps objects of € to objects of ¥ and

e for each object ¢ € ¢ a morphism a: F(c) — G(K(c)) such that for each f: ¢ — ¢ in €
there exists a f,: K(¢) = K(c) such that

F(e) —— G(K(c))

F(f)l > lG(fa)
F(d) == G(K()).

We write (K, a): F' ~» G if (K, «) constitutes a simulation.

Remarks: If one takes the restriction category # to be the category of sets and partial
functions, then the definition of a computability model is identical to the computability
models we obtained from categories. Also the notion of simulation seems very similar to the
notion defined by Longley and Norman. However there are a few key differences:

e Firstly, in the definition due to Cockett each element in a data type can only be tracked
by another element, whereas in the definition of Longley an element in a data type can
be tracked by many different elements.

e Secondly, which is really a consequence of the first observation, this fact can not be
remedied by changing the underlying category: In the computability models due to
Cockett the computable functions are partial functions, whereas the tracking relations are
relations. Thus passing to the category of sets and relations as the underlying category
(if one defines an appropriate restriction map on it) does not solve this problem, as it
would alter the definition of computability models.

As a final remark we note that if one takes the restriction category to be the category of sets
and relations on sets, then the notion of computability model that arises is very similar to
the slightly different version of a computability model defined by Longley in [43], however in
this restriction category approach the data types need not be inhabited.

8.3 Transformability

Definition 8.3.1. Given two simulations 7,d: C — D, we say that =y is transformable into
D, in symbols v < 4, if for each ¢ € T there exists a t, € D[y(0),d(0)], such that the
following condition is satisfied:

(Trafo;) For each a € C(o) and each o’ € D(y(7)) such that o’ IF} a, we have that
t(a') IF a.
If vy <6 and § <=y then we write y ~ 4.
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Definition 8.3.2. Let CompMod be the category whose
e objects are compuatbility models C over arbitrary classes and whose

e morphisms «v: C — D in CompMod is a simulation.
e For each computability model C over the class T' the identity simulation id¢ is given as
ide = (17, diag®), where diag® C C(7) x C(7) is defined through
(y,x) € diag® &y = .

e The composition of two simulations y: C — D,e: D — E is defined as eoy = (€0, [F7),
where IF°7C E(e(y(7))) x C(7) is defined through the following clause:

zIF 2 e Jy € D(y(T) 1 2 Iy y &y IF] 2.

Definition 8.3.3 (Equivalence of computability models). If C,D are computability
models we say that they are equivalent if there exist simulations y: C—D and §: D - C
such that

yod~idp and doy ~idc.

We write C >~ D if C and D are equivalent.

One should note that this notion of equivalence is neither weaker nor stronger than the
notion of isomorphism of the underlying set, as the following example highlights.

Example 8.3.4. Consider the computability models B, C defined over 1,2 respectively
where B(0) = C(0) = C(1) = (). The computable functions are simply the nowhere defined
partial functions. Then B, C are equivalent via the simulations

v: B—C, 6: C— B,
7(0) =0, 5(0) = (1) = 0,
=10, IFy=I-{= 0.

It is immediate that these are well-defined simulations as the two conditions are trivially
satisfied (all data types are empty). They also constitute an equivalence: Obviously on
underlying class functions we have d oy = 1; and F3°7= (). Thus the nowhere defined partial
function in BJ0, 0] witnesses the transformability é oy < idg as no a € B(0) and o’ € B(0)
such that o Il—gOV a exist. For the same reason the nowhere defined partial function witnesses
the transformability idg < ¢ o v as well.

We shall now return to the discussion hinted at earlier, whether the requirement that the
data types need to be inhabited actually matters. For this we consider the following example.

Example 8.3.5. Let C be the computability model over 1 given by C(0) = 1 where the
only computable function is the identity and D be the computability model over 2 where
D(0) =1,D(1) = 0. Again the only computable functions shall be the identities. We seek
to show that C 2 D. If C ~ D, there would be simulations 4: C—D,§: D — C such that
y0d ~1p,6 oy ~ 1c. We can conclude that 6 maps both 0,1 to 0 and

F= 12, IF=0.

For « there are a priori two possibilities: either v(0) = 1 or «(0) = 0. However the first case
can actually not occur as it would violate the first condition on simulations, as there can be
no x € D(1) = () such that x IF§ 0. Thus only the second case remains. But in this case we
can show that 4 0 d % 1p as this would mean there exists f € D[v(6(1)), 1c(1)] = DI0, 1]
which is by definition not the case. Thus C % D.
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This example shows that if one allows data types to be empty, then the notion of
equivalence does not allow one to eliminate empty data types that are not connected to other
data types via computable functions.

8.3.6 Transformability in other contexts. Coming back to the computability models
and simulations due to Cockett, he also has a notion similar to transformability, namely
refinements.

Definition 8.3.7 (Refinements). Let F': ¢ — %Z,G: 9 — % be computability models
and (K, «),(L,B): F ~ G be simulations. Then (L, ) is a refinement of (K, a) (written
(K,a) = (L, B)) if for each ¢ € € there is a A\.: K(¢) — L(c) such that

e G(K(0)
7
N
G

F(c)
lGO\c)

(L(c)).

8.4 The category of assemblies

Definition 8.4.1 (Category of assemblies - [45]). Let C be a computability model over
the class T'. The category Asm(C) of assemblies is defined as follows:
e Its objects are triples (X, tx,|Fx) where X is a set, tx € T and IFxC C(tx) x X such
that for all x € X there exists ¢ € C(tx) with ¢, .

e Its morphisms f: (X, tx,lFx) — (Y,ty,lFy) are maps f: X — Y such that there exists
[’ € Cltx, ty] with the following property:

VxeXVceC(tX)(ZE € dom(f) Aclkx x = c e dom(f') A f'(c) IFy f(x))
e Composition and identities are defined as for maps of sets.

This category of assemblies has strong 2-categorical properties discovered by Longley,
which we will briefly state. Proofs can be found in [43, Section 4].

Definition 8.4.2 (Subobjects, quotients and copies - [43]). Let € be a category and
P: ¢ — Sets be a faithful presheaf. Then (¢, P) has
e subobjects if for any ¢ € ¥ and any monomorphism s: s — P(c) in Sets there exists a
morphism §: ¢ — ¢ such that P(5) = s and for any morphism f: d — ¢ such that P(f)
factors through s there is a unique g: d — ¢ such that f =50 g.

e quotients if for any object ¢ € ¢ and any epi q: P(c) — ¢ in Sets there exists a morphism
G: ¢ — ¢ in € such that P(G) = ¢ and for any morphism f: ¢ — d such that P(f) factors
through ¢ there is a unique g: ¢ — d such that f = g o q.

e copies if for any ¢ € € and S € Sets there is an object ¢ < S in % equipped with morphisms
m:cox S —c,0: P(cox S)— S such that for any f: d — C and ¢: P(d) — S there is a
unique g: d — ¢ < S such that f =7 ogand ¢ =600 P(g).

We say that (¢, P) is a quasi-reqular category over Sets if it has subobjects, quotients and
copies.

Longley then shows that each category of assemblies Asm/(C) for an arbitrary computabil-
ity model C comes equipped with a forgetful functor Frg€: Asm(C) — Sets which maps
each triple (X, tx,IFyx) to X and each f to itself, and the pair (Asm(C),Frg®) constitutes a
quasi-regular category over Sets.

Further, he defines the 2-category QReg of quasi-regular categories as such:
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Definition 8.4.3. The 2-category QReg of quasi-regular categories has as
as objects (0-cells) quasi-regular categories (¢, P) over Sets and

as morphisms (1-cells) (¢, Py) — (2, Py) functors Q): € — 2 together with a natural
isomorphism ¢: Py — Py o () such that

— @ preserves subobjects modulo ¢, that is if §: ¢ — ¢ is a subobject lifting of s: S —
Py(c), then F(3): F(c/) — F(c) is a subobject lifting of ¢, 0 s 04"
— (@ preserves quotients modulo ¢, this is defined similar as the above.

— @ preserves copies modulo ¢, that is if (¢ o< S, 7,0) is an S-fold copy of x in €, then
(F(cx S),F(r),001,g) is an S-fold copy of F(z) in 2.

cox S

as 2-cells (Q,1) = (Q', ) natural transformations a: Q = Q'.

He then shows that one obtains a 2-functor Asm: CompMod — QReg which maps

computability models C to Asm(C),
simulations 4: C — D to functors Asm(y): (Asm(C),Frg®) — Asm(D), FrgP) and
e transformability 4y < § to a natural transformation Asm(y <6): Asm(y) — Asm(4).

The theorem is then the following:

Theorem 8.4.4. The 2-functor Asm: CompMod — QReg is locally an equivalence, that is
C,D are equivalent in CompMod if and only if Asm(C), Asm(D) are equivalent in QReg.



Chapter 9

The category of computability models and
simulations

We now direct our study to the category of computability models itself. This (2-)category is
defined as follows:

Definition 9.0.1 (Category of computability models). The category CompMod has
e objects computability models over arbitrary classes as defined in 8.1.1,

e [/-maps simulations between computability models as defined in 8.2.1,

e 2-maps transformatbility of simulations as defined in 8.3.1.

The sub-2-categories CompMod,,; and CompMod,, are those where the 1-maps are restricted
to natural and equality simulations respectively.

9.1 CompMod is finitely complete

To show its completeness we use the standard result (e.g. in [6, Theorem 2.8.1]) that the
existence of set-indexed products and equalisers suffices to obtain that a category is complete.

Lemma 9.1.1. Let C; be a family of computability models indexed by a set I. Then the
product [],., C; is the computability model defined by the following data:

e The underlying class is [[,.; Ti, where the T; are the underlying classes of the C;.

iel
e The datatypes are given by
(H Cz‘) (Ti)ier = H (Cz(Tz))
icl iel
e The computable functions are given by
<H Ci) i, 0ilier = [ | (Cilm, o4]).
iel iel
The projections pr;: [[,c; Ci = C; are given by
e the underlying class function pr;: [[,c; Ti — T; defined by (7;)ier — T,

e the tracking relations “_?;Z)iez’ defined via the equivalence

(z))jer 0y, v if and only if x; = y.

Proof: It is immediate that the above definition constitutes a computabiity model and
simulations. To see that is is a product in CompMod we simply observe that if we are given
simulations 7;: D — C; for a computability model D (over some class U) then we can define
the simulation (v;)icr: D —[[;,c; C; in the following manner:

e The underlying class function (v;)ier: U — [[,c; T; is defined via u — (v;(u)).

iel
e The tracking relations I-{TEr are given through the equivalence

Y H—f]mef (x;)ier if and only if for all i € Iy IF) x;.

89
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It is straightforward to check that this consitutes a simulation and that pr; o{7y;);e; = 7y; for
all 7 € I and that this is the only simulation with this property. Q.E.D.

Proposition 9.1.2. Given two simulations v,d: C—D C,D liver over T, U respectively),
the computability model Eq(vy,8) (defined in the next paragraph) together with the simulation
e(v,6): Eq(v,8) — D (also defined in the next paragraph) constitute an equalizer.

Here Eq(7,0) is defined through the following data:

o The underlying class is the equalizer of
T #; U
in the category Sets, that is the subset of T consisting of only those t € T such that
V() = 6(t);
e The datatypes are given by
Eq(y,6)(t) = C(t).

e The computable functions are given by
Bq(r,8)[t,5] = Clt, 5.

The simulation e(vy,d) is defined as follows:
e The underlying class function maps t to t.

(7,9)

e The tracking relations I are defined by the equivalence

x H—f(%&) y if and only if x = y.

Proof: It is straightforward to check that Eq(y,d) is a computability model and that e(7y,d)
is a simulation. To see that it is also an equaliser assume we are given another simulation
a: A — C (where A lives over S) such that 4 oa = oa. This data allows us to define the
simulation @: A — Eq(y,4) via

e s afs) forall s € S,

o [Fo=[F2 for all s € S.
A simple computation proves that e(y,8) o @ = o and this @ is the only simulation with this
property, hence Eq(y,8) together with e(y,d) is an equaliser. Q.E.D.

9.2 CompMod has pushouts
We show that the category CompMod has pushouts.

Proposition 9.2.1. Let B,C,D be computability models over T,U,V respectively and
v: C — B,d: C — D be simulations. Then a pushout y.(D) is given by the underlying class

%(V)=(VIT)/ ~

where v ~ t for v € V;t € T if there exists a w € U such that t = v(u),v = 6(u). For
simplicity we write T" :=T \ v(U), V' :=V \ 6(U). Then v.(V)=T"LL V' ~(U). The data
types are given by

B(x) ifeeT
7+(D)(x) =  D(z) ifzeV,
B(y(u)) HD(6(w)) if x =~(u) foru e U.
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The computable functions are defined via

0 ifeeT ,yeV' oryeT ,x eV,
Bz, y] ifreT,yeT oryeT,xeT,

(v+(D)) [, y] = . , , (18)
Dlz, ] ifreVyeV oryeVeelV,

Bly(u),y(W)] I D[S (u),6(u)] if 2 = y(u), 2" = y(u).
The simulations 7.6,y are given by

0.7: D = 74.(C), v0(v) =v for allv €V,
alF’ d e a=d,

v:0: B = 74.(C), d.y(t) =t for allt € T,
alF7 d = a=d.

Proof: It is immediate to prove that the above definition constitutes a computability model.

For the simulations it is immediate that the rules given are indeed well-defined and it remains

to check the two properties of simulations. We only check these properties for 4,7, the other

case is analogous.

1. Let v € V and d € D(v) be given. Then v € U’ 11 V', and in both cases d € v.(D)(v) as
D(v) Cv.(D)(v) in both cases. So d IF57 d.

2. Let v1,v9 € V and f € DJuvy, vs] be given. Thus we know one of the last two cases of
(18) arises, and in both cases D[z,y] C (7.(D))[z,y]. We show that f |0 y oI

(v1,v2
d € dom(f) and d' IF:7 d, then d' = d, so d’ € dom(f) and thus f(d') = f(d) IF3 f(d).
It remains to check the universal property. For this let another computability model E over
W with simulations €e: B — E,¢: D — E be given such that the obvious square commutes.
Then the unique [e,¢]: 7.(D) — E making the usual diagram commute is given by the

underlying class function 7,(V) — W that embeds 7,(V') as the union ¢(V) U ¢(T). The

tracking relations IF5*) are given by

e if v €T,
Fled.= ke if x €V,
I TS ifue .

It is immediate to prove that this is well-defined, and the two conditions of a simulation hold
because

1. if x € 7.(V) we can distinguish the following three cases:
1.1 if x € T" then 74,(D)(x) = D(x) and for every d € v.(D)(z) we find e € E(e(z)) such
that e IF< d and thus by definition e IF5" d.
1.2 If x € V' then a similar argument yields the desired e € E(¢(z)) such that e e g,
1.3 If 2 = y(u) then every d € v.(D)(x) is either in B(y(u)) or D(d(u)). In both cases
we can proceed as above to obtain the desired e € E(¢(z)).
2. If f € (7+(D))[z,y] then we need to distinguish four cases:
21 ifxeT ye V' orye T x eV’ then there are no computable functions to consider.

22 lfxeT,yeT oryeT,x €T, then the computable functions are those in B[z, y].
It is immediate from the definition of the tracking relations that g II—EZZ]J) f for the
g9 € Ele(2), €(y)] such that g IF{,  f.
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23 IfxeViye V' ory e V,x €V’ then the computable functions are those in D[z, y].

It is immediate from the definition of the tracking relations that g II—E;’L;) f for the

g9 € Eli(z), (y)] such that g -,  f.

2.4 In the last case we can similar to above reduce to case 2.2 or 2.3.

At last we show that [e,¢] is unique. But this is immediate from the fact that [e,¢] makes the
diagram

c—9%  .p_

v

B 2%, 4.(D)

¢ ledl

4
> E

commute. This ensure that [e,¢| is unique on the level of underlying class functions, and for

the tracking relations one notes that Il—gzll—l[f’b]w*d and as II—E’L} is nothing but equality this

yields the desired uniqueness for tracking relations (the case IF{ is analogous). Q.E.D.

We will later need the explicit description of the coequalisers in CompMod, so we will
state how they are obtained from a parallel pair. The universal property can be checked as
in the case of pushouts and is straightforward, so we omit the proof.

Proposition 9.2.2. Given a parallel pair C ::1’5 D, where C lives over the class T and D
2

lives over U, a coequaliser is given be the computability model Coeq(C, D) defined via the
following data:

e The underlying class is T/ ~ defined through the coequaliser diagram

71
—
T U T/~ (19)

in Sets.
e The datatypes are given by Coeq(C,D)(t) =[], C(t).
e The partial functions are given as coproducts of partial functions, that is
COGq(C, D)[tla tQ] = H D[tlla t,2]

tll ~t1
t/2 ~to

The simulation Coeq(y1,72): D — Coeq(C, D) is defined by the following data:
e The underlying class function is simply the projection arising from the coequaliser diagram

(19).
e The tracking relations IF-°°“""") are defined via

C bl
c Ik, 0ea(1:2) iy o = ¢/

9.3 CompMod is not regular

To show that CompMod is a regular category we have to show three things:
e CompMod is complete.
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e In CompMod if we consider pullback diagrams of the form

y}(C) 2= C

b
Y

C D

then we obtain a coequaliser y~'(C) —= C —— Coeq(p, p2).

e In CompMod the pullback of a regular epimorphism is again a regular epimorphism.

The first two are immediate because as we have shown CompMod is also cocomplete. For the
last property we first examine the (regular) epimorphisms in CompMod.

Lemma 9.3.1. Ify: C—D is a simulation, then the following are equivalent:

1. The underlying class function =y is surjective and all tracking relations &) fulfil the
following:

e For everyy € D(”y(t)) there exists a x € C(t) such that y IV x and if y' V] x, then
y=1y.

2. The simulation 7y is an epimorphism in CompMod.

Proof: We first show that if the condition hold, then 7 is an epimorphism. For this let two
simulations d1,82: D — E such that d; oy = 85, oy. We have to show that §; = d5. On the
level of underlying class functions this is immediate. For the tracking relations suppose that
we are given u € U and x € D(¢),y € E(él(u)) such that y IF0! z. By assumption we know
that there exists t € T such that v(¢) = u, additionally we find z € C(¢) such that = IF/ z
and if 2 I} z, then 2 = 2/. This yields that y IF*®? 2, and thus y IF**” z by assumption. So
we have a 2’ € D(u) such that y IF°2 2’ and 2’ I} 2. But then by assumption z = 2’ and
thus y IF%2 z as desired.

The same argument with d, and J; swapped shows the reverse direction. Thus IF0!=[I-%2
for all u € U and by extension 5 = 4;.

Conversely assume that 4 is an epimorphism. Then v must be clearly surjective. To show
the condition for I}, assume that there was a y € D(7(t)) such that if y I-} z, then there
exists ¥’ # y such that 3’ IF] . We can then define simulations §;,8,: D — E, where E lives
over the set 1 and E(()) = 2, as follows: the underlying class function sends every u € U to 0,
and the tracking relations are defined as such:

e { (0) x D(u) if w £ (1),
C LEO) x D)\ {y}) U ({1} x {y}) else,

5 {(@) D(u)  ifu#7(t),

“ E(0) x D(y(t)) else.

Then one can compute that IF'*7=IF2°"= E()) x C(¢) for all t where we use that if y I} z
then also ¢/ I} 2 for some y # o' and thus 0 IF3! ¢/ and by extension ) IF°1°7 z. But clearly
8, # 65, in violation of our assumption that v is epi. Q.E.D.

Theorem 9.3.2. The category CompMod is not reqular.

Proof: To prove this we adapt the counterexample in the category of partial orders. So let
A, B, C be the computability models given as such:
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e A lives over 4 where all sets of data types are simply 1, and the computable functions
are given by
together with the identities.

e B lives over 3 where again all sets of data types are simply 1, the computable functions
are given by
B[0,1] = B[0,2] = B[1,2] = {1}
and the identities.

e C lives over 2, all sets of data types are 1 and the computable functions are given by
B[0,1] = {11} and the identities.
We then define the simulations y: A — B,d: C — B through

7(0) =0,7(1) =~(2) =1,7(3) = 2,
5(0) = 0,5(1) = 1.

The tracking relations are always 1 x 1. It is immediate that these are well-defined simulations
and from the preceding lemma we know that < is an epimorphism.

If we calculate the pullback we obtain the model 4~!(C) which lives over the set
{(0,0),(3,1)}, which we will tacitly identity with 2 and whose sets of data types are
1. The only computable functions are the identities. The pulled back simulations are
~~18,6 1y, here the first one maps 0 to 0 and 1 to 3, the second maps 0 to 0 and 1 to 1.
The tracking relations are again 1 x 1.

We show that d 17 is not the coequaliser of its kernel pair which is equivalent to it arising
from a coequaliser [44, p. 41]. We show that

771 (C) = 77(C)
lid 51y

y (o) 2. ¢

is a pullback square. It is obviously commutative and thus it remains to check the universal
property. For this let E over V with e, a: E—-471(C) with § 'yoa; = 'yoa,. Thus on
the underlying sets we already have that a; = oy as d vy is a monomorphism. The tracking
relations have to be 1 x E(w) for all w € W due to the first condition on simulations, so
we obtain a; = as and thus a; is the desired unique simulation making the usual triangles
commute. But obviously d 19 is not the equaliser of the identities, for this would entail
that if we consider the simulation o: y71(C) —~~!(C) that swaps 0 and 1 there exists a
simulation ¢C —+~1(C) making

571
Y H(C) —T»

C
C
commute. But then we have ((1) = 0,¢(0) = 1, but this can not be as no function in C[1, 0]
exists which could track 1, € CJ0, 1]. Q.E.D.

Corollary 9.3.3. CompMod s not a topos.

Proof: As every topos is regular [37, p. 92| and CompMod is not regular it can not be a
topos. Q.E.D.



9.4 The Grothendieck computability model 95

9.4 The Grothendieck computability model

The Grothendieck computability model is the computabiltiy model counterpart to the category
of elements, a special case of the general categorical Grothendieck construction. A category
% is replaced by a computability model C, and a (covariant) presheaf S: ¢ — Sets by a
(covariant) simulation : C — Sets. Moreover, the first-projection functor is replaced by the
first-projection-simulation.

Proposition 9.4.1. Let C be a computability model over the class T together with a simula-
tion y: C— Sets. The structure Y 7y with type names the class

> y(t) = {(t.b) | t €T and b € y(t)},

teT

with data types, for every (t,b) € > ,.p(t), the sets

(7)b) = {y € Clt) | b1k ),

and computable functions from (Zc 'y>(s,a) to (ZC ’y> (t,b) the classes

{1 €Cls,t] | Vacaomn (2 € (D7) (5.0) = F@@) € () 0) }.

is a computability model. The class-function pry: Y, .¥(t) — T, defined by the rule
(t,b) = t, and the forcing relations, defined, for every (t,b) € >, .p¥(t), by

v IFah vy =y,
determine the first-projection-simulation pr;: Y v — C.

Proof: We show that the computable functions include the identities and are closed un-
der composition. Notice that the defining property of the computable functions in the
Grothendieck model is equivalent to the condition a IF) z = b} f(x), for every z € dom(f).
If (t,b) € Y ,cpv(t), then the identity on ) o(¢,b) is the identity on C(t), i.e., 1o
is a computable function from (Zc 7) (t,b) to itself: if z € C(t), then the implication
bl z = bIF] « holds trivially. If ¢ is a computable function from ) o 7(t,b) to > cv(u,c)
and f is a computable function from ) ~7(s,a) to > 57(t,b), then go f is a computable
function from ) o7(s,a) to > o7v(u,c). For that, let x € dom(f) and f(x) € dom(g). If
a kY z, then b IF] f(z), and hence ¢ IF) g(f(z)). Next, we show that pr; is a simulation. If
x € 3 ¢(t,D), then only  IF}) @, and if f is a computable function from } (s, a) to

22 (t,b), then fIFYL ) ) - Q.E.D.

The following fact is straightforward to prove.

Proposition 9.4.2. Let € be a category and S: € — Sets a pullback-preserving presheaf
on €. Let v%: Cy— Sets be defined via v°(c) = S(c) and the relations ll—zs are simply the
diagonal, and let {pry}: > S — Sets be defined by {pry}(c,z) .= {z} and if f: (c,x) = (d,y)
iny S, let [S(f)](x) :=y. Then

> =om (Y si{pr}).
4

CMP™(%;S)
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Proof: Canonical model — Grothendieck model: We want to compute the Grothendieck
construction for the canonical computability model. For this we first need a simulation

CMP™*(C; S) — Sets.

Here we simply take the simulation obtained from the presheaf S (called 4¥) that is v°: Cy —
Sets is defined via 75 (¢) = S(c) and the relations IF?”° are simply the diagonal. Thus we can
compute the Grothendieck computability model®

>
)

CMP™(C;S

to live over the class {(c,u) | ¢ € Co,u € ¥9(c) = S(c)}. In order to see that (e, u) looks
like we can immediately compute that

Y(c,u) ={zx € S(u) | ulFz}.

But by definition we know that u I z if and only if # = u. Thus we have that (¢, u) has as
only element w itself. We compute the functions X[(c, u), (d,v)]. By definition functions in
this set are partial functions S(i, f): S(c) — S(d) such that S(i, f)(u) = v. Here S(i, f) is
identified with the partial arrow S(c) — S(d) that has its domain restricted to dom(7).
Grothendieck category — canonical model: On the converse, if we fist compute the Grothendieck
category associated to the presheaf and then the canonical model, we obtain the following:
The functor %(C, S) — Sets we use is not the composition of the functor S with the projection
to C, but the functor S o pry is not of use as we would then have on objects that

CMP"* (ZS;SO pr1>(c, u) = S(c) # {u}
c

as desired. So we have to show that the second projection {pr,} that sends each (¢, u) to {u} is
a functor. As well-definedness on objects is immediate it remains to show that it is well-defined
on arrows, that is each arrow f: (c¢,u) — (¢/,u') maps to an arrow g: {u} — {v'}. But this
is again immediate as for each such arrow we have that S(f)(u) = v/, so we can choose g to
be S(f). The functoriality is now immediate. So we seek to show that CMP"* (3", S;{pr,})
is the same computability model as ZCMW(C’S) v°. But this is now immediate from the
definition. Q.E.D.

Remark 9.4.3. The functor C — Asm(C), studied in [45], does not “preserve” the
Grothendieck construction. Namely, if 1 is the terminal computability model with type
names {0}, data type 1(0)) = {0}, and as only computable function the identity, then one
can define a presheaf ¢t;: 1 — Sets, and show that

Asm (Zz,l) # Y Asm(n).

1 Asm (1)

Next we show that the category of computability models CompMod is a type-category.
First, we lift a simulation 7v: C — D to a simulation between the Grothendieck computability

models Y (6 o) and ) "4 6.

"We will write $(c, u) instead of (> cpgor (€:5) ¥%)) (¢, u) to make the notation a little more readable.
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Lemma 9.4.4. Let C,D be computability models over the classes T, U respectively, and
v: C—D,é: D— Sets simulations. There is a simulation Y sv: Y (6 0y)—> pd, such
that the following is a pullback square

Soloy) = 6

lprl lpﬁ

C v D.

Proof: To define ) 54, let the underlying class-function Y 5v: >, . v(t) = > e 0(u) be

defined by the rule (¢,0) — (’y(t), b). The corresponding forcing relations are defined by
x' II—%Q‘))7 r e &' IF] z. It is straightforward to show that D 4y is a simulation. Next we show
that the above square commutes. On the underlying classes this is immediate as

pri (D (t.0)) = pry (v(1)) = y(pry(t,D)).
1

On the forcing relations we observe that if z’ Il—‘()trlb;) 257 x, then 2/ II—(Zt:Z)7 x, and thus 2’ I x,

which is also equivalent to z’ Il—ztol‘:)r1 x. Finally, we show the pullback property. Let a
computability model E over a class V' with simulations a, 8 be given, such that the following
rectangle commutes

E-—2.5%,.6
J?a [P, (20)
c "' .D.

We find a unique simulation {: E— )" (d o) such that both triangles in

lpﬁ lpﬁ

> C 7 > D

commute. First we define  on the level of the underlying classes. If v € V', let ((v) = (a(v), c),
where ¢ € d((v)) is the unique ¢ such that f(v) = (u, ¢) for some u. Clearly, ¢ is well-defined.
Next we define the forcing relations. Let

I e 2 IFY

This relations are well-defined and in conjunction with the aforementioned class-function
they constitute a simulation. Observe that the two triangles already commute on the level of
the underlying class-functions, so it remains to check the forcing relations. Assume we are

given v € V and 2" € E(v),2’ € <ZD 5) (B(v)) and z € C(a(v)) such that
o' IFP 2" and o IFY 2.
By definition we have to show that there exist ¥, y» such that

S8 gy and g 1S a7, and 17, g s g S o
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We know that the square (20) commutes and z’ Il—?rz1 ey & thus from 2’ -2 2" we

conclude that z’ IF)°* z”. This in turn ensures that there is y such that 2’ II—7 Y and

y IFY 2”. By definition of ) ;v we then have that 2’ Il—oéz(;i)V y and thus y is our desmed
y1. For ys we simply choose x and it is easy to see that this fulfills the requirements. The
above implications also work in the reverse direction. It is immediate to show that ¢ is the
unique simulation making the triangles commutative, as it is determined by the definition of

ﬂaa' QED

Lemma 9.4.5. I[fC,D,E € CompMod, v: C—-D,d: D —E, ande: E — Sets is a presheaf-
simulation, then the following strictness conditions hold:

1. Y 1g=1y_..

2.2 2e(007) =3280 es)

Proof:

1. It suffices to observe that by its definition the simulation ) 1g on the level of the
underlying class takes a pair (¢,u) to (1g(t),u) = (t,u), so on the level of the underlying
class-functions the two simulations agree. For the forcing relations we see that both
simulations are the corresponding diagonal.

2. To verify this equation on the level of underlying classes we have that

> _Fo)(t.b) = (t.(607)® Z«s (b 25((2) ).

€ €od
For the forcing relations we simply rem that x H—Z 7y if and only if = H—fw

we have that x Il—(zt:b y if and only if z IF) y, and II—(%)‘;‘” y if and only if = I y. Hence,

H—%b)& Lcos y if and only if x II— ®7 2z, which by the above is equivalent to II—(Z b)

Q.E.D.

y. Similarly,

Theorem 9.4.6. The category CompMod s a type-category.

Proof: This follows immediately from Lemma 9.4.4, Lemma 9.4.5, and the fact that CompMod
has a terminal object, as explained in Remark 9.4.3. Q.E.D.

9.4.7 A generalised Grothendieck construction.

We can generalise this notion of the Grothendieck construction to arbitrary simulations
C — D by observing the fact that every computability model allows a realising simulation
into the model Sets defined as follows:

Proposition 9.4.8. Let C be a computability model over the class T'. We then obtain a
simulation rC: C — Sets defined by the following data:

e the underlying class function is defined by r€(t) = C(t) for allt € T,

e the tracking relations are given as
Y H—IC x if and only if y = x.

Proof: Immediate as the first condition is satisfied as each x is tracked by itself and the
second condition is immediate as each function f is tracked by itself. Q.E.D.
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This allows us to make the following definition (with a small abuse of notation):

Definition 9.4.9. If 4v: C— D is a simulation define
Sy Yoy
C C

It is immediate that this extends the notion we defined in Proposition 9.4.1 as it is

Sets

immediate that r = idgets.

9.4.10 The Grothendieck model and presheaf simulations.
We show an analogous result to [37, Proposition 1.1.7]. Our goal is to show for any
presheaf simulation y: C — Sets that we obtain an equivalence

[Z'y, Sets} =~ [C, Sets| /7.
C

We do this by exhibiting a full, faithful and essentially surjective functor

I: [Z'y, Sets} — [C, Sets| /7.

Before we do this we make a few following observations:

Remarks:

1. For both categories the morphism structure is thin and thus a preorder, thus we only
need to define our functor on morphisms and show this functor preserves this preorder.

2. More explicitly the objects of [C, Sets] /v themselves are simply simulations §: C — Sets
such that § < 7.

3. For all simulations 7v: C — Sets we have that for all ¢ € T" the set v(¢) is nonempty. This
stems from the fact that otherwise IF] could not fulfil the first condition on simulations
as y(t) is empty so no a € y(t) with a I} b for any b € C(t). (There is the possibility
that C(¢) is empty but we shall exclude this from now on).

So we define our functor and then prove the desired properties:

Proposition 9.4.11. Let C over T be a computability model and~y: C — Sets be a simulation.
We have a functor I: [>° o7, Sets| — [C,Sets|/y defined through the following rule: for
B: > o7 — Sets we define I(B) through the underlying class function I(3): T — Sets defined

as

1(8)(t) = | J B(t.x) forallt €T.

z€Y(t)

The tracking relation I-1¥'C Useqq Bt x) X C(1) is defined as
a H—g’(ﬁ) b dreq(t):a Il—?t 2 b

This functor fulfils the following three properties:
1. 1 s full.

2. I is faithful.

3. I is essentially surjective.
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Proof: We begin by showing that I is well-defined, that is that for every g € [Zc’y, Sets]
the rule I(8) actually constitutes a simulation and I(8) < «. First we observe that I(/3)(t) is
well-defined and a set for all £ € T'. To check the first property of simulations we observe
that for all t € T we have that at least one x € y(t) exists, so Urew B(t, ) is non-empty.
Furthermore if we are given b € C(t) we know as 7y is a simulation we find x € () such that
z IF] b. Now as B is a simulation we find a € B(t,z) such that a II—(BM) b. By definition of

IH®) we have that a - b.
To check the second condition on I(B) let a function f € CJ[t,t'] be given. We have to

find f’ such that f’ [ f- We recall that this latter condition means the following

tt’

Vo € dom(f)Vy € I(B)(t) : (yIF"” 2 = y € dom(f') A f'(y) IFY7 f(2)).

So let such x and y be given. By definition y Il—f(ﬁ ) 2 if and only if there exists r € () such
that y H—Zﬂ,) x. This also entails that r IF] = as & has to be in (Y g 7)(t,7). We use that v is
a simulation from C to Sets, so we obtain a f: v(t) — y(t') such that f I . f. We thus

have f(r)IF}, f(x). This in turn shows that

e ()], @ 70))]

C

(t,4)

as for all 2 such that r I} 2 we have f(r) IF), S (2) by definition of f. So as /3 is a simulation we
obtain a f: 8(t,r) — B(¥, f(r)) such that f II—’B . f Then by design f(y) Il—f, f(z).

We can thus define our final f’ to be on each part B(t,r) of Urev(t) B(t,r) defined as f
obtained in the above manner. It is immediate that this f’ fulfils the desired equality.

So we have shown that /() is a simulation and it remains to show that /() <. For this
we have to exhibit for each t € T a ¢;: I(5)(t) — (t) such that y H®) 2 entails gt(y) IF] x
We again do this by defining g; on each part (¢, r) of 1(8)(t) = U,c,« B(t, ) separately.

On A(t,r) define ¢;(y) = r. Then by definition if y Il—f(ﬁ) x, that is y |I—’(Bt7r) x then r IH x as
x € (Zc’y)(t,r).

This shows that the functor [ is indeed well-defined. It remains to show the three
properties.

If @ < B then we have to show that I(a) < I(8). From the assumption we obtain for each
(t,r) € 2T a function gy, : a(t,r) — B(t,r) such that if y I-(; ) = then g (y) II—Z’T) x
So for I(3)(t) we can define g; piecewise on the individual 3(¢,) by setting g:(y) := g (v)
if y € a(t,r). It is immediate that these g; show that I(a) < I(B).

For the reverse direction we need to show that /(a) =< I(8) entails & < 8. But this is
immediate as we do the above “in reverse”, that is we define g ,)(y) := g:(v), where g.r), g
take the same roles as in the preceding paragraph.

At last we have to show essential surjectivity, that is every f: C — Sets with 8 < 7
is equivalent to a I(a) for some a: > o7y — Sets. So let B be given. We define a in the
following way: For (t,7) € > T we let a(t,r) := B(t) and We further define the tracking

relations H—‘(” ) via

x -,y ae Il—tﬁ a.
We have to show that this a indeed constitutes a simulation. As a: ) 7T — Sets is clearly
well-defined and -Gy a8 well it remains to show the two conditions imposed on simulations.

For the first condition let a € (Y_7) (¢, 7) be given. We have to show that there exists
z € a(t,r) such that x I-(, ) a. This is given as there exists x € 5(f) = a(t,r) such that
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x Il—ﬁ a. The second condition is shown analogously, as one observes that f’ H—O‘(t () f if
and only if f"IF] ) f.
So this a constitutes a simulation. It is immediate that I(a) = B as U, a(t,r) =

UrE’y(t) B(t) = B(t) and
a3, ae el as el a

This shows that I is essentially surjective, as if I(a) = B, then obviously I(a) ~ 8. Q.E.D.

9.4.12 Presheaf-simulations out of Grothendieck models.

One of the key differences that arises when one considers computability models and
presheaf simulations instead of categories and presheaves is that a datatype b € C(t) can
be tracked by multiple r € 4(¢). Thus in passing to the Grothendieck construction ) v
one has that b is present in (Zc 'y) (t,r) for each of the r that track b. The question then is
whether in case we take a presheaf-simulation §: ) v — Sets the sets §(¢,7) intersect for
all the r above.

We attack this question with a small example.

Example 9.4.13. Let C be the computability model over the set {0} such that C(0) = {0}
with only the identity. We define the simulation : C — Sets in the following way: ~(0) =
{0,1} and 0 IF] 0,1 IF] 0. This is a simulation as the identity on C(0) = {0} is tracked by
the identity on {0, 1}.

The Grothendieck model has thus as underlying set the set {(0,0), (0,1)} which we will
tacitly identify with {0,1}. Furthermore (> 57)(0) = (> ¢7)(1) = {0}. Now consider the
simulation §: oy — Sets defined by 6(0) = {0,2},0(1) = {1,3} and where 0 € (Y. 57)(0)
is tracked by 0 and 0 € (> 57y)(1) is tracked by 1. This is indeed a simulation as the first
condition imposed on simulations is satisfied, and for the second we observe that the only
computable functions present are

idge) € (%:7)[0, 0] = (2027> 0,1] = (Z'y)[l,O] — (ny) 1,1]

C C

and these are tracked by
e idjoy in case idjgy € (X ¢)[0,0],
e {(0,1),(2,3)} in case idgpy € ( cY ) ,
e {(1,0),(3,2)} in case idg; € (> c)[1,0
e id 3y in case idjgy € (Y ¢ 'y)[l, 1].

This example shows that unfortunately we do not have that §(0) and §(1) intersect, but
in our case we at least obtained a computable function between the different sets of data
types. However this need not always be the case as the following example shows:

Example 9.4.14. Let C be the computability model over {0} given by C(0) = {0,1,2}
and let v be given in the following different way: the underlying class function ~ is given by
0+~ {0,1} and
OlF30, 11HJ0, 11, OIF]2.

Then the Grothendieck model is given again as the model over the set {(0,0), (0,1)}, which
we again replace by {0, 1} and the data types are given as (}.57)(0) = {0,2}, (X c7)(1) =
{0,1}. However (3 c7)[0,1] = (Y ¢v)[L, 0] as the identity can not be present in the former
because 1 Iff] idj1,23(2) = 2 and not in the latter because 0 Iff idg1,93(1) = 1.
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9.5 Fibration-simulations and opfibration-simulations

The (covariant) Grothendieck construction allows the generation of fibrations (opfibrations),
as the first-projection functor pry: Y . P — % is a (split) opfibration, if P is a covariant
presheaf, or a (split) fibration, if P is a contravariant presheaf. In this section we introduce
the notion of a fibration and opfibration-simulation and we show that the first-projection-
simulation pry: Y oy — C is a (split) opfibration-simulation, as we work with covariant
presheaf-simulations. The dual result is shown similarly.

In this section, E is a computability model over T and B a computability model over U.
Moreover, the pair

w = (w: T — U, (H—? )teT)
is a simulation of type E— B. In contrast to what it holds for functors, for simulations
~v: E — B each computable function f in E is tracked, in general, by a multitude of maps f’
in B. Thus, for each opspan

E(t) —— E(t2) «—— E(t)

we have a whole class, in general, of opspans
B(y(11)) — B(1(t2)) +— B(3(t:))

such that f" tracks f and ¢’ tracks g.

Definition 9.5.1 (Cartesian computable functions). Let f' € B[s, '] and ¢’ € T, such
that w(t’) = s’ be given. We call a computable function f € E[t,t'] cartesian for f' and
¢, if f' Ik, f, and given computable functions g € E[t",¢],¢" € Blw(t"), w(t')], and

h € Blw(t"),w(t)] as in the following diagram

that is ¢’ tracks g, there is some k € E[t”,t] satisfying the following property: h =G 1 K,
and for every x € E(t"),y € B(w(t")), such that y IF7 =, y € dom(f" o h) Ndom(g'), and
f'(h(y)) = ¢'(y), then x € dom(f o k) Ndom(g) and g(x) = f(k(x)).

Definition 9.5.2 (Opcartesian computable functions). Let [’ € B[s/,s] and ¢’ € T,
such that w(t') = s’ be given We call a computable function f € E[t',t] opcartesian for f’
and ¢/, if [’ IFG [, and given computable functions g € E[t'.t"],q € Blw(t'),w(t")] and
h € Blw(t),@w(t")] as in the following diagram



9.5 Fibration-simulations and opfibration-simulations 103

that is ¢’ tracks g, there is some | € Elt, t"] satisfying the following property: h tracks [,
and for every z € E(t'),y € B(w(t')), such that y IF7 z, y € dom(h o f') N dom(g’), and
f'(h(y)) = ¢'(y), then z € dom(l o f) Ndom(g) and g(z) = I(f(x)).

Note that the computable functions k € E[t”, t] and | € E[t,t"] in the above two definitions,
respectively, are not unique.

Definition 9.5.3 (Fibration-simulations). We call w: E — B a fibration-simula-
tion, if for every computable function f € B [u, w(t)} there is g € E[t',t] cartesian for f and
t. In this case, we call g a lift of f.

Definition 9.5.4 (Opfibration-simulations). We call w: E — B an opfibration-simu-
lation, if for every computable function f € B [w(t), u], there is g € E[t, t'] opcartesian for f
and t. In this case, we call ¢ a lift of f.

Example 9.5.5. Let £, B be categories with presheaves S, S" and let F': £ — B be a fibration,
such that S’ o FF = S. Then, 4: CM"(&;S) — CM"*"(B; 5’) is a fibration-simulation. To
see this, assume we are given a computable function in CM™*(B;S’), that is a function
S'(f): S'(b) — S'(V), and e € € such that F(¢') = b'. As F is a fibration, we find an arrow
g: e — €' cartesian over f and O’ . We show that S(g) is the desired cartesian function over

S’(f) and S(¥'). For this, let functions S(h),S(ha), S(g2) as in the following diagram,

] S'(b)
SV ‘ SV
e
(O LS S'(f)
S(g9) ls(g) S (ha)
\ o \
S(e') --------- S S'()

be given, where we used that CMP"*(€; S)(e) = S(e) and CMP"(B; S")(b) = S(b), for every
e and b, respectively. As g is cartesian over f and b/, we obtain an arrow k: e’ — e, such
that g o k = ¢go and F'(k) = hy. Obviously, S(k) is the function needed, and hence S(g) is
cartesian over S’(f) and S(b').

Proposition 9.5.6. If C is a computability model and ~v: C — Sets a simulation, then the
first-projection-simulation pr,: Y v — C is an opfibration-simulation.

Proof: Assume we are given a computable function f € Clt, '] and pr(t,b) = t. We
need to find some b € C(t'), such that pry(¢',0) = t/, and a computable function f’' €
(e) [(1.0), (¢, 1)), such that f 157, 1)) '+ By definition we know that f I, )

if and only if f = f’, so we have to find y € C(t'), such that f(b) = b'. For this, we simply
take O’ := f(b). To show that f is opcartesian for f and b, we consider the following diagram

\
A\

O L L o (1) .
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and we observe that h fills also the triangle on the left, as we have that f = hog whenever they
are defined, so in particular f(b) = h(g(b)), and thus b = h(b”). Hence, h is a computable

function from (Zc 7) (", ") to <zc 7) (1), Q.E.D.
Next we define split fibration-simulations and split opfibration-simulations.

Definition 9.5.7 (Splittings). A splitting for a fibration-simulation w: E — B is a rule
w® that takes a pair (f,u), where f € Blt;,ts] and @w(u) = t5, to a function f’' € Elu, /]
cartesian for f and u. This rule @? is subject to the following conditions:

e For every f € Blt, t5] and every g € Blty, t3] we have that

WA(Q of,u) = WA(gaUﬁ o WA(fa Us).

e For every t € T' we have that @ (1), u) = (1gw), u)-
A splitting for an opfibration-simulation @: E — B is a rule @® that corresponds a pair
(f,u), where f € Blty, 3] and w(u) = t, to a function f" € E[u,u’] opcartesian over f and
w. This rule w?® is subject to the following conditions:

e For every f € Blty, o] and every g € Blty, t3] we have that

WA(Q of,u) = WA(97U2> ° WA(fa Uy).

e For every ¢t € T we have that @” (1g(), u) = (Lgw), u).
A (op)fibration-simulation @ is split, if it admits a splitting .

Corollary 9.5.8. The simulation pr,: > 57— C is a split opfibration-simulation.

Proof: We can simply take pr to be defined by the rule pri(f, u) == (f, u). Q.E.D.

9.5.9 A 2-categorical approach.

Our approach to fibrations and cartesian arrows looks a bit different than what the
2-categorically inclined mind envisioned. Indeed, in the works of Riehl [56] and Wong [65]
one sees a 2-categorical approach to cartesian arrows and fibrations that should also be
translatable to our framework, as the category CompMod of computability models constitutes
a 2-category.

We want to examine the differences between the 2-categorical approach to fibrations and
our bottom-up approach. It remains to interpret the meaning of the the abstract notion of a
fibration in a 2-category in the category CompMod.

A 2-cell v = § expresses nothing more than that 7 is transformable into 4. So what does
it mean for this transformability to be cartesian with respect to another simulation @w? So
assume we are given this exact situation, that is

Y
C A°D—=2+E
~—_ v

)

Then if we are given a simulations 8: B — C,e: B — D such that € < dof and woe < woyof
subject to

Al
woe Y
B A E=B——C A D-Z25E,
- B
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we obtain that € < o . Visually, this can be encoded as

; PN
B-?.¢c” *"D-*"+E~B-2.Cc"*D_-"LE
S~—__V
Y 8 s

Having seen what being cartesian with respect to a simulation means, we can turn to
examining fibration simulations. The definition is easy to translate. A simulation y: C — D
is a fibration if for all simulations a: B — C,8: B — D such that 8 < yoa we find a
simulation a’: B — C cartesian with respect to 7y such that 8 < yoa’. At last we need
to concern ourselves with how to transform the notion “p e a = 7 into the language of
computability models. This simply means the following: If f; € D[B(t),v(a((t))] is our
witness of transformability and = € dom( ft) x Il-t y, then there exists a ¢ such that ¢ IF
and a computable arrow f/ such that f; H—a .o J1 and ¢ € dom(fy).

In pictures:

z & > fi(x)
ft | |
T - > Ji(@) | E
\\ /// = ! fl
N q . > fi(x)
y \\\\ ////
. y _

Thus we can restate the definition of a w-cartesian transformability

Definition 9.5.10 (w-cartesian transformability). Let B, C, D be computability models
over S, T, U respectively with simulations v,6: B— C,w: C—D. We say that a transforma-
bility ¥ < § is cartesian (in the 2-categorical sense) with respect to @ if:

e given a simulation a: A — B where A lives over V' and a simulation €: A — C such that
€e<doaand woe X woyoa, that is for all v € V we obtain

— fu € Cle(v), d(a(v))] witnessing € < é o v,
~ 11 & Dlw(e(v), m(B(a(0)))] such that £, 120 say o
= Jatw) € B[y(a(v)), o

() € El@(a(y(v)), @(a(d(v)))] such that g, ) IFF;w).a@w) Jaw):
— hy € E[w(e(v)), w(y(a(v)))] arising from woe <mwoyoa

a(v))] arising from vy < 4,

and these computable functions fulfil the computability condition that if x € A(v) and
y IF5° 2 then

y € dom(f,) Ndom(g),y0hy) and f(y) = gow (he(y)),

e then we obtain € <7 o @ in the following compatible manner: for all v € V' we obtain
— fu € Cle(v), 6(a(v))] witnessing € < § o e,
— i, € Cle(v),v(a(v))] witnessing €e <yoa
— Ja@w) € B[y(a(v)),6(a(v))] arising from y <
such that if z € A(v) and y IF§ 2, then

RS dom(ga(v) o Zv) N dom(fv) and ga(v)(iv(y)) = fv(y)
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The definition of a fibration 2-cell is the following:

Definition 9.5.11 (Fibration-2-cells in a 2-category). Let € be a small 2-category. A
1-cell p: B — C'is a fibration if and only if every 2-cell 3 as in

X LW B

|

C

has a p-cartesian lift a: ' = b such that pe a = f3.

We want to show that this definition of a fibration is entailed by the bottom-up definition
we gave earlier. However this is (as of our knowledge) only possible if our computability
models C, D have constants, which is the following:

Definition 9.5.12. We say that a computability model C has all constants if for any ¢t € T
and any a € C(T) and any t' € T the total function that sends every z € C(#') to a is in
C[t',t]. We write ¢ for this function.

Theorem 9.5.13. Let E, B be computability models over T, U respectively with all constants.
If w is a fibration in the bottom-up sense, then @ is a fibration in the 2-categorical sense.

Proof: We first show that if it is a fibration in the bottom-up sense it is in the 2-categorical
sense. For this let a computability model C (over V') with simulations x: C — E,£: C — B
be given such that £ < @ o x. We need to find a simulation x’': C — E such that x’ < x is
w-cartesian. For this consider an arbitrary v € V and f, € B{{(v), w(x(v))] that tracks the
transformability. As @ is a fibration in the bottom-up sense we obtain a lift f, € E[w, x(z)]
cartesian for f, and x(z). For each v we make such a choice of w and arrive at a map
X'V = T,v— w. This will be the underlying class function of our desired simulation x’.

For the tracking relations X we take x € C(v). By definition there exists a y € B(£(v))
such that y IF§ 2, and thus f,(y) IFZ°X 2. Thus by definition we obtain a z € E(x(v)) such
that f,(y) IF5,) 2 and 2 IF¥ z. We consider the functions

A € E[x(v), x(v)], ¢ € Blw(x(v)),£(v)],
7oy € Blw(x(v), @(x(v))], fu € Elw,x()]

We then obtain the situation as in the following diagram:

Bw) / B(¢(v)
mnmw""mmtfﬁl~B@u@m o |
\ci‘(”) \(ﬁ) fo(y)
B(x(0)) --rmneemee e X))

Here the triangle on the right commutes, so as fv is cartesian for f, and x(v) we obtain a
function h € E[x(v), w] making the triangle on the right commute. Furthermore z € dom(h)
so we can define b := h(z). We now say that b IFX" x if b arises in the fashion described above
from some y, 2. Now obviously the first condition of a simulation is fulfilled.
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For the second condition we assume we are given h € C[v,v]. Then we can find
W € BIE(v), ()], b € Blx(v), x(v')] and &" € Blo(x(v)), plx(v'))] such that

WO g By B IEY

(v,0)

) hy, B Iy ) B

In a diagram this looks like this:

C(v)
h//// \\\\\
C(v") /// .
//// // \\\\ fv \\
v E(w) N » E(x(v))

//// i f \\\\ W i
E(w’) — E(x(v))
| | A |

: B(¢(v) : - B(w(x(1))

Thus as f, is cartesian for x(v) and f, we obtain a h € Ew, w'] such that if z € E(w') and
y IFZ, x for some y € E(£(v)) such that y € dom(f, o A') N dom(h" o f,s) and h”’(fv(y)) =
for (W (y)) then z € dom(h) N dom(h” o f,) and h”(fv(x)) = fu (h(z)).

We now show that h ||—Z<M,) h. For this let a € C(v) with a € dom(h) and b € E(w) with
bIFX a be given. By definition this means that there exists ¢ € £(v) and d € E(x(v)) such
that

ylFSa, diFXa, f(c) ) -

and b = i(z) where ¢ arises from lifting ¢, through f, as above. Thus ¢ IF7 b and
e ¢ € dom(h') as b’ tracks h and a € dom(h),

e ¢ € dom(f,) as f, witnesses the transformability of £ to @ o x
e I/(c) € dom(f,) as W (c) I h(a) and f, witnesses the transformability of £ to @ o x.

e f,(c) € dom(h") as f,(c) IF7°X a and A" tracks h.

Then f, (W(c)) = h"(f.(c)) and thus as desired b € dom(h). Thus h tracks h.

This finishes the proof that x’ is a simulation and it remains to show that x’ < x. The
functions that witness the transformability are the f, € E[w, x(v)] for all v € V. If a € C(v)
and b1FX a then b € dom(f,) by the above discussion and obviously f,(b) IFX a.

It remains to show that this transformability is w-cartesian. For this let another com-
putability model A over S together with simulations a: A — C and 8: A — E be given such
that

BxocaandwofB Iwox oa.

and We have to show that 8 < x' oca. Let s € S be given. We know that there exist
hs € E[B(s), x(a(s))] and g5 € Blw(B(s)), w(x'(a(s)))] witnessing these transformabilities.
and h. € Blw(B(s)), w(x(a(s)))] tracking hs through @ compatible. The desired js €
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[B(s), X' ((s))] witnessing the transformability is constructed as such: As w o x’ = £ our
given computable functions are arranged as follows:

E(x(a(s))) ----------i?'se:(f)_)_;B@(a(s)))
() p— {---f?‘fﬂ---- B(w(4(s))) o
hs Fats) A
\ ) \
E(x(a(s))) - Blw(x(a(s)))

Now as fa(s) is cartesian for x'(a(s)) and fu(s) we obtain a k € E[3(s)), x'(a(s))] such that
if z € dom(h,) and y -,y and y € dom(fa(s) © gs) N dom(h;) then z € dom(fa(s) © k) and
Fato () = ().

It remains to show that this & witnesses the transformability. For this let s € S be
given with y € E(3(s)) such that y IF? 2. Then y € dom(h,), and as @ is a simulation
we find z € B(w@(B(s))) such that z -5, y. Then z € dom(h;), as y € dom(hs) and
h' tracks h, as well as z € dom(g,) as z IFZ°® x and g, witnesses the transformability.
Furthermore g,(y) € dom(fu(s)) as fa(s) Witnesses the transformability and g,(y) Il—g (5 4 for
some ¢ € C(a(s)) as we know that g,(y) IFZX°* z and as wox’ = € we get that g,(y) IF5°* z,
that is there exists ¢ such that g,(y) H—i(s) q and ¢ IF¢ .

Furthermore fo(s)(9s(y)) = R, (y), as these computable functions are compatible. Thus
x € dom(k) as desired and fa(s)(k:(x)) = hy(x). Q.E.D.



Chapter 10

The category of categories with a base of
computability

Having established our working notion of a computability model, we turn to the bases of
computability. The notion we use was introduced in [49].

Let € be a category. A base of computability B on € is a family (B(a)).ev, of subclasses
B(a) € Mon(-,a), such that the following conditions are satisfied:

(Base;) For each a € € we have 1, € B(a).

(Basey) Given a,b € ¥ and i: s — a,j: t — b such that i € B(a),j € B(b) and f: s — b,
we have the following: The pullback f~!(t) exists, and the diagram

e A

P -
zof/ lf_lj J

a +—— S )

commutes and i o f~'j € B(a).

Examples 10.0.1.

1. For any category ¥ we can consider the total base tot consisting of only identities, that
is tot(c) = {1.} for any c € €.

2. On the other extreme if € has pullbacks we can consider the base prt consisting of all
monomorphisms, that is prt(c) = {f: b — ¢ mono }.

3. We can also for any category % consider the base I of isomorphisms, that is I(c) is the
set of all isomorphisms with codomain ¢. This works as for all isomorphisms i: b — ¢ and
arbitrary f: a — ¢ we have that

1

zofb

1, i

SE

—
-

f
——c

is a pullback square.

10.1 The category CatBaseComp

Definition 10.1.1 (Computability transformations). Suppose ¢ and Z are categories,
with bases of computability B = (B(a)).ev and B’ = (B'(d))qec o respectively. A computability
transformation F: (¢,B) — (2, B’) is a functor F': € — 2 such that we have:

(CTraf;) The functor F is pullback-preserving.
(CTraf,) For each a € ¢ we have F(B(a)) = {F(i) | i € B(a)} C B(F(a)).

It is quite interesting, that a very similar notion to our notion of a base of computability
is introduced by ROSOLINI , which he calls dominions in [58, p. 28].

109
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“Suppose A is a given category with binary products, and M a family of monos of A
closed under identity and composition, with the property that any pullback of a monic in M
exists in A and a representative of it belongs to M. We shall call such a family a dominion.”

The only difference between our bases of computability and dominions is that we do not
require the underlying category to have binary products. The property that our structure
must be closed can be immediately derived from property (Bases): Let B be our base of
computability on the category @ and i: s < a be in B(a) and j: t < s be in B(s). Then
we can consider the pullback diagram

Tt

1;1(t)J—> t
o
§ — .

This pullback 1;'(¢) is given by ¢ and j7'1, = j as well as 1;'j = 1,, so we obtain the
diagram

1
t ——t

740] J
j j

; 1
a4+—— 5 —3 5

where i 0 j € B(a), as desired. Furthermore, an arrow that repects this structure is described
as follows in [58, p. 28]:

“If B is another category with finite products and a dominion N, a functor F: A — B
which takes monos in M to monos in N is said to preserve dominions.”

Clearly this notion agrees with our definition of a computability transfer, albeit our
categories need not have binary products.

Definition 10.1.2 (The category CatBaseComp). Let CatBaseComp be the category whose
e objects are pairs (¢, B), where € is a category and B is a base of computability on ¢
and whose

e morphisms F: (¢,B) — (2, B’) are computability transformations.

7

Evidently we have a forgetful functor Frg: CatBaseComp — Cat, that simply “forgets
the computability base on the category, where Cat is the large category of locally small
categories.

10.2 CatBaseComp has all PIE limits

In this section we show that CatBaseComp has all set-indexed products, as well as all equifiers
and inserters, hence it has all PIE-limits as described in [53]. Pie limits were defined in [53]
as a special kind of weighted limit for 2-categories.

Definition 10.2.1. Let %, # be 2-categories and F': # — Cat,G: # — % be 2-functors.
An F-weighted limit of G—if it exists—is a representing object lim” G of

¥, Cat] (F,‘K( - G(_))>,
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that is for every C' € ¥ we have an isomorphism of categories
Z[C,lim" G] = [#, Cat] (F,%(O, G(—))>
natural in C.

A textbook account of weighted limits can be found in [7, §6.1]. In this book weighted
limits are introduced for arbitrary categories enriched over a symmetric monoidal closed
category ¥". We only require this notion in the case that ¥ = Cat.

Examples 10.2.2.
1. Products are weighted limits where # is a discrete 2-category on a set I. The weight F'
maps all objects ¢ to the terminal category 1.

2. Inserters are weighted limits where # is the 2-category given by

fo

0 —= 1.

f1

The weight F' takes 0 to the terminal 2-category 1 and 1 to the 2-category [1] with two
objects and only the non-trivial arrow 0 — 1. All 2-cells in [1] are trivial. The arrow fj is
mapped to the functor taking 0 to 0 and the identity of 0 to the identity of 0, and the
arrow f1 is mapped to the functor taking 0 to 1 and the identity to the identity.

3. FEquifiers are weighted limits where # is the 2-category given by

fo

0 “/olubl 1.

Y,
fi

The weight F' takes 0 to the terminal 2-category 1 and 1 to the 2-category [1] as above.

Power and Robinson give an explicit description of these weighted limits in elementary
terms in [53].
1. Products are simply products in the categorical sense with their universal property
together with the following 2-dimensional universal property:
Given two 1-cells (morphisms) f,g: A — [[,.; Ai, the 2-cells n): f = g are in one-to-one-
correspondence with families of 2-cells n;: pr; of = pr, og.

2. An inserter of a diagram
f
A ?; B
in a 2-category % consists of an object I of € together with a morphism i: I — A and a

2-cell a: f oi= g o1 that is universal with this property, namely the following properties
are fulfilled:

e [-dimensional part: For every other J with j: J — A,8: f o j=goj we obtain a
unique h: J — I making the obvious triangle commute.

e 2-dimensional part: For every other .J, J' with 7, 8, j/, 8’ as above and a 2-cell v: j — j’
such that /o (fev) = (gev)o g, that is

. B .
foj=—= goj

f.yﬂ ﬂgw

foi == goj

commutes, we obtain a 2-cell u: h — A’ such that i e = v
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3. An equifier of a diagram

in a 2-category € consists of an object I of € together with a morphism i: I — A such
that v, 7 = 7, @ ¢ that is universal with this property.

o I-dimensional part: For every other J with j: J — A such that vy e j = v, e j we
obtain h: J — I such that j =10 h.

e 2-dimensional part: For every other J, J' with j, j’ as above and v: j = j' we obtain
(: h — h' such that i e yu = v.

Examples 10.2.3. We will exhibit inserters and equifiers in the category of categories.

1. Given two functors F,G: ¢ — %, the inserter of F' and G is given by its category
of dialgebras—introduced by Lambek in [39] as the subequalizing category of F and
G—DiAlg(F,G).

e The objects of this category are pairs (z,7) of arrows v: F(z) — G(x).
e The arrows (z,v) — (y,0) are given by maps f: x — y such that

F(f)l lG(f)

Fy) —— G(y)

commutes.
The functor i: DiAlg(F,G) — € maps (z,7) to x and f to f.
2. Given two functors F,G: ¥ — Z and two natural transformations «, : F'= G the
equifier Eq(a, ) of @ and f is given as the following category:
e The objects are objects ¢ of € such that a, = ..
e The arrows are all maps f: ¢ — ¢ such that ¢, ¢ are as above.

The functor i: Eq(a, ) maps ¢ to ¢ and f to f.

Lemma 10.2.4. If (;,C;) is a family of categories with bases of computability indezed by
some set I, then the product [],.,(%;, C;) is given by

H ¢, Ci) = <HCKZ,HC) where (HC’) Ci)iel = HC’ ).

el i€l S i€l

Proof: Tt is immediate that the base contains all identities, as 1., € C;(¢;) for all ¢;. The
closure under composition follows similarly, and for the pullback we simply remark that
the pullback in [[,.; %; is simply product of the pullbacks in the respective %;. That this
constitutes a product in the 2-limit sense is immediate. Q.E.D.

Lemma 10.2.5. Let (¢,C),(Z2,D) be two categories with bases of computability and
F.G: (¢,C) = (2,D) be two computability transfers. Then the inserter of F,G is given by
(DiAlg(F, G), DiAlg(F, G; C)) where DiAlg(F,G) is the category of dialgebras on F,G and
DiAlg(F, G; C) is defined via

DiAlg(F,G;C)(a: F(c) = G(c)) == | J  {f € DiAlg(F,G)(B,0)|f € C(c)}.

BEDiAlg(F,G)
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The computability transfer X : ( DiAlg(F, G), DiAlg(F,G;C)) — (¢, C) takes a: F(c) — G(c)
to ¢ and F(f) to f. The natural transformation F = G is the same as for the inserter in the
normal categorical setting.

Proof: It is immediate from the definition of DiAlg(F,G;C) that this is closed under
composition and identities. Hence it remains to check the pullback condition. For this let
(F(f), G(f)): g — a and F(g),G(g): v — « be given. To compute the pullback we first
note that we obtain a pullback square

f*(C") g c

R

Cl ! 5 C/

in . As F,G are computability transfers they preserve pullbacks of arrows in C' and we
thus obtain the cube

x( M F(f*g)
F (") U s F(c)
F(g*f) G((f*(c") G l > G(c)
- F(f)
Py — 19 » F(C) a(h)
\ G(g*f) X
.
G(") i s ().

The arrow £ is obtained by the universal property of G (( fr(” )) applied to the arrows
G(f)oBoF(f*g) and G(g) oo F(g*f), which are equal, as a straightforward computation
shows. The pullback of (F(f),G(f)) along (F(g),G(g)) is given by the vertical arrows on
the left face of the above cube, which are in DiAlg(F, G;C) (), as g*f € C(").

It is immediate from the definition that X constitutes a computability transfer. To check
the universal property let another category with base of computability (&, E) together with a
computability transfer H: (&, E) — (¢, C) and a natural transformation f: Fo H=Go H
be given. Then the functor J: & — DiAlg(F, G) takes e € E to f.: F(H(e)) — G(H(e))
and h: e — € to

F(H(e) = G(H(e))
F(H(h))l lG(H(h))

P(H()) —> G(H().

It is immediate that this is the only functor such that X o J = H.

The 2-dimensional aspect can be seen immediately as well. Suppose we are given two
computability transfers H, H': (&, E) — (¢, C) and natural transformations f: FoH = Go
H,p': FoH — Go H', as well as a natural transformation £: H — H' such that

FoH —2—= GoH

F.gﬂ ﬂG.g

FOH/?GOHI
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commutes. Let J,J' be the two functors as in the 1-dimensional part of the universal
property. Then we can define v: J — J’ through ~, := .. That this is constitutes a natural
transformation follows from the commutativity of

F(H(e)) — G(H(e))

F(aal lc(&)

F(H'(€)) —5 G(H'(©),

which itself stems from the commutativity of the preceding square. A straightforward
computation shows [ e v = £, and it is immediate that 7 is the only natural transformation
with this property. Q.E.D.

Lemma 10.2.6. Let F,G: (¢,C) — (2, D) be two computability transfers as in the preceding
lemma and o, 5: F = G be two natural transformations. Then the equifier Eq(a, B) of a and
B is given by the category Eq(a, 5) whose objects are those ¢ € € such that a. = 5. and
whose morphisms are all morphisms in € between those c.

The computability base on Eq(a, B) consists of all arrows in C' that are in Eq(c, B), and
the computability transfer I: Eq(a, ) — (€, C) is simply the inclusion.

Proof: Tt is immediate that a ¢ I = 3 @ [ from the definition of Eq(«, 3). The fact that
the base is closed under identity and composition is again immediate. To see that it is
closed under arbitrary pullbacks, let arrows f: ¢ — ¢ and g: ¢" — ¢ in Eq(«, §)—such that
f € C(d)—be given. If we compute the pullback, we have to show that ¢*f: f*(¢") = ¢’
lies in the restricted base—that is we have to show that f*(¢”) € Eq(a, ). For this consider

the cube
F(f*9g)

F(F*(")) > F(c)
&‘*(d’)) ‘ X{,J
ren| T a(p(en) S > G(c)
- lF(f)
Py — 9 » F(C) G
G(g* f) Qe
G(") o) . G(c).

As both ag(p«(er)) and Bg(f«(r)) make the entirety of the cube commute, we get from the
pullback property of G(f*(¢")) that they are equal.

Furthermore [ is a computability transfer, as is immediate from the definition of the base
on Eq(«, 8). To verify the universal property of the equifier, let another (&, E) together with
H: (&,FE)— (¢,C), such that e H = e H, be given. Then we can define J: & — Eq(«, 5)
via J(e) :== H(e), J(f) = H(f). This is possible as ap() = Bu() by assumption. It is
immediate that this J is a computability transfer, as H is. Furthermore H is unique, which
follows from the definition and the condition [ o J = H.

For the 2-dimensional aspect suppose we are given H, H': (&, E) — (¢, C) as above and
~v: H= H' be given. We then define w: J= J—where J and J’ are defined from H and H’
as above, respectively—by w, := .. It is immediate that [ e w = 7, and that w is the only
natural transformation with this property. Q.E.D.

Theorem 10.2.7. CatBaseComp has all limits of pie weight.
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Proof: This follows immediately from [53, Theorem 2.2], as CatBaseComp has all products,
equifiers and inserters by the preceding lemmata. Q.E.D.

Remark 10.2.8. The above theorem entails that CatBaseComp has 2-limits of many shapes,
including pseudo-pullbacks and powers. If we want to have regular equalisers, however, a
problem arises. Considering the equaliser of two computability transfers, we know that if
a computability base on the equaliser of F, G as functors exists, it must be closed under
pullbacks. Taking

jf*j f j (21)

in ¢, mapped into Z with F, G respectively, we only obtain the diagram

G(f*(b)) G(i*f)
_
(o) 28 pe)
J N
F(f*i)j F(4)
i Flog ——¢

in 2 where both the inner and outer square are pullback squares. Thus we only obtain an
isomorphism, not an identity between G(f*(b)) and F(f*(b)), hence this pullback does not
lie in the equaliser of ' and G and thus the base would not be closed under pullbacks

To remedy this fact we would have to endow the base of computability with choices of
pullbacks, that is to require the stronger condition

(Basey®) Given a,b € 6y and i: s — a,j: t — b such that i € C'(a),j € C(b) and f: s — b,
we are given a specific choice of a pullback s X, t and the square in

sxpt =Lt
|
ZOV J:f*J J
a < S§ ! > b

is a pullback square.

instead of just (Bases). In the following we will make the above remark precise in the
following way: not only can the equaliser in the category of locally small categories not be
endowed with a base of computability making it an equaliser in CatBaseComp, but in general
no equaliser exists.

Lemma 10.2.9. Let F.G: (¢,C) — (2,D) be computability transfers. If I: (#,B) —
(¢,C) is an equaliser in CatBaseComp, then for any cospan m € C(c), f: " — ¢, that is

f m
" SR c

for an arbitrary object ¢ of €, such that F(m) = G(m), F(f) = G(f), there ezists a unique
cospan k,l in B with I(k) = m, (1) = f such that k lies in the base of computability B.
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Proof: Let S be the category with objects 0, 1, 2 and non-identity arrows <p: 0 — 2, <;y: 1 —
2. We define a base of computability @ on S by setting Q(0) = {1}, Q(2) = {<o, 12}, Q(1) =
{1;}. Considering a cospan m: ¢ — ¢, f: ¢’ — ¢ in € with F(m) = G(m), F(f) = G(f), we
define the computability transfer H: (S, Q) — (€, C) that sends <y to m and <; to f.
Obviously F'o H = G o H, so we obtain a unique Jy: (S,Q) — (4, B) such that
IoJy = H. It is then immediate that Jg(<¢) is the unique arrow k in % with I(k) = m
and Jg(<;) is the unique arrow [ with I(l) = f. It is also immediate that k lies B(Jg(2)),
as <p€ Q(2) and Jy is a computability transfer. Q.E.D.

Proposition 10.2.10. Considering the categories €, 7, generated by the graphs

011 O,x f
g lhandl ’ 041
2143 lg lh

y2 —1 353

respectively, we can endow € with a base of computability C by setting

C0) ={lo}, CQ1)={L}, C@2) ={lzg}, CB)={lsn}
and Y with a base of computability D by setting

C(0) ={lo}, C0)={l}, C1)={L}, C@2)={l2g1}, C3)={lsh}

Then the computability transfers F, G mapping 1, 2,3 in € —and the corresponding morphisms
between them—to their counterparts in &, but

F(O):()?F(f):faF(f):gv G(O):OlaG(f):ka(g>:l7

have no equaliser in CatBaseComp.

Proof: We begin by confirming that C, D constitute bases of computability. To this end
we first show that the only square in % is a pullback square and that both squares in ¥
consisting of 0,1,2,3 and 0/, 1,2, 3 are pullback squares. The first claim is immediate, as
the square commutes and the only object with arrows to both 1 and 2 is 0, so the universal
property is trivially true. For 2 we observe that the square 0,1, 2,3 commutes, and the only
object besides 0 with arrows to 1 and 2 is 0. The square 0,1, 2,3 commutes and the unique
mediating arrow is ¢, thus the universal property is fulfilled. An analogue argument shows
that 0/, 1,2, 3 is a pullback square.

Thus to confirm that C' is a base of computability on & it suffices to observe that g € B(2),
as ¢ is the pullback of A along i. Similarly we observe that both [ and g are pullbacks of h
along 4, and thus in D(2).

It is then straightforward to check that F,G are computability transfers. If there was an
equaliser I: (&, F) — (¢,C) of F,G in CatBaseComp, by the preceding Lemma we obtain

a cospan €’ —"— e« ¢ in J# that maps to the cospan 2 —— 3« 1 and fulfils
k € E(e). Then k is in the base F, so the pullback

el* ( 6”) e
|
* kl k
6// —l> (&

must exist. As I must be pullback-preserving we know I(I*k) = g, but G(g) # F(g), a
contradiction to (&, ') being an equaliser. Q.E.D.
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10.3 CatBaseComp and fibrations

We will show that Grothendieck fibrations can be used both to lift bases of computability
along them, and, that in restricting ourselves to fibrations, we regain some pullbacks, which
do not in general exist (as the previous section shows).

Proposition 10.3.1. Let F': & — % be a Grothendieck fibration where & has all pullbacks
and let B be a base of computability on B. Then we can define a base of computability Br
on & by setting

Br(e) = {i € Mon(—,e) | i cartesian lift of j € B(F(e))}.
for every e € &.

Proof. Assume we are given &, %, F' as in the proposition. We show that Bpr contains
identities, is closed under composition and pullbacks.

To see that it contains all identities let e € &,. We have to show that 1. is a cartesian lift
of 1p(). If we are given g: d — e in & and we have h: F(d) — F(e) such that

N

1F<e>

F(d)

|

F(e) ——

>

F(e)

commutes, we can immediately deduce that h = F(g) and the only possible arrow making
the triangle in & commute is g itself. F'(¢g) = h by the above. This shows the desired claim
as obviously F(1.) = 1p().

To show that Bp is closed under composition we simply remark that the composition of
cartesian morphisms is cartesian.

To see that it is closed under pullback, let i: ¢’ — e in Br(e) and f: ¢” — e be given. We
can then form the pullback

e

fre) e
f*ij [
6 —) e

in &. It remains to show that f*i is a cartesian lift of F'(f*i). So let g: d — €” and
h: F(d) — F(f*(¢)) be given such that

F(d)
iy oy

commutes. We can then fit this commutative triangle to our previous square (after having
applied F') to obtain the commutative diagram

F(d) —— F(f(e)) “ p(e)

F(f*i)j IF@)
F(e") ——— F(e).

F(g) £(f)
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Thus by considering F'(i*f) o h and F(f) o F(g) we can use that ¢ is a cartesian lift of F'(7)
to obtain a morphism p: d — ¢’ such that the outer square in

d p

% e
_
7 (&

commutes. But as the inner square is a pullback square we obtain a unique ¢q: d — f*(¢)
such that

~
]
~

g

d__ p

"oy <L

e
_
e

"

> € >

g

commutes. This ¢ is the desired map making the triangle in & commute. So f*i is a cartesian

lift of F'(f*i) € B(F(€")) and is thus in Bp(e”) as desired. Q.E.D.
Actually the fact that ¢ € Mon(—, e) does not have to be checked, as it is automatic.

Proposition 10.3.2. Let p: & — A be a fibration. If f: V' — b is a monomorphism, and
g: € — e is p-cartesian for f and e, then g is a monomorphism.

Proof. Assume we are given k,l: ¢’ — € such that go k = gol. Then we obtain the
commutative triangles

b//

l\ and ,, l\zj

€—>€

As both k,[ for ? make the left triangle commute, we get by uniqueness—from g being
p-cartesian—that k = [. Q.E.D.

Corollary 10.3.3. If we have a pullback preserving fibration F': & — % and a base of
computability B on A as above, then the fibrationis a computability transfer with respect to
the lifted base Bp.

Proof. From the definition of B it is immediate that it maps monomorphisms in Br to
monomorphisms in B. It also preserves pullbacks by assumption, so it is a computability
transfer. Q.E.D.

Theorem 10.3.4. Let (A, B),(€,C) be categories with bases of computability, & be a cate-
gory such that p: (&, E) — (A, B) is a fibrations, and F: (¢,C) — (A, B) be computability

transfers. Then if we are given a pullback square

(@) T 8
|

hS]

F*p

¢ —Lr 5
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of categories, we obtain that

(¢.0) —— (%, B)
1s a pullback square in CatBaseComp.

Proof. We show the universal property of the pullback. If we are given another commutative
square

(¥,G) —= (&, E)
Gl lp
(¢,C) —— (#,B)
we obtain—in Cat—a unique functor (G, H): ¢ — p~'(%¢) making

/ ”\

C +—— p!

commute. We show that (G, H) is also a computability transfer. For this let i € G(x) be
given. It then suffices to show that (G, H)(i) is F*p-cartesian for G(i) and (G, H)(zx). If we
are given another ¢ with codomain (G, H)(z) and k such that G(i) o k = p*F({), we can
apply F' to obtain the same triangle in %, that is we have

F*p(¢ (GoF*p)(£)
X and kl \p() and F(k)l \

- oy (G H)(2) - < G@) - o F(G@)

in p~1(%€), ¢ and % respectively. As p is a fibration we can lift the last triangle to a triangle

as H is a computability transfer and thus H (i) is cartesian for F'(G(i)) = p(H(i)).
Next we observe that (G, H)i is the only arrow in p~!(%) that is mapped to H (i) by p*F
and to G(i) by F*p, as otherwise we would not have a unique fill for

—G(i) . NZ10)

—1

A similar computation shows that ¢ is also uniquely determined by its images under p*F, F™*p.
So by considering [2] and the maps
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from the pullback property we get the desired commutative triangle

[N

- G (G H)@)

(where g is unique from the uniqueness of the pullback) showing that (G, H)i is indeed
F*p-cartesian for G(37). Q.E.D.

10.4 Relation to comprehension categories

It is immediate that any category € with a base of computability C' can be mapped to a
comprehension category P: & — €1, where & has as objects all maps in C, and an arrow
from f — g in & is a cartesian square

in €. The functor P is then simply the inclusion of & as a subcategory of €Y. From this
definition it is obvious that p sends an arrow f € & to its codomain.

An immediately visible specialisation from general comprehension categories is that in this
case all arrows P(e) are monic, which is not always the case in an arbitrary comprehension
category, just observe that idyp: €M — €M is a comprehension category if € has all
pullbacks. Thus it is sensible to restrict oneself to the sub-2-category ComprC,,., of all
comprehension categories where the P(e) are monic, with the same 1-maps and 2-maps.
The assignment routine described above can be extended to a 2-functor CatBaseComp —
ComprCy,,, in the following way:

Proposition 10.4.1. The rule (¢,C) — P: & — €M from above can be extended to a
2-functor P_ wvia

and n: F =G~ nlll.
Proof: Immediate, as obviously (G o F)! = GIYo FIU from the definition of -, analogously
for nll. Q.E.D.

For the reverse direction ComprC,;,,, — CatBaseComp we need a non-trivial construction,
as another difference between these comprehension categories arising from (categories with)
a base of computability and ordinary comprehension categories arise: In the former we can
always represent composition through an element of &, that is the following condition holds:

if P(e) can be precomposed with P(¢'),
there exists an object €” of & such that P(e”) = P(e) o P(¢'). (22)

This might seem surprising at first, as if we are given

Fo(e) » ple)

P(e’)\

p(€)
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it might seem that we can use some p-cartesian lift to obtain €”, but such e” would need to
fulfil both Py(e”) = Py(e) and p(e”) = p(€’), so if it stemmed from a lift, that lift would have
to be taken using an automorphism on p(e’),

In fact, it is possible to give an example of a comprehension category where condition
(22) fails:

Example 10.4.2. Consider the groupoid % obtained from the graph

g

and let & be another copy of the same groupoid. For clarity the objects of this second copy
will be called 0, 1,2 and the arrows will simply be denoted as n +— m for n,m € {0,1,2}. Let
P be the functor sending 0 to 1., 1 to f and 2 to g. Its action on arrows generated by

c— c—L ¢

0—1)— 1{ and (1 —2) fl lg

c—— 2

C/L)c Cf—_>C

as well as (1 — 0) — fl llc and (2—1)— gl lf
c—s ¢ o —>c

composites are simply obtained from pasting the squares. Observe that all these squares are
pullback squares, so for this to be a comprehension category only the second condition of p
being a fibration has to be checked. However, the lifts can be explicitly computed:

f710) = 1o, f7tog 1(0) = (2 =0),
f1)=(0-1), g7 (1) = (1= 0),
9(2) = (1= 2), gtof7(2)=(0-2)

and all identities lift to identities. To see that this comprehension category violates (22) just
observe that no object e in & exists such that P(e) = go f = P(2) o P(1).

Thus to map an arbitrary comprehension category in ComprCy;, to CatBaseComp we
first need to manually add objects such that (22) is fulfilled.

10.4.3 Some notation regarding lists. In the following we will
1. denote by P(&)—for P: &—the collection of all arrows P(e) where e is an object of &,

2. denote by M™ the set of all finite lists of length > 1 for an arbitrary set M,
3. denote by £ /' the concatenation of £, ¢, that is

(ol =ty byl - .%,"
4. call a list ¢ of arrows in a category & composable if
v0§i<|€\ COd(gl) = dom(&-ﬂ) and

5. denote by £° the arrow £y o--- o/ for a list £ of composable arrows.
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Definition 10.4.4. For a given comprehension category P: & — 21 in ComprCy,,, we
define a base of computability Bp on % where

Bp(b) = {° € P(&)" | £ composable A cod(£}y) = b} U {1,}.

Proposition 10.4.5. The above definition yields a well-formed base of computability for
such a P € ComprCyy,,.

Proof: By definition Bp contains all identities. To see that it is closed under composition
consider a two list £ € Bp(b) with dom(¢;) = a, and ¢’ € Bp(a). It is then immediate that
(¢’ ™ 10)° € Bp(b). For the pullback property, assume we are given ¢° € Bp(b) and f: ' — b.
To see that the pullback

() ¥) —— ¥
[
dom((l) T> b
exists, first observe that we can find objects ey, ..., e of & such that ¢; = P(e;) for all .
Thus we start by considering the pullback

Po(f*(ep) Ry

|

P(?(em))l f
P()(ew) W b.
Then by setting f; := P(?(em)) and recursively fiiq := P(E(em_i)) we obtain the pullback
diagrams
P(f (eje|— ))

Po(fi(epgi) ~——— p(f7(e—s)

|
fi-HJ/ lfz‘

Polej-i) —5——— plej-i)
P(ejg—q)

Thus by pasting we obtain the diagram

Py (1) P(f*(eje))

Po(fiig-a(en) p(fioa(en) » Po(f*(eg)) ——— ¥

| _ |
f\4|—1l lf\a—z f1l lf
Po(el) > p(el) S ... > Po(ew) W b

~

P(e1)
where the outer rectangle is a pullback by pasting. Hence we can take our pullback to be

P(f*(epg)))o--oP(fy_q(e1))

Po(fg-1(e1)) i > U
f\z\ql f
Pg(el) I > b,

which yields the desired arrow in Bp(V). Q.E.D.
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Proposition 10.4.6. The assignment routing of Definition 10.4.4 can be made into a functor
by mapping each strict map (G, F): P — P’ of comprehension categories to the computability
transfer F': (A, Bp) — (#', Bp/) and a transformation (&,a): (G, F) — (G, F) to a.

Proof: It suffices to show that F' is a computability transfer, the functoriality is then
immediate. So we have to show that if £> € Bp(b), then F(¢°) € Bp/(F(b)). By definition
we obtain ey, ..., ey such that ° = P(ey)o---o P(e;). We compute

F(°) = F(P(ejg) o+ 0 Per)) = F(Plejg) o+ 0 F(P(ex))
— pl (P(elfl) 0.0 FHU (P(61))
= P,(G(em)) 0-+-0 P,(G(€1>) € Bp (F(b))

where we used (p' o G)(ey) = (F op)(ey = F(b), as b = p(eyy).
For transformations of strict maps it is immediate that the resulting transformation of
functors is natural, and the functoriality of this assignment is immediate as well. Q.E.D.

Theorem 10.4.7.

10.5 CatBaseComp is a (2-fam,X)-category

Definition 10.5.1. CatBaseComp is a fam-category where for each (¢, C') we define
fHom((%,C)) := {F: €°® — Sets}.

The composition is simply the composition of the underlying functors.

Lemma 10.5.2. For any P € fHom((¢,C)), the projection prf’ is a computability transfer

pri: (ZP, C’p,{v> — (¢,0).
@

Proof. We only need to show that pr(fo’P preserves pullbacks to apply corollary 10.3.3. So
suppose we are given a pullback square

*

frlenz) L5 (e, m)

f*gl - lg

f
(CQ, £L’2) _— (Cg,fg).
To see that this remains a pullback under prlg P assume we are given a commuting square

h
d—1>61

N

Co — C3

in €. As pr(f’P is a fibration we obtain cartesian lifts ﬂl, hy of hi, he respectively. We see
that hq, ho have the same domain, as P maps this commuting square to the square

P(d) 5 Ple)

P(hz)T P(g)

P(cy) TN P(c3)
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of sets. We know that z; = P(g)(z3), 22 = P(f)(x3) and thus a simple computation shows
that

P(hl)(ﬂ?l) = P(hl)(P(g)(%)) = P(QO hl) = P(f © hz)
= P(hs)(P(f)(w3)) = P(h2)(2).
Setting y := P(hy)(x3) we get that

(d7 y) L) (clv xl)

2 ¢

(CQ, IEQ) L) (Cg, Ig).

commutes and thus we obtain a unique ¢: (d,y) — f*(c1, 1) rendering

(d,y) Iy * l

ey
f*(Ch 951) g—f> (01, 951)

f*gl - lg

(627 172) L) (Cg, ZL‘3).

ha

ho
commutative. Thus we also know that
d h1

- g*f

[fler)) —— a

R > Co > C3.
ho

is a commutative square in Z. The uniqueness stems from the fact that prf’P is also a discrete
fibration so every other ¢’ making the diagram commutative would have a unique lift ¢ making
the diagram in ) .. P commute and thus also be ¢. But this entails P(¢) =¢=¢. Q.E.D.

Theorem 10.5.3. CatBaseComp is a (fam,> )-category.
Proof. To see that
S F
(20 PoF Dyper ) =25 (54 P.Cr )

pri °Fl lprf

(2,D) > (¢,0)

is a pullback square, we simply remark that

Y, PoF =5 s p
prf"Fl lprf
9 —L %

is a pullback square in Cat, so we can apply Theorem 10.3.4. The strictness conditions are
then immediately inherited from the strictness condition in Cat. Q.E.D.
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10.6 Transporting bases of computability

Proposition 10.6.1. Let & be a category with base of computability B. If we have a
pullback-preserving functor F': & — % we obtain a base BY on % defnned through

Bf(d) ={F(i) | i € B(c) A F(c) =d}U{14}.

Proof. The first property of a base is immediate as we have by design 1, € B (a) for all
d € A. So we check the second one. For this let the morphisms i, 7, f in £ as in

dl < P d2 7 > d3
be given where i € B (d;) and j € B (d3). Again we distinguish two cases:
o If j =1, we immediately see that f*14, = 14, and thus

iof*ly, =ioly, =1i¢€ BY(d))

by defnnition of 7.

o If j = F'(k) for some k: ¢y — c3 where k € B(cy), we obtain a F-cartesian lift f': co — c3
of f, as F(c3) = d3. We can thus compute the pullback

k*f/
C3 Xy C2 — C3

lf’*k lk
f/

Cog ——— (4

and as F' is pullback-preserving we obtain that F(c3 X, ¢2) = d3 X4, d3. Furthermore
F(c3) = dy we obtain that either i is always given as h: ¢ — ¢; such that F'(h) = i,
as in the case that 7 is the identity we simply have that h = 1.,. So we can infer that
ho fk € B(c;) and thus F(ho f”"k) = F(h) o F(f""k) € BY(d;) as needed.

Q.E.D.

Lemma 10.6.2. If we are given ¢, 2, & and pullback-preserving fibrations F': € — 2,G: 9 — &
then for a computability model B on € we have that

e B¢ = B,
° BGoF — (BF)G

Proof. The first claim is immediate from the defnnition. For the second claim we simply
observe that if i € B¢ (e) for some e € &, then either i = 1, and thus i € (B%)F(e) or
i = G(F(k)) for some k € B(c) such that G(F(c)) = e. Then F(k) € B (F(c)) and thus
G(F(k)) =i € (B)Y(e). The reverse direction is computed analogously. Q.E.D.

Definition 10.6.3. If &7/, %,% are categories and F: &/ — B, G: € — % are functors,
then the comma-category F' | G has

e as object triples (a, h, c) of objects a € &7, ¢ € € and an arrow h: F(a) — G(c).
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e Morphisms are pairs (f,g): (a,h,c) — (a/,h', ") of morphisms f: F(a) — F(a') and
g: G(c¢) = G(c) such that

commutes.

e The composition (i,7) o (f, g) is defuned as (i o f,j o g).

Lemma 10.6.4. Let o/, B, € be categories and F: of — B,G: € — A be pullback-preserving
functors. Then the category F' | G has pullbacks.

Proof. We want to show that F' | G has pullbacks, for this let a cospan

fs i,J
(ar,hi,c1) ), (az, ha, c3) L (as, hs, c3) (23)

in F' | G be given. By defnnition this span stems from to spans in ./, ¢ which are transported
into 4 in the following manner:

Fla)) -2 G(ep)

a1 | 1 €1
lf i lF(f) lG(z‘) i l
as E F(CLQ) L) G(Cg) E Co
gl 1 Flo) GG) i JT
T | T R T |

as 1 Flaz) — G(c3) 1 ¢
o 2 ¢

We can take the pullbacks of both the span in &/ and in %, these become the pullbacks of
the two spans in Z as both F' and G are pullback-preserving. Our remaining goal is to show
that (a1 Xq, ag, h, €1 X, ¢3) is the desired pullback of (23). As F, G are pullback preserving
we can use them to map the pullbacks into % which yields

F(a) G(c1)
FWL (l'\

F(a1 X ag (1,3) ) G Cl X o 03) (24>

F
F (f*g)\/A (Q)T 1\/]

Flas) —25 G(c3)

where all squares commute. This in turn entails

G(i)ohyo F(f*g) = hyo F(f) o F(F"g) = hy o F(g) o F(g"f)
= G(j)ohzo F(g"f).
Thus from the universal property of pullbacks we obtain a h: F(a; Xa, a3) = G(c1 Xe, ¢3)

such that 3 .
G(j*i)oh = hyo F(f'g) and G(i%j)oh =hyo F(g"f). (25)
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The above also shows that

(f*g,j*i): (al Xas a3;’~%01 Xeg 03) — (a37h3,03)

and (g*fv Z*j) (alahlacl) — (al Xag a3777’701 XCQ C3)

are morphisms in F' | G. It remains to show that (a; Xg, as, b, ¢; X, ¢3) fulfills the universal
property of the pullback. So assume we are given (a/,h',¢’) € (F | G) together with
morphisms (ny,my): (a',h', ') — (a1, hy,¢1) and (n3, ms3): (a’, ', ) — (a3, hs, c3) such that

(a',h, ) M (as, hs, c3)

l(n37m3) l(“])

f7
(alv h’17 Cl) & (a2’ h?v 62)

commutes. This in turn decomposes to the respective commuting squares in &7, %, so we
can use the pullback properties of a; X,, a3 and ¢; X,, ¢z to obtain arrows n/, m’ making the

diagrams
/

a
n m’
aq (]M—CLlX agT>CL3 Cq (—Cl XC203—>03

commute. Our remaining goal is to show that
F(d) —"—— G(d)

lF(n’) lG’(m’)

h
F(a1 X as &3) E— G(Cl Xy 03)
commutes. We pack all morphisms considered so far into one big diagram:

N

F(n')

N

F(d)

F(n1)

F(ay) > F(ag) G(g)
G(f*g) ha
N G \
G(c1) > G(cy).

In this diagram all squares commute (except the one we want to prove) as well as the triangles
of the pullbacks. This allows us to compute that

G(f) o G(mi) o h' = G(f) o G(f*g) o G(m') o ' = G(g) 0 G(g™f) 0 G(m') o



128 Chapter 10 — The category of categories with a base of computability

=G(g)oG(m3)ol.

Thus by the pullback property we obtain an arrow h: F(a’) — G(e; X, c3) such that
G(g*f)oh = G(ms)oh and G(f*g)oh = G(my)oh’. One can check that both h = G(m/)o b’
and h = h o F(n') fulfil these conditions, for G(m’) o &/ this is immediate and for h o F(n')
we compute

G(g"f)oho F(n') = hyo F(g"f) o F(n') = hg o F(ng) = G(mg) o I’
and
G(f*g)oho F(n') = hyo F(f*g) o F(n') = hy o F(ny) = G(my) o .
By uniqueness we have the desired equality. Q.E.D.

Proposition 10.6.5. Let of , B,%€ be categories and F': of — B,G: € — B be pullback-
preserving functors. Let By, Bg, Bo be bases of computability on of , B,%€ respectively. Then
we obtain a base of computability By on F' | G defnned by

By(a,h,¢) = {(i,j) | i € Ba(a) & F(i) € Bs(F(a))&j € Bo(c) & G(j) € Bp(F(c))}.

Proof. The first condition on bases of computability is immediate, as the identity on (a, h, ¢)
is (14, 1) and we can immediately see that 1, € Ba(a), S(1,) = 1g@) € B(S(a)), analogously
for c. For the second condition we assume we are given objects and morphisms as in the
diagram

(f.9)
(a27h2a02) m (a37h37c3) —g> (a47h4ac4)

where we assume that (i, j1), (42, j2) are in the computability base B| and (f, g) is arbitrary.
As the comma category has pullbacks in our case by the preceding lemma we obtain the
pullback

= (1 £.379)
(al Xa4 ag,h,01 ><C4 63) ﬂ) (ahhl?Cl)

l(f*ilyg*jl) l(ilyjl)
f7

(CLQ, h27 02) W (a?); h37 C3> % ((14, h47 04)-
As (ig, j2) o (f*i1,9%j1) = (ig 0 f*i1,J2 0 g*71) and both of these morphisms are in By, B¢
respectively it remains to check that F(is o f*i1) € Bp(F(a2)) and T(jz 0 g*j1) € Bp(T'(c)).
By defnnition of B; we know that F(i), F(f) € Bg(F(a4)), F(is) € Bg(F(az)). This allows
us to infer that F(f*i1) = F(f)*F(i1) € Bp(F(as)) as S is pullback preserving. Thus
F(f*i1) o F(is) = F(f*i1 0is) € Bg(F(as)). The same argument work for G and the second
components of the morphisms. Q.E.D.

Examples 10.6.6.

1. Given a category % with a base of computability B and if ¢ is an object of ¥ we can
endow the slice category €. with a base of compitability B, defnned by

B/(f:b—=c)={i:a—=b|iec B(b)}
This stems from the fact that the slice category is the comma category of the span

¢ 2,

where ¢, is the functor that sends the only object @) of 1 to ¢ and its identity to the identity
of c.
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2. In the same way we can endow the coslice category .4 with the computability base ;B
/B(fie—=b)={i:a—=b|iecB(0)}.
This stems from the fact that the coslice category stems from the span

1 ey @ @

3. If B is a base of computability on a category ¥ we can equip the arrow category €
with the base of computability B~ defnned by

B (fic—d)=1{(i,j): (¢,d) = (c,;d) | i € B(e) A j € B(d)}.
This stems from the fact that the arrow category stems from the span

¢ X, @ e @

Proposition 10.6.7. If & is a category with pullbacks and B is a base of computability
on 2, then for any category € the functor category €, 2] can by equipped with a base of
computability (€, B] defnned by

%, B|(F) = {n: ' = F | Yeeqn. € B(F(c))}.

Proof. We show that [¢, B] defnned in this manner constitutes a base of computability. The
first property of bases is immediate, as if F' is a functor, then the identity 1 is the natural
transformation consisting of the identities 1p(¢): F(c) = F(c) for all c. But 1p(, is in B for
all ¢ € € as B is a base of computability, so 1 is in [¢, B]. The second condition can be
computed explicitly in the same way, if we are given a functors and natural transformations
as in the diagram

Fy

|

Fl < Fg > F3,

X w

where x,n as in [¢, B] and p is arbitrary, then for each ¢ € ¢ we obtain the situation as in

F4(C)

I

Fi(c) «— Falc) —— Fs(0),

which allows us to take the pullback F5(c) X gy Fa(c) and as B is a base of computability
we obtain that x. o p’n. is in B, and thus x o u*n is in [¢, B|. Q.E.D.

Proposition 10.6.8. If we are given two categories (€¢,C),(Z, D) with respective bases,
then the category [€, P together with the base (€, D] described above is the exponential of
(¢,C),(2,D) in CatBaseComp.

Proof. We first show that if we consider the commutative triangle

[€,8] x 9 =2k, &
F
FXI_@T

C x9
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of categories and functors, where F': (¢,C) x (Z,D) — (&, E) is a computability transfor-
mation, then eval and F' are already computability transfers

eval: ([¢,6],[¢,C]) = (&, E), F:(¢,0)— ([¢,&),1¢,B]).
First recall that
([€,8),[¢,C)) x (2,D) = ([¢,8) x 2,[¢,C] x D)

as defnned earlier, that is an element of [¢,C] x D is a pair (7, f). So assume we are given
(n,f) € (¢.C] x D)(G,d), that is

n:H=G, f:d—d.

By defnnition eval(n, f) is defnned as either composite in the commutative square

H@) 2 gy
a I
(d

a(d) 2% Ga.

IS

By defnnition of [¢, C| we have that g € F (G (d)) and as H is a computability transfer we

obtain that ny; 0 H(f) € E(G(d)) Thus eval is a computability transfer. To see that F' is a
computability transfer we simply compute that if g: ¢ — ¢ lies in C(¢’), then

F(g9) = F(g,—): F(e,—) = F(¢, =), F(g9)q=F(g,d): F(c.,d) — F(c,d).
Q.E.D.

10.7 Bases of computability and computability models

So far we have not seen any reason why we call this structure “bases of computability”
instead of “dominions” or “stable systems of monics”. Hence it is time to start discussing
the relations between these two concepts. However for this relation to be established we
need to demand that every category is “concrete” in the way that its objects are sets and
its morphisms are maps (with additional structure). Thus from now on we will require our
categories € to come equipped with a presheaf S: % — Sets. A bit of notation beforehand

Notation: Let € be a category with pullbacks, S: ¥ — Sets be a pullback preserving
presheaf and B be a base of computability on €. We denote by S®[c, ¢'] the set

SBle,dl={S@, )| GG, f):c—c Nie€ B(c)}
for all ¢,d € ©.

Definition 10.7.1 (Canonical computability models - [50]). Let € be a category
with a presheaf S: @ — Sets and B be a base of computability on . Then we define the
canonical computability model associated to €, S, B to be the model

CME(%:.8) = ((S(¢))eewrs (SP[e, )ever)-

Example 10.7.2. If we take tot to be the total base on a category %, that is the case
consisting of just the identities, then CM"*"(%’; S) agrees with the definition we gave earlier,
similarly CMP"(%; S) agrees with this earlier definition.
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The above definition shows that we can associate to each category with base of com-
putability a canonical computability model. This assignment routine can be expanded into a
functor.

Proposition 10.7.3. Let (¢, B) and (2,Y) be two categories with bases of computability,
S: % — Sets and R: 9 — Sets be two pullback-preserving presheaves and F: (¢,B) —
(2,Y) be a computability transfer, such that the triangle

(2 E 59
N o

Sets

commutes. Then we obtain a simulation v: CMP?(€;S) — CMY (2;R) defined by the
following clauses:

e The class function v: 6y — Yy is defined by v = Fy.
e For all ¢ € 6y we define IF7C R(F(c)) x S(c) in the following way:

ylF z ey =ux.

Hence we obtain a simulation v: CM?(%;S) — CMY(Z;R) from a computability
transfer F': (¢,B) — (2,Y) such that S = R o F for pullback-preserving presheaves
S: € — Sets,R: ¥ — Sets . Using the definitions of [PetStrict] we can see that this
simulation 4 is an equality simulation, albeit not always a full one. So schematically we have

& CM5(%; S)

9 CMY(Z;R).

Definition 10.7.4 (The category CatBasePshvid). The category CatBasePshvi® is defined
through the following data:

e The objects of CatBasePshv'? are triples (¢, B, S), where (¢, B) is a category with a base
of computability and S: ¥ — Sets is a pullback-preserving presheaf.

e The arrows F': (¢,B,S) — (2,Y, R) are computability transfers F': € — &, such that
the triangle

¢ r N

N

Sets

commutes.

The “id” in the superscript at the end stems from the fact that this category is a special
case of a more general case which we define in 10.7.7.

Lemma 10.7.5. We have a functor CM™(-; -): CatBasePsh\./idl — CompModEq, defined
through the following clauses: for each (¢, B,S) € CatBasePshv' we set

~— ~—

CM™(-; -)(¢,B,S) = CM?(%;95)



132 Chapter 10 — The category of categories with a base of computability

and for F: (¢,B,S) — (2,Y), R) we define CM™(-; -)(F) =+, where 7 is defined as in
lemma 10.7.3. We will write CM ™ (F; -) instead of CM™(-; -)(F') for a morphism F from
(¢,B,S) to (2,Y),R)

Proof. The preservation of identities is immediate, whereas preservation of composition is a bit
more tedious to prove. So let two morphisms F': (¢, B,S) — (2,Y,R) and G: (2,Y,R) —
(&, 7,U) in CatBasePshv'! be given, so we obtain the commutative diagram

¢ 9 9 g
|
xﬁ%

Sets.

Let 4 be the simulation assigned to F', § be the simulation assigned to G and € be the
simulation assigned to G' o F.. Our objective is to prove € = o4. On the level of the class
functions 6y — & this is immediate. The class function § o v = G o Fyy by definition of the
composite simulation and € = G o Fy by definition of the assigned simulation. It remains to
examine the relations IF$ and IF2°7 for ¢ € 6;. We know that for x € S(c) and y € U(G(F(c)))
the equivalence

ylFHrey==x

holds by definition. On the other hand we have the equivalence
yIFe 320y II—‘}(C) 2 &z IF] .

But if such a z € R(F(c)) exists, we immediately have y = z = z, so the two relations IF¢
and IF*7 coincide. Q.E.D.

Next we generalise CatBasePshv'® by allowing more morphisms. The morphisms of this
category were computability transfers (¢, B) — (Z,Y) that respect presheaves in the sense

that
(A u > 9
NN o

Sets

commutes. We now allow this diagram to commute only “up to” an endofunctor on Sets,
that is up to a W.: Sets — Sets such that the diagram

¢ —L g9

s| |n

Sets - Sets

commutes, together with a natural transformation 7: & = idses. We assign to such a functor
F a simulation as in the following lemma.

Proposition 10.7.6. Let (¢, B),(2,Y) be categories with bases of computability, and let
S:% — Sets, R: 9 — Sets, I': € — 9

be given where R, S are pullback-preserving functors and F is a computability transfer. Let
Y. Sets — Sets be an endofunctor (which we shall call the mirroring morphism) such that
the diagram

¢ —Lr 9
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commutes. Furthermore we demand the existence of a natural transformation n: idses — Y.
Then we obtain a simulationy" : CMP(%;S) — CMY (¢; R) defined by the following clauses:

e The class function v¥': €y — Dy is given by ~F = Fy.
e For all c € 6y we define IF1"C R(F(c)) x S(c) via

Y H-ZF Ty = ns(a)(x).

Similar to the less general case we this rule assigning to a computability transfer a
simulation gives rise to a functor between appropriate categories. For this we define the more
general version of CatBasePshv'.

Definition 10.7.7 (The category CatBasePshv). Let CatBasePshv be the category defined
by the following data:

e The objects of CatBasePshv are the same objects as the ones of CatBasePshv'®, that is
pairs (¢, B, S), where (¢, B) is a category with a base of computability and S: € — Sets
is a pullback-preserving presheatf.

e The arrows between two objects (¢, B,S) — (2,Y, R) are given as triplets (F, &, 7),
where

— F: (¢,B) — (2,Y) is a computability transfer,

— L@ Sets — Sets is an endofunctor making the diagram

¢ —L g9

s| |7

Sets - Sets

commute and

— 7: idsers — W is a natural transformation.

Proposition 10.7.8. We have a functor CM ™ (-; -): CatBasePshv — CompMod, which
takes each (€, B, S) € CatBasePshv to its computability model CMP?(%; S) and

((F,%n): (€,B,S) — (2., R)) — 7. CMP(%; S) - CMY (Z; R)

as defined in the lemma 10.7.6.

Proof. One can immediately see that Assign preserves identities, as the identity of (¢,B,S)
is sir{ilply (id¢, idsets, id), and by def}inition we have that 74 = (idy,, (IF7")eeq,) where
zIFY y < idge(z) =z =y, so IFY"“ is identical to the equality relation.

Suppose we have two morphisms,

(F,Yv,n): (¢,B,5) = (2,Y),R), (G,C,p): (2,Y,R)— (&,2,U)

in the category CatBasePshv. So we have the commutative diagram

s| |n |v
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Our goal is now to show that Y = 4% o 4¥. On the level of the class function this is

immediate, we have that in both cases the class function is given by Gy o Fy. So it remains
to examine the tracking relations for ¢ € %.

Let ¢ € %o be given. We seek to show that for all y € U(G(F(c))) and x € S(c) we have
the equivalence

GoF G o~ F
ylFl xeylkl 7 .

So we first assume that y IF7%°" 2. This means that if we define £ to be the natural
transformation §: idsers = G o F by setting & := ppy(c) © e, We obtain y = g (x). So to
see that y H—ZGO“/F x we only need to prove the existence of a z such that

Y |I—}j(c) &z ) .

But one can see that z := 77 does the trick.
On the other hand, let z be given such that

Yy |I—}j(c) &z ) .

Then z = nc(x) and y = pry ) (2) = Prye) (Me(x)), sO Y IF797" . So the desired equivalence
has been proven and CM™(-; -): CatBasePshv — CompMod is a functor. Q.E.D.
So we can now view the case CM™(-; - ): CatBasePshv! as a special case of this more gen-
eral functor in the following way: It is immediate that we have an inclusion ¢: CatBasePshv'¢ —
CatBasePshv, so we can summarize the situation in the following commutative diagram:

CatBasePshv'd CM—()> CompModEq

[ I

CatBasePshv CM—()> CompMod,

where 1ncl: CompModEq — CompMod is the obvious inclusion.

Having considered the more general case, we re our attention to the case that the category
with base of computability is the same, and only the base of computability and the presheaf
S: € — Sets vary.

Lemma 10.7.9. Let (¢, B) be a category with a base of computability and S,S’: € — Sets
be pullback-preserving presheaves. If we are also given a natural transformation u: S — S’
we obtain a simulation ¥" = (idg,, (IF))ecs,): CMP(%;S) - CMP(%;S"), where IF)"C
S'(c) x S(c) is defined through the equivalence

(IR 2) 2 (y = pse(2)).

Proof. One can immediately see that for all ¢ € %; the relation IF)"C S'(c) x S(c) is

well-defined. So it remains to prove the axioms of a simulation.

(Simly) Let ¢ € ‘52 be given and # € S(c). Then by definition g (z) € S’(c) and
us(c)(x) IF" .

(Simly) Let S(i, f) € Sla,b] be given. We seek to show that S'(, f) Il—?:,b) S(i, f). First

we observe that S'(i, f) € S’[a,b], as i € B(a) and f: dom(i) — b, otherwise
we could not have S(i, f) € S[a,b]. Now to see that S'(i, f) IF)" S(i, f). Let



10.7 Bases of computability and computability models 135

x € S(a) be given and y € S’(a) such that y IF?" z, that means y = pg()(x). Then
y € S’(dom(i)) and the diagram

S(dom(i)) s S(b)

.“S(a)l lﬂsw)

! : /
S’(dom(i)) Iy S’(b)
commutes. This already yields that S(f)(y) IF}" S(f)(x). Q.E.D.
Schematically one can visualize this assignment as follows:

% CMP”(%; S)
S:M> S yH | %

Sets CM" (Z;R).

Here, the “x” denotes that the simulation 4" is of a special kind, a so called “natural
simulation”. This notion has been introduced in [PetStrict]. We briefly recall this definition,
but do not go further into details.

Definition 10.7.10 (Natural simulations). Let C and C’ be computability models over
the class T' . A natural simulation v: C — C/ is a simulation y = (idz, (IF)),e7), such that
the following properties are met.

(NatSim;) For each 7 € T there exists v*: C(7) — C'(7) such that for all y € C'(7) and all
x € C(7) the equivalence
yIF z ey =;(z)
holds.
(NatSimy) For all o,7 € T and all f € CJo, 7| there exists f' € C'[o, 7] such that forall
x € C(0), such that € dom(f) holds that v%(z) € dom(f’) and f'(vi(x)) =
7 (f ().
If additionally the following property is fulfilled, 7 is called a full natural simulation.
(NatSimg) For each 7 € T' the map ~* is a surjection.

It may appear as if a natural simulations and natural transformations are “essentially
the same”, as in that each natural simulation between canonical computability models
CMP(%;5) and CMP'(4”; S') must come from a natural transformation (and the reverse
direction is lemma 10.7.9), but this is not true. To see this, we consider the following example.

Remark 10.7.11. Consider the category given by the following diagram of objects and
arrows:

where f; # fy as well as g1 # g and

fiocgi =1,= fioge = fa0 0o,
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faog1 =g,
¢ =1y,0200=01,91°q=g2,q0 f1 = fo,q0 f2 = f1,
giofi=giofa=ga0f1i =ga0 fo=1,.

Let the natural transformation y: CM""(%’; Hom(a, - )) - CM""(%’; Hom(b, - )) by given
by

vx: Hom(a,a) — Hom(b,a),1, — g1,
vy Hom(a,b) — Hom(b, b), fi — foo g1, fo = f10g1.

Then (7})acs, is not a natural transformation Hom(a, - ) = Hom(b, - ).

In the following [€,Sets]P*'* is the category of pullback-preserving presheaves with
codomain %. The following result follows with a straightforward use of 10.7.9:

Proposition 10.7.12. Let (¢, B) be a category with a base of computability. We have a
functor CMP(%; -): [€, Sets|P™'* — CompModNat, defined through the following clauses:

e On the level of objects we define CMP(%; -)(S) = CM?(%; 9).

e On the level of morphisms we define CMP(€; -)(u: S = S') = y*, where ¥* is defined
as in lemma 10.7.9.

We write CMP(€'; 1) instead of CMP (€5 -)(p).

The preceding assignment can be easily generalised. For this, we consider the case where
the category € is fixed, but the computability bases on € can vary, to be precise we consider
(¢, B) and (¢, B') where B, B" are bases of computability on . Additionally we demand
the existence of a computability transfer F': (¢, B) — (¢, B’). Then we have the situation

€ rE__ %
I

Sets,

where this diagram does not commute. At last, we demand the existence of a natural trans-
formation n: S = S’ o F. Then we want to find a simulation CM?(%; S) — CM? (% 5").
This can be done in the following way:

Proposition 10.7.13. Let € be a category with bases of computability B, B' and presheaves
S,S": € — Sets. For any computability transfer F: (¢, B) — (€, B") we obtain a simulation
. CMP (€5 9) — cM? (€¢;S") defined through the following clauses:

e On the level of the class function we have v := Fy.

e On the level of relations we have for each ¢ € €y the relation IF)""C S'(F(c)) x S(c) via
the following equivalence:

(y K" 2) v (y = ne(x)).

This assignment rule can again be packaged into a functor from a suitable category, which
is the following

Definition 10.7.14 (The category |%,Sets|P*'!). The category |€,Sets|P*! is defined
through the following data:
e The objects of |€,Sets|P**! are pairs (B, S); where B is a base of computability on €
and S: ¥ — Sets is a pullback-preserving functor.
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o A morphism (F,n): (B,S) — (B',5’) consists of a computability transfer F': (¢, B) —
(¢, B') and a natural transformation n: S = S’ o F.

e The composition is defined as (G, v) o (F,u) = (G o F,(1p xv) o 1), where % signifies the
horizontal composition.

Then the asignment rule of lemma 10.7.13 is the following a functor.

Proposition 10.7.15. CM " (%; -): |€,Sets|P** — CompMod defined via the following
clauses:

e On the level of objects we define CM™(€; -)(B, S) = CM?(%; S).

e On the level of morphisms we define CM™(€; -)(F,n) = 4" as defined in proposition
10.7.13.

s a functor.
We can finally sum up our functors in the following diagram with the obvious inclusions:

B(g- -
(€, Sets[Put @), CompModNat

I l

| €, Sets |P1t @ CompMod

Together with the already established functors we obtain

CatBasePshv'? BN CompModEq

\[L \[zncl
CatBasePshv — ) CompMod o | €, Sets [Pt
CompModNat +———— [, Sets[P*H
CM”(%;-)
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.. of (2-)categories

2-depC

2-famC

(2-fam, X)C

(2-fam, X)C**

ComprC

ComprC ;.

ComprC,,

ComprC*™

CompMod,,

CompMod

CompMod, .,

objects:

1-maps:
2-maps:

objects:

1-maps:

2-maps

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:
1-maps:
2-maps:

objects:
1-maps:

2-maps

2-dep-categories (see 6.1.1)
2-dep-functors (see 6.1.2)
2-dep-natural transformations (see 6.1.3)

2-fam-categories (see 2.3.1)
2-fam functors (see 2.3.3)
2-fam-natural transformations (see 2.3.4)

(2-fam,X)-categories (see 3.1.7)
(2-fam,¥)-functors (see 3.1.11)
(2-fam,¥)-natural transformations (see 3.1.12)

(2-fam,X)-categories (see 3.1.7)
weak (2-fam,>)-functors (see 3.1.11)
(2-fam,X)-natural transformations (see 3.1.12)

comprehension categories (see 3.2.1)
pseudo-maps of comprehension categories (see 3.2.2)
transformations of pseudo-maps (see 3.2.5

discrete comprehension categories (see 3.2.1)
pseudo-maps of comprehension categories (see 3.2.2)
transformations of pseudo-maps (see 3.2.5)

split comprehension categories (see 3.2.1)
split pseudo-maps of comprehension categories (see 3.2.2)
transformations of pseudo-maps (see 3.2.5)

comprehension categories (see 3.2.1)
strict maps of comprehension categories (see 3.2.2)
transformations of strict maps (see 3.2.5)

computability models (see 8.1.1)
equality simulations (see 8.2.3)
transformatbility of simulations (see 8.3.1)

computability models (see 8.1.1)
simulations (see 8.2.1)
transformatbility of simulations (see 8.3.1)

computability models (see 8.1.1)
natural simulations (see 8.2.5)
: transformatbility of simulations (see 8.3.1)
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o7

19

31

31

34

34

34

34

89

89

89
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ComprCyon

depC

(dep,X)C

dFib

famC

(fam, X)C

Fib

Fibgp

HComprC ;..

HComprC:

disc

Sas

objects:

I-maps:
2-maps:

objects:

I-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

I-maps:
2-maps:

objects:

I-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

I-maps:
2-maps:

objects:

I-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

1-maps:
2-maps:

objects:

I-maps:

2-maps

Comprehension categories with all P(e) monic
same as in ComprC
same as in ComprC

dep-categores (see 4.1.1)
dep-functors (see 4.1.8
dep-natural transformations (see 4.1.8)

(dep,X)-categories (see 5.1.1
(dep,>)-functors (see 5.1.2)
(dep,X)-natural transformations (see 5.1.4)

discrete fibrations (see 2.2.1)
pseudo-maps of discrete fibrations (see 2.2.2)
transformations of pseudo-maps (see 2.2.2)

categories with family arrows (see 2.1.1)
family functors (see 2.1.4)
fam-natural transformations (see 2.1.4)

(fam,X)-categories (see 3.1.1)
(fam,X)-functors (see 3.1.4)
(fam,X)-natural transformations

Grothendieck fibrations (see 2.4.1)
maps of Grothendieck fibrations (see 2.4.5)
transformations of pseudo-maps (see 2.4.10)

split fibrations (see 2.4.7)
maps of split fibrations (see 2.4.9)
transformations of (split) maps (see 2.4.10)

Higher discrete comprehension categories (see 5.2.2)
Pseudo-maps (see 5.2.3)
Transformations of pseudo-maps (see 5.2.3)

Higher discrete comprehension categories (see 5.2.2)
strict maps (see 5.2.3)
Transformations of strict maps (see 5.2.3)

sas-towers (see 6.2.9)
sas-maps (see 6.2.14)
: transformations of sas-maps (see 6.2.17)

... of binary symbols

(#1) 7 (#2) If both (#1), (#2) are lists 1, /> € M, the concatenated list

CC=0 O .
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46

93

16

15

30

23

23

54

54

65

121
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... of unary symbols
(#1)° if (#1) is a list £ of composable arrows, the composition g o --- 0 {; 121
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