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Abstract

It has been observed [Awo16, Fiol2] that the rules governing the essentially algebraic notion of
a category with families [Dyb96] precisely match those of a representable natural transformation
between presheaves. This provides us with a natural, functorial description of essentially algebraic
objects which are used to model dependent type theory—following Steve Awodey, we call them
natural models.

We can view natural models from several different viewpoints, of which we focus on three in
this thesis. First, natural models are essentially algebraic, meaning that they can be described
by specifying operations between sorts, subject to equational axioms—this allows us to assemble
natural models into a category with certain beneficial properties. Second, since natural models
are natural transformations between presheaves, they are morphisms in a locally cartesian closed
category, meaning that they can be regarded as polynomials [GK13]. Third, since natural models
admit interpretations of dependent type theory, we can use them to provide a functorial semantics.
This thesis develops the theory of natural models in three new directions by viewing them in these
three ways.

Natural models as essentially algebraic objects. The first development of the thesis is to bridge
the gap between the presentation of natural models as models of an essentially algebraic theory,
and the functorial characterisation of natural models as representable natural transformations. We
demonstrate that the functorial characterisations of natural models and morphisms thereof align as
we hope with the essentially algebraic characterisations.

Natural models as polynomials. The next development is to apply the theory of polynomials in
locally cartesian closed categories to natural models. In doing so, we are able to characterise the
conditions under which a natural model admits certain type theoretic structure, and under which
a natural transformation is representable, entirely in the internal language of a locally cartesian
closed category. In particular, we prove that a natural model admits a unit type and dependent
sum types if and only if it is a polynomial pseudomonad, that it admits dependent product types
if and only if it is a pseudoalgebra, and we prove various facts about the full internal subcategory
associated with a natural model.



vi Abstract

Natural models as models of dependent type theory. The final development of the thesis is to
demonstrate their suitability as a tool for the semantics of dependent type theory. We build the
term model of a particularly simple dependent type theory and prove that it satisfies the appropriate
universal property, and then we proceed by describing how to turn an arbitrary natural model into
one admitting additional type theoretic structure in an algebraically free way.
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2 Introduction

Outline of the thesis

In Chapter 1 we provide the fundamental definitions and results underlying the rest of the thesis.
We begin with an informal overview of dependent type theory in Section 1.1, followed by a review
of polynomials and locally cartesian closed categories in Section 1.2 and of presheaves and rep-
resentability in Section 1.3. I do not claim originality for any of the definitions or results in these
sections.

Chapter 2 focuses on natural models in their capacity as models of an essentially algebraic theory.
In Section 2.1 we recall the basic definitions and results from [Awo16], before explicitly spelling
out the essentially algebraic theories of natural models and of natural models admitting certain
type theoretic structure in Section 2.2, and discussing morphisms of natural models in Section 2.3.
The goal of this chapter is to provide an explicit demonstration that the convenient, functorial
characterisation of natural models as representable natural transformations captures the essentially
algebraic notion.

In Chapter 3 we enter the realm of locally cartesian closed categories, now viewing natural models
in their capacity as polynomials. In Section 3.1 we connect natural models with the theory of in-
ternal categories, in particular exploring the properties of their associated full internal subcategory.
We build upon this in Section 3.2 by using the perspective of internal categories to motivate the
definition of a notion of 3-cell in a tricategory of polynomials, which allows us to extract a sense
in which a natural model admitting a unit type, dependent sum types and dependent product types
gives rise to a polynomial pseudomonad and pseudoalgebra. In Section 3.3, we explore the prop-
erties possessed by representable natural transformations which can be expressed internally to a
locally cartesian closed category.

We sink our teeth into the semantics of dependent type theory in Chapter 4, in which we discuss the
matter of building the free natural model of a dependent type theory. After introducing the problem
and building a free natural model on a very basic type theory in Section 4.1, we proceed to discuss
how to algebraically freely admit new type theoretic structure to a natural model in Sections 4.2
to 4.5.

A mathematician’s work is never done, and this thesis is no exception—in Chapter 5 we discuss
some possible directions for future research that are suggested by the work in this thesis.

A remark on foundations

The official metatheory of this thesis is Zermelo—Fraenkel set theory with the axiom of choice
(zFC) together with a fixed Grothendieck universe L(, which is a transitive set containing the von
Neumann ordinal @ and closed under taking power sets and under unions indexed by sets in il.
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We will omit reference to 4l by referring to those sets which are elements of L[ as small sets and
to those which are not as large sets. We remark that i/ is itself a model of ZFC, and its existence
is equivalent (under ZFC) to the existence of a strongly inaccessible cardinal. This is one of many
solutions to the issues of size arising in category theory—a discussion in far more depth can be
found in [Shu08]—though our results do not depend on which solution is chosen.

Conventions on notation and terminology

Categories will typically be denoted using calligraphic font €, %, ..., but small categories—that
is, those whose sets of objects and of morphisms are small—will typically be denoted using black-
board bold font C,D,....

When working in an n-category (strict or otherwise) for n > 1, the n-cells will be denoted by arrows
with n horizontal lines. Thus for example a natural transformation from a functor F to a parallel
functor G will be denoted by ¢ : F = G, and its components by ¢¢ : F(C) — G(C).

Constructions and verifications

On many occasions in the thesis, we will define a mathematical object and then prove that it behaves
as we say it does. Rather than separating the definition from the theorem proving that the definition
makes sense, we combine the two into a single ‘construction’, which reads like a definition of an
object, with a subsequent ‘verification’, which reads like a proof that the object we defined behaves
as required. See Construction 4.5.4, for instance.

Supporting references

We will assume basic results from category theory and type theory. Useful references for category
theory include [Mac71] and [Awo10], references for type theory include [ML84] and [Unil3], and
discussions of categorical models of type theory can be found in [Jac99] and [JohO2]. The results
in Section 3.2 appear in [AN18].
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6 Chapter 1. Background

Section 1.1

Dependent type theory

The term dependent type theory refers to any one of a number of logical systems derived from
those proposed by Per Martin-Lof in the 1970s (see e.g. [ML75] and [ML84]), which in turn are
descendents of Alonzo Church’s A-calculus [Chu32] and, by transitivity, of Bertrand Russell’s
theory of types [Rus08].

This section is aimed at a mathematician with a classical mathematical training—that is, first-order
logic and ZFC set theory (Zermelo—Fraenkel set theory with the axiom of choice). It intended to
be a (very) informal exposition of what dependent type theory is, together with a brief survey of
some existing accounts of the semantics of type theory. We will emphasise the similarities and
differences between dependent type theory and classical foundations.

Useful references on the syntax and semantics of dependent type theory include [Hof97] and
[Jac99].

Types and terms

The basic objects of dependent type theory are types and terms. This is in contrast to classical
foundations, where all objects are sets. We write a : A to mean that the term a has type A. We
assume that each term has a unique type—although this assumption is not universally accepted
by type theorists, we will need it in order for our notion of ‘model’ (Definition 2.1.1) to be well-
defined.

In some settings, it is helpful for the purpose of intuition to think about a type as being a set,
with terms of the type being the elements of the set. In some other settings, it is helpful to think
about a type as being a proposition, with the terms of the type being the proofs of the proposition.
We will keep this apparent duality between types-as-sets and types-as-propositions, known as the
Curry—Howard correspondence, in mind.

To illustrate, let A and B be types. We can form their product A x B, whose canonical terms are
pairs (a,b), where a : A and b : B. Under the types-as-sets interpretation, we think of A x B as the
cartesian product of A and B, whose terms we think of as ‘ordered pairs of elements’. Under the
types-as-propositions interpretation, we would think of A x B as the conjunction of A and B, whose
terms we think of as ‘concatenations of proofs’: indeed, what is a proof of ‘A and B’ if not a proof
of A followed by a proof of B?

This highlights a key difference between classical foundations and dependent type theory. In clas-
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Section 1.1. Dependent type theory 7

sical foundations, we build the theory of sets as a layer on top of first-order logic—the propositions
we prove are not themselves the objects of the theory. In dependent type theory, there are just
terms and types; we reason about types by constructing terms of new types, which we think about
as proofs of propositions. This has the knock-on effect that when we change our theory (say, by
adding an axiom), we are also changing the logical system we are working in.

Type dependency, contexts and substitutions

What sets dependent type theory apart from its predecessors is that a type may depend on variable
terms of other types. For instance, we might consider the type Vec,(R) of n-dimensional vectors
of real numbers, where 7 is a variable of type N. A list of typed variables that a type may depend
on is called a context, which is a (possibly empty) list of the form

X1 2A1, X2 2A2(X1), ey Xp :An(xl,...,xn,l)

where the parentheses denote the variables the type depends on. We will usually denote contexts by
upper-case Greek letters I';A,0, ..., and we will denote the assertion that A is a type in a context
I' by writing I' - A, or I' - A(X) if we want to make the variables explicit.

Under the types-as-sets interpretation, a type-in-context x : A - B(x) is interpreted as an A-indexed
family of sets (B(x) | x € A), or equivalently as a map B — A, where the ‘set’ B(x) corresponds with
the preimage of x € A. Under the types-as-propositions interpretation, a type-in-context x : A - B(x)
is interpreted as a proposition B(x) depending on a variable term x : A, which in turn might be
thought of as a hypothesis (together with its proof), or as a variable element of a set.

If A is a type in a context I', we can form the context extension of I' by a variable x of type
A, denoted I', x : A; moreover, all contexts can be generated from the empty context by context
extension. A type - A in the empty context is called a basic type; for example, N is a basic type.

If I' - A is a type-in-context, we denote by I - a : A the assertion that a is a term of type A in the
presence of the variables I". For example, whenever I F A, it is always the case that I, x: A x: A.
We may also assert (definitional) equality of types or of terms, but again relative to a context. Thus
I' - A = B asserts that the types-in-context I' - A and I' - B are equal; and I' - a = d’ : A asserts
that the typed terms-in-context I' -a: A and I' - d’ : A are equal. Expressions to the right of the -
symbol are called judgements.

Given contexts I' = xj : Ay,..., X%, : Ap(x1,.. ., xp—1) and A = y1 : By, ..o,V - BV, Ym—1), @
substitution from A into I' is a list of terms

AFt Ay, A}_tzlAz(t]), Al_anAn(ll,lz,...,l‘nfl)

where A;(t1,...,t;—1) denotes the type obtained by replacing the free variables xi,...,x;_; in A; by
the terms ¢1,...,#,_1, respectively.
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The contexts and substitutions (quotiented by provable equality between types and terms) of de-
pendent type theory form a category, called the category of contexts of the type theory. Given a
substitution ¢ from A to I', write A - A[o] for the result of substituting the variables of I in a type
I' F A according to o, and write A - a[o] : A[o] for the result of substituting the variables of I in
aterm I a: A according to ©.

Specifying a type

In ZFC set theory, a set is determined by its elements—this is the content of the axiom of extension-
ality, which says that two sets with the same elements are equal. In dependent type theory, on the
other hand, types are defined according to rules which describe how they interact with other types.
In practice, these rules come in four kinds: formation rules, introduction rules, elimination rules
and computation rules.

e Formation rules tell us how to build the new type out of old types;
o [ntroduction rules tell us how to use terms of the old types to obtain terms of the new type;
e FElimination rules tell us how to use the terms of the new type to obtain terms of old types;

o Computation rules tell us how the terms constructed from the introduction and elimination
rules interact.

These rules are typically specified relative to an arbitrary context I".

The computation rules are further broken down into f-reduction rules, which tell us what happens
when we apply an elimination rule after an introduction rule and 1-expansion rules, which tell
us what happens when we apply an introduction rule after an elimination rule. The f-reduction
and 1-expansion rules can be thought of as the ‘existence’ and ‘uniqueness’ parts, respectively, of
universal properties satisfied by the types.

To illustrate, we now proceed by specifying the rules defining the unit type, dependent sum types
and dependent product types; these will be of importance to us throughout the thesis.

1.1.1 Definition — Unit types
Define the unit type to be the dependent type 1 defined according to the following rules.

(1-F) '+ 1;
(1-I) I'F%:1;

(I-n) UI'Fx:1,thenI'x=%:1.



Section 1.1. Dependent type theory 9

Rule (1-F) says that 1 is a type in any context; rule (1-I) says that there is a term x of type 1 in
any context; and rule (1-1) says that  is the unique term of type 1 in any context. There are no
elimination or -reduction rules for the unit type.

Under the types-as-sets interpretation, we think of the unit type as being a singleton set, whose
unique element is x. The 1-expansion rule is what gives us uniqueness of the ‘element’ of 1.

Under the types-as-propositions interpretation, we think of the unit type as being the ‘true’ propos-
ition T. The m-expansion rule tells us that there is a unique proof of T, which implies that that
specifying a proof of a proposition A is equivalent to specifying a proof of T — A.

1.1.2 Definition — Dependent sum types
The dependent sum type constructor X is defined according to the following rules.

(X-F) fI'tAandI',x:AF B(x),then I' - Y B(x);
x:A

(X-I) fI'+a:Aand I' +-b:B(a), then I - (a,b) : ¥ B(x);
x:A

(Z-E-1) fI'p: Y B(x), then I -fst(p): A
XA
(X-E-r) IfI'Fp: ¥ B(x), then I' snd(p) : B(fst(p));

(X-B-1) fI'+a:AandI'+b: B(a), then I' - fst({a,b)) = a:A;
(X-B-r) fI'+a:Aand '+ b:B(a), then I +snd({a,b)) =b: B(a);

X-n) KT'Ep: Y B(x),then ' - p = (fst(p),snd(p)) : ¥ B(x).
X: XA

Under the types-as-sets interpretation, we think of the dependent sum type Z B(x) as the disjoint

union of the A-indexed family of sets (B(x) | x € A), with the element (a,b) bemg thought of as the
element b in the component of the disjoint union given by the index a.

Under the types-as-propositions interpretation, we think of the dependent sum type ): B(x) as the

existentially quantified formula 3x : A, B(x), with the proof (a, b) being thought of as a speuﬁcatlon
of a witness a : A together with the proof of B(a).

1.1.3 Definition — Dependent product types
The dependent product type constructor I is defined according to the following rules.

(II-F) fI'+a:Aand I',x: A B(x), then I" - [] B(x);
XA

(ITI-1) fI'ta:Aand I',x:AF b(x) : B(x), then I" - A.ab(x) : [] B(x);
XA
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(II-E) fI'F f: [IB(x) and ' Fa: A, then I' - app(f,a) : B(a);
XA

(II-B) fI'ta:Aand I',x: A b(x) : B(x), then I' F app(Ay.ab(x),a) = b(a) : B(a);
(II-n) BT f:[1B(x), then I' - f = Acaapp(f,x) : [1B(x).
XA XA

Under the types-as-sets interpretation, we think of the dependent product type HB( ) as the set

of choice functions for the A indexed family of sets (B(x) | x € A); that is, we thll‘lk of a term
f:TIB(x) as a function f : A — (J,eq B(x) such that app(f,a) (= f(a)) € B(a) for each a € A.
x:A

Under the types-as-propositions interpretation, we think of the dependent product type HB( ) as
the universally quantified formula Vx : A, B(x). A proof f : [] B(x) is then a family app( f ,X) : B(x)
XA

of proofs parametrised by x : A.

Proof relevance

Under the types-as-propositions interpretation, the only way we can assert that a proposition is
‘true; is by exhibiting a term of the corresponding type. Whereas in first-order logic we can say
something like ‘N is uncountable’, in type theory we would need to first construct a type A asserting
(under the types-as-propositions interpretation) that N is uncountable, and then exhibit a proof
term, that is a term - a : A. This aspect of dependent type theory is known as proof relevance,
meaning that there is that there is no way to assert the truth of a proposition without also providing
a proof—in particular, any proof of an existential statement must provide a witness. This reflects
the computational and constructive character of dependent type theory.

Categorical semantics

We now briefly survey some of the existing notions of categorical model of dependent type theory.

The first notion is that of a contextual category, introduced by John Cartmell in his doctoral thesis
[Car78] and later studied by Vladimir Voevodsky under the name C-systems [Voel6].

1.1.4 Definition — Contextual categories [Car78, Car86]
A contextual category consists of:

e A small category C with a terminal object ¢;

e A tree structure on the objects of C with root o—write I" <A to denote the assertion that I is
the parent of A in the tree;

10



Section 1.1. Dependent type theory 11

e ForeachI',A € ob(C) such that I" <A, a morphism p, : A — I" in C and, foreachc: A —» I
in C, an object A[o] with A <A[c] and a morphism ¢.A : A[o] — A in C;

such that

(i) The following square commutes and is a pullback;

A [G] o

— A
A—————T
(i) Afidr] = A;

(iii) A[oo1] =A[o][1] foreach® 5 A % I'; and

(iv) (607).A=(0.A)o(1.Al0]) foreach® 5 A 5T

In Vladimir Voevodsky’s C-systems approach, the tree structure on ob(C) is replaced by a grading
(ob(C),)nen of the objects of C, together with functions ob(C),.+; — ob(C),, for each n € N.

1.1.5. Contextual categories are very close to the syntax of dependent type theory, in the following
sense. Viewing C as the category of contexts and substitutions of a dependent type theory T, the
tree structure on ob(C) gives, for each I" € ob(C), a unique factorisation:

! P4 Pa,_y P4 Pa
r Lo = Ay =5 A — - A Do

Viewing morphisms A — I" as dependent types I" |- A, this tells us that every object I" of C is built
in a finite way from the empty context ¢ by context extension. The terms I I a : A are then given by
sections of p,. Conditions (i)—(iv) then say that substitution respects typing and respects identity
and composition strictly.

Another notion of categorical model introduced by John Cartmell in his thesis is that of categories
with attributes, although presentation we use is due to Andrew Pitts [PitO1].

1.1.6 Definition — Categories with attributes [Car78, Pit01]
A category with attributes consists of:

e A small category C with a terminal object ¢;

e For each object I' of C, a set Ty(I');
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e ForeachI € ob(C)andeachA € Ty(I"), an object I".A of C and a morphism p, : I".A — I
in C and, for each 6 : A — I' in C, a function (—)[c] : Ty(I"') — Ty(A) and a morphism
c.A:A.Alc]| =T .A;

such that

(i) The following square commutes and is a pullback;

AAlo] —=4 5 T.A

Al
PA[G]J( ‘PA
A r

(iii) A[oo1] =A[o][1] foreach ® 5 A % I'; and

-
[e)

(i) Afidr] = A;

(iv) (607).A=(0.A)o(1.Al0]) foreach® 5 A 5T

1.1.7. We view the elements of Ty(I") as depedent types in context I"; then the object I". A repres-
ents the result of extending the context I by the type A. Note that every contextual category has
the structure of a category with attributes: given I" € ob(C), take Ty(I") = {A € ob(C) | I' <A},
and then define I".A = A. The removal of the tree structure on the objects of C implies that there
may be objects that are not obtained from the terminal object ¢ by context extension. As such,
categories with attributes are further removed from the syntax of dependent type theory. As with
contextual categories, terms are interpreted as sections of maps of the form p, : I".A —T".

The notion of a category with families was introduced by Peter Dybjer in [Dyb96].

1.1.8. Denote by Fam the category of families of (small) sets. An object of Fam is a pair (1, (A;);c;)
consisting of a set / and an /-indexed family of sets (A;);c;, and a morphism from (7, (A;)ier) to
(J,(Bj)jes) is a pair (f,(gi)icr) consisting of a function f : 7 — J and an I-indexed family of
functions (g,' A — Bf(i))je].

1.1.9 Definition — Categories with families [Dyb96]
A category with families is a category C with a distinguished terminal object o, together with the
following data:

e A functor 7 : C® — Fam—we write T(I") = (Ty(I"), Tm(I",A)sc1y(ry) and denote by
Alo] € Ty(A) and a[o] € Tm(A,A[o]) the result of applying T(o : A — I') to an element
A€ Ty(I') and a € Tm(I",A), respectively;

12



Section 1.1. Dependent type theory 13

e For each I' € ob(C) and each A € Ty(I"), an object I".A of C, a morphism p, : I"+A — I" of
C and an element q, € Ty(I"+A,A[p,]);

such that, given any object A of C, morphism ¢ : A — I and element a € Tm(A,A[o]), there is a
unique morphism (0,a) : A — I".A such that 0 = p, 0 (0,a) and a = q,[(0,a)].

1.1.10. As the notation suggests, in a category with families we view the elements of Ty(I") as
dependent types I" - A, and the elements of Tm(I",A) asterms ' - a : A.

The final notion of categorical model that we introduce is that of a universe category, introduced
by Vladimir Voevodsky [Voel5].

1.1.11 Definition — Universe categories [Voel5]
A universe category consists of:

e A small category C with a terminal object o;
e A morphism p: U — U in C; and

e A universe structure on p—that is, an assignment to each I" € ob(C) and each A: I - U
an object I' . A and morphisms pg :I'A—1T and qg :I'vA—=U,;

such that for each I' € ob(C) and each A : I — U, the following square is a pullback.

FA—>U
r U

1.1.12. In [Voel5], Vladimir Voevodsky describes how to obtain a C-system from a universe cat-
egory. As suggested by the notation, we view morphisms A : I" — U as dependent types I".A. The
pullback condition tells us that morphisms a : I" — U such that poa = A correspond with sections
of pg , which we can thus think about as terms I - a : A, as we did for contextual categories and
categories with attributes.

—

The approach we will use is that of natural models [Awo16], which bear similarities with both
categories with families and universe categories—they will be defined in Section 2.1 and explored
in depth in this thesis.
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Section 1.2
Polynomials in locally cartesian closed categories

1.2.1 Definition — Locally cartesian closed categories
A locally cartesian closed category is a category & with a terminal object 1 and with all slices
& /4 cartesian closed.

1.2.2. Locally cartesian closed categories & are characterised by the fact that every morphism
f: B — A induces a triple of adjoint functors

where X is given by postcomposition with f and Ay is given by pullback along f. Since we have
adopted the convention that locally cartesian closed categories have a terminal object, it follows
that they are cartesian closed and have all finite limits. We emphasise that locally cartesian closed
categories are categories with additional structure. In particular, given an object (X,x) of & /4, the
functor Ay : & /4 — & /p gives a choice of pullback A¢(x) : As(X) — Bof x: X — A along f.

1.2.3 Example

Examples of locally cartesian closed categories include the category Set of sets, the category C=
Set®” of presheaves on a small category C, and more generally, any topos. The category Cat of
categories is not locally cartesian closed, even though it is cartesian closed.

1.2.4. Every locally cartesian closed category & has an internal language [See84], which provides
a convenient synfactic way of reasoning about the objects and morphisms of &. When reas-
oning internally, we will view an object (X,x: X — A) of & /4 as an A-indexed family of ob-
jects (X, |a € A), and a morphism (X,x) — (¥,y) in & /4 as an A-indexed family of morphisms
(X, —Y,|a€A). Given a morphism f : B— A of &, the action on objects of the functors L, A¢
and ITy can be described by

(Y| beB)= ( Y X aEA)
beB,
Af(Xa‘GEA): (Xf(b) ‘bEB)

Hf(Yb|b€B): (HY[, aGA)

beB,

14
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Note that when & = Set we really can identify an object (X,x) of Set/4 as an A-indexed family
(X, | a € A) by defining X, = x~![{a}] for each a € A. The sum and product operations are realised
in this case as the disjoint union and dependent product, respectively.

1.2.5 Theorem — Beck-Chevalley condition

Let f,g,u,v be morphisms in a locally cartesian closed category & fitting into the following pull-
back square.

8

e by

v
|
u

AU

There are natural isomorphisms A,X, = X, A¢ and A I, = I1,A;. ]
1.2.6 Theorem — Distributivity law [Web15]

LetC % B Iy A be morphisms in a locally cartesian closed category &. Construct the following
commutative diagram, in which v = IT;(u) is the dependent product of u along f, w = Ay(v) is the
pullback of v along f, and e is the component at 4 of the counit of the adjunction Ay = 11y.

p—1 D
‘ _
¢ w v
C - B 7 A
There is a natural isomorphism IT/X, = X,/IT/A,. ]

1.2.7. In the internal language of &, the Beck—Chevalley conditions say, parametrically in d € D,
that
Y Xe= ) Xy and  JT Xe= [T Xro)
aEAg(d) beB, aGAg(d) beB,
and the distributivity law says, parametrically in a € A, that

[MYx=Y [[Xpn= L %o

beB, ceCy deD, pEPy me [] C, bEB,
beBy

For this reason, the distributivity law is sometimes referred to as the (type theoretic) axiom of
choice. This is slightly misleading, since although it resembles the axiom of choice, it is a theorem
rather than an axiom.

15
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Polynomials and polynomial functors

1.2.8 Definition — Polynomials [GK13]

A polynomial F = (s, f,¢) in a locally cartesian closed category & is a diagram of the form
1&<Bhalsy

We say that F is a ‘polynomial from / to J° and write F : I < B i> AL orjust F:I—+J.

1.2.9. Polynomials generalise morphisms (by taking / =J = 1) and spans (by taking B=A and f =
id4). Since most of our attention will be focused on polynomials from 1 to 1, we will brazenly blur

the distinction between morphisms f : B — A and polynomials 1 &g i) AN Beware, though,
that composition of polynomials (see Definition 1.2.13) differs from composition of morphisms of

&.

1.2.10 Definition — Polynomial functors [GK13]

The extension of a polynomial F : I < B i> AL Jina locally cartesian closed category & is the
functor Pr = L,I1/A, : &/ — & /;. Internally, we can define Pr by

PF(X,-|i€I):<Z I X% jeJ)

acA j beB,
A polynomial functor is a functor that is naturally isomorphic to the extension of a polynomial.

When f: B— A is amorphism of &, we obtain an endofunctor Py =Py, ¢\ : E=E /1 = E/1 =&,
and this endofunctor is described in the internal language of & quite simply as

Py(X) =Y xP

acA

This explains the use of the term polynomial.

We recall the following technical lemma from [Awo16]; it will be useful for us later on.

1.2.11 Lemma — See [Awo16, Lemma 5]

Let f : B— A be a morphism in a locally cartesian closed category &. There is a natural (in X and

in Y) correspondence between morphisms g: ¥ — P;(X) = ¥, X%« and pairs (g1,g2) of morphisms
acA

with g :Y —Aand g2 : A, (B) = X.

X+ A, (B — B
|

A, (f) f

Y —— A

81

16
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The following lemma of a similar flavour will also be useful.

1.2.12 Lemma
Let f: B— A be a morphism in a locally cartesian closed category &. There is a natural corres-

pondence between morphisms
g:Y—=3 Y Y Bup

ac€A meABa beB,

and quadruples (g1, g2, 23,84) of morphisms, with

g Y —>Aind;

® 2: A, (B) »Ain &

e 23:(Y,g1) = (B, f) in & /4; and

e 24:(Ag (B),g2) = (B,f)in & /a.
Sketch of proof. The is a direct translation of argument on [Awo16, pp. 18-19] into the more gen-
eral setting of an arbitrary locally cartesian closed category. O

1.2.13 Definition — Composition of polynomials [GK13]
The polynomial composite of polynomials F : [ <~ B i> ALy and G:J&EDSC L Kina

son

locally cartesian closed category & is the polynomial G- F : [ <— N L2, M Y K indicated in the
following diagram, which is constructed as follows: first take the pullback (1); then form (2) from

H D % Casin Theorem 1.2.6; and finally take the pullback (3) of ko e along f.
» L
‘ _I
e
1
H
/ v \

17
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1.2.14. We will make use of the following explicit descriptions of the objects H,L,M,N in the
internal language of &.

e H=} Aya);
deD

o M=13 [Tl Auay
ceC deD,

e N= )} Y Byu:
(c,m)eM deD.

The morphisms e, i, k,n, p,q,w are then the appropriate projection morphisms.

1.2.15 Theorem — Extension preserves composition [GK13]

Let F: 1< B i> AL JandG:JEDECL K be polynomials in a locally cartesian closed
category &. Then Pg.r = P o Pr, where - represents polynomial composition and o represents the
usual composition of functors.

Proof. With notation as in Definition 1.2.13, we proceed by calculation.

PgoPp =X, IL,A, X 17 A by Definition 1.2.10
= Y I XA TT A by Beck—Chevalley (Theorem 1.2.5)
= X X I AA T A by distributivity (Theorem 1.2.6)
= Y I Ao I A by functoriality
=21, I ITL,A A by Beck—Chevalley
= YyowlljopAson by functoriality
= Psr by Definitions 1.2.10 and 1.2.13

Each of these isomorphisms is natural and strong. O

1.2.16 Definition

LetF: 1< B A L>JandG:I&DgCﬁJbepolynomials from I to J in &. A morphism of
polynomials ¢ from F to G consists of an object D, of & and a triple (¢o, @1, ¢>) of morphisms in
& fitting into a commutative diagram of the following form, in which the lower square is a pullback:

18
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I Dy

b1

RN
-/

We write @ : F = G to denote the assertion that ¢ is a morphism of polynomials from F to G.

_
J
—

Q<—D>

D

Each morphism ¢ : F => G of polynomials induces a strong!® natural transformation Pr = Pg,
which we shall by abuse of notation also call @, whose component at X = (Xi | i € I) can be
expressed in the internal language of & by
)it Y [1%e = Y T1 X (0)(a.t) = (@o(a).t- (92)a- (@1);")
a€A;beB, ceCjdeD,

1.2.17 Definition
A morphism ¢ : F = G is cartesian if ¢, is invertible.

As the name suggests, if ¢ : F' = G is a cartesian morphism, then the induced strong natural
transformation Pr = P is cartesian.

1.2.18. Every cartesian morphism of polynomials has a unique representation as a commutative
diagram of the following form.

/
\

\
(1.2.1)
Indeed, if (@, @1, @) is cartesian, replacing @; in the above diagram by @; o @5 !yields the desired

diagram. Conversely, if (¢o, ¢;) are as in the above diagram, then (@, @1, ¢}) is a cartesian morph-
ism of polynomials, where @] : Ay D — D is the chosen pullback of ¢ along g and ¢ : Ay, D — B

b<—bu
Q<—D>

—

[4/Every polynomial functor has a natural strength, and the natural candidate for morphisms between polynomial functors
are those natural transformations which are comptable with the strength. See [GK13] for more on this.

19
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is the canonical isomorphism induced by the universal property of pullbacks, as illustrated in the

following:
B A t
e ﬂ H ~
I 1 ? J = Ag, D — A J (1.22)
\D i / \ /

Note that, in general, for each diagram of the form (1.2.1), there are possibly many cartesian
morphisms inducing it. Conversely, there are many potential ways of turning a diagram of the
form (1.2.1) into a cartesian morphism. Another possibility would be to take the induced cartesian
morphism to be (¢g, ¢1,idg). Theorem 3.2.12 below implies that these are essentially equivalent.

T

8

In particular, when I = J = 1, we can regard pullback squares as cartesian morphisms in a canonical
way.

We are now ready to assemble polynomials into a bicategory (and polynomial functors into a 2-
category). In fact, as proved in [GK13], more is true:

1.2.19 Theorem

Let & be a locally cartesian closed category.

(a) There is a bicategory Poly whose 0-cells are the objects of &, whose 1-cells are polynomials
in &, and whose 2-cells are morphisms of polynomials.

(b) There is a 2-category PolyFun, whose 0O-cells are the slices &' /; of &, whose 1-cells are
polynomial functors, and whose 2-cells are strong natural transformations.

(c) Extension defines a biequivalence Ext : Poly . — PolyFun.

(d) Parts (a)—(c) hold true if we restrict the 1-cells to cartesian morphisms of polynomials in
Poly . and cartesian strong natural transformations in PolyFun; thus there is a bicategory
Poly$"™ and a 2-category PolyFun$", which are biequivalent.

We finish this section with the following technical lemma, which will simplify matters for us greatly
down the road as it allows us in most instances to prove results about polynomials in the case when
I=J=1.

1.2.20 Theorem
For fixed objects I and J of a locally cartesian closed category &', there are full and faithful functors

S:Polys(1,J) = Polys, (1,1) and S :Polyg"(1,J) — Polyg] (1,1)

20
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Proof sketch. Given a polynomial F : I < B ENEN J, define S(F) = (s,f) :B—1xAoverl xJ
(considered as a polynomial 1 = 1 in & /1) as in

(s.f)

B IxA

idy xt

IxJ

Given a morphism of polynomials ¢ : F = G, as in

B—m—»
S
(%)
I Dy ——— A
|
P1
D—>C

define S(¢) = (id; X @9, @1,¢2) : S(F) = S(G), as in the following diagram, where we consider E
as an object over I x J via (so@y,tofo@) : E —1xJ.

B%IXA

¢

Dy ——— IxA
.|

(0]} id[X(P()

It is easy to see that id; X ¢p, ¢ and ¢, are morphisms over / X J and that the lower square of
the above diagram truly is cartesian, so that S(¢) is a morphism in Poly,,  (1,1). Verifying

functoriality, fullness and faithfulness of S is elementary but tedious.

21
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That S restricts to a full and faithful functor S : Poly2"(1,J) — Poly?;;xj(l, 1) is immediate,

since S(¢) is cartesian if and only if ¢, is invertible, which holds if and only if ¢ is cartesian. [

22
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Section 1.3
Presheaves and representability

This section lays out the basic definitions and results concerning presheaves and representability
which we will use, normally without citation, in the rest of the thesis. Most of the results in this
section can be found in the standard references for category theory, such as [Mac71], [Joh02] and
[Awo10]. They are recalled here because of their fundamental importance to the work to follow.

1.3.1 Definition — Presheaves
A presheaf on a small category C is a functor P : C°P — Set. The category of all presheaves on C
and natural transformations between them is denoted by C.

Given an object A € ob(C), an element x € P(A) and a morphism f : B — A, we will write x[f]
rather than P(f)(x) when P is understood from context. Note that the rules for P being a functor

say precisely that x[ids] = x and x[f][g] = x[f o g] for all C %> B JyAandall x € P(A), so that we
might think of a presheaf P as defining a right action of the morphisms of C on an ob(C)-indexed
family of sets.

1.3.2 Definition — Yoneda embedding R
The Yoneda embedding is the functor y : C — C defined on objects by y(A) = C(—,A).

1.3.3 Definition — Representable presheaves
Let C be a small category. A presheaf X : C°P — Set is representable if X = y(A) for some
A € ob(C). The object A is called a representing object for X.

1.3.4 Theorem — Yoneda lemma
Let C be a small category. For each presheaf P over C and each object A of C, there is a bijection
C(y(A),P) = P(A). Moreover this bijection is natural in both A and P.

In light of the Yoneda lemma, we will brazenly and unapologetically identify elements x € P(A)
with natural transformations x : y(A) — P, and we may even use phrases such as ‘the element
x:y(A) — P’. A consequence of the Yoneda lemma is that the Yoneda embedding is full and
faithful.

1.3.5 Definition — Category of elements

The category of elements of a presheaf P is the category [ P = [P, whose objects are pairs (C,x)
with C € ob(C) and x € P(C), and whose morphisms f : (C,x) — (D,y) are morphisms f : C — D
in C such that y[f] = x.

Elementary computations reveal that [-~y(A) =2 C/4 for all A € ob(C), and that C /p= f‘c? for all
P : C° —s Set. Combining these results, we see that C /4 = C /y(a) for each A € ob(C).

23
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Note that there is an evident forgetful functor 7 : [P — C.

1.3.6 Theorem — Every presheaf is the colimit of representables
Let C be a small category and let P be a presheaf over C. Then P is a colimit of the functor

/P&C%@
C

In particular, it is a colimit in C of presheaves of the form y(I") for I" € ob(C).

1.3.7 Theorem
Let C and D be small categories. Each functor F' : C — I induces an adjoint triple

where F* is given by precomposition by F. The functors F; and F, are the left Kan extension and
right Kan extension operations along F, respectively. Explicitly, the functors F, and F, can be
computed as follows.

F,(X)(D) = D(y(D),F.(X)) = C(F*y(D),X) = C(D(F(-),y(D)),X)
R(X)= lim y(FA)
(Ax)efX

In particular, we may choose the values of F; such that it commutes with the Yoneda embedding
Foy=yoF:C—D.

1.3.8 Lemma — Adjoint functors lift
Given a pair of functors R: C — D and L: D — C. If L 4R, then L* 4 R* and, therefore, R) = L*.

o~ L* o~

GRS

G

yi iy

J L J

ci b
R

Sketch of proof. Let 1 :idp = RL and € : LR = idc be the unit and counit, respectively, of the
adjunction L 4 R. Define ¢ :idz = R*L" = (LR)" by letting (0p)c = P(&c) : P(C) — P(LR(C)) for

24
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all P: C — Set and all C € ob(C), and define 7 : L*R* = (RL)* = idg by letting (7g)p = Q("p) :
QO(RL(D)) — Q(D) for all Q : D°? — Set and all D € ob(DD). Verifying that o, 7 are well-defined
natural transformations forming the unit and counit, respectively, of the adjunction L* 4 R*, is
elementary. That L* = R, follows from uniqueness of left adjoints up to natural isomorphism. [

We conclude this section with the definition of a representable natural transformation, which is the
fundamental component of a natural model Definition 2.1.1, the main object of study in this thesis.

1.3.9 Definition — Representable natural transformation

Let C be a small category and let X and Y be presheaves over C. A natural transformation f:Y — X
is representable if all of its fibres are representable, in the sense that for each A € ob(C) and each
x € X(A), there exists B € ob(C), g: B— A in C and y € Y(B) such that the following square is a
pullback.

y(B) ————

Y
y(g) lf
X

yA) ————

The definition of a representable natural transformation can be found in [Stal8, Tag 0023] and has
been attributed to Alexander Grothendieck [Awo16].
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Section 2.1
Natural models

It was observed independently by Steve Awodey [Awo12, Awo16] and Marcelo Fiore [Fiol2] that
the notion of a representable natural transformation (Definition 1.3.9) captures the type theoretic
rules for context extension. We might, therefore, be tempted to take representable natural trans-
formations as our notion of model of dependent type theory and leave it at that. However, we would
like to provide an essentially algebraic account of the semantics of type theory (Section 2.2)—
Definition 1.3.9 does not quite do this because it posits mere existence, rather than a choice, of data
witnessing representability of the natural transformation.

2.1.1 Definition — Natural models [Awo16]

A natural model is a small category C with a distinguished terminal object o, presheaves  and
% over C, a natural transformation p : % — % and, for each I' € ob(%) and A € % (I'), the
following representability data: an object I" . A of ¢, a morphism p, =p} : I'.A — I in ¢, and
an element q, = q£ cew (I".A), such that the following square is a pullback for all such I" and A:

y([A) — 3 7
y(P4) P
yI) ———— %

2.1.2. As explained in detail in [Awo16], we can informally view a natural model as a model of
dependent type theory in the following way. The category C represents the category of contexts
and substitutions, with the terminal object ¢ representing the empty context. For each object I, the
set % (I') represents the set of types in context I", and the set w (I') represents the set of terms
in context I", with the function pr : w (I') — % (I') sending a term to its unique type. (This is
where we used the uniqueness of typing, as discussed in Section 1.1.) The action of % and U
on morphisms is that of substitution. Naturality of p says that substitution represents typing, in
the sense that if ' -a: A and 6 : A — I' is a substitution, then A I a[o] : A[o]. The object I".A
represents the extension of a context I" by a new variable x : A; then p, : I'.A — A represents
the weakening substitution and q, € w (I".A) represents the new variable x. Finally, the universal
property of the pullback says that I".A truly does satisfy the syntactic rules for context extension.

2.1.3. Under the axiom of choice, every representable natural transformation gives rise to a natural
model. Moreover, since representability is defined by a pullback condition, given any I" € ob(C)
and A € % (I"), the representability data (I"+A,p,,q,) are unique up to canonical isomorphism,

in the sense that for any other choice (I".A,p,,q,) of representability data, there is a unique iso-
morphism 6 : I'+A — I".A such that p, 00 =p, and q,[6] = q,.
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2.1.4. We will adopt the following notation conventions:

e tr is the unique morphism I" — ¢ in C;
e In the internal language of C, write [A] = %, for the fibre of poverAc Y,

e Given an object I' of C and an element A € % (I"), write % (I';A) for the preimage of
pr: % (I') — % (I') over A—we may, further, say ‘I' - A in (C, p)’ to mean that A € % (I'),
and ‘I'Fa:Ain (C,p) tomeanthata € % (I';A);

e Given a morphism ¢ : A — I" in C, an element A € %/ (I") and an element a € %.(A,A[G]),
write (0,a)4 for the unique morphism A — I". A induced by the universal property of pull-
backs;

e For cach a € % (I";A), write s(a) = (idr,a) : ' — I" . A—note that p, os(a) = idr, so that
s(a) is a section of p,.

2.1.5. In order to avoid writing a long list of symbols each time we refer to a natural model, we will
typically write just (C, p), leaving the naming of the remaining data implicit. We will adopt the
convention that when we write (C, p), the additional data is named as in Definition 2.1.1 and, when
we write (D, g), the chosen terminal object of D is denoted by *, that ¢ : ¥ — ¥ in D, and that
the representablhty data for a given I" € ob( Jand A € ¥(I') is denoted by I' 0 A, u, : I'cA — T
andv, € V(T (I'). Furthermore, internally to D, write (A) = ¥ rather than [A] for the fibre of ¢ over
Ac.

2.1.6 Construction — Canonical pullback squares
Let (C, p) be a natural model. Forall6: A — I"in C and all A € % (I"), there is a pullback square

PAlo)

B >
Sy

Pullback squares of this form are called canonical pullback squares.

Verification. Construct the following diagram using representability data for (C, p).

29
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Y4(o]
R\ I — > y(T.A) a %
‘ M|
Y(Pago)) y(p4) p
!
y(4) y(o) — y(I') A w

Alo]

The right and outer squares are pullbacks by representability of p. The universal property of the
right-hand pullback yields a morphism y(A .A[o]) — y(I".A) as indicated, which is of the form
y(o.A) for some 6.A: A.A[c] — I".A in C since the Yoneda embedding is full and faithful. The
left-hand square is a pullback by the two pullbacks lemma, and hence the square in the statement
of this construction is a pullback since the Yoneda embedding reflects limits. O

2.1.7 Lemma
Let (C,p) be a natural model, let @ - A % I" in C and let A € % (I'). With notation as in
Construction 2.1.6, we have

(cot).A=(0.A)o(1.A[0]) :@.Alcot] > T.A
Proof. This is an immediate consequence of the two pullbacks lemma. O

Lemma 2.1.7 demonstrates that, in a way that mirrors that of Vladimir Voevodsky’s ‘universes’
[Voe09], natural models overcome the coherence problem for interpreting type theory in a locally
cartesian closed category.

Admitting type theoretic structure

The proofs of Theorems 2.1.8 to 2.1.10 can be found in [Awo16].

2.1.8 Theorem — Admitting a unit type [Awo16]
A natural model (C, p) admits a unit type if and only if there are morphisms

1:1—>% and il w
in C exhibiting id; : 1 — 1 as a pullback of p.
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| —F— %
|

ITOZ/

2.1.9 Theorem — Admitting dependent sum types [Awo16]
A natural model (C, p) admits dependent sum types if and only if there are morphisms

f:Z%W—WZ/ and @:Z Y Z[B(a)]—>%.
AU 4]

AU B: A a:|A

in C exhibiting the projection: ¥ ¥ ¥ [B(a)] = ¥ %" as a pullback of p.

AU B:7/ A a:[A] AU
L L Y[Bla) ———%
AU B:/ A a:[A]
_
b hp
y Al _ Y
AU x

Moreover the map 7 is precisely the polynomial composite p - p.

2.1.10 Theorem — Admitting dependent product types [Awo16]
A natural model (C, p) admits dependent product types if and only if there are morphisms

I/_\I:Z%[A]%% and E:Z%.[A]%%.
AU AU

in C exhibiting ¥ pi as a pullback of p.
AU

I 2
AU
J
L pH P
AU

Yy v ——
AU I
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Moreover the map Y % is precisely the morphism P,(p) obtained by applying the extension
Ac¥
P, of p to pitself.

Recall (Paragraph 1.2.18) that in a locally cartesian closed category (such as @), pullback squares
correspond with cartesian morphisms of polynomials. Therefore we can succinctly rephrase The-
orems 2.1.8 to 2.1.10 in terms of cartesian morphisms of polynomials.

2.1.11 Corollary
Let (C, p) be a natural model.

(a) (C,p) admits a unit type if and only if there is a cartesian morphism 7 : iy => p in Polyz;

(b) (C, p) admits dependent sum types if and only if there is a cartesian morphism i : p-p = p
in Polyz;

(c) (C,p) admits dependent product types if and only if there is a cartesian morphism & :
Py(p) => p in Polyg;

Our notation is deliberately suggestive of a monad and an algebra; exploring this topic further is
the subject of Section 3.2.
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Section 2.2
The essentially algebraic theory of natural models

A (single-sorted) algebraic theory is one which is specified by operation symbols o with arities,
which are natural numbers, subject to conditions which can be expressed as (universally quantified)
equations. For example, the theory of groups has an operation unit of arity 0, an operation inv
of arity 1, and a binary operation mult of arity 2, subject to equations describing associativity,
inverse and unit laws. A model 91 of an algebraic theory is then a set M together with functions
6™ : M*9) — M for each symbol ¢ whose arity is a/(c), such that the functions 6™ satisfy the
specified equations; thus a model of the theory of groups is a group.

More generally, given a set S of sorts, an S-sorted algebraic theory is again specified by oper-
ation symbols subject to equations, but now the arities of the operation symbols are sequences
of elements of S. A symbol ¢ whose arity is (sj,...,s,,s) (which we suggestively write as
§1 X --- X 8, — §) can be thought of as an n-ary operation, whose i" input has sort s; and whose
value has sort s. A model 9T of an S-sorted algebraic theory is then given by an S-indexed family
of sets (M | s € S) with functions 6™ : M, x --- x M, — Mj for each operation symbol o of arity
s1 X --- X s, — s, which satisfy the equations of the theory.

The notion of an (S-sorted) essentially algebraic theory generalises that of an (S-sorted) algebraic
theory even further by allowing operations to be partial, meaning that operation symbols may
be defined only on inputs which satisfy certain equational conditions stated in terms of already-
specified operation symbols. An example of such a theory is that of categories, whose sorts are Obj,
the sort of objects, and Mor, the sort of morphisms. The composition operation comp with arity
Mor x Mor — Mor is partial, since the composite g o f of two morphisms on a category is defined
only when cod(f) = dom(g). The interpretation comp™ is then a partial function from Mo, X
Mpor t0 Mpor, Whose domain of definition is given by {(g, f) € Mwer | cod™(f) = dom™(g)}.

A precise definition of an essentially algebraic theory, and a model thereof, can be found in [AR94].

Our goal in this section is to exhibit the theory of natural models as an essentially algebraic theory
Tnm. Once we have done so, natural models will automatically assemble into a category NM,
whose objects are the models of Ty and whose morphisms are homomorphisms of models of
Tnm—that is, families of functions between the sorts which commute in the appropriate sense with
the operation symbols. The general theory of essentially algebraic categories will then apply to the
category NM.

The practical power of natural models comes from their functorial, rather than algebraic, descrip-
tion; as such, the main takeaway of this section is that the functorial description captures the algeb-
raic one, and we will provide a functorial account of the algebraic notion of a homomorphism of
models of Tyy in Section 2.3.
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34 Chapter 2. Categories of natural models

2.2.1 Definition
The theory of natural models is the essentially algebraic theory T = Ty described as follows.
The set S of sorts is {Ctx,Sub, Type, Term};

Note: In all of what follows, the sorts of the variables are

A, T : Ctx 0,7,V :Sub A,B: Type a,b,f,p: Term

The set X of symbols and their arities is defined in the following table.

Name Symbol (with arity & sorts) Shorthand

domain’ dom : Sub —  Citx

codomain’ cod : Sub —  Ctx

identity " id : Ctx —  Sub | id(I') = idr
composition comp : Sub x Sub —  Sub | comp(o,1) = 7Too
empty context’ empty : Ctx empty = 9

sub" to empty " esub : Ctx —  Sub | esub(I") = tr
typing’ typeof : Term —  Type

context of types’ | ctxofy, : Type —  Ctx | ctxofyy(A) = ctxof(A)
context of terms’ | ctxofy, : Term —  Ctx ctxofim(a) = ctxof(a)
sub” on types substy, : Subx Type —  Type | substy(c,A) = Alo]
sub" on terms substim  :  Sub x Term —  Term | substyy(0,a) = a|o]
context extension | cext . Type —  Ctx | cext(A) = T.A*¥
projection’ proj . Type —  Sub | proj(A) = py
variable’ var . Type —  Term | var(A) = q,
induced sub" indsub : SubxTermx Type — Sub | indsub(c,a,A) = (0,a)a

T denotes total symbols
+ When we write I" « A = cext(A), we are implying that I" = ctxof (A).
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Section 2.2. The essentially algebraic theory of natural models 35

The set E of equations is defined as follows:

e Category of contexts e Presheaf of terms
(i) dom(idr) =TI (xiv) aidetof(a)) = @
(ii) cod(idr) =TI (xv) a[too]=a[t][0]
(iii) dom(to0o) =dom(o) (xvi) ctxof(a[c]) = dom(o)

(iv) cod(To0) = cod(7) e Typing is natural

(V) ooidr =0 (xvii) ctxof (typeof(a)) = ctxof(a)

(vi) idpot=71 (xviii) typeof(a[o]) = typeof(a)[o]

(vii) (VoT)oo =vo(T00)
o Representability
e Empty context is terminal (xix) dom(p,) =I.A

(Vlll) dom(tp) =I (XX) COd(pA) =T

(ix) cod(tr) =0 (xxi) ctxof(q,) =1".A
(X) trof=ta (xxii) typeof(q,) =A[p4]
e Presheaf of types (xxiii) dom({c,a)s) =dom(o)
(xi) Afidceof(a)] =A (xxiv) cod((0,a)s) =cod(c).A
(xii) A[too]=A[1][0] (xxv) pyo(0,a)s =0
(xiii) ctxof(A[o]) =dom(0) (xxvi) q,[(0,a)a] =a

(xxvii) (pyo00,q4[0))a=0

The domains of definition of the partial symbols are given as follows:

Def (comp(fg)) = {cod(f) =dom(g)}

Def (substy, (0,A)) = {ctxof(A) =cod(0)}
Def(substim(0,a)) = {ctxof(a) =cod(0)}
Def(indsub(o,a,A)) = {cod(o) = ctxof(A), typeof(a) = A[o]}

2.2.2 Theorem — Natural models are captured by Tam
Specifying a model of the theory Ty (Definition 2.2.1) is equivalent to specifying a natural model
(Definition 2.1.1).

Proof. A model M of T consists of four sets Mci, Msub, MType and MTerm, together with fif-
teen functions domm, cod™, ... , ind™ whose domains and codomains are determined by the sorts,
arities and domains of definition described in Definition 2.2.1.

m

Equations (i)—(vii) say precisely that the data (MCtX,Msub,domm,codm, id ,compm) defines a
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36 Chapter 2. Categories of natural models

(necessarily small) category C. Equations (viii)—(x) say precisely that o™ is a terminal object of
C, with esubm(F ) : I — o™ being the unique morphism from an object I" of C to ™. We need
not (and do not) specify esu b™ when defining a natural model, since its unique existence follows
from the assertion that o™ is terminal.

Equations (xi)—(xiii) say that Mype and the functions ctxofgj? and su bst?g,t together define a presheaf
% : C°P — Set in the following way: the set %/ (I") is given by (ctxof?;t)_1 (I') € MType, and the
action of %/ on morphisms is defined by % (o) : A — su bstg}(G,A), with the equations telling us
that this action is contravariantly functorial with the correct domain and codomain. Conversely,
given a presheaf 7% : C°° — Set, we can take Myp. to be the disjoint union of the sets % (I"),
with ctxof?yt given by the projection map to Mcy, = ob(C) and the function subst?yt given by
(0,A) — % (0)(A). Likewise, equations (xiv)—(xvi) say that specifying Mrerm and the functions
ctxof?,ﬁn and su bst?ff] is equivalent to defining a presheaf U : CP — Set.

Equations (xvii)—(xviii) say that typeofm defines a natural transformation p : U Y. Indeed,
equation (xvii) says that the restriction of typeof™ to % (I') = (ctxof 2} )~!(I") has image contained
in%z(I') = (ctxofft’g,T)*l(F ), so that we obtain a function pr : % (I') — % (I'); and equation (xvii)
says that the naturality squares for p commute for each morphism 6 : A — I" in C.

Equations (xix)—(xxvii) say precisely that for each I" € ob(C) and A € % (I"), the data cext™ (I", A),
projEm and var™ exhibit p as a representable natural transformation. Indeed, equations (xix)—(xxi)
say that these data have the required types; equation (xxii) says that the following square commutes;

m var™(A) .

y(cext™ (I'A)) ——— %
y(proj™ (4)) h”
y(I') T 4

and equations (xxiii)—(xvii) exhibit the square as a pullback, with indsub™ giving the morphisms
induced from the universal property of pullbacks. Note that we need not (and do not) specify
indsub™ when defining a natural model, since its unique existence follows from the universal
property. 0

2.2.3. Categories with families (Definition 1.1.9) can also be described as models of Tny—that is,
natural models and categories with families are different (but equivalent) presentations of the same
essentially algebraic theory.
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Type theoretic structure as essentially algebraic structure

2.2.4 Definition — Theory of natural models with a distinguished set of basic types

Given a set I, the theory of natural models admitting an /-indexed set of basic types is the
theory T y,),., extending T by adding a new total symbol btype; : Type for each i € /, together with
the equation ctxof (btype;) = o for each i € I.

Evidently we have the following characterisation of natural models with a distinguished set of basic
types.

2.2.5 Theorem
Specifying a model M of the theory Ty, is equivalent to specifying a natural model (C, p)
together with an /-indexed set {O; | i € I} C % (o). O

2.2.6 Definition — Theory of natural models with a distinguished set of terms of basic types

Given a set J, the theory of natural models admitting a /-indexed set of terms of basic types
is the theory Ty, extending T by adding a new total symbol bterm; : Term for each j € J,
together with the equation ctxof (bterm;) = o for each j € J.

2.2.7 Theorem

Specifying a model 9t of the theory Ty, )., is equivalent to specifying a natural model (C,p)

eJ

together with an J-indexed set {o; | j € J} C U (). O

Note that a natural model admitting a J-indexed set of basic terms automatically has the structure
of a natural model admitting a J-indexed set of basic types by taking {p.(0;) | j € J} to be the
distinguished set of basic types. As a result, there is a forgetful functor from the category of natural
models admitting a J-indexed set of basic types to the category of natural models admitting a
J-indexed set of basic types.

2.2.8 Definition — Theory of natural models admitting a unit type
The theory of natural models admitting a unit type is the essentially algebraic theory Ty ex-
tending T as follows.

e The new symbols and their arities are indicated in the following table.

Name ‘ Symbol (with arity & sorts) ‘ Shorthand
unit type’ unit Type
term of unit type” | star : Term

e The new equations are as follows.
(i) ctxof(unit) =¢
(i) typeof(star) = unit
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38 Chapter 2. Categories of natural models

(iii) Punit = tosunit
(iV) Qypie = Star(townit]
e There are no additional domains of definition to specify, since both new symbols are total.

2.2.9 Theorem
Specifying a model 9t of Ty is equivalent to specifying a natural model (C, p) together with
elements 1 € % () and % € % (¢) such that the following square is a pullback.

_l
p

y(o)

Proof. Take T = unit™ and % = star™. Equations (i) and (ii) say that these have the correct types
and that the square in the statement of the theorem commutes. Equation (iii) is redundant since the
codomain of p; is terminal.

Equation (iv) is equivalent to the assertion that the square is a pullback. Indeed, suppose (iv) holds,
andletI" € ob(C) and a € % (I"; 1]tr)).

<

Then we have

a = qunit[{tr, @) unit) by Definition 2.2.1(xxvi)
= star|to.unit)[(tr, @) unit] by Definition 2.2.8(iv)
= star[pynit) [{tr, @) unit] by Definition 2.2.8(iii)
= star[pynit © (tr, @) unit] by Definition 2.2.1(xv)
= star(tr] by Definition 2.2.1(xxv)
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Section 2.2. The essentially algebraic theory of natural models 39

Uniqueness of tr is immediate from the fact that its codomain is terminal.

Conversely, if the square is a pullback, then take I = o.landa= g- in the above. Since t_ 5 is
the morphism induced by the universal property of the pullback, we have x[t_ 7] = g5, 8O that (iv)

e

holds. UJ

2.2.10 Definition — Theory of natural models admitting dependent sum types
The theory of natural models admitting dependent sum types is the essentially algebraic theory
Ty extending T as follows.

e The new symbols and their arities are indicated in the following table.

Name | Symbol (with arity & sorts) | Shorthand
dependent sum type | sigma : Type x Type —  Type
pairing pair : Typex Type x Term x Term —  Term
first projection fst . Type x Type x Term —  Term
second projection snd : Type x Type x Term —  Term

e The new equations are as follows:

o Dependent sum type-former
(i) ctxof(sigma(A,B)) = ctxof(A)
(ii) sigma(A,B)[o| =sigma(A[o],B[c.A])
¢ Pairing term-former
(iii) typeof(pairy g(a,b)) = sigma(A,B)
(iv) pairy p(a,b)[c] = pairys) pio.a)(al0], b[O])
¢ First and second projections
(v) typeof(fstap(p)) =A
(vi) fsta g(p)[o] = fsta|o) o) (PlO])
(vii) typeof(snda g(p)) = B[(idctxof(a): fSta,s(p))A]
(viii) snda g(p)[o] = snds(s) Bjc.a) (P[O])
o Computation rules
(ix) fsta p(pair(a,b)) =a
(x) snda g(pair(a,b)) =b
(xi) pairy p(fsta,s(p),sndas(p)) =p

e The domains of definition of the partial symbols are given as follows.
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40 Chapter 2. Categories of natural models

Def(sigma(A,B)) = {ctxof(A).A =ctxof(B)}

Def(pairy g(a,b)) = {ctxof(A).A = ctxof(B), typeof(a) = A, typeof(b) = B[(idctxof(a),@)al}
Def (fsty, B( ) = {ctxof(A).A = ctxof (B), typeof(p) = S|gma(A B)}

Def(snda z(p)) = {ctxof(A).A = ctxof (B), typeof(p) = sigma(A,B)}

2.2.11 Theorem
Specifying a model 9t of Ty is equivalent to specifying a natural model (C, p) together with natural
transformations ¥ and pair such that the following diagram is a pullback.

pa|r

L X Y [Bla)] —— %
AU By W a:[A] h
_
74s 7%
A:Z% £

Proof. Suppose 2 is a model of Ty with underlying natural model (C, p). By Lemma 1.2.11 there
is a natural bijection

e (Z %W> = Y %(I.A)
Acw Ae (T')

Mto Y #(I'.A). Equation
Ae (I')

(i) ensures that the image of fr is contained in % (I"), so that the functions fr have the correct
codomains, and equation (ii) tells us that X is natural.

so define I to be the composite with & of the restriction of sigma

Likewise, by Lemma 1.2.12 there is a natural bijection

CFI<Z YOy <a>]><r>z Y Y Y @rssa)

A€W Be7/ W ac|A] Ae%(r)Be%(F.A)aEg//‘(F;A)

which allows us to translate between pair™ and pair; equation (iii) tells us that the components
of pair have the correct types and that the square commutes, and equation (iv) tells us that it is a
natural transformation.

Equations (v)—(viii) then describe the morphisms induced by the universal property of the pull-
backs, as indicated in the following diagram, in which we have A € % (I"), B € % (I .A) and
pe«(I;Xr(A,B)).
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(A,B.fst™ (4,B,p)snd™ (A,B,p))

S —

L Y Y[B@a ———

w

AU B: YA a:[A]
b J[]
w

y Al
AU

Equations (ix) and (x) then say that the dashed morphism makes the required triangles commute,
and equation (Xi) says that it is the unique such morphism. O

2.2.12 Definition — Theory of natural models admitting dependent product types
The theory of natural models admitting dependent product types is the essentially algebraic
theory Ty extending T as follows.

e The new symbols and their arities are indicated in the following table.

Name Symbol (with arity & sorts)

dependent product type | pi : Type x Type —  Type
A-abstraction lambda : Type x Type x Term —  Term
application app : Type x Typex Term x Term — Term

e The new equations are as follows.
o Dependent product type-former
(i) ctxof(pi(A,B)) = ctxof(A)
(i) pi(A,B)[o] = pi(A[o],B[c.A])
© A-abstraction term-former
(iii) typeof(lambday z(b)) = pi(A,B)
(iv) lambday p(b)[c] = lambday(s) p(o.4) (b0 -A])
© Application
(v) typeof(appa (f,a)) = Bl(idctof(a), @) 4]
(vi) appa 5(f,a)[0] = appa(s] pie.a) (f[O],al0])
< Computation rules
(vii) appy p(lambday s(b),a) = b[(idcreof(4), @)4]
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(viii) lambday z(appa s(flp,)sa4)) = f

e The domains of definition of the partial symbols are given as follows.

Def(pi(A,B)) = {ctxof(A).A = ctxof (B)}
Def(lambdas g(b)) = {ctxof(A).A = ctxof(B), typeof(b) = B}
Def(appap(f;a)) = {ctxof(A).A = ctxof(B), typeof(f) = pi(A,B), typeof(a) = A}

2.2.13 Theorem
Specifying a model 90t of Ty is equivalent to specifying a natural model (C, p) together with natural
transformations IT and A such that the following square is a pullback.

Yy A g
AU
|
y pll p
AU
Yy v ——
AU I

Proof. Suppose M is a model of Ty with underlying natural model (C, p). Again using Lemma 1.2.11
there is a natural bijection

& (): @/Vﬂ) = Y #(I.A)
Ae

Acu %(I)

so define pr to be the composite with & of the restriction of pi™ to Y % (I".A). Equation
Ac%(I')

(1) ensures that the image of I is contained in % (I'), so that the functions I have the correct
codomains, and equation (ii) tells us that IT is natural.

Likewise, by Lemma 1.2.11 again, there is a natural bijection

o (Z 02/'[A]> (= Y #(I.A)

AU Ac (T)

which allows us to translate between lambda™ and A; equation (iii) tells us that the components of
A have the correct types and that the square commutes, and equation (iv) tells us that it is a natural
transformation.
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Section 2.2. The essentially algebraic theory of natural models 43

Equations (v)—(vi) then describe the morphisms induced by the universal property of the pull-
back indicated in the following diagram, in which we have A € Z (I'), B€ Z (I'.A) and f €
% ([:1r (A,B)).

y v
AcU

1

Yy vl — s
AW IT

AR
=

Equation (vii) then say that the dashed morphism makes the required triangles commute, and equa-
tion (viii) says that it is the unique such morphism. O

2.2.14. Although we have only discussed adding type theoretic structure to a ‘pure’ natural model,
we can combine the theories above in a modular way in order to add structure to an already struc-
tured natural model. For example, a natural model admitting a unit type and dependent sum types
is a natural model equipped with data making it both a model of T; and of Ty, or equivalently
a natural model equipped with data satisfying the hypotheses of both Theorem 2.2.9 and The-
orem 2.2.11.

All of the theories discussed above are finitary essentially algebraic theories, except possibly for
the theories of natural models admitting an /-indexed family of basic types or a J-indexed family
of basic terms, which are max{||,|J|}-ary (and finitary when / and J are finite).

2.2.15 Definition — Locally presentable categories [AR94]

Let A be a regular cardinal and let %" be a category. An object A of € is A-presentable if the functor
€ (A,—) : € — Set preserves A-directed colimits. The category % is locally A-presentable if it is
cocomplete and has a small set <7 C ob(%) of A-presentable objects such that every object of € is
a A-directed colimit of objects in <7

It is known [AR94, Theorem 3.36] that for an regular cardinal A, a category is a model of a A-ary
essentially algebraic theory if and only if it is locally A-presentable. As such all of our categories
of suitably structured natural models will satisfy the properties enjoyed by locally presentable
categories more generally, such as cocompleteness.
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44 Chapter 2. Categories of natural models

In particular, given a dependent type theory T, the category NMr of natural models admitting the
type theoretic structure in T has an initial object (Cr, pr). A long term goal for future work is to
prove that (Cr, pr) can be described as the ferm model Construction 4.1.1 of T, for an arbitrary
type theory T.

Moreover, given a subtheory T’ C T, we obtain from the essentially algebraic character of natural
models a forgetful functor U : NMt — NM7, which has a left adjoint F : NMp — NMrt. Given
a natural model (C, p) admitting the type theoretic structure of T, the object F(C, p) of NMr is
then the free natural model on C which supports the type theoretic structure of T. In Chapter 4, we
will describe some examples explicitly.
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Section 2.3
Morphisms of natural models

Since a natural model is a model of an essentially algebraic theory, there is a canonical notion of
homomorphism of natural models, namely maps between the sorts commuting with the structure.

2.3.1 Definition — Morphisms of natural models

Let (C,p) and (D,q) be natural models. A morphism of natural models is a homomorphism
from (C,p) to (D,q), with (C,p) and (ID,q) considered as models of the essentially algebraic
theory Ty (Definition 2.2.1). The category of all natural models and morphisms between them is
denoted by NM.

Explicitly, Definition 2.3.1 says that a morphism of natural models is a quadruple of functions
(FCtxaFSubaFTermaFType) such that:

o (Fcix, Fsyp) defines a functor C — I strictly preserving distinguished terminal objects;

® Frem: Y % (I')— Y ¥(I')respecting contexts and substitutions;
I'eob(C) I'eob(D)

® Frype: L %()— Y. ¥(I) respecting contexts and substitutions;
I'eob(C) I'eob(D)

and such that the representability data and typing are preserved, in the sense that for each I" € ob(C)
and each A € % (I"), we have

Feix(I'eA) = Feigo FA,  Foup(py) = Uppe(4) and  Frerm(qy) = VErype(A)

and Frem(a) € "I}(FCtX(F ): Frype(A)) for all a € w (I',A). Identity and composition of natural
models are then given by the corresponding identity functions and composites of functions, re-
spectively.

Note that the structure specified for models of Ty but not for natural models, that is the substitu-
tionstr : I' — o and (0,a)4 : A — I'.A, are preserved automatically provided the above conditions
hold.

The goal of this section is to provide characterisations of morphisms of natural models which will
be more convenient for our purposes.

2.3.2 Theorem — Morphisms of natural models via categories of elements
Let (C, p) and (DD, ¢) be natural models. Specifying a morphism F : (C, p) — (D, q) is equivalent to
specifying a functor Fy : C — DD preserving distinguished terminal objects, together with functors

F]/%-)/df/ and Fz:/%—)/’y;
C D C D
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46 Chapter 2. Categories of natural models

such that

o The following diagram of categories and functors commutes;

e Fj and F, respect the adjunctions [p - p* and [¢q - ¢*, in the sense that F; o p* = ¢* o F; and,
letting (1, ¢€) and (o, T) be the respective (unit, counit) pairs, the following pasting diagrams
commute.

pop id
— 1 — 1
Je \Hg/f(c% Je# \”/f(c%
id q*oq
F F F 23
fmy\bfmy/ b? H" ?
id q*oq

Proof. Evidently the functor Fy is precisely the functor determined by Fci, and Fs,,. The func-
tor F determines and is determined by Frp.; explicitly, on objects (I",A) we have Fi(I",A) =
(Fcex(I'), Frype(A)) and on morphisms 6 : A — I" by Fi(0) = Fsup(0). The fact that Fj is a func-
tor is immediate from the facts that Fj is a functor and that Fry e respects contexts and substitutions.
The correspondence between F, and Frerm, is obtained likewise.

Commutativity of the bottom and outer squares is equivalent to the assertion that F; and F, agree
with Fy on their first components, which is immediate from their construction. Commutativity of
the top square is equivalent to the assertion that Frype and Frerm respect typing.

That F; and F; respect the adjunctions [p 4 p* and [¢q 4 ¢* is equivalent to preservation of repres-
entability data. Indeed, the equation F> o p* = g* o F; says that Fcy (I'+A) = Feex(I') « Frype (A) and
Frem(qy) = VErpe(4) preservation of counits says that Fs,,(p,) =u Frype(A)" Preservation of units
corresponds with preservation of induced substitutions (G, a)4. O
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The characterisation of morphisms of natural models as a triple of functors given by Theorem 2.3.2
is useful because it is easy to mediate between this description and the explicit description of
homomorphisms of models of Tny, and composition is simply given by composition of functors.
A drawback of this description, however, is that when working with natural models directly, it
becomes cumbersome to construct categories of elements and keep track of units and counits.

Our next characterisation of morphisms of natural models allows us to work more directly with the
representable natural transformations themselves. Recall that every functor F : C — D between
small categories induces an adjoint triple Fy 4 F* - F, between the corresponding categories of
presheaves, where F'* is given by precomposition by F.

A morphism of natural models F : (C,p) — (D, q) then induces functions % (I') — ¥ (FI") =
F*¥(I'") and U (') — V4 (FI')=F 4 (I'), given by the restrictions of Frype and Frerm, respect-
ively. We will see (Theorem 2.3.7) that these functions are the components of natural transform-
ations @ : % — F*¥ and ¢ : U — F*Y, respectively, which correspond under the adjunction
F, 4 F* with natural transformations F% — ¥ and F% — ¥ .

The choice of whether to work with the left adjoint F; or the right adjoint F'* is largely arbitrary, and
we will translate between the two freely. The left adjoint convention will be convenient in some
settings because F; commutes with Yoneda embeddings; meanwhile, the right adjoint convention
will be convenient in other settings because F'* can be described explicitly with ease.

2.3.3 Definition — Premorphisms of natural models

Let (C, p) and (D, g) be natural models. A premorphism of natural models from (C, p) to (D, q)
is a triple (F, @, @) consisting of a functor F : C — D preservmg distinguished terminal objects,
and natural transformations ¢ : F% — ¥ and ¢ : % — ¥ satisfying go ¢ = @ o Fip

Fp (%) q
Fu — 4

2.3.4. We will write F : (C, p) — (D, g) to denote the assertion that F = (F, @, @) is a premorphism
from (C, p) to (D, q). GivenI' € C,A€ % (I') and a € % (I"), write FA for the element of ¥ (FI")
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48 Chapter 2. Categories of natural models

given by composite
y(FT') = Fy(D) 24 rr & v

and write Fa for the element of ¥ (FI') given by the composite

Y(FT') = Fy(I) “% Rw % 7
Note that commutativity of (x) implies thatif ' -a: A in (C, p), then FI"+ Fa: FAin (D, q), since
grr(Fa) =qrro@oFa=@oFproFa=@oF(pr(a))=¢@oFA=FA

2.3.5. In Definition 2.3.3 we adopted the left adjoint convention. Under the right adjoint con-
vention, a premorphism from (C, p) to (ID,q) consists of a functor F : C — D preserving distin-
gulshed terminal objects and natural transformations ¢ : 2 — F*¥ and ¢ : U — F*Y satisfying
F*qo@ = @op. Then given I' € ob(C), A € Z(I') and a € %(F,A), the elements FA and Fa
described in Paragraph 2.3.4 are given by FA = @r(A) and Fa = @r(a).

2.3.6 Lemma — Lax preservation of context extension
Let F : (C,p) — (D, q) be a premorphism of natural models. For each I" € ob(C) and A € % (I'),
there is a unique morphism T4 : F(I".A) — FI".FA in D such that up, 074 = Fp, and v, [T4] =

Fqy,.

Proof. We obtain 74 as the morphism (Fp,,Fq,)ra : F(I'+A) = FI'.FAin D.

Y(F(T'-))

¥

hq

4

To see that the outer square truly does commute, note that it is obtained as the outer square of the
following diagram.

Y(F(T.A) —— Fy(TA) — % s pyp —
| |

y(Fps) Fy(py) Rp q
! |

YFT) ——— Fy(I’) ———— AU ———— 7
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The left-hand square commutes since F; commutes with Yoneda embeddings; the middle square
commutes since it is the result of applying F; to the pullback square exhibiting y(p,) as a pullback
of p; and the right-hand square commutes since (F, @, @) is a premorphism of natural models. [J

2.3.7 Theorem — Functorial characterisation of morphisms of natural models

Let (C, p) and (DD, q) be natural models. Specifying a morphism of natural models from (C, p) to
(D,q) is equivalent to specifying a premorphism (F, @, Q) : (C,p) — (D,q) such that F respects
context extension (in the sense that F(I"+A) = FI" . FA for each I" € ob(C) and A € % (I")), and
such that the morphisms 74 : F(I".A) — FI".FA of D are all identity morphisms.

Proof. Specifying a premorphism (F, @, @) is equivalent to specifying a homomorphism of the the-
ory of a category with a terminal object and a natural transformation between presheaves (equations
(1)—(xviii) of Definition 2.2.1). To see this, note that specifying a functor F' : C — D is equivalent
to specifying the pair (Fcix, Fsub)-

We will use the right adjoint convention (see Paragraph 2.3.5) for the natural transformations @, .
For each I" € ob(C), the component ¢r : % (I') — ¥ (FI") corresponds with the appropriate re-
striction of Frype, and likewise the component @ : w () — V4 (FI') corresponds with the appro-
priate restriction of Frerm. That @ and ¢ are natural corresponds with the fact that they respect
substitutions, and that the square (x) commutes corresponds with the fact that they respect typing.

Finally, given I" € ob(C) and A € % (I"), then note that Fp, = up, and Fq, = qp, if and only if
Tao = 1dp(r.4), since by the universal property of pullbacks, 74 is the unique morphism satisfying
Upy 0Ta = Fpy and v, [Ta] = Fq,. O

We will use the characterisation of morphisms of natural models given in Theorem 2.3.7 almost
exclusively in our proofs, so from now on we will typically use the term ‘morphism of natural
models’ to mean a premorphism preserving representability data.

2.3.8. Let (F,,9): (C,p) = (D,q) and (G, y, y) : (D,q) — (E, r) be morphisms of natural mod-

els.

(a) Under the left adjoint convention, the composite (G, ¥, ) o (F,@,9) : (C,p) — (E,r) is
givenby (GoF,woGpo, oG oft), where u: (GF)\ % — Gi\R\% and [1 : (GF )\ % —
G\F\% are the canonical isomorphisms (Theorem 1.3.7).

(b) Under the right adjoint convention, the composite (G, y, ) o (F,@,9) : (C,p) — (E,r) is
given by (Go F, F*yo @, F* o ).

49



50 Chapter 2. Categories of natural models

Weak morphisms of natural models

Theorem 2.3.7 suggests that we may obtain a weaker notion of morphism of natural models by
weakening the requirement that the morphism t4 : F(I".A) — FI . FA be an identity morphism to
the requirement that it be an isomorphism.

2.3.9 Definition — Weak morphisms of natural models

Let (C,p) and (DD, q) be natural models. A weak morphism of natural models from (C, p) to
(D, q) is a premorphism (F, @, @) such that the morphisms 74 : F(I".A) — FI" . FA are isomorph-
isms for each I" € ob(C) and each A € % (I").

2.3.10. Write F : (C, p) — (D, g) to denote the assertion that F = (F, @, @) is a (strict) morphism of
natural models, and write F : (C, p) —wk (D, g) to denote the assertion that F = (F, @, 9,0, (T4))
is a weak morphism of natural models. We denote the category of natural models and weak morph-
isms by NM". Note that there is an embedding NM < NM™* obtained by taking the coherence
isomorphisms to be identities.

We will now explore some ways of characterising weak morphisms of natural models.

2.3.11 Definition — Preservation of canonical pullback squares

A premorphism of natural models F : (C,p) — (D,q) (weakly) preserves canonical pullback
squares (Construction 2.1.6) if, for each 6 : A — I" in C and each A € % (I"), the following square
is a pullback

F(A.Alo]) —2Y . p(r.a)
Fpag Fpy
FA - FI

We say F strictly preserves canonical pullback squares if, additionally, we have

F(o.A) FooFA

F(A.A[o)) F(I'.A) FAoFA[Fo] ———— FI oFA
_
Fpys Fp, = UralF o) Ura
FA B — Fr FA — e Fr

2.3.12 Lemma
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Let (C, p) be a natural model. The map p : % — % is covered by

pa: Yy, yIA)— Y yI)
(CAef#  (TAefu (T A)efu

Proof. Since % is a colimit of representable presheaves, indexed by [~ %, we have a cover

p=[Al(TA) € fcu]: Y, yI)—»%
Aefu

Representability of p yields the following pullback square

Yy yr.A) —2 7
(rAefu
_
rypl Jp
yI) ————» %

(T A% P

where p = [q} | (I',A) € [ % ]. Since p is a regular epimorphism, so is p. O

2.3.13 Lemma
Let F = (F,0,9): (C,p) — (D,q) be a premorphism of natural models. Then F is a weak morph-
ism of natural models if and only if F* weakly preserves canonical pullback squares.

Proof. Giveno :A — 1T inCand A € % (I"), consider the following diagram:

FAFA[Fo] FockA FIoFA

~ e
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The outer square is a pullback by representability of ¢, and the fact that (F, @, ¢) is a premorphism
of natural models yields the morphisms 74 and 7,4 as indicated and making the diagram commute.

Now F is a weak morphism of natural models if and only if 74 and 75 are coherent isomorphisms.
If they are coherent isomorphisms, then the inner square is a pullback, so that F preserves display
pullbacks.

Conversely, if F preserves display pullbacks, then the inner and outer squares are both pullbacks.
This implies that 74 and 745) are the canonical isomorphisms induced by the universal property of
pullbacks, and hence that they satisfy the coherence laws necessary for F to be a weak morphism
of natural models. O

2.3.14 Lemma
Let F : (C,p) — (D,q) be a weak morphism of natural models. Then the following square is a
pullback.

v —2
Fp (%) q

Proof. By Lemma 2.3.13 it suffices to assume that F preserves canonical pullback squares. Since
Fy is a left adjoint, it preserves coproducts and regular epimorphisms, and furthermore F; com-
mutes with the Yoneda embedding. Thus by applying F; to the pullback square in the proof of
Lemma 2.3.12 and pasting (%) on the right, we obtain the following diagram:

(T Aefu
YyFph Ff ) !
Fr FY v
(F’A)Zef% y(FI') o ! m

The outer square is a pullback since F preserves canonical pullback squares. Since Fip and Fp are
regular epimorphisms, it suffices to prove that the left-hand square is a pullback, for which, in turn,
it suffices to check this on the individual components (I",A) of the left-hand vertical coproduct.
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To this end, fix I' € C and A € % (I"). It suffices to check the universal property of pullbacks on

representables, so let D € D and let d € (Fi% )(D) and 8 : D — FI  such that FAoyd = Fipod.
yF(TA) ——5 RU

yo ‘
yFpy Fp

|

yFI[ —— s R

Since Fg%' is covered by representables indexed by [~ % (Lemma 2.3.12), there is some A € C,
Be % (A)andd': D — F(A.B) such that d factors through yd’. Writing 8’ = Fpgod' : D — FA,
we obtain the following commutative diagram.

Fu

FA
yFI

Now note that, in the category Set, we have

<F!%><D>z( y ]D(D,FF)) / N
(rAefu
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where ~ is the equivalence relation determined by the characterisation of colimits as coequalisers,
and the component at (I",A) of the quotient map ¥ 4y D(D,FI") — (F% )(D) is given by
(FA)p: D(D,FT) — (R %) (D).

Now identifying maps yD — F% with elements of (Fi% )(D) (as usual, by the Yoneda lemma),
we have

(FA)p(8) =FAoy8 = Fipod = FFBoyFpgoyd = FFBoy§ = (F,B)p(8)

and so 6 and &’ are in the same ~-equivalence class. It follows that there exists a zigzag of
morphisms in [-% connecting 0 with &', in the sense that there exist:

e A natural number n > 1;

e Objects (0;,C;) € [ % for all 0 < i < 2n, with (0y,Cy) = (I',A) and (0»,,Cr,) = (A, B);

[ MOI’phiSHlS @21' & @2,’+1 M @2,‘+2 forall 0 < 1< n, such that C2i+1 [921'] = C2i and C2i+1 [92,'+1] =
Cyiyp for all i; and

e Morphisms §; : D — F©; for all 0 <i < 2n, with 8y = 6 and &, = ', such that F6,;0 0,11 =
O and F 64100241 = ;42 forall 0 < i < n;

By the assumption that F preserves canonical pullback squares, and since the Yoneda embedding
preserves limits, there is a zigzag of pullbacks connecting yF'p, with yFpg as indicated by squiggly
arrows in the following diagram.

yF PB F,OZ/

yd'

)
y¢ Fip

yF A
prA \
Va4
yF F
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The detail of this zigzag of pullbacks is illustrated in the following commutative diagram.

yd'

L _

\\

\\\ \

YFPp, \ P \ Y& vFpey, yFpg
Y 2 You-1 o \
\ \ ~_
- A /Y \&
yFI” yF O, yVF®, ¢«—— - —— yFOy, 9 «—— yFO,y, | — yFA
1G FCyyn /
FCyy
FA / 7B

Fu

We proceed by induction. Let do, = d’ : D — F(A.B). The universal property of the rightmost pull-
back square yields a unique morphism do,—1 : D — ©,,_1 .Cy,—1 making the appropriate triangles
commute, and composing with F(6,,_; +Ca,—1), we obtain a morphism dp,—3 : D — F (0, —
Con—2) which satisfies Fpg, ,0dy 2= 6,-2:D—=F®y, ».

Repeating this process n — 1 more times yields sequence of morphisms d; : D — F(0;.C;) making
the required triangles commute; in particular, we obtain a morphism dy : D — F(I".A) satisfying
Fp, = & and Fiq, oydy = d, as illustrated in the following diagram.
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YF(I'A) ¢ YF(61.C1) = yF(05,C) +— \*> YE(@3_2+Conz) ¢ YF(Osp_1+Con_1) — yF(A-B)

|

yFpy prcl/y(su prCZ / \ prC2n72 \ Yo prCZn—l yFpg
yo / \ Y01 \
7 Yo \
yFI' yF O, VFO, «——  ——— yFOy 3 «——— yFOy | ——— yFA

FA

\
\

To see that d is the unique such morphism, suppose dAO were another. Repeating the above process
from left to right (rather than from right to left) yields a sequence of morphisms dA, :D— F(0;.C})
induced from the fundamental property of pullbacks. It follows that dAzn = dp,,, and hence working
again from right to left, we obtain dA, = d; for all 0 < i < 2n. In particular, dAo = dp, so that (x) is a
pullback square. O

Proving or refuting the converse to Lemma 2.3.14 is a topic for future work. It would be convenient
if it were true—for example, it would imply that weak morphisms of natural models (C,p) —
(C, q) over a common base category C correspond with cartesian morphisms of polynomials p => ¢
(Definition 1.2.17).

Preservation of type theoretic structure

Having found a convenient way to describe morphisms of natural models, we now extend that de-
scription to natural models admitting extra structure. Again, we start with the essentially algebraic
notion.

2.3.15 Definition — Morphisms of natural models preserving type theoretic structure
Let SC {(ty;|iel), (tmj } Jj€E J) ,0,1,X,11,... } be a set describing additional type theoretic
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structure that a natural model may possess (Section 2.2) and let (C, p) and (ID, g) be natural models
admitting the type theoretic structure in S. A morphism of natural models preserving S from
(C,p) and (D, g) is a homomorphism from (C, p) to (D, q) considered as models of the essentially
algebraic theory Tg. Write NMjy for the category of natural models admitting structure from S.

If S’ C S then there is a forgetful functor NMg — NMg. In particular, there is a forgetful functor
NM; — NM for any set § of additional type theoretic structure that a natural model may possess.
With this in mind, a morphism on NMj has an underlying morphism of natural models (F, @, ¢) in
the sense of Theorem 2.3.7, so may be described as a triple (F, @, @) satisfying some properties.

If the additional structure consists only of basic types, terms, an empty type or a unit type, then it is
immediately clear that a morphism of natural models admitting this structure is simply one which
maps the distinguished types and terms of its domain to the corresponding distinguished types and
terms of its codomain.

It remains to describe preservation of dependent sum types and dependent product types. For this,
we note the following two technical lemmas concerning polynomials and presheaves.

2.3.16 Lemma — Precomposition by a functor preserves polynomial composition and application
Let £ : C — D be a functor between small categories, and let f : B— A and g : D — C be morphisms
in . Then there are isomorphisms in C™

F*(g-f)=F(g)-F(f) and F*(Pg(f)) = Ppe(o)(F*(f))

Sketch of proof. To see that F*(g- f) = F*(g) - F*(f), note that the functor F* preserves limits as it
is a right adjoint, and the polynomial composite g- f is obtained by composing a particular pullback
of f with a particular pullback of g (Section 3.2). To see that F*(P,(f)) = Pp« () (F*(f)), note that
the following diagram commutes up to isomorphism.

1 —1 L Dp—— % B e Bfe — = 4 D
: I ! I
N l l l

Apx(p) Ip ()

The composite from the top left to bottom right along the top gives F*(P,(f)), and the composite
along the bottom gives P-4y (F*(f)). O

2.3.17 Lemma — Polynomial composition preserves commutative squares
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Let & be a locally cartesian closed category. Polynomial composition extends to a functor

() (=) : 67 xE =&

Sketch of proof. Given morphisms f, f',g,¢' in &, chase commutative squares f — f’ and g — ¢’
through the construction of the polynomial composites g- f and g’ - f/ Definition 1.2.13 using the
universal properties of pullbacks and of dependent products. Functoriality follows from uniqueness
in the universal property. O

2.3.18 Theorem — Functorial description of preservation of dependent sum types

Let (C,p) and (D,q) be natural models admitting dependent sum types. A morphism of natural
models F : (C,p) — (D,q) preserves dependent sum types if and only if the following diagram in
C~ commutes.

(Z,pair)
pp > p
(0.0)-(0.9) (0.0)
F'qF'q ———— F'(qq) —=—— F'q

F*(E,pair)

Proof. The morphism (¢, ®) - (¢, Q) can be expressed in the internal language of C via the follow-
ing commutative square

) R o o o (0)

AEY Bew W a€|A] AEFY pe(Fry )W d €(A)
pp F*q-F*q
Yy wAl S— Yy VY(FI'.A)
AEU ((9.0)-(#:0))o A'€V/(FT)

The component at I of this diagram, after application of Lemmas 1.2.11 and 1.2.12, is given by
the following commutative square of sets and functions.
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Section 2.3. Morphisms of natural models 59

Yy X Y #(B(a) —— ¥ Y Y Y(FI;B(d))
AE%(F)BE%(FOA) aE"//.(F;A) A/E'V(FF)B/E'V(FFOAI)alej}(FF;A/)
T V3
Y %(L.A) Y (Fry)W
A% (I) AeF+Y

The morphisms at the top and bottom apply F to each component.

As such, the original square commutes if and only if for all I" € ob(C),A € Z (I'), B€ % (I" . A),
ac % (I';A)and b € 7% (I';B(a)), we have

FY(A,B) =X(FA,FB) and Fpair(A,B,a,b) = pair(FA,FB,Fa,Fb)

This says that the square in the statement of the theorem commutes if and only if F preserves
dependent sum types, as required. O
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Section 3.1
Internal categories

3.1.1 Construction — Full internal subcategories [Jac99]
Let f: B— A be a morphism in a locally cartesian closed category &. The full internal subcat-
egory of & induced by f is the internal category S(f) of & defined by

e The object of objects S(f)o is simply A;

e The object of morphisms S(f); together with the pair d = (dy,d1) : S(f)1 — A X A is given
as an object of & /44 by taking the exponential fzf', where fi = Ag, (f) : Bi - A XA and

fo=An(f) : B, — A x A are the pullbacks of f along the projections A EAxAB A
L J
f f /
AxXA o

B
A
In the internal language of &, we have S(f); = Y, Bf/";

a,a' €A

« B B, ——— B

ol

e The identities morphism A — Y Bf,“ is given by a — (a,a,idp, );
a,d €A

e The composition morphism

B B, B,
Ba;; XBa’a - Z Ba’(}

a,d a"eA a,a’€eA
is given by internal composition in & in the expected way.

3.1.2. More generally, a full internal subcategory of a locally cartesian closed category & is an
internal category S of & for which there is a full and faithful fibred functor over & from the exter-
nalisation of C to & . Every full internal subcategory is isomorphic to one of the form S(f). This
matter is discussed in great detail in [Jac99], and we will explore the externalisation of full internal
subcategories of C in Section 3.3.

3.1.3 Definition — Associated full internal subcategory of a natural model
Let (C, p) be a natural model. Its associated full internal subcategory is the full internal subcat-

egory U= S(p) of C induced by p. Explicitly, we have Uy =% and U; = Y [B] 4], so that we
A.BeU
can think of U as a category whose objects are types and whose morphisms are functions between

types.
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In the same vein as Lemma 1.2.11 and Lemma 1.2.12, the following lemma will allow us to work
more concretely with full internal subcategories.

3.1.4 Lemma
B

Let f: B— A be a morphism in a locally cartesian closed category &'. Morphisms x: X — Y. B,/
a,a' €A
in & correspond naturally with triples (x1,x2,X), where x;,x2 : X - Ain & and X : A, (f) = Ay, (f)

in éD/X

Proof. First note that a morphism x: X — Y Bf," gives rise to a morphism (x1,x2) — f5' in

a,a' €A
& [axa, where x and x; are the composites of x with the respective projections Y, BaB/“ — A.
a,d €A
X x Y BY
a,d €A
(x1,%2)
!
A XA

Now fJ' =I5 Ay, (f2), so under the adjunction Aj, 4TI, a morphism x : (x;,x,) — fJ' corres-
ponds with a morphism x" : Az, (x1,Xx2) = Ag, (f2) in & /p,. Hence it suffices to show that morphisms
X't A (x1,%2) = Ag (f2) in & /g, correspond with morphisms X : Ay, (f) = Ay, (f) in & /x.

Consider now following diagram, in which all three squares are pullbacks—the fact that the bottom
and front squares are pullbacks follows from the fact that A¢(x;) = A, (x1,x2) for i = 1,2. Our goal
is to prove that there is a correspondence between morphisms x’ and morphisms X fitting into the
diagram as indicated with dashed arrows.
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———7 B3

Ar(xz)
S Bu(B) — B,
| Af (f2)
//i/// sz(f) l
Axl(B) —Ap(x1)) — | —— > By bi
\
h
Axl (f) \
AXA
(x1,%2) %

Given X, we obtain X’ from the universal property of the right pullback square as the pair X' =
(Af(x2) oX,Af(x1)). Conversely, given x’, we obtain X from the universal property of the front
pullback as the pair X = (A, (f1) ox’,Ay, (f)). That the assignments X — x’ and x’ — X are mutually
inverse follows immediately from the ‘uniqueness’ part of the universal property. O

3.1.5. As a result of Lemma 3.1.4, when reasoning internally about a full internal subcategory
S(f: B — A) of a locally cartesian closed category &, we can view the object of objects S(f)o
as an A-indexed family (a | a € A) and the object of morphisms S(f); as an A x A-indexed family
(f:Bys— By | a,d’ € A). This allows us to reason internally to & about full internal subcategories,
as well as internal functors and internal natural transformations between them, much like we reason
about categories, functors and natural transformations externally.

3.1.6 Lemma
Let (C, p) be a natural model with associated full internal subcategory U. For each object I of C,
there is a bijection

UM — Y C/r((C+Apy),(IB,pg))

which is natural in I".

Explicitly, given g € Uj(I') and 6 : A — I in C, if g corresponds with a triple (A, B,h), where
ABe 7 (I')and h:I".A — I .B over I, then g[o]| corresponds with (A[c],B[c],h[c]), where
hlo] : A.A[o] — A.B|[o] over A, as indicated with a dashed arrow in the following diagram in
which the front and back squares are canonical pullback squares (Construction 2.1.6).
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, A.B[o] I'.B
h[G]/,,———”// /
A.Alo] oA s A
Ps
Pglo]
Pafo] Pa
A 5 y I
Proof. Apply Lemma 3.1.4 with f = p and X =y(I'). O

3.1.7. Lemma 3.1.6 proves that the associated full internal subcategory of a natural model is equi-
valent to context-indexed family of types [CD14, Proposition 1], the latter regarded as a C-indexed
category rather than a category internal to C, although these notions are equivalent.

3.1.8 Construction — Cartesian morphisms of polynomials induce full and faithful internal functors
Let f: B — A and g : D — C be morphisms in a locally cartesian closed category &. Given a
cartesian morphism of polynomials @ : f => g, let S(@) : S(f) — S(g) be the full and faithful
internal functor defined in the internal language of & as follows.

o S(¢)o(a) = @o(a) fora € A; and
e S(¢)1(m:B, — By) = @uokoq, ') fora,d €A,
The assignment @ — S(¢) extends to a functor S : Poly$"(1,1) — Cat(&).

Verification. We work internally to &. To see that S(¢) defines a functor, note that for a,a’,a” € A
andm:B, — B, and n : By — B, we have

S(9)(n) o S(@)(m) = @urono gy’ o @yomo @, = @yonomog, " =S(@)(nom)
and evidently S(¢)(idg,) = idp

ION

To see that the assignment ¢ — S(¢) is functorial, note that evidently S(idy) = idg() for each
f:B—Ain &, and given ¢ : f = g and ¥ : g = h, we have

S(wo@)o=(wop)o=woop=S(w)ooS(¢)o
and for m : B, — B, we have
S(yo@)i(m) = (yo@)yomo(Yop),' =Yy w)osomoq, oy =S(y)i(S(¢r)(m))

as required. O
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In the following, given an object A of a locally cartesian closed category &, we will write |A| for
the discrete internal category on &, whose object of objects and of morphisms are both A and with
domain, codomain, identities and composition morphisms given by idy.

3.1.9 Definition — Internally cartesian closed categories [Jac99]
Let A be an internal category of a locally cartesian closed category &.

e A has an internal terminal object if the terminal internal functor ! : A — |1| has an internal
right adjoint tobj : [1| — A.

e A has internal binary products if the diagonal internal functor A: A — A x A has an internal
right adjoint.

e A with internal binary products has internal exponentials if the internal functor
prod : [Ag| x A — |Ag| x A

has a right adjoint exp, where prod is defined as follows and where x : A x A — A is the
internal binary product functor.

o prodg : Ag X Ag — Ag x Ay is defined by prody(A,B) = (A,A x B); and

o prod; : Ag x A} — Ag x Ay is defined by prod,; (A, f) = (A,id4 X f);

We say A is internally cartesian closed if it has an internal terminal object, internal binary
products and internal exponentials.

3.1.10 Theorem — Cartesian closure of the associated full internal subcategory

Let (C, p) be a natural model and let U = S(p) be its associated full internal subcategory. If (C, p)
admits a unit type, dependent sum types and dependent product types, then U is internally cartesian
closed.

Proof. Letn = (1,%):i1 = p, u= (%, p/al\r) :p-p=pand { = (IAT,/):) :P,(p) = p be the cartesian
morphisms of polynomials arising from the unit, dependent sum and dependent product type struc-
ture for (C, p), as in Corollary 2.1.11.

To see that U has an internal terminal object, let tobj = S(n) : S(y(¢)) = |1| — S(p) = U. Now for
A € % and x € 1, there is a natural correspondence between morphisms

L — 1y and [A] — [tobj(x)]

Indeed, the only morphism 1,4 — 1, in |1] is id;, and the only morphism [A] — [1] is Aa. *. So
! 4 tobj as required.

To see that U has internal products, we will define an internal functor

x:UxU—=U
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on objects by A x B = X(A, B), where B = Ax.B € %%, and on morphisms (f,g) € [C]* x [D]
by letting f x g : [A x B] — [C x D] be defined by

(f % 8)((a,b)) = pair(f(a), 8(5))
To see that A 4 x, note that for A,B,C € % there is a map
[A]1) x [B]I€) — [A x B]“]
given by (f,g) — Ac. p/ai\r(f(c),g(c)) and with an inverse given by
h— (Acfst(h(c)), Ac.snd(h(c)))
Hence A -1 x as required.

To see that U has internal exponentials, define an internal functor

exp: |%|xU—|%|xU

on objects by expy (A, B) = (A,TI(A, B)) and on morphisms (A, B) .S, (A,C) by letting
exp(f) : TI(4,B) — TI(4,C)

be defined by exp(f)(t) = /i(A,t o f). To see that prod — exp, note that for A,B,C € % there is a
map . R

|% |(A,€) x [D]***) — |2 |(A,C) x [TIeD]
which is trivial when A # C and is defined by the usual currying and uncurrying correspondence
when A = C. This proves that prod - exp. O

We will use the following construction in Theorem 3.1.13 in order to characterise when a natural
model admits dependent sum types.

3.1.11 Construction
Given full internal subcategories A = S(B EN A) and I = S(J 2 I) of a locally cartesian closed
category &, there is an internal category Famp(A) of & defined as follows.

e Famy(A)g = ¥ AY (=Py(A));

icl

By
e Famy(A);= Y XY II Ba/((ét)(J'));

(i.a),(7'.d") ge sl JETi
l

e The domain and codomain morphisms dom,cod : Famp(A); — Famy(A)g are given by the
evident projections;
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68 Chapter 3. Polynomials and representability

e The identities morphism ids : Famy(A)o — Famp(A); is defined in the internal language of
& by

ids(i,a) = ((i,a), (ia), Aj.j, A j.?Lb.b)

e Composition is given by internal composition in &’; explicitly, the object of composable pairs
of morphisms is given by

Famjp(A), = Y Z Y I1 BB/// 3o Bja((g(j))

(i,a),(i"a"),(i" a") BJ// OC]I JEi

and the composition morphism comp : Famy(A), — Famy(A); is given by

mmpOu@<za>< d").B,ai 1ji (b)) = ((10), (") Boa Aj.()5)) )

Verification. The fact that A and I allow us to check the required equations using the internal
language of &; but these equations are exactly the ones that demonstrate that the regular Fam
construction defines a category (see e.g. [Jac99]). ]

3.1.12 Construction

Let A be an full internal subcategory with an internal terminal object 1 € A. By anology with the
diagonal functor A : A — A x A, define an internal functor A:A— Famy (A) defined internally
on objects by A(a) = (a,1) and on morphisms f : B, — B by Z(f) = (f:By — By,idp, : B —
By). O
3.1.13 Theorem

Let (C, p) be a natural model admitting a unit type and let U = S(p) be its associated full internal

subcategory. Then (C, p) admits dependent sum types if and only if the internal functor A:U—
Famy (U) has an internal right adjoint.

Proof. First recall (Corollary 2.1.11) that a natural model (C,p) admits dependent sum types if
and only if there exists a cartesian morphism ( pair, Z) p-p = p of polynomials in C, as indicated
in the following pullback square:

Y ¥ [Bla) — 7
ABa[A]
pp P
Yy I —N
AU z
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Write pair(4, B,a,b) = (a,b) and £(A,B) = £4B.
First suppose that (C, p) admits dependent sum types, and define sigma : Famy (U) — U as follows:

o sigmag=2: ¥ %W — %, so that sigmay(A, B) = £4B for each (A, B) € (Famy(U))o.
Aw

e For (A,B),(C,D)e ¥ % and (f,g) € Famy(U)((A,B),(C,D)), define
AU

sigma; (f,8) = Ap.(f(p.0),gp0(p-1)) : [EaB] — [EcD]

First note that sigma is an internal functor. That it respects identities is evident; to see that it
respects composition, note that

sigma, ((£'.¢) o (1.2)) = sigmar(f'o £ Aa. g ©8a)
= Ap. (f'(f(P.0)),8}p.0)(&p0(p-1)))
= Ap.sigma;(f,8")((f(p-0),&p.o(p-1)))
= Ap. sigma; (f', &) (sigma; (f,£)(p))
=sigma (f',g') osigma;(f,g)

To see that A 4 sigma, let C € % and let (A,B) € AZ}/ 141 We obtain a map
e

Famy(U)((C,1), (A,B)) — U(ZcL,4B)
via (f,g) — A{c,*). (f(c),8c(*)); and we obtain a map

U(Ecl, 24B) — Famy (U)((C,1), (A, B))
via h— (Ac. h(c).0, Ac. Ax: 1. h(c).1)).
These maps are mutually inverse, and so A sigma as required.
Conversely, suppose now that A has an internal right adjoint sigma : Famy(U) — U. Define T

Y %" — % . Then sigma, gives for each (A,B),(C,D) € ¥ % amap
A Aew

signa, - ¥ [ [D(£(a)]2) — [£cD] ™

fi[C)Al ag[A]

Givena € [A] and b € [B(a)], let f, : [1] — [A] be given by f,(x) =aandlet gy : [1(a)] = [1] — [B(a)]
be given by g,(x) = b. Then
sigmal(fa,gb) . [le] — [ZAB]
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70 Chapter 3. Polynomials and representability

Define pair(A, B, a,b) = sigma, (fa, 8)({*,*)).

By construction, these are maps of the appropriate sorts, and p o p/éi\r =30 (p-p). To see that the
desired square is a pullback, note that the fibre of p - p over (A, B) is mapped bijectively via pair to
the fibre of p over X4B. [

In future work, we hope to find a result analogous to Theorem 3.1.13 which characterises when a
natural model admits dependent product types in terms of an internal adjunction.
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Section 3.2
Polynomial pseudomonads

3.2.1 Definition

A polynomial monad is a monad in the bicategory PolyZ™. Specifically, a polynomial monad is a
quadruple P = (I, p,n, 1) consisting of an object I of &, a polynomial p : I - I in & and cartesian
morphisms of polynomials 1 : i} = p and U : p- p = p, satisfying the usual monad axioms, namely

po(u-p)=po(p-p) and po(n-p)=id,=uo(p-n)

3.2.2 Remark

What is usually (e.g. [GK13]) meant by a polynomial monad is a monad (P,1, 1) on a slice & /; of
&, with P : &/; — & /; a polynomial functor and 1, u cartesian natural transformations; equival-
ently, this is a monad in the 2-category PolyFun$". We recover this notion from Definition 3.2.1
by applying the extension bifunctor Poly$™ — PolyFun$"™. Furthermore, every polynomial monad
in the usual sense is the extension of a polynomial monad in the sense of Definition 3.2.1.

Recall Corollary 2.1.11, which says that a natural model (C, p) admits a unit type if and only if there
is a morphism 7 : iy = p in Polyca“, admits dependent sum types if and only if there is a cartesian
morphism i : p-p=>pin PolyCalrt and admits (C, p) admits dependent product types if and only if
there is a cartesian morphism C P,(p) = pin Poly%m. It is natural to ask whether (y(¢),p,n, 1)
is a polynomial monad in the sense of Definition 3.2.1, and that (p, {) is an algebra for this monad
in a suitable sense, but unfortunately, this turns out to be false. For example, consider the monad
unit laws p o (n - p) =id, = po(p-n)—they state precisely that the following equations of pasting
diagrams hold:

A,Ba:[A] A’Ba:[A]

pl o l ‘/ J” = pl pp l
5 +

Vo BN o == W YU o W

However, the monad laws do not hold strictly in general. Indeed, in the internal language of @, we
have

(mo(m-p)o(A)=Y1=Ax1 and (uo(p-n))o( ZA—le

x:A

But in type theory, the types A x 1, A and 1 X A are not generally equal, although there are canonical
isomorphisms between them. We therefore cannot, in general, expect the monad laws to hold
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72 Chapter 3. Polynomials and representability

strictly, for instance if the natural model is one arising from the syntax of dependent type theory
(Schema 5.0.1). However, it is still reasonable to expect this structure to satisfy the laws of a
pseudomonad.

Much as monads naturally live in bicategories, pseudomonads naturally live in tricategories [Mar99,
Lac00]. To define the notion of a polynomial pseudomonad, we therefore need to endow the bicat-

cart

egory Poly " with 3-cells turning it into a tricategory.

A tricategory of polynomials

In general, tricategories are fiddly, with lots of coherence data to worry about [GPS95, Gurl3]—
fortunately for us, our situation is simplified by the fact that composition of 2-cells of polynomials
is strict, so that the 3-cells turn the hom categories Poly®‘¢(1,J) into 2-categories, rather than
bicategories. The emerging structure is that of a 2Cat-enriched bicategory.

3.2.3 Definition — 2Cat-enriched bicategories
A 2Cat-enriched bicategory ‘5 consists of:

o A set B, whose elements we call the 0-cells of 53;

For all 0-cells 1,J, a 2-category B(1,J), whose 0-cells, 1-cells and 2-cells we call the 1-cells,
2-cells and 3-cells of ‘B, respectively;

For all O-cells 7,J,K, a 2-functor oy y ¢ : B(J,K) x B(I,J) — B(I,K), which we call the
composition 2-functor;

For all O-cells 1, a 2-functor 1; : 1 — B(1,I), which we call the identity 2-functor, where 1
is the terminal 2-category;

For all O-cells 1,J, K, L, a 2-natural isomorphism

o id
B(K,L) x B(J,K) x B(1,]) —X"C 5 B, L) x B, J)
id><0]7‘]1]( v Q1 jK.L O1J,L
B(K,L) x B(I,K) — B(I,L)

called the associator;

e For all O-cells /,J, 2-natural isomorphisms
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1y xid

B(1,J) x 1 U B(1,0) < B(1,1) B(J,J) x B(1,J) £ 1% 8(1,J)

PrJ X
or1.J o1,

B(1,J) B(I,J)
called the left unitor and right unitor, respectively.

such that for all compatible 1-cells / i> JSKS LS M , the following diagrams commute:

((koh)og)o f === (koh)o(go f) === ko (ho(gof))
oy kLmof kooy sk L
(ko(hog))of Y ko((hog)of)

(got)of L go(yof)

Arkof 89Pr1.J
gof

Every 3-category is trivially a 2Cat-enriched bicategory, and every 2Cat-enriched bicategory is a
tricategory. Every 2Cat-enriched bicategory has an underlying bicategory, obtained by forgetting
the 3-cells, and every bicategory can be equipped with the structure of a 2Cat-enriched bicategory
by taking only identities as 3-cells. An equivalent viewpoint is that 2Cat-enriched bicategories are
tricategories, whose hom-bicategories are 2-categories and whose coherence isomorphisms in the
top dimension are identities.

Connections between polynomials and 2Cat-enriched bicategories have been studied in different
but related settings by Tamara von Glehn [vG15] and by Mark Weber [Web15] (the latter referring
to them as ‘2-bicategories’).

In order to motivate our definition of 3-cells, recall that Construction 3.1.8 yields a functor
S: Poly2™(1,1) — Cat(&)

However, Cat(&) has the structure of a 2-category, so it is therefore reasonable to expect that
when we equip Poly, with 3-cells, the functor S should extend to a 2-functor. In particular, any

73



74 Chapter 3. Polynomials and representability

3-cell between cartesian morphisms of polynomials should induce an internal natural transforma-
tion between the induced internal functors. However, since the association of internal functors to
morphisms of polynomials works only for cartesian morphisms of polynomials, we cannot simply
take internal natural transformations as the 3-cells of Poly,. Lemmas 3.2.4 and 3.2.5 provide a
correspondence between internal natural transformations S(¢) = S(y) and particular morphisms
of & in a way that generalises to the case when ¢ and v are not required to be cartesian.

3.2.4 Lemma

Let f:B— A and g: D — C be polynomials in a locally cartesian closed category & and let
¢,y : f = g be cartesian morphisms of polynomials. There is a bijection between the set of
morphisms o : Ag,D — Ay, D in & /4 and the set of morphisms & : A — S(g); in & /cxc, as indicated
by dashed arrows in the following diagrams, where ¢,, ¥, are canonical isomorphisms induced by
the universal property of pullbacks.

ApD %5 Ay,D S(g
QDZ\LQ g\LVIZ R //,7
B B @, P)
f\> A /f A s CxC
<(P07 0>

Proof. Given ot : Ag,D — Ay, D in & /4, the exponential transpose of & in & /4 is, as a morphism in

(a

D
&, asection & : A — H of the projection H — A, where H = Y, Dw:f(()a)). This projection is precisely
acA
the pullback of S(g); — C x C along (@, W), as illustrated in the following diagram:

H —— S(gh
Moo

/
1
1
o
\
\
\
\

A—— CxC
<(P0yll/0>

But sections of the pullback correspond with diagonal fillers & : A — S(g); of the pullback square.
This is as required, since such a filler making the lower triangle commute makes the upper triangle
commute automatically. This concludes the proof of (a). O

3.2.5 Lemma

Let f: B—Aand g: D — C be polynomials in a locally cartesian closed category &, let o, w: f =g
be cartesian morphisms of polynomials, and let &, & be as in Lemma 3.2.4. The following are
equivalent:
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(i) @ is an internal natural transformation S(¢@) = S(y);
(i) In the internal language of &, we have S(y)(k) o o, = ay oS(@)(k) fora,a’ € Aand k € Bf,";

(iii) In the internal language of &, we have ¥, ok =ko Yy, fora,a’ € A and k € Bf,", where y =
1//20060(p271 :B— B;

(iv) ais a morphismin & /p, i.e. Yoo = @,.

Proof. We prove (1)< (1)< (i) < (iv).

(1)<(ii) In light of Lemma 3.2.4, this is just a translation into the internal language of & of the
definition of an internal natural transformation.

(ii)<(iii) Consider the following ‘internal’ diagram, parametrised by a,a’ € A and k € Bg,“.

k S(9)(®) S(w)(0) k
Ba — 5 Dote) —o; Pww) =5, Be

a

The left- and right-hand squares commute by functoriality of S(¢) and S(y). The centre
square commutes if and only if (ii) holds, and the outer square commutes if and only if (iii)
holds. But the centre square commutes if and only if the outer square commutes.

(iii)<(iv) Letac Aand b € B,, and let k € Bg“ be the constant (internal) function with value b. If (iii)
holds, then

Ya(D) = Ya(k(b)) = k(Ya(b)) = b

so that (7, =idp, | a € A) holds. But this says precisely that y = idp, and hence y, 00t = @;.
The converse (iv)=-(iii) is immediate.

3.2.6 Definition
LetF: 1B A LJandG:1& D5 C Y Jbe polynomials and let ¢, y : F = G be morphisms
of polynomials, as in:
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A, A
\g%;ﬁ/ \g%;%

An adjustment o from ¢ to y, denoted & : ¢ = Y, is a morphism o : Dy — Dy, over B:

Dy 2 D
X‘ /
B
3.2.7. Lemma 3.2.5 tells us that, when ¢ and y are cartesian, adjustments & : ¢ = Y can equival-
ently be described as internal natural transformations o : ¢ = .

We can now, at least, state the following conjecture.

3.2.8 Conjecture
There is a 2Cat-enriched bicategory ‘Boly,, whose underlying bicategory is Poly, and whose
3-cells are adjustments.

Unfortunately, the details required to fully prove Conjecture 3.2.8 turned out to be somewhat labor-
ious and, since its full force is not required for our main results, we have left the task of verifying
these details for future work. Our progress so far is outlined in Lemma 3.2.9 and Paragraph 3.2.10,
and we prove the analogous result with attention restricted to cartesian morphisms of polynomials
in Theorem 3.2.12.

3.2.9 Lemma
Let I and J be objects in a locally cartesian closed category &. There is a 2-category Poly(1,J)
whose underlying category is Poly+(/,J) and whose 2-cells are adjustments.

Proof. Given polynomials F,G : [ - J, the category Boly.(1,J)(F,G) has morphisms of poly-
nomials F = G as its objects and adjustments as its morphisms, with identity and composition
inherited from & /p.

Given a polynomial F : I < B ENRNy , we have an evident functor 1 — Boly 4 (1,J)(F, F) picking
out the identity morphism F => F and the identity adjustment on this morphism.
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Let F,G,H : I — J be polynomials. The composition functor
c:Polys(1,J)(G,H) xPolys(I,J)(F,G) — Poly(I,J)(F,H)

is defined as follows. The composite c(y, @) of ¢ : F => G and y : G = H is defined using a
pullback construction, as defined in [GK 13, 3.9]—in particular, the morphism (Yo @)s : Dyop — B
is induced by the universal property of pullbacks. This yields, for each pair of adjustments o : ¢ =
¢’ and B : v = v/, a unique morphism Dy.p — Dyroe in & induced by the universal property of
pullbacks, which is an adjustment since it makes the required triangle in & /p commute. We take
this morphism to be ¢(f, o). Functoriality of ¢ is then immediate from the universal property of
pullbacks.

It can be easily verified that this data satisfies the required identity and associativity axioms. Thus
we have a 2-category. O

3.2.10. In order to prove Conjecture 3.2.8 in its entirety, it remains to define the coherence 2-
natural isomorphisms o, A, p, as described in Definition 3.2.3, and verify that the required diagrams
commute.

To give the reader an idea of the flavour of this task, we present some progress towards defining the
associator 2-natural transformation . For each quadruple of objects 7,J, K, L of &, this must assign

to each triple of polynomials / L g k& La morphism of polynomials oG n : (H-G)-F =
H-(G-F) and, to each triple of morphisms of polynomials

o:F=F 6 x:G=G, y:H=H
an adjustment
Up oy V- (X @)otren = opguo(W-x)-¢:(F-G)-H=F-(G-H)

which satisfy naturality laws and behave well with respect to composition and identity.

Restricting tothecase | =J=K=L=1,letf:B—A,g:D — Cand h: F — E be morphisms of
&, considered as polynomials 1 — 1 as usual. We will construct an invertible (and hence cartesian)
morphism of polynomials ¢ts g : (h-g)- f = h-(g- f). Such a morphism must fit into the following
pullback square:

(0tf,0m)
Y Y Y Byao—"—=YY X Buu
enyq feF, deDyy) e,p feF, deDCf
(hg)-f h-(g-f)

Y L Il M A———— LIl YL IlA

¢€E neCre feF, deDy ;) (@ren)o  ¢€E feF, ceCdeD.
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In the above, we have overloaded the letter f, which is ambiguous between the morphism f: B — A

of & and an internal ‘element’ f € F,; and we have written p(f) = (cs,ms) forpe [T ¥ ] A
fe€F, ceCdeD,

and f € F,.

The isomorphism (s 4 4)o is given by applying the type theoretic axiom of choice to exchange the
middle XI1. Specifically, we have

(orgn)o(e,n,q) = (e, Af-(n(f),4(f)))

The isomorphism (0t 4 5)1 acts trivially; that is, we have

(argn)ile,n,q,f,d,b) = ((0tgn)o(e,n,q), f,d,b)

We suspect that the definition of g y y Will also be an instance of the type theoretic axiom of
choice. From this, it will be an exercise in symbolic manipulations to check that the ‘Mac Lane
pentagon’ commutes.

The situation in which we restrict our attention to cartesian morphisms of polynomials is greatly
simplified by the following lemma, allowing us to prove Conjecture 3.2.8 for this case in The-
orem 3.2.12.

3.2.11 Lemma
Let ¢ and y be morphisms of polynomials. If y is cartesian then there is a unique adjustment from

Qtoy.

Proof. When y is cartesian, the morphism y is invertible, so that o = v, Lo ¢, is the only morph-
ism making the required triangle commute. 0

From Theorem 1.2.19(d) and Lemma 3.2.11, we immediately obtain the following theorem.

3.2.12 Theorem
There is a 2Cat-enriched bicategory PolnE™ whose underlying bicategory is PolyZ™ and whose

cart

hom 2-categories PolnZ" (1,J) are locally codiscrete for all objects ,J of &.

Proof. The description of the 2Cat-enriched bicategory data is described in Paragraph 3.2.10. The
coherence data is uniquely defined and satisfies the required equations by Lemma 3.2.11. O

Before moving on, we extend Theorem 1.2.20 to our tricategorical setting.
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3.2.13 Lemma
For fixed objects I and J of a locally cartesian closed category &, there are full and faithful 2-
functors

S:Polys(1,J) — Polyg, (1,1) and S RolyS(1,d) — ‘Bo[g?};ﬂ(l, 1)

Proof. LetF:I@BLAL)JandG:I&DgCﬁJbepolynomialsI—>J, and let @,y be

morphisms of polynomials F' => G. An adjustment « : ¢ = Y is simply a morphism & : @2 — y»
in & /p. Since S(@)2 = @2 and S(y)2 = y», an adjustment S(¢) = S(y) is a morphism ¢ — y»
in (& /1x1)/(s,0r) = & /p. S0 we can take S to be the identity on adjustments. This trivially extends
the functors S and S of Theorem 1.2.20 to full and faithful 2-functors. O

3.2.14 Theorem
Fix objects I and J in a locally cartesian closed category &. There is a locally full and faithful
2-functor

A(_) : ‘J30[1)f§"“(1,]) — Cat(éa/lxj)

whose underlying 1-functor is as in Construction 3.1.8.

Proof. Let ¢,y : F = G be cartesian morphisms of polynomials I -+ J. We proved in Lemma 3.2.5
that adjustments o : ¢ = y correspond bijectively with internal natural transformations @ : S(¢) =
S(y). Moreover, by Lemma 3.2.11, there is a unique internal natural transformation S(¢) = S(y).
As such, defining A, = & for all adjustments @, we automatically obtain a 2-functor, which is
locally full and faithful since the hom-sets

Polyi™ (1,7)(F,G)(9,y) and Cat(&'/1.s)(S(f),S(8))(S(¢),S(v))

are both singletons. O

Polynomial pseudomonads

We are now ready to define the notion of a polynomial pseudomonad. First, we recall the defini-
tion of a pseudomonad in a 2Cat-enriched bicategory (in fact, the definition works just fine in an
arbitrary tricategory).

3.2.15 Definition
Let ‘B be a 2Cat-enriched bicategory. A pseudomonad T in ‘B consists of:

o A O-cell I of B;

o Al-cellt:I—1,;
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e 2-cellsn:id; =t and u : ¢ -t = t, called the unit and multiplication of the pseudomonad,
respectively;

e Invertible 3-cells o, A, p, called the associator, left unitor and right unitor of the pseudo-
monad, respectively, as in

t- t -t
A H Y
et ay u . i ‘
id; U id,
t-t T t t

such that the following equations of pasting diagrams hold:

[ttt —Ps fpt [ttt —Es f gy
AN » I "
wett tut tol) wetet &~ ut
N l
tt-t “L o ppt =tu=>t-t = [t t =—tp=—> 1 ; tt
H "
TR u all u u
ur net
| N
Pl —— 1 Pt = 1
[tt —ts fg [tt —Es fg
rn-t u-t ol - rn-t id; —
Aty \ /
[t — rt t t-t t
id;.; 15 n

3.2.16. We reserve the following terminology for particular cases of pseudomonads in 2Cat-enriched
bicategories:

e When the 3-cells a, A, p are identities, we call T a 2-monad in 8. Note that a 2-monad
in *B restricts to a monad in the underlying bicategory of 8, and that every monad in the
underlying bicategory of ‘B is automatically a 2-monad in ‘B.

e When ‘B = 2Cat is the 3-category of 2-categories, 2-functors, pseudo-natural transforma-
tions and modifications, and the underlying O-cell of T is a 2-category %", we say that T is a
pseudomonad (or 2-monad) on 7.
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3.2.17 Definition
A polynomial 2-monad (resp. polynomial pseudomonad) is a 2-monad (resp. pseudomonad) in
the 2Cat-enriched bicategory Poln@™. Specifically, a polynomial pseudomonad consists of the

following data:
e An object I of &
e A polynomial p: 11,
o Cartesian morphisms of polynomials ) :if => pand 4 : p- p = p;

e Invertible adjustments ot : pro(p-pu) = po(u-p),A:po(n-p)=id,andp:puo(p-n)=
id,;

such that the adjustments o, A, p satisfy the coherence axioms of Definition 3.2.15.

A consequence of Theorem 3.2.12 is that all parallel pairs of cartesian morphisms of polynomials
are uniquely isomorphic. It follows that, in this case, simply specifying the data for a polynomial
monad suffices for defining a polynomial pseudomonad—this is stated precisely in the following
lemma, whose proof is immediate.

3.2.18 Lemma

Let I be an object of &, let p: I - I be a polynomial and let ) : iy = pand w: p-p = p be
cartesian morphisms of polynomials. Then there are unique adjustments o,A,p such that the
septuple P = (I, p,n, 1, o, A,p) is a polynomial pseudomonad in &. O

The next result allows us to lift polynomial 2-monads and polynomial pseudomonads in & to 2-
monads and pseudomonads on the hom 2-categories of PolyE™. This will play a key role in
identifying the sense in which a natural model p : % — % is a pseudoalgebra over the polynomial

pseudomonad it induces.

3.2.19 Theorem
LetP= (p,n,u,a,A,p) be apolynomial 2-monad (resp. pseudomonad) on an object / of a locally
cartesian closed category &. Then P lifts to a 2-monad (resp. pseudomonad) P = (P,h,m,...) on

Vol (1, 7).

Proof. By Lemma 3.2.13, we may take / = 1 without loss of generality, so thtat p is just a morphism
p:Y — X in & and 1, u are pullback squares in & (cf. Paragraph 1.2.18).

For notational simplicity, write ¥  to denote the 2-category Polp$™(1,1). Note % has as its
underlying category the wide subcategory &,;, of £~ whose morphisms are the pullback squares.

Thus the O-cells of .#" are the morphisms of &, the 1-cells of .#" are pullback squares in &, and
between any two 1-cells there is a unique 2-cell by Theorem 3.2.12.
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First we must define a 2-functor P : #" — ¢ . Define P on the O-cells of %" by letting P(f) = P,(f)
forall f: B— Ain &. Givena l-cell ¢ : f = g of J#—that is, a pullback square in &—let P(¢)
be the result of applying the extension P, of p to the pullback square defining ¢, as in:

Note that P(¢) is indeed a pullback square, since polynomial functors preserve all connected limits
[GK13]. Thus P(¢) is a 1-cell from P(f) to P(g) in % .

Now P respects identity 1-cells in 2, since if f: B — A is a 0-cell then

P(idy)o = Pp(idp) = idp (5 = (idp(s))o

and likewise P(idy); = (idp(s))1; and P respects composition of 2-cells in %", since for i € {0,1}
we have

P(yo@)i=P,((yo)i) =Pp(yio @) = Pp(y;) o Ppy(@;) = P(y)i o P(9); = (P(y) o P(9));

Hence the action of P defines a functor on the underlying category of %"

The fact that P extends to a 2-functor is trivial: given an adjustment ¢ : ¢ = , there is a unique
adjustment P(¢) = P(y). We take this to be P(c), and note that the axioms governing identity
and composition of 2-cells hold trivially by uniqueness of adjustments.

The pseudo-natural transformations 4 :id » = P and m : Po P = P giving the unit and multi-
plication of P are induced by the unit 17 : iy => p and i : p- p => p of P. Specifically, define the
components iy : f = P(f) and my: P(P(f)) = P(f) ataO-cell f:B — A of JZ to be the following
squares, respectively:
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p—"" v gt ) B<>'€ZYXY”") ) By o
N xeX (x,)EY Xt xeX
xeX _
! P(f) re)| P(f)
( L Yr(y))
A——— Y Al Y A Ve S A
(Pn)A xeX ()C,t)E Z Xt (Pu)A xeX

xeX

Note that these squares commute and are cartesian by naturality and cartesianness of the exten-
sions Py, P, of n,u. That & and m extend to pseudo-natural transformations is immediate from
Theorem 3.2.12: the pseudo-naturality 2-cells in J#~ are adjustments, so they exist uniquely and
satisfy the coherence axioms for pseudo-natural transformations automatically.

If P is a polynomial 2-monad, it is now easy to verify that the 2-monad laws hold for P*. If P is a
polynomial pseudomonad, then the pseudomonad laws for P™ concern existence of and equations
between adjustments, hence are trivially true by Theorem 3.2.12. 0

3.2.20 Definition
Given a polynomial monad (resp. pseudomonad) P, the lift of P is the 2-monad (resp. pseudo-
monad) P™ as in Theorem 3.2.19.

3.2.21 Definition
Let T = (T,h,m,,A,p) be a pseudomonad on a 2-category .#". A pseudoalgebra over T consists
of

o AOQ-cellAof 7,
e Alcella:T(A) = Ain %

e Invertible 2-cells ¢, 7 of JZ, as in:

T(T(4) —9 5 7(a) A7
mr Oy a T a

idg

such that the following equations of pasting diagrams hold:
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T34 —TTa_, 724 T34 — T, 724
mra Tmy To | Ta mra o m‘A Ta
24 % T2A —1—TA = TA—1a—TA ° TA
" T " i x‘ " \a\ I
TA ———— A T(A) ——— A
724 — 14 TA T2A — T4 1A
\ Tt /
Thy ma oll ¢ = Thy idra _ 4
A \ /
TA — TA TA TA A
idra a a

3.2.22 Definition

LetP=(l,p:Y —X,...) be a polynomial pseudomonad in a locally cartesian closed category &.
A polynomial pseudoalgebra over PP is a pseudoalgebra over the lift P*. Specifically, it consists
of:

e A polynomial f: B — A;
e A cartesian morphism of polynomials § : P,(f) = f;
o Invertible adjustments o, T whose types are as in Definition 3.2.21;

such that the adjustments o, T satisfy the coherence conditions of Definition 3.2.21.

Much like with polynomial pseudomonads (Lemma 3.2.18), merely specifying the data for a poly-
nomial pseudoalgebra suffices for the conditions to hold—again, this follows immediately from
Theorem 3.2.12.

3.2.23 Lemma

LetP=(I,p:Y — X,...) be a polynomial pseudomonad in a locally cartesian closed category &,
let f: B— A be a polynomial and let { : P,(f) = f be a morphism of polynomials. Then there are
unique adjustments o, T making (f, {, o, 7) into a polynomial pseudoalgebra over P. O

We are now ready to precisely state the sense in which a natural model admitting a unit type and
dependent sum types ‘almost’ gives rise to a polynomial monad, and one admitting dependent
product types ‘almost’ gives rise to an algebra over this monad.
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3.2.24 Theorem
Let (C, p) be a natural model.

(a) (C,p) supports a unit type and dependent sum types if and only if p can be equipped with
the structure of a polynomial pseudomonad P in C.

(b) (C, p) additionally supports dependent product types if and only if p can be equipped with
the structure of a polynomial pseudoalgebra over P.

Proof. By Theorems 2.1.8 and 2.1.9, (C, p) supports a unit type and dependent sum types if and
only if there exist cartesian morphisms of polynomials 1 : iy = p and W : p- p = p, and by The-
orem 2.1.10, (C, p) additionally supports dependent product types if and only if there exists a
cartesian morphism of polynomials § : P,(p) => p. By Lemmas 3.2.18 and 3.2.23, there are unique
adjustments turning (p,n, ) into a polynomial pseudomonad P, and unique adjustments turning
(p, &) into a polynomial pseudoalgebra over PP. O

3.2.25. Theorem 3.2.24 makes a connection between logic and algebra by exhibiting a correspond-
ence between laws concerning dependent sums and dependent products in type theory with laws
concerning monads in algebra. Specifically, for n: 1, = p, u:p-p=>pand { : P,(p) = p, the
pseudomonad and pseudoalgebra isomorphisms in SBolhs™ correspond to certain type isomorph-

C
isms as follows:

Name H Monads and algebras \ Type theory

Monad associativity || o (p-p) =po(u-p) | L £ Cxy)= L  Clxy)

x:Ay:B(x) (e3): L Bx)
Monad unit (left) po(p-n)=id, Y1=A
XA
Monad unit (right) po(n-p)=id, YA=A
x:1

Algebra multiplication || o (p-{)=Co(u-p) | I1 II Clx,y)= [I C(x,y)
Y

Algebra unit §o(n-p)=id, [TA=A
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Section 3.3
Representability revisited

Representability and cocontinuity

The first goal of this section is to identify a condition for a natural transformation p : U U
between presheaves over a small category C to be representable in terms of cocontinuity of its
polynomial extension P, :C — C. We will prove that if p is representable, then P, is cocontinuous.
For the converse, we w111 need to assume some conditions on the base category (C namely that it is
Cauchy complete and has finite products.

We begin with a discussion of Cauchy completeness and its relation to so-called tiny objects in
presheaf categories. This matter is confused somewhat by the fact that there are different notions
of tininess and, even more confusingly, different words have been used by different authors to refer
to the same notion of tininess, and different notions of tininess have been referred to by different
authors by the same word! With this in mind, we will first fix our own terminology.

3.3.1 Definition — Tiny and atomic objects
Let & be a locally small, cocomplete, locally cartesian closed category and let X be an object of &.
Then:

(i) X is internally atomic if (—)* : & — & has a right adjoint;
(ii) X is internally tiny if (—)X : & — & is cocontinuous;
(iii) X is externally atomic if &(X,—) : & — Set has a right adjoint;

(iv) X is externally tiny if £ (X,—) : & — Set is cocontinuous.

Condition (i) goes back to William Lawvere, who referred to the right adjoint to the functor (—)*
as the amazing right adjoint. An object satisfying (i) is called infinitesimal by Lawvere [Law80],
atomic by Anders Kock [Koc81] and tiny by David Yetter [ Yet87]. An object satisfying condition
(iv) is called an atom by Marta Bunge [Bun11] and is called small-projective by Max Kelly [Kel82].

3.3.2. When & = C for some small category C, it follows from Freyd’s adjoint functor theorem that
each of the functors (—)* and C(X,—) is cocontinuous if and only if it has a right adjoint. Thus
a presheaf is internally atomic (in @) if and only if it is internally tiny, and is externally atomic if
and only if it is externally tiny. For this reason, since we will focus on presheaves from now on,
we will simply use the term internally tiny to refer to conditions (i) and (ii) together, and externally
tiny to refer to conditions (iii) and (iv) together.
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3.3.3 Definition — Cauchy complete category, [BD86]
A category ¢ is Cauchy complete if every idempotent in & splits—that is, if for eache: A — A

in & such that e o e = e, there exists a factorisation of ¢ in € as A — B — A such that roi = idg.

3.3.4. We briefly recall some results from [Kel82, §5.5], [BD86] and [Yet87] concerning tiny ob-
jects and Cauchy completions. A presheaf X : C°? — Set over a small category C is externally tiny
in C if and only if it is a retract of a representable functor. Writing C for the full subcategory of
C whose objects are the retracts of representable functors, we have that C is small and the Yoneda
embedding y : C — C factors through the embeddmg k : C < C. The category C is the Cauchy
completion of C; moreover, the functor k* : C — C is an equivalence of categories, and if C has
finite products then so does C. A category C is Cauchy complete if and only if k itself is an equi-
valence. In particular, a category C is Cauchy complete if and only if the externally tiny objects of
C are exactly the representable functors. If C is Cauchy complete and has a terminal object, then
externally tiny objects are internally tiny; the converse holds if C has finite products.

3.3.5 Theorem — Characterisation of representability by cocontinuity
Let C be a small category and let p : ZZ — % be a natural transformation between presheaves over

C.
(a) If p is representable, then its extension P, : C — C is cocontinuous.

(b) If the extension P, : C — C of p is cocontinuous and C is Cauchy complete with finite
products, then p is representable.

Proof. By Lemma 1.2.11, for each I" € ob(C), there is a natural (in X and in I") bijection

P,(X)(I') = (Z XW> Y Caa(#).X)

AcU Ae(T')

If p is representable, then AA(%. ) 2 y(I'.A) for some object I" . A of C, so AA(%' ) is externally
tiny and we see that P, preserves colimits. This proves (a).

Conversely, if P, preserves colimits then so does II,, so that AA(%. ) is internally tiny. If C is
Cauchy complete and has finite products, then as discussed above we have that A4 (%) = y(I".A)
for some object I".A of C, so that p is representable. This proves (b). O

3.3.6 Corollary )
Let C be a small category with finite products and let p : %/ — % be a natural transformation
between presheaves over C such that P, : C — C is cocontinuous. By transporting p along the

equivalence C~ (C discussed in Paragraph 3.3.4, we obtain a representable natural transformation
p between presheaves over C.
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Proof. Note that P; : C — C is cocontinuous since k* : C — C is an equivalence. Since C has
finite products, so does C, and since C is Cauchy complete, it follows from Theorem 3.3.5 that
is representable. O

3.3.7. In [Kel82, Theorem 5.26] it is proved that a category & is equivalent to the category C of
presheaves on a small category C if and only if & is cocomplete and there is a small set of tiny
objects constituting a strong generator of &. The category C is obtained as the full subcategory of
& determined by this set of tiny objects.

Representability and full internal categories

3.3.8. We recall from [Jac93, §4] and [Jac99, §7] some facts about full internal subcategries. Given
any morphism f : B — A of a locally cartesian closed category &, the full internal subcategory
S(f) of & (Construction 3.1.1) gives rise to a fibration E(f) — & together with a full and faithful
cartesian functor E(f) — & over &.

E(f) &7

&

The category E(f) is the externalisation of S(f), which can be described as follows.
e The objects of E(f) are morphisms x: X — S(f)o=Ain &;

e Givenx:X —Aandy:Y — A, amorphism from x to y in E(p) is a pair (o,%) consisting of
a morphism ¢ : X — Y in & and a morphism A,(f) — Ayos(f) in & /x.

The fibration 7 : E(f) — & sends each object x : X — A to its domain X and each morphism (o, k)
to its first component o; and the cartesian functor E(f) — & sends an object x : X — A of E(f)
to the morphism A (x) : A¢(B) — X and a morphism (o, %) : x — y to the square described by o
and h.

When p : U — % is a natural transformation between presheaves over a small category C, this
construction gives rise to a full and faithful fibred functor E(p) — C~ over C. The fibre E(p)yr
over a representable presheaf y(I") is then exactly the (external) category S(p)(I") obtained by
applying the data defining S(p) € Cat(@) to the object I" of C. By pulling back 7 : E(p) — C along
the Yoneda embedding y : C — C, we obtain a fibration 77’ : E/(p) — C, where E/(p)r = E(p)yr)-

By abuse of notation, we will simply write 7 : E(p) — C for this fibration.
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We prove in Theorem 3.3.12 that representability of p can be characterised by the existence of a
full and faithful fibred functor (over C) from E(p) to the full subcategory of C™ determined by
the morphisms in C classified by p (Definition 3.3.9). First, we remark that the codomain fibration
restricts to this subcategory.

3.3.9 Definition

Let p : Y — X be a natural transformation between presheaves over a small category C. We say a
morphism ¢ : A — I' of C is classified by p if y(o) : y(A) — y(I") arises as a pullback of p in
C. Write F » to denote both the set of morphisms of C classified by p, and the corresponding full
subcategory of C.

3.3.10 Lemma
Let (C, p) be a natural model and let 6 : I — I" in C. Then o € .%, if and only if there is an
isomorphism (I'.A,p,) — (I'',0) in C/r for some A € % (I'").

Proof. The morphism o is classified by p if and only if there exist A € %/ (I") and a € w (A,Alo])
such that the following square is a pullback.

y(A) ——— %
4

y(o) P

yI') ——— %

By representability of p, the natural transformation y(p,) is also a pullback of p, hence the result
follows from the universal property of pullbacks together with the fact that the Yoneda embedding
is full and faithful. O

3.3.11 Lemma — Classified morphisms yield a fibration
Let C be a small category and p : % — % be a natural transformation between presheaves over C.
The codomain functor .%, — C is a Grothendieck fibration.

Proof. 1t suffices to prove that pullbacks of morphisms in .%#, along arbitrary morphisms of C
exist and are in .%,. To thisend, let y: I'" — I € %, and let 6 : A — I" be a morphism in C.
By Lemma 3.3.10, there is an isomorphism 6 : (I'.A,p,) = (I'',0) in C/r. Now consider the
following diagram
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AAlo] —= ,T.A d r’
J ‘ -

Ps P4 Y

AT r

The square on the left is a canonical pullback square (Construction 2.1.6) and the square on the right
is a pullback since it commutes and 6 is an isomorphism, so that the outer square is a pullback.
But then (0,0 0 (0.A)) is a cartesian lift of ©. O

3.3.12 Theorem — Characterisation of representability from full internal subcategories
Let C be a small category and let p : % — % be a natural transformation between presheaves over
C. Then p is representable if and only if there is a fibred equivalence x : E(p) — .%), over C.

xR

E(p) Fp

1

C

Proof. (<) Suppose there is a fibred equivalence x : E(p) — .%,, and let I € ob(C) and A €
% (I'). Then A € ob(E(p)r), so that xr(A) € (#,)r. Define I'.A = dom(xr(A)) and p, = xr (A).
Since p, € .%), there is a morphism q, : y(I"«A) — % making the following square a pullback

y([A) —2
P4 hp
iy p——

This demonstrates that p is representable, and that specifying ) gives rise to representability data
for a natural model (C, p).

(=) Suppose p is representable. Representability of p is equivalent to the existence, for each object
I' of C and element A € % (I"), of a morphism p, : I".A — I" of C such that y(p,) is a pullback
of p. Let the action of } on objects choose such a morphism for each pair (I",A). By Lemma 3.1.4
and by definition of E(p), morphisms from A € % (A) to B € % (I') in E(p) correspond naturally
with pairs (0, 7), where 0 : A — I' is a morphism of C and 7 is a morphism from (I".A[c], pA[G])
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to (I".B,p,) in C/r; but this correspondence precisely gives us the action of ) on morphisms and
tells us that it is full and faithful (since the correspondence is bijective) and fibred over I" (since
the codomain is respected). Moreover, ¥ is essentially surjective: given o : I"" — I" € ob(.%)), it
follows from Lemma 3.3.10 that for some A € % (I') we have ¢ = x(I",A) in .%),. O

3.3.13 Corollary

Specifying a natural model (C, p) is equivalent to specifying a category C with a terminal object
¢, a natural transformation p : U — U between presheaves over C, and a fibred equivalence
E(p) — %, over C. O

Closure properties of representable natural transformations

3.3.14 Theorem — Closure properties of representable natural transformations
Let C be a small category. The class Z C C of all representable natural transformations over C
enjoys the following closure properties:

(a) Z is closed under composition in @;

(b) Z is closed under pullbacks (in @) along arbitrary morphisms of C;
(¢) Z is closed under polynomial composition in C;

(d) Z is closed under isomorphisms in @ﬁ;

(e) Z is closed under (small) coproducts in c-.

Proof.

(a) Let p:Y — X and ¢ : Z — Y be representable natural transformations and let C € ob(C) and
x € X(C). Using representability of p and of ¢, construct the following diagram in which the
top and bottom squares are pullbacks.

yE) ——— Z
4

g q

y(D) y— Y
_

f p
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By the two pullbacks lemma, the outer square is a pullback, so that p o g is representable.
(b) Let p:Y — X be a representable natural transformation and let f,g,q be natural transform-

ations fitting into the following pullback square.

y — 8 .y
_

X’ﬁX

Let C € ob(C) and x € X'(C). Then fc(x) € X(C), so there exist D € ob(D), y € Y(D) and
f: D — C in C making the outer square of the following diagram a pullback.

y(C) X' X

By the universal property of pullbacks, there is an element y € Y’(D) fitting into the dia-
gram as indicated with the dashed morphism, making the left square a pullback by the two
pullbacks lemma. Hence ¢ is representable.

(c) Let p:Y — X and g : V — U be representable natural transformations. As described in
Definition 1.2.13, the polynomial composite ¢ - p obtained by composing a pullback of p
with a pullback of g; by parts (a) and (b), it follows that g - p is representable.

(d) An isomorphism in c is, in particular, a pullback square, so if p : ¥ — X is representable
and ¢ : V — U is isomorphic to p in C7, then g is representable by part (b).

(e) Let I be a set and let (p;:Y; — X; | i €1) be an I-indexed family of representable natural
transformations. Let p : Y — X be their coproduct, i.e.

p=)pi: ) Yi—) X
iel iel iel

Let C € ob(C) and let x € X(C). Then x = (i,x’) for some i € I and x’ € X;(C). By repres-
entability of p;, there exist D € ob(C), y’ € ¥;(D) and f : D — C in C making the left square
in the following diagram a pullback.
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L

Checking that the outer square is a pullback is a straightforward verification of the universal
property of pullbacks. Hence p is representable.

O]

We know by Theorem 3.3.14(c) that the composite of two representable natural transformations
is representable. By chasing the representability data through the respective proofs that pullbacks
and composites of representable natural transformations are representable, we obtain the following
construction of the polynomial composite of natural models.

3.3.15 Construction — Polynomial composite of natural models
Fix a small category C. The polynomial composite of natural models (C, p) and (C,q) is the
natural model (C,q- p) with representability data given by

e Context extension. The extension of I" € ob(C) by (A,B) € ¥ %™ is given by (I'A).B;
AV

e Projection. The projection (I'cA).B — I' is given by the composite
T 0A u

r
uyopg: (FeA).B2E T oA 2T

e Variable. The new variable term in context ("o A).B is (A, BV} ,qk**).

Verification. Using Definition 1.2.13, we can express the polynomial composite g - p as the regular
composite ror’ of morphisms in & indicated in the following commutative diagram, in which the
unlabelled arrows are the appropriate projection morphisms.
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Bla)) ———— Y(4) —— Y %@
ABue(A AB AV
U xV

AN

— 7

Note that the left- and right-hand ‘squares’ are cartesian, exhibiting r as a pullback of g and 7 as a
pullback of p.

We now proceed chase the representability data of p and of ¢ through the proofs that pullbacks and
composites of representable natural transformations are representable. To this end, let I" € ob(C)

and let (A,B) € (z %<A>) ().
AV

Since g is representable and the right-hand square of the above diagram is cartesian, we may form
the following pasting of pullback squares:

Va
y(CoA) — (ABv,) — Y (A) ¥
_ AB _

y(uy) r

| !

y(I'y — — Y uh 4
M

A

and since the left hand square is cartesian, we may form the following pasting diagram of pullback
squares:
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Pasting the left-hand squares of the previous two diagrams vertically, we obtain the desired pullback
square.

(A,B,v,,q5)
y(FoA).B) —=2%, ¥ ¥ [B(a)]
r A,Bac(A)
Y(UAOqB) qp
r >
Wy

This proves that g - p is representable, with representability data as indicated in the statement of
this construction, so that (C, g p) is a natural model. O
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Section 4.1

Free natural models

In Section 2.2, we saw that the various theories of natural models equipped with type theoretic
structure are essentially algebraic. As we discussed at the end of that section, we can use this
fact to apply the machinery of essentially algebraic categories and locally presentable categories
to categories of the form NMry for a given dependent type theory T—for example, such categories
have initial objects (since they are cocomplete), and there are free—forgetful adjunctions between
such categories.

The goal of this chapter is to explicitly describe the initial object of NMrt for a couple of basic
dependent type theories T, and to provide an explicit description of some of these left adjoints to
forgetful functors.

In this section, we construct the free natural model on a set of basic types—or, more precisely, on
an indexed family of elements of % (¢). In the subsequent sections, we describe how to freely add
type theoretic structure to a natural model without additional type theoretic structure.

A basic free model

We construct the free model on the theory T )., of an /-indexed family of basic types, where / is
a fixed set.

4.1.1 Construction — Free model of the theory of a family of basic types
The free natural model on the theory Ty, is the natural model (C;, py) given by the following
data:

e The underlying category C; is (Fin/;)°P.
e The (only, and hence) chosen terminal object of C; is (&, !;: @ —I).

e The presheaf of types %; : C;* — Set is the codomain functor Fin/; — Set, or equivalently
the constant functor A(7) with value I. Thus %4 (A,u) = I for all (A,u) and %;(f) = id; for
all f.

e The presheaf of terms % is the domain functor dom : Fin/; — Set. Thus ?/.I(A, u) = A for
all (A,u) and % (f) = f for all f.

e The natural transformation pj : U — U is given simply by (pr) @, =u:A — 1.

e The representability data is defined as follows. Given (A,u) and j € I, we define
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o (Ayu)ej=(A+1,[u,jl)—thus (A+1);=A;ifi# jand (A+1);=A;+1ifi=j;
© p;:(A,u).j— (A,u)in C; is given by the left inclusion function A — A+ 1 in Fin/}.
o q; € %((A,u)+j) = A+1is the added element x € A+ 1.

Verification. The only part of the verification that is not immediate is representability of p; as
witnessed by the given representability data.

The set-up is as follows. Take (A,u) € C; and j € I. We need to prove that the following square is
a pullback

y((Au).j) ——— %
Pj pi

VAu) ———— U

It evidently commutes, so it suffices to check the universal property on representables.

To this end, let (B,v) € Cy, let f: (B,v) — (A,u) in C; (so that f is a function A — B over I) and
let b :y(B,v) — %;, and suppose that pjob = joy(f).

y(B,v)

YA ) ———— %

By the Yoneda lemma, b is an element of B, and commutativity of the outer square says that

v(b) = (Pr) ) (D) = 2% (f)(j) = J
We need to prove that there is a unique g : (B,v) — (A,u).j in C; such that q;0y(g) = b and
pjog= f. Now:
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e As a morphism in C;, the map g must be a function A + 1 — B over I, which is equivalent to
saying that ¢ = [¢’, 5] for some function g’ : A — B over I and some element b’ € B;;

e The requirement that p;o g = f in C; is equivalent to the requirement that g’ = f;

e The requirement that q; o y(g) = b is equivalent to the requirement b’ = b.

So g=1[f,b]: (B,v) — (A,u).jis the unique morphism satisfying the required conditions. Hence
the square is a pullback, and so the representability data of Construction 4.1.1 truly does witness
representability of p;. O

4.1.2 Example
Take I = 0. The category Cy is the terminal category 1; the presheaves %, % are empty and the
natural transformation pg : % — % is the empty natural transformation.

4.1.3 Example

Take I = 1. Then C; ~ Fin°®, which is the free category with finite limits on one object. The
presheaf %/ is the constant presheaf A(1) and the presheaf %'1 is the inclusion Fin < Set. The
natural transformation p : 02/.1 — 2 is then uniquely determined since %/ is terminal.

We now prove that the term model (C;, py) satisfies the appropriate universal property.

4.1.4 Lemma — Context extension by a basic type is a product
Let (C, p) be a natural model. If I" € ob(C) and A € % (¢). The span

r &A% 0.4
is a product diagram in C.
Proof. Note that the following square is a canonical pullback square (Construction 2.1.6).
treA

FAftr] —T2 5 6.4

Paltr] Pa

r

&

tr

But ¢ is terminal in C, so this says precisely that I".Altr| is a product of I" and ¢.A, with the
required projection morphisms. O
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4.1.5 Theorem — Universal property of the model (C;, p;)
Let (C, p) be a natural model and let {O; | i € I} C % (). There is a unique morphism of natural
models F : (Cr, pr) — (C,p) such that F(i) = O; for all i € I. Hence (Cy, py) is initial in the

category NMy )..,-

Proof. Define the underlying functor F : C; — C on objects by
F(A,u) = Ou(ao) ..... Ou(am,l)

Let f: (A,u) — (B,v) in Cy, so that f is a function B — A over I. By Lemma 4.1.4 (and an

easy induction), the objects Oy 4y« -+ Ou(ay,_y) and Oyppy ... O,,_,) are the products of their
respective component basic types. With this in mind, let

F(f) = <7T'f(b0)7ﬂf(b])7 .. .,ﬂj-(bn_])> : Ou(ao) ..... Ou(am_1) — Ov(bo) ..... OV(bn_])
where g 2 Oygg)e-- -+ Ou(a,_y) = Ou(ay) 18 the product projection onto the k™ component.

In order to see that F(f) is well-defined, we need the codomain of 7, to be O, for each
¢ < n. To see this, note that for given ¢ < n we have f(by) = a; for some k < m, so that the
codomain of 7y, is Oy(q,)- Now u(ax) = u(f(b¢)) = v(b¢) since f is a morphism over I, and
hence Oy(4) = O,(p,), as required.

That the assignment f — F(f) is functorial follows from elementary computations using product
projections.

The natural transformation ¢ : % — F*% is defined by
(p(AJ/l) 1 — %(OM(%).....OM(“WI)), i— O;
and the natural transformation ¢ : Uy — F*% is defined by

¢(A,u) A — %(Ou(ao) ..... OM(G”FI)), ay — qou(ak)

Note that, in particular, we have F (i) = ¢(g,,,) (i) = O;, as required.
To see that ¢ and ¢ are natural, let f : (A,u) — (B,v) in Cy, so that f is a function B — A over I.

e The naturality square for ¢ is as follows:

Plau)

| — 02/(0”(00) ..... Ou(am,l))
idw U ({Ty(0) s Tpn1))
1 T %(Ov(bo) ..... Bv(b,l,l))
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Both composites @4 ,,) 0id; and % ((¢(0); - -+ Tf(n—1))) © Pgv) send i € I t0 O; € U (Oyy(ap) +
+0y(a,_1))» and so @ is indeed natural.

e The naturality square for ¢ is as follows:

¢(A7u)
A 4 (Ou(ao) ..... Ou(allﬂ))
ﬁ U (o) yn 1)
B T %.(Ov(ho) ..... OV(hnf]))

To see that this commutes, let b € B. Then b = b, for some ¢ < n. Let k < m be such that
f(b¢) = ay. 1t is then evident that both composites send b to g, SO that ¢ is natural.
u ak

It is immediate from its definition that Fy preserves chosen terminal objects.

To see that F*(p) o ¢ = ¢ o py, note that for all (A,u) € C; we have

F*(P)(au) © Praw (ax) = Praw(do,,,) definition of ¢ and F*
= Oy(qy) definition of p and q Outay
= Qa.u)(ular)) definition of ¢
= Qau) © (P1) ) (@) definition of py

To see that F preserves the representability data, fix (A,u) € C; and j € I. Then:

[ ] F((A,u)o]) — Ou(uo).....Ou(a '0] :F(A,M)OF(]),

mfl)
® Pr(jy = Po; Ou(ag)*++*Oulap_1)*Oj = Ou(ag) +-- -+ Oua,_,) 1S given by projection onto the
first m components, which is precisely F'(p;);
hd F(q.j) = q.)(A,u)-j(*) = qu = qﬁy(j)'
Hence F is a morphism of natural models.

It remains to prove that F is unique. Suppose that G = (G,7,7) : (C;,p;) — (C, p) is another
morphism of natural models such that G(i) = O; for all i € I. It follows by induction on |A| that
G(A,u) = F(A,u) for all (A,u) € C;. That G = F then follows from the fact that G preserves
context extension and all morphisms in C; are given by projections. O
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A word of warning

In the next four sections, we describe left adjoints to forgetful functors of the form NMp — NM
when T is, respectively, the theory of a term of a basic type (Section 4.2), the theory of an (extern-
ally) indexed family of basic types (Section 4.3), the theory of a unit type (Section 4.4), and the
theory of dependent sum types (Section 4.5). Before we do so, it is worth pointing out what we do
not do.

e We do not prove the initiality of the term model of a dependent type theory T in the category
NMr, which is the natural model built out of the syntax of the theory T. We could do so
either by proving that a given term model is isomorphic to the constructed free model, or by
proving that the term model satisfies the universal property of the free model. For more on
this, see the discussion around Schema 5.0.1.

e We do not compose our free constructions. For instance, suppose we are given an arbitrary
natural model (C,p). We could use the work in Section 4.3 to freely adjoin a basic type,
and the work in Section 4.5 to freely adjoin dependent sum types to the resulting model; or
we could first freely adjoin dependent sum types, and then freely adjoin a basic type. The
two resulting natural models would, in general, not be isomorphic, since we have implicitly
composed with the forgetful functor NMy, — NM in the first case, and with the forgetful
functor NMy — NM in the second case. In order to resolve this issue, we would need to
describe the left adjoint to at least one (preferably both) of the forgetful functors

NMyy —NM; and NMyy — NMy

With such adjoint functors described, we would expect the free constructions to commute in
the desired way—that is, the composites of free functors

NM — NM,, - NMyx and NM — NMy — NMy,y

will be naturally isomorphic.

We leave the task of overcoming these limitations to future work.
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Section 4.2
Extending a natural model by a term of a basic type

In a given dependent type theory T, the contexts I' = x| : Ay, x2 : Ap, ..., X, : A, satisfy the property
that each A; is a type in context x1 : Ay,...,x;—1 : A;—1. In particular, A; is a basic type. If we
introduce a new term o : O of a basic type O, the contexts x; : Aj,...,x, : A, in the resulting type
theory T’ satisfy the property that each A; may additionally depend on the new term o : O. Thus
the contexts of T’ are precisely those obtained by taking a context x: O,x; : Aj,...,x, : A, in T and
then (semantically) substituting o : O for x : O.

Intuitively speaking, then, given a model 91 of type theory T such that O satisfies the judgement
F o : O, we can interpret a context of T’ by first interpreting the corresponding context x : O, x; :
Al,..., x5 : A, of T in 91, and then substituting o for x in 1.

Transferring this intuition to a natural model (C, p), when we freely adjoin a term of a basic type
O € % (o), the contexts of the new natural model ‘should’ look like O.I", where I' is an old context.
Unfortunately it is not always possible to make sense of the expression O.I", unless I is itself of
the form ¢.A;.A..... A,. In order to overcome this obstacle, we instead take our new contexts
to be those of the form I' . O.A;..... A,. A technicality we must take care of is that the inclusion
from (C, p) to the new natural model, which sends a context I" to the weakened context I". O,
must preserve context extension—in order to do this, we only formally extend the contexts, and we
reduce the contexts to a normal form by pushing the variable x : O as far to the right as possible, so
that the formally extended contexts I".O.A and (I".A).O become identified whenever A € % (I').

4.2.1 Definition — Swap isomorphisms
Let (C, p) be a natural model. For each I" € ob(C) and A, O € % (I"), the swap isomorphism

swou : I+ 0[tr].Alpp] = I +A.O[tr.4]

is the isomorphism given by the respective canonical pullback squares for p, and p,); we will write
I'.0.Aand I'.A.O to simplify notation.
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Furthermore, given a list (Ay,...,A,) withA;.; € Z (' O.A.A;.....A;) for each i < n, we obtain
isomorphisms

where again we have suppressed the substitutions. We will also refer to these as swap isomorph-
isms.

Note that swap isomorphisms cohere with representability data since they are the isomorphisms
induced from the universal property of canonical pullback squares.

4.2.2 Construction — Category of contexts extended by a term
Let (C, p) be a natural model and let O € % (¢). The category of contexts extended by a term x
of type O is the category C,.p defined as follows.

e The objects of Cy.p are (n+ 1)-tuples (I';Ay,...,A,), where n > 0, I' € ob(C) and A; €
% (I'.Oltr]+Aj.....A;) for each i < n, and we additionally identify the list (I".A;Aj,...,A,)
with the list (I';A[p,],A1,...,A,), where we have suppressed the swap isomorphisms.

The object (I ,A) of C,.o represents the result of extending a context I first by a variable
X : O and then by variables of types which may depend on x. Each object I of Cy.o has
a unique expression as an (n+ 1)-tuple (I";Ay,...,A,) with n minimal, which we call the
normal form of I, representing the result of pushing the new variable x : O as far to the
right as possible by swap isomorphisms.

Unless otherwise specified, all expressions of objects of Cy. as lists (I';Ay,...,A,) will be
assumed to be in normal form. Note that if (I";Ay,...,A,) is in normal form and n > 0, then
(I';A4,...,A,,B) is in normal form.

e A morphism o : (A;By,...,By) — (I';A1,...,A,) in Cy.p is a morphism

GZA-O[tA].Bl ..... Bm—>F.0[t1—] Aje.. .. A,

commuting with the canonical morphisms to ¢. 0, as indicated in the following diagram.
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A.O[ts].Bi.....B, d [.0[tr].Aq.....A,
Ps P
A.O[ta] I'.O[tr]

_ L
p()\t,\ ta+0 tre0 p()tl—:
0.0
A | r

Po

ta J tr

<

There is a full and faithful functor E : C,.o — C/..o defined on objects by letting E(I" ,X) be the
composite

treO

- Py
r'.Oftr].A =T .0ltr] —> .0

in C/,.0, and on morphisms by E(0) = 0, so that C,.¢ is equivalent to a full subcategory of C/,,0.

Verification. That C,.¢ is a category follows immediately from the fact that composition and iden-
tity are inherited from C/,,o. The functor E evidently respects domains and codomains, and is full
and faithful since it acts as the identity on morphisms. Furthermore, every full and faithful functor
corestricts to an equivalence between its domain and its image. O

When clear from context, we will abuse notation by writing ‘O’ to refer simultaneously to the
element O € % (©), the object .0 € C and the elements O[ty| € % (I") for all I" € ob(C).

4.2.3. We will denote by C(O) the full subcategory of C/p which is the image of C,.p under E.
Thus the objects of C(O) are morphisms of C of the form (tr.0) o p; for (I';A) € 0b(Cyp).
Since E is full and faithful, the corestriction E : C,.o — C(0) is an equivalence of categories. The
‘product with O’ functor Ap : C — C/p givenby I' — (I".O,tr.O : I".O — O) (see Lemma 4.1.4)
factors through the inclusion C(0) < C/p, and so we obtain an adjunction Xy 4 Ap : C = C(0).

4.2.4 Lemma
Let (C, p) be a natural model and let O € % (¢). The functor Ap : C — C(0O) factors through the
functor E : Cy.0 — C(0).
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C

Ao

(Cx;o T) (C(O)

Moreover, the functor I : C — C,.¢ is right adjoint to the composite Cy.p L C(0) o, ¢,

Proof. Since I Lor.0™% s a product diagram in C, we can take ApI” = (I". O,tr.O :
I':O— O) foreach I" € C. But then ApI' = E(I"); sodefine II' = (I')and (6 : A - I')=0.0:
(A) — (I'), and observe that this defines a functor C — C,.p with Ap = E o1, which is well-defined
since (A) and (I') are in normal form.

To see that Xy o E - I, observe that we have the following chain of equalities and natural isomorph-
isms.

E(A;B),Al) since Xp - Ap

= C(0)(

=C(0)(A.0.B;..... Bm,tA,OopE),(F.O,tr.O) definitions of Ap and of E

= Cr.0((4;B),(I) definition of morphisms in C,.o
= Cr0((A;B),IT) definition of /

O

4.2.5 Construction — Free natural model extended by a term

Let (C, p) be a natural model and let O € % (). The free natural model extended by a term x of
type O is the natural model (C,.p, pr.o : 02/;;0 — U.0) defined by the following data. The under-
lying category is Cy.o (Construction 4.2.2) with distinguished terminal object (¢). The presheaves
%;0,%;0 : (sz:po — Set and the natural transformation p,.p : 52/;:0 — ,.0 are obtained from

p: % — U by precomposing with the composite Cy.o L C(0) o, ¢, Explicitly, we have
Ueo(TiA1, ..., Ap) = U (T 20.Af.....A)
and likewise for ?/.X;O, and then
(Px0)(ra,...A,)(@) = Pr.owa;....a,(a)
forall (I';Ay,...,A,;) €0b(C,.p) and alla € %;;O(F;Al,...,An).

The representability data is defined for (I';A) = (I';Ay,...,A,) as follows.
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o Let (I;Ay,...,A,).A=(I";Ay,...,Ay,A)—note that if n > 1 then this is automatically in
normal form, and if n = 0 and A = A[p,)] for some A’ € % (I"), then the normal form is
given by (I').A = (".A");

e Letp,: (I';A,A) — (I';A) be the usual morphism p, : '+ 0.Aj..... A A = TL0.Aj ... .. A,
inC (orpyo sw ! :I".A’.0 — I' . O in the case discussed above); and

o Letq, € %.0(I';A1,...,Ap,A) =% (".0.A;.....A,.A) be the usual element q, (or the
element q,[sw™!] € % (I".A’.0) in the case discussed above).

The distinguished term x € @/.x;o(%:o; 0) is given by the element q,, € w (¢.0).

Verification. That %,.o and 52/;:0 are presheaves and that p,.o is a natural transformatign are/iln-
mediate from the fact that they are obtained from p by applying the functor (9o E)* : C — C,.0.

To see that p,.p is representable, let = (I';A4,...,A,) €0b(Cyp) and A € %:0(1:) and consider
the following square in Cy.q.

y(I: ’A) s ” ?/.X:O
PA‘/ Px:0
Y(I:) A ? 02/)620

Composing with swap isomorphisms if necessary, we can take p, and q, to be the respective
morphism and element of C. To see that the square is a pullback, let A = (A; By ,...,B,) € 0b(Cy.0)
andlet o : A — I" and a € %.o(A:A[o]).
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Again composing with swap isomorphisms if necessary, we can take o to be a morphism from
A.O.Bj..... BytoI' O.Aj..... A,inC(O)anda € %(A.0.By.....B,;A[c]). But then by
representability of p there is a unique morphism

in C such that p, o (0,a)4 = o and q,[(0,a)a] = a. Moreover, this is a morphism in C(O) since

(tp.O)opZAo<G,a>A = (tp.O)op;opAo<G,a>A by definition of p; ,

(tr.O)op 700 by the universal property of pullbacks

(ta-0)opj since o is a morphism in C(O)

So we see that (0,a)s, perhaps composed with the relevant swap isomorphisms, is the desired
morphism of C,.g. So py.p is representable. L]

4.2.6. Under the equivalence E : C,.o ~ C(0) C C/o, the new terminal object ©,.o corresponds
with the identity morphism idp : O — O. The canonical section s(x) : (¢) — (¢; O) of the new term
X € Y.0(ox.0;0) is then given by the diagonal morphism & : (0,idp) — (O- O, p,).

4.2.7 Lemma — Inclusion morphism
Let (C, p) be a natural model. The functor / : C — C,.p of Lemma 4.2.4 extends to a morphism of
natural models (1,1,1) : (C,p) — (Cy.0, Px0)-

Proof. In Construction 4.2.5 we have py.0 = (Zp 0 E)*(p). Since Lo E -1, it follows from
Lemma 1.3.8 that (Xp o E)* 2 I, so that we can take I;(p) = py.0. But then we can take
v=idyy WU WU = Uso and 1=id, ;WU — 13U = o
Now note that (1,1,1) preserves context extension, since for all I" € ob(C) and A € % (I") we have
II".JA = (I';Alpg)) = (T'.A) = (T . A)

by the identification of lists described in Construction 4.2.2. The fact that (/,1,1) is a morphism of
natural models now follows trivially from the fact that 1 and i are identity morphisms. 0

4.2.8 Theorem — Extension of a morphism of natural models

Let (C, p) be a natural model and let O € % (¢). For each morphism of natural models F : (C, p) —
(D, g), there is a morphism of natural models F,,, : (Cy.0, px.0) = (Dy.ro,4qy:ro) such that Fy.pol =
[oF and F(x) =y € ¥ (% FO).
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(C,p) 4 (D,q)

((Cx:07px:0) ””;;;_(’)”’} (]Dy:F07Qy:F0)
w ’ w
x:0 y:FO

We will see in Corollary 4.2.13 that the assignment F +— Fip,, in fact extends to a functor.

Proof. Let F = (F,¢,9): (C,p) — (D,q) be a morphism of natural models.

Define the functor Fyy, : Cy.0 — Dy.ro on objects by letting
Fim(I;Aq,.. . Ay) = (FI'3FAy, ... FA,)

and given a morphism ¢ : (A;By,...,B,) — (I';Ay,...,A,) in Cy., let F; (0) be the same morph-
ism from FAocFOoFBjo...oFB;, 10 FT « FOoFAjo...oFA, in D as is given by F (o) (with ©
considered as a morphism A.O.Bj..... B, —T.0.Af..... A, in C). Then for each I" € ob(C)
we have

Fuoll' =F.o(I')=(F[')=I(FI')
so that Fi.pol =IoF.
Define ¢.0 = (@) : 1% = 1,V and Qr.0 = 1,() : LF% = 1'¥. Note that we have
hEp=(IoF)p=(F.ool)ip= (Fuo)lp = Fimpxo

and I,q = gy.ro, so that ..o and ¢r.0 have the correct type. To see that F,, preserves context
extension, note that

FimD e FomA = (FI') . FA[ug] definition of Fi, and @y.0
= (FT';FA[upo)) context extension in (Cy.0, pr:0)
= (FI';FA[Fpy)) F is a morphism of natural models
=(FI'oFA) normal form
= (F(I'-A)) F is a morphism of natural models
= Fm([.A) definition of Fym,

Finally note that F;,, preserves the remaining representability data, so that we have a morphism of
natural models as required. O
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4.2.9. We are nearly ready to prove the universal property of (Cy.0, py.0). First we must do some
acrobatics involving terms of basic types. Given a natural model (C, p) with a basic type O € % ()
and a term o € % (¢;0), we obtain a section s(0) : o — O of the projection Py : O — o from
representability of p—specifically, we have s(0) = (ids,0)0.

Given any object I of C, this gives rise to a section s(oftr]) : ' = I".0 of p,.O:T'.0 =TI
we will just write s(o) for s(o)[tr]. Hence for any object (I';A) of Cy.o, we obtain a section
s(0).A: T .A[s(0)] = T'.0.A of pO.A' :T'.0.A — I".A[s(0)]. This is illustrated in the following
diagram, in which all four squares are canonical pullbacks and all horizontal composites are identity
morphisms.

. - A o
r.Ajs()] —2° 5 r.0.A —>"  r.Ajs(o)]
_| I
Piso) T Piis(o)l
I s(o0) .0 Po r
| ‘ |
tr treO tr
° s(o) 0 Po ©

In particular, the object of C obtained by pulling back the morphism E (I ;K) =(tr.0)o p; along
s(0) exists and can be taken to be equal to I".A[s(0)]. This yields a functor Ag(0) 1 C(0) — C.
4.2.10 Construction — Term substitution morphism

Let (C, p) be a natural model, let O € % (o) and let 0 € % (o;0). The substitution morphism
of o for x is the morphism of natural models S, = (S,,0,,5,) : (Cy.0,pr0) — (C, p) satisfying
So(x)=0¢€ %.(0; O) and S,0l = id(c p); it is defined as follows.

e The functor S, : Cy.p — C is the composite

E As(a)
Cro —C(O) —C/s=C

where s(0) : © — O is as discussed in Paragraph 4.2.9.

—

e The natural transformation o, : %.0 — % is given by letting (0,) (i) U([I.0.A) —
U (I .Als(0)]) be the function % (s(0).A).

e Likewise, 6, : %0 — % is defined by (('7,,)( = %.(s(o) .Zf).

T:A)
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Verification. Note first that
P
50(0) = Agp) (0.0 = 0) =0
so that S, preserves distinguished terminal objects. Given a morphism 7 : (A;B) — (I';A) in Cy.0,
the corresponding naturality squares for 0, and &, are obtained by applying % and % , respectively,
to the following diagram C.

A.0.B —2 L AL Bls(0)]
Th As(u)(f)
.0 A T AoA’[S(O)}
S(0)e.

These diagrams commute in C, and so the naturality squares commute too.

To see that S, preserves context extension, let (I';A) € ob(Cy.0) and let A € %.o(I';A) = % (T
A.A), and note that

S,(I";A).So(A) = I'.A[s(0)].A[s(0) . A] by definition of S,
=I'.(A.A)[s(0)] by our notation convention
=S,(I".A.A) by definition of S,

And note that we have
SU(pA) - As(o) (E(pA)) - pA[S(())oA] = pSo(A)

and
So(as) = aals(0).A] = qAKidF.A'qu [s(0)-A])a] = qA[S(,,),A‘] =4s,(4)

s0 S, is a morphism of natural models.
To see that S, (x) = o, note that x = q,, € U (.0), so we have
So(x) = dols(0)] = qo[{ide, 0)0] = 0
as required.
Finally note that for I" € ob(C) we have
So(I(I)) = So(I) = Aoy (F.0 % 0) =T

Likewise it is easy to see that S, o[ acts as the identity on substitutions, types and terms. So
So ol =id(c p), as required. O
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We now have the components needed to prove the universal property of the natural model (C.p, pr.0)-

4.2.11 Theorem — Universal property of freely extending by a term

Let (C,p) be a natural model and let O € % (¢). Given any natural model (ID,q), morphism
F:(C,p) = (D,q) and element o € ”i}(*;F 0), there is a unique morphism of natural models
Ft: (Cx.0,px:0) — (D, q) such that Flol=F and Fﬁ(x) =o€ 7/.(*;F0).

(C,p) - > (D,q) 0¥ (x%FO)
T 7
I /,/’/;:ﬁ /,/’/
((Cx:07px:0) X e 02/.)6:0(<>x:0;0)

Proof. Define F i = S, o Fim, as indicated in the following diagram.

(C.p) - (D,q)
I I
(Cx:0,px0) — fim—> (Dy:ro,4y:Fo) — S (D, q)
__________ e

Note that F* is a morphism of natural models since it is a composite of morphisms of natural
models; it satisfies F¥ ol = F, since by Theorem 4.2.8 and construction 4.2.10 we have

Ffol =S,0Fmol=S,0l0F =idp,oF =F
Moreover we have F*(x) = S,(Fim(x)) = S,(v) = o, as required.

It remains to prove that F¥ is unique. To do so, we prove that actions of F on contexts, substitu-
tions, types and terms are uniquely determined by (F, @, @) and the element 0 € ¥ (x; FO).

For each (I';A) € ob(Cy.0), we have F¥(I";Ay, ..., A,) = FI'.FA[s(0)], so that the action of F* on
objects is determined by F, ¢ and o; likewise on morphisms.

Given A € %.o((I';A)) = % (I'.0.A), we have F*(A) = FA[s(0) . FA], so that the action of F* on
types is determined by F, ¢ and o.

Finally, given a € Z.o((I';A);A) = % (I'.0.4;A), we have Fia = Fa[s(0) . FA], so that the action
of F* on terms is determined by F, ¢ and o. O
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4.2.12. Although we defined F % in terms of Fim, and S, we could instead have defined F* directly
and recovered Fym, and S, as instances of morphisms of the form G* for appropriate choices of G.
Specifically, we can take Fym = (IoF ) and S, = (idm.q) )¥, with the evident choices of distinguished
term in each case.

4.2.13 Corollary — Freely extending by a term is functorial

The assignments (C, p) — (Cy.0, px.0) and F — Fiy, extend to a functor (—)¢m : NMy — NMgm,
which is left adjoint to the forgetful functor NM¢m, — NMy,. Furthermore, the component at (C, p)
of the unit of this adjunction is (1,1,1) : (C,p) — (Cy.0, Px:0)-

Proof. Given natural models (C,p) and (D, q), an element O € % (¢), a morphism F : (C,p) —
(D,q), note that Fyy = (10 F)*, where I : (D,q) — (Dy.ro,qy:ro) and the distinguished term of
(Dy:r0,4y:Fo) is Yy = qp . That (—)¢m is functorial is then immediate from the ‘uniqueness’ part of
Theorem 4.2.11, and that it is left adjoint to the forgetful functor with unit as stated is exactly the
content of Theorem 4.2.11. O

4.2.14 Corollary — Free model on a family of basic types and a family of terms

Let 7 be an arbitrary set and let J = { o, ji,...,ju—1} be a finite set. The free model of the theory
of an /-indexed family of basic types and a J-indexed family of terms of basic types is the natural
model (Cy.y, pr.;) defined by

(Crusprg) = (- ((Cria, Pred)xozjo )xiit) Doty

where (Cjy, pr+y) is the term model on the theory of an (7 + J)-indexed family of basic types
(Construction 4.1.1). In particular, (Cy.;, py.s) is initial in the category NM iy),cs.(tm;) e, With an
I-indexed family of basic types and a J-indexed family of terms of basic types.

Proof. As proved in Theorem 4.1.5, the natural model (Cy;y, py+y) is initial in NMyy,),cs.,- The
natural model (Cy.j, pry) is obtained by applying functors of the form (—)im finitely many times.
Since these functors are left adjoints, they preserve initial objects. 0
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Section 4.3
Extending a natural model by a basic type

4.3.1 Construction — Category of contexts extended by a basic type
Let (C, p) be a natural model. The category of contexts extended by a basic type X is the category
Cy defined as follows.

e The objects of Cx are 2(n+ 1)-tuples (I',ko,A1,k1,...,An,k,), where I € ob(C), for each
i<nwehave A; € % (I .Ap..... Ap) and k; € N, and where we identify the lists

(F,O,Al,kl,...,An,kn) and (F-A],kl,...,An,kn)

Note that every object of Cy is either of the form (I",0) or has a unique representative of the
form (I",ko,A1,k1,...,An,ky) With kg > 0.

The idea is that the list (I",ko,A1,k1,. . .,An, ky) should represent the context

r.x.... XeAp o Xooito X . Ay o Xoooos X
——
ko copies k1 copies ky copies

e A morphism from (A, ¢;,By,01,...,Bu,lm) to (I' ko, A1, k1, ..,Apn k) in Cx is a pair (o, h),
where 6 : A.Bj..... B,—T.A..... A, in C and & is a function from ko + k1 +--- +k, to
ly+ 0y + - - + £y, with identity and composition inherited from C x Fin®P,

Define functors [ : C — Cyx, E : Cx — C and G : Cx — Fin® by
e [(I')=(I',0)and I(0) = (0,idy);
o E(I' ko,A1,ky,...,Apnkn) =T .Aj..... A, and E(o,h) = 0;
o G(I' ko,Ay,ki,...,Ap,ky) =ko+k+---+k, and G(o,h) =h.
Then Eol =idg, Gol =0 = A(Q) (the constant functor whose value is the empty set), and
(E,G) : Cx — C x Fin® is an equivalence of categories.
Verification. Note that the hom sets of Cy are well-defined under the identification
(I,0,A1,kyy ..o\ Apyky) ~ (T Ay kyy .. Anyky)

and that the associativity and unit laws hold because identity and composition are inherited from
C x Fin®?. Well-definedness of I is clear, and well-definedness of E and G are immediate from the
fact that their action on morphisms is the same as that of the projection functors from C x FinP to
its components. Evidently E o/ =idc and Gol = 0.
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To see that (E,G) : Cx — C x Fin? is an equivalence, note that it is full and faithful since it acts
as the identity on morphisms, and it is essentially surjective, since a pair (I",k) € ob(C x Fin?) is
already an object of Cx, and

(E,G)(I' k) = (E(I',k),G(I'" ,k)) = (I, k)
Hence (E,G) : Cxy ~ C x Fin?, as required. O

4.3.2 Construction — Free natural model extended by a basic type

Let (C, p) be a natural model. The free natural model on (C, p) extended by a basic type X is
the natural model (Cy, py : ?/.X — %) defined by the following data. The underlying category is
Cx (Construction 4.3.1) with distinguished terminal object ox = (¢,0). The presheaves %X,%'X
and py : %.X — Uy are given by

px=+Ep:GU+EU - 1+EU
where U is the inclusion Fin — Set, regarded as an object of m. Explicitly, we have
o Ux(I' ko Al ki,...,Ankn) ={X}+% (L .A;..... A,); and
o Ux(T,ko,A1, ki, ., Anky) = (ko+ -+ k) + % (T Ape... Ay

for all (I',ko,A1,k1,...,An,ky) € 0b(Cyx), and where we have suggestively written X for the unique
element of 1(I").

The representability data is defined as follows. Given I = (I' ko,Ay,k1,...,An,ky) € 0b(Cx), an
element of %y (I") is either X or is some A € Zx (" +Aj.....Ay).

e Define I'.X = (I, ko, A1, ki, ..., Ap,kn+ 1);

e The projection [.X > T inCyis given by the pair (idr.4,.....4,,1), Where i 1 ko+- - +k, —
ko + - - - +k, + 1 is the inclusion function; and

e The new variable % (I'.X) = (ko+ - -+ kn+ 1)+ % ([ .A| .....A,) is element given by the
‘41’ term—identifying natural numbers with the corresponding von Neumann ordinals, we
can take this new element to be the natural number kg + - - - + k.

GivenA € % (I +A;.....A,) C U (I):
e Define I'.A = (I, ko, A1, k1, ..., Ap, kn,A,0):

e The projection I'.A — I in Cy is given by the pair (p4,idiyt-tk,), Where py 1 ' Aja...e
ApA =T Aje.. s Ay isasin (C,p);
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e The new variable %X(fA) =ko+---+k, +02/.(F.A1 «....A,.A) is given by the usual
elementq, € % (I"+Aj..... Ap).

The distinguished basic type of (Cx, px) is X € {X} + % (0) = %x(¢,0).

Verification. To see that (¢,0) is terminal, let I'= (I ko,A1,k1,...,An,ky) € ob(Cyx); there is
exactly one morphism I"«A;.....A, — ¢ in C, namely tr.4,....4,, and exactly one function 0 —
ko + ki + - - - + ky, namely the empty function &, and hence (tr,a,....4,, ) is the unique morphism

r— (¢,0) in Cx. That %y and 9/';( are presheaves and that py is natural are immediate from their
definitions, so it remains to prove that px is representable.

SoletI' = (I',ko,A1,k1,...,An,ky). To simplify notation, let k = G(f) =ko+---+k, and write
I'.AforI".Aj.....A,. We check representability data separately for X € 1(I") and forA € % (I".A).

First consider the following diagram in ([/f;\(

y([X) — 5 G'U —— %

|
1
1 <

y(I) X Ux

Recall that i denotes the inclusion kK — k41, and X is name we are giving to the unique element
of 1(I'), and so the diagram evidently commutes. We need to verify that it is a pullback. So take
an object A = (A, 4y,B1,¢1,...,By,ly) of ob(Cx), a morphism (o,h) : A — I' and an element

jE %.X(Z), and assume that (px);(j) = X[(o,h)]. Since X : y(I') — % factors through the

inclusion 1 < %, it follows that j : y(Z ) — ?/.X factors through the inclusion G*U — @/.X. So it
suffices to verify the universal property for the left-hand square. But then this amounts to verifying
that there is a unique morphism (0o, j)x as indicated with a dashed arrow in the following diagram

—

in Fin®P.
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The existence and uniqueness of this morphism follows from representability of U — 1, which is
precisely the natural transformation p; of Construction 4.1.1; in partlcular the morphism from ¢
to k+ 1 in Fin® is the function [, j] : k+ 1 — £. The morphism A — I".A in Cy is then given by

(o, [h, j])-

Given A € % (I'.A) C Uy (I'), consider the following diagram in Cx.

— q . .
F —A> E*Y — s Y
y((Py»ide) ‘ E*p Px

The diagram evidently commutes, so we need to verify that it is a pullback. So take an object A=
(A, 0o, B1,l1,...,Bpu,ly) of ob(Cyx), a morphism (o ,h) : A — I and an element a € %X(Z), and
assume that (px);(a) = A[(o, h)] Since A : y(I') — E*% factors through the inclusion E*% —
Uy, we have that a : y(A) — Yy factors through the inclusion a : E*% — %x. So it suffices to
verify the universal property for the left-hand square. But then this amounts to verifying that there
is a unique morphism (o, a)4 as indicated with a dashed arrow in the following diagram in C.

The existence and uniqueness of this morphism follows from representability of p; the morphism
A — T".A in Cy is then given by ((o,a)a,h).

Hence the representability data exhibits px as a representable natural transformation, and so (Cx, px)
is a natural model, with X € {X} C % (©,0) as its distinguished basic type. O

We now work towards verifying that (Cy, px) satisfies the desired universal property.
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4.3.3 Lemma — Inclusion morphism
Let (C, p) be a natural model. The functor 7 : C — Cx of Construction 4.3.1 extends to a morphism
of natural models (1,1,1) : (C, p) — (Cx, px)-

Proof. Recall that Zx = 14+ E*% and ?/.X = G*U—i—E*%.; since E ol =id¢ and Gol =0, we have
I =I'V\+T'E*% =1+% and U =I'GU+T'E"U =0+%(=%)

so that I*py = !—i—p:%. —U.Let1: U - TI'Y =1+U andi:?/.—>l*?/.X:O+%. be the
respective inclusions. By the identification of objects in Construction 4.3.1, we have

II'.JIA=(I',0).A=(I",0,A,0) = (I".A,0) = I(I" . A)
so that I respects context extension. Moreover we have

I(pa) = (pasido)  and  I(q4) =g,
so that I respects representability data. Hence [ is a morphism of natural models. O

4.3.4. Let (C, p) be a natural model admitting a basic type O € % (¢). By iterating swap isomorph-
isms (Definition 4.2.1), we obtain isomorphisms

O:F‘OC-.-CO‘AIO 0'--.’0‘--. ‘An'O‘.--.O g FCAI’--.‘A”.O‘--.’O
—— —— —— ——

ko times ki times k,, times k times

for each object (I",ko,A1,k1,...,Ay, ky) of Cx, where k = ko + k| + - - - + k,, and, as usual, we have
suppressed projection substitutions. We can choose these isomorphisms such that, for each j € k,
the j™ copy of O on the left corresponds with the j copy of O on the right, in the sense we can
express 6 as a composite of swap isomorphisms containing no swap isomorphisms of the form
swo,0. By Lemma 4.1.4, then, the object I". 5.A1 .O..... A, Oisa productin C of I".Aj..... A,
and k copies of O. Furthermore, given another object (A, %y,B1,¢1,...,Bn,ty) of Cx, each pair
(o, h) consisting of a morphism ¢ : A.Bj.....B, =T .Aj.....A, and a function & : k — ¢ gives
rise to a morphism
Aoé.Bl .6.....Bm.5—>1".6.A1 .6.....Ano5

Explicitly, this morphism is indicated by the dashed arrow in the following diagram.

A 6 Bloé ..... Bmoa ************************* > FOOOAI 6 oAn 5
I ~lg-1
A.Bj..... B,xO0Ox---x0 I'.A..... Ay XxOX--x0
! " O X (T(1) s Tp(2) 5+ Tp(n) ) ! "
£ times k times
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where 7; is the projection O X --- x O — O onto the j™ coordinate.

4.3.5 Theorem — Universal property of freely extending by a basic type

Let (C, p) be a natural model and let (ID,q) be natural models with distinguished basic type O €
¥ (). For each morphism of natural models F : (C, p) — (D,q), there is a unique morphism of
natural models F* : (Cx, px) — (D, q) such that F*oI = F and F*X = O.

F
(C.p) ———— (D,q)
1
I T
(CXapX)

Proof. LetF : (C,p) — (D, q) be a morphism of natural models, and define F*: (Cyx, p) — (Dx,q)
as follows. The underlying functor F* : Cy — I is defined on objects by

FY(I ko, ALKy, ..., Apky) =FT « Oe....0 «FA1. Ou....0 « ... .FAy « O+....0
~— ~— ~—
ko times k1 times k,, times

and on morphisms (o, %) : (A, £y, B1,l1,...,Bu,lw) — ([, ko,A1 ki, ...,Ap, ky) by letting F*(o,h)
be the morphism

induced by Fo : FA.FBy.....FB,, —» FI' .FA|.....FA, and h : n — m as described in Para-
graph 4.3.4. Functoriality of F* then follows from functoriality of F and the fact that F* acts by
conjugating by isomorphisms.

Given an object = (I ko,Aq,k1,...,Ay k), define
(¢)r =10,0p5] : {X}+% ([ .A) = ¥V (F'T)
Thus we have F'X = O and F*A = FA for each A € % (I' . A). Likewise, define
(6)p =4+ @z k+V (FT)

where ¢ : k — ¥ (F'T") is defined for j € k by letting ¢(j) be the (suitably weakened) element Vo
of ¥ (F I ) corresponding with the j™ copy of O in F I". Thus we have F? J = Vv, (corresponding
with the appropriate copy of O), and Ffa = Fa for each a € % (I .A;A).
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To see that (F¥, @, ¢*) preserves representability data, let I' = (I, ko, A1, k..., An, k) € 0b(Cx)
andletA € % (I'.A) C %x(I'). Then

F'T.F'A

= (FI'.0.FA;.O.....FA,.O).FA by definition of F* and ¢*

= FY(I,ko,A1,ky,...,Ap kn,A,0) by definition of F*

= F¥(.A) by definition of context extension in (Cx, px)

and likewise we have

FIT . FiX

= (FI'.0.FA;.0O.....FA,.0).0
= FYI ko,A1,ki,...,Apkn+1)
= FYI".X)

SO Fjj preserves context extension.

Finally, by the construction of the action of F* on morphisms, we immediately have that F*(p 45 1dg) =
Upa = Ups(y); F¥(idp 7,h) = ug, F*(qy) = vg = Vpiy» and F*(k) = v,. So F* is a morphism of
natural models.

We have already remarked that F*(X) = O, as required.

To see that F* is unique, we prove that it is determined entirely by F : (Cx, px) — (ID,q) and the
value F*X.

Foreach " = (I",ko,A1,k1,...,Au k,) € 0b(Cx ), we have by preservation of context extension that

FY I ko, A1 ki, ..., Apky) =FHI7,0) « FEX o F*X JFPALFPX . F* X o JFPA, CFPX . FPX
—r—r S——r N——

ko times ki times k,, times

But F¥(I",0) = FI" and F*A; = FA; for each i, and so the action of F* on the objects of Cy is
determined by F and F?X. The action of F* on morphisms is similarly determined, and hence so
is the entire functor F? : Cy — D.

Moreover, we have
(pli = F'X + Qruayen, {X}+ % (T .Ay.....A)) = ¥V (F'T)
so that @ is determined by F*X and F; and
% =g+ Qrura, k+ % (D oAre.. . Ay) =V (FT)
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where k = ko+ ki + -+ +kp, and g : k — ¥ (F'T") is defined by letting ¢(j) be the (appropriately
weakened) element v, of ¥/ (F r ) corresponding with the j™ copy of F*X in F '

Hence the entire morphism (F*, ¢*, ¢*) is determined by F and F*X, as required. O

As a consequence of Theorem 4.3.5, if (D, g) is a natural model with distinguished basic type O €
U (©), then specifying a morphism of natural models (Cy, px) — (D, q) preserving distinguished
basic types is equivalent to specifying a morphism (C, p) — (D, gq).

4.3.6 Corollary — Functoriality of freely extending by a basic type

Let (C, p) and (DD, g) be natural models. For every morphism F : (C, p) — (D, g), there is a unique
morphism of natural models F, : (Cx,px) — (Dy,qy) such that F,yol =IoF and FX =Y €
Py (%y).

((Cvp) % (DaQ)

(Cx,px) — 5 (Dy,qy)

Moreover, the assignments (C, p) — (Cx, px) and F — F;, define a functor (—)y, : NM — NMy,
which is left adjoint to the forgetful functor NM, — NM, and the component at (C, p) of the unit
of this adjunction is 7 : (C,p) — (Cx, px).

Proof. Define Fry = (IoF )¥. Then by Theorem 4.3.5 we have that Fiy is the unique morphism of
natural models preserving the distinguished basic type and satsifying Fyy ol = (Io F Yol=1IoF.
Functoriality of (—), follows from uniqueness, and the fact that it is left adjoint to the forgetful
functor with the unit as described is exactly the content of Theorem 4.3.5. O

4.3.7 Construction — Type insertion morphism
Let (C, p) be a natural model and let O € % (). The type insertion morphism for O is the unique
morphism of natural models S : (Cx, px) — (C, p) such that SX = O and Sol = id(c ).

Verification. Take S = (id(c, p))ﬂ, where the distinguished element of % () is O. O

4.3.8 Corollary

Let (C, p) and (D, q) be natural models and let O € ¥ (x). For each morphism of natural models
F:(C,p)— (D,q), the morphism F* : (Cx, px) — (D,q) of Theorem 4.3.5 factors as F* = So F,
where S : (Dy,qy) — (D, q) is the type insertion morphism for O.
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(Cvp) E— (D7Q)

Proof. Evidently So F;y is a morphism of natural models which preserves distinguished basic types
and extends F, so this follows by uniqueness of F*. O

4.3.9. The results in this section can be generalised to freely extend a natural model (C, p) by
an I-indexed family of basic types X = (X; | i €I) for a given index set /. If I is finite, we can
simply iterate Construction 4.3.1, but it is in fact possible for index sets of arbitrary cardinality.
The new category of contexts Cy is equivalent to C x (Fin/;)°P, and the representability data is
similarly transported from that of (C, p) and of (I, pr) (see Construction 4.1.1). The details of this
construction are omitted in this thesis, as they are even more cumbersome.
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Section 4.4
Extending a natural model by a unit type

4.4.1. To simplify notation in this section, given a natural model (C, p), we will write 1 = id; :
1 — 1 for the identity morphism id, ) on the terminal object y(o) of C and write e for the unique
element of 1(I") for each I" € ob(C); we may just write  if I" can be inferred from context.

4.4.2 Theorem — Representability of 1 + p
Let (C, p) be a natural model. For each I" € ob(C), the following square is a pullback;

yI —L s 1+
I+p

and for each A € % (I'), the following square is a pullback.

y(I'.A) — M 1+

In particular, 1+ p is representable.

Proof. The terminal natural transformation 1: 1 — 1 is easily seen to be representable—indeed,
its pullback along y(I") — 1 can be taken to be idyr) : y(I") — y(I")—so the result follows from
Theorem 3.3.14(e). ]

4.4.3 Construction — Category of contexts with formal unit types
Let (C, p) be a natural model. The category of contexts with formal unit types of (C, p) is the
category Cy defined as follows.

e As with Construction 4.3.1, the objects of Cy are 2(n+ 1)-tuples (I',ko,A1,k1,...,An kn),
where I" € ob(C), for each i < n we have A; € Z (I'.A;.....A,) and k; € N, and where we
identify the lists (I",0,A1,k1,...,Ap,ky) and (I «Aq,k1,...,Ap,ky).
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The idea is that the list (I",ko, A1, k1, . ..,An, k,) should represent the context

r.1l.... 1.A; . 1..... 1. Ap o Lol 1
S~—— ~——
ko copies ki copies kyn copies

e A morphism from (A, 4y, B1,%1,...,Bu,lw) to (I',ko,A1,ki,...,Apn,k,) in Cy is a morphism
0:A.By.....B; > T'.A;.....A, in C, with identity and composition inherited from C.

Define functors / : C - Cy and £ : Cy — C by
e [(I')=(I',0)and I(0) = 0;
o E(I' ko,A1,ky,...,An k) =T Aj..... A,and E(0) = 0.

These functors establish an equivalence of categories C ~ Cy.

Verification. Note that the hom sets of Cy are well-defined under the identification
(I',0,A1, k1, ... Apkn) ~ (T oAp ki, ... Apykn)

and that the associativity and unit laws hold because composition and identity are inherited from
C. Well-definedness of I and E is immediate from the fact that they act trivially on morph-
isms. Furthermore we have E ol =idc. To see that /o E = id¢,, note that for each object
(I",ko,A1,k1, ..., Ay ky) of C; we have

(IoE)(T ko, A k1, .., An,kn) = (T Aj+....Ay,0)

The component at (I",ko,A1,ki,...,An,k,) of the natural isomorphism /o E = id¢, can thus be
taken to be the idenitity morphism idr.a,...4,, Which evidently defines a natural isomorphism.
Hence [ and E yield an equivalence of categories C ~ Cj. O

4.4.4 Construction — Free natural model admitting a unit type

Let (C, p) be a natural model. The free natural model admitting a unit type on (C, p) is the
natural model (Cy, py), where C; is as in Construction 4.4.3 with distinguished terminal object
(¢,0), and where the presheaves 02/]1,02/]1 Cy P s Set and the natural transformation py : 02/]1
1 are obtained from 1 +p: 1+ U > 1+U by precopmosing with the functor £ : C; — C
(Construction 4.4.3).

The representability data is defined for = (I',ko,A1,k1,...,An ky) € ob(Cy) as follows.

o Let I've = (I',ko,A1,ki,...,An,ky+ 1) and, for each A € % (T Aj.....A,), let [WA =
(F7k07A17k17'"7Anakn7Aa0)'
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o Letp,: (I ko,A1,ky,...,Ap,ky+1)— (I, ko,A1,k1,...,An, k) be the identity morphism on
. A..... A, in C, and let p, : (I",ko,A1,ki,..., Ay, ky,A,0) — (I' ko, A1, ki, ...,Apn,ky) in
Cy be the morphism p, : I'«Aj.....A,sA =T .Ay.....A,in C.

e Letq, = er.4,.. .4, and let the element q,, be as in (C, p).

The unit type structure is defined by 1 = I(e,) and * = I(e,,).

Verification. Note that (¢,0) is indeed terminal in Cy, since morphisms (I", ko, A1, k1, ..., An,ky) —
(¢,0) in Cy are exactly morphisms I".Aj..... A, — ¢ in C, of which there is exactly one.

Next, note that py = E*(1+ p) : E*(1+%) — E*(1+%), so that % and % are presheaves over
Cy and pj is a natural transformation. Since 1+ p is representable (Theorem 4.4.2), and since E is
an equivalence of categories (Construction 4.4.3) sending the described representability data to the
maps in the pullback squares witnessing representability of 1+ p, it follows that pj is representable
and the representability data for py exhibits (Cy, py) as a natural model.

Finally, consider the following square in @ .

y(,0) e, %

It is a pullback, since the corresponding square in @, namely the top square in the statement of
Theorem 4.4.2 with I" = ¢, is a pullback, and / is an equivalence of categories. U

4.4.5 Lemma — Inclusion morphism
Let (C, p) be a natural model. The embedding I : C — C; extends to a morphism of natural models

(I>l7i) : (C,p) - (C]lapﬂ)'

Proof. First note that "% = % and I*%.]l — , so we can let 1 and 1 be the respective identity
natural transformations. Next note that

I(I'.A) = (I".A,0) = (I",0,A,0) = (I',0).A=IT".IA

where the equation marked % follows by our identification of presentations of objects of Cy, as
described in Construction 4.4.3. Hence I preserves context extension. Furthermore, Ip, is equal as

a morphism of Ctop, : I'.A — A, and Iq, and q are equal elements of U (T .A) C 2% (T .A,0),
so that (,1,1) is indeed a morphism of natural models. O
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4.4.6 Lemma — Extension of a morphism of natural models
For each morphism of natural models F : (C,p) — (I, q), there is a morphism of natural models
F; : (Cq,p1) — (D1, q1) which preserves unit type structure and for which Fjy ol =IoF.

Proof. Given a morphism of natural models F = (F, @, ¢) : (C, p) — (D, q), define F; = (Fy, @1, @1) :
(C1,p1) — (D1,4q1) as follows.

e Define F; : C; — Dy on objects by
F]l(F,k(),A],k],...,An,kn) - (FF7k07FA17k17'"7FAn7kn)
and on morphisms by F; (o) = F(0).

e Define ¢; = @ and ¢ = @; explicitly, given = ([, ko,A1,ki,...,Apky) € 0b(Cy), we
have

(@1)r = 1+ Pruayen, : 1+ Z (T Aye.. o Ay) = L+ ¥ (FT  FA|.... . FA,)

(1) =(F;72)(I")
and likewise (@1)r = 14 Qra,....a,-
To see that F is well-defined, note that a morphism
o0 :(A,0ly,B1,01,....By,ly) — (I ko,Ay, ki, .., Ap,ky)

in C; is a morphism 6 : A.Bj..... B,—>T.A..... A, in C. Since F preserves context extension,
we have

F(G):FA.FB.....FB,,— FT .FA,.....FA,

in C, so that Fy (0) = F (o) is a morphism of the appropriate type in Cy. That Fy preserves identity
and composition is then immediate from functoriality of F, and so Fj is a functor.

To see that Fj preserves distinguished terminal objects, note that
F1(¢,0) = (Fo,0) = (%,0)

since F preserves distinguished terminal objects.
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That @; and ¢y are natural transformations of the appropriate types and that F'gy o @1 = @1 0 py
is immediate from their definitions.

To see that Fy preserves context extension, take I = (I ko,Ay,ki,...,An,k,) € 0b(Cy) and A €
WU (L) =1+ ([ Ay.....A,). IfA= e, then

F (f o) =Fy(I' ko,A1,k1,...,Apnkn+1) definition of context extension in Cy
= (FT ,ko,FAy,ky,...,FAp k,+ 1) definition of Fy
= (FI',ko,FA1,k1,...,Fy,ky) @ definition of context extension in Dy
=FI .Fpe since Fo = (@p)p(e) = o

andif A e % (I".Ay..... Ap),then FA € ¥ (FI'.FA;..... FA,), and so

Fi (f A) =Fy (I ko,Ay, k1, ..., An kn,A,0) definition of context extension in Cq
= (FI',ko,FAy,ky,...,FAy, ky,,FA,0)  definition of Fy
= (FI",ko,FA1,ki,...,Fy,ky) FA definition of context extension in Dy
=FRI.FA since F1A = (¢1)(A) = FA

so F) preserves context extension.

Now Fyp, and pg, , are equal since they are both equal to the identity morphism on Fil';and Fy P4
and pg, 4 are equal since, as morphisms of C, the former is equal to Fp, and the latter is equal
to pg4, Which are equal to each other since F is a morphism of natural models. Likewise Fjq,
and qj , are equal to the unique element of 1 C 1+ 7 (FI".FA;..... FA,) = ¥ (FI".Fe), and

Fiq4 = Faq, and qr 4 = qg, as elements of V(FI .FAy.....FA,.FA) C ”I/]l(FI:.FA), so that
F1q, = qp, 4 since F' is a morphism of natural models.

So Fj is a morphism of natural models; moreover, we have already established that F; preserves
the unit type structure. O

4.4.7. In a natural model (C, p) admitting a unit type 1 € % (), the morphism p;:¢.1 —oisan
isomorphism. By induction (and suppressing substitutions), each composite of the form

pr Tl .11 o g ralr
is an isomorphism for each I € ob(C). It then follows that the substitution
pi-A: r.i.Ajpy] »T.A

is an isomorphism for all A € % (I"), since it is obtained by pulling back the isomorphism Py along

p4. To simplify notation, we will write the domain of piff as ['.1.A. But now replacing I" by
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I.1.A.1, we see by iterating this process inductively that for each object (I", ko, A1, k1, ..., An ky)
of Cy, there is an isomorphism

-

0 =0 ik Ay DeLeA Lo Ay T — TLA LA,

in C. Hence for each pair of objects (A,%y,By,¢1,...,Bn,ln) and (' ko,A1,k1,...,An,ky) of Cq
and each morphism ¢ : A.Bj..... B, —T.A..... A, we obtain a morphism

defined by 6’ = 87! 0 6 0 0, and moreover ¢’ is the unique morphism satisfying 8 o6’ = 60 6.

4.4.8 Construction — Unit insertion morphism

Let (C, p) be a natural model admitting a unit type. The unit insertion morphism is the unit type
preserving morphism of natural models N = (N, v, V) : (Cy, p1) — (C, p) satisfying Nol =idc p).
which is defined as follows.

The functor N : C; — C is defined on objects by

N(L,ko,A1,ki,...,Apky) =T 1.A1 1., A, T
where the i™ instance of 1 has length k. Given a morphism o : (A, 0y,B1,01,...,Bm,lm) —
(I',ko,A1,k1,...,Ay,k,) in Cyp, which is a morphism ¢ : A.Bj.....B,, - T .Aj.....A, in C,
define
N(6)=6"'06060:A.1.B;.1.....B,.1 > T.1.A;.1.....4,.1

where the symbol 6 refers in each case to the relevant isomorphism as described in Paragraph 4.4.7.

The natural transformation v : 23 — N*% is defined by letting the component of v at an object
(I',ko,Aq,ki,...,Ay k,) of Cq be the function

— —

V(F,kmAhk],.A.,An,kn) = []1,02/(9)] : 1—|—?/(F -Al ..... An) — %(F-i.A] ole.. e An-]l)

where 6 :".1.A;.1..... Ap.1 —T.Ap..... A, is the isomorphism described in Paragraph 4.4.7.
The natural transformation v : % — N*% is defined likewise.

Verification. First note that N defines a functor: it respects identity and composition since it is
defined on morphisms by conjugating by isomorphisms. Moreover N(¢,0) = ¢, so that N preserves
distinguished terminal objects.

The naturality squares for v and V are obtained by applying 1 +% and 1+ x, respectively, to
squares in C of the form
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Ad.By.....1.B,. 1 — %+ A.By.....B,
0 locoB c
LA T, ———— TAp A,

These evidently commute in C, and so v, V are natural.

That poV = v o py follows from naturality of p and the fact that py = E*(1+ p). That N preserves
the representability data and unit type structure is evident from the explicit definition given above.
O

4.4.9 Theorem — Universal property of the free natural model admitting a unit type

Let (C,p) be a natural model, let (D,q) be a natural model admitting a unit type, and let F :
(C,p) — (D,q) be a morphism of natural models. There is a unique unit type structure preserving
morphism of natural models F* : (Cy, py) — (D, q) such that Ffol =F.

F
(C,p) ——— (D,q)
1
I /’/Fﬁ
(Cy,p1)

Proof. Define F* = N o Fy, as indicated in the following diagram.

(C,p) —F—— (D,q)
1 1
(Cq,p1) Fr — (D1,q1) — N—= (D, q)
-

Since N and F preserve unit type structure (Lemma 4.4.6 and Construction 4.4.8), so does F*.
Moreover we have
Ffol=NoFjol=NoloF =F

as required.
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To see that F* is the unique such morphism, we prove that its actions on contexts, substitutions,
types and terms are determined entirely by (F, @, ).

To this end, note that for each I = (I ko,Ay,ki,...,An k) € 0b(Cy), we have
F'T'=FToloFAjoTo...0FA,o1

so that the action of F* on objects is determined by that of F. Furthemore F* is determined by F
on morphisms, since we have

F¥(6) =N(F1(0)) =N(F(6))=00F(c) 06!
with the symbol 0 representing the isomorphisms in ID as discussed in Paragraph 4.4.7.

Now givenA € % (" Aj..... A,)anda € %.(F.Al ..... Ap;A), we have FYA = FA and Fla = Fa;
and F* is uniquely determined on the unit type structure since it must preserve it.

Hence F* is the unique unit type preserving morphism satisfying Ff ol =IoF. U

4.4.10 Corollary — Freely extending by a unit type is functorial

The assignments (C, p) — (Cy, p1) and F — F; determine a functor (—); : NM — NMj, which
is left adjoint to the forgetful functor U : NM; — NM. Moreover, the component at (C, p) of the
unit of this adjunction is (1,1,1) : (C, p) — (Cy, p1).

Proof. We can recover Fy as (IoF)*, where I : (D,q) — (Dy,q1) is the inclusion morphism. As
such, functoriality of (—); follows from the ‘uniqueness’ part of Theorem 4.4.9. That this functor
is left adjoint to the forgetful functor NMy — NM with unit as described is then precisely the
content of Theorem 4.4.9. O
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132 Chapter 4. Natural model semantics

Section 4.5
Extending a natural model by dependent sum types

The idea behind freely adjoining dependent sum type structure to a natural model (C, p) is similar
to that of freely adjoining unit type structure. First we modify the representable natural transform-
ation p to obtain a new representable natural transformation which additionally admits dependent
sum types, and then we replace the base category C by an equivalent one that allows formal exten-
sions of objects by dependent sum types.

Given a type A and a dependent type B over A, their dependent sum type Y,.4 B(x) has as terms
pairs (a,b), where a : A and b : B(a). Given a further dependent type C over B, we obtain a type
Y4 Yy:(x) C(x,y), whose terms take the form (a, (b,c)), and a type ¥, \y.y . p(x) C(%,y), whose
terms take the form ((a,b),c). More generally, given n types Aj,As,...,A,, with A;| depending
on A; for all i < n, there is one iterated dependent sum type for each way of parenthesising a list
with n elements. As discussed in Paragraph 4.5.1, these correspond with particular kinds of trees.
In order to freely admit dependent sum types, then, we take these trees of types to be our new types,
whose terms are trees of terms (Definition 4.5.2, Construction 4.5.4).

4.5.1. Given a set S, the polynomial functor Set — Set defined on objects by X — S+ X has an
initial algebra, which we can denote by Tree(S). The elements of Tree(S) are leaf-labelled finite
rooted binary trees with labels from S. We can generate the set Tree(S) inductively by declaring
that a € Tree(S) for each a € S and [T}, T»] € Tree(S) for each T;,T> € Tree(S), so that specifying
an element 7 € Tree(S) is equivalent to specifying an inhabited list aj,ay, ... ,a, of elements of S
together with a parenthesisation of the list. To illustrate, the following leaf-labelled finite rooted
binary tree is represented by the parenthesised list [[[a,b],¢], [d, €]].

/ \.
\ d/

N

e

/
/\

We say two leaf-labelled finite rooted binary trees have the same shape if their underlying (un-
labelled) trees are isomorphic—in practice, this means that the parenthesised lists have the same
parenthesisation but may have different labels.

Write L(T) = (ay,az,...,a,) for the ordered list of the leaves of a tree T—more precisely, L is
defined inductively by L(a) = (a) and L([T1,T2]) = L(T) — L(T»), where ~ is concatenation of
sequences. For instance, L([[[a,b],c|,[d,e]]) = (a,b,c,d,e).
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4.5.2 Definition — Type trees and term trees
Let (C, p) be a natural model and let I" € ob(%).

(i) The set Zvee(I”) of (dependent) type trees over I, and the set {I".T | T € %yee(I")} of
extensions of I" by type trees, are defined simultaneously inductively by the following rules.

o A€ Vree(I') foreach A € % (I'), and I . A coincides with the regular notion;

o If T} € yee(I'), I' . Ty is defined, Th = Zree(I'-T1) and I" . T} . T; is defined, then
[T],Tz] S %ree(r) and F.[Tl,Tz] =I'.Ty.7>5.

(ii) The set %.tree (I') of (dependent) term trees over I" and the function (piree)r : %.tree () —
Uyree(I') are defined simultaneously inductively by the following rules.

® 4 € Uiyee(I") for each a € % (I') and (piree)r(a) = pr(a);

o Ifr € ?/.tree(r), T = gptree)F(tl) is defined, 7, € q/.tree(r‘n) and (ptree)F.Tl (Q) is
defined, then [t),1;] € Yree(I") and (prree)r ([t1,22]) = [T1, T2)-

Write %.tree (I"; T) for the set of term trees ¢ over I' with (piree)r () =T.

The following lemma is useful for working with the definitions of type trees and term trees given
in Definition 4.5.2.

4.5.3 Lemma
Let (C, p) be a natural model and let I" € ob(C).

(i) Given a type tree T over I with L(T) = (A,Az,...,A,), we have Ay € % ([ Aq..... Aj)
for each i < n; and

(ii) Given a term tree f over I" with (piree)r(t) =T and L(t) = (a1, a2, .. .,ay), the trees t and T
have the same shape and ;11 € Zree(I" +Aje.. .+ Ai3Aiy) foreachi < n.

Proof. Both proofs are straightforward inductions using the inductive definitions of type trees and
term trees. 0

In light of Lemma 4.5.3, given a morphism ¢ : A — I in a natural model (C, p) and a type tree T
over I with L(T) = (A1,A,...,A,), we will write 6.7 for the iterated extension G .Aj..... A, of
o by the leaves of T'.

4.5.4 Construction — Presheaves of type trees and term trees
Let (C, p) be a natural model.

(i) The presheaf of type trees in (C, p) is the presheaf % ee : C°P — Set defined on objects as
in Definition 4.5.2(i) and defined on morphisms ¢ : A — I inductively as follows: if T =
A€ (I'), then define T[o] = A[o]; and if T = [T}, ], then define T'[c] = [T} [0], Tr[0 - T} ]].
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(ii) The presheaf of term trees in (C, p) is the presheaf ?Ztree : C°P — Set defined on objects
as in Definition 4.5.2(ii) and defined on morphisms ¢ : A — I' inductively as follows: if
t = a € Yiree(I"), then define t[6] = a[o]; and if £ = [t 1], then define 1[6] = [11[0], 12 [0 . T1]].
where T, = (ptree)F(ll)-

(iii) The natural transformation pyree : ?/.t,ee(l" ) — Yree(I") is defined componentwise as in
Definition 4.5.2(ii).

Verification. Most of what needs to be verified is immediate by induction on the trees. To see that
Y4ree 1s functorial, note that by iterating Lemma 2.1.7 we have

Tloll7] = [Ti[o][7],(Blo . T])[z. Ti[o]]] = [Ti[o o 7], 2[(0 0 7) . T1]]
and likewise for funtoriality of x. U

4.5.5 Theorem — Representability of pirec
Let (C, p) be a natural model. For each I" € ob(C) and each T € %ee(I"), the following square is
a pullback,

q .
y(I'.T) — Usree
Pr Ptree
y(F) T %tree

where p; and q; are defined inductively by the following two rules.
o IfT=Ac%(I'), then p; =p, and q; = q;
e If 7 =[Ti,Tz] and py,,qy,, Py, qy, are defined, then let p; = py. opy, and g = [qy, [Py ], 97, [pTl[pT]H‘

In particular, pyree is representable.

Proof. We prove that the square commutes and is a pullback by inductionon 7. When T =A € %,
this is immediate, so suppose T = [T}, T>] and that we have the following two pullback squares.

ar, . ar,
y(I'Ty) ————— Yiree YT 1) ———— Yree
| |
Pr, DPtree Pr, Ptree
Y(F) T WUiree Y(F‘Tl) T Uiree

134



Section 4.5. Extending a natural model by dependent sum types 135

First we must prove that the square in the statement of the theorem commutes, which amounts to
showing that q; € %yree(I'+T,T[p7]). Now I'.T =I".T}.T> and

Tlpr] =[N, 1] [PT.HPTz]
= [Tilpy], Talpr, - Thl][Pys )
= [Ti[pyllPp)s Tolpg - Tillpr, - Ti [Py ]

=Ti[p;] :TZ[p’;:Tl )

and so what we must prove is that

qu [pTz} € %.tree(r ¢ Tl * Tz’ Tl [pTl] [pTz])
and that .
qr, [Py, [pT]]] € Uree(I' Ty T2 Ti[pr: T2 [Py, « Thl [Pz, « T [Pr3 ])

The fact that qz, [pz,] € Uiree(T Ty - To; Ty [P7,][Pg,]) is immediate from naturality of piree; note also
that the following diagram commutes by definition of p;.

y(pz,) dr .
y({[N o) ———— y(I'.T}) ———— %iree
\\\ ‘ N
\\\\\ Y(pTl) Ptree
}’(PT) ‘\\ i
St
Y(F) T> %ree

To see that qz,[p, Py ]] € Urvee . Ty T>. T, [p7]: T2[pz, « Thl[Pz, « Th [Py, J]), consider the following
1

diagram.

Y(PTI [pT])

q .
y(I'T1.T>- Ti[pg | [pp,)) y(I'. T . 1) = Usree
y(pr,TilPr, ) y(ppeTilpy]) y(pr,) Prree
\\\\\\\\7\ \L
Y(F'Tl'Tl [pTl]) y(pTl.T]):y(pTl[pTI])*> Y(F'Tl) 7 %ree
y(pTl[PTl]) Y(PTI)
y(I'-Th) y(I')

Y(PTI)
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The top right square commutes by the induction hypothesis, and the top left and bottom left squares
commute since they are the results of applying the Yoneda embedding to canonical pullback squares
(Construction 2.1.6). The composite of the top two morphisms represents q, [pT1 [ Pr]]’ and the fact

that this is an element of Zree (- T1 - T3+ T [p7,1[P5)s T2[P7, « Th][Pr, - T1 [Pz, ]]) s exactly the assertion
that the pasting of the top two squares commutes.

Hence q; € Zree(I'+ T T[py]) as required.

To see that the square in the statement of the theorem is a pullback, let 6 : A — I" in C and let
t € Yvree(A;T[0]), as indicated in the outer square of the following diagram.

ar ” %ree

Ptree

Define <G,I>T = <<G,l‘1>T| ,l‘2>T2. Then

pTO<G,t>T:pTIOpTZO<<O',l‘1>TI,l‘2>T2 Pry <O- t1> =0

and
arl(o,0)r]
= lag,[p),an [Py, 1 [((0, 1) 73, 22) 73 unpacking definitions
= [az, [Py, o ({0, 11) 17, 12) 1], qu[pTl[ ] o((o,t1)1,,t2)1,+T1] by Construction 4.5.4(ii)
[qu[<th1>TlvqT2[< 'T17t2>T2H redUCing
= [t1,1] induction hypothesis
=t definition of ¢
Uniqueness of (o,7)7 then follows from its having been defined by a universal property. 0

4.5.6 Construction — Category of contexts of trees
Let (C,p) be a natural model. The category of contexts of trees of (C, p) is the category Cyree
defined by
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e Objects are lists (I',T},...,T;), where k > 0, I' € ob(C) and T;1| € Yree(I' +Ty«....T;)
for all i < n, where we identify (I',A,T\,...,T;) with (I" A, T1,...,T;) for all I" € ob(C),
A€ % (I') and type trees T1, ..., Ti;

e Morphisms. A morphism (A,Uy,...,U;) — (I',Ti,...,T;) in Ciree is a morphism o : A.Uj .

.oUp—T.Ty..... T}, with identity and composition inherited from C.

Verification. Note that the hom sets of Cy,ee are well-defined under the identification
(I'A,Th,...,Ty) ~ (AT, ..., T))

and that the associativity and unit laws hold because composition and identity are inherited from
C. O]

4.5.7 Lemma

Let (C, p) be a natural model. The assignment I" — (I") extends to a full embedding  : C < Cyyee,
and the assignment (I', Ty,...,T;) — I Tj..... T, extends to a full and faithful functor E : Ciree —
C. Moreover, the pair (I,E) is an equivalence of categories.

Proof. Functoriality of I and E is immediate from the definitions. Furthermore, we have Eol =
idc. The natural isomorphism € : /o E — idc,,.. is defined componentwise by letting

S(FJ"]_’.”_’T}() . (F,Tl,,’[}{) — (roTltoTk)

in Cyree be the identity morphism I« Ty ... .. T,—I.T..... T in C. Naturality and invertibility of
€ are then trivial since all its components are identity morphisms. O

4.5.8 Construction — Free admission of dependent sum types

Let (C, p) be a natural model. The free natural model admitting dependent sum types on (C, p)
is defined by the following data. The underlying category is Cy = Ctee (Construction 4.5.6) with
distinguished terminal object (¢). The presheaves %, Us, - Cy? — Set and the natural transform-

ation py : ?/.g — Y are obtained from piree : ?/.t,ee — Yiree by precomposing with the functor
E :Cy — C (Lemma 4.5.7).

The representability data is defined for I' = (I, T1,...,T;) € Cy and T € % (I") as follows.
o Let (F,Tl,...,Tk)-T: (F,Tl,...,Tk,T);

° LetpT:(f;T)—>fbethemorphismpT:F.T1 ..... ;. T —T.Ti..... T in C defined in
the proof of Theorem 4.5.5.

o Let q; € ?/.E(f,T) = %.t,ee(l". Ti.....T;.T) be the element q, defined in the proof of
Theorem 4.5.5.
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The dependent sum type structure is defined as follows.

e The natural transformation X : ¥, ﬁZ/E(%Z)T — Y is defined by letting ff be the function
T

(T.T")—[T.T'
—_—

Z %ree(f'T) ] %2(1:)

Te%ree(f )
where we have implicitly composed with the natural isomorphism given by Lemma 1.2.11;

e The natural transformation ;;ﬂ\r Yy X (%‘E)T/(,) — ‘7/.2 is defined by letting ;;ﬂ\rf be the
T’Tlte(g/;z)r
function

Z Z Z @/.tree(f-T;T’) M 9/'2(1—_:)

Teﬂz/tree(f) Tleﬂ%ree(f°T) ZEOZ/.tree(f‘;T)

where we have implicitly composed with the natural isomorphism given by Lemma 1.2.12.

Verification. That (¢) is terminal in Cy is immediate from the fact that ¢ is terminal in C. We have
%Z :E*%reea %Z :E*%ree and pPr :E*(ptree)

so that %% and %.g are presheaves and py is a natural transformation. Representability of py with
representability data as defined follows immediately from Theorem 4.5.5 and the fact that E is an
equivalence C ~ Cy which sends the representability data for piee to that of py (Lemma 4.5.7).

The functions ff and pair respect substitution since Ysree and @/'tree are natural, so that ¥ and pair
are natural transformations. Given an object I of Cs, consider the following square

Y =, pairz . o
> . )3 . )y %ree(r°T;T/) — %E(F)
Te%ree(r) T’GQ/tree(FoT) te@/’tree(f‘;T)
T (pe)g
Y ee('T) Us ()

[N}
!

T €Zsree (f>

The square commutes since given (T,7”,¢,¢') we have
(pe)p(pair:(T,T',1,1")) = (Prree) gy ([t,1']) = [T, T') = L (T, T') = X (e (T, T',1,1"))
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It is a pullback since the function ;;i\rf evidently restricts to bijections between the respective
fibres of 7 and of (px) .

Hence the corresponding square in ((/3; is a pullback, so that (Cyx, py) admits dependent sum types.
O

4.5.9 Lemma — Inclusion morphism
Let (C, p) be a natural model. The embedding 7 : C — Cy extends to a morphism of natural models

(Ivlvi) : ((C,p) — (CZ>pZ)'

Proof. Note first that since E ol =id¢ we have I* py = I*E* pyree = Piree. Let 1 U — I'Us = Uiree
and i: % — 1*52/.2 = ?Zcree be the respective inclusions, noting that for each I we have % (I") C
Uiree(I') and % (I") € %vee(I). That these are natural and satisfy I*(py) o1 = 1 o p is immediate.
We must prove that [ preserves distinguished terminal objects—which it does by definition—and
that (,1,1) preserves the representability data. So let I € ob(C) and A € % (I').

e We have I(I').I(A) = (I"',A) = (I".A) = I(I" . A), using the identification of lists described
in Construction 4.5.8;

e The projection p,, : (I',A) — (I') in Cs is precisely the morphism p, : I"'+A — I in C, so
that Ip, = py4;

e The element q,, € U (I, A) is exactly the element qy € % (I .A), so that Iq, =q,.

Hence (1,1,1) is a morphism of natural models. O

4.5.10 Lemma — Extension of a morphism of natural models
For each morphism of natural models F : (C, p) — (D, g), there is a morphism of natural models
Fy : (Cy, py) — (Dyg,qx) which preserves dependent sum types and for which Fr ol =IoF.

((Cap) ;) (]D)’CI)

Proof. Let (F,@,9): (C,p) — (D,q) be a morphism of natural models, and define (Fs, ¢z, @x) as
follows.
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e The functor Fy : Cy — Dy is defined on objects by Fx(I",Ti,...,T;) = (FI',FT,...,FT;)
and on morphisms by Fx(0) = F(0). Note that Fx. respects the identification of lists since F
preserves context extension, so this specification is well-defined.

o The natural transformation @y : % — Fy /5 is given by defining

(@) 1y 1) : Ziree(T s Tiv...sT) = Viree(FT o FTi ... .FT})

inductively by
(¢x)F(A) = erun...n(A) and  (@x)p([T,T']) = [(Px)#(T), (9x)p,r (T7)]

e The natural transformation @y : %'z — Fy_*”f/y_ is defined likewise.

Naturality of @y and @5 then follows from naturality of ¢ and @, as does the fact that Fi'go @ =
¢ o p. This construction further ensures that Fy preserves dependent sum types.

Note that Fx preserves context extension, since

(T, T,...,T;).T)

= Fx (T, Tl, LT T)

— (FT',FT,...,FT;,FT)
— (FT',FT\,...,FT;).FT
=F(,Ty,...,T)-FT

and similarly we see that Fxpy = pg.r and Frdy = qp.7- O
4.5.11. By Construction 3.3.15, in any natural model (C, p) admitting dependent sum types, there

is for each I' € ob(C) and each A € % (I') and B € % (I".A) an isomorphism 6 : I" . (A, B) =
I''A.BoverI.

I'.%(A,B)

R

o
pi(A,B) Pa°Pp

r

in C/r. Recalling that %(T) is defined inductively for T € Zyee(I") by £(A) = A and X([T )
Y(X(T),X(T")) (Theorem 4.5.5), we see by induction that there are isomorphisms 6 : I' .X(T)
I'.T over I for each T € Zyee(I').

11l
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r.%(7) d r.7
Pser) Pr
r
Suppressing substitutions, for each (I", T, ..., T;) € ob(Cy), we obtain an isomorphism
0:T.2(T)).....5(Ty) > T.Ty..... T

over I, defined by taking canonical pullbacks.

4.5.12 Construction — Tree summation morphism

Let (C, p) be a natural model admitting dependent sum types. The tree summation morphism is
the dependent sum type preserving morphism of natural models S = (S,0,6) : (Cg, ps) — (C, p)
satisfying Sol = id(c ), which is defined as follows.

The functor S : Cy — C is defined on objects by
S(IC,\Ty,....T) =L .2(T)).....5(Ty)
Given a morphism 7 : (A,Uy,...,U;) — (I',T,...,T;) in Cy, define
S(T)=0""0700:AZ(U)).....2(U) = T .E(TY).....X(T})
where the symbol 0 refers in each case to the relevant isomorphism as described in Paragraph 4.5.11.

The natural transformation ¢ : % — S*% is defined by letting the component of ¢ at an object
(I',Tq,...,T;) of Cy be the function

O = 20 Uiree(0) : Usree([ e Tiv... i) — U (D Z(T1)e... . 2(T1))

and likewise & : % — S*% is defined by 6z = p/aTro @/’t,ee(e).

Verification. First note that S defines a functor: it respects identity and composition since it is
defined on morphisms by conjugating by isomorphisms. Moreover S(¢) = ¢, so that S preserves
distinguished terminal objects. To see that ¢ is natural, let T : (A,U) — (I',T) in Cy and note that
S*U (t)oop =% (ST) 0O

U(O0100 " YoU (0)oX

% (0)o%(t)oX

U (0) oo (T) since X is natural

= 050 %(7)
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as required; likewise for G.

That $*(p) o 6 = 6 o py and that S preserves representability data and dependent sum types follow
immediately from their definitions. O

4.5.13 Theorem — Universal property of the free natural model admitting dependent sum types
Let (C, p) be a natural model, let (D, g) be a natural model admitting dependent sum types, and let
F :(C,p) — D,q) be a morphism of natural models. There is a unique dependent sum preserving
morphism of natural models F* : (Cy, py) — (ID,q) such that Ffol = F.

~
I T
(Cs, px)

Proof. Define F! = So Fy, as indicated in the following diagram.

(C,p) —L—— (D,g)
(Cs,pz) — R— (Dg,q5) —s—— (D,q)

Since S and Fy preserve dependent sum types (Lemma 4.5.10 and Construction 4.5.12), so does
F*. Moreover we have
Flol=SoFol=SoloF =F

as required.

To see that F? is unique, we prove that its action on contexts, substitutions, types and terms is
determined entirely by (F, @, @).

We proceed by induction. First note that, since F* ol = F, we have F*(I') = FI" for each I €
ob(C), and F*A = FA and F*a = FaforeachA € % (I') C % ((I")) and a € % (I';A) C % ((I);A).
Now suppose T = [T}, T>] € % (")) and t = [t1,t,] € % ((I");T), and that the values F*Tj, F*T5,
F*; and F't, are uniquely determined by F. Since F* preserves the dependent sum type structure
of Cy, we have

F'T =S(F'T\,F'T,) and Ft = pair(F't;,F't))
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so that the values F*T and Ft are uniquely determined by F.

Now let I = (I', Tj,...,T;) € ob(Cyx) and suppose that the action of F* on type trees and term trees
overI'.Tj..... T} is determined by thatof F. Let T € %z(f ). Since F* preserves context extension,
we have F ﬁ(f T)=F T".F'T, which is uniquely determined by F by our induction hypotheses;
and then repeating the argument from the previous paragraph demonstrates that the action of F* on
type trees and term trees over I.Tis uniquely determined by that of F.

Hence the entire morphism F* is uniquely determined by F, as required. 0

4.5.14 Corollary — Freely extending by dependent sum types is functorial

The assignments (C, p) — (Csx, px) and F — Fs determine a functor (—)y : NM — NMy, which
is left adjoint to the forgetful functor U : NMy — NM. Moreover, the component at (C, p) of the
unit of this adjunction is (1,1,1) : (C, p) — (Cgx, px).

Proof. We can recover Fy as (I o F)f, where I : (D,q) — (Ds, gy ) is the inclusion morphism. As
such, functoriality of (—)y follows from the ‘uniqueness’ part of Theorem 4.5.13. That this functor
is left adjoint to the forgetful functor NMy — NM with unit as described is then precisely the
content of Theorem 4.5.13. O

4.5.15. Since (Cy, py) admits dependent sum types, we might hope—in presence of a unit type—
that the corresponding polynomial pseudomonad (as in Theorem 3.2.24) resembles the algebraically-
free monad [Kel80] on the polynomial endofunctor P, : C — C. However, the free dependent sum
type structure as described in Theorem 3.2.24 does not yield a strict monad in general: if it did, then
the type trees [[A, B],C] and [A, [B,C]] would be identified as a result of the associativity axiom.
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Chapter 5

Future work

The goal of this brief chapter is to outline some avenues for future research suggested by the work
in this thesis.

Adjusting adjustments

The definition of an adjustment o : ¢ = Y between morphisms of polynomials (Definition 3.2.6)
is motivated by the observation that adjustments between cartesian morphisms of polynomials
correspond with natural transformations between the full and faithful internal functors induced
by those cartesian morphisms. A consequence is that there is at most one adjustment between any
parallel pair of cartesian morphisms of polynomials. Unfortunately, we were not able to prove that
adjustments between arbitrary morphisms of polynomials correspond with anything meaningful,
or indeed that they form the 3-cells of a tricategory Poly . So although the definition we provided
captures some notion of 3-cell, which works for our purposes, a worthwhile goal in future work is
to find a more suitable (and likely more general) notion of 3-cell, or to demonstrate that adjustments
do in fact form a meaningful notion of 3-cell.

Generalised natural models

Our work relating natural models with polynomials in Chapter 3 was done for the most part without
relying on any aspects of C other than its locally cartesian closed structure. It may therefore be
possible to extend the definition of natural model to a more general class of categories, so that a
natural model is a morphism p : U — U in (say) a cocomplete, locally cartesian closed category
&, subject to certain conditions that are equivalent to representability in the case when & = C for
some small category C. In order to make this definition meaningful, it would need to be established
how to interpret the rules governing dependent type theory in such an object.
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146 Chapter 5. Future work

Along similar lines, recall that the main challenge of Section 3.2 was to find a notion of equivalence
with respect to which a natural model admitting certain type theoretic structure gave rise to a
pseudomonad, since we discovered that it does not give rise to a strict monad. If we were to define
the notion of a natural model within homotopy type theory, say, then it may be the case that the
conditions for a natural model to admit a unit type and dependent sum types can now be expressed
in terms of (homotopy) pullbacks yielding a monad (up to propositional equality). If this is the case,
then the results of Chapter 3 could be recast in terms of locally cartesian closed guasicategories,
with the rules for polynomial monads and algebras holding up to propositional equality.

Free natural models

In Section 4.5 we remarked that the set Tree(S) of finite rooted binary trees with leaves labelled by
elements of a set S is obtained as an initial algebra for the endofunctor X — S+ X x X. Given a
natural model (C, p), it appears that the natural model (Cy, px) of Construction 4.5.8 is an initial
algebra for the ‘endofunctor’ f+— p+ f - f, where - refers to polynomial composition. Indeed, there
is a morphism of natural models (C, p) — (Cs, px) (this is Lemma 4.5.9) and there is a cartesian
morphism of polynomials px - px = px since py admits dependent sum types (Construction 4.5.8,
Theorem 2.1.9), and these morphisms satisfy nice universal properties. The problem is to find the
category in which f +— p+ f - f defines an endofunctor with respect to which (Cy, py) is an initial
algebra.

This train of thought could be explored even further. Just as polynomial endofunctors on Set
generalise those of the form X — Ag+A; X X +--- 4+ A, x X", it would be worthwhile to explore
whether there is a similar generalisation of endofunctors of the form

frratarfra fof+ o tanfoo . f

where ay,...,a,, f denote (suitable) morphisms in a (suitable) locally cartesian closed category,
and where - is polynomial composition. With such a notion established, it could be applied to
dependent type theory to see if a natural model can be freely extended by other kinds of type
theoretic structure by taking an initial algebra for such an endofunctor.

Much work remains to be done on the construction of free natural models. For example, it remains
an open problem to construct a left adjoint to the forgetful functor NMp — NM, thus obtaining
the free natural model admitting dependent product types on a given natural model (C,p). Fur-
thermore, as discussed at the end of Section 4.1, it remains open to find a general way to compose
these free functors.
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Term models and interpretations

The free natural models studied in Chapter 4 were algebraic, rather than logical, constructions. An
important task for the future is to define a logical notion of interpretation of a theory T in a natural
model (C, p), and to construct the term model on a given dependent type theory T, according to
the following schema.

5.0.1 Schema — Term model of a type theory T .
Let T be a dependent type theory. The term model of T is the natural model (Cr, pr : %r — %)
defined as follows.

e The underlying category Cr has as its set of objects the quotient Ctxy/=ctx, where Ctxr is
the set of all well-formed contexts in T and =cyy identifies I’ = x1 : A1,x2 : Ag, ..., Xyt Apy
and A =y :a;,y2:Ay,...,yu: Ay if and only if m =n and x; : Ay,...x—1 : Ai-1 F A =
B; is provable in T for each i. Given contexts I"' = xj : Aj,x2: Ag,...,xp 1 A;y and A =
yi:ai,y2:Aa,...,yn: Ay, the hom set Cp([A], [I']) is the quotient Subr(A,I") /=sub, where
Subr(A,I') is the set of all well-formed substitutions (¢,7,,...,t,) from A to I" (see Sec-
tion 1.1), and =s,, identifies (1,12, ... ,t,) with (¢{,8,...,1,,) whenever A -1, =t 1 A;(ty,. .. ,t;i_1)
is provable in T for each i.

e The distinguished terminal object of Cr is the (=c«-equivalence class of the) empty con-
text.

e The presheaf of types % is defined on objects by letting % ([I"]) be the quotient Typer(I") /=Type,
where Typer(I") is the set of well-formed types in context I" and =Typ. identifies A with
A’ whenever I' - A = A is provable in T; and %r is defined on morphisms by letting
% ([o])([A]) = [Alo]].

e Likewise, the presheaf of terms Yr is defined on objects by letting %.T( [I']) be the quotient
Termp(I") /=Term» Where Termp(I") is the set of well-formed terms in context I" and =erm
identifies a with ' whenever the types of a and @’ are identified by =1ype and ' Fa=d': A
is provable in T.

e The typing natural transformation pr : @/'T — % is defined componentwise by letting
(p1)ir)([a]) be [A] for the unique [A] € % ([I"]) such that I" - a : A is provable in T.

e The representability data for (Cr, pr) is defined for [I'] = [x1 : Aj,...,x, : Ay € ob(Cr)
and [A] € % ([I']) as follows.
o Let [I'].[A] = [I",x : A], where x is a fresh variable;
o Letp, = [(x1,...,%)] s [[,x: A] = [[];
o Letq, = [x] € % ([T, x: A],[A]).
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o If the theory T admits a unit type, dependent sum types, dependent product types, or some
combination thereof, define the corresponding structure on Cr in the evident way. O

With this done, it should be the case that the term model is initial in NMr, and from this it would
follow that interpretations of T in a (suitably structured) natural model (C,p) correspond with
(structure preserving) morphisms of natural models (Cr, pr) — (C, p). The parenthetical remarks
about structure depend the doctrine in which the theory T lives—for example, if T is a theory in
the doctrine of dependent type theories with a unit type and dependent sum types, then the setting
for interpretations of T is the category of natural models admitting a unit type and dependent sum

types.
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