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Abstract

The theory of recursive functions where the domain of a function is induc-
tively defined at the same time as the function is called induction-recursion.
This theory has been introduced in Martin-Lof type theory by Dybjer [37]
and further explored in a series of papers by Dybjer and Setzer [38, 39, 40].
Important data types like universes closed under dependent type operators
are instances of this theory.

In this thesis we study the class of data types arising from inductive-recursive
definitions, taking the seminal work of Dybjer and Setzer as our starting
point. We show how the theories of inductive and indexed inductive types
arise as sub-theories of induction-recursion, by revealing the role played by a
notion of of size within the theory of induction-recursion. We then expand the
expressive power of induction-recursion, showing how to extend the theory
of induction-recursion in two different ways: in one direction we investigate
the changes needed to obtain a more flexible semantics which gives rise to
a more comprehensive elimination principle for inductive-recursive types. In
another direction we generalize the theory of induction-recursion to a fibra-
tional setting. In both extensions we provide a finite axiomatization of the
theories introduced, we show applications and examples of these theories not
previously covered by induction-recursion, and we justify the existence of
data types built within these theories.
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Chapter 1

Introduction

1.1 Dependent types for proofs and programs

Both in computer science and in constructive mathematics dependency is a
ubiquitous and central notion. For example, whenever we refer to a family
of sets indexed by some other set we are exploiting the concept of a type
dependent on values of some other type. The possibility to explicitly refer to
dependent types considerably broadens the expressive power of a formal lan-
guage. The paradigm of such a dependent system is Martin-Lof type theory
[74, 73, 80]. Two other ingredients, beside the notion of dependency, make
dependent type theories expressive and versatile as formal languages: the
first is the possibility to use these theories both as programming languages
and as formal systems to reason about constructive mathematics. And, in-
deed, dependent type systems have proved themselves extremely successful
in fulfilling these two purposes: proof assistants based on dependent type
theories are nowadays used both to certify programs [26] and to formalize
mathematics [56]. This feature of dependent systems comes directly from the
Brouwer-Heyting-Kolmogorov explanation of the logical operations and it is
validated by the Curry-Howard isomorphism: we can regard an inhabitant a
of a type A either as a proof of a proposition A, or as a program satisfying
a specification A.

The other ingredient making dependent type theories so expressive and there-

fore ideal languages to develop both constructive mathematics and writing
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correct programs is given by inductive types. We focus on them in the next

section.

1.2 A theory of inductive definitions

We could try to introduce inductive types by looking at their historical de-
velopment but, as noted by Coquand and Dybjer [28], it is difficult to trace
back the origin of this notion since it permeates the history of proof theory, a
large part of computer science and, to a large extent, all constructive math-
ematics. So we will rather try to introduce them informally and by means of
examples.

An inductive definition of a type consists in giving some rules to generate
elements of the type and then specifying that terms in the type have been
generated according to these rules only. The inductive type is then defined
as the least type closed under the rules; put otherwise, this means that the
type has been freely generated by the rules.

In logic and computer science the use of inductive definitions is pervasive.

Consider the following simple examples in logic:

e the syntax of a formal language: we define the terms of a language as
the smallest set of expressions containing variables and constants and

closed under the term formation rules.

e The theorems of a formal deductive system. Given a formal system H,
let Th(H) be the collection of its theorems. Then Th(H) is the smallest

set of well-formed formulas closed under the inference rules.

In computer science inductive types are the bricks of a dependently typed pro-
gramming language: they represent the building blocks on which any other
type is built!. Inductive definitions are therefore fundamental to dependent
type theories which are both logical systems and frameworks for program-

ming. And, indeed, Martin-Lof type theory can be seen as an intuitionistic

'Pushing on this metaphor we could say that recursion is the mortar the dependently

typed programmer has at her disposal for computing.



Introduction

theory of iterated inductive definitions developed in a framework of depen-
dent types: each type is defined inductively by its introduction rule which
prescribes how canonical terms of the type are generated, while the elimina-
tion and computational rules, derived from the introduction rule, express a
recursion principle specifying its action on canonical elements.

In classical set theory we can represent an inductive type as the set obtained
as the intersection of all collections satisfying the condition of closure under
the given rules. But this informal description of an inductive type from
above does not do justice to the intuition that inductive types are essentially
built from below as the union of stages in a process. Indeed the former is
a rather impredicative description: it defines an inductive set quantifying
over the collection of all sets satisfying the closure condition. Nevertheless,
inductive definitions can be understood directly in their own terms, and they
are first-class citizens in generalized predicative systems such as Martin-Lof
type theory.

The simplest inductive definition is that of the set of natural numbers. From
a constructivist perspective we define the natural numbers, also known from

Cantor as the first number class, as an inductive type as follows:

Example 1.1 (First number class). The set of natural numbers N is built

according to the following rules:

e 0 is a natural number,

e if n is a natural number then so is s (n). L

Once we have defined 2y =g4ef N, we can go further and inductively define
also the second number class €2y, i.e. the set of countably infinite ordinals,

also known as Brouwer ordinals. The rules are the following:

Example 1.2 (Second number class). The type of Brouwer ordinals Q is

built according to the following rules:

e 0 is a Brouwer ordinal,
e if o is a Brouwer ordinal then so is s (a),

e if f:Nat — Q is a countable sequence of Brouwer ordinals then so is

lim (f). u
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We could be tempted to indulge this Cantorian initiative. And, indeed, we
can iterate the process just described: if we have build the n-th number class
Q,, we get the (n+ 1)-th number class Q,,.; by adding on top of the rules for
Q,, the following rule

o if f:Q, — Q.1 is an Q, sequence of elements of the (n+ 1)-th number

class Q,,11, then so is lim, 1 (f).

But a pattern seems now to emerge. We can use the the set of natural
numbers N, to index number classes. This way we could define a whole
collection of inductive types representing number classes in one go. We show

in the next section how to do it.

1.2.1 Indexed inductive types

Indexed inductive definitions exploit two distinctive features of Martin-Lof
type theory already mentioned: type dependency and inductive types. In-
dexed inductive types represent the next level of sophistication of an in-
ductive type where we allow for the simultaneous definition of a family of
inductive types indexed over some other type. This extra feature allows to
store relevant computational information in the indices of an inductive type.
Let us illustrate by means of some examples how indexed inductive definitions

can be used to build more sophisticated data types.

Example 1.3 (Finite sets). The type of finite sets is a data type indexed
over N. For every n:N, the set fin(n) represents the set of natural numbers

below n. It is built according to the following rules:
e for every natural number n, zero is an element in fin(s(n)).

e If we have an element z of fin(n) then succ(x) is an element of fin(s(n)).

When fin(n) has been defined for an arbitrary natural number n, we can use
it for example as a set of variables for the untyped A- calculus. This way we

can build the set of well-scoped untyped A-term as follows:
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Example 1.4 (untyped A-terms). The type of untyped A-terms is a N-

indexed inductive type, constructed according to the following rules:

e variables, represented as elements of fin(n), are A-terms;

e if we have two A-terms ¢, u with at most n free variables then we can
use function application, App (¢, u), to build a A-term with at most n

free variables;

e if we have a A-term with at most n 4+ 1 free variables we can use \-

abstraction to build a term with at most n free variables. |

Note that A-abstraction uses lambda terms with n 4 1 free variables to build
terms with n free variable so that the entire family needs to be built simul-
taneously. We finally come back to the N-indexed type of number classes

mentioned in the previous section.

Example 1.5 (A family of number classes). The type of number classes is
a type indexed over N. For every n:N, the type Q(n) represents the n-th

number class. It is built according to the following rules:

e 0is an element of Q(n);
e if we have an element x in Q(s(n)) then succ(z) is an element of Q(s(n));

e if we have a sequence f:Q(n) — Q(s(n)), then lim,1(f) is an element
of (Q(s(n))). u

At this point we already engaged in a Cantorian initiative and we now want
to pursue this construction. We have used natural numbers to build a N-
indexed family of number classes. But we could refine our construction by
using any already given number class as index of our families to get larger
families of number classes, and carry on this way. But, this would not be
really satisfactory: maybe we do not want to fix in advance an index of this
family. Can we build a family whose indices are the number classes we are
currently building up? If this is possible then we would have to build the
index of the family at the same time of the family we are currently building.
In the next section we explain how this is indeed possible using inductive-
recursive definitions (see also Section 3.2.7 for more details on the above

example).
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1.2.2 Inductive-recursive definitions

When defining an indexed inductive type, indexed over A, we think of A as
an index for a family of inductive types B(a) where a is an element of A.
Another approach is to regard a family as a (large valued) recursive function
B: A — Set. That is, we exploit the inductive definition of A to recursively
define B. But A might not be already given in advance as hinted at the
end of the previous section. That is, the inductive definition of A might
depend on the recursively defined function B. The theory of such functions
B:A — Set, and more generally of functions with codomain any (possibly
large) type D, where as we build up the function B recursively, we also
build up the type A inductively is called induction-recursion. Data types
built using these functions are called inductive-recursive types. This thesis
is about this class of types.

The theory of induction-recursion has been introduced by Dybjer [36] and
then further refined by Dybjer and Setzer in a series of papers [38, 39, 40].
Important data types like universes closed under dependent type operators
are instances of induction-recursion and the theory is so expressive that al-
most every known type is an instance of it (an exception is given by the
internal Mahlo universe constructed by Setzer [88]).

Data types as presented in this thesis line up in an increasing hierarchy of
complexity: at the bottom lie simple inductive types like the natural num-
bers, lists and trees. Then, with indexed inductive types we can build data
types indexed by extra information that can be used to express properties
of data having those types. Examples are given by vectors, untyped lambda
terms, general tree types [80]. Finally, inductive-recursive types represent
the most advanced form of data types where we allow for the definition of
indexed data type where the indices are generated at the same time as the
data.

1.2.3 Syntax and semantics of inductive types

So far we have seen ezamples of (indexed) inductive types. We may be
tempted to add rules for each specific inductive type we can come up with to

our dependent type theory. This is not an economic approach and, arguably,
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nor a satisfactory one. By contrast, different approaches, in form of schemes,
have been proposed to capture the notion of an (indexed) inductive type in
a dependent type system. A precursor of these schemes can be traced back
to Martin-Lof [72] who formulated it in first order logic. Dybjer [35] gave a
scheme for indexed inductive types in Martin-Lof type theory while Coquand
and Paulin-Mohring [29] gave one for the Calculus of Constructions. More
recently Benke et al. [17] gave a scheme for indexed inductive types inspired
by those given by Dybjer and Setzer [38, 39, 40] which are the first containing
schemes covering inductive-recursive types.

A more semantical approach is given by indexed containers (Section 2.2.3)
and dependent polynomial functors (Section 2.2.3) and it is inspired by the
language of category theory. In this thesis we deliberately take this ap-
proach by using initial algebra semantics (see Section 2.2.1) which nowadays
has become one of the cornerstones of the theory of modern functional pro-
gramming languages. This approach provides a well-developed theory of data
types which is modular, expressive and usable at different levels: it is used
as a framework both by researchers in the mathematical foundations of pro-
gramming language semantics, by programming language designers and even
by programmers themselves (under the guise of the Algebra of Programming
School [18]). In this thesis, a theory of data type will always be given by
a syntax (which we sometimes refer to as a grammar) and a corresponding
functorial semantics which assigns to each syntactic object a functor (which

we also refer to as its extension).

1.3 Type, sets and categories

Martin Lof type theory has proved to be a robust foundational framework.
In our opinion this claim is validated not so much by the evidence that a
large amount of mathematics can be developed within it (reductionism), but
rather by the deep connections that this theory has interweaved with other
branches of mathematics and in particular with other foundational theories
(structuralism). Using a metaphor, we can think of Martin-Lof type theory
as the base of a prism of glass. The light coming from outside can hit a type

and refract it as a set, as a proposition, as an object of a category, or as
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a specification for a program. Though simple, this metaphor is imprecise.
Trying to make precise the connection between type theory, set theory, and
category theory has been a major theme of recent research. The development
of homotopy type theory [92] has redesigned this pyramid by inserting a new
face to this solid represented by homotopy theory which allows us to refract
a type as a space.

Type theory will be the basis of this thesis. We will mainly exploit its rela-
tionship with category theory by using type theoretic reasoning to talk about
categories, and vice versa. We will work in extensional type theory since this
will greatly simplify this relationship. However, it is important to notice that
the theory of induction-recursion makes perfect sense in intensional type the-
ory as well, and alternatively, we could have used setoids and the category of
setoids to overcome the difficulties arising from doing category theory within
intensional type theory [60, 63, 78].

To build models of type theory augmented with schemata for inductive-
recursive definitions we turn our pyramid and let it rest on classical set
theory. To emphasize this we use different fonts for the categories of sets:
(i) Set for the category of constructive sets (or small types) built from the
Set-judgments of the type theory we present in Section 2.1; (ii) Set for the
category of (not-constructive) sets, built from ZFC possibly augmented with
strong axiom of infinity (see Section 3.1.2 and 3.3).

All of the consistency proofs presented in this thesis will use the categories of
sets built from the classical theory of sets ZFC. Nonetheless, since this thesis
is developed in a constructive settings, we are naturally led to work with the
category of constructive sets Set whenever possible. To minimize confusion
we always explicitly point the reader’s attention to which categories are in
use.

We refer the reader to [39], Section 2.4 and in [40] Section 4 for details of
the construction of the syntactic category Set and of other categories used to
model induction-recursion. We do not pursue investigation into categorical
properties of the category Set since this would lead us out of the scope of this
thesis. For our purposes it will suffice to assume that Set is a locally cartesian
closed category with W-types as ensured here by the rules for Set-judgments
(2.2) - (2.18) in Section 2.1 and Section 2.2. Notice, that, with abuse of
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notation, we use the same font both for the category of (constructive) sets

and for the type of small types.

1.4 Overview

The rest of this thesis is structured as follows:

e Chapter 2 introduces Martin-Lof type theory formulated in a Logical
Framework. We focus on the theories of inductive and indexed in-
ductive types in Section 2.2, also covering standard material on initial

algebra semantics.

e Chapter 3 introduces the theory of induction-recursion as originally
formulated by Dybjer and Setzer. We begin with an introduction to
universes as a paradigmatic example of an inductive-recursive type in
Section 3.1. We develop a syntax and a corresponding semantics for
the theory of induction-recursion in Section 3.2. We recast the set-
theoretical model built by Dyber and Setzer to prove the consistency
of the theory in Section 3.3.

e Chapter 4 is based on joint work with T.Altenkirch, N. Ghani, P. Han-
cock and C. McBride [57]. In this chapter we introduce a sub-theory of
induction-recursion that we dub “small induction-recursion”. We build
a category of small inductive-recursive definitions and prove full and
faithfulness of the interpretation functor. The main result in the chap-
ter is an equivalence between the category of dependent polynomial

functors and the category of small inductive-recursive functors.

e Chapter 5 is based on joint work with Fredrik Nordvall Forsberg and
Neil Ghani [53]. In this chapter we introduce a variant of induction-
recursion, which we call “positive induction-recursion”, motivated by
an extension of the original semantics of induction-recursion. We in-
troduce the syntax and the semantics of positive induction-recursion in
Section 5.2. We gave examples of applications of our theory in Sections
5.3 and 5.4. We justify the existence of positive inductive-recursive

types in Section 5.6.
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e Chapter 6 is based on joint work with Neil Ghani, Fredrik Nordvall

Forsberg and Anton Setzer [54]. In this chapter we abstract the theory
of induction-recursion to a fibrational setting. We obtain a theory
of generalized inductive-recursive types which we call “fibered data
types”. We give the syntax and the semantics for this theory in Section
6.3 and 6.4 and we give examples of fibered data types in Section 6.5.

We justify their existence in Section 6.6.

Contribution

Parts of the the thesis has been published in peer reviewed conferences. My

contribution to the publications are:

[57]

[53]

[54]

Working on initial ideas by Thorsten Altenkirch I developed the math-
ematical content of the paper and wrote a first draft. The final version

of the paper was edited by Peter Hancock and Conor McBride.

Working on an initial idea of Neil Ghani I developed the mathematical
content of the paper jointly with Fredrik Nordvall Forsberg. The final

version was edited by Fredrik Nordvall Forsberg and me.

The paper was entirely written by Fredrik Nordvall Forsberg and me

after an initial idea of Neil Ghani.



Chapter 2

Background

Abstract In this chapter we lay down the basis on which the rest of the
thesis is built by recalling some standard material. We start by introducing
the theory of types which will serve as a framework for our investigations
(Section 2.1). We then analyze the notion of an (indexed) inductive definition
(Section 2.2) focusing on the categorical approach given by initial algebra

semantics.

2.1 Type theory in a Logical Framework

In this Section we introduce the type theory we will use as a basis for the
rest of the thesis. We adopt a presentation of Martin-Lof type theory within
a Logical Framework as in [80] part III. This formulation will turn out to be
essential in Chapter 3, where we extend the type theory presented here with
rules for inductive-recursive definitions. We use the extensional version of
Martin-Lof type theory, rather than the intensional one (see Rule 2.13 and
Rule 2.14 and the discussion on page 19 for more on this).

The core of Martin-Lof type theory is a A-calculus with dependent types. The
first versions [74, 73] were formulated as free-standing theories of types. The
Logical Framework was introduced later, suggesting the perspective of con-
ceiving type theory as a meta-theory where other theories can be interpreted,
allowing for a modular specification of different theories within it.

From our perspective the main advantage of the introduction of the Logical

11
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Framework is the possibility of having a theory of sets internal to a theory
of types. Notice that we do not follow the presentation of the theory of
sets as presented in [80] part III. There, sets are introduced by defining
constants of different types and asserting equalities between elements in the
sets. Here, instead, we introduce sets in the more readable polymorphic
style (see Section 2 in [48] for more on the polymorphic vs monomorphic
presentation of Martin-Lof type theory). We hope that, even if concise, our
presentation will help the reader not familiar with type theory to get a better

understanding of the theory.

Martin-Lof type theory is a formal system about types and terms. Its primary
purpose is to allow one to derive judgments about these entities. There are

four basic forms of judgments:

(1) A:type (2) a:A
(3) A= B:type (4) a=b:A

whose intended reading is the following: (1) A is a type, (2) a is a term of
type A, (3) A and B are equal types (4) a and b are equal terms of type
A. The theory allows us to derive hypothetical judgments, i.e. judgments
depending on some assumptions. A collections of assumptions is called a

context I' and consists of a list of typing judgments:

x1: Ay, e Ag(r), .y s Ap(xy, 200 T q)

A well-formed context is one for which for every i < n the judgment A; : type
holds in the preceding context x1: Ay, ..., x;_1: A;_1.

We write hypothetical judgments depending on a context I' as follows:

I' - A:type 'Fa:A
I' A= B:type F'Fa=0b:A

where the turnstile separates the context I' from the judgment. To increase

readability, we omit both of them if the context I' is not discharged in a rule.
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Given judgments

'k aq IAl
I'+= CZQ:AQ(CLl)

'ka,:Au(a,ay.. .0, 1)
Uz Ay e Ag(2), oy s A2y, 20 . o2 q) E B(2q, 29 ... xy,) s type

Uy Ay xe: A1), .oy Tt Ap(21, 29 .21 ) B b(2y, 20 2y): B2y, 20 .. 2y)
we simply write

'k B(ay,ay...a,): type
I'Fb(ar,as...a,): Blay,ay...ay,)

for the simultaneous substitutions Bla;/x1, a9/, ..., a,/x,) and blay/zq,
as /T, ..., a,/x,] of the terms aq, ay . .. a, in B(xy, 2o ...2,) and b(xy, 22 ... 2,)
respectively. We identify types and terms up to a-conversion.

We are now led to add judgments expressing that I' is a valid context and

that two contexts I and A are equal:
FT' context F T = A context

Valid contexts are formed according to the following rules:

Rule 2.1 (Contexts).

" context ' A:type
() context - (T, z: A) context

where () denotes the empty context and x is assumed to be fresh for I'. M

To simplify the presentation we split the rules of the system in different

groups:

e general rules forming the equality, substitution and variable assump-

tion rules;

e rules for the type of small types. These rules allow for the definition
of the (large) type Set of all small types (we also refer to small types

simply as sets);
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e rules for certain constant types consisting of the minimal collections
of basic types needed to start with to build all the other types. In
particular at this stage we do not need to include any infinite set we

will define them later via induction-recursion.

e rules for set/type formers needed to introduce dependent products and

coproducts types;

e rules for equality types which allow for the formation of a type whose

inhabitants witness that elements of a certain type are equal.

Both the rules for constant sets and the rules for set/type formers follow a

common pattern. They are given in four steps:
- formation rules which introduce new sets/types;

- introduction rules which describe how canonical elements of the type

are formed;

- elimination rules which tell us how to use elements of the type to define

recursive functions out of it.

- computation rules which explain how functions defined by using the

elimination rules act on canonical elements of the type.

General rules

Rule 2.2 (Equality). Equality is an equivalence relation on types and terms:

A type B = A:type A= B:type B =CC":type
A=A A = B :type A= C:type
a:A b=a:A a=b:A b=c:A
a=a:A a="0:A a=c:A
|
Rule 2.3 (Conversion).
a:A A= B:type a=0b:A A= B:type -

a:B a=b:B
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Rule 2.4 (Assumption, weakening). In the following we indicate with Z any

judgment which can appear on the right of the turnstile

' A:type L7 B
ex:AFx: A e AFT

Rule 2.5 (Substitution rules). Substitution in types:

x:AF B(z):type a:A x:AF B(x)=D(z):type a=c:A
B(a) : type B(a) = D(c) : type

Substitution in terms:

x:AFbz):B(xr) a:A z:AFbx)=dz):B(z) a=c:A
b(a): B(a) b(a) = d(c): B(a)

The type of small sets

We now give rules for the type Set of small sets. Further down we will give

rule asserting closure of Set under certain set formers

Rule 2.6 (Set).

A: Set A= DB:Set
Set : type EI(A) : type El(A) = EI(B) : type

Given A : Set, we simply write a : A as a shorthand for a : EI( A) if no ambiguity
can arise; in other words we allow ourselves to treat the large universe (Set, El)

as if it was formulated a la Russell (cf. Section 3.1.3). =

Constant types

We now introduce rules to postulate the existence of basic sets. Notice that
we use large elimination for the set N, i.e. we allow elimination into type
(rather then Set) for predicates defined on the set Np: this will be needed
later in Remark 2.12 and Notation 3.25 to define + - types and to define the

sum of two inductive-recursive definitions.

Rule 2.7 (Ng, N1, N»). Formation rules:

NO : Set N1 : Set N2 : Set
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Introduction rules: there is no introduction for Ng.

Elimination rules:

013N1

x:Ng F P(z):Set a:N

caseg(a): P(a)

a:
x:Ny F P(z):Set b:P

Ny

OQZNQ

].22N2

(0;) z:Ny F P(x):type a:N,

bo : P(02>

bl : P(].g)

case;(a,b): P(a)

Computation rule:

x:Ny F P(z):Set b:P(0;) z:Ny - P(x):type ir:Ny

casex(a, by, b1) : P(a)

boZP(OQ)
blip(].g)

case;(01,0) = b: P(0y)

Type/set formers

casey(ip, by, be) = b;: P(ip)

i=1{0,1}

Next we introduce II-sets and [I-types. We deliberately use the same notation

for both since this allows us to avoid duplicating the same rules.

Rule 2.8 (Dependent products). Formation rules:

Introduction rule:

Elimination rule:

A:type z:AF B(x):type

(ITz: A)B(x): type

A:Set x:AF B(x):Set

- (ITxz: A)B(z):Set

r:AFb(z): B(x)

Ax:Ab(z): (Ilz: A)B(x)

f:(Ilz:A)B(x)

a:A

f(a): B(a)
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Computation rules:

We introduce now the rules for ¥-sets and Y-types using the same notation
for both as we did for Il-sets and Il-types.

Rule 2.9. (Dependent coproducts) Formation rule:

A:type z:AF B(z):type
(Xx:A)B(x):type

A:Set z:AF B(x):Set
(Xx:A)B(x):Set

Introduction rule:

Eliminations rule:
p:(Xx:A)B(x)
mo(p): A

fst pr

Computation rule:

a:A, a:AtFb:Bla) a:A a:AFb:B(a)
mo(a,b) =a: A m1(a,b) =b: B(a)

p:(Xx:A)B(x) nsig
p = (mo(p), m(p)): (X : A)B(x)
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Notation 2.10. In the rest of the thesis we adopt some conventions about
dependent product and coproducts which we summarize here: when the type
A can be inferred from the context we write Ax.b for Az : A.b(x). When
writing codes for inductive, indexed inductive and inductive-recursive defi-
nitions we write a function Aa.vy(a) simply as a — 7(a). For simultaneous
abstractions Ax. Ay.b(x,y) and applications f(a)(b) we write Ax,y.b(z,y)
and f(a,b) respectively.

We sometimes abbreviate (Ilz: A)B(z) and (X2 : A)B(z) simply as (II A)B
and (3 A)B; if B does not depend on z: A we write A — B and A x B for
(ITa: A)B and (X z: A)B respectively.

Since we have introduced function types and the universe Set we can now

use an alternative notation for a family of sets x: A F B(x): Set.

Notation 2.11 (families). A family of sets x: A I B(x):Set can be equiv-
alently presented as given by a pair (A, B): (3 A:Set)(A — Set). Indeed,
we can derive the latter judgment form the former by using introduction for
[I-types, the rule npi and the introduction rule for »-types. Vice versa we

can derive the former from the latter by elimination for X-types and Il-types
and the rule 2.4.

We do not include +-types among our set formers simply because they can

be defined by using Y-sets and large elimination for N,.
Remark 2.12 (Sums). Given A:Set, B:Set we can define A+ B as
A+ B =4 (Xx:Ny)casey(z, A, B)

With this definition, the injections inl:A — A+ B and inr:B — A+ B
are defined as inl =g4ef Aa: A. (02,a) and inr =46 Ab: B. (13,b) respectively.
Given maps f: A — C and g: B — C the coproduct map [f,g9]: A+ B — C
is given by [f, 9] =def Az : A+ B.casey(mo(z), f(m1(2)), g(m1(x))).

Similarly note that we have not included any finite sets apart from Ng, N;
and N,. All the other finite sets N, can be defined from N; and N, using

sums: for example N3 = N, + Nj.
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Extensional rules

We finish this presentation with rules for identity types and a brief discus-
sion about extensional rules which may or may not be added to the system
considered so far. Identity types represent a notion of equality internal to
the system. They come in two shapes, intensional or extensional. The differ-
ence between these is so relevant that they actually give rise to two different
systems respectively: intensional type theory and extensional type theory.
The latter identifies internal and judgmental equality, with far-reaching con-
sequences. Models for extensional type theory have been intensively studied
[87, 27, 59, 30], but there are also drawbacks: type-checking is undecidable,
and the theory fails to be strongly normalizing. Most of this thesis will use
categorical reasoning and this will be greatly simplified by working in the

extensional setting.

Rule 2.13 (Identity types). Formation rule:

A:type a:A b:A
a=,40b:type

Introduction rule:
A:type a:A

refl(a):a =4 a

Elimination rule:
A:type z,y:Aq:x =4yt P(x,y,q):Set
a,b:A pra=ab x:AbF c(z): Pz, x,refl(x))
J(a,b,p,c): P(a,b,p)

Computation rule:
A:type zy: A q:x =yt P(x,y,q):Set
a:A r: Al c(x): P(z,z,refl(x))
J(a,a,refl(a),c) = c(a): P(a,a,refl(a)) =B

Notice that within the proposition-as-types perspective the above elimination
rule states that in order to prove a statement about an identity type it suffices
to prove it on diagonal elements, i.e. on terms of the form (z, z, refl(x)).

We now state the rules turning intensional type theory into its extensional

versions.
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Rule 2.14 (Equality reflection rule).

pia=asa
p=reflla):a=4a

PiT =AY
r=y:A

eq-reflection UIP o

As proved by Hofmann and Streicher in [62] these rules are not derivable
from the rules already stated. The counter model built in [62] to prove this
has paved the way for further investigations of homotopical models for the
intensional version [92].

Finally let us present function extensionality asserting that pointwise propo-

sitionally equal functions are themselves propositionally equal

Rule 2.15 (Function extensionality).

f,g:(Mz:A)B(z) p:(Iz:A)f(x) =pw) 9(x)
funext(f,g,p): f =(12:4)B@) ¢ u

This rule which reflects common usage of functions in mathematics can
be safely added without breaking decidability of type-checking but it seem
harder to justify from a computational point of view where terms are regarded
as algorithms: two functions which are pointwise equal can have quite dif-
ferent algorithmic content (see e.g. Section 5 in [48] for more on this). This

rule is derivable from Rule 2.14.

2.2 Inductive definitions and their categori-

cal semantics

The theory of dependent types described so far is a solid system for rea-
soning about dependent types but the range of sets and types which can
be built within it is particularly narrow: for example, observe that the the-
ory described so far does not allow us to build any infinite set. The aim of
this Section is to increase expressiveness of the system by adding scheme for
inductive types. We start by formulating in a natural deduction style the
rules for the basic examples presented in Section 1.2 and then by introducing
comprehensive schemata for inductive types. While introducing examples

of inductive types and schemata for defining them we will pay attention to
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the categorical approach for describing them represented by initial algebra
semantics.

The rules in Example 1.1 translate directly to the introduction rules of the
type N of natural numbers from which we can derive the corresponding elim-

ination and computation rules:

Rule 2.16 (Natural numbers). Formation rule:

N : Set

Introduction rules:

Elimination rules
n:NF P(n):Set
a:N d:P(0) n:N,y:P(n)F e(n,y): P(s(n))
natrec(a, d, e): P(a)

Computation rules:
n:NF P(n):Set
d:P(0) n:N,y:P(n)te(n,y): P(s(n))
natrec(0,d,e) = d: P(0)

n:NF P(n)
a:N d:C(0) n:N,y:P(n)Fe(n,y): P(s(n))
natrec(s(a), d, e) = e(a, natrec(a,d, e)): P(s(a)) =B

Similarly, we can turn the rules given in Example 1.2 in the introduction
rules for a type Q (for simplicity we omit the corresponding elimination and

computation rules).

Rule 2.17 (Brouwer ordinals). Introduction rules:

a:Q f:N—=Q
0:Q s(a):Q lim (f):Q =B

From a constructive viewpoint, where induction is a basic principle, it is

natural to allow for a wide class of inductively defined structures. As a
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paradigm of such a broadly comprehensive inductively generated structure
in Martin-Lof type theory we have the set of well-orderings or, shortly, W-
types [73]. A type (Wx:A)B(x), also indicated (WA)B, represents the set
of well-founded trees whose nodes are elements a: A and whose branches
over such a node a are given by elements of a set a: A = B(a). The rules

describing W-types in Martin-Lof type theory are the following:

Rule 2.18 (W-types). Formation rule

x: At B(z)
(Wx:A)B(x):Set

Introduction rule

a:A f:B(a) > (Waz:A)B(x)
sup (a, f): (Waz: A)B(x)

Elimination rule
w:(Wazx:A)B(x)
w:(Wzx:A)B(x) - P(w): Set
a:A, f:Ba) > (Wa:A)B(x),g:(I1b: B(a))P(f(b)) F h(a, f,g): P(sup (a, f))
wrec(w, h): P(w)

Computation rule

B( ) = P(w)
a:A, f:B(a) = (Wa: A) :v),g

tA
[1b: B(a)) P(f(b)) & h(a, f,g): P(sup (a, [))
= h(a, f, \t.wrec(f(t), h))

|

An insightful perspective from which looking at a W-types (WA)B, is as a
direct generalization of the free term algebra construction from finite arities
to arbitrary arities specified by a signature: a set A of term constructors or
operators a: A, each with a small arity given by the set B(a).

In extensional type theory W-types can been used to encode inductively
defined types. For example we can encode the types N and € defined in
Rules 2.16 and in Rule 2.17 respectively:

Example 2.19. The type of natural numbers can be encoded by the W-type

(W x:Ny)Bn(x)
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where
Bn(02) = No Bn(12) = Ny
0 = sup(02, A . caseg(x)) s(n) = sup(1y, A z. casey(z,n))
and recursion operator defined by
natrec(a, d, e) = wrec(a, Az, vy, z. casey(a, d, e(y(01), 2(01))))
Similarly the type of Brouwer ordinals is given by
(W x:N3)Bq(x)
where
Bqa(03) = No Ba(13) = N; Bq(23) =N
0 = sup(03, A x. caseg(x)) s(n) = sup(ls, Ax.casei(z,n)) lim(f) = sup(2s, f)
|

These examples show how easily inductive types can be defined in terms of
W-types. Indeed these are just two instances of a wide class of inductive
types which can be captured by W-types. As shown by Dybjer [36], all
strictly positive types — those types which are built up from set variables
and constants using as operators +, x and —, with the restriction that no
set variable occurs to the left of an arrow — can be captured by the W-
construction. Abbott et al. [2] have sharpened this result showing that
W-types are sufficient to capture also nesting of inductive types.

Notice that some extensionality is needed for the above reduction to hold:
the elimination and computation rules for the encoding of such inductive
types as W-types can not be derived in intensional type theory. This is
because of the functional component f in an element sup(a, f): (W az: A)B(x)
which prevents us from deriving sup(a, f) = sup(a,g) if f and ¢ are not
convertible to each other. Thus, in intensional type theory the W-types
encoding an inductive type contains elements which do not represent any
canonical element of the inductive type. This problem has been addressed
also in the context of homotopy type theory: in [15] Awodey et al. have shown
that the notion of weak W-type and a limited form of function extensionality

suffice to encode simple inductive types in the usual way.
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2.2.1 Initial algebra semantics

Initial algebra semantics [55] is one of the cornerstones in the categorical
analysis of data types. To provide a backdrop for the following discussion,
we give a brief summary of how initial algebra semantics can be used to
provide a semantics to data types.

Within the paradigm of initial algebra semantics, each data type is regarded
as the carrier of an initial algebra of a given functor; therefore we start

recalling the fundamental notion of algebra of a functor.

Definition 2.20. If C is a category and F:C — C is an endofunctor on C,
then an F-algebra is a pair (X, h) where X is an object of C and h: FX —
X a morphism. We call X the carrier of the algebra and A the structure
map. u

Intuitively, if we think of F' as building structure on top of X, then the
morphism h shows how to embed this new structure back into X. Thus we
can think of X as having enough structure to model the new structure built
by F'. In other words, we can think of X as a model of the structure specified
by F.

For any functor F', the collection of F-algebras itself forms a category Algp
which we call the category of F-algebras. In Alg,, a morphism from (X, h)
to (Y,g) isamap f: X — Y such that the following diagram commutes

FX " . x
A
Fy — % vy

If we think of X and Y as models of structure built by F', then an F-algebra
morphisms f:(X,h) — (Y,g) is nothing but an homomorphism between
such models, i.e. a structure preserving map. An initial or free F-algebra,
which we indicate by (uF,introg), is an initial object in the category Algp.
As the adjective free above suggests, the idea is that the structure of uF' has

been freely generated so as to make it the initial F-model. Initial algebras
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are of particular interest in the solution of recursive equations since they are
fixed points (cf. e.g. [90]). Being a fixed point is expressed categorically by
the following definition:

Definition 2.21. Given a functor F':C — C, an object X is called a fixed
point of F if there exists an isomorphism FX = X. =

Any fixed point for a functor F is clearly an F-algebra. That the converse

is true for initial algebras is an useful observation due to Lambek [68]:
Lemma 2.22. An initial F-algebra is a fixed point for F'

Proof. Let (uF,intror) be an initial algebra for F'. Then (F(uF'), F(introg))
is an algebra for F', and by initiality of (uF,intror) we get a map g: uF —
F(uF) such that g ointrop = F(introg) o F'(g). Now, introp o g is an F-
algebra morphism from (uFintrop) to itself and by initiality it has to be
the identity, i.e. introp o g = id. But then we also have id = F(id) =
F(introg o g) = F(introg) o F'(g) = g o introp. O

Initial algebras from below

The proof that initial algebras for a functor can be built from below can be
traced back to famous fixed point theorems like those of Kleene and Knaster-
Tarski. And, indeed, it is a simple and direct translation of the latter theorem
in categorical terms which will enable us to build initial algebras for the
functors we will consider throughout this thesis. Recall that for every functor
F on a category C with an initial object L and with filtered colimits we have

an associated initial chain.

Definition 2.23 (Initial chain). Given an endofunctor F' on a category C
with filtered colimits and an initial object L, define the initial chain of I’ by

transfinite recursion as follows:
FO = 1

Fo+l = F(Fe)
Fe = v6<aFﬁ for o limit. ™
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This definition actually defines a chain since we can define k; ; : F* — F7 for

1 < j in the following way:

k’()71 = 1 — F(J_)
ki+1,j+1 = F(ki,j)
k = the colimit cocone for 7 limit.

i?j

Definition 2.24. We say that the initial chain for a functor F' converges

after \ steps if ky;1, is an isomorphism. u

Theorem 2.25 ([10], Theorem 3.1.4). Let C be a category with an initial
object | and with colimits of chains. If the initial chain of a functor F

converges in \ steps, then uF = F* and introp = k‘;jl 5

Semantics for data types

Let us now come back to our starting motivation of using initial algebra
semantics to model data types through the language of category theory:
the object pF interprets the data type described by F', while the algebra
intror interprets the constructors of the data type. Initiality of (up,introp)
can be used to express a recursion principle for the data type. Given an
F-algebra (X, h), by initiality of (up,introp) we get an F-algebra homo-
morphism, sometimes referred to as catamorphism, fold(h), from the initial
algebra intror to the algebra h. We can express this recursion principle by
means of an operator fold: (F(X) — X) — uF — X, together with equa-
tions fold(_) o introp = _o F(fold(_)) expressing that the map fold(h) is an
F-algebra morphism for a given F-algebra (X, h). Indeed, the actual com-
putational interpretation of fold(h) for h: F(X) — X is given by the above
equation fold(h) o introp = h o F/(fold(h)). It tell us that in order to define a
function from the data type it suffices to recursively apply h along the con-
structors of the data type. Unicity of fold(h) translates directly to an n-rule
for the data type. The fold operator represents a simple form of the kind of
elimination rules we have already met. These are a priori more general since
they allow the construction of dependent recursive functions out of a data
type: we can eliminate on types which might depend on elements of our data

type. However, by using Y-types it can be shown that these two rules are
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interderivable. We sketch how to derive the fold operator from the elimina-
tion rule and vice versa by means of examples. We start giving a closer look
to the first implication (elimination implies recursion via a fold operator) by
looking at the simple example of the type N. In Section 2.2.2 we show how
to derive the elimination rule from the fold operator in the case of W-types.
We refer the reader to [44, 51, 52| for an abstract framework where general
induction schemes can be formulated and proved equivalent to the existence

of initial algebras.

Natural numbers object

Let us illustrate how initial algebra semantics can be used to model inductive
types through the analysis of the simple example of the type of N. We start
by giving a purely categorical definition of the type N.

Example 2.26 (Example 1.1 continued). A natural numbers object N in a
category C with terminal object and binary coproduct is the carrier of an
initial algebra for the endofunctor F': C — C whose action on an object X
is given by FI(X) =1+ X. u

As before, once we have defined N we can proceed further and define .

Example 2.27 (Example 1.2 continued). Given a natural number object
N in C and assuming that it is an exponentiable object of C we define a
Brouwer ordinals object as the initial algebra for the endofunctor G: C — C
defined by G(X) =1+ X + XN, u

Let us now look at these definitions from the perspective of initial algebra
semantics. In Set an initial algebra for the functor F' is given by the pair
(N,intror) where the carrier N is given by the formation rule in 2.16 and
introg: Ny + N — N is the structure map defined as introp =4 [0, s], where
0 =gef A2.0:N; — N and s =gef An.s(n):N — N are defined by the in-
troduction rules in 2.16. Similarly, the structure map introg of an initial
algebra (Q,introg) for the functor G defined in Example 2.27 is given by
0,5, lim]: N; +Q + QN — Q. Notice how formation and introduction rules for

an inductive type can be used to build the corresponding algebra.
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Weak initiality of (N,intror) can be derived from the elimination rule in
2.16 by instantiating the latter for a non dependent type P: the premises of
the rules asserts that P has an F-algebra structure given by [A0;.d, \y. €]
while the conclusion state the existence of a function An. natrec(a,d,e): N —
P. The computation rule ensures that this map is indeed an F'-algebra
morphism. This is a direct translation of (N,intror) being weakly initial in

Set as the following diagram displays:

s
N, N N
| |
| |
d I I
| An.natrec | An.natrec
’ ’
e
P P

Using rules 2.14, 2.15 and 2.16 we can show that the morphism
An.natrec(n,d,e):N — P

is indeed unique. We can also show that the elimination and computation
rules in 2.16 are derivable from the property of (N, intror) being initial. But
since this argument is completely analogous to the one we will use in Section
2.2.2 for W-types we do not give it here.

2.2.2 Initial algebra semantics of inductive types

A major step in the categorical understanding of inductive types has been the
formulation of a categorical semantics for W-types. This has been a common
theme for different group of researchers in recent years [36, 77, 46, 3]. In
order to capture a notion of a W-type in a category endowed with sufficient
structure, we turn to the language of initial algebra semantics. But first we
need to identify the right class of functors to look at.

In this section we present different schemata which define — modulo minor
differences — the same class of functors. Initial algebras for these functors
are exactly the W-types. The three approaches we present are polynomials,

containers and Inductive-Definitions. The main difference among the three
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consists in the choice of the syntactic objects used to represent the functors
we aim to capture: polynomials use arrows, containers use families while
Inductive-Definitions use codes. Being aware that the presentation will end
up being redundant we hope the reader will profit from this. In the rest of
the thesis we use all of these three different schemes to present an inductive

type depending on which aspects we want to highlight.

Containers

The notion of container and container functor has been extensively studied
in Abbott’s PhD thesis [1] and further refined and applied by Abbott and his
coauthors in a series of papers [3, 2, 4]. Containers are first class objects of
Martin-Lof type theory because they are nothing but families of sets. Thus
they provide a rather direct way to reason about inductive types inside type

theory.

Definition 2.28. A container is a pair (S, P) where S:Set and P:S —
Set. o

A metaphor informs the choice of the name container: each data type defined
by a container consists of a set of shapes S and for each shape s:.5 a set of
positions P(s) where data can be stored. A family of sets (S5, P) can also
be regarded as representing a (single sorted) signature: the set of shapes S
represents the set of term-constructors while, for s: S, the set of its positions
P(s) represents the arity of the constructor represented by s. We will come
back to this in the next section. Every container defines an associated functor

on Set, called its extension.

Definition 2.29. Given a container (S, P), its extension is the functor

[S, P]c:Set — Set whose action on a set X is given by
[S, Plc X =def (X5:5) (P(s) = X) a

Abbott [1] develops the theory of containers in a fibrational setting. As
explained in Section 2.18 in [47] the notion of container and its extension
is modulo minor differences the same as that of polynomial and polynomial

functor and most of the theory can be developed in a locally cartesian closed
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category with a terminal object (see Section 1 in [47]). Therefore, we now
introduce the category of containers and recall some of its rich structure
which will be used in the rest of the thesis; more categorical analysis will

come in the next section.

Definition 2.30. The category of containers Cont has as objects contain-
ers, and as morphisms (S, P) — (5, P') pairs (u,v) where u:S — S and
v:(Ils:S)P'(u(s)) = P(s). u

To simplify the presentation and the categorical analysis we now introduce
the category Cont of containers defined on Set. We will use the category

Cont to show the rich categorical structure of the category of containers.

Definition 2.31. The category Cont of containers defined on Set has as
objects pairs (S, P) where S € Set and P:S — Set, and as morphisms
(S,P) — (5, P') pairs (u,v) where u:S — S and v:(Ils:S) P (u(s)) —
P(s).

Given a container (S, P): Cont, its extension is the functor [5, P].: Set —
Set whose action on a set X is given by [[9, P]c X =qef (X5:95) (P(s) —
X). N

Remark 2.32. The category Cont can be easily seen to be nothing but the
category Fam (Set?) (see Section 3.2.3).

Theorem 2.33 (full and faithfulness of [ ]). The extension function
[ ]c:Cont — [Set, Set]

mapping containers to functors can be extended to a full and faithful functor

mapping container morphisms to natural transformations.

Proof. Define the component at X of [(u, v)]. as follows:

([, v])x : (Bs:8) (P(s) = X) = (25 :5) (P(s) = X)
([, v])x (5, f) =aer (uls), f o (v(s)))

Since every container is a sum of representable functors full and faithfulness

is just a consequence of full and faithfulness of the Yoneda embedding. [
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Remark 2.34. Notice that in Theorem 2.33 we refer to natural transforma-
tion rather than strong natural transformation as in Theorem 2.47 below.
This is because in Set every endofunctor can be endowed of a canonical
strength compatible with naturality squares, making every natural transfor-

mation between endofunctor of Set automatically strong.
Lemma 2.35. Cont is a cocomplete cartesian closed category.

Proof. Since Cont = Fam (Set°”) and Set°? has all small connected colimits
Cont is cocomplete (cf. point 4 in Remark 3.10). The initial object is given
by (No,!), the terminal object by (Ni, Az.N;). The coproduct of two con-
tainers (S, P) and (S’, P’) is given by (S x 8", Ax. (P(m(x)) + P(m(x))))
while their product by (S x S, Az.(P(m(x)) x P(m(x)))). This easily
generalize to arbitrary families of containers. To define exponentiation in
Cont Altenkirch et al. [12] noted that for a functor F': Set — Set one has
FINvAle = Fo(A+) where (A +) is the functor X + (A+X). It then follows
FlI5:Ple &= pEs:9HI1.P6)e = (T15: S)(F o (P(s)+)) which is a container if F

is, since Cont is closed under products and composition as shown below. [J

Given containers (S, P) and (S’, P’), their composite (S, P) - (S’, P’) is the

container (R, Q), defined as follows:

R = (£5:9)(P(s) — ")
Q(s, f)) =der (Ep:P(5))P'(f(p))-

This composition is compatible with the extensions of the corresponding func-
tors, i.e. we have [(S, P) - (5", P)]c = [(S, P)]c o [S', P']c. This composite
operation can be extended to morphisms between containers and reflected
in the semantics by Theorem 2.33. This operation gives also a bicategorical
structure to Cont which we do not pursue here (cf. Section 4.4 in [1]).

We now state the main result which makes containers relevant for our dis-

cussion of inductive types.

Theorem 2.36 (Theorem 5.2.2 in [1]). W-types are initial algebras for con-
tainers, i.e. u[S, P]c = (WS)P and introfs pj. = sup:(Xs:S)(P(s) —
(WS)P) — (WS)P.
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We will come back on this result in the next section. Now we focus on some

examples of containers representing simple inductive types in type theory.

Example 2.37 (Example 1.1 continued). The container whose initial algebra
is the set of natural numbers is (Sy, Py) where Sy = Ny and Py : Sy — Set is
defined as P(0;) = Ng and P(1,) = N;. Notice that N has two constructors
of arity 0 and 1 respectively. These correspond to the two shapes of Sy and
their corresponding positions. It is immediate to check that the extension of
(SN, Py) is the functor FI((X) =1+ X. u

Example 2.38 (Example 1.2 continued). The container representing the
functor whose initial algebra is the set of Brouwer ordinals has shapes Sq =
N3 and corresponding positions Pg: Sq — Set given by P(03) = No, P(13) =
Ni, P(25) = N. u

Polynomial functors

The class of functors whose initial algebras are the categorical version of W-
types has been identified by Moerdjik and Palmgren [77] as what they dubbed
polynomial functors. The theory has been further developed by Gambino et
al. [46, 47]. The starting point of their analysis is Seely’s correspondence
between Martin-Lof type theory and locally cartesian closed categories (lccc)
(see e.g. [87, 27, 59, 30]). Therefore, to begin with, recall that in every lccc

we have for every f in C™ the following chain of adjunctions:

where Ay is the reindexing functor given by pulling back along f. In the
internal logic of C a morphism f: X — A can be represented through its
fibers as (X,)q.a, where each X, is given by f~!(a) = (X x: X)(f(b) =4 a).
Given a morphism f: B — A in C, the action of Ay and its adjoint can then

be explicitly computed as follows:

Ap((Xa)a:a) = (Xs@))e: B
Xr((Xp)p:) = (Xb:By) Xp)a:a
Iy ((Xp)p.8) = (I1b: Ba) Xp)a: 4
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These functors allow us to define for each morphism f: P — S in C a specific

endofunctor on C, the polynomial functor P; associated to f.

Definition 2.39. Given amap f: P — S the polynomial functor P;:C — C

associated to f is defined as the composite

Ap Hf DY)

C=C/1 C/P o C/1=C

Using the internal logic of C, the action on an object X € C is given explicitly
by
Pr(X)=(Es:9)(Ps — X)

where we have used P; to indicate the fiber of f above s. Without much
surprise, this functor can be recognized to be the same as the extension of a
container (see Definition 2.29). The name “polynomial” is justifyied by P;
being a sum of products.

We now reason in Set to convince the reader that the class of polynomial
functors is the right one to look at in order to capture a categorical version
of W-types. This will also lead to a proof of Theorem 2.36.

We start by giving some intuition on the structure of a W-type. Note, as we
already done for families, that we can think of a morphism f: P — S in Set/S
as specifying a signature: the codomain S of f represents the set of term-
constructors, while the fibre P; of f above an element s : S represents the arity
of the constructor represented by s. The W-type, Wy =gef (W z:S)P(2), as-
sociated to the signature specified by f, corresponds to its free term algebra.
We can depict terms in a tree-like structure: each term corresponds to a tree
where the nodes are the elements of S while the set of edges departing from a
node s:.5 are labelled by elements p: P;. To build a new term of the set Wy,
or, which is the same, a new well-founded tree of the right type, we choose
an element s: S and, to each edge p: Ps coming out from that node we stick
another term in Wy. This construction builds a new tree sup (s, f): Wy for
every s:.5 and for every function g: P, — Wy, and it can be easily recognized
to correspond to the constructor sup in Rule 2.18 for the W-types W.

Now let us come back to initial algebra semantics. As noted in Section 2.2.2,

the constructors of an inductive type have their semantical counterpart in
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the structure map of the initial algebra. An initial algebra for Py in Set is
given by the pair (Wy,sup:Py(W;) = W) where Py (W;) = (E5:5)(Ps —
W¢). Deriving initiality from the elimination and computation rules in 2.18
is obtained by instantiating these rules in the simple case when the type
(w: Wy F Q(w):Set) appearing there does not depend on w:W; (we use
() here where we used P in the rules 2.18 in order to avoid confusion with
the domain of f which we indicated with P to highlight the similiaries with
containers). Since we spell out the details for the inductive type N in Section
2.2.1 we will not repeat the same argument here.

Let us see how to derive the elimination and computation rule from initial-
ity. We express initiality of (W, sup:Pr(Wy) — Wy) by means of the fold
operator and its properties:

fold : (Py(X)—= X)W =X
fold(h, (sup(s,g))) = h(s,A\p: Ps.fold(h,g(b)))

From the premises of the elimination rule we can form the set (X w: W;)Q(w)
and endow it with a Pg-algebra structure: observe that, by the type-theoretic

axiom of choice, we have

ac: (Xs:9)(Ps = (Xw:Wy)Q(w)) =
(Xs:5)(Em: P, — Wy)(IIp: P)Q(mp)

and define the algebra h': Pr((Xw: W;)Q(w)) = (Xw: Wy)Q(w) to be the
composite h’ =q4ef hoac, where h is as in the premisses of the elimination rule.
By initiality of W; we get a unique map fold(h') : W; — (X w: W;)Q(w)).
Notice that m; o fold(h') has type (ILz: W ;)Q(mo(fold(R')(x))). This is the
type of wrec as long as fold(h) is a section of my. This follows from 7y being
a Pj-algebra morphism into the initial algebra sup so that moofold i’ = idwy, .
Finally, the computation rule is validated since the map fold(h’) is a Py-
algebra morphism from (W, sup).

As already done for Cont we could introduce morphisms between polynomi-
als and show that the assignment X — P(X) extends to a full and faithful
functor, but we will end up repeating ourselves. We defer the introduction
of the category Poly till Section 2.2.3 where we will describe it as a special

case of the category of dependent polynomials.
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We conclude by noting that the correspondence between containers and poly-
nomials can be linked to the correspondence between the representation of
dependent types as morphisms or as families. This correspondence can be
synthetically represented as a fibered equivalence between opposite fibrations,

as pictured below
dis

/—\
Fam (Set)” (Set ™))

However, this short description relies on the not so short definition of an op-
posite fibration (see Definition 1.10.11 [64]). The two categories (Fam Set)°”
and (Set™)°" are (morally) obtained respectively from Fam (Set) and Set™
by inverting vertical morphisms only; the two fibered functors dis and ( )~!

associate, respectively, to a family its display map, and to a map its inverse

image:
dis((S,P)) = (¥s:S9)P(s) == S (2.1)
(f:P—=S)" = (SAs5.(Zp:P)f(p) =5 5) (2.2)

Inductive Definitions

We finish this tour on initial algebra semantics of inductive types by present-
ing a third alternative. We introduce a third approach mainly for pedagogical
reason: indeed, this third alternative complements the polynomial /container
approach by getting closer to the syntax of induction-recursion we are going
to introduce in the next chapter.

The main idea is to internalize the notion of inductive type by representing
the syntax for describing inductive types itself as an inductive type: we
first build inductively a (large) type, ID, of codes for inductive definitions.
Semantics for these codes is then obtained as before associating to each code

a functor. The construction of the type ID can be thought of as inspired
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by the universe construction: we build a set of names to represent inductive
types and then we map each name to the functor it actually denotes. We now
give the formation and introduction rules to form the type ID. Elimination
and computation rules do not add any insight and can be easily deduced, so

we omit them.

Definition 2.40. The formation rule for ID is the following:

ID : type
The introduction rules for ID-codes are the following;:

(t)

o

(o)
A:Set f:A—1ID

(cAf):ID
(%)
B:Set ¢:ID
(0 By):ID

Now to each term v :1D we associate an endofunctor on Set by induction on
the structure of the codes. We call a functor which interprets a code, an
ID-functor.

Definition 2.41. For +:ID, define the ID-functor [v], : Set — Set by induc-

tion on the structure of the codes as follows:

(¢) if v = ¢ then
[]ip X =Ny

(o) if vy =0 A f for some A:Set, f: A — ID then

[oAflp X =Za:A[f(a)]p X
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(0) if v =6 B for some B:Set, ¢:ID then

[0B¢lpX =(B—=X)x[elpX =B

By a simple induction on the structure of the code we can show that every
ID-functor is an ID code is a container/polynomial functor. Vice versa, as
a simple exercise we show that the code for the container represented by
family (S, P) (or equivalently by a polynomial functor represented by a map
f:P —S) in Set is

agSAa— 6P(s)(A-+— 1))

We compute the action on X : Set of the corresponding functor according to
Definition 2.41 as follows:

[oS(As—=dP(s)(A-—= )] p X =

(Xs:8)[0P(s)( A= 0)];p X
= (E
(2

s:8)(P(s) = X) x [t],p X
s:S)(P(s) = X) x Ny

[(5, P)]c X

I

As the example above shows, induction on the structure of the code represents
an easy and structural method to reason and prove properties on the universe
of inductive types. The idea to represent inductive types internally through
the introduction of the type ID has proved particularly successful in the
context of generic functional programming [17] whose central idea is to define
generic functions by induction on the definition of a data type in order to
profit in terms of reusability and adaptiveness of the programs. An example
of this elegant way to program is represented by the work of Dagand [31, 32]

on ornaments which uses a close axiomatization to the one presented here.

2.2.3 Initial algebra semantics of indexed inductive types

As in the unindexed case we want to characterize the class of functors whose
initial algebras are indexed inductive types. Since indices are an integral part
of these types we are led to apply the initial algebra semantics machinery to
more sophisticated categories where indices can be naturally taken into ac-

count. The natural way is to consider indices and indexed types as members
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of the same category of types and therefore to consider the natural indexing
which a category possess over itself by means of the slice construction.

To give a simple example of how initial algebra semantics can be used to
model indexed inductive types in slice categories consider the type Lam and
fin as seen in Example 1.4 and 1.3 respectively. We can represent the rule in
a natural deduction style as follows:

Example 2.42 (Example 1.3 continued). The type of finite sets is repre-
sented by a N-indexed data type, Fin:Nat — Set with the following intro-
duction rules
x :fin(n)
zero : fin(s(n)) succ(z) :fin(s(n)) M

Example 2.43 (Example 1.4 continued). The data type Lam:Nat — Set is

a N-indexed data type with introduction rules:

x:fin(n) t:Lam(n) w:Lam(n) t:Lam(s(n))
Var(z) : Lam(n) App(t,u): Lam(n) Abs(t):Lam(n) W

Note that in order to define Lam(n) we cannot use just those terms of Lam(n)
that have already been constructed. Indeed, A-abstraction make use of el-
ements of type Lam(s(n)). Therefore we have to build the family of types
Lam simultaneously. Since this is a N-indexed type the functor will have
type L:Set/N — Set/N. Each N-indexed type is interpreted as a morphism
f: X — N which we might conveniently represent fiberwise as (X,,),.n. For
example, letting lam =4e¢ (X n:N)Lam(n) we can represent Lam by its first
projection | =ger 7 :lam — N whose fibre at n, lam,, is the set Lam(n) of

A-terms with n free variables.

Example 2.44 (Example 1.4 continued). Given an object X Iy N of

Set/N, the map [ representing Lam arises as the carrier of an initial algebra

for the functor whose action on the fiber X, is given by
L(X,)=Fin, + X,, x X,, + X,, 11

where Fin, = (X a:(Xm:N)(fin(m))(mo(z) =n n). As before, note how

the structure map of the initial algebra interprets the constructors of Lam:
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an initial algebra for L is a pair ({:lam — N,introy) where the structure
map introy, : L(l) — [ can be represented by a N-indexed family of functions
(intror), : Fin, + lam,, x lam, + lam,;; — lam,,. Each of these maps is
equivalent to a triple of maps var,, : Fin,, — lam,,, app,, : lam,, x lam,, — lam,,
and abs,, :lam,, ;; — lam,, which interpret respectively the three constructors
Var, App and Abs of the indexed type Lam. The initial algebra (I, introy) can
then be displayed as follows:

[var, app, abs]

L(lam) lam

F(l) 1

We now present a generalization of polynomials and their semantics which
takes into account indices. Similarly we show how the family approach to
dependent types informs the generalization from containers to indexed con-

tainers. We will see in Chapter 4 how to generalize the coding scheme for
ID.

Dependent polynomial functors

Exactly as it happens in algebra with the polynomial ring IC[X] over a field IC,
once the notion of polynomial function in one variable has been grounded, one
is naturally led to consider the polynomial ring K[X7, X5, ..., X,,] of polyno-
mials functions in many variables. In the same vein dependent polynomials
arise as a natural generalization of polynomials. In the context of category
theory the step from one to many variables is performed by the operation
of slicing. This means that we do not confine our attention to endofunctor
defined on a lcce C but we allow for more general functors between slices of
C. This simple generalization allows us to take into account different form of
indices. The more general definition of dependent polynomial albeit a simple
generalization from one to many variables revealed itself as a natural notion,

which have applications in different branches of mathematics [47].
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Definition 2.45 (Dependent polynomial). A dependent polynomial in a lccce
C is given by a triple of maps F' = (r,t,q) in C which can be arranged in the

following diagram

J—" p_' g9 .0

To each of these triple F' = (r,t,q) we associate a functor, Pp, called the
extension of F' or the dependent polynomial functor associated to F' and

defined as the composite

Ay 1T Xq

C/I c/P c/s c/O

In the internal logic of C the action of the functor Pp = ¥, oIl, 0 A, on an
object (X EN I) = (X;);.1 is given by

(ZSZSO)(HP:PS)XT(I’)>0:O "

Dependent polynomials with fixed indices I and O form a category. Below,
we recall the definition of the morphisms in this category. This gives the

category Poly(I, O) of dependent polynomials and morphism between them.

Definition 2.46. A morphism between dependent polynomials F' = (r,t, q)
and G = (1, t',¢) is given by a diagram of the form

P s

/ A l\

I P'xg S —1— S O
pP—r g

where the bottom square is a pullback of w and ¢'. Thus a morphism
(r,t,q) — (r',t',q') amounts to giving u:S — S’ with ¢ = ¢ o u and
w:P' xgS— P withrow=1"ow. L
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Since dependent polynomials are interpreted as functors we expect mor-
phisms between dependent polynomials to be interpreted as natural trans-

formation between the corresponding extensions. This is indeed the case:

Theorem 2.47 ([47] Theorem 2.12). Given dependent polynomials F' =
(r,t,q) and G = (r',t',¢'), every strong natural transformation Pr — Pg is
represented in an essentially unique way by a commuting diagram as pictured
in definition 2.46.

This theorem ensures that the assignment F' +— Pr extends to a full and faith-
ful functor which is also bijective on objects. If we indicate with PolyFun(Z, O)
the full subcategory of [C/I,C/O] whose objects are dependent polynomial
functors and whose morphisms are strong natural transformation between

them, we obtain the following:

Corollary 2.48 (Representation). Let I and O be objects of a lccc C. Then,
the categories Poly(/, O) and PolyFun(I, O) are equivalent.

The relevance of this theorem is twofold: it ensures that the syntactic repre-
sentation given by diagrams is correct, and it enables the use of diagrammatic
arguments when reasoning about polynomial functors.

The theory of polynomial and polynomials functors which we developed in
Section 2.2.2 now reduce to the special case of the theory of dependent poly-
nomials where the indices I and O are both chosen to be the terminal object
of C.

Dependent polynomials have several interesting closure properties. Indeed
they are closed under sums, products, composition, parametrised initial al-
gebras, and differentiation. In Chapter 4 we use binary products and sums of
a family of dependent polynomials, therefore we now recall them. The sum
of a K-indexed family of dependent polynomials {F}, = (r* t* ¢*) |k € K},
for an arbitrary set K, is the dependent polynomial (X k: K)F), given by the

following diagram

[Tklke K (Zk: K)ty, [qk]ke

I O

(Sk:K)Py

(Xk:K)Sk
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where (X k: K)ty = [in o t*]ycx. From this definition it follows Psk:x)p, =
(X k:K)Ppg,.

Assuming that a lccc C has initial algebras for polynomial functor, Gambino
and Hyland, generalizing a result in [77], have shown that every dependent
polynomial in Poly(/, ) has an initial algebra (Theorem 14 [46]). Initial
algebras for dependent polynomial functors are categorical counterpart of
Peterson-Synek’s general tree types (cf. Chapter 16 in [80]). If we think a
W-type as the free term algebra for a single sort signature, then the general
trees are a generalization of W-types to account for multi-sorted signature: S
is still the set of constructors and P, the arity of the constructors s, but now
we have also the ability to distinguish between different input and output
sorts thanks to the indices I and O. A term in the tree is built according to
the following rule: nodes are labelled by elements s:.S and an index ¢(s): O
representing the output sort; edges above a node s:.S are given by elements
p:P;. Such an element p: P; is likewise indexed by r(p):I. This index

represents an input sort for the constructror s:.S.

Indexed containers

As dependent polynomials generalize the notion of polynomial, the notion
of indexed container [79, 14] is the natural extension of containers into the
realm of indexed data types. Again, the only difference with dependent
polynomials consists in an explicit use of families rather than morphisms
to model dependent types, thus avoiding the use of identity types which is

intrinsic when reasoning fiberwise.

Definition 2.49 (Indexed container). An indexed container in Set with input

indices [ : Set and output indices O : Set consists of a triple (S, P,n) where

S:0 — Set
P:(ITo:0)(S(0) — Set)
n:(Ilo:0)(Ils:S(0))(P(o,s) — I) u

The metaphor of shapes and positions still informs the idea of an indexed
container. Note, however, that in this case, both shapes and positions come

equipped with indices: each shape s:S(0), is equipped with an extra index
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0:0. And for such a shape s:5(0) we have a corresponding set of positions
P(o, s) where storing data which, likewise, come equipped with its own index
i: I through the function n.

We are now led to recall the notion of morphism between indexed containers

which corresponding to the type-theoretic data for a morphism in Poly(7, O).

Definition 2.50. Given I, O :Set, a morphism between indexed containers
from (S, P,n) to (S', P',n’) is given by:

e a shape function : u: (ITo:0)(S(0) = S'(0));

e a position function: w: (ITo: O)(Ils: S(0))(P'(o, (u(o,s))) — P(o,s);

such that a coherent condition on input holds: for every o:0,s:S(0)

and p: P'(o, (u(o,s))) we have n(o,s, (w(o,s,p))) = n'(o,(u(o,s)),p)
|

Indexed containers of input indices I and output indices O form a category
IC(I, O). We write with bold fonts IC(/, O) the corresponding notion of
an indexed container defined in Set. As it happens for polynomials and
dependent polynomials, the theory of containers presented in Section 2.2.2
is subsumed by that of indexed containers: containers are just those indexed
containers where the indices I and O are the singleton set N;. The category
Cont introduced in Section 2.2.2 is then the category IC(Ny, Ny).

The extension of an indexed container is defined as that of a dependent
polynomial, but it is more naturally given on indexed sets (or proof relevant

predicates).

Definition 2.51. The extension of an indexed container (.S, P,n) is a functor
[(S, P, n)],c:Set’ — Set©

whose action on an [-indexed set X : I — Set and output o: O is given by
the set

[(S, P, n)]ic X 0 =aer (X 5:5(0))(IIp: P(o, 5)) X (n(o, s, p)) -
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Induction-recursion

Abstract In this chapter we present the theory of induction-recursion as
developed by Dybjer and Setzer in [38, 39, 40]. This theory extends the
theory of inductive and indexed inductive definitions as seen in the previous
chapter. We begin in Section 3.1 by looking at the notion of a universe as
the paradigmatic example of an inductive-recursive type. We then give an
axiomatic presentation of the theory of induction-recursion by building the
syntax and the semantics for inductive-recursive types in Section 3.2. Finally
we build a model within classical set theory augmented with a strong infinity

axiom in Section 3.3.

3.1 Universes

The term universe is pervasive in mathematics since it is linked to the idea of
universe of discourse. Boole [20] explains this use of the term in the following

passage:

Now, whatever may be the extent of the field within which all
the objects of our discourse are found, that field may properly be

termed the universe of discourse.

Informally universes are universes of discourse: collections of entities over
which certain variables of interest in some formal system may range; turning

this informal description — that can easily lead to circular arguments — into

45
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a formal one is something that any foundational theory had to deal with.
In this section we recall different, but closely related notions of universes,
which arose in the area of set theory and category theory. A common theme
underling these notions of universe is the distinction between small or closed
entities and large or open ones. Without any ambition of exhaustiveness,
we aim to give a gentle introduction to what can be considered the paradig-
matic example of an inductive-recursive definition: that is the idea of a type

theoretic universe.

3.1.1 Universes in set theory

In the theory of ZFC the set-theoretic universe, V =gy {2 |2 = 2} (compare
Section 2.3.1 in [45] or Section 1.9 in [67] for this notation), the universe of
discourse, is described by axioms which are meant to characterize it. To give
an example consider the foundation axiom: it expresses the requirement that
every set in V is well-founded, i.e. no set has an infinite descending member-
ship sequence!. Via the cumulative hierarchy we can build the universe of
well-founded sets and express the axiom of foundation by requiring the two

universes to coincide:

Definition 3.1 (cumulative hierarchy). The cumulative hierarchy is defined

by transfinite recursion as follows

VO == @
Va—H = (Va)
Va=Use, Vg for Alimit. ®

By transfinite induction we can show that V, = J s<a Vg The universe WF
is defined as WF =g |J, Va. The axiom of foundation is then equivalent
to the statement V.= WEF (cf. [67], Theorem 4.1). In a similar way we
can define by transfinite recursion the universe of constructible sets L. Let
Lo = 0, Lay1 = Def(Ly) and Ly = (Jgy Lg for A a limit ordinal, where
Def(X) denote the set of definable subset of X, i.e those subset of X definable

by a property whose parameters and quantifiers range over X (for a definition

1For set theoretic universes with anti-foundation axioms see for example Aczel [8].



Induction-Recursion

47

of definability see e.g. Chapter V in [67]). Then L =4 |J, Lo and the axiom
of constructibility corresponds to the statement V = L.

However neither WF nor L can be asserted to be sets if we do not want to run
into paradoxes. They are indeed proper classes. These universes are built up
in stages indexed over the class ON of ordinal numbers and represent a view
of the universe V as open-ended and under-determined by the set theoretic
axioms. Already in Zermelo’s work, initial segments of WF were proposed as
models for the axioms of set theory. Zermelo [93] advocates a dynamic view

of sets that posits an endless succession of models of set theory:

“The two polar opposite tendencies of the thinking spirit, the idea
of creative advance and that of collection and completion, ideas
which also lie behind the Kantian ‘antinomies’, find their sym-
bolic representation and symbolic reconciliation in the transfinite
number series based on the concept of well-ordering. This series
reaches no true completion in its unrestricted advance, but pos-
sesses only relative stopping-points, just those ‘boundary num-

bers” which separate the higher model types from the lower.”

The relative stopping-point Zermelo is referring to are the inaccessible car-
dinals (see Definition 3.29): indeed, if x is an inaccessible cardinal, then V,
is a model of ZFC ([66], Proposition 1.2). This view of regarding inaccessible
cardinals as indices of the cumulative hierarchy corresponding to universes is
intimately tied in with the notion of a Grothendieck universe —a transitive
set U closed under pairs, powerset, and union of a family of elements of U
indexed by an element of U. Indeed, if U is as above with the additional re-
quirement w € U then the existence of a Grothendieck universe is equivalent
to the existence of an inaccessible cardinal. Clearly the existence of an in-
accessible cardinal cannot be proved inside ZFC otherwise ZFC would prove
its own consistency contradicting Godel’s second incompleteness theorem.
Thus, the strong axiom of infinity, asserting the existence of an inaccessible
cardinal k, is a genuine strengthening of ZFC, and can be considered the very
first step into the higher infinity, represented by the realm of large cardinals.
These axioms enable us to reflect properties of the open universe V into its

initial segments, that are then regarded as closed universes. One of the pi-
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oneers in this area, Paul Mahlo, investigated hierarchies of regular cardinals
formulated in terms of higher fixed point phenomena. Its universes will play

a pivotal role in the construction of the set theoretic model for the theory of
IR.

3.1.2 Universes in category theory

In category theory sizes do matter: the distinction between small and large
categories represents an important dichotomy raised at the very beginning
of any introduction to the subject. It is discussed for example by Eilenberg
and Mac Lane in their seminal work which dates the birth of the field ([41]
page 246). Let Set[V] be the category whose objects and morphisms are the
sets and the functions in V. The category Set[V] is inherently large, as any
other category arising from classes. But the notion of smallness can also be
regarded as a relative one: for example if we let Set[V,] to be the category
whose objects and morphisms are sets and function in V, for k an inaccessible
cardinal, then we could call small any category whose collection of morphisms
is an object in Set[V,]. This is similar to the approach followed by Bourbaki
who introduced the notion of Grothendieck universe to accommodate larger
and larger categories in a set-theoretical framework. From this idea stems
the so called Grothendieck’s axiom, asserting that each set is contained in a
universe. Notice that, according to the axioms we want to validate, and the
number of constructions we want our universe to be closed under, different
levels of the cumulative hierarchy can be used: for example, V,, models all
the axioms of ZFC apart from infinity, and V,, models all the axioms of ZFC
apart from replacement.

A well-studied and pivotal notion in category theory is that of a topos: it
offers, among other perspectives, the idea of a generalized universe of sets.
This way to regard a topos is attributed to Lawvere and it is validated by the
internal language associated to a topos [19]. Joyal and Moerdjik [65] realized
that an Heyting pretopos with a natural numbers object endowed with a
situable class of small maps could serve the purpose of a categorical frame-
work for both classical and intuitionistic set-theoretical universes. Their work
initiated the field of Algebraic Set Theory (AST for short). Heyting preto-
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poses and their associated internal language have been further investigated
by Maietti [70, 71] as a possible candidate for the notion of a categorical uni-
verse. More recently Moerdijk and Palmgren [78] have tried to deepen the
connection between AST and predicative systems by proposing [TW-stratified
pseudotoposes as categorical universes apt to model Martin-Lof type theory
and CZF. Finally, by using a class of small maps analogous to that introduced
in AST, Streicher suggested a notion corresponding to that of a Groethendick

universe inside a topos [91].

3.1.3 Universes in type theory

We saw in Section 1.2 that inductive types can be thought of as built from
below as the union of stages in a process determined by some specific set
of rules (constructors). The idea behind a universe type is to reflect the
construction of inductive types: it encodes the process of construction of
inductive types by coding their rules (constructors). This meta-process al-
lows us to construct a type of types closed under certain type constructors
introduced at some earlier stage.

Universe types were introduced by Martin-Lof [74] to strengthen the language
of intuitionistic type theory and they soon became integral part of it [73]. To
understand how fundamental universes are in type theory it suffices to recall
Smith’s proof [89] that Martin-Lof type theory without universes cannot
prove —(a =4 b) for any type A. In particular, this leads to the unprovability
of Peano’s fourth axiom, asserting that for any natural number n:N we
have —(s(n) = 0). Following the proposition-as-types paradigm, we can
understand the notion of a universe both as a collection of types closed under
certain operations, and as a set of constructively given infinitary formulas.
This latter meaning of universes has been used for example by Palmgren [84]
to give a modified realizability interpretation of infinitary constructive logic
in Martin-Lof type theory. However, here we are mainly concerned with the
former of these meanings, namely a universe as a type of types closed under
certain type constructors.

Being a collection of types, a type universe can be presented essentially in

two ways:
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(i) a la Russell, where we do not distinguish between denotans and de-
notatum, i.e. we identify the name of a set with the collection of its
elements. The formation rule for a universe U is:

X:U
U: Set X : Set

(ii) a la Tarski, so called for the similarity with the definition of truth given
by Tarski: a universe is represented by a family of sets and we clearly
distinguish between the name of a set v:U and the actual collection

T(u) of elements it denotes. We then have the following formation rule:

z: U
U: Set T(z): Set

In what follows, we will always adopt formulations a la Tarski, regarding the
former as an informal version of the latter. Universes can then be presented
as families (U, T) where U is a set of codes, and T:U — Set is a decoding
function, that assigns its extension to every code; or, in other words, we can
think of U as a set of names and T as a map assigning to every name u:U
the set T(u) it denotes.

We specify that a universe contains certain ground types and reflects certain
type constructors via its introduction rules: these describe how canonical
elements of the universe are built. We introduce in U codes for ground types
and codes reflecting types constructors. Then T decodes them accordingly:
codes for ground types are mapped to their values and codes for type con-
structors applied to other codes are mapped to the value of the reflected
constructors applied to the corresponding types. We illustrate this by means

of a concrete example.

Example 3.2 (regular universes). We spell out introduction rules for a uni-
verse (Ug(A, B), Tx(A, B)) containing codes for a specific collection of sets
B(a), for a: A and closed under >-types. To increase readability in the fol-
lowing rules we refer to (Ug(A, B), Ts(A, B)) simpler as (U, T).
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Rule 3.3 (Regular universe).
a: A — a:U

— B(a)intro — B(a) reflection

B(a): U T(B(a)) = B(a): Set

a:U b:T(a) —>U2't a:U b:T(a) - U
Sab:U T(Sab) = (ST(a))(Tob):Set

by reflection

A concrete example is given by a universe containing a code for natural
numbers and closed under 3-types: we simply choose (A, B) to be (Ny, By)
where By :N; — Set is given by By(0;) = N. |

Universes described in Example 3.2 have been successfully used by Palmgren
[85] to define inductively generated formal topologies. They are called regular
universes since they represent the categorical counterpart of the notion of
regular cardinal in classical set theory and of regular set in constructive set
theory.

A universe can be closed not only under ¥-types but possibly also under
other type operators. Indeed, if we want to close our universe simultaneously
under other type constructors like +, II or W, we simply add introduction

rules reflecting these constructors into U.

Rule 3.4 (Closure under type operators).
a:U d:U ;

+intro U a,:U
a+a:U T(a+d)=T(a)+ T(a):Set

Freflection

a:U b:T(a)—>Uﬁ.t a:U b:T(a) - U

Mab:U T(IIab) = (I Ta)(Th):Set

I reflection

a:U b:T(a) _>UW't a:U b:T(a) - U
Wab:U T(Wab) = (W T(a))T(b): Set

W reflection

Notice the difference between the reflection rules for closing a universe under

a dependent type operator like ¥, IT and W, and the reflection rules for
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a non-dependent type operator like + : in the former we always have the
recursive function T appearing in the premisses of the rules, while this is not

the case for the latter.

Example 3.5 (finite universes). We define the first three finite universes.
Notice that in order to define these universes we need large elimination for
the sets Ng, N; and N», since otherwise case; would not allow us to define a

recursive function with a large codomain.

e The empty universe (Ug, Tg), where Uy = Ng and To: Ng — Set is the

unique map given by A x. caseg(x).

e The singleton universe (Uy, T1), where Uy = Ny Ty, : N; — Set is given
by Aa.casei(a, Ny)

e The boolean universe (U, T,) where T, : N, — Set is the map defined
by Aa.casex(a, No, N1). This is the universe used by Smith [89] to prove

independence of Peano’s fourth axiom from ML.

We can build a finitary universe by choosing our set of codes U to contain
codes for the sets Ng, Ny and N, which decodes accordingly, and adding rules

to close this universe under Y and II-types as in Rules 3.3 and 3.4. u

A noteworthy example of the use of universes in constructive mathematics
is represented by Aczel’s interpretation of CZF in Martin-Lof type theory,
dubbed as the set-as-trees interpretation (see e.g. [9]). The basic ingredient
of this interpretation is the construction of a type of iterative sets V as

defined in the following example.

Example 3.6 (The type of iterative sets). Let (U, T) be a type universe
containing codes for 0, N and closed under +, >, II and identity types Id.
The type of iterative sets V' is then V =g (Ww:U)T(u). This definition
captures the inductive rule generating a universe of iterative sets ([7], page
22): “If Ais a set of iterative sets then A is an iterative set”. V represents
a type theoretic version of the cumulative hierarchy of sets; we can use V' to
encode in type theory membership diagrams as well-orderings which branch

over sets in a universe. |
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A universe, as it has been described so far by these example, is the smallest
set closed under certain specified set-forming operations. This suggests that
universes are similar to inductive types and that it should be possible to
capture the construction of the universes as a process itself and not just

treat it as a meta-process.

Hierarchy of universes and Super universes

Once we have built a universe (U, T) reflecting certain ground types and type
constructors, we can imagine to iterate this process: instead of building a
single universe, we can imagine having a tower of them built one above the
other. Thus, above a universe (Ug, To), we build another universe (Ui, Ty)
closed under the same type constructors and whose elements are all the sets
in (Ug, To) but also (Ug, Ty) itself; above (U, T1) we build another universe
(Ug, Ty) in the same way, and so on.

This process allows us to see universes as uniform constructions as explained
by Palmgren [83]: assuming we have already built a universe (U,, T, ), then

we add rules to build the next universe (U, 1, Tp11).

xT: Un+1
Upy1: Set Toi1(z): Set

We specify in the introduction rules that (U,.1, T,11) contains as elements
all the sets in (U, T,) and also (U, T,,) itself:

Uy intro
Up, - Un+1 Tn+1 ('Lbn) = Un U, reflection
w U, —el intro a: Un U, —el reflection
tn a: Un+1 Tn+1 (tn Cl) = Tn(a)

Then we add rules specifying that (U,41, T,41) is closed under the same type
operators which were already reflected in (U,,, T,,): these rules are formulated
as in Rule 3.3 and 3.4.

The construction of (U,41, T,41) depends on the family (U,, T,) only. To
express that (U,y1, Tpe1) is built above the previous universe we coded the
family (U,, T,) in (U,41, Tpe1): the process described is the same as in Ex-

ample 3.2 where we built a universe closed by ¥ and containing codes for a
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specific collection of sets B(a) where a: A. Notice, however, that this time
we do want to encode the entire family (U, T,,): consequently we have also
added a code for the index set of the family, U,.

This process can be seen in itself as an operator taking a family (A, B) as
input and giving back the universe (U(A, B), T(A, B)) above it as output.

The universe operator has formation rules given by

A:Set B:A — Set r:U(A, B)
U(A, B): Set T(A, B,z):Set

and introduction rules given by

_ A intro R
A:U(A, B) T(A,B,A) =A A reflection
a:A EEZ) intro a:A ]@ reflection

ta:U(A, B) T(A, B,ta) = B(a)

In addition, we can add rules specifying that the universe (U(A, B), T(A, B))
is closed under certain type constructors. The hierarchy of universes de-

scribed above can be recovered as a recursive definition using (Up, To) as
initial family and letting U, 11 =4ef U(U,,, T,) and T,i1 =ger T(Up, T).

The super universe

The analysis of universes as a uniform construction and the formulation of a
universe operator (U(-, -), T(_,)) have set the ground to investigate a more
powerful notion of universes. Indeed the universe operator is now just an op-
erator acting on families: we can imagine to build a universe closed not only
by the usual type constructors but also under the universe operator. Palm-
gren [83] formalizes this intuition in the definition of a super universe. Let
(V,S) denotes the family of sets representing the super universe. We express
the essential property of closure under the universe operator by adding codes
for the universe operator. This operator does not take arbitrary families as
input but internal families, i.e. families which are coded in the super uni-
verse. An internal family in (V,S) is a pair (v, s) where v:V and s:S(v) — V.
Notice that we have already used internal families when specifying introduc-

tion rules to reflect dependent type constructors like >, IT and W: in those
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cases we considered families (a,b), with a:U and b:T(u) — U, internal to
the universe (U, T) we were defining.
The introduction rules to reflect the type universe operator (U(_,-), T(-,-))
in (V,S) are:
v:V s:Sw) =V __
U(v,s) intro
u(v,s):V

v:V s:S(v) =V
S(u(v,s)) = U(S(v),Az.S(s(z)))
v:V s:5w) =V z:S(u(v,s)) Gio)—etintro
el(v,s,2):V ’
v:V s:S5() =V z:S(u(v,s))
S(el(v, s,2)) = T(S(v), Az.S(sx), 2)

U/(v;) reflection

U/(v,\s)—el reflection

These rules state that an element in V is either a code u(v, s) for an internal
family (v, s) or a code for an element el(v, s, z) in the universe built above
the lifting of an internal family, where the lifting of an internal family (v, s)

is the family (S(v),S o s). Then S decodes these elements accordingly.

3.2 Inductive-recursive definitions

Some peculiarities in the universes’ construction do not allow us to include
universes among inductive or indexed inductive definitions: note indeed how,
in the introduction rules given in Example 3.2 to define a regular universe,
U and T depend on each other. T is recursively defined on U, and therefore
it obviously depends on it, but also U depends on T since T appears, in a
negative position, in the introduction rule for U. Therefore we have a mutual
dependency of U and T: we simultaneously define the set U inductively and
the function T recursively. This mutual dependency is even more evident if
we express the definition of (U, T) in Example 3.2 by means of equations.

Such a universe can be seen as the least family of sets (X, 7") satisfying

X 2 A+ Xz X)(T(z) = X)
T (inl(a)) = Bf(a) (3.1)
T(inr(z, ) = By:T@)(T(f(y)) -
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The analysis of more sophisticated types such as universe types, has led Dy-
bjer to formulate a schema which generalizes the notion of inductive families
(or indexed inductive type) [37]. The central insight of Dybjer was that in
order to accomodate universes in the realm of inductive definitions, we need
to enlarge this notion so as to capture definitions where we simultaneously
define a set X and a recursive function 7: X — D from X into another type
D. This intuition led him to formulate the notion of an inductive-recursive
definition. The mutual dependency of X and 7" informs the use of the adjec-
tive “simultaneous” used by Dybjer [37] to describe an inductive-recursive
definition.

The definition of an inductive-recursive type goes very much like the one for
an inductive types in ID (Definition 2.40). Indeed, the theory of induction-

recursion, IR for short, consists of:

(i) an inductive definition of a syntax to represent IR-definitions of types;

(ii) a semantics mapping element of the syntax into functors.

Elements of the syntax are called IR-codes, while functors associated to IR-
codes are called IR-functors. An inductive-recursive type is the initial algebra

for an IR-functor.

3.2.1 Syntax of induction-recursion

The original presentation of induction-recursion given by Dybjer in [37] was
as an external schema. Dybjer and Setzer developed further the theory to
internalize the concept of inductive-recursive definition: in [38] a finite axiom-
atization of the theory was developed through the introduction of a special
type of codes for inductive-recursive definitions. This inductive definition of
inductive-recursive codes which we recall below is completely analogue to the

axiomatization of inductive definitions, ID.

IR-codes

For any type I, O we can form the type IR(/, O), with formation rule:

1,0 :type
IR(Z, O) : type (IR-formation)



Induction-Recursion

57

Similarly to what happens for the type ID we have three constructors which
build term (codes) for the type IR(I, O).

Definition 3.7 (IR-codes). Let I,O:type. The type of IR(1, O)-codes has

the following constructors

0:0
to: IR(1,0) (IR-¢ intro)

A:Set f:A—IR(I,O)
cgAf:IR(I,O) (IR-o intro)

A:Set F:(A—1)—IR(I,0)
JAF:IR(I,0) (IR-§ intro)

Remark 3.8. In this definition we have departed from the original presen-

tation of Dybjer and Setzer [38, 39] in two minor ways:

1. Dybjer and Setzer consider inductive-recursive definitions for a unique
type parameter D, while in the above definition we build a type IR(Z, O)

where positive and negative occurrences of the type D are separated.

2. We have used the type Set where Dybjer and Setzer use stype which is
a type of small types, and it represents an intermediate level between
type and Set. In their axiomatization of the Logical Framework, the
type stype is a copy of Set, and it is introduced because they do not
have rules to introduce elements of Set but leave the task of defining
them to the theory of induction-recursion (see [37], page 4, and Section
3.2 in [39]).

We will come back to discuss this coding scheme in the next section, once we
have recalled the functorial semantics for these codes. For completeness we

now state the elimination an computation rules for the type IR(I, O).



58

Chapter 3

Elimination for IR-codes

(Elimination rule):

v:IR(I, 0)
~v:IR(I, O) F P(v) : type
0:0 Fa(o): P(ro)
A:Set, f:A—IR(I,0),g9:(ITa: A)P(f(a)) Fb(A, f,g): P(
B:Set, F: (B—1) - IR(I,0),h: (11 g:B—I1)P(F(g)) )

e“mlR(l,O)(%a, b,c): P(7)

oAf)
c¢(B,F,h):P(6 BF)

(Computation rule). Under the same premises of the elimination rule the

following equalities hold:

elimgr,0)(to,a,b,¢) = a: P(Lo)
eIimIR(I,O)<0_Afa a, ba C) = b(A7 f7 Az, eIimIR(I,O)(fxa a, b? C)) : P(UAf)
elimg(r,0)(0 B F,a,b,c) = c(B, F,Ax.elimg(,0)(F(x),a,b,c)): P(6 BF)

Every time we prove a property of IR(1, O)-codes we are appealing to these
rules, and, from now on, we will just write write “by induction on the struc-

ture of the codes...” for such an argument.

3.2.2 Semantics of induction-recursion

Inductive-recursive definitions generalize both inductive and indexed induc-
tive definition. To capture the latter from a categorical perspective we used
initial algebra semantics. Therefore we expect the same tools to adapt to
inductive-recursive types. Below we define IR-functors by showing how to
associate to each IR-code a functor whose initial algebra is an inductive re-
cursive type. But first we need to understand what are the relevant categories
where these functors actually live. In the next section we survey all relevant
facts about the category of families which will be used for this purpose and
throughout the rest of the thesis.

3.2.3 The Fam construction

Definition 3.9. Given a category C the category Fam (C) has objects pairs
(X,T) where X :Set and T: X — C is a functor which we can think as an
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X-indexed family of elements of C. A morphism between objects (X, T") and
(Y, Q) is a pair (h,k) where h: X — Y is a function in Set, and k:T —

(@ o h is a natural transformation, whose component at x: X is a morphism
ky:T(z) — Q(h(x)) in C. We picture such a morphism as follows:

h Y
C
[ |

We recall some of the properties of Fam (C) which will be used in the rest
of this thesis:

X

Remark 3.10. For any category C, the category Fam (C) automatically has

a rich structure:

1. Fam (C) is fibred over Set via the functor 7:Fam (C) — Set defined
by m(X,T) = X and w(h,k) = h (see Example 6.6 in Section 6.2).

2. Fam (C) is the free Set-indexed coproduct completion of C; that is,
Fam (C) has all set-indexed coproducts and there is a unit C — Fam (C)
universal among functors F: C — D where D is a category with set in-
dexed coproducts. Given an A-indexed collection of objects (X4, T, )q .4
in Fam (C), its A-indexed coproduct which we write (X a: A) (X,,T,)
is the family

(Sa: )Xo, [Tewn)

3. If a category C has (chosen) coproducts then we can define a func-
tor ¥:Fam (C) — C which sends a family of objects to their set-
indexed coproduct, and a family morphism (f, g) where f: A — A" and
gz B(xz) — B'(f(x)) to the cotuple

3(f,9) =[inf@) 0 Gulona: (Bx: A)B — (Xa': A")B'.

We call ¥(f,g) the generalised sum of g over f. If f = id, we simply
write (X a:A)g, for the sum. The functor ¥:Fam (C) — C is left
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adjoint to the functor n:C — Fam (C), sending an object ¢ to the
family (Ny, Az.c).

4. Fam (C) is cocomplete if and only if C has all small connected colimits
(Carboni and Johnstone [24, dual of Prop. 2.1]).

5. Fam — is a functor CAT — CAT; given F':C — D, Fam F' : Fam (C) —
Fam (D) is given by composition, i.e. Fam F(X,T) = (X, FoT).

If we use constructive sets in Set in palce of elements of Set to index our
families, we get a constructive version of the families’ construction. This will

be the basic category used to interpret inductive-recursive definitions.

Definition 3.11. Given a category C the category Fam (C) has (i) objects
pairs (X,T) where X :Set and 7: X — C is a functor; (ii) morphisms be-
tween objects (X, T) and (Y, Q) are pairs (h, k) where h: X — Y is a function

in Set, and k:T — Q o h is a natural transformation u

In several places we will make use of the following simple observation, which

will turn out to be crucial for the interpretation of IR-codes as functors.

Observation 3.12. When C is a discrete category a morphism between
families (X,7T) and (Y, @) consists of functions h: X — Y such that T'(z) =
Q(h(z)) for all z in X.

Remark 3.13. Given a type D :type we can think D as the discrete cate-
gory |D| whose objects are its terms d: D and whose only morphism are the
identities refl : d =p d.

IR-functors

As already observed, a universe (U, T) is family of sets, i.e. U:Set and
T:U — Set. Thus on a categorical ground we are naturally led to consider
it as an object of Fam (Set). This, however, is not quite true: as we are
going to see, to define proper functors with an action on morphisms, as
well as on objects, we have to restrict the action of these functors to the
subcategory Fam|Set| whose morphisms are morphisms (h, k) in Fam (Set)
such that & = id (this observation can be traced back to Mendler [76] who
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firstly gave a categorical account of type universes). More generally, since
the recursive function T of an inductive-recursive type (U, T) can target an
arbitrary type D we will consider functors on Fam|D| where |D| is trivially
the discrete category associated to a type D (cf. Remark 3.13). We refer to
a morphism in Fam|D| simply as h instead of (h,id) (see Observation 3.12).
In particular, the functor interpreting a code ~y:IR(I, O) will have type

[+] : Fam|I| — Fam|O|

Definition 3.14 (IR-functors). Let I,0 :type, v:IR(I,O) and (X,T) an
object of Fam|I|. Define [v] : Fam|I| — Fam|O| by induction on the structure

of the code as follows:
(¢) if v = v o for some 0: O, then

[t o] (X, T)= (Ny,Az.0)

(o) if y =0 A f for some A:Set, f: A — IR(, O), then

[0 AfT(X,T) = (Xa: A)[f(a)] (X, T)

(0) if v =6 B F for some B:Set, F': (B — I) — IR({, O), then

[0BF]|(X,T)=(Xg:B— X)[F(Tog)](X,T) B

Notice that the interpretation of both a o-code and a d-code make essential
use of Set-indexed coproducts of families, as defined in Remark 3.10(2): in
particular, the interpretation of a code § B F' is a sum over the function space
(B — X) which is a set since both B and X are.

Remark 3.15. Dybjer and Setzer give the semantics in two steps by speci-
fying the action of a functor [] on a family (X, 7T) in the two components?
([[VHO(Xv T)7 [[7]]1(X7 T)) where [[VHO(Xu T) : Set and H7H1<X7 T) : H7H0<X7 T) -
O. The use of coproducts in Fam|/| enable us to give a more compact defi-

nition of both the action on objects and on morphisms.

*They use (Arg(v, X, T), Fun(y,X,T)) and (FY(X,T),F?(X,T)) as notation for the

two components respectively in [38] and [39].
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Remark 3.16. We interpret codes as functors on Fam|D| while Dybjer and
Setzer [39] originally gave a semantics using functors on Type/D, where Type
is the syntactic category arising from the judgments of the logical framework.
In their axiomatization IR-functors are first introduced to act on families
(X,T), where X :Set, and then extended to act on large families (X,T),
where X : Type. However, since we want the initial algebra for an IR-functors
to be a family with small domain, i.e. with X : Set we can avoid this roundtrip

by considering functors on Fam|D| only.

We now give the action of IR functors on morphisms of families. Given
h:(X,T)— (X',T") in Fam|I| we have: the action of the functor [ o] on h
is nothing but the identity morphism on the family (Ny, A_.0)

[e o] h = idy,

The action of the functor o A f] on h is given by the sum of the A-indexed
family of morphisms ([f a] h)sea (cf. Remark 3.10(3))

[cAflh=(Xa:A)[fa]h

The action of [6 B F] on h is the generalized sum (cf. Remark 3.10(3)) of
[F(T o g)]h over Ag.(ho g) which we write as

[6BFlh=%(\g.hog, \g.[F(T o g)] h) (3.2)

We spell out the details of this concise definition. This will help us to point
precisely where the restriction on discreteness arise, i.e. why we consider
functors on Fam|Set| in respect to Fam (Set) when, for example, I is Set. We

want to exhibit a morphism
((Zg:B — X)[F (T o g)]](X,T)) — ((Eg':B — X’)[[F(T’og’)]](X’,T’))

Being a morphism from a coproduct we need a morphism for each component
[F (T og)](X,T) of the sum. We can use post-composition with h: X — X’
to get a function between the index sets of these sums, (Ag.hog): (B —
X) = (B — X’). Now we make essential use of the assumption that we are

working in Fam|I| where the second component of a morphism is an identity:
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since T' =x_,; T" o h we can deduce T'o g =p_,; T" o h o g and use the action
of [F(T og)] = [F(T"ohog)] on the morphism A given by the inductive
hypothesis. Composing [F(T" o h o g)] h with the injection

iNhog: [F(T oho g)J(X'\T") = (X¢':B = X")[F (T o ¢")] (X', T

give us the desired map: indeed [inyog o [F(T © g)] hlyp—x is the same as
in equation (3.2) above, once we have expanded it with the definition of

generalized sum.

The axiomatization of IR we gave with the three constructors ¢, o and § stems
from a careful analysis by Dybjer and Setzer [39] of the introduction rules of
the usual set-constructors in Martin-Lof type theory. Dybjer and Setzer dis-
tinguish between inductive and non-inductive arguments in the premisses of
a constructor. A non-inductive argument is an argument where elements of a
previously constructed set occur. For example, the premises of the introduc-
tion rule for the type (X a: A)B(a) consists of two non-inductive arguments:
an element a: A and an element b: B(a), where the second argument depend
on the first directly. An inductive argument is a premise where elements of
the set we are currently building occurs. For example in the introduction
rules for N the constructor 0 has no arguments and the constructor s has
one inductive argument n: N. Later premises cannot depend on an inductive
argument directly (since we are currently building the elements of the set
occurring in an inductive argument). But they can depend on it indirectly.
Here, the recursive function T defined simultaneously with the inductive set
U enter the scene. Consider the universe in Example 3.2: U has two con-
structors: the first has one non-inductive argument a: A, while the second
has two inductive arguments a:U and b: T(u) — U. The latter is an induc-
tive argument which depends on a previous inductive argument indirectly via
T. The three constructors ¢, and d corresponds to this analysis: the code ¢
represents a base case, i.e. it represents those constructors with no argument
at all. The code o represents constructors with non-inductive arguments and

the code 0 represents those with inductive arguments.
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3.2.4 A coding scheme for IR based on Cont

Ghani and Hancock [50], following an observation of Altenkrich, give a dif-
ferent coding scheme for IR(/, O)-codes based on containers. This also offers
an alternative but equivalent presentation of the semantics. The idea is to
keep the ¢ constructor and to merge the ¢ and the ¢ constructors together
into a single constructor ¢ which now depends on a container (S, P). Simi-
larly the function f and the (large) function F' respectively in the premises
of a o-code and of a d-code, are also merged into a single function G' whose
domain is the extension of the container (S, P). To avoid possible confusion
between the semantics brackets for IR-functors and the container extensions

we adopt the following alternative notation for the latter:

Notation 3.17. We indicate with (S <0 P) the extension of a container (.5, P)
(cf. Definition 2.29).

The introduction rule for the o constructor is the following

(S,P):Cont G:(S<P)I—IR(I,0O)
5 (S, P)GIR(I, O)

We interpret a code 6 (S, P) G:IR(I, O) as the functor
[o0 (S, P)G]:Fam|I| — Fam|O|
whose action on a family (X, T) :Fam|I]| is
[ed(S, P)G] (X, T) =(Xs:5)(Xg:Ps— X)[G(s, Tog)]|(X,T)
% (s,9): (S 9 P) X.[G(s, T o )](X,T)
=% (5,9): (S <A P) X [G((S <2 P)T(s,9)(X,T)
where in the last line we used the action of (S < P) on morphisms, given by

simple composition. We can now check that the two schemes actually define

the same class of functors.

Lemma 3.18. The coding scheme given in Definition 3.7 and the coding
scheme obtained by replacing the ¢ and d constructors there by the single

00 constructor as given above define the same class of functors.
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Proof. By induction of the structure of the codes we build maps ¢ and ¥
between the sets of codes obtained by the two schemes. In one direction ¢
maps a code 06 (S, P) G to the code 0.S(s — (P s) p(G(s,-))) which belong
to the original coding scheme given in Definition 3.7. In the other direction
Y maps a code o A f to the code o6((A, Na.Np))(z — ¥(f(mo(a)))), and a
code 6 BG to the code 0d6(Ny, Az. B)(y — ¥(G(m1(y)))). Checking that the
semantics is preserved follows immediately from the definitions. [

3.2.5 Introduction and elimination rule for |IR-types

We presented the theory of IR from the perspective of initial algebra seman-
tics: an IR-code v :IR(D, D) defines an IR-functors [v] : Fam|D| — Fam|D|;
the IR-type (U, T,) : Fam|D| defined by ~ is precisely the carrier of the initial
algebras (fif,], introg,y) for this functor. We can express this principle in a
natural deduction style as follows (below we write an IR-functor as given by

a pair ([v],, [7];) as in Remark 3.15):

a:[v]o(Uy, Ty) a:[v]o(Uy, Ty)
introgyy(a) : U, T,(introgyp(a)) = [7v]; (U4, T4) a

Thus, it is natural for us to assume a simple elimination rule corresponding
to the recursion principle given by the fold operator (see Section 2.2.1) asso-
ciated to an IR-functor. However, it is also possible to formulate an induction
principle for IR-types in terms of an elimination rule [39] analogous to those

given for the other types in the theory.

To this end, for each code v:IR(Z, O), we define a set IH,((X,T), P,x) by
induction on the structure of v (see Section 3.5 in [39] for the details). This
set collects the inductive hypothesis for a predicate x: X + P(x):type on a
given family (X, T), and elements z : [v],(X,T).

X:Set T:X —Set y:XF P(y):type z:[v]o(X,T)
IH,(X,T, P,z) :type
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The induction principle for (U,, T,) can now be stated as follows:

u:U,
z:U, F P(z):type
a:[v]o(Uy, Ty),p:IH, (U, T, P,a) F g(introg,y(a), p) : P(introg,y(a))
elimp,y(u, P, g) : P(u)

([7]—elim)
To deal with the recursive calls in the computation rule we need to be able to
define elements of IH,((X,T'), P, z) from the values of a recursively defined
function g on the inductive arguments w:U,. For this purpose Dybjer and

Setzer define a map IH,™":

X:Set T:X —Set x:XF P(x):type y: X Fg(y): P(y)
IH," (X, T, P,h):[v]o(X,T) = IH,(X,T, P, x)

We can then state the computation rule as follows:
z:U, = P(z):type u: [v1(U,, T,) _
a:[v]o(Uy, Ty),p:IH,(U,, T, P,a) & g(introg,y(a), p): P(introp,(a))

elimp,p(introgyy(u), P, g) =
9(u, IH,™P((Uy, T5), P, Azelimpy(, P, ) (u)): P(intropyy (u))

([7]—comp)
As proved by Dybjer and Setzer ([39], Theorems 4.4.1 and 4.4.3), the elim-

ination and computation rules stated above are equivalent to asserting that

(U,, T,) is an initial algebra for [y]. The proof of this fact follows a pattern

similar to the argument we have used in 2.2.2.

Remark 3.19. Notice that, since we want the elimination principle for IR-
types to account for recursive functions 7': X — D, where D can be a large
type (as in the universe construction where D = Set), we need to adopt the
large elimination rule, where the predicate P in the rule is a type-valued
predicate (see also [37] for further discussion on this), rather than a Set-

valued predicate.

3.2.6 Indexed induction-recursion

Dybjer and Setzer did not stop just at inductive-recursive definitions but
they went on to define the next level of data types: they introduced [40] the
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theory of indexed induction-recursion, IIR for short. In a concise form: IIR-
types are to IR-types as indexed inductive types are to inductive types. That
is, within indexed inductive-recursive definitions we add indices on which
an inductive-recursive type might depend. This can be useful if we want to
define simultaneously a family of sets X :I — Set and recursive functions
T:(ITi:I)(X(i) — D(i)) out of it, in such a way that elements in different
sets of the family are mapped into different types. Noteworthy examples of
indexed inductive-recursive types are: (i) the Tait-style computability pred-
icates for dependent types used by Martin-Lof to prove normalization of
his system [74], (ii) Palmgren’s higher order universes [83] which general-
ize the super universe construction (cf. Section 3.1.3) and (iii) the Bove and
Capretta’s method to define nested general recursive functions in type theory

[22]. Below, we recall the syntax of IIR:

Definition 3.20 (IIR). Formation rule:

I,J:Set i:1F D(i):type j:JF E(j):type

lIR(D, E) : type
Introduction rules:
j:J e E(j)
t(j,e):1IR(D, E) (IR — ¢— intro)

A:Set f:A—IIR(D,E)
o AfIR(D,E) (IR — o— intro)

B:Set ¢g:B—1 F:((Ilb:B)D(g(b))) — IR(D, E)
dBgF:IIR(D,E)

(IR — §— intro)
|

Codes of type lIR(D, E') are interpreted as functors between [-fold product

of categories of families defined in the following way:
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Definition 3.21. Given [:Set and discrete categories |D(i)| for i:I the
category (I14:)Fam|D(7)| has

- objects are pairs (X, T) where X : I — Set, T': (Il : I)(X (i) — D(7)),

- morphisms from (X, T") to (Y, @) consists of a function h: (Ili: I)(X (i) —
Y (i)) such that T'i = (Q 1) o h(4). u

Dybjer and Setzer [40] note that, assuming extensional rules, the category
(IT4:I)Fam|D(7)| can be presented as a category of families exactly like one

where IR-functors are interpretated.

Lemma 3.22. Assuming rules 2.14, the category (IT4: I)Fam|D(i)] is equiv-
alent to the category Fam (X i: 1)|D(i)|, where (X i:1)|D(i)] is the I-indexed
coproduct category of the discrete categories |D(i)|. The latter has objects
pairs (U,T") where U :Set and T:U — (Xi:1)D(i).

Proof. We give the two mappings on objects which are inverse to each other.

The action on morphisms easily follows.

o (ILi:I)Fam|D(3)| — Fam|(Z i:1)D(5)|
o(X,T) = ((Si: )X 3), (Si: )T, —))

O:Fam|(Xi:I)D(i)| — (IT4: I)Fam|D(3)|
0(Y,Q) = ((moo Q)" m o Qomo)

where we have used (X4:1)(T(i,—)):(X¢:1)X(¢) — (Xi:1)D(i) in the def-
inition of ¢ to indicate the generalized sum of T'(i, —) as defined in Remark
3.10, and my 0 Qo mg: (Ili: I)((mo 0 Q)~1) () — D(i) in the definition of 6 to
indicate the function Ai: T.Ax: (Xy:Y)(mo(Q(y)) =1 4). m1(Q(mo(x))) O

Dybjer and Setzer [40] uses these two equivalent categories to distinguish
between a general and a restricted version of the theory of lIR, depending
on the role the index I plays: in the restricted version an [IR-functor on
(ITi: I)Fam|D(1)| is uniquely determined by its components, i.e. determined
by its projection on Fam|D(i)| and therefore I acts parametrically. In the

general version the indices i : I for elements w: U(i) are not fixed in advance,
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but they are built on the way the elements u are introduced. The two corre-
sponding theory are equivalent assuming the extensional rules 2.14. There-
fore, we will not distinguish between restricted and general IR, and we give

here the restricted version. We interpret a code v:1IR(D, E) as a functor
[v]: (Ili: I)Fam|D(i)| — (I1j5: J)Fam|E(j)|

Definition 3.23 (lIR-functors). Let i:1 - D(i) :type and j:J - E(j):type
be valid judgments, v:IIR(D, E) and (X, T") an object of (ILi: I)Fam|D(i)|.
Define [] : (ILi: I)Fam|D(3)| — (I1j : J)Fam|E(j)| by induction on the struc-
ture of the codes as follows:

if v is ¢ (j,e) for j:J and e: E(j) then

[ G e)ur(X.T) = Aj" (G =5 4", Ave)
Ify=0Af for A:Set f: A— lIR(D, E), then
[0 Aflir(X.T) = (Za: A)[f a],r(X.T)
If y=0BgF for B:Set g: B — I, F:((Ilb: B)D(g(b))) — IR(D, E), then
[0B g Flip(X,T) = (2 f:(I1b: B)U(g(b)))[F(T(g(=), =) o (id, f)];r(X, T)

where the function T'(g(—), —) o (id, f): (I1b: B)D(g(b)) in the last equation
is the function Ab.T'(g(b), (f(b))). =B

Remark 3.24. As already noted in Remark 3.15 the use of coproducts enable
us to give a more compact definition for IR-functors. Here we have used set-
indexed coproducts in (ITj:J)Fam|E(j)| to interpret both ¢ and d-codes in
Definition 3.23.

3.2.7 Examples

We give some examples of inductive-recursive types to show the theory at
work. This selection of examples is not exhaustive in any possible way:
the theory is so expressive that almost every existing type is representable

within it (a remarkable exception is given by the internal Mahlo universe
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constructed by Setzer [88]). We refer the reader to [39, 40] for a richer
selection of examples.

To represent inductive-recursive types, we will simply exhibit the correspond-
ing IR-codes. As already explained the intended type is given by taking initial
algebra for the IR-functor which interprets the corresponding code. We begin
with a technical remark which facilitates readability of the codes. We use

the following convention:

Notation 3.25. Given codes v,7":IR(1, O) let
Y 47" =der 0 No(x — case(z,7,7"))
It is immediate to check that [y ++'] = [v] + [¥]

Inductive types as presented in Section 2.2 are all instances of the theory of IR.
Indeed they are degenerate inductive-recursive definitions of a family (X, 7)),
degenerate in the sense that the recursive function 7' does not contribute to
the definition of the type; in particular ID-types correspond to IR(D, D) codes
where D = Nj. In this case T is the unique map from the inductively defined
type X into N;. The following two are examples of degenerate inductive-
recursive definitions:

Natural numbers

The code for the set N of natural numbers is
101 + 6 Ny(z — ¢01) : IR(N1, Ny)
W-types
The code v defining the W-type (W : A)B(z) is
v =def 0 A(a > B(a) (f — ¢01)) : IR(Ny, Nq)

Fresh lists

Let A be a set equipped with a relation 22 : A x A — Set expressing that two

elements of A are different. We want to define a set L of lists of elements of
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A in which each element has at most one occurrence, i.e. lists of elements of
A where every element is different from every other in the list by the relation
. To this end, we simultaneously define a set of lists FrList and a function
Fresh: FrList =+ A — Set which tells when an element a: A is fresh for a list

[:FrList. FrList and Fresh are the least solution of the following equations:

X ~N; + (X (zs,a): X x A)T(l,a)
T(ZTLl Ol)a = \b. N1
T (inr ((zs,a),p)) = Ab.(b#a)x T(xs,b).

The code which defines the endofunctor whose fixed point is (FrList, Fresh) is
given by the following IR(Set”, Set)-code:

tAa:ANy)+o0A(a—01(f— t(Ab:A.(b£ a)x f(01,D))))

Universes

We have already stressed that universes have been a primary source of ex-
amples of inductive recursive definitions. We now give IR-codes for defining
universes closed by type operators.

The code ~ for the universe described in Example 3.2 is

INE =def0 A(a — 1B(a))
+ N (X = 0 X(01)(Y = ((XX(01))Y))) : IR(Set, Set) (3.3)

If the universe is closed under other type constructors like IT or W we simply

add to yy 5 the following codes

SNy (X = 6 X(0)(Y — «(I1X(0,)) Y))) (3.4)
SNy (X 6 X(0)(Y = (WX (0,)Y))) (3.5)

Super universes

As explained in Section 3.1.3 the universe construction can be uniformly
presented through a universe operator acting on families. Reflecting this

operator gives us a family closed under the universe construction, i.e. a
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super universe. Therefore a universe operator can be formally presented as

an operator

(U, T):Fam|Set| — Fam|Set|

where
U : Fam|Set| — Set
T:((A, B): Fam|Set|) — U(A, B) — Set

We can express that the super universe (S, V) is the least family containing a
given family (A, B), and closed by the universe construction, by the following

equations:
V. =2 N1+ A+ (Zv:V)(S(v) = V)
+ (Zv:V)(Es:S(v) = V)U(S(v), Az.S(s(x)))
S(inl(Ol)) A
S(inz(a)) = Bl(a)
S(ing(v,f)) = U(Sv,Az.S(s(x)))
S(ing(v, f,2)) = T(USwv, x.S(s(x))), 2)

The IR(Set, Set)-code for a functor defining a super universe is therefore given

by

You =def L A
+0 A(a— (Ba))
+61(X = 6X(01)(Y — 1(U(X(01),Y))))
+81(X = 6X(01)(Y = o U(X(01),Y)(z = o«(T(U(X(0,),Y),2)))))

An inaccessible (Peter Hancock)

In Example 1.5 we sketched how to built indexed families of number classes
by fixing the index of the family in advance. We now use induction-recursion
to build a family of number classes which are regular, and whose indices are
number classes of the family which is currently being defined. This example
has been shown to me by Peter Hancock. To this end we use containers to
represent the functors whose initial algebras are the number classes; therefore
the family (2, T) we will build will have type Fam|Cont|. We want this family
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Q = N1+Q+(EO‘3Q)(M[[T(04)]]C —)Q)
T(ini(01)) = (Sn, P
T(iny(@)) = T(a)+ (Ng, prey,)
T(ing(a, f)) = (Ct:prn) T(E)

Let us take a closer look at these equations: if o = iny(01) then the corre-
sponding number class T(«) is given by the container (Sy, Py), representing
natural numbers (see Example2.37); indeed Q(0) =g4ef N = p X.(1 + X); if
a = ing(a’) than we build the corresponding number class by extending the
previously built number class T(a’) by the container with one shape and
U[T ()], Positions; this represents a successor operator Q(a) — Q(a +1) =
pX. (Qa) + X)), Finally, if @ = ing(a/, f) then T(a) is the sum over
pT()]. of the number classes in the image of f; that is, we use sums of
containers to represent the limit operator Q(\) — (X 5 < A\)Q(p).

We can represent the family (2, T) by the following IR(Cont, Cont)-code:

Yio,T) =def L(Sn; Pn)
+ 0N (X = (e(X(01) + (N1, ppxonyc))))
+ N1 (X = 0 ppx o (Y = (B2 ppxopp ) (Y ()

Peter Hancock dubbed the family (2, T) ‘inaccessible”: indeed, if we regard
number classes, here represented as containers T(«), for a: Q as enumerating
regular ordinals, then (€, T) represents a family closed under the step to
the next regular, and therefore in a sense that can be made precise, an

inaccessible.

3.3 A set-theoretic model

In this section we recast the set-theoretic model built by Dybjer and Setzer
[38, 40] in order to prove the consistency of the theory of IR. We adapt Dybjer
and Setzer’s original model to a more categorical setting. This recasting will
pave the way to the initial algebras argument to come in Chapter 5 and 6.

Dybjer and Setzer’s model extends the type-as-(classical)-sets interpretation
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(see e.g. [9, 34]) by accommodating inductive-recursive defined sets. Since
IR allows one to build universes as fixed point, which in the type-as-sets
interpretation correspond to inaccessible cardinals, one naturally expect the
model to be strong enough to support the existence of inaccessible fixed
points. Thus, in addition to the usual axioms of ZFC Dybjer and Setzer
postulate the existence of one Mahlo cardinal to ensure that such a fixed
point can actually be reached.

We divide this section into two: in Section 3.3.1 we interpret the Logical
Framework extended with rules for IR; in Section 3.3.2 we adjust Dybjer and
Setzer’s original proof to a more categorical setting to actually prove existence

of initial algebras for the interpretation of IR functors in this model.

3.3.1 The interpretation of the Logical Framework

When building set-theoretic models, initial segments of the cumulative hier-
archy (see Definition 3.1) are crucial. On the one hand, as already discussed
in Section 3.1.1, they can play the role of actual models depending on the
properties we want to hold in the model. On the other hand, closure prop-
erties of a particular level V, are uniquely determined by properties of the
ordinal a. Therefore, before giving the actual interpretation, we recall the
properties of some cardinals which play a relevant role when interpreting

type theory inside set theory.

Definition 3.26 (cofinality). A map f:a — [ is said to be cofinal if it is
increasing and unbounded. The cofinality of 3, cf(3), is the least « such that
there exists a cofinal map f:a — (. u

Definition 3.27 (regular). An ordinal is regular if cf (k) = &. u

The cofinality of an ordinal is always a cardinal. Therefore regular ordinals
are cardinals. These cardinals are closed under union of smaller sets indexed

over smaller sets:

Lemma 3.28. A cardinal « is regular if and only if it cannot be obtained as
Uicp @i where |8] < k and |a;| <  for all i < S.
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This property makes regular cardinal particularly relevant for fixed point
arguments (cf. [6]). And it also explains why reqular universes, i.e. uni-
verses closed under Y-sets, as seen in Example 3.2, are the type-theoretic

counterparts of regular cardinals.

Definition 3.29 (Inaccessible cardinal). A cardinal x is weakly inaccessible
if it is regular and a limit cardinal, i.e. if & < k then at < k, where a™ is the
next cardinal after a. The cardinal & is inaccessible (or strongly inaccessible)

if it is regular and a strong limit, i.e. if A < & then 2* < k. =B

We assume the generalized continuum hypothesis which states that 2%« =
N,+1. Under this hypothesis the two notion of weakly inaccessible and inac-
cessible cardinal coincides.

In the types-as-sets interpretation, inaccessible cardinals can be used to in-
terpret (a hierarchy of) type theoretic universes [34, 9].

As already mentioned, we will need a Mahlo cardinal to build the model.
Therefore for the sake of completeness we recall its definition even if it will
not be needed for the argument. Instead we will exploit a crucial property
of Mahlo cardinals recalled below in lemma 3.32.

Definition 3.30. A set C' C k is closed in k if, for a < &, sup(CNa) = a # ()
then a € C. The set C is unbounded in k if for every a < k there exists
g€ C with a < 8. A set C' C k is stationary in k, for £ an uncountable

cardinal, if C' intersects every closed and unbounded set in . =

Definition 3.31 (Mahlo cardinal). A cardinal x is Mahlo if the set {a <

K | a is inaccessible} is stationary in k. =B

The crucial properties of Mahlo cardinal, used in the proof of Lemma 3.38

below, is the following:

Lemma 3.32. Every function f:M — M which is normal, i.e. increasing
and continous at limit, has an inaccessible fixed point.

The types-as-sets interpretation of the Logical Framework

The basic idea of the types-as-sets interpretation is to associate to all type

theoretic constructions their obvious set-theoretic counterparts in a strong
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enough classical axiomatic set theory: each type is interpreted as a set, the
judgement a: A asa € A, a =4 b as a truth value expressing that a and b are
(or are not) equal elements of A. Dependent sums and dependent function
types are interpreted as the set-theoretic cartesian coproduct and product

respectively.

To be more precise we interpret types as objects of Set[Vtinsec] where M*inace
is the next inaccessible after the Mahlo cardinal M. However, as noted by
Dybjer and Setzer, all types could be interpreted inside Set[V,] where A
is the first (non regular) fixed point after M of the function Aa.R,. For

simplicity we will not do this here.

To simplify the presentation we use a partial interpretation function [—] but
the interpretation of derivable judgement will be always defined (Theorem
3.33). Each expression A which contains free variables has an interpretation
[A], depending on an assignment p, that is a function mapping the set of
free variables to elements in Vy+inaec. An assignment, p, can be extended
when needed: we write pj,,q for the assignment p extended by mapping the

variable z to the set a:

a ify=u

Plz—a] <y> = {

p(y) otherwise

For every expression A of the Logical Framework and every assignment p we
will give an interpretation [A],, regardless if A:type or A: B is derivable or

not. The interpretation function, however, might be undefined.

We write [A], ~ [B], for partial equality between interpreted expressions,
i.e. [A], ~ [B], means [A], |« [B], | and, when both are defined, written
1Al, 4,181, |, we have [A], = [B],. Writing [A],:~ B we mean that the
interpretation of A is defined to be B provided B is defined, and undefined
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otherwise. The interpretation is defined in the following way:

[[type]]p =def VM+inace [[Set]]p =def VM
[(1Iz:A)B]p:~1ly € [Al,. [Blpwmy [(Xz:A)Bly:~ Xy € [Al,. [B]pioy
[Az: A.b] = Ay: [ALo[b] s [(a, 0)],- ~ ([al,, [0],)
[6(a)],: ~ [b],([a],) [7i(2)]p: = millz], (i =0,1)
INo], =def 0 [Ni],. ~ {0}
[[N2]]p ~def {Q), {(Z)}} [[01]],0 = [[02]],0 =def ()
[12], =aer {0} [z],: =~ p(x)
Context are interpreted as sets of assignments as follows:
[O] =aer 0 (I z: A)J: >~ {plz—al[p e [ITAac[A]}

Given this interpretation, we can state the following soundness theorem:

Theorem 3.33 (Theorem 1 in Section 6.2 in [38]). The interpretation of

valid judgments is always defined:

(a) If - I' context, then [I'], }, and if F I" = A context, then [I'], | and
[A4], | and it holds [I'], = [4],-

(b) If I' - A:type, then [I'], |, and Vp € [I'], it holds [A], € [type],. If
I' - A= B:type, then [I'], |, and Vp € [I'], it holds [A], = [B], €
[type],-

(c) '+ x: A, then [I'], } and Vp € [I'], [z], € [A],- ET Fa=10:A4,
then [I'], | and Vp € [I'], it holds [a], = [b], € [A],

(d) falsehood is not derivable.

Interpretations of the theory of IR

To interpret terms which come from the extension of the Logical Frame-
work with the theory of IR we proceed as follows: we define [IR(Z, O)],: ~
[IR],([11,,1O],) where, given sets I,O € Vy+inse the set [IR],(1,0) is the
least set such that
[IR],(I,0)= O
+ YA€ [Set],.(A—[IR],(I,0))
+ Y A:[Set],.(A—1I)— [IR],(L,0)
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which we get by iterating x times the appropriate functor corresponding to
the inductive definitions of the type IR(, O). Here k is the least regular
which bounds the cardinality of A and of A — I for all A € [Set],. Given

this set we define the interpretation of the constructors as follows

[t]po =~ ingo
[ol, Af > ini(A,[)
[0], BF :~ iny(B,F)

Given an IR(I, O)-code 7, the corresponding functor [v] is interpreted ac-
cordingly as a functor Fam [/],— Fam [O], where Fam [], is the category
whose objects are pairs (X,T) where X € [Set], and T: X — [I],, and
whose morphisms are commuting triangles. For simplicity in the following
we write Fam|D| in place of Fam [D],. In the next section we show that

these functors Fam|/| — Fam|O| indeed have an initial algebra.

3.3.2 Existence of initial algebras

To build an initial algebra for an IR functor [y], where v:IR(D, D), we adopt
the standard argument: we consider the initial sequence (cf. Definition 2.23)
associated to [v]

(0,9 = [0, = 1],

where (,!) is the initial object in Fam|D|. We prove that [y] is k-continuous
for an ordinal Kk we determine, and we iterate this sequence up to k. The
initial algebra for the functor [] is then given by the directed colimit of this
sequence.

Some technicalities in the above argument are introduced by the way IR-
functors are defined. The action of [0 A F] on an input family (X,7) is a
coproduct whose index set is the function space A — X depending both
on A and on X, the index set of the input family (X,7T). Therefore, as
we iterate the functor [§ A F] on an input, the index set of this coproduct
grows (exponentially). For this reason, to ensure that the iteration of the
initial sequence will eventually reach a fixed point we first have to bound the
size of the index sets which might depend on the input family. Following

Dybjer and Setzer we recursively collect the index sets for a code v and a



Induction-Recursion

79

family (X, T) into a set Aux(v, (X,T)) (see Definition 3.34). We prove that
the functor 7] is k-continuous (Lemma 3.37), under the assumption that an
inaccessible bound & for the cardinality of the index sets exists. We crucially
use the assumption that a Mahlo cardinal exists and its property (Lemma
3.32) to discharge this assumption and find the sought inaccessible bound
for the index sets (Lemma 3.38). Finally, we conclude the proof using the

standard argument (Lemma 3.39).

Definition 3.34. Given an IR code v and an object (X, T) of Fam|D|, the
set Aux(v, (X, T)) which collects all possible index sets for the code v and
the family (X, T") is defined by induction on the structure of :

Aux(ed, (X, T)) =10
Aux((o A f),(X,T)) = | Aux(f a, (X, T))
a€A

Aux((§AF),(X,T)) ={A}u ] Auwx(F(To f),(X,T)) m

frA=X

Remark 3.35. Since all sets appearing in the IR codes live in [Set], = Vu
we have that Aux(v, (X,T)) C V.

We define Aux differently compared to Dybjer and Setzer [38]: we collect all
the sets we are interested in, whereas they use products and coproducts to

build one big set that contain all interesting sets.

Notation 3.36. Given an ordinal a, we indicate with (X? T%)s-, an a-
sequence of objects of Fam|D]|, i.e. a sequence of objects of Fam|D| indexed
over ordinals less than a. A monotone a-sequence is an a-sequence such that
for each a < 8, X* C X? and Ty oinj, = T, where inj, is the injection given
by X € XP. We indicate with \/,_,(X”, T7) the directed colimit of the
sequence (X?, T?) 5., which is the family explicitly given by (| seaX B.T)
where T%(z) =qes T7 () for z € X# C Us<a XA,

Lemma 3.37. Let s be inaccessible and (X% 7%),<, be a monotone k-

sequence of objects of Fam|D|. Assume for some «y < k that

Aux(, (X, T7)) € Vs (3.6)



Chapter 3

for all oy < a < k. Then [v] is k-continuous i.e.

[\ (xe, 1) = \/ (X, 7).

a<k a<k

Proof. We prove the Lemma by induction over ~:

e v =1d: we have

[ed] \/ (X*,T%) = \/1: \ [ed)(xe,7*) .

a<k

e v = 0 Af. By hypothesis 3.6 we know Aux(caf, (X T%) C V,.
Therefore, by Definition 3.34 it follows Aux(f a, (X*,T%)) C V, for all

ag < a< kand a € A. We can now compute as follows:

[o Af] \/ (X*,T*) = (Sa € A)[f(a)] \/ (X*,T°)

a<k a<k

= (Bae )\ [f al(x*,T°)

a<k

2\ (ZaeAf a)(x*,T7)

a<k

= \/ [o Af](X*, T
a<k
where (1) holds since ¥ is a left adjoint and therefore preserves colimits
(cf. Remark 3.10 item 3).

e v =0 AF. By hypothesis (3.6) we know Aux(d A F, (X%, T%)) C V,.
By Definition 3.34 it follows A € V,, and Aux(F(T o g)(X*,T%)) C
V, for all ap <a <k and g: A — X* Since A € V, then |A4]| <
k. Therefore, by regularity of k we can factor the function g: A —
Uac, X* through one of the injections injz: X# — (J , 1.e.

a<m
g=injzo f (3.7)

for some f:A — X” and 8 < k. Without loss of generality we can
assume ay < B (if not, choose 3 =4ef ; we still have f: A — X7
since # < (', hence X# C X7,
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[sAF)\/ (X7 ¥ [s AF(| ) x°.T7)

a<k a<k

=(Sg:A— | JXO[F(T o g)] \/ (X, T%)

= (mgAo [Jxm) \ [F(T" o g (X, 1)
(2) a<k a<k

>~ (N f:A— X))\ [F(T"oing o f)](X*,T%)
2 (s fAo XN\ [F(I% 6 HI(X,T?)

o V (Zf: A= XO)[F(T0 /)](X*,T°)

= \/ [6 A F](X*,T%)

Where (1) holds by the definition of \/,_, (X, T?), (2) for equation
(3.7), (3) by definition of 7% and (4) since ¥ is a left adjoint and

therefore preserves colimits (cf. Remark 3.10 item 3). O

Lemma 3.37 tells us that we can prove [v] to be r-continuous if we can find
a bound for the index sets appearing in a monotone k-sequence. In the next
lemma we prove that, under the assumption that a Mahlo cardinal M exists,
such a bound can be found for the monotone sequence we are interested in,

namely the initial sequence associated to [v].

Lemma 3.38. Let v be an IR code and (X% T%), =4t ([7]%(0,!))s the
initial sequence of the associated functor. There exists an inaccessible s such

that, for all a < k:
Aux(y, X* T C V,

Proof. The strategy for the proof is as follows: we define an increasing func-
tion f: ON — ON, which tells you how much further up the cumulative hier-
archy one need to go to bound X* after one iteration of [y]. The important

property of f will be

if X7 C Vg then X7 U Aux(y, X7, T7) C Vi (3.8)
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for all 5/ < M. We then show that M actually bounds f,ie. f:M — M and
use the property of M (cf. Lemma 3.32) to find a fixed point x of f. Finally
we show Aux(v, X%, T%) C V, by induction on a.

The function f:ON — ON is defined by transfinite recursion:

f(B) = min{a |(V5' < B)(f(ﬁ') < a) A
(V8 <M)(X7 C Vs = XPHTUAux(y, X7, T7%) CV,)}

The first conjunct makes sure that f is increasing, and the second makes
(3.8) true.

Notice that f: M — M follows from inaccessibility of M. Indeed, for § < M
and for each (' validating (3.8), the set B =q {X? C V5 | B/ < M} €
Vg1 € Vu. Using Remark 3.35, we also have, for each ' € M, X+ y
Aux(y, X7, T%) € Vi and hence X7 U Aux(v, X#, T%) C V,, for some
ag < M since M is a limit. Thus f(3) < supg ag < M since M is regular.
So f is an increasing function on M, however f need not be continuous at
limits, hence not normal and the property of M stated in Lemma 3.32 might
not apply. To fix this, we define a new function 6: if « < M let 0(a)) = f*(0).
We can now prove that : M — M, and € is normal. We have 6(a) < M for
a < M by transfinite induction over a. The base case and successor case
are clear, since f:M — M. If A < M is a limit, then 6: A\ — M is a normal
function so that 6(\) = sups_, 6(8) < M by the regularity of M. Finally 6 is
increasing since f is, and continuous at limits by definition.

Hence by the Mahlo property, # has an inaccessible fixed point kK < M.
Finally, we can prove that x bounds f, i.e. f:x — k. Assume a < k. Since
k is a limit, a < 8 for some 8 < k. Furthermore since 0 is strictly increasing
then 8 < 6(f). We can thus conclude noticing:

fla) < f(B) < f(0(B) =0(6+1) < 0(r) = &
This, combined with (3.8) gives us, for all 5 < x:
if X# C Vg then X# U Aux(v, X7, 7%) C V, (3.9)

We are left to check that for any element X of the initial sequence X C
V. for all & < k; by (3.9), it then immediately follows the thesis, i.e.
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Aux(y, X*,T%) C V.. We prove X* C V,, for all @ < &, by induction

on a:
o Ifa =0, then X =0 CV,.

o If « = B+1, then X? C V, by the induction hypothesis, and therefore
XP C V, for some \ < &, since & is a limit. By (3.9) we get X**! C V.

o If & = ) limit, then X* = Uz X# and, by induction hypothesis
X CV, forall <\ Ifz e UB</\Xﬂ then z € X7 for some 8 < A
and therefore x € V,, by the induction hypothesis. ]

Theorem 3.39. Let v be an IR code. The functor [y] has an initial algebra.

Proof. By Lemma 3.37, we get a x such that Lemma 3.38 holds, i.e. [y] is &

continuous. Thus \/_, (X%, T) is a fixed point for [v]:
[V (X7 = \/ DX, )
a<kK a<kK
_ \/ (XaJrl’ Ta+1)
a<k
=\ (x*,7%)
a<K
and by Theorem 2.25 it is an initial algebra. O]

Thus, we can now conclude that the model interpreting the Logical Frame-

work suffices also to interpret inductive-recursive sets.

Corollary 3.40. The interpretation of the Logical Framework as given in
Section 3.3.1 is sound with respect of the theory of IR, asserting existence of

initial algebras for IR-functors.

3.4 Summary and discussion

In this section we recalled the basics of the theory of IR. We specified its
syntax in terms of codes and its semantics in terms of functors between

families of sets. We gave examples of inductive-recursive defined sets and we
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recalled Dybjer and Setzer set-theoretic model of the theory, adjusting the
proof to adapt to a more categorical framework.

As for possible future work there seems to be space to improve the set-
theoretic model. Indeed the current model seems to require much more
proof theoretic strength than is actually needed. Dybjer and Setzer [38]
have suggested that a constructive model could be obtained via a realizabil-
ity interpretation in Kripke-Platek set theory extended by a recursive Mahlo
ordinal and w admissibles above. Another possibility would be to extend
Aczel’s interpretation of MLW u.,, in CZF"u.,, by a constructive version of
Mahlo cardinals [88]. This setting would also open the possibility to investi-
gate the set-as-trees (see e.g. [45]) interpretation of constructive set theories
into a type theory extended with IR.



Chapter 4
Small induction-recursion

Abstract In this chapter we introduce and investigate a sub-theory of IR
which we dub small induction-recursion or Small IR for short. We introduce a
coding scheme for the syntax and a functorial semantics for small inductive-
recursive definitions. By introducing morphisms in the syntax of Small IR
we are able to define a category and to prove an equivalence between the

category of IRsm (7, O) and the category Poly(/, O) for any set I and O.

4.1 Introduction

In section 2.2.3 we showed on the one hand how dependent polynomials and
indexed containers and their respective functorial interpretations represent
neat and well-structured semantics for indexed inductive types. On the other
hand, in Chapter 3 we saw how the theory of induction-recursion provides
another extremely powerful tool to define even more sophisticated types,
among which we remarkably find universes.

It is natural to ask what the relationship between these different theories of
data types is. The equivalence between dependent polynomials and indexed
containers is well established. But what is their relationship with induction
recursion? Can we characterise those inductive-recursive definitions which
correspond to dependent polynomials and indexed containers? The aim of
this Chapter is to address precisely these questions. As we will see, dependent

polynomials and indexed containers correspond exactly to inductive-recursive

85
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definitions, where the smallness refers to the size of the target-type D of the
recursively defined function 7: X — D simultaneously defined with the type
X. To appropriately state this correspondence in terms of an equivalence
of categories we introduce in Section 4.2 the category IR¢n(7, O) of small
inductive-recursive codes with indices I and O or IRgy (1, O)-codes for short,
or simply Small IR-codes if the indices can be inferred from the context.
One of the contribution of this section is then the definition of morphisms
between IR (1, O)-codes which smoothly scale also to the (large) setting of
IR(Z, O)-codes. As it happens in the theories of dependent polynomials and
indexed containers, we establish a tight correspondence between syntactic
morphisms and semantics morphisms: indeed morphisms of IRy, (1, O)-codes
full and faithfully represent natural transformations between functors which
interpret the corresponding codes. The main result of this chapter in Section
4.3 consists in establishing an equivalence between the category Poly(1, O)
of dependent polynomials and the category IRg,(Z, O) of small inductive-
recursive codes respectively with same indices I and O as pictured in the

following commuting diagram representing the statement of Theorem 4.17:

¢

— T
IRsm (1, O) Poly(I, O)

(\—/

(U

[Set/I,Set/O]

This result is not merely of theoretical importance: at a practical level, while
systems such as Agda accept induction-recursion, some systems, e.g. Coq,
do not. This result gives a simple way to add small induction-recursion to
Coq by showing how to translate such definitions into indexed containers or
dependent polynomials. Programmers are then free to convert definitions
between the two forms, according to which works better for their own appli-

cations.
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4.2 The category of Small IR codes

A category is always given by specifying its objects and its morphisms.
Therefore we start our investigation of the category of Small IR with the
definition of its objects, i.e. the IRy (I, O)-codes.

4.2.1 Small IR-codes

Definition 4.1. A Small IR-code is an IR(1, O) code where both the indices
I and O are of type Set. To emphasize this we indicate with IRgy, (I, O) the
type IR(I, O) where I, O : Set. =

Small IR-functors

The restriction on the size of the indices of a Small IR-code allows us to
regard the semantics introduced in Section 3.2.2 from another perspective.
Indeed, when I :Set, the category Fam|I| simply becomes the slice category
Set/I. This simple observation lets us have more freedom in the semantics of
Small IR: not only we can interpret these codes as functors Set/I — Set/O,
but thanks to the equivalence between slices and indexed sets we can also
interpret Small IR codes as functors Set! — Set?. Below we recall these two

semantics.

Definition 4.2 (slice semantics). Let I,0:Set, v:IRm(1, O), and (X, f) an
object of Set/I. The action of the functor

[~] : Set/I — Set/O

on the object (X, f) is defined by induction on the structure of the code as

follows:
[to] (X,f) = (Ni,A_.0)
[c AR] (X, f) = (Za:A)[h(a)] (X, [)
[0BFI(X,f) = (2g:B=X)[F(fogl(X,f) ®

We now give the alternative presentation of the semantics of Small IR based

on indexed sets: we interpret a code 7:IRsm (I, O) as a functor () :Set’ —
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Set®. This interpretation is obtained by pre and post composing the functors
in Definition 4.2 respectively with the two functors dis and ( )~! as defined by
equations (2.1) on page 35: we then obtain the semantics of Small IR which

deploys indexed sets rather than morphisms in a slice.

Lemma 4.3 (indexed sets semantics). Let I,0:Set and 7 : IR (I, O). The
action of the functor
(7): Set” — Set?

defined by (7) =qef ( )~ o [7] o dis on the object X : I — Set is given by

induction on the structure of the code as follows:

(L) Xo = (0=p0)
lcAf) Xo = (Za:A)(f(a)) Xo
0WBF)Xo = (Xg:B—1I)((ITb:B) X (9(b))) x (F(g9)) X o

Proof. Induction on 7 :IRsy (1, O). O

4.2.2 Small IR-morphisms

We specified the objects of the category IRgm(Z, O) in the previous section.
Below we define morphisms between these objects, which we indicate as
IRsm (1, O)-morphisms or Small IR-morphisms for short. The key idea for
their definition will be to mirror the categorical structure of the semantics
given by functors and natural transformation back into the syntax. This
approach ensures that every morphism give rise to a natural transformation
between the corresponding IRg, (1, O)-functors, and, in particular, pave the
way to our representation theorem (Theorem 4.10).

A key observation for the appropriate definition of Small IR-morphisms is
a categorical description for functors interpreting d-codes. The following

lemmas give this characterization.

Lemma 4.4. Given an object (X, f) in Set/I, there is a natural isomorphism

[6BFI(X.f) = (Sg:B—1)Set/I((B,g),(X,f)) @ [F(9)] (X, f)



Small Induction-Recursion 89

Here ® indicates the tensor product: given a set A and an object (X, f) of
Set/I the object A ® (X, f) is the coproduct (X a:A) (X, f), i.e the A-fold
coproduct of the object (X, f).

Proof. We have a natural isomorphism

[0 BF] (X, f)
= (Eh:B—= X)[F(foh)] (X, f)
>~ (Xg:B—1)(Sh:B— X)(9=p-1 foh)x [F(9)] (X,f). (41)

Then observe that L h: (B — X)(g9 =4.51 f o h) = Set/I((B,g), (X, f)).
]

Notice how equation (4.1) uses an identity type to encode the action of
[0 AF] in the style of Henry Ford!: ‘choose any g you want as long as it
is f o h’. Lemma 4.4 lets us shed some light on the semantics of d-codes.
Indeed we can characterize the functor arising from a d-code through a uni-
versal construction: that of left Kan extension. To this end recall that given
functors F': A — C and G : A — B the left Kan extension of F' along G is the
functor LangF :B — C with the universal property that for every functor
H :B — C there is a bijection CE(LangF, H) = CA(F, H o G) natural in H.

If (B, g) is an object in Set/I we use ((B, g)+ -), in the following lemma, to

indicate the functor
(B,g)+-): Set/I — Set/I
(X, f) — (B+X,[g,f])

which gives, for every object (X, f), its coproduct with the object (B, g).
Theorem 4.5. There is a natural isomorphism
PBF] = (Xg:B—= Ilansg+)[F(9)]

Proof. Recall that in the presence of enough categorical structure left Kan
extension can be computed by means of coends: for F:A — C, G:A — B

we can compute LangF' as follows:

(LangF) b = /a: F(a) x B(G a,b) (4.2)

!The metaphor is due to Conor McBride (see e.g. [13]).
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The particular case which interest us is represented in the following diagram

Set/I ACDRDN Set/1

[F(g)lll /a/((fem-r)[[F(g)]

Set/O
and we can compute Lan(g g+ )[F(g)] as follows:

Lan(s.g)+) [F(9))(X, f) =

(X (Y,1):Set/T)[F(g)](Y,1) x Set/I((B+Y,[g,1]), (X, f)() |
4.3

[BBF](X,f: X =)

o (Sg:B— I)Set/I((B.g). (X, f)) ® [F(9)] (X, )
@)

= (Sg:B = I)((Lana[F(9)])(X, F)) x Set/I((B,g), (X, f))

2 Sg:5-1 (B se/1[F(9))(Y, 1) x Set/I((Y 1), (X, f))) x Set/I((B, g), (X, f))

8B seyt (IP(0)] (V1) x Set/1((B+ Y, [g. 1), (X. 1))
D 5.5 (Y1) Set/1([F(9)] (Y1) x Set/I(((B.g) + )(Y.1). (X, )))

(6)

>~ (Xg:B—1) (Lan((By)—‘,—,)[[F(g)]]) (X, f)

where (1) holds by Lemma 4.4, (2) since every functor is its own left Kan
extension along the identity functor Id, (3) is given by equation (4.3), (4)
by associativity of products and the universal property of coproduct, (5) by
definition of ((B,g) + _) and (6) by equation (4.3). O

This ensures that the definition of IRy, (I, O)-morphisms we are going to
give is well defined. Finally, in order to make sense of the definition of
IRsm (I, O)-morphisms, we need to check that IRgy, (I, O)-functors are closed
by pre-composition with functors of the form ((B,g) + _). We do this in the

next lemma.
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Lemma 4.6. Given a IRy, (1, O)-code v, and an object (B, g) of Set/I, there
exists an IRsm (I, O)-code, v. ((B,g) + -), s.t.

[v-((B,g) + ) =] e((B,g)+-)

Proof. We proceed by induction on the structure of the code 7 : IRy (1, O).
The proof will follow the coding scheme based on containers introduced in
Section 3.2.4 and its corresponding semantics. If v is ¢ o for some o: O, then
define (v0). ((B,g) + -) simply as to. For (X, f) in Set/I we have

([eol o ((B,g) +-))(X, f) = [co](B + X, g, f])
=(1,\_.0)
= [ ol(X, f)
=[(e0) . ((B,g) + )I(X, f)

Let v be the code od(S, P)G for (S, P):Cont and G: (S < P)I — IR(I, O).
We let (06(S, P)G).((B,g)+-) =def 00(R,Q)J for the container (R, Q) and
the map J: (R < Q)I — IR (I, O) given below. Since

([od(S, P)GL o ((B,g) +-))(X, f) =
= Ez: (S aP)(B+X)[G((S <Py, [1)x)](B+ X, g, f]),

by the semantics of gd-codes, we want (R < Q) = (S < P)(B + X) which
can be achieved by (R, Q) =qef (S, P) - (B + N1, [A_.No,idn,]), using container
composition defined in Section 2.2.2. This definition gives us the following
isomorphism:

o7

:(S<P)B+_)«— (R<Q):v (4.4)
Let J: (R < Q)(I) — IR(I, O) be the function

J(y) =aef ((G o [(S,P)]lg,idr]ovr) (y))«((B,g) +-)
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constructed using the inductive hypothesis. We then have

[G((S < P)[g,id/)(ids + f)) 2)))(B + X, [g, f])
(Sa:(S < P)(B+ X))
[G(((S<P)lg,idf]o(S<P)(ids+f)) )] (B+X, g, f])
=By (R<1Q)X)
[G(((S<P)lg.idi]evro(R<1Q)f)y)](B+X, g, f])
Ey: (R Q)X)[J((R<Q)f) )X, f)

= [o0(R, Q)J](X, f)

IRE

where (1) holds by [g, f] = ([g,id;] o (idg + f)), (2) by the functoriality of
(S < P), (3) by the isomorphism (4.4), and (4) by definition of J. O

We are now ready to define IRgy, (7, O)-morphisms by induction on the struc-
ture of the codes as follows.

Definition 4.7. Given codes 7,7 : IRsm (I, O) the homset IR (1, O)(,7) is
defined as follows.

Morphisms from ¢-codes:

la.
p:o=pd
I.(p):IRsm(I,0)(ro,00")
1b.
a:A 71:IRm(I,0)(vo, f(a))
I o(a,r):IRsm(1, O)(to,0 Af)
le.

g:B—=No 7:1Rum(I,0)(co,F(l10g))
FL,5(97T):|RSm(I7 O)(LO75AF)
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where !;:Ng — I is the unique morphism from the initial object Ny to the
set I.

Morphisms from o-codes:

2 Y:Rem(I,0)  r:(Ila:A)Rem(I, 0)(f(a),)

Ty ()t IRsm(I, O)(c A f,7)

Morphisms from d-codes:

3.

Y:Rm(I,0)  r:(Ilg: B — I)IRsn(I, O)(F(g),7-((B,g)+-))
s (1) :IRsm(I, O)(6 BF,7)

We now explain how IR,-morphisms are interpreted as natural transforma-

tion between IR.,,-functors.

Lemma 4.8. The interpretation functions

[1: Ran(I,0) —> [Set/I,Set/O)]
(): IRm(I,0) — [Set!,Set©]

can be extended to IRy, (1, O)-morphisms, i.e. every morphism 7 : IRsn (1, O)(7, ')
defines a natural transformation [7]: [v] — [¥]-

Proof. By induction on the structure of IRgm(/, O)-morphisms we define the
component of [7] at (X, f) Set/I as follows:

Naturality of these transformation consists of a simple diagram chasing. Us-
ing the definition of () in Lemma 4.3 the assignment given above smoothly

extends to the indexed set semantics. O]



94

Chapter 4

Remark 4.9. Notice that we work with simple natural transformations and
not with strong natural transformation because the defnition of canonical
strength for a functor in Set smoothly scales in the case of functors defined

in Set and similarly for the respective slices categories.

The following theorem is the key ingredient to ensure that the structure of
the codes given by the above definition is reflected in the functorial semantics

given in Definition 4.2 and in Lemma 4.3.

Theorem 4.10. The interpretation functions [ | and () are injective and

surjective on morphisms.

Proof. We prove the theorem by induction on the structure of Small IR mor-
phisms using the interpretation [ ]. Since the functors dis and ()~! in equa-

tions (2.1) are full and faithful we also get injectivity and surjectivity of

()

la. The components of a natural transformation 7: [t o] — [i0'] are all

equal to the following morphism in Set/O
Ny —M —
Such a morphism clearly exists if and only if 0 =4 0.

1b. Injectivity is immediate. We show that each natural transformation
n:[eo] — [o Af] is uniquely determined by an element a: A and a
morphism 7 : IRgn (7, O) (v o, f(a)). Let n be such a natural transforma-

tion. By naturality of n we have

[[f(a)]Pla:a 0 nixe) = Nevig) (4.5)

for every h:(X,k) — (Y,g) in Set/I. It then follows that for every
(X, k) we have mo(n(x)(01)) = a for some fixed a: A, in particular
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lc.

define a =qef mo(M(No,)(01)). Composing both sides of (4.5) with the

second projection we get equations

71 0 [[[f(a)]]h]a:A OMN(Xx,k) = T1 O N(y,g)

asserting that m on: o] — [f(a)] is a natural transformation. By
the inductive hypothesis, 71 o 7 is equal to [r] for some r:IRs, (1, O)
(to, f(a)). Hence we have n = [, ,(a, r)].

Injectivity is immediate. We exploit the universal property of the initial
object (No,!:Ng — I):Set/I to show that each natural transformation
n: e o] — [0 B F] is uniquely determined by a map g: A — N and a
map 7:IRsm (I, O) (to, F (I;0g)). Given such a natural transformation
7, its components are uniquely determined by 1y, 1, since, by naturality,

we have

nixk) = [0 B F] 1 x.k) 0 0(Noy)

Then observe that o (1N, (01)) : A = No and

[F ("7 o mo (N, (01)))] ' k) © 1 © Mg,

is the component at (X, k) of a natural transformation which by the
inductive hypothesis is equal to [r] for some r:IRsm (I, O)(ro, F(!1 o
7o(N(No,)(01)))). Therefore we have [n] = [I,s(g,7)].

. If we indicate by [Set/I,Set/O|([o Af],[7]) the set of natural trans-

formation between the functors [0 A f] and [y], we can compute as

follows:

Set/I,Set/O)([o A ], [7]) = [Set/I,Set/O)(S a: A[f ()], [7])
= (Ia: A) [Set/I, Set/O)([f (a)], [1])
Y (a: A) Ren(1, 0)(f(a),7)
=IRsm (I, O)(c A f,7)

where (x) comes from the inductive hypothesis.
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3. Compute as follows:

Set/1,Set/O]([6 B FI. [])
w [Set/I,Set/O|(Xg: B — I.Lans g [F(9)], [7])

2 (Mg: B = Diset/I,Set/ON([F (o). [1] o (B.g) + )
' (TTg: B I [Set/T,Set/O)([F(9)], [y - (B, ) + )])
4)

~ (11 g: B — I) IRem(1, O)(F(g), 7. (B, g) +-))
= IRyn(I, O)(§ BF,)

—
w

I

—

where (1) holds by Theorem 4.5, (2) by the universal property of left Kan
extensions, (3) by Lemma 4.6 and (4) by the inductive hypothesis. O

Full and faithfulness of the functions [ | and () allows us to reflect compo-
sition of functors to composition of codes. Hence, as a corollary we have the

following important result.

Corollary 4.11. IR, (I, O)-codes and their morphisms define a category.
The interpretations [ | and (| |) define a full and faithful functor.

Remark 4.12. Notice that the definition of morphisms we gave in Definition
4.7 scales also to the large setting, i.e. it applies also to general IR(I, O)-
codes. The very same proof of Theorem 4.10 also goes through in the general

case, i.e. we have a full and faithful functor
[]:1R(I,0) — [Fam|I|,Fam|O|]

Since we are not going to use general IR(/, O)-morphisms in this thesis we
preferred to introduce them here, instead of introducing them earlier and

then deriving IRy (7, O)-morphisms as a special case.

4.3 The equivalence between Small IR and Poly

We divide this section into three: i) we first show how to translate dependent

polynomials, and hence indexed containers, into IR-codes; and ii) we show
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how every Small IR-code can be translated into a dependent polynomial. Cru-
cially, we show that these translations preserve the functorial semantics of
dependent polynomials and IR codes. Finally iii) we show how the isomor-

phism established in i) and ii) can be extended to a proper equivalence.

4.3.1 From Poly to Small IR

In Section 3.2.7 we saw that the IR(Ny, Ny)-code
ocA(a— 6 B(a)(fr101))

represents the W-type (W z: A)B(z). Indeed the IR-functor corresponding to
this code is nothing but the extension of the container (A, B). We now extend
this correspondence to indexed containers and dependent polynomials, i.e.
we exhibit codes representing arbitrary dependent polynomials and indexed
containers. Crucially the IR-code representing a dependent polynomial with

indices I and O is a Small IR-code with the same indices.
Lemma 4.13. Every dependent polynomial functor is a Small IR functor.

Proof. To prove the lemma we build a function ¢ : Poly(I, O) — IRy (1, O)
which assigns to every dependent polynomial L, a code 7., whose interpre-
tation, [y.], is isomorphic to the extension P, of the dependent polynomial
L. The code ¢(L) representing L = [ +— P 185 L0is:

VL =det 05 (5= 6 Po (h = o ((ITp: Py) h(p) =1 7(p))(- = 1(g9)))))

To check that the corresponding Small IR-functor is isomorphic to Py, recall,
from Remark 3.15, that, for a code v:1Rsm(/, O), the functor [v] : Set/I —
Set/O can be thought as a pair ([v],, [Y];) where [y],: Set/I — Set and

[v]y: (X, f):Set/I = [v]o(X, f) = O. The fiber of [y](X, f) at 0: O is then
given by the set

(Ez: 71, (X, 1) (L (X ) 2) =0 0)

In particular notice that the fiber at o: O is given by those elements of [v],

which have accumulated an o in the t-code at the end. We can then compute
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the interpretation of the code ~; using the semantics of Small IR given in
definition 4.2 as follows:

2(2815)(293Ps—>X)[[0((HP P)f(g(p)) = r(p)—e
=(Xs:9)(Xg:Ps—>X)(Em: 1l p:P,. f ))
= (Xs:8)(Xg:Ps— X)L p: P) f(g9(p)

Y (85:8) (I p: B)(Sx: X) (f(z) = r(p))

2 (£5:9) (I p: P.) Xy

~
Q
—~
S
~—

= ~—
Il
~
<
—~
S

Where (1) holds by the axiom of choice and (2) by the definition of the fibre
A, f at p. Each element (s,u):[v.]o(X, f) is then mapped by [vy.]; to the
element ¢(s):O. Thus, the fiber at 0: O of [v;] is given by

(Ez: frelo (X el (X ) #) =0 0)
= (B (Xs:5) (M p: Po. Xo(p)) ([12]1 (X, ) 2) =0 0)
=~ (Xs:S) (I p: Ps. X, (p)) X (g8 =0 0)

2 (25:5) (L p: P) X, (p)
where (x) is by the definition of the fiber of ¢ at o: O. O

Similarly, given an indexed container (S, P,n), the code (s pn) : IRsm(I, O)

representing it is the following

Y(s,Pn) =def 0O (0= 0 S(0) (s = dP(o,s)(f = o(f=psrn(o,s)-+—10))))

(4.6)
It can be easily checked that the interpretation of the code (s py) : IRsm(I, O)
is isomorphic to the extension of the indexed container [S, P, n],c by using

the semantics of Small IR given in definition 4.3.

4.3.2 From Small IR to Poly

We now exhibit three indexed containers in IC(/, O) and the corresponding

dependent polynomials in Poly(7, O) which simulate the three constructors
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for a IRgm(Z, O)-code. In the following definition we indicate with a su-
perscript the IR (7, O)-code represented by the corresponding dependent

polynomial.

Definition 4.14. We build a function ¢ : IRsn (1, O) — IC(1, O) by recursion
on the structure of the code which assigns to each code 7:IRyy (1, O), an
indexed container (S7, PY,n") as follows:
if v is v o for some 0: O then ¢(L0) =g (S*°, P°,n'°) is given by :
S0 — Set Pto:(Ilo': 0)(S*°(0') — Set)
590" =4er (0' =0 0) P'°(0, 8) =ger No;
nt?: (Illo":O)Is: S °(0))(P°(o,8) = I)
nt°(0',8) =def 1
As a dependent polynomial we can represent it as follows:

! !N1

I—"1 N N, —2 -0

If vis o Af for some A:Set, f: A — IRsm(I, O) then let h =4 ¢ o f and
define ¢(0Af) =qer (5740, PoAR noAlY) ag follows

SoAh: O — Set PR (T1o: O)(S74"(0) — Set)
S74R(0) =gef (Za: A) SM(0) P4h(0,a, 8) =ges PV (5);
neAh: (Io: O)(ILs: S74"(0)) (P74 (0, s) — I)
n"Ah(O, s) = gef [nh(a)]a:A

As a dependent polynomial we can represent it as follows:

[Tf(a)}a:A tUAf [qf(a)]a:A

(La:A) P/ (Ya:A)S/H@
where 1747 =4 (N a: A)tH@
If v is 0AF for some A:Set, F': (A — I) = IR (I, O) then let H =gy ¢po F'
and define ¢(§AF) =ger (SOAH | POAH AR a5 follows:
SOAH: ) — Set P (T1o: 0)(S°4 (0) — Set)
SO — e (N g: A — I)SHW9)(0) POAH (g 8) =gef A+ PO (s);
Ot (ITo: O) (I s: S*AH (0)) (P4 (0, 5) — 1)
n&AH<0’ 3) —def [ [ga nH(g)} ]QZAHI

As a dependent polynomial we can represent it as follows:
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1 (2g:B— DB x §70) 4 Pro 2 mg.p o st 0
where
SBF _ [[goﬂo,TF(g)nglB PBF _ (Sg:B— 1) [Wl,tF( )] PBF = [qF(g)}g:IB

The three indexed containers in Definition 4.14, represent the three basic

cases to simulate an IRy (1, O)-functor.
Lemma 4.15. Every Small IR-functor is a dependent polynomial functor.

Proof. To simplify calculations we use indexed containers and the semantics
of Small IR as given in Lemma 4.3. To prove the theorem we show that ¢

preserve the semantics, i.e. (¢(7)) = [S7, p7, n7],c:
[o(co)]ic X o =[(S*?, P n)]ic X o

= (¥s5:8(0)) (Ilp: P*°(0',5)) X (n*°(0', 5,p))
= (Xm: (o =0)) (Ilp:Ng) X (n*°(d, s,p))

—
—_
~—

2

(0/ =0 O)
(o) X o

where (1) holds since Ny is an initial object.

[6(c A F)lic X 0 = [(574", P74 n7*")]ic X 0
= (X5:574(0)) (LLp: P7"(0,5)) X (n""(0,5,p))
=(Xa:A) (Zs SMI (o)) (Il p: P9 (0, 5)) X (n"@
= (Za: A) [(§"), Ph@ pha]ic X o
= (Xa:A)[o(f(a))]ic X o

= (Sa A)f(a) X o
=(cAf)Xo

(0,5,p))
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where (1) holds by the inductive hypothesis.

[6(6 AF)]ic X o= [(S°4H, PPAH pdAM] - X o
= (25:8°41(0)) (T p: PP4H(0,5)) X (n°*H (0, s,p))
= (Bg:A—=1)(2s:S79(0)) (ITp: A+ PHO) s)
X1[g,n"9(0,5)](p)
1)

> (Ng:A—1)(2s5:579(0) (Ta: A) X (ga)) x
(IIp: P9 (0, 5)) X (n"9) (0, s, p))

=Xg:A—=>1D(TTa:A) X (ga))x
(2 s: 579 (o)) (T p: P9 (0,5)) X (nf9 (0, s,p))
=Xg:A=1)((ITa:A) X (g(a))) x
[[(SH(g),PH(g),nH(g))]]|ch
= (Xg: A= I)((a:A) X (g(a))) x [¢(F(9))]ic X o0

(2)

=Xg:A=1)((ITa:A) X (g(a))) x (F(g)) X o
=(WAF)Xo

where (1) holds by the universal property of coproducts and (2) by the in-
ductive hypothesis. O]

4.3.3 Poly = Small IR

In the previous sections we have seen that every Small IR-functor gives rise to
an isomorphic dependent polynomial functor and vice versa. What can we
say about natural transformations between these functors? In this section
we show that extending the above isomorphism to an equivalence between
the two categories IRgm (1, O) and Poly(7, O) is an immediate consequence of
the categorical apparatus developed in Section 4.2.

We sum up the results of the previous sections in the following corollary.

Corollary 4.16. For every 7:IRsn (I, O) and, for every (r,t,q):Poly(I, O)
there exist functions ¢ and v such that:
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(1) [w(e()] = ],
(2) Powry =Pr

Proof. The results in the previous section allow us to establish an isomor-
phism between the classes of functors defined by IR (1, O) and Poly(Z, O):

e in Section 4.3.1, we have defined a function ¢ : Poly(I, O) — IRy (1, O);
such that P. =[] o

e in Section 4.3.2 we show how to build ¢: IR, (1, O) — Poly(1, O), such
that [_] = P_o¢. O

The equivalence of the two categories IRy (1, O) and Poly(7, O) is an imme-
diate consequence of the previous results combined with full and faithfulness

of the respective interpretation functions:
Theorem 4.17. The two categories IR, (1, O) and Poly(I, O) are equivalent.

Proof. Full and faithfulness of ¢ (or, equivalently of ) is immediate from

full and faithfulness of the functorial semantics:

IRsm (I, O)(v,~") = [Set/1,Set/O]([~], [7']) (theorem 4.11)
= [Set/1, Set/O|(Ppy(y), Poyy) (lemma 4.15)
= Poly(I, 0)(¢(7), o(v)) (corollary 2.48)

Now, since a dependent polynomial, (r,¢,q) is isomorphic to ¢(7) for some
7 :IRsm(I, O) by (2) in Corollary 4.16, this is enough to conclude the stated
equivalence (see e.g. Theorem 1, par. 4, ch. IV in [69]). O

4.3.4 Small indexed induction-recursion

In this section we show how the theory of small indexed inductive-recursive
definitions, or Small IIR for short can be reduced to Small IR. The very same
reduction applies also for the more general theory of |IR which can be reduced
to the theory of IR as hinted by Dybjer and Setzer in [40] (end of Section

4.5). This simple result will automatically transfer the results of the previous
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sections to Small IR allowing to conclude a generalisation of the equivalence
stated in theorem 4.17.

The smallness conditions for IR allows us to interpret Small IR-codes as func-
tors in slice categories. The same observation applies here: a Small IIR-code
v:lURsm(D, E), for D:I — Set and E:J — Set (cf. Definition 3.20) is

interpreted as a functor
[v]yg:@li:1I)Set/D(i) — (I1j:J) Set/D(j)

Now, by exploiting the equivalence in Lemma 3.22 in this setting we get an

equivalence between categories
w:(Ili:I)Set/D(i) = Set/(Xj:J)E(j):0 (4.7)
Thus, a Small lIR-codes can be equivalently be interpreted as a functor
s Set/ (S i: 1)D(i) — Set/ (S :.)E() (48)

by letting (7),r = ¥ © [7],r © @, where ¢ and 6 are the two components of
the equivalence 4.7.

Now, observe that we can translate |IR-codes into plain IR-codes as follows:

Definition 4.18. For a code 7 : IR (D, E) define the corresponding code
YV IR (X i: 1) D(3), (X 5: J)E(i)) by induction on the structure of v as

follows:

“1(g,e) " =1(j,€)
"o AfT=0Aa—"f(a)")
"OBgF'=0B(f—o(9=psrmo f)(p—"F(mof)") n

The translation in Definition 4.18 enable us to state the reduction of Small
IR to IR:

Lemma 4.19. For every code v: IRy, (D, E) it holds (v),r = [T

Proof. The interesting caseis (0 B g F),g = ["0 B g F']. We use ¢ as defined

in equation (4.7) to compare the functors:

po6BgFg, [[0BgF ow:[(Ili:I)Set/D(i),Set/(X1:1)D(i)]
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Given (X, T):(I1i:1)Set/D(i) calculate as follows:

[0 Bg F(p(X,T))

=[0B(f = o(g =psrmoof)(p—="F(miof)N(p(X,T))
=X f:B— (Xi:1)X(1#)(Xp:g=psrmoo(Xi:1)T(i,—)o f)
["F(rio(Xi: DT>, —)o f)N((Xi: )X 4),(Xi:1)T(i,—))

(é) XfB=DEh:Mb:B)X(f'(0)(Zp:9g=p.1 [)
[FF(mio(Xa: DTG, =)o (f, W) N(Zi: DX 1), (Xi: 1T (i,—))

= (Sh (110 B)X (g F(T(=, =) o (9, 1) (S 1: DX (D), (i TG, -)

~ (S (ILb: B)X (90))e([F(T(g—, =) o {id, m)](X. T)

—
N
=

I

p((Eh:(I1b: B)X(g(0)F(T(9—,—) o (id, ))[(X,T)) = @ o[ By Flg

where (1) holds by the axiom of choice and by moo(X i : I)T' (i, —) =((xi:1)X (i)—>1
7o, (2) by using p: g =p_; f" and by currying m o (Xi: I)T(i,—), (3) by the
inductive hypothesis and (4) since ¢ is part of an equivalence, hence a left

adjoint and therefore preserves colimits. O

Given this embedding, we can endow Small IR with the categorical machinery
developed for Small IR in Section 4.2. We therefore can straightforwardly
define a category of lIRg, (D, E)-codes and their morphisms. Theorem 4.17

immediately give us the following corollary.

Corollary 4.20. The category lIRs, (D, E') and the category
Poly((X'i:1)D(¢),(Xj:J)E(j)) are equivalent.

A remarkable example of the use of Small lIR is the Bove-Capretta method to
model nested general recursion in type theory [21, 22]. The idea is to define a
recursive function and its domain simultaneously. Thus, for a partial function
f:(Ili:1)D(i) we can build a code v :1IR(D, D) where the domain of f is
represented by p[v¢], and the function f by u[vs],. For those i: I such that
1[¢], is inhabited we can then compute the values of f by using p[/];.

Remark 4.21. Dybjer and Setzer [40] have used indexed induction-recursion

to give a finite axiomatization of indexed inductive definitions. In particular,
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they identifies the large type of indexed inductive definitions [ID with the
type IR(A_Ny, A_Ny), i.e those for which D(i) = N; for every i: 1. Their ax-
iomatization which uses IIR can be reconciled with ours, which uses Small IR,
by noting that codes of type IR(A_N1, A\_N;) correspond to IRgn (I, I)-codes,
where the set [ is the index for the indexed inductive-recursive definitions
in IR(A-N1, A_N;). Indeed, using the semantics of Small IR given in Lemma
4.3, it is immediate to check that the two sets of codes represent the same

classes of functors.

4.4 Internal IR

In the previous sections we saw that the theory of indexed inductive types
sits within the theory of inductive-recursive type as a proper sub-theory.
Notably, universes are inductive-recursive types which lie beyond indexed
inductive types since they are defined as initial algebras of codes IR(Set, Set)
and thus not by a Small IR-code.

In this section we sketch how it is possible to build internal universes by
using Small IR if we assume that a universe built by IR is already at our
disposal. This will also help to clarify why the reduction of Small IR to the
theory of dependent polynomials presented in the previous sections does not

go through for general IR-codes.
Let (U, T):Fam|Set| be a universe built using an IR(Set, Set)-code. To keep

things simple, let say that U has a code N: U for the set of natural numbers,
ie. T(N) = N, and it is closed under X-types, i.e. for every (u,g): (X u:U)
(T(u) — U) there exists a code %(u, g) : U such that T(S(u, g)) = (S a: T(u))
T(g(z)). By using Small IR, we now build an internal universe which contains
a code for N and which is closed under internal d-types, i.e. i—types in U.

The code for this internal universe is a Small IR-code, which uses the universe
(U, T) for its definition:

Yo =der tN+81(u s 6(T(w)(g — e(E(u, 9)))) : Rem(U, V)

The initial algebra (,u[hf o1s introp, ﬁ]]) for the corresponding functor [vs ] :
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Set/U — Set/U is the least solution of the following equations:

X 2 N; + (Za: X)(T(f(2) = X)

[\gl;

)
f(inr (2, 9)) = E(f(z)(f © g9))-

where (X, f) is an object of Set/U. Since 75 is a Small IR-code we can apply
the equivalence between IRgm (U, U) and Poly(U, U) and build the correspond-
ing dependent polynomial representing the universe (”[[VE,N]]’ intro[hiﬂ]]). How
is this possible? The idea is that we have already exploited the power of IR
when building the universe (U, T): in particular this bought us a small set
of codes U:Set which we can then use as the target of a recursive func-
tion f:X — U built with Small IR. By computing gzﬁ(viﬂ) as in Definition
4.14, we obtain an indexed container whose set of shapes S"SN is the set
(Xu:U)(T(u) — U). Since both U and T(u) are sets for every u:U, then
also S”=N is. Notice that this would not be the case if we were starting the
construction with the large universe (Set, El) because we would end up with

a large quantification on Set.

4.5 Conclusion

In this section we have precisely characterized the sub-theory of IR corre-
sponding to indexed inductive types by the equivalence between the cate-
gories IRsm (1, O) and Poly(Z, O) (Theorem 4.17). By exploiting this equiva-
lence we can transport the rich closure properties of dependent polynomials
and indexed containers. In particular, we can transport composition and
give a partial answer to the open question if IR-functors are closed under
composition or not.

In recent work Capretta [23] has investigated small induction-recursive types
from a coalgebraic perspective, dubbing them wander types. The results in
this chapter ensure that final coalgebra for small inductive-recursive defini-
tion always exists since they are nothing but final coalgebra for dependent

polynomial functors.



Chapter 5
Positive induction-recursion

Abstract In this chapter we introduce a generalization of IR, which we
call positive induction-recursion which allows for the definition of data types
as initial algebras of certain functors Fam (C) — Fam (C), thus lifting the
restriction in the theory of IR where C has to be discrete. This leads us to
introduce simultaneously codes for such data types, and morphisms between
them. We then give a functorial semantics and show application and concrete
examples of the resulting theory. We justify the existence of these data types
by adapting the set-theoretic model for IR to our setting.

5.1 Introduction

In Chapter 4 we studied a sub-theory of IR which precisely captures indexed
inductive types. In this chapter we come back to the large class of inductive-
recursive definitions (Definition 3.7), and again we use the categorical se-
mantics to explore a generalization of both the syntax and the semantics of
IR.

In Chapter 3 we saw that the families construction, which is pervasive in
the fibrational semantics of dependent type theories [64], plays also a cen-
tral role in the semantics of IR. As explained in Section 3.2.2, IR-functors
are naturally defined on the category Fam|D| of families of elements of a
(possibly large) type D. For example universes of sets closed under certain

operations, such as dependent sums and products, arise as initial algebras

107
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of endofunctors on Fam|Set|. Following the family approach we could try
to extend this interpretation to obtain functors on the category Fam (C) of
families of an arbitrary category C. But, there are at least two complications
which prevent us in doing this: on the one hand we saw in Section 3.2.2 page
60 that the definition of the action of IR-functors on morphisms already re-
lies on the discreteness of the type D; on the other hand IR-functors such as
those building universes closed under dependent products, contain a mixture
of covariance and contravariance intrinsic in the II operator which forces us
to restrict to those morphisms of Fam (C) whose second component is an
identity. In this chapter, we explore a generalization of IR by investigating
the necessary changes of IR needed to provide a more general semantics of
functors between arbitrary families. Thus, we consider a new variation of
inductive-recursive definitions which we call positive inductive-recursive def-
initions, or IRT for short, which enables us to define data types as initial
algebras of certain functors Fam (C) — Fam (C). We organize this chapter
as follows: (i) in Section 5.2 we introduce syntax and semantics of IR™; (ii)
in Section 5.3 we study the elimination principle for IR™ by showing some of
its applications; (iii) in Section 5.4 we use positive inductive-recursive defi-
nitions to shed new light on nested data types; (iv) in Section 5.5 we give
a detailed comparison with the theory of IR. Finally, (iv) in Section 5.6 we

adapt Dybjer and Setzer’s model construction to our setting.

5.2 Positive induction-recursion

Given types [ and O, the syntax of IR introduced in Section 3.2.1 allows us to
build codes which are interpreted as functors Fam|/| — Fam|O|. Thus, when
interpreting IR-codes we perform the Fam construction on discrete categories
only. But what happens, if I and O have a richer structure, as for example
the type Set has, and we try to keep track of this structure? Why can’t we
consider endofunctor defined on Fam (Set) and not only on its subcategory
Fam|Set|? As already seen in Section 3.2.2 to prove functoriality of the
interpretation of a d-code, this restriction is unavoidable, and there is no
immediate generalization for our functors: indeed the action of a d-code on a
morphism (h, k): (X,T) — (Y, Q) in Fam|I| crucially depends on the second
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component k£ being an identity as displayed in the following diagram:

But what happens if the diagram above does not commute on the nose and
I is not simply a discrete category? Can we consider a more general natural
transformation k:7 = ) o h which is not merely the identity?

We now investigate what are the necessary changes to the syntax of IR needed
to use morphisms (h, k) in Fam I, for I not necessarily a discrete category.
The insight which guides us when introducing the syntax of IR is to deploy
a proper functor F', as opposed to a function, in the introduction rule for a
0-code. This enables to relax the restriction mentioned above. Recall that,
when giving the action of § B F':IR(I, O) on morphisms we rely crucially
on the equality T' =x_,; Q o h to use the inductive hypothesis on the code
F(T o g) where g: B — X is a given function. If F: (B — I) —cs IRT(C)
is now a functor, and not just a function, we do not have to rely on the
equality T'o ¢ =p5_,; Q o h o g between objects in C? as before, but we can
use the second component of a morphism (h, k) in Fam (C) to get a map
Tog — Qohogin CP; by applying F to this map we get a morphism
between codes F(T o g) — F(Q o h o g) and we can then use the inductive
hypothesis on the code F(Q o ho g).

For F' to be a functor, IR*(C) has to be a category. Thus, we are forced
to introduce codes and morphisms between them simultaneously: to this

purpose we use induction-induction [82] which we briefly recall below.

5.2.1 Inductive-inductive definitions

The theory of inductive-inductive type has been recently introduced by Nord-
vall Forsberg and Setzer [43]; a comprehensive study of this principle can be
found in Nordvall Forsberg’s thesis [81].

Inductive-inductive definitions are close relatives of inductive-recursive defi-

nitions, and share with them the mutual definition of a set X and of a family
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T:X — Set. The distinctive feature of the inductive-inductive definition
of a family (X,T), is that the family 7" is generated inductively and not
recursively. That is, we build both X and 7" inductively using constructors
introp: F(X,T) — X and introg : (Ilz: G(X, T, introg)) T'(h(x)) where F and
G are strictly positive functors, and h: G(X, T, introp) — X is a map which
selects the index h(introg(x)): X for the element introg(z).
Inductive-inductive definitions admit a finite axiomatization similar to the
one given in Section 3.2 for IR-codes, but slightly complicated by the fact
that one has to introduce two types of codes, one for the index set X, and
one for the family 7: X — Set.

The inductive definition of T allows for a more general elimination prin-
ciple compared to that for inductive-recursive types. We saw in Section
3.2.5 that the elimination principle for an inductive-recursive type (X, T) is
given for predicates z: X F P(z):type. However, in an inductive-inductive
type (X,T) both X and T are given by constructors, and therefore a pred-
icate on (X,T) can now depend on both of them, i.e. the induction prin-
ciple is given for pairs of predicates (P, Q) where z:X F P(x):type and
v: X, y:T(x),2: P(x) F Q(z,y,2) : type!. Notice that @ can also depend on
P. Nordvall Forsberg [81] (Section 3.2.5) suggests to summarize the situa-
tion by the slogan “the elimination principle for an inductive-inductive type is
recursive-recursive”. We will exploit this elimination principle when defining

the semantics for IR™.

5.2.2 A finite axiomatization of IR™

We give an axiomatic presentation of IR analogous to the one given in Def-
inition 3.7 for the syntax of IR; however, we now have mutual introduction
rules to build both the type of IR*(C) codes and the type of IR"(C) mor-

phisms, for C a given category.

Definition 5.1. Given a category C we simultaneously define the type of
positive inductive-recursive codes on C, IRT(C):type and the type of mor-
phisms between these codes IRT(C)(_, ):IRT(C) — IR*(C) — type by the

'In general we do not need large elimination for induction-induction, but it will turn

useful for our purposes.
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following introduction rules:

e IRT(C) codes:
c:C
te:IRT(C)
A:Set f:A—IRY(C)
o Af:IRT(C)
A Set F:(B — C) —ca IRT(C)
§ BF:IR"(C)

e IR"(C) morphisms:

identity morphisms

v:IR*(C)
4, R (©)(7,7)

morphisms from vc:
f:Clce,d)
L (f): IRT(C) (ve, e )

a:A r:IRT(C)(vc, f(a))
I,,(a,7):IRT(C)(tec,a A f)

g:B—Ny 1 IR (C)(tc, F(1og))
[,5(g,7):IRY(C)(tc,6 BF)

morphisms from o A f:

v :IRT(C) r:(Ha: A)IRY(C)(f(a),v)

Loq(r) s IR (C)(a A f,7)

morphisms from 6 B F

v:IR"(C) p:Nat(F,c,)
L5 (p):IR™(C)(0 B F, )
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a:A p:Nat(F, csaq))
[so(a,p): IRV (C)(0BF,0 Af)

f:B— A p:Nat(F,G(_o f))
Fg}g(f, p) : |R+(C)((5AF,5BG)

In the last three clauses we have indicated with c,: C* — IR*(C) the constant

functor with value ~.

We now need to make sure that 5.1 really defines a category, i.e. that com-

position of IRT morphisms can be defined, and that it is associative and has

identities.

Lemma 5.2. Given a category C, the set of codes and morphisms as given

in Definition 5.1 makes IR"(C) into a category.

Proof. We show how to define a composite operation - ® _: IR"(C)(vy/,7") x

IR*(C)(7,7') = IR*(C)(7,7").

id, ® Iy =Ty

Is6(a,p) © I5(g,7) = Lo(a, pog ©1)(c)
I50(a,7) © I55(f,p) = [s50(a,7(-0 f) - p)
Is5(g,p) © Ls(for)=TLs(fog,pos@r)
I55(9,7) © Iss(f,p) = Is56(fog,7(-o f) - p)
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In the clauses above we used _ - _ for composition of natural transformation.
Also, weused ¢, : ¢, — ¢4 in clause (a) for the natural transformation with
constant components I, ., and similarly for clause (b) while 7(_o f) in clause
(c), (d) and (e) indicates the whiskering of 7: G — ¢, and (_o f): C* — CP.

Associativity is proved by induction and we omit the details. O

The careful reader might have noticed a possible redundancy in Definition
5.1: when defining morphisms out of d codes we gave the introduction rule
I's,(g) for morphisms with codomain an arbitrary code -, but we also in-
cluded Is,(b, p) and I's5(g, p), representing morphisms from a ¢ code into a
o code and another § code respectively. The reason is the following: it is
necessary to have both these forms of morphisms out of a § code when recur-
sively defining composition of IR". Since more morphisms makes it easier to
define codes, we are also interested in allowing as many morphisms as pos-
sible. The semantics we are going to give explains how elements of IR (C)
decode as functors on Fam (C), while morphisms between such codes decode
to natural transformations between the corresponding functors. The defini-
tion of morphisms above is rather different from the definition of morphisms
between Small IR-codes given in Definition 4.7. Indeed, the latter crucially
depends on the characterization of the interpretation of a d-code as a sum of
left Kan extensions (see Theorem 4.5): this characterization does not triv-
ially extend to the more general setting of Fam (C), and, as a consequence,
we loose the analogous result of full and faithfulness for the interpretation
functor (Theorem 4.10). Indeed already the redundancy in the definition of
morphisms out of a d code mentioned above shows that it is not possible to
expect the interpretation functor to be faithful.

The semantics of IRT closely follows the semantics of IR given in Section
3.2.2; as before we make essential use of coproducts in Fam (C) which are
intrinsically inherited by the Fam construction (see Remark 3.10). A functor
which is isomorphic to a functor induced by an IR*-code will be called an
IR*-functor.

The crucial feature which separates the semantics of IR™ from the seman-
tics of IR is the following: when explaining the semantics of IR we can first

interpret IR-codes as functors and only later we define morphisms between
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codes which are interpreted as natural transformations between the corre-
sponding functors. In IR" the type of of codes and the type of morphisms
between codes are simultaneously defined in an inductive-inductive way, and
therefore they are also decoded simultaneously as functors and natural trans-
formations respectively. This is exactly what the elimination principle for an

inductive-inductive definition gives us.
Theorem 5.3 (IR* functors). Let C be a category.

(i) Every code v:IR™(C) induces a functor [y]: Fam (C) — Fam (C).

(ii) Every morphism 7: IR*(C)(v,v") for codes v, :IRT(C) gives rise to a
natural transformation [r]: [v] — [¥]-

Proof. While the action on objects is the same for both IR™ and IR functors,
the action on morphisms is different when interpreting a code of type d B F":
in the semantics of IRT we exploit the fact that F: (4 — C) — IR (C) is now
a functor by using its action on morphism (which we, for the sake of clarity,
indicate with F_,). We give the action of IR™ functors on morphisms only,
and refer to the semantics given in Section 3.2.2 for the action on objects of
Fam (C).

The action on morphisms is given as follows. Let (h,k): (X,T) — (Y, Q) be
a morphism in Fam (C), we define [y](h, k) by recursion on ~:

[ c](h, k) = (idy,, id)

[o AfI(h, k) = (Ba: A)([f(a)](h, k) = [ina o [f (a)}(h, k)]a:a

[0 B F](h. k) = (2(Ag.-hog),Ag.[F(Qohog)(h k)o[F(g" (k)] x1)
= [inpog o [F(Q o ho g)(h, k) o [F(g" (k)] (x myle:B—x

In the last clause we use the notation for a generalized sum of morphisms

(see Remark 3.10(3)) and we indicated with ¢*(k):Tog — Qohog the nat-

ural transformation with component ¢*(k), = kg : T (9(b)) — Q (R (g(D)));

notice that, from a fibrational perspective (cf. Section 6.2), such a natu-

ral transformation is nothing but a vertical morphism above B obtained by

reindexing (idx,k): (X,T) — (X,Q o h) along g in the families fibration

m:Fam (C) — Set. To help the reader’s intuition we draw the commuting

diagram representing the inductive hypothesis of the last clause:
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[[Fﬁ(g*k)]](x,T)

[F(T o g)](U,T) [F(Qohog)](UT)

[F(T o g)](h, k) [F(Qohog)(h k)

[F-(g*k)]
[F(T o g)](U, 1) — 209

[£(Qohog)](U,T)

The definition of [§ B F](h, k) above is given by the generalized sum of the
family of morphisms obtained by composing two sides of the above diagram
over the morphism ho _: (B — X) — (B — Y) mapping the index set of the
source to the index set of the target.

We now explain how IR™ morphisms are interpreted as natural transforma-

tions between IR™ functors by specifying their component at (X, T'): Fam (C).

[id,] (X,T) = (i) xm)
[[FLL( )]](XT) ('levf):<N17)“ C) - (N17>‘~ CI)

[Fio(a, )] ixz) = ina o [r]x.m)

1509, )] (x ) = inixog © [r] x 1)
[£5n(r)] (xX,T) — [[r(a )]](XT)]a:A
5550 (x 1y = [lP70g] (x1))0:8-x

[75.0(a; ) (x 1) = ¥(Cas [o700] (x 7))

=ing o H[pTog]](X,T)]gIB*X
[£5.s(f, P)]](XJ’) =X (Ag.go f,Ag. [[PTOg]]()gT))
= [ingoy o [[PTog]](X,T)]g:AﬁX
where we have used ¢, : (B — X) — A in the seventh equation for the con-

stant function value a: A Naturality of these transformations can be proved

by a routine diagram chasing. ]

Example 5.4 (A universe closed under dependent sums in Fam (Set°?)). In
Section 3.2.7 we defined in (3.3) an ordinary IR-code for a universe closed

under sigma types. We can extend this code to an IR™ code

Wy = tN+HRIN (X = 5 X(0)(Y = o((S2: X(01))Y(x)))): IRT (Set®?)
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where now G =4e Y — ¢ (X2 X(01))Y) and F =4ef X — § X(01) G needs to
be functors. From a morphism f:Y — Y’ in [X(0;), Set®?], represented as
an X (0p)-indexed collection of morphisms f,: Y (z) — Y’(z) in Set®®, we get
a morphism (X z: X (01))f,: (XX (01))Y — (£ X(01)) Y’ in Set®. Therefore
we can define

G(f):l(EX(01))Y) = (X X(01)) V)

by G(f) = L. ((E2: X(01))fz)-

We also need F' to be a functor. Given fo, : X(0;) — X’(01) in N; — Set®P,
we need to define F(f):9 X(0;)G — 6 X'(0;) G. According to Definition
5.1, it is enough to give fo, : X’(0;) — X(0;) and a natural transformation
p from G to G(— o fp,). We can choose p to be the natural transformation
whose component at Y : [X(0;), Set®®] is given by py = I,,(X(fo,,id)), where
5 (fops id) =aef [N ))a x00) 1 (SX(01)) (Yo fo,) = (£X(01)) Y. Notice that

working in Set®® made sure that fo, was going in the right direction. u

Example 5.5 (A universe closed under II-types in Fam (Set™)). In Section
3.2.7 we saw how to extend the code for a universe closed under Y-types to
to a code for a universe which is also closed under II-types in Fam|Set|. The

code (3.4) we used was the following:
o = 0N (X — 3 X(01)(Y — «((ITX(01))Y))) : IR(Set)

If we try to extend this to a IR code in Fam (Set) or Fam (Set®®), we run
into problems. Basically, given a morphism f: X’ — X, we need to construct
a morphism (ITX")(Y o f) — II XY, which of course is impossible if e.g.
X" =Np, X =Nj, and Y (0;) = No.

Hence the inherent contravariance in the II-type means that vy does not
extend to a IR (Set) or IR*(Set°?)-code. However, if we move to the groupoid
Set™, which is the subcategory of Set with only isomorphisms as morphisms,
we do get an IR (Set™)-code describing the universe in question, which is still
living in a category beyond the strict category Fam|Set|, namely Fam (Set™).
It would be interesting to understand the relevance of positive induction-
recursion to homotopy type theory where groupoids and their higher order

relatives play such a prominent role.
[ |
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5.3 The elimination principle for IR"

From Example 5.4 we know that the IR-code 5 defining a universe contain-
ing the set of natural numbers N and closed under ¥-type can be extended
to a IRT-code of type IR"(Set™) or IR"(Set°?). Thus, the code vy x can be in-
terpreted as an endofunctor on Fam (Set™) or on Fam (Set®?) respectively. In
this section we aim to explore by means of an example what the elimination
principle for IR"-codes can be used for: we show how the simple elabora-
tion of the code vy x to a code of type IRT(Set™) offers us the possibility to
implement a more sophisticated recursion principle on the universe we are
currently building.

Indeed, by working in Fam (C) instead of Fam |C|, we are allowing many
more algebras compared to ordinary inductive-recursive definitions, or put

differently, we get a stronger elimination principle.

Example 5.6. To see why a stronger elimination principle is sometimes
necessary, consider the initial algebra ((U*, T*), (introg,intro;)) for a code
N NS IR+(Set%) representing a universe containing the set Ny, the set N
of natural numbers and moreover closed under »-types. The universe U*
contains many codes for “the same” set, up to isomorphism. For instance, it

contains codes for each of the following isomorphic sets:

1~(21)1 2 (21)(21)1
N =(XN)1 = (31)N = (31)(X1)N

Moreover, for each Y-type the following isomorphism holds:
(Xe:(Xa:A)B(a)C(z) = (Xa:A)(Xb: B(x))C(a,b) (5.1)

Therefore, for each ¥ set with at least two nested X’s, the universe U* con-
tains a code for both these ways to parenthesize a ¥-type. It might be
advantageous to instead keep a single representative for each isomorphism
class. We might hope to do so using the initiality of (U*, T*), and indeed, the
elimination principle for positive inductive-recursive definitions allows us to
do exactly that.

First of all we need to decide what normal forms for elements in the universe

we want. We can specify this by defining a predicate NF: U* — Set on the
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universe (U*, T*), which decides if a set is in normal form: we decree that
the codes for the sets Ny and N are in normal form, and a code for (X A) B
is in normal form if A is in normal form, B(a) is in normal form for for each
a:A, Aisnot 1 and B(a) is not 1 for all a: A, and finally it is of the form of
the right hand side of (5.1) (the left hand side would work equally well). We
now define a new family (Ung, Tnf), containing sets in normal forms only, by
letting

UNF =def (Eu: U*)NF(U,)
Tnr(u, p) =der T"(u)

We can also define a morphism (¢,n): [vin2](Une, Ine) — (Une, Tne) in
Fam (Set™) which endows (Ung, Tne) with an [y n,5]-algebra structure. For
this, it is crucial that we are working in Fam (Set™) and not Fam |Set|, since
we can only expect that a >-type of normal forms is isomorphic to a normal
form, not equal to one; i.e. if A is in normal form, and B(a) is in normal
form for all a: A, then (X A) B is not necessary normal (as e.g. A = 1 shows),
but we can always find a normal form isomorphic to (X A) B. The function
¢ maps A and B to this normal form, and 7 is a proof that it is indeed
isomorphic to (X A) B.

By initiality of (U*, T*) we automatically get a morphism (nf, correct) making
the following diagram commute:

(introg, introq)

[yin,£](U%T¥) (U, T%)
[v1,n, 2] (nf, correct) (nf, correct)
(#,m)
[van, =] (Une, Tne) ——— (Uni, Tae)

The map (nf, correct) recursively computes the normal form for each set in
the universe (U*, T*). Indeed, nf:U* — Ung maps each name u of a set
T*(u) in the universe to the name of the corresponding set in normal form,
while the natural transformation correct,: T*(u) = Tng(nf(u)) ensures that

the code actually denotes isomorphic sets.
|



Positive Induction-Recursion 119

Example 5.7. As another example of the use of elimination principles be-
yond ordinary inductive-recursive definitions, we can define functions be-
tween universes with different ground sets. Consider two universes Uy, U,
closed under the same type-theoretic operations, but containing different
ground sets B, B,. Given a function By — By, we would like to be able to
extend this function to a function U; — U, between all of the two universes.
For example, we could have a universe (Uyyx,Tnx), closed under X-types
and containing the natural numbers N, and another universe (Uzyx,T7zyx)
also closed under Y-types but instead containing the integers Z as ground
set. Clearly these two universes are closely related and there ought to exist a
function between them in Fam (Set®) (where the contravariance come from
for the negative occurrence of U in the code for the sigma type). By the
elimination principle for positive inductive-recursive definitions, it suffices to
provide a function between the ground sets, i.e. a function from Z into N,
and there are clearly plenty of such functions, for instance the absolute value
function or the square function. In detail, every function f:7Z — N induces

a Fam (Set°?)-morphism
I s]Uzs, Tzs) — (Uzs, Tzx)

showing that (Uzx, Tz ) has an [y y]-algebra structure. Therefore, initial-
ity of (Un s, Tnx) gives us a map (Uny, Iny) — (Uzx, Tz x) which uses f to
recursively compute the embedding of (Unx,Tny) into (Uzx, T7x). |

5.4 Application: a container representation

of nested types

Nested data types [5] have been used to implement a number of advanced data
types in languages which support higher-kinded types, such as the widely-
used functional programming language Haskell. Among these data types are
those with constraints, such as perfect trees [58]; types with variable bind-
ing, such as untyped A-terms [42]; cyclic data structures [49]. In Example
1.4 the type of untyped lambda terms have been introduced as a paradig-

matic indexed inductive definition. There we used the type N as index-type
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stratifying lambda terms according to the number of free variables occurring
in a term. But, in a functional language like Haskell which does not support
dependent types, the type Lam can instead be presented as a nested data

type. In Haskell we can define Lam : Set — Set as follows:

data Lam A = Var A | App (Lam A) (Lam A) | Abs (Lam (Maybe A))

The type Lam A is the type of untyped A-terms over variables of type A up
to a-equivalence. Here, the constructor Abs models the bound variable in an
abstraction of type Lam A by the Nothing constructor of type Maybe A, and
any free variable x of type A in an abstraction of type Lam A by the term

Just x of type Maybe A.

Note the important difference with the representation of Lam given in Exam-
ple 1.4: there the domain of Var is Finn for n: Nat, while here the domain
of Var is a type variable A. However, both these presentations emphasize
the intrinsic feature of the type Lam: elements of the type Lam (Maybe A)
are needed to build elements of Lam A so that, in effect, the entire family of
types determined by Lam has to be constructed simultaneously. Thus, rather
than defining a Nat-indexed family of inductive types, the type constructor

Lam defines an type-indexed inductive family of types.

This section uses IRT to show that nested data types like Lam are repre-
sentable as containers (see Section 2.2.2). This fact allows one to apply
the rich structure of containers to nested data types, e.g. one could classify
the natural transformations between them and operate on them using, for

example, the derivative. We sketch the overall development as follows:

e in Section 5.4.1 we define a basic grammar Nest for defining nested
types and a decoding function (—): Nest — [Set, Set] — [Set, Set].

e In Section 5.4.2 we show that (N restricts to an endofunctor (N])cont 01
the category Cont of containers. We then use IR" to define (V) cont and
conclude that its initial algebra p(N) cont is @ container whose extension

is exactly pu(N).
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5.4.1 A grammar for nested types

We now present a possible syntax for defining nested data types. It is not
the most sophisticated grammar, since our point is not to push the the-
ory of nested data types, but rather to illustrate an application of positive

induction-recursion to nested data types. The grammar we use is

where (S, P) is any container. The intention is that Id stands for the identity
functor mapping a functor to itself, K(g p) stands for the constant functor
mapping any functor to the interpretation of the container (S, P), + stands
for the coproduct of functors, x for the product of functors and ® for the
pointwise composition of functors. These intentions are formalised by a se-

mantics for the elements of our grammar given as follows

(- . Nest — [Set, Set] — [Set, Set]
(Id) F = F

(Ksp) F = (S, P)lc

(F+G) F = (F) F+(9) F

(FxG)F = (F) Fx(9)F

(Fed)F = (F) Fo(9) F

For example, the functor
LFX = X 4+ (FXxFX) + F(X+1)
whose initial algebra is the type Lam is of the form (N) where
Np = Knny + (Kngny) ®@1d 4 I1d ® (Ksy,py))

where (1, 1) is the container with one shape and one position which represents
the identity functor on Set, (1,2) is the container with one shape and two
positions which represents the functor mapping X to X x X and (S, Py)
is the container described in Example 2.37 representing the functor on Set
mapping X to X + 1.
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5.4.2 Representing nested types as containers

We start showing that every element N of Nest can be interpreted as an
operator on containers (N con: : Cont — Cont as exemplified by the following

diagram

Cont _ e [Set, Set]

(]NDCont h h OND

Cont ———— [Set, Set]

C

We can check that Cont is indeed closed under (N)), for N an element in Nest
(by which we mean that the image of (V) restricted to Cont is still an object
of Cont), by induction on the structure of N by noting that containers are

closed under coproduct, product and under composition. Thus, for example,
we define (Sg, Pr) = (Ni)cont(S, P), where

St = 14+ (Sx9)+(8s:95) (P(s) = 2)
Py (in0) = N;

Py (ing(s,s") = P(s)+ P(s)

Py (ing (s, f)) = (Xp: P(s)) cases(f(p), N1, No)

Now, we want to show that for every code N:Nest, the functor (N)cont is
an IR functor. The key idea is to exploit the identification of Cont with
Fam (Set®®) (see Remark 2.32). If we examine the constructions on families
used to build (N)cont we note that the only delicate construction is the use
of Y-types to model the composition operator used in the definition of nested
types and derived by container composition as shown, for example, in the
definition of Sy, and P. But, as we have seen in Example 5.4, families closed
under Y-types are canonical examples of a IRT construction. Thus, as shown
in Section 5.6, we can define the initial algebra of the IRT functor (V) cont
in the usual way as the colimit of the initial chain. We are left to show
that the extension of the container p(N)cont built this way is the functor
w(N) : Set — Set. From Lemma 5.11 in Section 5.6 we know that the initial

algebra chain of an IR™ functor is made from cartesian morphisms only (see
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Definition 6.1), and since [—] preserves initial objects and filtered colimits
of cartesian morphisms ([1] Propositions 4.5.1 and 4.6.7), we can indeed
conclude that [(N)cont]c = p(N) showing that all nested types indeed are

definable using containers.

5.5 Comparison to plain IR

We now investigate the relationship between IR™ and IR. On the one hand
we show in Proposition 5.8 how to embed Dybjer and Setzer’s original coding
scheme for IR into IR™; this way we can see IR as a subsystem of IR". On the
other hand we show in Proposition 5.9 that on discrete categories the two
schemas agree having the same functorial interpretation.

Recall from Remark 3.13 that every type D can be regarded as a discrete
category |D|. In the other direction, every category C gives rise to a type

|C| whose elements are the objects of C.

Proposition 5.8. There is a function ¢:IR(D) — IR*|D| s.t.

[h]]IR(D) = H@(V)HIR*\M

Proof. The only interesting case is when v is a d-code. Therefore, let ~
be d B F:IR(D). Recursively applying ¢ we get a map F:(B — |D|) —
IR*(|D]). We need to ensure that F is indeed a functor, but since |D| is
a discrete category and B is a set, (B — |D|) is also discrete. Hence the
mapping on objects F: (B — |D|) — IRT(|D|) can trivially be extended to
a functor (B — |D|) — IRT(|D|). It is easy to see that the two semantics do
agree: they have the same action on objects and on morphisms whose second
component is an identity, which are the only morphisms of Fam|D| since |D|

is discrete. O]

This proposition shows that the theory of IR can be embedded in the theory
of IRT. In the next proposition we make this result more precise: using the
embedding | — | : CAT — SET which assigns to each category the collection
of its objects and to each functor its action on objects only, we show that

forgetting about the extra structure in IR™ simply gets us back to plain IR.
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Proposition 5.9. Let | — |: CAT — SET be the functor assigning to each

category the collection of its objects and to each functor its action on objects
only. There is a function v : IRTC — IR|C| such that for all v:IR*C

[[@/)(7)]]|R|<C| = Mg+ [Famicy

where [7] g+ ¢ |Fam|c) indicates the restriction of [7] g+ to the subcategory of
Fam (C) obtained by restricting morphisms to those whose second component

is an identity. Furthermore, ¢ o ¢ = id.

The proof is again a simple induction on the structure of the codes.

5.6 Existence of initial algebras

We briefly revisit the initial algebra argument given in Section 3.3.2. In-
specting the proof, we see that it indeed is possible to adapt it also for the
more general setting of positive inductive-recursive definitions by making the
appropriate adjustments.

Call a morphism (h,k):(X,T) — (Y,Q) in Fam (C) splitting if k = idr,
ie. Qo h=T. As we will make it clear in Section 6.2, splitting morphisms
are specific Cartesian morphisms for the family fibration 7 : Fam (C) — Set.
Therefore Fam|C| is the subcategory of Fam (C) with the same objects, but
with morphisms the splitting ones only (cf. Observation 3.12).

Inspecting the proofs in Section 3.3.2, we see that they crucially depend on
morphisms being splitting in several places. And, indeed, the morphisms
involved in the corresponding proofs for IRT actually are splitting.

As is well-known, a weaker condition than k-continuity is actually sufficient:
it is enough that the functor in question preserves the specific colimit of the
initial x-chain. We thus show that the initial chain of a IR* functor actually
lives in Fam|C|, which will allow us to modify Dybjer and Setzer’s proof

accordingly.

Lemma 5.10. For every code v:IR" C the induced functor [y]: Fam (C) —
Fam (C) preserves splitting morphisms, i.e. if (f,¢g) is splitting, then so is

VI 9)-
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Proof. By induction on the structure of the code. The interesting case is
v =J3dBF. Let (h,id):(X,Poh) — (Y, P) be a splitting morphism. We

have

[6 B F](h,id) = [inheg o [F(P o ho g)](h,id) o [F(g"(id))] x 1)lg:5-x
= [iNhog 0 [F(P o hog)](h,id)]y.5-x

where [F(g*id)] x 1) = id since both g*, F and [-] are functors. By the induc-
tive hypothesis, each [F(P o h o g)](h,id) is splitting. Furthermore injections
are splitting in Fam (C). Since splitting morphisms are closed under compo-
sition and the cotuple of splitting morphisms is also a splitting in Fam (C)
we conclude that [0 B F](h,id) is a splitting morphism. O

Lemma 5.11. For each ~:IR" C, the initial chain consists of splitting mor-

phisms only.

Proof. Recall from Section 2.2.1 that the connecting morphisms w; : [Y]’ (L) —

[7]¥(L) are uniquely determined as follows:
® wo,1 = ![y)(1) is unique.

o Wit s Pwie): DT (L) = DI (L)
® wj is the colimit cocone for j a limit ordinal.

We prove the statement by transfinite induction on j. For v = L the state-
ment is trivially true. At successor stages, we can directly apply Lemma 5.10
and the inductive hypothesis. Finally, at limit stages, we use the fact that

the colimit lives in Fam|C|, so that the colimit cocone is splitting. O

Inspecting the proofs that IR-functors have an initial algebra in Section
3.3.2, we see that it now goes through also for IR if we insert appeals to
Lemma 5.11 where necessary. To finish the proof, we also need to ensure
that Fam (C) has s-filtered colimits; this is automatically true if C has all
small connected colimits (compare Remark 3.10), since Fam (C)is then co-
complete. Note that discrete categories have all small connected colimits for

trivial reasons.
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Theorem 5.12. Assume that a Mahlo cardinal exists in the meta-theory. If
C has connected colimits, then every functor [y] for v:IR" C has an initial

algebra. O]



Chapter 6

Fibred induction-recursion

Abstract In this chapter we introduce a theory of fibered data types which
broadens the class of data types definable by the theory of IR. Fibered data
types are inductive-recursive types regarded as objects of the total category
of a fibration. We give a syntax which defines codes for fibered data types
and a corresponding semantics which interprets these codes as functors on the
total category of a fibration. We present examples of fibered data types and
we justify their existence by adapting the original initial algebra argument

for inductive-recursive types.

6.1 Introduction

In this chapter we introduce fibrations as they offer a conceptual cleaner
treatment of induction-recursion which, simultaneously, significantly broad-
ens the class of data types which can be defined by induction-recursion.
Fibrations proved to be extremely successful in modeling type theories (see
for example Jacobs’ monograph [64]). In particular, when discussing de-
pendent types it becomes natural to distinguish between a base category of
indices and a total category of indexed objects. This perspective offers a
clean categorical infrastructure to capture indexed data types and, as we
argue in this chapter, also inductive-recursive types.

The characteristic feature of an inductive recursive type, as already remarked

in several places, is the simultaneous definition of a type X and of a recursive
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function T': X — D. With respect to this, the advantage of using fibrations
to organize these data types is then twofold: on the one hand we get a more
abstract and versatile setting by regarding X as an index, and therefore as
an object of the base category of a fibration, and 7: X — D as an indexed
object, i.e. an object of the total category of a fibration- “above” X. On the
other hand, we can reflect the interplay arising from the mutual definition of
X and T by the use of objects in the base category to define the action of IR
functors on objects of the total category.

A more concrete motivation for the use of fibrations to model induction-
recursion arises when we ask what happens if we wish to define some other
form of indexed structure where the indices are generated at the same time
as the data so indexed. For example, we may wish to define in an inductive-

recursive way any of the following structures:

e An extensional family 7": X — Setoid where X is a setoid and T pre-

serves the setoid structure of X.
e A presheaf T:C — Set where C is a category and T is a functor.

e A category with families which is a functor T': C°® — Fam (Set) where

C is a category thought of as a category of contexts.

e An indexed category/split fibration 7": C°? — Cat.

These structures are not covered by any of the schemas seen in the previous
chapters. Therefore, after a brief recap on fibrations, we start looking for a
generalization of the original IR constructors suitable to be interpreted in the
setting of a fibration. This analysis will also suggest the necessary structure
a fibration needs to possess in order to get a sound interpretation of these
constructors as functors between the total category of the fibration. At that
point we will see the above mentioned structures as instances of our schema

and precisely as initial algebra of functors defined by our new constructors.

6.2 Fibrations in a nutshell

The aim of this chapter is to obtain inductive-recursive definitions for dif-

ferent structures by appropriately instantiating a single, generic theory of
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induction-recursion. To pursue such a uniform approach we turn to the lan-
guage of fibrations [64]. In this section we collect some standard material

about fibrations which will be used in the rest of this chapter.

Definition 6.1. Let p:[E — B be a functor. A morphism g:@Q — P in E is
said Cartesian over a morphism f: X — Y in B if p(g) = f, and for every
g : Q' — P in E for which p(¢’) = f o v for some v:p(Q’) — X there exists
a unique h: Q' — @ in E such that p(h) = v and goh = ¢'. =

We indicate with f ]§3 a Cartesian morphism over a morphism f with codomain
p(P). Cartesian morphisms can be easily recognized to be unique up to
isomorphism. If P is an object of [E, then we write f*P for the domain of f1§;,.
Cartesian morphisms are the essence of fibrations, as the following definition

shows.

Definition 6.2. Let p:E — B be a functor. Then p is a fibration if for every
object P of E and every morphism f:X — p(P) in B there is a Cartesian
morphism f5:@Q — P in E such that p(f}) = f. =

If p:E — B is a fibration, we call B the base category of p and E the total
category of p. In the rest of the chapter we assume the base category is locally
small; this will enable us later to take coproducts indexed by the morphisms
of specific hom-sets (cf. Lemma 6.9). Objects of the total category E can be
thought of as indexed entities while objects of the base category B can be
thought of as indices. Therefore the functor p can be thought of as mapping
each indexed structure P in [E to the index p(P) of P. We say that an object
P in E is above its image p(P) under p, and similarly for morphisms. For any
object X of B, we write Ex for the fibre above X, i.e., for the subcategory of
E consisting of objects above X and morphisms above idy.

A fibration is called cloven if it comes with a choice of Cartesian liftings, and
split if this choice is further done functorially, i.e. id* = id and (vou)* = u* v*.
If the fibration p:IE — B is cloven, and f: X — Y is a morphism in B,
then the function mapping each object P of E to f*P extends to a functor
f*Ey — Ex. We call the functor f* the reindexing functor induced by f.
In general, given an arbitrary fibration p:E — B we can always obtain a

new fibration, called the groupoid fibration associated to p, by restricting
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the morphisms of E to be just the Cartesian morphisms of p. Indeed, from E
we obtain a category [E¢ whose objects are the same as those of E and whose

morphisms are the Cartesian morphisms of p.

Lemma 6.3. The functor p°:E® — E — B obtained by restricting p to the

category [E€ is a fibration.

Proof. E€ is a subcategory of E since all isomorphisms are Cartesian and
Cartesian morphisms are closed by composition. The fact that E — B is
a fibration is just a consequence of an abstract formulation of the pullback
lemma in terms of fibrations stating that given composable morphisms g and

f, if both g and g o f are cartesian, then also f is cartesian. O

When p is split, we can further consider the subcategory E*P of E° consist-
ing of Cartesian morphisms coming from the splitting only. In this case we
restrict the morphisms of E¢ to a choice of Cartesian morphisms such that
id* = id and (vou)* = u*v* for every morphism u and v in E. Morphisms in
[EP are called splitting morphisms. As is common when modelling type theo-
ries, we will only be concerned with split fibrations. This is not a restriction,
since every fibration is equivalent to a split one (Jacobs [64] Corollary 5.2.5).
Of course, Lemma 6.3 applies to p® : E®® — E — B as well. We collect two

immediate but useful facts about E*® in the following lemma:
Lemma 6.4. Let K:E — B be a split fibration.

1. If f is a splitting morphism, then (pf)® = f.

2. Each fibre E¥ is discrete.

Proof. The first item is obvious since a splitting is nothing but a choice of
Cartesian morphisms. The second is just a consequence of the fact that
the fibre of E€ are groupoids since vertical cartesian morphisms are always

isomorphisms. ]

That Fam|D]| is fibred over Set, as noted in Remark 3.10, is the crucial
observation which allowed us to realise that induction-recursion can be recast
in a fibred setting. But before we get to that, we now give some examples of

fibrations which will be used later in this chapter.
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Example 6.5 (The domain fibration). Let B be a category. The arrow cat-
egory of B, denoted B, has the morphisms of B as its objects. A morphism
in B” from f: X — Y to f/: X' — Y’ is a pair (a1, @) of morphisms in
B such that f' o a; = g o f. The domain functor dom maps an object
f: X — Y of B” to the object X of B. This functor is always a fibration
called the domain fibration; the reindexing of an object f: X — Y above X
by a morphism ¢g: X’ — X in B being simply the composite fog: X' — Y.
For each object A of B there is an obvious domain fibration dom4:B/A — B
obtained by the restriction of dom to the fiber above A. n

Example 6.6 (The families fibration). In Definition 3.9 we defined the cat-
egory Fam (C) for any category C. The functor = :Fam (C) — Set mapping
(X,T) to X is a split fibration called the families fibration. Given a family
T:X — C above X and a morphism f: X’ — X in Set, the reindexing of T’
by f is the family T o f: X’ — C with the splitting arrow (f,id): T o f — T
having as first component f and as second component the X’-indexed col-

lection of identity morphisms. n

The following definition introduce a generalization of the families fibration
which will turn useful in Section 6.5 when we verify that our examples meet

the required conditions to interpret the functors we are interested in.

Definition 6.7. Let A be a category, F': A — CAT a functor and D a
category. The lax comma category F' |« D has objects pairs (X,T) where
X is an object in A and T is a functor F'(X) — D. A morphism from (X, 7)
to (X', T") is a pair (f,g) where f: X — X' and g:T — T' o F(f). =B

Proposition 6.8. The category E =g F' J1ax D is fibred over A via a split
fibration p:E — A. The subfibration p*® : E®® — B is given by the comma
category F' | D. If A has coproducts and F' preserves them, then also E°*P

has coproducts.

Proof. The fibration p: E — A maps an object (X,T) to X and a morphism
(f,9) to f. Given a morphism f:Y — p(X,T) in A, we choose (f,id): (Y,T o
F(f)) — (X.T) to be the Cartesian morphism above f. This choice is
clearly functorial in f, and thus the splitting morphisms are exactly those

with second component identities, or equivalently, morphisms in £ | .
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Now assume A has coproducts and that F’ preserves them. Then, coproducts
in F' | D are given by (X,T) + (X', T") =qer (X + X', [T,T"] 0 ¢) where
¢:F(X +X') - FX + FX' witnesses that I preserves +. Injections are

given by inl = (inlx, x/,id), and inr = (inrx, x/,id). O

6.3 Fibred IR-codes

We look once more at the three constructors for IR-codes given in Definition
3.7, and contemplate how we can generalise them to an arbitrary fibration.
For simplicity we look at IR(D, D)-codes, i.e. IR-codes with same input
and output parameter D. The key idea which guides this abstraction is to
regard the original schema given in Definition 3.7 from the perspective of the
family fibration 7: Fam (D) — Set. We abstract on this fibrational structure

stepwise considering one constructor at a time.

(¢) The first of the three IR constructors is ¢ whose effect is to define a
constant functor returning a given family. Because families are objects
of the total category of the families fibration, we can generalise the ¢
constructor to an arbitrary fibration p:E — B by the following rule

P E
t P:IR(p)

whose intent is that (P is a code for the constantly P valued functor

on the total category of the fibration p.

( o) The second IR constructor is o whose effect is to take set-indexed co-
products of functors given by codes. Such an A-indexed collection of
codes can be given by a function f: A — IR (p). Hence we can gen-
eralise the o constructor to an arbitrary fibration p:EE — B by the

following rule
A:Set f:A—IR(p)

acgAf:IR(p)

(0) The third of the three IR constructors is §. The premise of this construc-
tor is a function (B — D) — IR(D, D) for a fixed index B. Notice that
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(B — D) is just the fibre above B in the families fibration Fam (D).
Thus we may abstract § to an arbitrary fibration p:E — B as follows:

B:B F:[Eg| — IR(p)
5 BF:IR(p)

We can already appreciate the fibrational framework as paying dividends in

terms of cleaning up the syntax of IR-codes.

6.4 Fibred IR-functors

Now we turn to the semantic content of our fibred IR-codes. Since our syn-
tax has been shaped abstracting on the fibrational content revealed in the
original scheme for IR, the natural setting for the interpretation of fibered
IR-codes should be a fibration p: E — B. However, recall that an IR(D, D)-
code, as defined in Definition 3.7, is always interpreted as an endofunctor on
Fam|D|, where D is regarded as a discrete category. As seen in Chapter 5, to
find a semantics which interprets codes as endofunctors on Fam (C), for not
necessarily discrete categories C, we need to modify also the syntax of IR.
Therefore, to match the original semantics for IR-codes, we expect to inter-
pret a code «v: IR (p) not as a functor on the total category E of the fibration
p, but as a functor [y] on a subcategory of E. To highlight the structure of
this subcategory we separate the analysis of the action of a fibered IR-functor
[v] on objects and on morphisms of E.

In our abstraction, both ¢ and ¢ build Set-indexed coproducts of functors;
in particular, as we are going to show in the next lemma, the interpretation
of a 0 codes use hom-sets in B as index-sets of these coproducts. Therefore

we require [E to have set-indexed coproducts and B to be locally small.

Lemma 6.9. Let p:E — B be a split fibration. Assume E has Set-indexed
coproducts and B is locally small. Every fibred IR-code v:IR (p) induces a
mapping [y] on the objects of E.

Proof. We go through each of the constructors in turn and we show its action

on an object @) in E.
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e If Pis an object of [E, then the code ¢ P defines the constantly P valued

map on objects of E. Formally,
[ PIQ="P

Let A be aset and f: A — IR(p) a function assigning to each element
a: A afibred IR-code f(a): IR (p). By the inductive hypothesis, for every
a: A we have an object [f(a)] @ of E. Since E has set-indexed coprod-
ucts, we can take the coproduct of these objects to define [o A f] Q.
Formally,

[0 Af]Q = (Ya: A)[f(a)] Q

Let B an object of B and F':|Eg| — IR(p) a map assigning to each
object P in the fibre above B a code F(P):IR(p). Using p we can
map @ to the object p(Q) in the base and we can consider the maps
g:B — p(Q) in B. For each such g, we can reindex ) along g to
get an object ¢g*() in the fibre above B. We can then apply F' to this
object to get a code F(¢*Q@) : IR (p) and inductively compute the action
of this code on (). Notice that since B is locally small, the collection of
morphisms B(B, p(Q)) forms a set and so we can take the set-indexed
coproduct over the choice of g and thus obtain the action of [6 B F] on
(). Formally,

[6BF]Q=(3g:B—p(Q))[F(9"Q)] Q O

Now we are left to show the action on morphisms of the interpretation of a
code 7:IR (p). We already observed in Section 3.2.2 that universes arise as
initial algebras for functors defined not in Fam (Set), but on its subcategory
Fam|Set|. The same issue arises here, and we can then wonder if this condition
can be lift at the level of the fibrational infrastructure. And indeed the answer
is quite straightforward: the morphisms IR-functors act on are the splitting
morphisms of the families fibration. So, the natural generalisation of this
condition on morphisms between families that works in an arbitrary fibration

is simply that [y] acts only on the splitting morphisms of the fibration p. Our

goal then, is to show that for a split fibration p:E — B, each code «: IR (p)
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gives rise to a functor [v]:E® — E*P. Since coproducts play an important
role in the interpretation we gave on objects, we need for them to interact
nicely with the splitting morphisms. Recall from Remark 3.10 that (chosen)
coproducts in a category I give rise to a functor X : Fam (E) — E which sends
a family morphism (f, g) where f: A — A’ and ¢, : B(x) — B'(f(z)) to the
cotuple

2(f,9) = [iInf@) © gulo.a : X(A, B) = X(A", B).

which we called the generalised sum of g over f.

Lemma 6.10. Let p:E — B be a split fibration. If E has set-indexed
coproducts, and if a generalised sum of splitting morphisms is splitting, then
every IR-code v:IR (p) induces a functor [y] : E®® — E.

Proof. In Lemma 6.9, we saw how [y] maps objects of E to objects of E. As
the objects of E and EP are the same, this defines the action of [y] on the
objects of E*P. So now let us define the action of [v] on a splitting morphism

h:@Q — Q' by looking at the three constructors for fibred IR-codes in turn.

e If ¢ =+ P, then [¢ P] was defined to be the constantly P valued map
on objects of E. Therefore we can define

[ P] h=idp

o If c = 0 Af, then we defined [ouf]Q = (Xa:A)[f(a)]Q For the

inductive hypothesis we have for every a: A a splitting morphism

[f(a)]: [f(a)] Q = [f(a)] @

By assumption, the sum of all these morphisms is splitting and hence

we can define

lo Aflh = (3a:A)[f(a)] h

e If c=¢BF, then we defined [0pF]Q = (X¢: B — p(Q)) [F(g*Q)] Q.

Now we have to exhibit a map

(Bg:B—=p@)[F(g"@]Q) = (2i:B = p@Q)) [F(i"Q)] Q)
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Post-composition with p(h) induces a function (p(h))o—:B(B, p(Q)) —
B(B,p(Q’')) between the hom-sets which index these coproducts. By

the induction hypothesis, we have a family of splitting morphisms
[Flg Q)] h:[F(g@Q)]Q — [F(9* Q)] Q" for g:B(B,p(Q)).
From Lemma 6.4, we know that Q = (p(h))*Q’ (since h = (K (h))%),

hence
g°Q =g ((p(h)"Q") = ((p(h)) 0 9)* Q'

where the second equalities comes from [EP being split. Thus, we can
rewrite the codomain of [F(¢* Q)] h obtaining

[F(g" Q)] h:[F(g" Q)] Q@ — [F(((p(h)) 0 9)" Q)]

This B(B, p(Q))-indexed family of maps in E* is exactly what is needed

to form the generalised sum

S((p(h)) o = [F(=" Q)] )
which we take as definition of [0 B F] h. O

Remark 6.11. Inspecting the proof, we see that it would go through with
any functor S:Fam (E**) — E* instead of 3, but we expect coproducts to
most closely model the data types we are interested in. Note that if the sub-
category E*P is closed under coproducts, then a generalized sum of splitting

morphisms is automatically splitting.

We can also offer the following alternative proof, based on an “impredicative”
decoding of a d-code® similar to the decoding given in Lemma 4.4. We make
use of the following lemma, which allows us to switch between global structure

in the total category and local structure in the fibre.

Lemma 6.12 ([64], 1.4.10). Let p:E — B be a cloven fibration. There is a

natural isomorphism

E(X,Y)=Xg:pX = pY)Eyx)(X,g"(Y))

!The adjective impredicative comes from the reformulation of the interpretation of a

d-code based on the quantification over the a priori “large” collection |Eg].
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If the fibration p is split, by Lemma 6.4 all fibres of p*® are discrete and we

can rephrase the isomorphism from Lemma 6.12 for p*P: E®® — B as
EP(X,) V)= (Zg:pX = pY) (X =E,x, gY) (6.1)
Using (6.1), we can reformulate the decoding of a § code as:

[0F]Q = (Xg: B = pQ)[F(9"Q)]Q
= (XX [Egl) (Zg:p(X) = p(Q)) (X =g, ¢°Q) x [F(X)]Q
= (BX:|Ep|) EP(X, Q) x [F(X)]Q (6.2)

Here, we have used an identity type in (6.2) to encode a constraint in the
style of Henry Ford (as already seen in equation (4.1)): ‘choose any X you
like as long as it is ¢*@Q’. The isomorphism (6.2) can also be used to recast
the action of [§ B F]| on a (splitting) morphism h:Q — Q' : It is a sum of
pairs of actions, where we can go from E®(X, Q) to E®(X, Q') by composing
with h, and from [F(X)] @ to [F(X)] Q" by the induction hypothesis. If h
was an arbitrary morphism, there would be no guarantee that the composite
would still be splitting.

We call fibered data type the initial algebra of [y] for a fibered IR-code .
We will show in Section 5.6 that this exists, under certain conditions on
the fibration p:E — B. But first, let us look at some examples of fibred

inductive-recursive definitions.

6.5 Examples

In this section we present some examples of data type definable within the
theory of Fibred IR. We will see how the theory of fibered induction-recursion
covers all data types we have seen so far (with the exception of those data
types defined by positive induction-recursion as seen in Chapter 5), and how
it allows us to define more complex structures not previously included within
the schemes in the previous chapters. We postpone to the end of this section
(see Lemma 6.20 and Lemma 6.21) the necessary checking that all fibrations

involved in these examples satisfy the conditions of Lemma 6.10.
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We start with the families fibration (Example 6.6) because, when we spe-
cialise fibred induction-recursion to this fibration, we get a system of codes

with exactly the same expressive power as Djbyer and Setzer’s IR.

Theorem 6.13 (IR and the families fibration). Let m:Fam|D| — Set the
families fibration described in Example 6.6. The scheme for IR (7)-codes
defines a class of functor equivalent to the scheme defined by the coding

scheme for IR(D, D)-codes given in Definition 3.7.
Proof. Firstly, we start comparing the syntax of the IR(D, D)-codes as de-

fined in Section 3.2.1 and the syntax IR (m)-codes. The main difference
between the two coding schemas is in the ¢ constructors. Indeed, the ¢-
codes in Definition 3.7 produce families with exactly one index while our
fibred IR-codes a priori are more general as they produce families with ar-
bitrary indices. However a family 7: X — Set is isomorphic to the co-
product of the X-indexed set of families whose x’th family is given by
(Ny, A T'(x)), that is (X, T) = (Zx:X) (1, \Twu). Hence we can simu-
late a code ¢ (X, P):IR(m) within the scheme given in Definition 3.7 by a
o-code built on top of the t-code, precisely we represent ¢ (X, P): IR (7) by
the code o X (z +— ¢ (P(x))):IR(D, D). Our o-codes are exactly the same, as
our 0-codes: indeed, a function F:|E4| — IR (p) is exactly, in the families
fibration, a function F': (A — D) — IR (7), since the fibre above A in the
fibration 7 is nothing but the set (A — D).

Next, we look at the semantics of IR-codes, it is clear that both sets of codes
interpret ¢ as constant functors and o as coproducts. As for the d-constructor,
these are seen to define the same functors once we realise that, in the families
fibration, if we reindex a family P: X — Set by a function g:Y — X, we
have ¢*(X,P) = (Y,Pog). O

In chapter 4 we saw that both simple and indexed inductive types can be
obtained as specific sub-theories of IR. Here we want to show that they are
instances of fibred induction-recursion: to this purpose we use containers and

indexed containers.

Theorem 6.14. Containers are fibred inductive-recursive codes for the iden-
tity fibration Id: Set — Set while indexed containers coincide with the class
of fibred IR-codes for domain fibrations of the form dom;:Set/I — Set.
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Proof. Consider first containers: they are fibred inductive-recursive codes
for the identity fibration Id:Set — Set because in this fibration the fibre
E,4 is a singleton {A} for each A, so that the dependency in the 0 codes
trivialises and thus every code can be reduced to a “container normal form”
0S(s— 6 P(s)(_— tNy).

An indexed container (S, P,n):1C(I,I) can be represented by a fibred IR-
code in IR(dom;) where dom; is defined as in Example 6.5. We see again
that indeed Ni-indexed containers and ordinary containers coincide, since

domy, is equivalent the identity functor on Set/N; = Set. ]

We can now look back at the results in Chapter 4 from a fibrational perspec-
tive. The scheme defined there has been dubbed small where the “smallness”
was referring to the type-theoretic size of the parameter type D. Here we
can show that the “smallness” can also refer to a property of the underly-
ing fibration. To this end recall the definition of a split generic object in a

fibration:

Definition 6.15. Given a split fibration p:[E — B, we say that an object

) € B is a split generic object if for any X in B there are isomorphisms
GX IB(X, Q) = |Ex|
natural in X, i.e. Ox(fog) =g (Oy(f)) forg: X - Y and f:Y - Q. B

Generic objects can be used to characterize small fibrations as the following

lemma shows.

Lemma 6.16 ([64], Corollary 9.5.6). A fibration is small if and only if it has

a generic object and it is locally small.

A domain fibration dom; always yields a split generic object, namely the
object I. In addition, domain fibrations are always locally small. These
two features together make domain fibrations small. We can now appreci-
ate from a different perspective why the scheme defined in Chapter 4 has
been dubbed small: when describing inductive and indexed inductive types
from the perspective of fibered IR, the fibrations involved are exactly small

fibrations.
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Example 6.17 (A universe of Setoids). A setoid (|A|,~) in type theory is
a type |A| together with an equivalence relation ~ on |A| (that is, a relation
~ together with proofs of reflexivity, transitivity and symmetry). Setoids
are often used when developing mathematics in type theory [16], as they
can simulate both quotient types and function extensionality. Naturally,
we would like to consider universes also in this setting. By instantiating
fibred induction-recursion in a fibration of families of setoids, we can get
such universes without any more effort than if we were working with mere
sets.

Following Palmgren [86], a family of setoids B: A — Setoid consists of an
index setoid A = (JA|,~) together with an |Al-indexed family of setoids
B(a) :Setoid, for a:|A|, such that if p is a proof that x ~ y, then B(x)
and B(y) are “the same”, i.e. there is a “reindexing” bijection ¢, : B(x) —
B(y) (in a coherent way). Setoids naturally form a category Setoid, with a
morphism f:(|A|,~4) = (|B|,~p) being a function |f|:|A| — |B| which
respects the equivalence relations. We can form a category Fam(Setoid) of
families of setoids which is fibred over Setoid in the same way Fam (Set) is
fibred over Set. In particular, the objects in the fibre E4 are families of
setoids B: A — Setoid with index setoid A.

Using fibred induction-recursion instantiated to this fibration, we can now
write down a code gy for a universe of setoids containing codes for the
setoids B(a), for a:|A|, and closed under Y-setoids. The code ypy is the

following
o|A|(a (1, AB(a))) + Ny (A § A(01)(B +— (1, A Xseoid (A(01)) B)))

where 1 is the unit setoid with the obvious equivalence relation. For A : Setoid
and B: A — Setoid, the sigma setoid is defined by Ysetoid A B = (X |A| |B], ~x
) where (z,y) ~x (2,y) if (3p:x ~4 2")(dp(y) ~B,, V).

The code 5 5 describes a universe (U, T) which contains all the setoids B(a)
and is closed under sigma setoids; the underlying family of sets (|U],|T|)
satisfies equations (3.1) but all operations now automatically preserve the

equivalence relations. [ |

Example 6.18 (The Category with Families Fibration). Categories with

families [61] were introduced by Dybjer as a variant of Cartmell’s categories
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with attributes: their aim is to model type theory from a closer perspec-
tive to its syntax. A category with families consists of a small category C
and a functor F' = (Ty, Te): C°® — Fam (Set) with some extra structure -a
comprehension- modeling extension of a context by types in that context.
We think of C as a category of contexts, and of Te(I'): Ty(I') — Set as a
family of terms, indexed by the type Ty(I"), all in the context I".

The (large) category CwF of categories with families and structure’s preserv-
ing morphisms between them forms a fibration with base category Cat, the
category of all small categories. The fibre above C consists of the functors’
category [C°P Fam (Set)] with their extra structure and the reindexing of
(D, G) along f:C — D is given by (C,G o f°P).

An important category with families for a given type theory is the one formed
from the syntax of the theory itself, i.e. its term model. The construction
thereof for dependent type theories is famously induction-recursion like in
nature; types are indexed over contexts, but contexts can only be extended
by well-formed types. McBride [75] implements the syntax of dependent type
theory this way in Agda using induction-recursion, while Danielsson [33] and
Chapman [25], using induction-induction (see Section 5.2.1).

An example similar to that of CwF is given by the presheaves fibration: here
again the base category is given by Cat and reindexing of X :C°P — Set
along f:C — D is still given by precompostion with f°P. By using fibered
induction-recursion in the presheaf fibration we can define universes that
automatically come equipped with a notion of substitution: indeed, as shown
by Fiore et al. [42], we can automatically take into account the substitution

structure by turning indices and contexts into the structure of presheaves. B

Example 6.19 (Fibred IIR). Recall from Section 3.2.6 that within the frame-
work of indexed induction-recursion we add another layer of indices by letting
the parameter D to be indexed by a set [.

Now, let I be a set of indices for types D(i). Dybjer and Setzer’s scheme
for indexed induction-recursion with same input and output parameter D,

lIR(D, D), gives rise to endofunctors of type
(IT4: I)Fam|D(i)] — (I14i: 1) Fam|D(3)|

The scheme for IIR(D, D)-code arises as an example of fibred induction-
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recursion for the fibration 7’ : (Il : I) Fam|D i| — [I, Set] where the base cat-
egory consists of /-indexed set X : I — Set, and the fibre above X is the (dis-
crete) category whose objects are pairs (X, T) for T: (Ili:I)(Xi— D). W

Lemma 6.20. The families fibration (Example 6.13), the domain fibration
(Example 6.5), the families of setoids fibration (Example 6.17) and the cate-
gories with families fibration (Example 6.18) are split, and the subcategories

of splitting morphisms in the total category have coproducts.

Proof. All fibrations mentioned are instances of the situation in Proposi-
tion 6.8:

e The families fibration Fam (C) — Set arises as A = Set, F(X) =
discrete category on X and D = C.

e The families of setoids fibration arises as A = Setoid, F'(X) the category
with objects the elements in the carrier of X and morphisms proofs of
relatedness and D = Setoid.

e The categories with families fibration arises as A = Cat, F'(X) = X°P
and D = Fam (Set).

e The domain fibration dom;:Set/I — Set arises as A = Set, F/(X) =
discrete category on X and D = discrete category on /. When [ is a

singleton the domain fibration is equivalent to the identity fibration.
In all cases A has coproducts and F' preserves them. O

Lemma 6.21. The fibration p: (Ii: I)Fam|D;| — [, Set] from Example 6.19

is split and it has set-indexed coproduct.

Proof. The fibration p: (Ili:I)Fam|D;| — [I,Set] can be regarded as the
product of the I-indexed family of fibrations m; : Fam|D;| — Set. It is split
since the product of split fibrations is split. The fibrationp has also set-
indexed coproducts given pointwise: if (X,T) and (Y,Q) are objects of
(IT4: I')Fam|D;| their coproduct, (X + Y, [T,Q)]), is given by (X 4+ Y)(i) =
X (1) + Y (i) and [T, Q](i, 2) = [T'(2), Q(9)](2). O
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6.6 Existence of initial algebras

We now want to show that fibered IR-functors indeed have initial algebras,
under some conditions on the fibration p: E — B. We do this by adapting
the proof in Section 3.3 to the fibrational setting.

An important point for both their and our proof is keeping track of the
“size” of the index objects appearing in the codes. In particular, the size
of the index object B in a code d B F' may depend on the input object @
we pass to the functor, as it can be observed, for example, when defining a
universe closed under certain type constructors (see Section 3.2.7). Therefore

we follow Definition 3.34 and collect all the index objects in a class Aux(c, Q).

Definition 6.22. For a fibred IR-code v and object @) in [E, define the col-
lection Aux(vy, @) C |B| by induction over ~:

Aux((t P),Q) =10
Aux((c A f),Q) = U Aux(fa,Q)

acA
Aux(AF), Q) ={Atu | Awx(F(9°Q),Q) 2
g: A—=p(Q)
We now observe that if for certain @ all A € Aux(c,Q) are “small” in a
suitable sense then [y] is k-continuous, i.e. preserves s-directed colimits.
In Section 3.3, to express that A € Aux(c, @) is small, we used A € V,,, from
which it follows |A| < k. Here we replace this condition by the categorical

notion of smallness given by x-presentability. We recall its definition below.

Definition 6.23. An object A of B is k-presentable if B(A,—):B — Set

preserves k-directed colimits. =

Explicitly, the object A is k-presentable if and only if for each colimit co-
cone \/, ; Q;, where I a r-directed poset, every map f: A — \/, ; Q; factors
uniquely as f = in; o g for some g: A — @);. When B is Set, an object A is
r-presentable if and only if it has cardinality |A| < k.

We can now reformulate Lemma 3.37 as follows:

Lemma 6.24. Let \/, ; Q; be a r-directed colimit for a diagram @: I — E*®
with all A € Aux(v,Q);) k-presentable. If p®:E® — B preserves \/, ; Q;,
then so does [v]: E®® — E*P.
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Proof. The proof of the lemma is entirely similar to the proof of Lemma 3.37.
We give details for y =9 A F.

BAFICV @) = (2724 = oV QOIFU™V @IV @)

= (4 V@Il 09 V @Y @)
(2)

=Xh:A- P(Qj))[[F(([p(ini)]izfoinjoh)*\/ QI @)

®)

= (Shi A= p@QDIF((pn) oh)\ @)1V Q)

4)
~ (Sh:A p@j))[[F(h*Qj)]](V Qi)

IIZm

\/ Eh A—>p QJ \/[[F h* QJ)]](Q)

i:1
(5)

2 VEh:A = r@IIF( Q@) = V [9471(@)

where (1) holds since p preserves directed colimits, and (2) since A € Aux(c, Q)
is k-presentable, so that g factors through one of the @;. Equation (3)
holds because again p preserves filters colimits and therefore [p(in;)];.;oin; =
K (in;); equation (4) holds by Lemma 6.4. Finally, (5) holds since ¥ is a left
adjoint as noticed in Remark 3.10. O

In order to ensure that the first hypothesis of the previous lemma holds for
the colimit we need, i.e. that all A € Aux(c, Q;) are k-presentable, for x the
length of the initial sequence, we need the same meta theoretical assumption
used in Section 3.3: we assume that there exists a Mahlo cardinal M. We
also assume that all indexing sets in the coproducts used in the decoding
have cardinality at most M. But before proving that we can actually find a x
satisfying the hypothesis of lemma 6.24 we need two other lemmas ensuring
that we use just M-presentable objects as indices of our coproducts. The

following two lemmas take care of this.
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Lemma 6.25 (Addamek and Rosicky [11], 1.16). A colimit of a A-small dia-

gram of A-presentable objects is A-presentable.

Lemma 6.26. Let p:E — B be a split fibration with coproducts in E*P.
Assume that p*® preserves them, and that p(P) is M-presentable for every P
occurring in a ¢ code in . Then p([v](Q)) is M-presentable for all @) in E*.

Proof. If v = + P, then p([t P](Q)) = p(P) is M-presentable by assump-
tion. If y =cAf ory=3dAF, then p([7y](Q)) is a coproduct of objects
which are M-presentable by the induction hypothesis, hence M-presentable
by Lemma 6.25. [

We can now formulate the analogue to Lemma 3.38.

Lemma 6.27. Let 7: IR (p) and (Q,) the initial sequence of the induced func-
tor [y]. Assume that if @, is M-presentable, then all objects in Aux(y, Q)
are M-presentable. Then there exists an inaccessible x such that all A €

Aux(7,Q,) are k presentable for all a < k.

Proof. The proof goes as in that of Lemma 3.38: we define an increasing
function f:ON — ON, which tells us the smallest cardinal x one needs to
go up to still be k-presentable after one iteration of [y]. We modify the
definition of f accordingly. The important property of f will be

if p(Qp) is f-presentable then
all A € {p(Qp+1)} UAux(vy,Qp) are f(J)-presentable
for all 5 < M. We define f: ON — ON by transfinite recursion as follows:

f(8) = min{a [(VE" < B)(f(B) <a) A
(V8" < M) (p(Qp) is Ng-presentable =

all A € {p(Qpi1)} U Aux(c, Q)
are R,-presentable.) }

(6.3)

The first conjunct makes sure that f is increasing, and the second makes
(6.3) true.

We then proceed as in the proof of Lemma 3.38 by showing that M actually
bounds f i.e. f:M — M and use the Mahlo property to find a fixed point k

of f. We can therefore obtain the following reformulation of (6.3)
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if p(Qp) is f-presentable then
all A € {p(Qp+1)} UAux(c,Qp) are k-presentable

for all 8 < k (since f(B) < k).
Finally, we prove that p(Q,) is k-presentable for all & < k by induction on

(6.3

a.
e If =0, then p(Qy) = p(L) = L which is k-presentable for all k.

o If o = 3+1, then (3 is k-presentable by the induction hypothesis, and
we are done by (6.3').

e If @« = A limit, then @, =/ s<x {p 1s k-presentable by the induction
hypothesis and Lemma 6.25.

By (6.3'), it immediately follows that all A € Aux(c,Q,) are k-presentable.
]

Theorem 6.28. Under the assumptions of Lemma 6.27, if E*® has x-directed
colimits for x as in Lemma 6.27, and p*® preserves them, then the functor
[v]: E® — E* has an initial algebra.

Proof. Lemma 6.27 ensures that we can find an inaccessible x such that the
hypothesis of Lemma 6.24 are validated. Therefore, [v] is x-continuous and

we can build the initial algebra of [y] as the colimit of the initial sequence. [
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Conclusion

Abstract In this chapter we sum up the results obtained in this thesis and

discuss possible lines of research for the future.

7.1 Summary

Induction-recursion represents an extremely powerful which sits on top of a
hierarchy of more and more sophisticated inductive types.

In this thesis we have provided support for this claim and broadened our
understanding of the theory of IR: i) we have shown how the theories of in-
ductive and indexed inductive types can be seen as sub-theories of induction-
recursion. This analysis have revealed the importance played by a notion of
of size within the theory of IR. ii) We have expanded the expressive power
of IR, showing how to extend the theory of induction-recursion in two or-
thogonal ways: in one direction we explored the changes needed to obtain a
more expressive semantics which gives rise to a more comprehensive elimi-
nation principle for inductive-recursive types. In another direction we have
revealed a fibrational structure of the theory which suggested a generaliza-
tion of induction-recursion to a fibrational setting. In both cases we: (a)
gave a finite axiomatization of the theories introduced; (b) brought evidence
of novel applications of these theories not covered by the already expressive
theory of induction-recursion, and finally (c) justified the existence of data

types built within these theories.

147



148 Chapter 7

7.2 Future work

We discuss some other topics which might set for a better understanding of

the theory of induction-recursion.

Composition and normal forms

The theory of (indexed) inductive types benefits, among many others, of a
very natural property, namely composition: if we have dependent polynomi-
als F':Poly(I, M) and G :Poly(M, O) we can build a dependent polynomial
G - F':Poly(, O) such that Pg.p = Pg o Pp. Thus, it is natural to ask if a
similar property holds for general inductive-recursive types, i.e, given codes
v:IR(I, M) and ~":IR(M, O) does there exist a code v :IR(1, O) such that
V1= 1o ?

We gave a partial answer to this question in Chapter 4 by exploiting the
closure property of dependent polynomials. But, the answer to the same
question for general IR-code still remains open. This answer would shed light
on a normal form for IR-codes. The question is so simple to state as the
details to answer it are intricate. Some calculations seem to suggest that it is
possible to give a positive answer for a subset of the codes. Another approach
that one might consider is by modifying the syntax of IR. Conor McBride
(private communication) have explored other systems of codes containing
the IR-codes as a proper sub-system and for which proving composition is
easier. However, this does not settle an answer to the above question since
closure under composition of an host system does not imply that one of its

subsystem shares this property.

An alternative approach to fibered induction-recursion

In the abstraction of IR to a fibrational setting given in Chapter 6 we chose as
starting point the family fibration 7: Fam|D| — Set. This approach was nat-
urally suggested by the axiomatization of the syntax and the semantics given
in Chapter 3. However, the original semantics of IR given by Dybjer and Set-
zer in [39] interprets a code v:IR(Z, O) as a functor [y]: Type/I — Type/O

where Type is the syntactic category arising from the judgements of the Log-
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ical Framework. We have already discussed some drawbacks of moving into
the larger category of types in Remark 3.16. Here we want to sketch how to
combine these approaches to get the best of both worlds. Indeed, it is imme-
diate to see that the embedding Fam|D| < Type/D define a full and faithful
subcategory of Type/D of objects with a small domain. Moreover the host
category of Type/D sits inside Type™ as the fiber above D in the codomain
fibration. In this setting we can get back the interplay between indexed ob-
jects in the fiber and indices in the base category as seen in Chapter 6 via
the domain fibration. The interplay between the domain and the codomain
fibration can then be used to abstract IR in the setting of comprehension
categories (with unit) which are well studied models of dependent type the-
ory. Another motivation to develop this framework is given by the possibility
to compare it with that of Algebraic Set Theory [65] where the distinction
between small and large objects, which seems central to IR, is taken as a
fundamental one: indeed the large category Type more naturally matches a
category of classes where the class of small maps can be singled out via the
generic object given by the the map dis(El): (3 A : Set)EI(A) = Set.

Final coalgebras

In this thesis we have been concerned with initial algebras for IR-functors
and variants thereof. What about their dual, namely final coalgebras? We
mentioned in Chapter 4 that for Small IR-functors these objects have already
been investigated by Capretta under the name of wander types [23] and they
capture previously known-constructions such as mixed induction-coinduction
and continuous stream processors. A general theory of final coalgebras for

IR-functors still needs to be developed.
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