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Abstract

Intuitionistic type theory is a formal system designed by Per Martin-Lof to be a
full-fledged foundation in which to develop constructive mathematics. One partic-
ular variant, intensional type theory (ITT), features nice computational properties
like decidable type-checking, making it especially suitable for computer implemen-
tation. However, as traditionally defined, ITT lacks many vital extensionality
principles, such as function extensionality. We would like to extend I'TT with the
desired extensionality principles while retaining its convenient computational be-
haviour. To do so, we must first understand the extent of its expressive power,
from its strengths to its limitations.

The contents of this thesis are an investigation into intensional type theory, and
in particular into its power to express extensional concepts. We begin, in the first
part, by developing an extension to the strict setoid model of type theory with a
universe of setoids. The model construction is carried out in a minimal intensional
type theoretic metatheory, thus providing a way to bootstrap extensionality by
“compiling” it down to a few building blocks such as inductive families and proof-
irrelevance.

In the second part of the thesis we explore inductive-inductive types (ITTs) and
their relation to simpler forms of induction in an intensional setting. We develop a
general method to reduce a subclass of infinitary IITs to inductive families, via an
encoding that can be expressed in I'TT without any extensionality besides proof-
irrelevance. Our results contribute to further understand II'Ts and the expressive
power of intensional type theory, and can be of practical use when formalizing
mathematics in proof assistants that do not natively support induction-induction.






Acknowledgements

I would like to extend my sincere thanks to the many people that have contributed
to make my PhD studies and my stay in Nottingham the pleasant experience that
it has been.

I am first of all very grateful to my supervisor, Thorsten Altenkirch, for giving
me freedom to explore my research interests while always being there to give helpful
advice and discuss new ideas. I am also thankful to the many people in the type
theory community that have helped me grow, and especially Ambrus Kaposi, with
whom I have collaborated on a paper and had many insightful conversations.

I would like to express my sincere gratitude to all members of the Functional
Programming Lab, particularly the past and present postdocs and PhD students,
for making it an enjoyable and friendly environment where to learn a lot and have
fun.

Finally, special thanks to the Nottingham Japanese Society, for being a source
of many good friends and a weekly distraction from the inevitable stress of research.






Contents

I Introductionl
1__Overview|
2 Background|
2.1 Type Theoryl . . . . . . . . . .
2.1.1 Identity types| . . . . . . . ...
[2.1.2  Strict propositions and h-propositions|. . . . . . . . . . . ..
[2.1.3  Uniqueness of identity proots| . . . . . . . . ... ... ...
2.2 Models of Type Theory{. . . . . . .. ... ... ... ... .....
[2.2.1 Categories with Families| . . . . . ... ... .. ... ... .
[2.2.2  Presheat model of Type Theory| . . . . . .. ... ... ...
[2.2.3  Models ot type theory within presheaves| . . . . . . .. . ..

B Tnduchionsmduction
[3.1 Reducing multi-sorted II'Ts|. . . . . ... ... ... ... ... ...
[3.2  Reducing finitary induction-induction| . . . . . . . .. ... ... ..

II Setoids and extensionality|

[> The setoid model of type theory|

B MLTTT™R .

(.2 Strict setoidmodell . . . . .. ...

(.3  Setoid Type Theory|. . . . . . . . . . .. ... ...
6T % . l

[6.1 Design choices|. . . . . . . ... ...

6.2 Inductive-recursive universes . . . . . . . . ... ... ...



8 CONTENTS

6.3 Inductive-recursive setoid universel. . . . . . . . .. ... ... .. 56
6.4 Inductive-inductive setoid universel . . . . . . .. ... ... L. 58
6.5 Tnductive setoid universel . . . . . . . ... ... 62
[6.6 Inductive setoid universe with general eliminators| . . . . . . . . .. 64
6.6.1 Universe inductionl . . . . . .. .. ... .. ... ...... 65
[7__Conclusion of Part Il 69
(.1 Formalization| . . . . . . . .. ... 69
[(.2 Future workl . . . . . . . . ... 70
(7.3 Related workl . . . ... ... ... ... ... 71
III  Inductive-inductive types| 73
[8  Infinitary induction-induction| 75
[8.1 Example: contexts and types|. . . . . . . . .. ... 76
[8.1.1 Recursive predicates and relations| . . . . . . .. ... .. .. 81

[8.2  Example: the setoid universe II'T} . . . . ... ... ... ... ... 85

[9  Generalizing the encoding| 93
[9.1 Scope of the encoding|. . . . . . ... ... ... ... ... ... 94
[9.2  Target inductive-inductive types/ . . . . . . . . .. . ... 97
9.3 Metatheory and target theory| . . . . . . . ... ... ... ... .. 99
[9.3.1 Metatheory| . . . . . ... ... oo 100

[9.3.2  Target theory| . . . . . . . .. ... 100

(9.4  Specitying Inductive-Inductive Types| . . . . . . . . . ... ... .. 103
[9.4.1 Type Theory as a datatype of specifications| . . . . . .. .. 103

[9.4.2  Linear infinitary II'T's| . . . . ... ... ... ... .. ... . 105

[9.4.3  Specitying linearity] . . . . . . ... ... o0 110

(10 Algebras of 11'T's| 113
(10.1 Algebras| . . . . . . . . . . 114
[10.2 Morphisms, sections, and induction| . . . . . . . ... ... ... .. 118
(10.2.1 Displayed algebras . . . . .. ... ... ... ... ..... 119

[10.2.2 Sections . . . . . . . . . 123

(11 Constructing II'T" algebras| 129
(11.1 Erased types|. . . . . . . . . . ... 130
(11.1.1 Algebras of erased types| . . . . . . .. ... ... .. .... 130

(11.1.2 Displayed algebras of erased types/. . . . . . . . . ... ... 133

[11.1.3 Sections of erased algebras) . . . . . . . .. ... ... .... 137

(11.1.4 Existence of erased types|. . . . . . . . . . ... ... .... 140




CONTENTS

[11.2 Well-formedness predicates| . . . . . . . . . . . .. ... ... ....
(11.2.1 Algebras of well-formedness predicates| . . . . . . ... ...
(11.2.2 Inversion principles| . . . . . . . . . . . ... ... ... ...
(11.2.3 Existence of predicate types . . . . . . . .. . ... .. ...

(11.3 ITT X-algebral . . . . . . . .. . . ... L
U1.3.1 >-constructionl . . . . .. . ... . .. ... ...
(11.3.2 Existence of II'T algebras| . . . . . ... ... ... ... ...

(12 Defining the II'T eliminators|
2.1 Eliminator relationsl . . . . . . . . . .. . ... . ... L.
(12.1.1 Relation algebras| . . . . . ... ... .. ... ... ... ..
(12.1.2 Inversion principles| . . . . . . . . . . ... ... ... ...
12.1.3 Existence of the relationd. . . . . . ... ... .. ... ...
(12.2 Left-totality of the relations| . . . . . . . . .. ... ... ... ...
(12.2.1 Specifying lett-totality| . . . . . . ... ... ... ... ...
(12.2.2 Proving left-totalityl. . . . . . . . ... ... ... ... ...
[12.3 Constructing the sections|. . . . . . . ... .. ... ... ... ...

13 Conclusion of Part 11|
[13.1 Beyond linear and infinitary II'Tsf . . . . ... ... ... ... ...
(13.1.1 Fiitary II'l's| . . . .. . ... ...
13.1.2 [inearization of non-linear II'1sl . . . . ... ... ... ...




10

CONTENTS



Part 1

Introduction

11






Chapter 1

Overview

Intuitionistic type theory is a formal system designed by Per Martin-Lof to be
a full-fledged foundation in which to develop constructive mathematics [Mar75,
Mar84]. A central aspect of type theory is the coexistence of two notions of
equality. On the one hand definitional equality, the computational equality that is
built into the formalism. On the other hand “propositional” equality, the internal
notion of equality that is actually used to state and prove equational theorems
within the system. The precise balance between these two notions is at the center of
type theory research; however, it is generally understood that to properly support
formalization of mathematics, one should aim for a notion of propositional equality
that is as extensional as possible.

Two extensionality principles seem particularly desirable, since they arguably
constitute the bare minimum for type theory to be comparable to set theory as a
foundational system for set-level mathematics, in terms of power and ergonomics.
One is function extensionality (or funext), according to which functions are equal if
point-wise equal. Another is propositional extensionality (or propext), that equates
all propositions that are logically equivalent.

Type theory with equality reflection, also known as extensional type theory
(ETT) does support extensional reasoning to some degree, but unfortunately
equality reflection makes the problem of type-checking ETT terms computationally
unfeasible: it is undecidable.

On the other hand, intensional type theory (ITT) has nice computational prop-
erties like decidable type checking that can make it more suitable for computer
implementation, but as usually defined (for example, in [Mar75]) it severely lacks
extensionality. It is known from model constructions that extensional principles
like funext are consistent with ITT. Moreover, I'TT extended with the principle
of uniqueness of identity proofs (UIP) and funext is known to be as powerful as
ETT [Hof96]. We could recover the expressive power of ETT by adding these
principles to ITT as axioms, however destroying some computational properties

13



14 CHAPTER 1. OVERVIEW

like canonicity.

What we would like instead is a formulation of ITT that supports extension-
ality, while retaining its convenient computational behaviour. Unfortunately, this
vision does not seem attainable if we want our theory to enjoy canonicity while
also implementing equality as the standard Martin-Lof’s identity type inductively
defined from reflexivity: in that setting, canonicity implies that if two terms are
propositionally equal in the empty context, then they are also definitionally equal.
This is incompatible with function extensionality, since that would allow, for exam-
ple, to equate the otherwise intensionally distinct functions Ax . x+0 and Ax . 0+x.
One first step towards a solution is to give up the idea of propositional equality as
a single inductive definition given generically for arbitrary types. Instead, equal-
ity should be specific to each type former in the type theory, or in other words,
every type former should be introduced alongside an explanation of what counts
as equality for its elements.

This idea of pairing types together with their own equality relation goes back
to the notion of setoid or Bishop set. Setoids provide a quite natural and useful
semantic domain in which to interpret type theory. An early version of the setoid
model was proposed by Hofmann to justify function extensionality without rely-
ing on funert in the metatheory [Hof95], however the model posed issues when
attempting to introduce universes and large elimination.

An alternative variant of the setoid model was published by Altenkirch in
[A1t99]. The construction is carried out in a type-theoretic metatheory with a uni-
verse of definitionally proof-irrelevant propositions, which results in a model that
validates all the necessary equations stm'ctlyﬂ, and that supports universes/large
elimination. This model, which we refer to as the strict setoid model, was later
shown in [ABKT19| to validate a universe of strict, definitionally-proof irrelevant
propositions internalizing the metatheoretic one.

The strict setoid model satisfies all the extensionality principles that we would
like to have in a set-level type theoryP] but it is not a syntactic theory and therefore
inadequate for mathematical reasoning as-is. The question is thus whether we can
formulate a version of intensional type theory inspired by this model, that supports
setoid reasoning and consequently the forms of extensionality enabled by it.

This question was revisited and answered in Altenkirch et al. [ABKT19]. In this
paper, the authors define Setoid Type Theory (SeTT), an extension of intensional
Martin-Lof type theory with constructs for setoid reasoning, where funext and
propezt hold by definition. SeT'T is based on the strict setoid model, the strictness
of which makes it possible to show consistency via a syntactic translation. This is
in contrast with other type theories based on the setoid model, like Observational

LA strict model is one where every equation holds definitionally.
2In the sense of HoTT we mean a type theory limited to h-sets.
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Type Theory (OTT) [AMS07], which instead rely on ETT for their justification.
A major property of SeTT is thus to illustrate how to bootstrap extensionality,
by translation into a minimal intensional core. In the same lineage of SeTT is
XTT [SAG1Y|, an version of intensional MLTT presenting a cubical reconstruction
of OTT. With similar goals and scope, XTT provides an alternative to SeTT as
a syntactic theory of setoids, although with quite different syntactic style and
semantic justification.

SeTT as defined in [ABKT19| is already a rich theory, but its universes are
limited to propositions. We would like to extend the theory with a universe of
setoids, so as to properly internalise the notion of type. This goal brings up
several questions, one of which has to do with the notion of equality with which the
universe should come equipped: the universe of setoids is itself a setoid (since any
type is) so it certainly cannot be univalent, as setoids lack the necessary structure.
Another issue is the way such universe can be justified by the setoid model, and in
particular what principles are needed in the metatheory to do so. The appeal of
the original strict setoid model [A1t99] is that it explains extensionality by reducing
it to a core intensional theory, so it seems desirable to implement any extension
to it in a way that would preserve this property.

We thus have this tension between wanting our metatheory to be expressive,
while at the same time keeping the set of core primitives as minimal as possible. A
way to achieve this is to encode seemingly complex constructs in terms of simpler
ones. A typical example is the reduction of inductive families to (indexed) W-
types, a corollary of which is that merely extending a type theory with a single
type constructor (that is, W-types) equips it with the full expressive power of
arbitrary inductive definitions [Dyb97, Hug21].

These encoding/reduction methods are often of interest in the metatheoretic
study of type theory. One reason is that they further our understanding of the
concept being reduced, by explaining it in terms of well-understood building blocks.
Moreover, they strengthen metatheorems, by showing that some assumptions can
either be simplified or eliminated.

There are also practical reasons, like simplified exposition: these reductions
allow us to replace a type theory with another that is equivalent in expressive
power, but syntactically simpler. This is certainly desirable in metatheoretic stud-
ies, where type theories are the objects of our statements and proofs. For example,
when studying the metatheory of type theory with inductive types, it is much more
convenient to just assume the presence of W types rather than to work with general
definition schemas.

Another practical benefit of these encodings is that they inspire ways to extend
the capabilities of existing type-theoretic proof-assistants beyond their original
design. Inductive-inductive types (IITs) [NF13] are a particularly evident example,
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since several well-known and widely-used proof assistants like Coq or Lean do
not directly support them. Some forms of induction-induction are known to be
reducible to plain inductive families [KKL20,vR19|, which means that these proof-
assistants could be made to support them (for example, via metaprogramming)
without the need to change the core foundational theory [vR22].

The theme of reducing and explaining complex structures in terms of simpler
building blocks is central to this thesis’s work. In a modest attempt to pursue this
general idea, we contribute a few novel results targeting two distinct but related
topics.

We begin by presenting work towards equipping SeTT with a universe of se-
toids. Specifically, we show how to extend the strict setoid model with semantics
for such universe. In line with the design choices of previous formulations of
the model [Alt99,/ABKT19], we try to keep the metatheory as minimal and inten-
sional as possible. Accordingly, we construct the setoid universe in multiple stages,
first by relying on complex forms of induction-recursion and infinitary induction-
induction which are gradually reduced to simpler forms of induction. The final
result is a setoid universe that can be encoded via plain inductive families, in a
modest extension of intensional type theory. The universe is shown to validate
Judgmental closure under type formers, in addition to universe induction/typecase
principle with propositional g-laws. We accompany our work with a complete
Agda formalization.

The aforementioned universe construction process goes through the reduction
of an infinitary inductive-inductive type to its encoding as plain inductive families.
Despite the relative complexity of the “source” II'T we were able to carry out our
encoding with only modest extensions to the metatheory, which notably does not
include function-extensionality nor propositional extensionality, let alone equality
reflection. A question that naturally arises is thus whether the same encoding
can be applied to other infinitary IITs in addition to the one used for the setoid
universe. Our second major contribution is work towards answering this question.
We present and formalize a general method to reduce a subclass of infinitary II'Ts to
inductive families, and encode them in an intensional type theory without funezt.
The construction draws from a known method to reduce finitary II'Ts to inductive
families [vR19], adapting it to apply to the infinitary case.



Chapter 2

Background

2.1 Type Theory

Intuitionistic Type Theory is a formal system designed by Per Martin-Lof to
provide a precise and rigorous framework for developing constructive mathemat-
ics [Mar75,|Mar84]. The main constructions in type theory are types and elements
of types. Its inference rules specify how to derive judgments, which are used to
assert that something is a type, a term of a certain type, and that two types or
terms are equal by definition. A fundamental aspect of type theory is that types
constitute the primitive structure, on top of which logic is derived. The imple-
mentation of logic in type theory is based on the propositions-as-types principle,
where propositions are identified with (certain) types, and proofs of a proposition
with elements of the representing type.

Traditionally, type theory has often been presented as a form of typed A-
calculus, usually in a set-theoretic metatheory. These systems are defined by a
set of grammar rules for untyped terms giving the “raw” syntax, and a set of
“typing” inference rules that assign typing to the raw terms. For example, the
simply-typed A-calculus can be defined as the following set of untyped terms Tm
and typing rules:

Tmot,su=uz| et |ts

Lo:AFt:B Ft:A—-B T'ks:A
e: A AFx: A 'EXeit:A— B 'Hts: B

This style of presentation is also called extrinsic, since the notion of type is
applied to the syntax post-facto. We will instead present type theory in an intrin-
sic style, where the syntactic terms are defined together with their typing. This
approach is equivalent to defining type theory as a finitely-presented generalized
algebraic theory [Car86]. We have sorts for contexts, types, and terms, as well as
corresponding judgments about objects of these sorts:

17



18 CHAPTER 2. BACKGROUND

A sort Con of contexts; the judgment I' : Con states that I' is a context;

A sort Sub of substitutions, for any contexts I'; A : Con; the judgment o :
Sub I' A states that o is a substitution between contexts I', A;

A sort Ty I' of types, for any context I' : Con; the judgment A : Ty I' states
that A is a type in context I';

A sort Tm I' A of terms, for any context I' : Con and type A : Ty I'; the
judgment ¢t : Tm ' A states that ¢ is a term in context I', of type A;

Given types A, B of equal sort, or terms t,s of equal sort, the judgments
A = B and t = s state definitional equality between the types and terms
respectively.

Remark 2.1.1. If the specification of sorts and judgments shown above looks
like the specification of an inductive type, that is because it precisely is one
[AK16]. More specifically, the syntax of type theory can be alternatively pre-
sented as the signature of a Quotient Inductive-Inductive Type (QIIT), with the
sorts Con, Ty, Tm, Sub given as type constructors of the QIIT, and the definitional
equalities given as path constructors. -

In addition to these forms of judgment, we also have inference rules specifying
how to construct evidence for these judgments. For example, we have context
formation rules explaining how to derive valid contexts, as well as substitution
rules governing how substitutions are formed, applied, and computed. In addition,
for every type former T to be included in the theory, we have

e Formation rules, explaining how to show that T is a well-formed type;

e Introduction rules, explaining how to construct well-typed elements of T
called canonical forms;

e Elimination rules, explaining how to use elements of T to define new expres-
sions of other types with elimination forms;

e Equations, stipulating when a certain configuration of terms should be con-
sidered definitionally equal to another.

We now give some examples of rules for each of the categories mentioned above.

Rules for context formation Well-formed contexts are either the empty con-
text or a context obtained by extension.

I': Con A:TyTD
e : Con I'> A: Con
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Rules for substitutions Substitution rules both specify how substitutions are
built, as well as how they interact with the terms of the type theory. This treatment
of substitutions is close to what is known as explicit substitutions [ACCL89)| in the
context of A-calculi.

We have rules for applying substitutions to types and terms:

A:Tyl'  0:S5b AT . TmITA  o:SubAT
Alo] : Ty A tlo] : Tm A (Alo])

Then we have introduction rules for substitutions.

T : Con T : Con o:Subl' A t:Tm A Alo]
id:SubI'T" e:Subl' e o,t:Sub T (A A)
oc:SubT' A 7:Sub QT o:Subl' (A, A) o:Subl' (A, A)
Too:SubQ A m o :SubT' A moo: TmID (Alm o))

We employ a nameless syntax where explicit variable names are replaced by
De Bruijn indices [de 72|, built up from the free variable vz and weakening wk:

wk : Sub (I'A) T vz:Tm (I'> A) (A[wk])

wk = m; id VZ 1= 9 id

Thus for instance we can index the free variable of type A in a context I'> A
B C as:

vziwk owk] : Tm (I'> A> B> C') (A[wk o wk o wk])

We can and will occasionally write explicitly named variables as a matter of
convenience, taking it as syntactic sugar for the equivalent nameless notation. We
may also drop weakening substitutions if they can be inferred from context. As
an illustrative example, we can compactly rewrite the judgment above as:

a:Tm(T'pa:Avb:Brc:C) A

We have equality judgments explaining how to compute with substitutions

idoo =0 (coT)op=00(T00)
coid=o0 (0,t) o0 = (000),t[o]
m (6,t) =46 (m1 0,3 0) =46

o=c¢(foro:SubT e)
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and how substitutions interact with types and terms

Alid] = A Ald][o] = Al§ 0 o]
tlid] = ¢ t[0][0] =[5 0 o]

T (6,a) = a

The components given so far constitute a standard presentation of a substitution
calculus for type theory. Its structure directly follows from our understanding of
models of type theory as certain kinds of categories (such as CwFs). In those
settings we require, for example, contexts to form a category with a terminal
object, types Ty to be a presheaf on contexts, and terms Tm to be a presheaf on
J Ty. A simple unfolding of these constraints gives rise to the constructors and
equations shown above.

Rules for type formers For each type former that we want to include in the
theory, we provide rules of formation, introduction, and elimination, in addition
to computation equations.

As an example, we now give rules for II-types and Y-types. II-types, or depen-
dent function types, are a dependently typed generalization of function types, in
which the type of the codomain can depend on the value of the argument to the
function.

A:TyTl B:Ty (I'> A) t:Tm(I'>A) B t:TmT (IT A B)
IMAB:TyD At:TmTI (Il A B) appt:Tm (I'v A) B
app (A 1) (8)

=t
Aappt) =t  (n)

Note that we define application as the inverse of A-abstraction. We can derive
the more familiar application operator from the current one:

t:TmT(IAB) w:TmT A
t-u:= (app t)[id,u] : Tm I" (BJid, u))

Y-types, or dependent pairs, are a dependently typed generalization of the
cartesian product, where the type of the second component of the pair can depend
on the value of the first component of the pair. We overload the projection symbols
1, 7.
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A:TyT B:Ty (I'> A) a:TmI'A b: Tm T BJid, d]

YAB:TyT (a,b)y : TmT (¥ A B)
p: TmI (X AB) p: TmI (X AB)
mp:ImIl A mep: Tm D Blld, m p

T <CL, b> =a (51)
Up)] <CL, b> =b (ﬁQ)
(mip,map)=p (1)

In addition to these rules, we also have rules explaining how substitutions
interact with the new type and term formers. For example:

(ITA B)[o] =L (A[o])(Blo T 4]) (X A B)[o] = X (A[o])(Blo 1 A])
{a,b)[o] = (plal, glo]) (lam t)[o] = lam (t[o T A])

where 0 1 A = (0 o id), 7y id.

Rules for the universe With the rules seen so far we can construct types and
their elements, but we cannot formulate and prove statements about types them-
selves within the system. We thus introduce a universe U of types, whose elements
are codes standing for types of the theory. We turn codes into the corresponding
types by an operation &I, together with a rule stating that if A : U is a well-formed
code for a type, then £l A is a well-formed type. Types in the universe are also
called small types, to distinguish them from large types like U itself which must
not be contained in U to avoid paradoxes.

I': Con A:TmT U
U: Tyl EIA:TyT

This presentation of universes is called d la Tarski. A universe d la Russell is
one where universe codes and the corresponding types are syntactically identified.

We usually consider universes that are closed under the same type-forming
operations of the Ty judgment. For example, to close U under II-types we can add
a m constructor with a rule

A: TmT U B:Tm (I'v&lA)U
TAB:TmT'U




22 CHAPTER 2. BACKGROUND

We then usually require that £l commutes with the constructors of . For
example, in the case of II-types:

El(r A B) =11 (€1 A) (€1 B)

This is sometimes called judgmental closure under type formers.

2.1.1 Identity types

A crucial aspect of Martin-Lof Type Theory is the identity type, the elements of
which are proofs that two terms of a given type are equal.

A:TyT' a:TmT A b:TmT A a:-TmT A
ldaab: Ty T refla: Tm T" (ld4aa)

Given terms a, b of some type A, one can form a new type Id 4 a b of proofs that
a and b are equal. The only constructor is refla : ld4 a a, witnessing reflexivity.

The J eliminator gives the induction principle of identity types, stating that
to define a term depending on a proof of equality, it is sufficient to consider the
reflexivity case.

M:Ty(Tvx:Abp:ldsax)
m: Tm ' M]a, refl ]
a:TmI' A b:TmI'A  p:TmT (Idsab)

Jymp:Tm T Mlid, b, p

There are different, essentially equivalent ways to formulate the J eliminator.
The version shown above is due to Paulin-Mohring [PM93], and fixes one of the
two endpoints of the identity proof as a parameter, while leaving the other free as
an index. Another version has both endpoints ranging as indices.

The computation rule expresses that J applied to refl is exactly what we have
specified it to be for the reflexivity case.

Jym (refla) =m

Some formulations of type theory [Mar84] include, in addition to identity types,
a so-called reflection rule which stipulates that any propositional equality can be
considered definitional.

p:TmT (ldsabd)
a=">b
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Adding a reflection rule to a type theory makes its definitional equality unde-
cidable, as equality becomes contingent on proofs of inhabitation of identity types,
which is generally an undecidable problem.

Systems of type theory including the reflection rule are usually referred to
as Eztensional Type Theory (ETT). In contrast, we talk about Intensional Type
Theory when the rule is not included.

2.1.2 Strict propositions and h-propositions

Under a literal interpretation of the propositions-as-types paradigm, the notion of
proposition isn’t a primitive aspect of the theory: the types are primitive, and we
take some of them to represent propositions, with their terms and proofs.

Nevertheless, not all types are morally propositions, and in a type theory with
identity types we can internalize the notion of proposition as a type with at most
one element, or equivalently, one where all its elements are equal.

isProp A:=1l(z: A) Il (y: A) (Ida z y)

By this definition, being a proposition is an emergent property of types that
requires proof. This kind of propositions are also known as h-propositions [Thel3].
An alternative approach is to have a judgment stipulating how to derive propo-
sitions. In this setting, being a proposition is a static property evident by con-
struction rather than proof. We call propositions of this kind strict propositions
A way to implement this idea is to have a universe of strict propositions

I': Con P:TmI' P
P:TyT Elp P: Ty

so that a term P is a strict proposition whenever P : Tm I' P is derivable.
Strict propositions are derived similarly to types, with formation, introduction,
elimination, and computation rules. For example:

P:TmTP Q:TmTP p:TmT(ElpP) ¢:TmT (Elp Q)
PAQ:TmID'P (p,q) : Tm T (Elp (PANQ))

The static nature of strict propositions makes it easier to imbue them with addi-
tional features like definitional proof-irrelevance, an extensionality principle which
stipulates that any two elements of a strict proposition are equal by definition.

pr:TmID (Elp P) po:TmI (Elp P)
pP1 = D2

Strict propositions are less flexible than h-propositions: we cannot dynamically
turn a proof-relevant type into a strict proposition by proving its propositionality,
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nor we can eliminate strict propositions in a proof-relevant context. However,
they have the advantage of allowing additional computation via definitional proof-
irrelevance, by which any two proofs of the same proposition can be automatically
replaced with one another as part of the type-checking phase.

Strict propositions are featured in the Lean theorem prover [{MKAT™15], and
have recently found their way into Coq and Agda [GCST19].

2.1.3 Uniqueness of identity proofs

Uniqueness of identity proofs (UIP) is the statement that any two proof terms
of the same equality type are identified. In classical mathematics this principle
wouldn’t even deserve a name, since equality is always a proposition. In type
theory, however, equality is a type, and its propositionality must be established
by proof unless baked into the system itself. UIP is not directly provable in type
theory, as shown by Hofmann and Streicher with a counterexample in groupoids
[HS98]. It can, however, be consistently added to some forms of type theory, and
it may be desirable to do so in some scenarios. For instance, ETT is conservative
over intensional type theory with function extensionality and UIP [Hof96].

2.2 Models of Type Theory

We will use category theory as a framework to define abstract notions of semantics
of dependent type theory. The advantage of this kind of abstraction is that it makes
easier to show that a given mathematical structure models type theory, by showing
that it is an instance of the abstract framework |[Hof97].

We will consider one notion of model of type theory due to Dybjer, namely
categories with families (CwFs) [Dyb95].

We use Extensional Type Theory (ETT) as the metalanguage; we write = : A
for a term x of type A; we write (x : A) — B for the type of dependent functions,
and X(z : A) B for the type of dependent pairs; we write = for equality. We
construct functions via abstraction Ax .t and pairs by pairing z,y. As part of
the tools of ETT, we recall function extensionality and uniqueness of identity
proofs (UIP), to which we add schemas for inductive definitions and a cumulative
hierarchy of universes Type,, Type,, ... closed under the standard type formers.

We assume some basic background of category theory. For a category C, we
write |C| or simply C for the typeE] of objects, and C(c, ) for the set of morphisms
between objects ¢ and ¢ in C, and sometimes just ¢ — ¢ when C is clear from the
context. Given a functor F', object ¢ and morphism f of the appropriate types,
we write F' ¢ and F f for the functorial action. We write Sets for the category

INote that our types here are all “sets” in the sense of HoTT.
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of types and functions between them; we abuse notation and implicitly take Sets
to be parametric over universe levels, thus allowing it to be used for “sets” larger
than those in Type,.

Given a presheaf I’ : C°? — Sets, we define the category of elements of I’ as
| [F| := 3(c: C)(F ¢) and ([ F)((¢,),(d,a") == 3(f : Cle,d))(F f 2 = x).
When applying a functor of the form H : [ F' — D, we often omit the equality
proofs and write H f instead of H (f,p).

2.2.1 Categories with Families

A category with families (CwF) is comprised of the following:

e A category C of semantic contexts and context morphisms (substitutions),
with a terminal object to model empty contexts;

e A presheaf Ty : C°? — Sets mapping semantic contexts to a collection of
types; for A: Ty I" and o : C(A,T'), we write A[o] = Ty 0 A;

o A presheaf Tm : ([ Ty)®» — Sets on the category of elements of Ty, mapping
semantic types in a context to a collection of terms of that type; for ¢ :
Tm (I, A) and o : C(A,T), we write tjo] = Tmo t

e For I' and A : Ty I', a context extension I'.A : C together with projections
ps @ C(TAT) and v4 : Tm(I".A, A[p,]) such that for each o : C(A,T)
and M : Tm(A, A[o]), there exists a unique morphism (o, M), : C(A,T".A)
satisfying p,4 o (o, M) 4 = o and va[{(o, M) 4] = M.

We will often write o : I' — A in place of o : C(I', A) for morphisms, when
the category C is clear from the context.

Weakening Given 0 : A — " and A : Ty I', we can define the weakening of o
by A, q(o,A) : A.Alo] — TI'. A, as follows

q(o,A) = (oo PA[U]>VA[o]>A

A weakening map is a morphism of the form p, : I''A — I, or of the form
q(w, A) where w is a weakening map. Syntactically, it corresponds to the usual
weakening of a context of assumptions.

We sometimes write AT and M* for Ajw] and M[w] if w is a weakening map
that is clear from the context, and o for q(c, A).
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Semantic type formers

The definition of a CwF only considers the rules that are common to all systems
of dependent types, in particular those about typing judgments and substitutions.
In order to interpret type formers, we must give specifications for semantic type
formers that a CwF must be equipped with in order to faithfully match the syntax.
We give such specification for Il-types and identity types, referring the reader
to |[Hof97] for the full details of these and other type formers.

[I-types A CwF supports II-types if for any I' : C and semantic types A : Ty I’
and B : Ty (I'.A), there exists a semantic type Il A B : Ty I', a semantic abstrac-
tion operation lam : Tm(I""A, B) — Tm([',II A B), and a semantic application
operation app : Tm(I',; 1A B) — Tm(I".A, B), such that the following equations
hold

app(lam M) =M (lam M)[o] = lam(M|[q(c, A)])
lam(app M) = M (app M)[o] = app(M[p o o))
(LA B)[o] = I1(Alo]) (Bla(o, A)])

We can recover the familiar binary application operator _- _ from the available

app: fort: Tm (I',I1 A B) and uw: Tm (I, A), we define t - u := (app t)(id, u) 4.

2.2.2 Presheaf model of Type Theory

Given a category C, the category C of presheaves on C admits a CwF structure
and is therefore a model of type theory. We now sketch the construction using
[Hof97,|Laol7] as a reference, where more details can be found.

We model contexts as presheaves, and substitutions as natural transformations.
Given a context I', we define Ty I' as the type of presheaves on [I'. In both
cases, we define presheaves to be ranging over some sort/universe Type in the
metatheoryﬂ. We have a context extension operation defined as follows

T A c:=X(v:Te)(A (c,7))
(TA) f (v,a) =T f~v, A fa

We define a term a : Tm I" A to be a function a : (¢: C)(y: T ¢) = A (¢,7) such
that for all 4,7 : C, f : C(j,i), and  : I 4, the equation A f (aiy)=aj (I f~)
holds.

2We avoid discussing size and universe levels in too much detail, however we do point out
that the size of Ty as a presheaf is clearly larger than any presheaf A : Ty I', as the type of small
presheaves is not small.
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Given o : I' — A, we obtain ¢’ : ([ T)? — ([ A)° in the obvious way. We
thus define substitution as A[o] := Aog’. For terms, we define (t[o]) ¢ :=t co(o c¢).

We can also model all the usual type formers, like IT and >-types. For example,
given I': Con, A: Ty I', B : Ty (I'.A), we define:

(TAB) (¢,y) =V (h:C(,¢))(a: A(d,T hv))—= B(,I"h~,a)

We can also model extensional (in the sense of the reflection rule) identity
types:

(ldazy) (c.7):=xzcy=ycy

Universes

If the metatheory is equipped with a cumulative hierarchy of universes [Mar75,
Pal98] Type, : Type, : ... : Type,, : ... : Type, these can be lifted to universes in
a presheaf category [HS97]. In particular, we obtain a hierarchy of presheaves Ty,
for all ¢. Similarly to Ty, we define Ty, I' as the type of Type,-small presheaves
on [T, ie. presheaves H such that H x is a type in Type; for all x.

We thus extend the CwF structure of C with types U; : TyI' and families
E TmI'U; — TyT for all i, such that U; is closed under the same type formers
as Type,.

Recall the Yoneda embedding y : ¢ —» C, mapping ¢ : C to the presheaf yc
such that yc x := C(z,c). We define a universe presheaf U; as U; z := Ty, (y 7).
Note that from any presheaf H, we can obtain a constant type K H : Ty I' in the
obvious way. Hence we define U; := KU;, and & ac = acid.,.

We have the following representation isomorphism Ty, I' = Tm I' U;, or equiv-
alently, since U4; is constant, Ty, I' = C(I',{), both natural in I' [Lao17].

2.2.3 Models of type theory within presheaves

As shown in the previous paragraphs, for any category C the presheaf category ¢
is a model of extensional type theory. This allows us to use type-theoretic syntax
as the internal language of C to express constructions in it.

When C is equipped with a CwF structure, we can use the internal language
of C to talk about constructions in the CwF C in a succinct way.

For example, we can reflect the semantic types Ty : PSh(C) and terms Tm :
PSh([ Ty) of C as the following (internal) terms:

Ty: U
Tm:Ty—=U
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Viewed externally, this requires us to define natural transformations Ty:C (L,U)
and Tm : C(1, Ty — U). By U’s representation equivalence, C(1,U) = PSh([ 1) =
PSh(C), hence we have

T_y: PSh(C)
T_y =Ty

Similarly, by U’s representation equivalence and cartesian closure, C (1, Ty —

A —

U) = C(Ty,U) = PSh([ Ty) = PSh([ Ty), hence we have:

Tm : PSh([ Ty)
Tm:=Tm

We can similarly reflect the type formers of C’s CwF structure in C. For
instance, we can represent II : (A : TyI') — Ty(I'> A) — TyI internally as
follows:

MI:(A:Ty) = (TmA = Ty) = Ty

Note that the reflected terms do not make any mention of contexts and sub-
stitutions in C; these have been hidden under the presheaf structure of ¢ , which
ensures that any construction we carry out automatically respects the CwF struc-
ture of C and its laws. Moreover, as shown in II, we express type dependency by
exploiting the dependent function type of the internal language, in a way that is
reminiscent of higher-order abstract syntaxr [PESS].

This idea of abstracting CwF structures via presheaves goes both ways: instead
of using presheaves to describe and talk about a specific existing model, we can
use it to specify type theories and their notion of models ex novo, in a way that is
equivalent to CwFs but that saves us from mentioning contexts and substitutions
at all. We start by specifying the sorts, type, and term formers of our type theory
using the internal language of presheaf categories. For example, the following list
specifies a type theory with (extensional) II-types.

Ty: U

Tm: Ty —=U

II:(A:Ty) > (TmA—Ty) > Ty

app:VAB, Tm(TAB)~((a: TmA) — Tm(Ba))
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where ~ is isomorphism. A model of this theory is then given by a category C
with a terminal object, and an interpretation of the terms above in C.

If we unfold this notion of model internal to C, what we obtain externally is
the same as the structure of a CwF on top of C specifying the type theory aboveEL
or equivalently an algebra for the signature of a quotient inductive-inductive type
(QIIT) describing the theory. Both the CwF structure and the QIIT are signif-
icantly more verbose since they include sorts and constructors for contexts and
substitutions, as well as equations governing them, all of which are implicit in the
internal model presentation [BKS21]. This internal formulation is therefore very
convenient when one wants to prove meta-theorems about a type theory by reason-
ing about its models: by working in the internal language of presheaves categories,
we can define and reason about such models in a succinct way, without having to
keep track of contexts and stability under substitutions.

3Actually, for this formulation of models to be equivalent to the full structure of a CwF,
and in particular to obtain the property of context extension such that C(I', A > A) ~ X(v :
C(T,A))(TmT Alo]), we need to define Tm as a family of locally-representable presheaves. This
can be done by defining a suitable sub-universe U* and asking for a U*-valued family Tm [BKS21].
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Chapter 3

Induction-induction

Induction-induction is a schema in type theory that allows one to inductively define
a type A : Type mutually with a family B : A — Type over A [NF13]. Inductive-
inductive types (IITs) come equipped with elimination principles induced by their
inductive structure. Consider an arbitrary IIT (A : Type, B : A — Type); the
most general form of (dependent) eliminator is given by functions

elimy:(a:A)— Fa
elimp:(a:A) — (b: Ba)— Gab(elimy a)

for each pair of motived| F : A — Type and G : (a: A) = (b: Ba) - F a —
Type.

Note that the form of type dependency in the sorts of the IIT is naturally
reflected in the type of its eliminators: that is, one of the functions above, elim 4,
appears in the type of the other, elimg. We say that the two functions are recursive-
recursive, after [NF13].

A simpler notion of eliminator does not require the second component of the
motive to mention the first: for motives F': A — Type and G: (a: A) - B a —
Type, we have functions

elim,:(a:A) = Fa
elimy:(a: A)b:Ba)—Gab

Note that this elimination principle—that we call simple elimination after
[NF13]—is no longer recursive-recursive, since elim, is not mentioned in the type
of elimpg.

Induction-induction allows for an arbitrary number of sorts to be defined si-
multaneously. An example of multi-sorted IIT is given by the intrinsic definition

'We refer to the target types and terms of the induction as motives and methods, respectively.

31
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of a dependent type theory in type theory, where each sort implements a different
form of judgment [Cha09, AK16]. We illustrate this with a minimal syntax with
contexts Con, types Ty, and terms Tm (and no equations):

Con : Type
Ty : Con — Type
Tm: (I': Con)(A: Ty I') — Type

nil : Con

ext: (I': Con) — Ty I' — Con

iota: (I': Con) - Ty I'

pi: (I':Con)(A:TyT) > Ty (extI' A) = Ty I’

lam :V{I' AB} - Tm (extI' A) B—Tm7T (pi' A B)

What characterizes IITs in contrast to other forms of induction is that con-
structors can refer to other constructors that are defined within the same mutual
definition. For example, in the signature shown above the type constructor pi
refers to context extension ext, whereas lam refers to both ext and pi.

Recursion-recursion In dependent type theory, recursive definitions are usu-
ally expressed as instantiations of the elimination principle of some inductive type.
The elimination principle for inductive families is strong enough to express a wide
variety of recursive definitions, including many forms of mutual recursion.

A mutual recursion schema that does not seem to arise from inductive families is
recursion-recursion. Informally, we say that a group of mutually-defined functions
is recursive-recursive when some of those functions appear in the type of other
functions in the same group. We have seen this pattern of dependency just now,
in the general eliminators for inductive-inductive types: recall that, for example,
given an IIT A : Type, B : A — Type and motives F : A — Type and G : (a :
A) — (b: B a) —» F a — Type, the corresponding general eliminators can be
expressed as the following pair of functions

elimy:(a:A)— Fa
elimg:(a:A) - (b: Ba)— Gab(elimy a)

Thus, one way to make the concept of recursion-recursion precise is to frame it
as the form of recursion induced by the induction principle of IITs [NF13|. From
this point of view, “recursion-recursion” is simply an informal label for particular
instantiations of II'T eliminators. We are not aware of alternative treatments of
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recursion-recursion outside the context of induction-induction; therefore, in this
thesis we will largely use recursion-recursion in conjunction with IITs, in the sense
just described. An exception to this is Section [6.2], where we give a first approxi-
mation of a universe construction in the strict setoid model of type theory as an
inductive-recursive-recursive (IRR) type; given the difficultly to express IRR def-
initions in terms of well-understood forms of induction, we will quickly proceed,
in Section [6.4], to reduce this first universe construction to one that only relies on
induction-induction and its induction principles.

3.1 Reducing multi-sorted IITs

Many instances of multi-sorted II'Ts can be reduced to equivalent two-sorted IITs,
via a systematic reduction method originally observed by Zongpu (Szumi) Xie
[Kap19]. We are not aware of a formal proof of this construction for arbitrary IITs,
but we conjecture that it does apply to all instances of induction-induction and
consequently that it shows two-sorted II'Ts are enough to represent any specifiable
IT.

We illustrate the idea of this reduction with an example. Let us consider the
small type-theoretic syntax Con, Ty, Tm defined a few paragraphs above. We define
a two-sorted IIT V : Type,F : V — Type, with the idea to use V to encode the
sorts of the multi-sorted II'T, and F to encode its constructors:

Cony : V
Tyy : F Cony = V
Tmy : (I': F Cony) = F (Tyy I') = V

nilg : F Cony

extg : (I': F Cony) — F (Tyy I') — F Cony

iotag : (I": F Cony) — F (Tyy I')

pip: ([': FCony)(A:F (Tyy I')) = F (Tyy (exte I" A)) — F (Tyy I')
lamg : V{I' AB} - F (Tmy (exte ' A) B) = F (Tmy T (pir ' A B))

We can easily model the types of the original IIT by defining
Con := F Cony Ty :=F (Tyy I TmIA:=F(Tmy ' A)

Modeling the constructors is straightforward, as they are just exactly their V/F
counterparts: nil := nilg, ext := extg, etc.
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The eliminators follow just as easily from the induction principle of V/F. For
example, given motives Con?, Ty?, Tm? and methods nil”, ext?, iota”, ..., we can
define the eliminators for Con/Ty/Tm

elimcon : (I': Con) — Con” I’
elimp : (A: Ty ') — Ty” (elimeon ')
elimrm : (t: Tm T A) — Tm® (elimcon ) (elimy, A)

by mutual recursion-recursion:

elimcgn nilg .= nil?
elimcon (exte I' A) := ext? (elimeon T) (elimp, A)

elimy, (iotag I') = iota” (elimcon I)

3.2 Reducing finitary induction-induction

Induction-induction is as powerful as it is complex, and both the syntax and se-
mantics of IITs is topic for current research. Because of this, a question that
naturally arises is whether we can reduce some forms of induction-induction to
simpler objects, like inductive families. There are several reasons for doing this,
ranging from pure theoretical interest to mere practical needs. On the practical
side, it should be noted that some of the more popular proof-assistants based on
type theory, like Coq and Lean, do not currently support inductive-inductive def-
initions out of the box. In those systems, encoding IITs as inductive types is the
only way to work with induction-induction.

It is known that finitary inductive-inductive definitions can be reduced to in-
ductive families [AKKvR19,/AKKvR18| KKL20|. To illustrate the process, let us
consider a well-known example of a finitary inductive-inductive type, the by-now
familiar intrinsic encoding of type theory in type theory. We consider a minimal
version with just contexts Con : Type and types Ty : Con — Type, as those alone
are already enough to require induction-induction.

The reduction method showcased in this section is essentially the one described
in [vR19]. We assume to be working in a sufficiently strong version of intensional
type theory with inductive types, equality, and UIP.

Remark 3.2.1. We will use Agda-style notation and write (z : A) — B x for
dependent function types, using curly brackets {a : A} — B x for implicit quan-
tification. We write Az .t to construct functions, and _, _ as infix constructor for
dependent pairs. We also make extensive use of (dependent) pattern-matching
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definitions. We sometimes explicitly name patterns, writing x@(p...) to give the
pattern (p...) a scoped name x. We also write f{z}yz... in function definitions
to bring an implicit parameter x in scope. We use underscores notation _ like in
Agda, i.e. as stand-ins for unnamed parameters to function definitions, as well
as arguments to function applications when their value can be inferred from con-
text /unification. We do however depart from Agda notation in writing = and :=
for definitional equality, and = for propositional equality. n

Contexts in Con are formed out of empty contexts e and context extension _>_.
Types in Ty are either the base type ¢ or dependent function types 7.

e :Con t:(':Con) =Ty T
>_:(I':Con) » Ty I' = Con 7:{':Con}(A:TyI') > Ty (' A) > Ty

The general method to eliminate induction-induction is to split the original II'T
into a type of codes— we call them erased types— and associated well-formedness
predicates. In our Con/Ty example, we have erased types Cong, Tyy : Type and
predicates Con; : Conyg — Type, Ty; : Cong — Tyg — Type.

The definition of the erased and predicate types follows that of the original
inductive-inductive type, and can be derived systematically from it. More impor-
tantly, they can be defined without induction-induction.

e, :Conj e
og :Cong _>1 - V{I'g Ao} — Con; I'o — Ty;1 T'p Ao
- -: Cong — Tyg — Cong — Cony (I'g >o Ap)
o : Cong — Tyg 11 :Y{Tp} — Cony Ty — Ty Ty (10 To)
mo : Cong — Tyg — Tyo — Tyo T V{Fo Ap Bo} — Cony I'y

— Tyl FO AO — Tyl (FO >0 Ao) BO
— Ty1 T (7o To Ao Bo)

Because erasing the indices loses information, there are generally more erased
expressions of type Cong, Ty, than there are of the original Con/Ty IIT. The well-
formedness predicates serve the purpose to constrain the value of erased elements
that they predicate over, so that we only accept as well-formed those erased ex-
pressions that could have been equivalently obtained via the constructors of the
original IIT.

By induction on well-formedness proofs we can expose these constraints, and
in particular we have the following equational inversion principles:

inv-u1 : V{To Ty} = Ty1 To (10 Tg) = To =T
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inv—ﬁl . V{FO F6 AO Bo} — Tyl F() (ﬁo F6 AO BO) — FO — F6

Moreover, we can prove that the well-formedness predicates are h-propositions,
by straightforward induction/pattern-matching. Propositionality of the predicates
will play a crucial role later, when we derive the eliminators for the encoded IIT.

We can recover the original inductive-inductive type as Con := 3 (T'y : Cong) (Cony Tg)
and Ty I':= X (Ao : Tyo) (Ty; (m T') Ag). Recovering the constructors is straight-
forward:

° = (eg, 1)

(T'o, 1) > (Ao, A1) = ((To>o Ag), (T1>1 A1)

L (Fo,rl) = (LO Lo, 01 Fl)

™ {FD,Fl}(Ao,A1)(Bo,Bl) = (7['0 Ty AQ Bo,ﬂ'l I Al Bl)

If we were to define the type above as an IIT, this would come equipped with
an inductive principle, i.e. eliminators, reflecting the inductive structure of the
type [NF13]. In order to write down the eliminators for this IIT, we look at
displayed algebras over Con and Ty, which are given by indexed types:

Con? : Con — Type Ty” : {I': Con} = Con” I' = Ty I' — Type

and functions corresponding to each constructor:

° :Con? o
VD ANTP : Con? T) — TyP TP A — Con® (' A)
Lo THTP  Con” ) = TyP TP (L I
72 W{I A BYI'P: Con” T')(AP : TyP TP A)(B” : Ty” (TP " A) B)
- Ty’ TP (7T A B)

The general eliminators have the following signatures:

elimcon @ (I : Con) — Con? T
elimpy : {I': Con}(A: Ty I') — Ty” (elimcon I') A

In addition, we have (-equations that explain the computational behaviour of
the eliminators on constructors:

elimcg, @
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elimeon (T'>A) = elimeoy I'>P elimp, A
elimyy (¢ T) =P (elimcon T')

elimry (7 T A B) = 7” (elimcon I') (elim, A) (elimr, B)

The general eliminators can be derived from our encoding of Con and Ty via
untyped codes and well-typing predicates. Unfortunately it is not possible to define
them directly, as the induction principle of the erased and predicate types cannot
express the recursive-recursive structure of the eliminators. Instead, we first define
the graph of the eliminators in the form of inductively-generated relations:

Conf: (I': Con) — Con? I' = Type
Tyt {T: Con}(IP:Con? T)(A:TyT) - Ty’ T ATP — Type
oft . Conft e o
R v TP A AP} 5 ConB T TP = Ty TP A AP
— Con® (I'> A) (TP P AD)

ST TPY s Conf TP 5 TWE TP (v T) (WP TP)
B .ov{r1P A AP BBP} - Con® TP — TyR TP 4 AP

— Ty (0P P AP) B BP

- Ty TP (7T A B) (/P P AP BP)

3

The next step is to prove that these relations are functional, by induction on the
untyped codes Cong and Ty,. We split functionality into mutual proofs Con=, Ty~
of left-totality, and proofs Con', Ty' of right-uniqueness.

Con? : VT — ¥(Con” I')(Con® I

Ty V{TTP}(A:Tyl) = Con® ' TP — S(Ty” T ATP)(Ty" ATP)
Con' :V{ITPT?”} 5 Con®I' TP — Con®* ' IP" TP =TV

Ty :V{I TP AAP AP} - TyR ATP AP — TyR AT AP 5 AP = AV

We will not go through the entire definition of these terms. Instead, let us
consider a couple of illustrative examples, beginning with the proof of left-totality
in the case of the ¢ constructor. Pattern-matching on the first component of the
pair A given as input to Ty leads to the following:
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Ty3 {F FD} A@(LO F(),Al) r.=7

We would like to conclude the proof with the pair (¢” T'P, % r). Alas, the type
of this expression does not match the goal type. We cannot proceed in any way
unless we first establish that the input term A is equal to the expected canonical
form ¢« I'. We prove this equation component-wise, beginning with m; (¢ I') =
m A. By injectivity of tg, this reduces to m; I' = I'y, which we can prove by
inversion on A; (using inv-1;), or alternatively by dependent pattern-matching.
We now need to prove my (¢ I') = my A, that is, mo [' = I'y. This equation follows
from propositionality of the well-formedness predicates, which we have established
previously.

We can thus informally rewrite the incomplete definition as:

VAL TPY (L T)r:=2?

We conclude the proof with (.2 T'P Tt r).
Let us now consider the case of the 7 constructor. Again, we pattern-match of
the first component of the Ty argument to Ty?, which yields the following

Ty {T TP} AQ(7 Ty Xo Yy, Ay) r =7

As before, just pattern matching on the erased component of A is not enough,
as we cannot proceed any further with the proof unless we first prove that the
input term A is equal to a canonical expression formed by the IIT constructor 7,
under context I'. Like in the previous case, we prove I' = (I'g,I';) by inversion
and propositionality, where the well-formedness proof I'; : Cony I'y is obtained by
inversion on A;, along with X : Ty; I'g Xy and Y] : Ty; (Ig > Xo) Yo. We set
X = (X, X1) and YV := (Yo, V7).

By induction, we obtain displayed terms and relatedness proofs:

xXP.1wyPrxrpP Xt Tyt x _xP
VP Ty? (e X) Y (TP P XP) YTty yP

with which we conclude the left-totality proof
W A{TTP} T XY)r =@ TP XPYP 728 r XRYH)
Defining the eliminators is immediate from functionality of the relations:

elimcon ' := 7 (Con? I)

elimy {T'} A:=m (Ty? A (w2 (Con” T)))
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These eliminators also admit the S-equations discussed above. However, if the
ambient theory is intensional as in the current case, then the [-equations only
hold up to propositional equality, due to the transports involved in the proofs of
functionality of the relations. We observe, however, that some of these transports
can in fact be reduced away by employing an equality type with a strong notion
of UIP, and in particular equipped with a transport operation that computes to
the identity function on arbitrary reflexive proofs p : z = x. We will explore
this further in Chapter [§ where we consider a reduction method relying on a
definitionally proof-irrelevant identity type.

Note, moreover, that we did not need to invoke right-uniqueness of the elimi-
nator relations to prove left-totality in this example. This is due to the “shape”
of the type Con/Ty and will not be the case for every IIT, and in particular for
the so called non-linear 1I'Ts as discussed further down in Section 9.1 Proving
right-uniqueness would thus appear to be necessary in the general case.
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Chapter 4

This thesis

4.1

Contributions

This thesis contains the following main contributions:

We extend the strict setoid model of intensional type theory with a universe
of setoids. We define the universe in multiple stages, first as an inductive-
recursive definition, which is then translated to an inductive-inductive defi-
nition and finally to an inductive family. Notably, the first definition of the
universe uses a unique combination of large induction-recursion, recursion-
recursion, and proof-irrelevance. While useful to give an intuitive presenta-
tion of the universe, this complex form of induction-recursion-recursion is not
currently properly understood. A core contribution of this thesis is to show
how to define a setoid universe without relying on any form of induction-
recursion or recursion-recursion. We present this work in Chapter [0}

The material covered in Chapter [6] up to Section is joint work with Al-
tenkirch, Boulier, Kaposi, and Sattler, and has been published in the paper
at [ABK™21]. While the paper does present a definition of the setoid uni-
verse in terms of an infinitary II'T encoded via inductive families, it notably
does not derive the general eliminators for it. We improve on the results of
the paper and construct full dependent eliminators for the aforementioned
universe IIT (Section [6.6). We then show that the setoid universe defined
via this IIT supports universe induction (Section [6.6.1])

We contribute a method to systematically reduce a wide class of infinitary
IITs to inductive families, using an encoding that does not rely on function
extensionality in the encoding theory. We first demonstrate the reduction
with two concrete examples (Chapter . The method we employ is a modi-
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fied version of the reduction method for finitary IITs [vR19], with two main
novelties that make it applicable to infinitary types:

— careful control over the proof of left-totality of the eliminator relations,
so that proving right-uniqueness becomes unnecessary;

— use of a universe of definitionally proof-irrelevant propositions and a
proof irrelevant identity type with a strong transport rule targeting
proof-relevant types. These allow to define predicates that are proposi-
tional by definition, and to achieve definitional §-rules for the encoded
eliminators even in an intensional setting.

We identify a subclass of all infinitary IIT specifications, and generalize the
reduction method demonstrated in Chapter [§] to arbitrary specifications in
this class (Chapter E[) After making formal how to specify the IITs we are
targeting, we show how to encode the types, constructors, and eliminators of
any specifiable II'T, in any model of intensional type theory supporting in-
ductive families and a universe of definitionally proof-irrelevant propositions

(Chapter [11}, Chapter [12)).

e We provide Agda formalizations [Ses23| for the entire mathematical content
of Part II (first contribution point), and for most of the mathematical content
of Part III (second and third contribution points.)

4.2 Structure

The rest of the thesis is divided into two parts, Part II and Part III, with Part
I concluding with this section. Part II will cover our work on the setoid model
and its extension with a universe of setoids, while Part III will cover our work on
reducing infinitary IITs to inductive families.

We begin Part II in Chapter [5| with an introductory discussion of setoid models
of type theory, with a focus on the strict setoid model [Alt99] and its syntactic
manifestation SeTT [ABKT19]. We then extend the strict setoid model with a
universe of setoids in Chapter [6l We wrap up our work on the setoid model and
Part IT with Chapter [7]

We move on to Part III with Chapter [§, which presents some examples of
encoding infinitary II'Ts as inductive families in an intensional ambient theory.
Chapter [ sets the stage for the generalization of such encoding method from
concrete examples to arbitrary II'T specifications. We frame the general reduction
method as a construction on algebras: we begin by defining algebras of II'Ts (Chap-
ter , then show that for any specifiable IIT, we can construct a corresponding
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algebra (Chapter that enjoys the expected induction principle (Chapter .
We finally wrap Part III and the thesis with Chapter [13]
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Part 11

Setoids and extensionality
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Chapter 5

The setoid model of type theory

Extensionality is the ability to treat mathematical objects that behave the same
way in every situation as equal. Extensional reasoning is not concerned with
details of encoding and implementation, but only considers the qualities exposed
by objects to the outside. This is in contrast with intensionality, where we do pay
attention to how objects are constructed, and accordingly distinguish between
them.

Extensional reasoning is ubiquitous in mathematical practice. In fact, math-
ematicians reason extensionally all the time, when they identify point-wise equal
functions, sets with the same elements, or isomorphic algebraic structures. Exten-
sional reasoning is greatly facilitated by the ability of the formal system to enforce
layers of abstraction: replacing one object with another with the same external
interface but different implementation is only safe if the external “clients” are not
allowed to peek at the implementation. When these interface boundaries are not
enforced by the formal system, extensional reasoning becomes an unsafe opera-
tion, and must be justified on a case-by-case basis by ensuring that no parts of the
construction depend on the implementation details. An example of this scenario
is reasoning about isomorphic sets in the context of set theory: while it is often
desirable to consider isomorphic sets as extensionally equal and therefore identical
and replaceable with one another, there is nothing in the formal rules of set theory
preventing the objects relying on these sets to look at their implementation, and
potentially distinguishing between two isomorphic ones.

Arguably, the point of types is to establish and enforce contracts and layers of
abstraction. It wouldn’t be surprising then to expect dependent type theory to
support various forms of extensional reasoning, since the infrastructure is already
there. As it turns out, type theory does in fact have the potential for extensional
reasoning, as it is not possible to construct type-theoretic terms that distinguish
between extensionally equivalent structures like point-wise equal functions or iso-
morphic sets and groups. Alas, “vanilla” type theory does not allow us to internally
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prove two equivalent structures equal; we thus have the potential for extensional
reasoning, but no way to make actual use of it. Historically, this aspect has been
a hindrance to the use of type theory for formalizing mathematics: even basic ex-
tensionality principles like function extensionality had to be added as postulates,
or via alternative means.

Setoids, i.e. sets (or types) equipped with an equivalence relation, have found
widespread application in type theory precisely as a tool to overcome its limita-
tions with respect to extensional reasoning. Setoids form a model of type theory,
where contexts/closed types are interpreted as setoids, and dependent types are
interpreted as dependent/indexed setoids. A first setoid model for intensional
type theory was presented by M. Hofmann [Hof95], with the goal to provide a
semantics for extensionality principles such as function extensionality and propo-
sitional extensionality. Alas, that version of the setoid model did not allow for an
interpretation of universes.

In this thesis we will be focusing on a setoid model construction due to Al-
tenkirch [Alt99], which we refer to as the strict setoid model. The metatheory used
is an extension of a very minimal intensional Martin-Lof Type Theory with a def-
initionally proof-irrelevant universe of propositions, as well as n-rules for II-types
and Y-types. Notably, we do not require inductive types nor identity types. The
resulting setoid model validates all the expected type formers and equalities, in
addition to function extensionality, a universe of propositions with propositional
extensionality, and quotient types. Moreover, it is a strict model, in the sense that
all the model equations hold by definition in the metatheory.

The strict setoid model provides a way to bootstrap and “explain” extension-
ality, since the construction effectively gives an implementation of various exten-
sionality principles in terms of a core intensional theory. For the same reason, it
also appears to be an ideal starting point to design a type theory inspired by it
— a sort of synthetic theory of setoids — where principles like funext are valid
and computational. Setoid Type Theory (SeTT) is a recently developed formal
system derived from this model construction [ABKT19]. Observational Type The-
ory (OTT) [AMSO07] is a syntax for the strict setoid model differing from SeTT in
the use of a different notion of heterogeneous equality. Moreover, the consistency
proof for OTT relies on Extensional Type Theory, whereas for SeTT it is obtained
via a syntactic translation. XTT [SAG19| is a cubical variant of OTT where the
equality type is defined using an interval pretype.

One important component that is missing from SeTT is a universe of setoids,
allowing for a proper internalization of the notion of type (i.e. setoid). In this
part of the thesis, we will present work towards extending SeT'T with a universe
of setoids. More specifically we will tackle the first necessary step, which is to
extend the semantic foundation of SeTT, i.e. the strict setoid model, with such a
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universe construction. After describing the metatheory that we will use throughout
this part of the thesis (Section , we briefly revisit Altenkirch’s strict setoid
model [ABKT19] in the framework of Categories with Families (Section [5.2]). We
then quickly discuss the rules of Setoid Type Theory (Section . The chapter
that follows will describe our novel extension of the strict setoid model with a
universe of setoids.

5.1 MLTT TP

This section describes MLTTF™ P the ambient metatheory where the model con-
struction will take place. We employ Agda notation to write down MLTTFToP
terms throughout this part of the thesis.

One of the main appeals of Altenkirch’s setoid model is that it can justify
several useful extensionality principles while being defined in a minimal intensional
metatheory. We tried to stay true to this idea when figuring out the necessary
metatheoretical tools for the universe construction in this thesis. In particular,
we wanted to avoid having to assume strong definition schemas that go beyond
inductive families. MLTTF™P is thus a type theory in the style of intensional
Martin-Lof type theory with some extra components.

We have sorts Type; of types and Prop; of strict propositions for ¢ € {0,1}.
Here, i = 0 means “small” (and we will omit the subscript) and ¢ = 1 means
“large”. We have implicit lifting from ¢ = 0 to = = 1, but do not assume type
formers are preserved. Type; has universes for Type and Prop. We do not
distinguish notationally between universes and sorts. We continue to describe only
the case ¢ = 0; everything introduced has an analogue at level ¢ = 1. Propositions
lift to types via Lift : Prop — Type, with constructor lift : {P : Prop} - P —
Lift P and destructor unlift : {P : Prop} — Lift P — P.

We have standard type formers 11,3, Bool, 0,1 in Type. >-types are defined
negatively by pairing _, _ and projections my, 5. We have definitional n-rules for I1-,
Y-, 1-types. We also require indexed W-types, both in Type and Prop: W5 : (S :
I — Type) = ((i: I) - Si— I — Type) — I — O where O € {Type, Prop}.
The elimination principle of Wpyop only allows defining functions into elements
of Prop. From Wp.op, we can define a strict truncation operator (also known as
squash) ||| : Type — Prop, with constructor || : {A: Type} — A — ||A]| and
eliminator elim | : {P : Prop} — (A — P) — ||A|| = P.

In addition to type formers in Type, we will need the propositional versions
of 0, 1, II, and ¥. The latter three can be defined from their Type counterparts
via truncation. That is, given P : Prop and @) : P — Prop:

Lprop := 1]
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Mprop P Q := ||TI (Lift P) (Lift o Q o unlift)]|
Yprop P Q :=||X (Lift P) (Lift o Q o unlift)||

We assume that we have Opop : Prop together with exfalsopyop : {A : Type} —
Oprop — A.
We use Agda-style notation, with the notational conventions described in Sec-

tion Remark [3.2.1L We will also often omit implicit quantifications, thus for
instance write F' x — G z instead of V{z} — F & — G z, whenever the nature of
x as implicitly quantified is clear from context.

5.2 Strict setoid model

The strict setoid model can be framed categorically as a CwF with extra structure
for the various type and term formers. Recall the core structure of a CwkF:

Con : Type

Ty :(I': Con) — Type

Sub : (I' A: Con) — Type

Tm : (I': Con) —» Ty I' — Type

Our contexts are setoids, that is, types together with an equivalence relation.
A key point of the model is that the equivalence relation is valued in Prop and is
thus definitionally proof-irrelevant. We define a semantic context/setoid I' : Con
as the following record type:

T : Type

r~ |I'| = |I'| - Prop

refl T (y:|T|) =T~ yy

sym ' :V{vo 7} =T %1 =T 1%

trans I :V{vo 71 %2} = T vom =T v —=T"%%

Types in a context I' are given by displayed setoids over I" with a fibration condi-
tion represented by coe and coh. Given I' : Con, we define a semantic type/indexed
setoid A : Ty I' as the following record type:

Al <[] — Type

A o Y{vmn}t—=>T"v%m = A — |Alnm — Prop
refl* :(a:|Aly) — A~ (refl T y) a a

sym* {p: Ty n} = A" payar — A~ (sym I p) a1 ag



5.3. SETOID TYPE THEORY o1

trans* : A~ pg ap a1 — A~ py a; ag — A~ (transT pop1) ag as
coe I v 1 —= A — |Amn
coh  : (p: T 7 m)(a:[Alw) = A" pa(coe Apa)

This definition of types in the setoid model is different from the one in [Alt99),
but it is equivalent to it [Boul8, Section 1.6.1]. The main difference here is in the
use of a heterogeneous equivalence relation A~ in the definition of types.

Substitutions are interpreted as functors between the corresponding setoids,
whereas terms of type A in context I' are sections of the type seen as a setoid
fibration I''A — I'. Note that we only need to include components for the functorial
action on objects and morphisms, since the functor laws hold by definition from
proof-irrelevance in the metatheory.

We interpret substitutions o : Sub I' A and terms ¢t : Tm [' A as the following
record types:

lo| : |T| — [A] [t (v [T]) = |A]y
o™ T po p1 — A~ (lo]po) (lo|p1) t~:(p: T v 1) = A~ p ([tho) ([tln)

5.3 Setoid Type Theory

The setoid model presented in the previous section is strict, that is, every equation
of the CwF structure holds by definition. One advantage of strict models is that
they can be turned into syntactic translations, in which the syntactic objects being
modeled are interpreted as their counterparts in another target theory. In the case
of the setoid model, this gives rise to a setoid translation, where source contexts
are interpreted as target contexts together with a target type representing the
equivalence relation, and so on.

A setoid translation is used in [ABKT19] to justify Setoid Type Theory (SeTT),
an extension of intensional MLTT with equality types for contexts and dependent
types that reflect the setoid equality of the model.

We recall the rules of SeTT that extend regular MLTT below.

We have a universe of propositions Prop defined as follows:

T : Con P:Tm T Prop u: TmI P v: TmI P
Prop: Ty I’ P:TyT U =0

Equality type constructors for contexts and dependent types internalize the
idea that every context and type comes equipped with a setoid equivalence relation.
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As in the model, equality for dependent types is indexed over context equality.

A:TyT po1: Tm AT pg p1
I': Con po,p1:Sub AT ap: Tm A Alpo] ap: Tm A Alp]
'™ pg p1: Tm A Prop A™ po1 ag a1 : Tm A Prop

We have rules witnessing that these are indeed equivalence relations. We only
recall reflexivity:

p:Sub AT A:TyTD p:Sub AT a:Tm A Afp]
Rp:TmAT™ pp Ra:TmT A~ (Rp)aa

We also have rules representing the fact that every construction in SeTT re-
spects setoid equality, so that we can transport along any such equality:
A:TyTD po,p1:Sub AT p:TmAT™ pg p1 a:Tm A Alpg]

coeqg pa:TmA Alp]
cohg pa:Tm A A~ pa (coeq p a)

Notably, equality types in SeTT compute definitionally on concrete type for-
mers. In particular, they compute to their obvious intended meaning, so that an
equality of pairs is a pair of equalities, an equality of functions is a map of equali-
ties, and so on. From this, we get definitional versions of function and propositional
extensionality:

(I(a: A) B)” p fo f = U(agay : A)(q: A~ pag a1)(B™ (p,q) (fo ao) (f1 a1))
(X A B)” p(ag, bo) (ar,b1) =% (q: A” pao a1)(B~ (p,q) bo b1)
Prop™p P Q = (P = Q) X (Q=P)

where we write = and X for the non-dependent version of II and > in SeT'T.
We can easily recover the usual Martin-Lof identity type from setoid equality,
with transport implemented via coercion.

A:TyT ag,a1: TmI A
Idq ap a1 := A~ (RT) ap a; : Tm I" Prop

P:Ty (T.A) p:TmT Idg ap a1 t:Tm T Plag]
transp P pt:=coe P (Rid,p) t: Tm I Pla;]

We can also derive Martin-Lof’s J eliminator for this homogeneous identity
type. The only caveat is that transp and the J eliminator do not compute def-
initionally on reflexivity, although the rules can be consistently added as shown

in [ABKT19].



Chapter 6

The setoid universe

Setoid Type Theory as presented in [ABKT19] and summarized in Section is
limited by the lack of universes internalizing the notion of setoid. In this chapter
we will work towards extending SeTT with a universe of setoids; since SeTT is
a direct syntactic reflection of the setoid model, this extension requires first and
foremost to show that we can extend the setoid model with a semantics for a
universe of setoids with the desired structure.

We begin our discussion with various design choices related to the setoid uni-
verse (Section [6.1). We then recall inductive-recursive (IR) universes, and the
way they can be equivalently defined as a plain inductive definition (Section .
We provide a first complete definition of the setoid universe using a combina-
tion of induction-recursion and recursion-recursion (Section that we may call
induction-recursion-recursion (IRR) as its recursive components are mutually and
recursively-recursively defined. While recursion-recursion can be understood as
the induction principle of IITs (see Chapter , this form of IRR clearly goes be-
yond standard induction-induction, and does not seem to be an instance of known
axiomatizations of IR (such as |Dyb03]); moreover, we are not aware of a gen-
eral method to reduce it to plain inductive types, like it is the case for small IR.
Therefore, while recognizing its quality as a pedagogical device, we will limit our
use of IRR to Section [6.2] and move away from induction-recursion and recursion-
recursion in Section with an alternative definition of the universe that relies
instead on infinitary induction-induction. This inductive-inductive encoding of the
universe is obtained from the IRR one, following a transformation that is similar
to what described in Section [6.2]

We continue the series of universe constructions with a purely inductive defi-
nition of the setoid universe. This version of the universe does not rely on IRR or
II, and is obtained from the universe II'T from Section via a novel application
of a known encoding method of finitary IITs in terms of inductive families. To
successfully apply this method, we rely on an extension of the metatheory with a

23
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definitionally proof-irrelevant identity type with a strong transport rule that allows
to eliminate into arbitrary proof-relevant families.

The encoded IIT is powerful enough to support the definition of a setoid uni-
verse, even its simple elimination principle alone [ABK™21]. Moreover, it can be
equipped with general eliminators, as discussed in Section which makes it an
equivalent, full encoding of the IIT from Section [6.4 We use the full induction
principle to justify universe induction/typecase (Section [6.6.1])

6.1 Design choices

Extending the strict setoid model with a universe of setoids opens several questions
and possible design choices, starting with the very definition of the universe itself:
as any type in the setoid model, this universe must be a setoid and thus come
equipped with an equivalence relation. However, unlike the universe of proposi-
tions, a universe of setoids cannot be univalent, since this would force it to be a
groupoid. The obvious choice is therefore to have a non-univalent universe, and
instead define the universe’s relation so that it reflects a simple syntactic equality
of codes rather than setoid equivalence.

Another question has to do with the metatheoretic tools required to carry out
the construction of the universe. In fact, one of the main aspects of the strict setoid
model is that it can be carried out in a very minimal type theoretic metatheory,
thus providing a way to reduce extensionality to a minimal intensional core. We
would like to stay faithful to this ideal when constructing this setoid universe.

A known and established method for defining universes in type theory relies on
induction-recursion (IR), a definition schema developed by Dybjer [Dyb03,/DS99).
Inductive-recursive definitions can be found throughout the literature, from the
already mentioned type theoretic universes, including the original formulation a
la Tarski by Martin-Lof [Mar84], to metamathematical tools like computability
predicates.

Although universe constructions in type theory—including our own setoid universe—
are naturally presented as inductive-recursive definitions, they may not necessarily
require a metatheory with a general definition schema for IR. In fact, it is possible
to reduce some instances of IR to plain induction (more specifically, inductive fam-
ilies), including some universe definitions. We recall this reduction in Section

Other design choices on the setoid universe are less essential, but still require
careful consideration. For instance, one question is whether the setoid universe
should be equipped with universe induction, exposing the inductive structure of
the codes. Universe induction [NPS90|, aka type-case, is known to clash with
extensionality principles like univalence and parametricity. Nevertheless, we would
like to have it as an option, especially in the context of SeTT where univalence
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is already precluded in any case. Although the published version of the setoid
universe did not come with universe induction [ABK™21], in this thesis we include
an alternative formulation that does (Section [6.6.1])

Another design choice has to do with how the setoid universe relates to the other
universes. One could provide a code for Prop in the setoid universe. Moreover, the
setoid universes could form a hierarchy, possibly cumulative.

Yet another choice is whether to have two separate sorts, one for propositions
and one for sets (with propositions convertible to sets) or a single sort of types
(sets), with propositions given by elements of a universe of propositions, which
is a (large) type. We have chosen to present the second option to fit with the
standard notion of (unisorted) CwF. However, this has downsides: to even talk
about propositions, we need to have a notion of large types. The first option is
more symmetric: we can have parallel hierarchies for propositions and sets.

6.2 Inductive-recursive universes

An inductive-recursive universe is given by a type of codes U : Type, and a
family El : U — Type that assigns, to each code corresponding to some type, the
metatheoretic type of its elements. The resulting definition is inductive-recursive
because the inductive type of codes is defined simultaneously with the recursive
function El.

An example is the following definition of a small universe with booleans and
dependent function types:

data U : Type El : U — Type
bool : U El bool := 2
pi: (A:U)—- (ElA—-U)—U El (pi A B) :=(a:El A) — El (B a)

Induction-recursion is arguably a natural way to define internal universes in
type theory, althought it may not always be required. We can translate basic
instances of IR into inductive families using the equivalence of I-indexed families
of types and types over I (that is, A : Type with A — I) [MAG™13]. However,
this equivalence is not exact, and only applies when the result of the construction
A is allowed to be larger than the index I, as also noted in |Cap04].

In the case of our simple example, we can encode U as an inductive type inU
that carves out all types in Type that are in the image of El. In other words, inU
is a predicate that holds for any type that would have been obtained via El in the
inductive-recursive definition. As El is indexed by the type of codes, the definition
of inU reflects the inductive structure of codes.
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data inU : Type — Type,
inBool : inU 2
inPi :inUA— ((a: A) = inU (Ba)) —inU ((a: A) — (B a))

U and El can be given by U : =X (A : Type) (in-U A) and El := 7.

Note that this construction gives rise to a universe in Type,, rather than Type,
since the definition of U quantifies over all possible types in Type. It follows that
this kind of construction requires a metatheory with at least one universe.

6.3 Inductive-recursive setoid universe

In this section we give a first definition of the setoid universe, as a direct generaliza-
tion of the simple IR definition just shown. We only consider a very small universe
with bool type 2 and II for simplicity; a more realistic universe that includes more
type formers can be found in the Agda formalization [Ses23].

To construct the universe of setoids in the setoid model, we first of all need
to define a type U : Ty I' for every I' : Con, and for every A : Tm I' U a type
El A : Ty I'. Recalling Section [5.2] these are essentially record types made of
several components. Since U is a closed type, it requires the same data of a
setoid; in particular, we need a type of codes together with an equivalence relation
reflecting equality of codes, in addition to proofs that these are indeed equivalence
relations:

refly, (AU)%ANMA

symg, A~y B—> B~y A
transy A~y B—>B~yC— A~y C

data U : Type;
o~y :U - U — Prop,

£l is given by a family of setoids indexed over the universe, that is, a way to
assign to each code in the universe a carrier set and an equivalence relation.

&l :U — Type
Fo~goifad Uy s a~yd = Ela— Eld — Prop
Note that _F _ ~g; _ is indexed over equality on the universe, because £/ is a

displayed setoid over U, hence in particular it must respect the setoid equality of
U. We also require data and proofs that make sure we get setoids out of &I:

refle; (A U)(x:ELA) —refly AFx~g x
symg, ipkax~g ' —symypka ~g
transg; i pFax~g ' = qbF o ~g 2" — transy p g x ~g 2"
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data U : Type; &l bool := 2
bool : U El (pi ABh):=
pi: (A:U)(B:ElA—-U) X(f:(a:ElA) — &l (Ba))
— {z o EL A} - refly Az ~g 2 (V{x o'} (p:refly Az ~g o))
—+Bx~yBa)—U —hpkfax~gfa)

bool u bool := T a” F Ty ~EL T = T) =2 X1 (b00| case)

. Al R — e .
piABp ~y pi A Bp = (@™, b™) = (fo, ) ~er (f1,) = (pi case)

~ . /
S(a™: A~y A) Vaox (2™ a™ b ag ~ve x1),
/ ~ / !
(Vea',a™ o ~ga' = Bx~y B'2') b~ __a™ F foxo ~er fran

refly; bool := tt
refly; (pi A Bp™) = reflyy A, N __.p~

Figure 6.1: Core definitions for the inductive-recursive setoid universe

COo€g; :ANuB—)glA—>5lB
cohgy (p: A~y A (2:ElA) —phkax~g coeg px

We give an inductive definition of ¢/, mutually with a recursive definition of
the 4 functions _ ~y _, refly, El and _F _ ~g _ (Figure(6.1)). Note that ~; appears
in the type of refl,, thus making this definition inductive-recursive-recursive. We

write _ ;g _for the Prop-valued predicate of decidable equality between booleans.

The remaining functions are then recursively defined: reflg; by itself, then sym;,
and symg; by mutual recursion-recursion, and finally trans;, transg;, coeg; and
cohg; again by mutual recursion-recursion. While reflg;, sym;, and symg; are fairly
straightforward, the other definitions are quite technical. We point the reader to
the Agda formalization [Ses23| for the gritty details.

Note that in the definition of U we require that the family B : £l A — U be a
setoid morphism, respecting the setoid equalities involved. This choice is crucial
for the definition of £/ to go through, in particular since we eliminate the code
for II-types into the setoid of functions that map equal elements to equal results.
To state this mapping property we need to compare elements in different types,
coming from applying f to different arguments x and x’. We know that x and 2’
are equal, but to conclude B x ~y B 2’ we need to know that B respects setoid
equality. This is exactly what we get from our definition of U.

We give a full definition of the setoid universe, and of El A for any A: Tm I' U,
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|U| =AU |l Al = Av. €L (JA] )

U~ EApxy. T~y Y (El A)~ = Apxy. A" pkx~gy

refl U = refly refl (5] A) = reflg

sym U :=symy, sym (El A) {~o01} =symg{p=t"a01}

trans U := transy trans (IEL A) {01 712} := transg; {p =t~ ayo1 H{t™ a2}
coe U :=Apa.a coe (El A) := Ap.coeg; (A™ p)

coh U := Ap.refly coh (El A) := Ap.cohg; (A™ p)

Figure 6.2: Inductive-recursive setoid universe

in Figure [6.2]

We can show that U is judgmentally closed under dependent function types
and booleans. The universe can be closed under more constructions if more codes
are added to U. This gives a complete definition of a universe of setoids; however,
the full definition is inductive-recursive, and some of its recursive components
depend on each other in a recursive-recursive way. This combination of IR and
recursion-recursion is not obviously reducible to well-understood axiomatizations
of IR like the one described in [DS99]. In any case, we would like to avoid extending
the metatheory with general definition schemas for induction-recursion-recursion
(IRR), in order to keep the metatheory as minimal as possible.

In the next section we will transform our current universe definition to one that
does not use IR of any form. The reduction is inspired by the well-known trick
to eliminate IR described in Section [6.2] but modified in a novel way to account
for the presence of Prop-valued types and recursion-recursion. To our knowledge,
this is the first time this reduction method is applied to an IRR type of this kind.

6.4 Inductive-inductive setoid universe

We follow the method outlined in Section [6.2], and apply it to our current IRR def-
inition of the setoid universe components, i.e. U, EL, etc. As the reduced IRR type
includes recursion-recursion, the result of this reduction is an inductive-inductive
type. Specifically, in addition to inU for defining U/, we also have a family inU~ of
binary relations between types in the universe, from which we then define _ ~y; _.
The full definition of this universe IIT is given in Figure [6.3]

Just as the role of inU is, as before, to classify all types that are image of &I,
in the same way inU~ a o’ classifies all relations of type A — A’ — Prop that are
image of _ - _ ~g; _, given proofs a : inU A, d’ : inU A’. In particular, this definition
of inU~ states that the appropriate equivalence for boolean elements is the obvious
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data inU : Type — Type;
bool : inU 2
pi:(a:inU A) —»inU~aa Agr — (b: (x: A) — inU (Bx))
— (VW{xzo x1}(z01 : Ao 2o 1) — inU~ (b xo) (b x1) (Bo1 xo1))
—inU(X(f:(x:A) - Bx)
((xo z1 : A)(xo1 = Ao1 xo 1) — Bo1 xo1 (f xo) (f x1)))

data inU~: {4 A": Type} — inU A — inU A’ — (A — A" — Prop) — Type,

bool~ : inU~ bool bool (_ =5 _)
pi~: {bo : (xo: Ag) — inU (By z9) }{b1 : (z1 : A1) — inU (By z1)}
{aoo : inU~ ag ag Ago}{a11 : inU~ a1 a1 A11}
{boo : V{xo 21} (w01 : Ago zo 1) — inU~ (b z0) (bo z1) (Boo xo1)}
{b11 : V{xo 21} (w01 : A11 20 1) — inU~ (b1 z0) (b1 1) (B11 ®o1)}
— inU~ ag a1 Aot
— (W zo x1 }(zo1 = Ao zo 1) — inU~ (bg o) (b1 1) (Bo1 zo1))
— inU~ (pi ag ago bo boo) (pi a1 ai1 by b11)
(Afo f1 - V(xo x1) = Ao1 w0 1 — Boy zo1 (w1 fo zo) (m1 f1 71))

Figure 6.3: Inductive-inductive translation of the setoid universe

syntactic equality _ ;2 _, whereas functions are to be compared point-wise. Note
that inU appears in the sort of inU~. Since these types are mutually defined, they
form an instance of induction-induction.

As in the universe example in Section [6.2] we now define U as a 3-type, and
&l as the corresponding first projection.

U : Type; El:U — Type
U:=% (X : Type) (inU X) Eli=m

What is left now is to define the setoid equality relation on the universe, as
well as the setoid equality relation on £ A for any A in . Two codes A, B in
the universe U are equal when there exists a setoid equivalence relation on their
respective sets £ A and €1 B. Intuitively, since elements of a setoid are only ever
compared to elements of the same setoid, this should only be possible if A and B
are codes for the same setoid, that is, if A ~; B. Existence and well-formedness of
such relations is expressed via the type inU~ just defined, hence we would expect
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A ~y B to be defined as follows:
(Aja) ~y (B,b) =X (R: A— B — Prop) (inU~a b R)

Unfortunately this definition only manages to capture the idea, but does not
actually typecheck. In fact, - ~; _ should be a Prop,-valued relation, so A ~y B
should be a proposition. However, the Y-type shown above clearly is not, since
it quantifies over a type of relations, which is not a proposition. One possible
solution is actually quite simple, and it just involves truncating the »-type above
to force it to be in Prop;.

_~y U - U — Prop,
(A,a) ~y (B,b) :=||2 (R: A— B — Prop) (inU~ a b R)||

We are now left to define the indexed equivalence relation on £1:
ko~ i {AB:U}—- A ~y B—ElA—ElB— Prop
pFrr~gy: =7

In the definition above, p has type | (R : ElA — EIB — Prop) (...)].
If the type were not propositionally truncated, we could define p - x ~g y by
extracting the relation out of the first component of p, and apply it to x,y. That
is, pF x ~g y:=m pry. This would make the definition of -~y _and _F _~g _
in line with how we defined U and &I.

Alas this does not work: since the type of p is propositionally truncated, it
cannot be eliminated to construct a proof-relevant object. Fortunately, we can
work around this limitation by defining p = = ~g y by induction on the codes
A B : U, in a way that ends up being logically equivalent to the proposition we
would have obtained by 7 p x y if there were no truncation. More precisely, we
need to construct proofs that for any concrete R and inR, the types |(R,inR)| F
x ~g y and R x y are logically equivalent.

out : (agl s inU~ ap aq A()l) — |(A01,a01)| = Ty ~el 1 — AOl o T1

in (CL01 s inU~ ag aq A01) — A01 Tog T1 — |(A01,a01)| - To ~el T

These in turn need to be defined mutually with _F _ ~g; _.

out bool~ xp1 := x¢1 in bool~ xp1 := 0
out (piN aoi b()l) f01 - -Xo1 = in (piN aopl bol) fOl - - X1 ‘=
out (bo1 zo1) (for - - (in ap1 o1)) in (bo1 (out ap1 wo1))(fo1 - - (out agr zo1))

_Fxg ~g x1 :=if xg then (if z1 then T else L) else (if z1 then L else T) (bool case)
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(-, pi~ ao1 bo1) F (fo,-) ~e1 (f1,-) = (pi case)
Vaogx1 (zo1 : |-, a01] F xo ~er z1) . |- bor (out apt zo1)| = (fo o) ~er ( f1 x1)

We can prove that any relation constructed via ~g; is “valid” as established by
inUn~:

inj : (w: (Ao, ag) ~uy (A1,a1)) = inU~agay (Azy.wh z~gy)

inj bool bool _ := bool~
inj (pi ao ago bo boo) (Pi a1 ai1 by by) |-, pi~ aor bor| =
pi~ (inj ag ay |- ao1|) (Azor - inj - |-, bor (out apr zo1)|)

Remark 6.4.1. We abuse notation and pattern-match on the proof of _ ~; _in
the second clause of ~g; and inj; this does not violate consistency as we only use
the terms exposed by the pattern to construct other proof-irrelevant terms. =

The full definition of the universe is concluded with the remaining functions,
like refly, refle;, etc., which can be adapted from their IR counterparts more or less
straightforwardly. For example,

reflu:(A:L{) —>AN1,{A
refly (-, bool) := |_, bool~|

reflu (,7 pl a apy bb()l) = |,, pIN aol b()l|

As before, we can close the universe under dependent functions and booleans:

QU :ITmI'U
|2y| - := _, bool
25 - := |-, bool~|

My :(A: TmTU) = Tm(CeE AU - TmD U
My A Bly:= -, pi (m2(|A]y)) (inj - - (refly (JA]y)))
(Az.m (|B] (v,2)))
(Azgp .inj__ (B~ (reflT' 7, z01)))
(ITy A B)™ 01 == |-, pi~ (inj - - (A7 y01)) (Azor - inj-- (B~ (Y01, Z01)))|

We direct the reader to the Agda formalization [Ses23] for the full details
of these definitions, as they are quite technical. The final result does not use
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induction-recursion, but it is nevertheless an instance of infinitary induction-induction.
The ability to define arbitrary, infinitary inductive-inductive types clashes, again,
with our objective of keeping the core metatheory as minimal as possible. The
next step is therefore to reduce this inductive-inductive universe to one that does
not require any form of induction-induction.

6.5 Inductive setoid universe

The goal of this section is to construct the inductive-inductive universe of setoids
from the previous section without assuming arbitrary inductive-inductive defini-
tions. Practically, this entails reducing the universe II'T to simpler principles, like
inductive families, that are available in the metatheory.

Finitary II'Ts are known to be reducible to inductive families, via a systematic
method illustrated in Section[3.2] It is not yet clear, however, whether this method
can be applied to infinitary types like our universe IIT. Of course, the absence of a
general reduction method does not mean that we cannot reduce particular concrete
instances of infinitary induction-induction, which is exactly what we hope for our
universe construction.

The obvious challenge in successfully completing this reduction is to avoid the
need for extensionality in the metatheory. In fact, consider the simple infinitary
inductive-inductive type obtained from the previous Con/Ty example by replacing
the finitary constructor IT with an infinitary one: I : {T" : Con} — (N —
Ty I') — Ty I'. Already with this simple example, we run into problems as soon as
we try to define the eliminator. One issue is that the definition of the eliminators
relies on proving that the well-typing predicates are propositional, that is, any
two of their elements are equal. We have seen an example of this phenomenon in
Section [3.2] where propositionality of the predicates was a critical requirement even
for the simpler cases of the left-totality proofs. Without further assumptions on
the nature of the predicates, proving propositionality must be done by induction;
alas, this process requires function extensionality in our case, since the predicates
for the universe II'T are infinitary and thus include higher-order constructors.

One way to get around this is to define the well-typing predicates as Prop-
valued families, rather than in Type:

data inUy : Type — Type,;
data inU~g : {A A’ : Type} — (A — A" — Prop) — Type,
data inU; : (A:Type) — inUyg A — Prop,
data inU~; : {A A" : Type}{R: A — A" — Prop}
— inUy A — inUy A" = inU~y R — Prop,
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The constructors of these types are technically verbose but conceptually straight-
forward, as they are just systematically derived from the original definition of inU
and inU~ via the same process of erasure described in Section [3.2| for finitary IITs.
We only give the boolean cases below:

booly : inUg 2 bool~g : inU~q (= ;Q )

bool; : inU; booly bool~1 : inU~; booly booly bool~

Using Prop avoids the issue of proving propositionality altogether, since the
predicates are now propositional by definition. However, it introduces a different
issue. In order to define the eliminators for inU and inU~, we need to be able to
define inversion principles on inU; and inU~ expressing equational constraints on
their indices, as well as transport along those equations. Again, we have already
seen examples of this in Section [3.2] where the inversion principles arising from
the well-formedness proofs were crucial in defining left-totality of the eliminator
relationd’]

For example, when defining the eliminator for inU~ in the case of bool., we
need an inversion principle on inU~q stating that the bool.y constructor is well-
formed if and only if the inUg indices are themselves constructed via booly:

inv-bool~ : inU~y z y bool~y — = = booly X y = booly

In order to even be able to express these inversion principles, we need to extend
the metatheory with some kind of identity type. However, this type cannot live in
Type, since proving the inversions would require arbitrary elimination of proof-
irrelevant predicates into a proof-relevant identity type, which is not possible for
consistency reasons.

Instead, we extend the metatheory with the following definitionally proof-
irrelevant identity type

Id :{A: Type} - A— A — Prop
refl.  :{A:Type}(a:A) —Idaa

! Actually, in the example of Section we have used dependent pattern matching instead of
explicit inversion principles, as the two were completely equivalent in that case. In the current
case, however, proof-irrelevance prevents us from being able to pattern match of well-formedness
proofs.
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transp : {A: Type}(C : A — Type){ap a; : A} = Ildaya; - Cap— C ay

with the computation rule transp C' e u = u whenever e is a reflexive equation.

With Id we can now state and prove all the necessary inversion principles, as
well as transport over them. We are now left to define the actual eliminators for the
encoded IIT. Perhaps surprisingly, the simple (i.e. non-recursive-recursive) elim-
ination principle is sufficient for our purposes: all functions described in Section
[6.4] can be defined just using the simple eliminator without recursion-recursion.
The simple eliminator itself can be defined by pattern matching on the untyped
codes, and does not require extensionality or any extra principles beyond Prop and
strong transport. Once the inductive encoding of the inductive-inductive universe
is done, the setoid universe can be defined just as in Section [6.4]

6.6 Inductive setoid universe with general elim-
inators

The inductive setoid universe thus described is proposed in our published work
[ABK™21], on which we based this chapter until now. The paper version of the
universe II'T does not include an encoding of the fully general eliminators, but
instead constructs the setoid universe using the simple eliminators. The reason for
this omission was a suspicion that deriving the general eliminators would require
function extensionality.

Being able to define the setoid universe with just the simple elimination prin-
ciple is certainly a remarkable result in its own right; however, because we were
forced to work with a less powerful elimination principle, the definitions themselves
ended up being quite technical and arguably not very easy on the reader. Partially
for this reason, we won'’t discuss its details here and instead refer the reader to the
Agda formalization [Ses23|.

Having said that, it is natural to ask ourselves if deriving the general eliminators
for the universe IIT is truly out of the question. As it turns out, despite our fears
we can in fact derive them. While a “naive” application of the finitary reduction
method to the universe II'T would fail without funext in the encoding metatheory,
we realize that there are ways to circumvent the difficulties that arise. The two
major stumbling blocks when encoding infinitary IITs in an intensional setting are
the proof of propositionality of the well-formedness predicates and the proof of
right-uniqueness of the eliminator relations, both of which require funext. While
we have established that we can avoid proving propositionality of the predicates
by defining them in Prop, it is not yet clear how to get away from proving right-
uniqueness. We will see in the following sections that many infinitary II'Ts can
be encoded via eliminator relations without having to prove right-uniqueness, by
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careful use of the induction hypotheses and the inputs to the proof term of left-
totality. Fortunately, the universe IIT inU/inU~ happens to be one of these types.
We defer discussing the details of the encoding until Section [8.2] In the meantime,
we will assume to have the general induction principle for inU/inU~ at our disposal,
and take a look at some useful applications of it, namely the derivation of universe
induction, in the next section.

6.6.1 Universe induction

Universes have introduction rules expressing how types belonging to that universe
can be formed, however there usually is no formal enforcement that types can only
be constructed from that specific set of constructors. When this is the case, we
say that the universe is open.

An alternative to open universes is to equip them with an induction princi-
ple expressing that all types belonging to that universe are a result of repeated
application of the introduction rules [NPS90]. We then say that the universe is
closed.

For example, given a universe of small sets S : Type, T : S — Type with
codes bool, prod, fun for booleans, products, and functions, an eliminator for S is a
term:

C:S — Type
c1 : Cbool
ey :V{ab}, Ca— Cb— C (prodab)
c; :V{ab},Ca— ((x:Ta) — C(bx)) = C(piab)
f=elimCcicycs3:(s:S)—=Cs

such that f bool = ¢, f (prodab) = ¢y (fa) (fb),and f (piab) =co (fa)(Ax. f(bz)).

Whether to adopt closed or open universes is a matter of trade off, as both
approaches have advantages and disadvantages. An advantage and common use
case of closed inductive universes is generic programming. For example, we can
take our universe S and write a generic program that curries any term:

curry-fun-ty : S-S — S

curry-fun-ty :=elim (A_.S — S) (pibool) (A hy hy . he © hy) (A{a b} __.pi(piab))
curry-ty := elim _(Ax.z) (A{a b} __.curry-fun-tyabd) : S — S

curry-fun: (a b:S) — T (funab) — T (curry-fun-ty a b)

curry-fun :=elim_(A_f. f) ANhaho - f - ha-(Az . hy - (Ay . f(x,y)))) (A___f.f)
curry : (s:S) = Ts — T (curry-ty s)

curry :==elim_(Az.2z) (A__x.x) (A {ab} __.curry-funab)
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A drawback of universe induction, aka type-case, is that it clashes with other
principles like univalence and parametricity. These principles are strongly tied to
the notion of types as black boxes representing and enforcing layers of abstraction,
which is in contradiction with the ability to inspect and perform case analysis on

types.
Universe induction is employed in systems like OTT |[AMS07] and XTT [SAG19]

to generically compute the structure of equality types for any given type in the
universe. Both these systems are based on a setoid model, thus we wonder if the
same principle can be added to our own setoid universe in the context of SeTT. As
it turns out, the stronger elimination principle that we have implemented for the
universe IIT inU/inU~ now allows us to model universe induction for our setoid
universe U.

Given a family F : Ty (I'> U) over the universe, and methods’}

fo:TmT F[2y]
fo:Tm(CeA:UsB:1(a:ElA) U F[A]>1I(a: ELA) F[B - a]) F[lly AB]

We define a dependent function
Elim: TmI' (I U F)

by induction on its argument. We sketch the core part of the definition, i.e. the
component |[Elim|: (v : |T])(z : |Uly) = |F|(y, x).

Elim] ~ (, bool) = [b]

[Elim|~ (-, pi{A} {B} {401} {Boi} a a1 b bor) = ?

The boolean case is immediate. On the function case, we construct the follow-
ing by induction hypothesis

he := |Elim| v (., a)
hy .= (Az. |[Elim| v (., ba)), (Azoy . Elim™ (reflT' ) |, bo1 (out ag; zo1)])
h:= |fp| (*7 ha7 hb)

The term h is the result we want, but its type is not quite right as some of its
indices are only extensionally equal (i.e., up to setoid equality) to those of the goal

2Recall the definition of _- _ on CwFs from Section As we are presenting the setoid
model as a CwF with extra structure, we assume here to have a corresponding term _- _.
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type. Let tmy : TmT'U and tmpg : Tm (I'>Eltm4) U be setoid terms internalizing
the codes a and b as elements of U. The type of h results in

|F|(7, |Hy tma tmp|y)

whereas the goal type is just

|F|(7y, (- piaag: bbotr))

Unfortunately these two types are not definitionally equal, as a consequence of
our use of the out and in operators to define the universe, and in particular the
[Ty constructor. While these operators establish equivalences between different
relations, they certainly need not establish definitional equalities.

Nevertheless, we can prove a setoid equality between the two codes, as wit-
nessed by the following proof:

e :inU~ (piaam bb()l) (71'2 (|Hth th|’}/))

e .= pIN (an __ |,7 (101|) ()\l’(]l . InJ __ |,7 b(n (OUt ap1 I01)|>

We thus coerce along e, and conclude with coe F' (refl I' v, |, e]) h.
The second and final ingredient to define Elim is a proof Elim™ that |Elim|
respects setoid equality:

Elim™ : (p: T 7971) = (ILU F)™ p (|Elim| 7o) (|Elim| 71)

We refer the reader to the formalization [Ses23| for its definition. We do note,
however, that Elim™ is defined by induction on inU~, and mutually with |Elim|
which also appears in its type. This recursive-recursive definition of Elim thus
crucially relies on the general induction principle of inU/inU~.

We can prove the relevant S-equations for the eliminator thus defined. We have
a definitional equation for the boolean case:

Elim - 2y = fb

However, because of the extra coercion in the definition of Elim for the depen-
dent function case, we only obtain a computation rule up to internal propositional
equality:

Tm I (Id _ (Elim - Iy A B)
(fp[A, B, Elim - A lam (Elim - B|vz])]))
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Chapter 7

Conclusion of Part 11

In this part of the thesis we have described the construction of a universe of se-
toids in the strict setoid model of type theory; the universe is derived in several
steps, first as an inductive-recursive definition, then as an inductive-inductive def-
inition, and finally as an inductive type. Every encoding is obtained from the
previous by adapting known datatype transformation methods in a novel way that
accounts for the peculiarities of our construction. This part of the thesis, there-
fore, not only contributes a setoid universe construction, but also demonstrates
how our initial inductive-recursive-recursive definition of the universe can be en-
coded as a purely inductive construction that does not rely on induction-recursion
or recursion-recursion, as well as function extensionality.

Part of the content presented here has already been published as joint work
in [ABK™21]. We have improved upon, and added to it with (1) an implementation
of general eliminators with definitional 5-equations for the universe II'T encoded via
inductive families, as well as (2) an implementation of universe induction/typecase
for the setoid universe defined in terms of such IIT.

7.1 Formalization

All the mathematical content of Chapter [6] has been formalized in the Agda proof
assistant. The files can be found in the permanent repository [Ses23|, inside the
directory setoid-univ.

The portion of formalization covering the material up to Section has been
previously published as part of [ABK™21], and can be found unchanged in [Ses23].
In addition to that, we include a complete formalization of the content of Sec-
tion [6.6] Section and Section [8.2] We refer the interested reader to the file
Readme.agda for a guide on the contents of the formalization. We emphasize in
particular the Agda files relevant to the two major contributions original to this

69
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part of the thesis, namely

e the encoding of the types and term constructors of the universe II'T in terms
of inductive families, in the module Setoit.Sets.1lib;

e the implementation of the general eliminators for the aforementioned en-
coded IIT (Section [8.2), in the module Setoid.Sets.gen-elim;

e the implementation of the universe elimination principle/typecase (Section(6.6.1)
for the setoid universe constructed via the universe IIT (as presented in Sec-
tion |6.4)), in the module Setoid.UnivElim-SetsII.

7.2 Future work

The work presented in this part of the thesis offers several opportunities for im-
provement and future work, which we summarize below:

e The obvious next step is to extend the rules of SeTT as written in [ABKT19]
with rules for a universe reflecting the semantics presented here.

e In Section we have demonstrated that the IIT formulation of the setoid
universe can support universe induction; however, we only managed to prove
the S-rule for the code of function types up to setoid equality, i.e. SeTT’s
internal propositional equality. We would like to investigate whether this
equation can be made definitional, perhaps via a different formulation of the
setoid universe.

e The inductive version of the universe IIT inU/inU~ relies on the presence of a
proof-irrelevant identity type with a strong transport rule. While universes of
definitionally proof-irrelevant propositions are a relatively common and well-
understood tool supported by proof-assistants like Agda and Coq |[GCST19],
proof-irrelevant identity types have received less attention. We would like
to study the metatheory of type theories with this kind of identity type,
since previous work on the topic seems to suggest that is represents a non-
trivial addition [AC19|. We think consistency can be established by modeling
Prop as h-propositions, however canonicity and normalization would require
further work.

e Both SeTT [ABKT19] and XTT [SAG19| are syntactic presentations of the
setoid model with similar design choices, like definitional proof-irrelevance
and heterogeneous equality types. Moreover, as we have shown in this thesis,
SeTT universes can support universe induction, which is a crucial ingredient
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of XTT. We would like to know whether their respective notions of models
are equivalent, that is, if we can obtain an XTT model from a SeTT model,
and vice versa.

7.3 Related work

There are several alternative approaches to constructing universes of setoids in
the literature. We recall OTT and XTT, which were previously mentioned in
Chapter [ In [AMS07], the authors define an inductive-recursive universe for
OTT, and rely on ETT for its justification; on the other hand, we construct
our inductive-recursive-recursive universe by reducing it to an indexed inductive
definition that can be fully expressed in intensional MLTT extended with strict
propositions and proof-irrelevant identity types.

In addition to OTT’s universes and our own, XTT [SAG19] also features
inductive-recursive universes supporting a form of type-case. It should be noted,
however, that while completely optional in our setting, type-case in OTT and XTT
seems to be necessary to make equality proofs and coercions compute as intended.
Similarly to our universe, XTT universes are presented in an inductive-recursive
style, but are actually defined using simpler building blocks such as W types and
d-types.

In [AR14a], the authors give a formalized account of Allen’s PER seman-
tics |AlI87] for a hierarchy of type universes for Nuprl, carried out in the Coq proof
assistant (see Section 4.2 of the technical report |[AR14b| for a detailed account).
In this semantics, typehood (which terms are types) and member equality (which
terms are equal elements of some type) would have to be given mutually, giving rise
to an inductive-recursive definition. In the attempt to avoid induction-recursion
(IR), the authors follow Allen’s approach and encode the mutual definition as a
purely inductive construction, relegating IR — which is, in any case, not currently
supported by Coq — to a purely explanatory role. Their encoding can be un-
derstood as an instance of Capretta’s method to reduce (small) IR to induction
in the Calculus of Inductive Constructions |[Cap04], and undoubtedly bears many
similarities with our work in its general approach; however, our novel combina-
tion of large IR with constructs such as strict propositions and recursion-recursion
arguably brings on a unique set of challenges and related solutions.

On the broader topic of bootstrapping extensionality from an intensional base,
we must mention the Minimalist Foundation by Maietti and Sambin [MS05,Mai09).
This system is implemented in two levels: an extensional level emTT—a variation
of ETT with quotients, proof irrelevance, and a notion of collection — and an
intensional level — a variation of intensional MLTT with a notion of collection,
and a weaker notion of conversion that does not include the £ rule for A-terms. The
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extensional level is built on top of the intensional one via a setoid model. One of the
core design principles of the Minimalist Foundation, shared by SeT'T, is to alleviate
the burden of working with extensional concepts in intensional type theory, by
offering instead a more ergonomic system that hides the complex setoid machinery
under the hood, while also guaranteeing soundness with respect to a particular
setoid model construction. One crucial difference between SeTT and emT'T is that
emT'T is a version of ETT and thus has undecidable type-checking, whereas SeTT
is an attempt to add extensionality to intensional type theory without sacrificing
decidability.
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Inductive-inductive types
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Chapter 8

Infinitary induction-induction

Induction-induction [NF13] is a powerful form of induction that can be used to
define complex structures like the syntax of dependent type theory |[AK16]. In
a type theory that does not support induction-induction as a primitive notion,
like the one underlying the proof-assistants Coq and Lean, it is not possible to
just define IITs directly as a single inductive definition. Still, if the theory is
rich enough it might be possible to instead encode the components that constitute
the IIT by explicitly defining its types, constructors, and eliminators using the
building blocks available. One example of this process of reduction is when we
encode arbitrary inductive types as a particular instantiation of W-types [Dyb97].

It is known that finitary inductive-inductive definitions can be reduced to in-
ductive families [AKKvR19,AKKvR18 KKL20]. We have seen an instance of this
construction in Section [3.2] where we applied the reduction method described
in [vR19] to a minimal type-theoretic syntax with two sorts Con, Ty.

On the other hand, the problem of reducing infinitary II'Ts to simpler forms of
induction has received comparatively less attention, and most works that do touch
on the topic tend, perhaps unsurprisingly, to presuppose an extensional setting
(see discussion in Section [13.4). We are interested in the reduction of infinitary
IITs withing ambient encoding theories that are intensional, and that in particular
do not admit function extensionality.

We have ventured into the infinitary territory in Section [6.5, where we have
managed to apply the finitary encoding method as per Section outside of
its intended scope. Specifically, we targeted the universe IIT inU/inU~, a fairly
complex infinitary IIT, and carried out the encoding in an intensional metatheory
without funext. Although we did succeed in our goal it wasn’t all smooth sailing, as
we had to tweak the encoding method (and the metatheory) by adding definitional
proof-irrelevance and a proof-irrelevant identity type.

Our endeavours to reduce the universe IIT to inductive families raised some
questions:

75
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e is it possible to encode the general eliminators for the universe II'T inU/inU~7

e is it possible to generalize the encoding method we used on the universe to
a wider class of infinitary IITs?

The chapters that follow serve as our answers. An answer to the first question
was already hinted at in Section [6.6] where we deferred discussing the details of
the encoding until this chapter. We finally do so in Section [8.2] We complement
that in Section with an in-depth illustrative encoding of a simple but realistic
infinitary IIT: a version of the Con/Ty IIT with an additional infinitary constructor
for dependent function types quantifying over the natural numbers. We will use
this running example as a reference in the later chapters, when generalizing the
encoding method to arbitrary IIT specifications.

Chapters[9| to[12] will cover the main contribution of Part III, and tackle the sec-
ond of the questions above. By looking at our encoding examples from Section
and we identify some sufficient conditions for an infinitary IIT to be reducible
to inductive families without having to assume funext in the encoding metatheory
(Section . Accordingly, we fix a suitable “target” subclass of all IITs (Sec-
tion and formally define how to specify IITs in such class (Section . The
remaining chapters will go into the details of the generalized encoding. We first
identify what constitutes the IIT corresponding to given a specification, by defin-
ing a notion of IIT algebra (Chapter [10). We then show that for any specifiable
IIT we can encode a corresponding algebra, i.e. its types and constructors (Chap-
ter . We conclude by showing that the algebras thus constructed can always
be equipped with general eliminators with definitional S-rules (Chapter .

8.1 Example: contexts and types

In this section we revisit the reduction example from Section in an infinitary
setting. The idea is to test how much of the construction showcased in Section
can be applied to infinitary II1Ts, and what alterations to the encoding theory are
required to make the method work.

We start from the same metatheory/encoding theory as in Section : this is
intensional Martin-Lof Type Theory with universes Type; (at least two) equipped
with (mutual) inductive families and II, ¥ types. Learning our lesson from the
universe II'T encoding attempts in Section we further extend the metathe-
ory with two components: (1) a universe Prop of definitionally proof-irrelevant
propositions, containing T,II,%; (2) a proof-irrelevant identity type with strong
transport rule

Id: (A: Type) > A — A — Prop
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refl : {A: Type}(z: A) —>IldAaa
transp: {A: Type}(B: A — Type){r y: A} »ldAxy— Bx— By
transp B (refl ) b=b

We also have a lifting operator Lift : Prop — Type with constructor lift : {P :
Prop} — P — Lift P and destructor unlift : {P : Prop} — Lift P — P, which we
use to implicitly coerce propositions into types as convenient.

We take the already familiar Con/Ty IIT and add a higher-order constructor 7
that makes it infinitary.

e :Con

>_:([': Con) = Ty I' = Con

t :(I':Con)— Tyl

7 (D:Con)(A:TyI)(B:Ty(I'bA)) > Ty
7 :(I':Con) > (N—TyI') > Ty

A real-world example of such an infinitary constructor can be found in the
specification syntax for QIITs proposed by Kaposi et al. [KKA19[: they define
a type theory of signatures as a QIIT, which includes sorts Con and Ty, and a
constructor I : (T : Type) — (T — Ty I') — Ty T to express non-inductive
parameters. Our constructor 7 is just I1 instantiated to 7" := N.

As an IIT, we would expect Con/Ty to be equipped with eliminators. To state
them, we consider a displayed algebra over Con and Ty, which is given by indexed
types

Con® : Con — Type

Ty? :{I':Con} = Con” T' = Ty I' — Type

and functions corresponding to each constructor:

o’ :Con” e

P T AP Con” T) = TYP TP A — Con” (T'> A)

P T ConH(IP - Con” T) = TYP TP (1 T)

7P AT A BYI'P: Con? T')(AP : TyP TP A)(B” : Ty? (TP P A) B)
— Ty’ TP (7T A B)

7P D :Con}{F:N = Ty’ I'P: Con” I') = ((n:N) = Ty’ I'P (F n))
— Ty’ TP (7 T F)

The general eliminators have the following signatures:
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elimeon @ (I': Con) — Con? T
elimy, : {T': Con}(A: Ty T') — Ty” (elimeon I') A

In addition, we have computation rules that explain the computational be-
haviour of the eliminators on constructors:

elimc,, ® = o

elimcon (> A) = elimee TP elimp, A
elimp, (¢ T) =P (elimeo, T)
elimp, (7 T A B) = 77 (elimcon ) (elimy, A) (elimyy, B)

elimp (7 T F) = 72 (elimeon ') (An . elimyy (F'n))

Following what we did in Section [3.2] we now split the IIT specification into
erased types Cong, Ty, : Type and well-formedness predicates Con; : Cony —
Prop, Ty, : Cony — Ty, — Prop, with the important difference that now Cony, Ty,
are defined in Prop.

e, : Con; e

o : Cong
b1 Con1 FQ — TY1 FO AO — Con1 (FO >0 Ao)

_>g - : Cong — Tyy — Con
0 0 Yo 0 L1 Con1 FO — Ty1 FO (LO Fo)

71 : Cony Tg — Ty; Tp Ag — Ty; (Do > Ag) Bo
— Ty; To (7o Ty Ao Bo)

71 : Cony I'g — (Vn.Ty; Ty (Fon))
— Ty, To (70 To Fo)

Lo : Cong — Ty
7o : Cong — Tyg — Tyg — Ty,
7o : Cong — (N — Tyy) — Ty,

The predicate types can be defined as a mutual inductive definition, or al-
ternatively by (large) recursion over the erased types. More details about this
construction later in Section R.I.1]

We have inversion principles expressing that well-formedness of a compound
term implies well-formedness of its components:

inv->1-Con : V{T'g Ag} — Cony (T'g g Ag) — Cony Ty
inv->1-Ty : V{T'g Ap} — Cony (T'g g Ag) — Ty, T'o Ap
inv--Con : Y{T'g Ag} — Ty; I'g (70 [ Ag) — Cony Iy
inv-7t-Ty : V{T'g Ag} — Ty, T'g (g Tp Ag) — Ty, To Ao
inv-r1-Dom : V{T'g Ag Bo} — Ty1 Lo (o Lo Ag By) — Ty1 g Ag
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inv-1-Cod : V{FO A() B(]} — Tyl Iy (ﬁo Iy AO Bo) — Tyl (FO >0 Ao) By

As with the finitary Con/Ty, we can recover the original inductive-inductive
type as Con := X (I'g : Cong) (Cony I'g) and Ty I' := X (Ap : Tyo) (Tyy (m I') Ap).

We only show the new constructor:

T (Fo,rl)F = (ﬁ'o F() ()\n.m(Fn)),frl Fl ()\nﬂ'g(Fn)))

Next, we give the graph of the eliminators as a pair of mutually-defined rela-
tions. Except 7, the rest of the definition is just like the finitary case.
Conf: (I': Con) — Con? I' = Type
Tyt {T: Con}(I'P:Con? T)(A:TyT) - Ty’ T ATP = Type
° : Con® o o
oft _Conf' TP 5 TyB TP A AP — Con® (I'> A) (TP P AP)
FoosConf' TP 5 TWETP (WD) (WP TP
7l Conff TP - TWE TP A AP - TyE (PP AP) B BP
- Ty TP (T A B) («P P AP BP)
# i Conf I TP = ((n:N) = TyB TP (F n) (FP n))
S TP (2T F) (7P TP FP)
Like the predicate types, these relations can be defined inductively, or by re-
cursion over the erased types. A recursive definition is given later in Section [8.1.1]
We now prove that these relations are left-total. This is done by mutual in-
duction on the erased components of the Con and Ty inputs, respectively:
Con? :V Iy Ty — % (I'P: Con” (Ty,T4))(Con® (I, T'y) T'P)
Ty? : V{I TP} (Ag : Tyg) (A : Ty, (m T) Ag) — Con® T' TP
— S(AP  TyPT (A, A)) TP)(Ty® (Ag, A)) TP AP)

Proving Con? is fairly straightforward:

Con” ey p:= (o7, of)

Con” (Tg g Ag) p:= (w1 hoP w b)), (my hofimy 1)

where in the second clause we obtain h and A’ by induction hypothesis:

h := Con” Ty (inv->-Con p)
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B = Ty? Ay (inv-b-Ty p) (73 h)

Proving Ty? isn’t conceptually different, however we now have to pay attention
to the fact that I' both appears as a standalone input as well as data to construct
A: Ty T'. For example:

Ty’ {T, 1} {FD} (o Ty)pr:=7

At this point, both I'y and I'j; appear in the goal type, therefore it’s impossible
for us to conclude the proof via ¢* and ¢-R unless we equate these two contexts.

Recall that we encountered the same stumbling block in Section for the
finitary version of Con/Ty. Like in that case, we should be able to conclude that
[y equals I') from inversion on p. Here is where the proof-irrelevant identity type
with strong transport rule becomes necessary: because Ty, is a strict proposition,
any inversion principle from a proof of type Ty, can only ever provide us with an
equality in Prop. In our case, we express this equality via the Id type, which we
also write as =.

We have the following equational inversion principles on predicate types:

inv-¢q : V{PQ FE)} — Tyl I'y (LQ F6> — Iy = P6
inv—frl : V{FO F/O FQ} — Tyl FO (’ﬂ'g F/O Fo) — FO = F6
inv-y : V{PO P6 AO Bo} — Tyl Iy (71'0 F6 A() B()) — Iy = FIO
After transporting via inv-1q, the proof of left-totality for the ¢ case concludes
like in the finitary example of Section with a pair (P TP, ftr). Actually,
unlike in the finitary example we do not need to further transport along proofs of
propositionality of the predicate types, since definitional proof-irrelevance makes
it trivial.
We quickly go through the remaining cases of Ty?, which are all fairly similar
in execution.

Ty" {T} (7o T Fo) pr =7
After transporting along inv-7; p to establish m I' = I}, the goal type becomes
S(AP: TyP TP (7 T F))(Ty® - AP)

where F| := inv-7-Ty p and F := An.(Fyn, Fin). By inductive hypothesis, we
have h := An. Ty? (Fyn) (Fy n) r. We conclude with

(#P TP (o h), 7% r (my 0 b))
The 7 case is similar:

Tyzl (7_1'0 F6 A() Bo) p = ?
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After transporting along inv-7; p, the goal type becomes
STy I'P (7= T A B))(Ty" )

where A;, By are obtained by inversion on p, and A := (Ag, A1), B := (Bo, B).
By inductive hypothesis, we have

hy = 'I'y3 Ag A r

hB = TyEI BQ Bl (T‘ I>R YD) hA)

from which we easily conclude
(7P TP (7 ha) (71 hg) , T (79 ha) (79 b))

The detailed definition of Ty”, with explicit transports, in shown in Figure .
Having proved left-totality of the eliminator relations, we can finally define the
eliminators as simple projections:

elimeon, I :=m; (Con3 )
elimy, {T} A :=m (Ty” A (2 (Con™ T)))

Thanks to our use of Prop to define the predicates, all the expected [-equations
on the eliminators as defined above hold by definition.

8.1.1 Recursive predicates and relations

The well-formedness predicates and eliminator relations that we used to encode
the Con/Ty IIT can be defined by (large) elimination on erased types, without the
need for Prop to be closed under arbitrary inductive definitions.

We start with the well-formedness predicate types.

Con; : Cong — Prop
Ty, : Cong — Ty, — Prop

Defining Con; is pretty straightforward: for any erased context, the predicate
should hold if it also holds for all the sub-components:

Con, ¢ :=T
Con1 (FO >0 A0> = COI’H FO X TY1 FO AO
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T : Ty, — Cony — Type
T A() FO = (Fl . C0n1 Fo)(Al . Tyl Fo Ao)(FD : COHD (Fo,Fl))
— Con®® TP = (AP : TyP TP (Ag, A)))(Ty" _ AP)

Ty {To,T1} (10 Tf) p:=transp (T yo) e h Ty p
where
h:T (1oT}) T}
he= AT TP r — P TP By
e: Ty =T
e :=sym (inv-4; p)
Ty? (7o Ty Fy) p :=transp (T (7o Ty Fy)) e h _p
where
h=AT pI'Pr = 22 TP (An.my (hn)), 7% r (An.my (hn))
where
ih = An.Ty? (Fy n) (inv-r-Ty pn) r
Ty3 (ﬁo P6 A() B()) p = transp (T (ﬁo F6 AQ Bo)) eh _p
where
h:T (’ﬁo F6 AO Bo) Fi)
h= AT pIPr — 7P TP (nyih) (ryih) 7% ¢ (mo ih) (mo ih)
where
ih == Ty> Ay (inv-7-Dom p) r
ih' .= Ty? By (inv-7-Cod p) (r > 75 h)

Figure 8.1: Detailed definition of Ty?

The definition of Ty, I'y Ay is almost the same, with the addition of equational
constraints between I'y and Ay which express when I'j is a valid index for Ag:

TY1 FO (L() F6) = Con1 F6 X (FO = F6)
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Ty, To (70 T Fp) :=Cony Iy x ((n: N) — Ty; T (Fpn)) x (Tg =Tp)
Tyl Iy (77'0 F6 Ap BO) := Cony F6 X Tyl F6 Ay X Tyl (PI >o Ao) By x (F() = Pa)

We can easily define all the expected constructors:

o =1t 7AT1 Fl F1 = Fl,Fl,refI
Fl >q Al = F17A1 T Fl Al Bl = Fl,Al,Bl,refl
11 I'y =1y, refl

We can also define all the inversion principles used in the encoding, by simple
projection. We omit the details.

Eliminator relations are a bit more involved, but follow the same line of rea-
soning. We first recursively define the following intermediate relations:

ConZ_: (I'y : Cong)(I'; : Cony) — Con® (I'y,T1) — Type
Tyfic :{T : Con}(Ag : Tyy)(A; : Ty, (m T) AO)(FD : Con? )
— TyD rP (Ag, A1) — Type

Defining Con’_ is relatively straightforward: we relate a context I' and a dis-

played context I'? whenever there are displayed terms for each sub-component of
I' which are also related. Moreover, if I' is obtained from some constructor, then
I'? should be also obtained via the function in the displayed algebra corresponding
to that constructor. For example, the context (I'> A) and some displayed object
2P are related whenever z” is actually equal to I'? P AP for some I'?, AP, such
that I is related to I'” and A is related to A”. The notion of relatedness for each
of the sub-components is available via inductive hypothesis, since the statements
pertain recursively smaller objects.

On the other hand, when defining Ty {I'} Ay A;T'” AP we encounter the
same issue that we had when defining Ty”, in that when doing induction on the
input erased type Ag, this exposes a discrepancy between the context I' obtained
as input to the function itself, and the context exposed when pattern-matching on
Ag.

For example, suppose we are given contexts I' : Con,I'? : Con” T, and types
(Ag, Ay) = Ty T, AP : Ty? T'P (Ap, A)), and that by case analysis we discover
that Ay = o I). The natural way to define this case of the relation is proceed



84 CHAPTER 8. INFINITARY INDUCTION-INDUCTION

T:=XAgTy.VI Ay (TP : Con? (Iy, 1)) = TyP I'P (A, A;) — Type

z =2 y = transp ANz TyPz)qz=y

Ty/ée (1o To) p =
transp (T (1o Tg)) e h _p
where
e :=sym (inv-¢1 p)
h:T (1o To) Iy
hTypal yP =
(TP : Con® (I'y,T1))x
Confl Ty T TP x

(q:TP =2P)yx PP L 4P

TyE_ (79 To Fy) p :=
transp (T (7o T'o Fy)) e h _p
where
e := sym (inv-7r1 p)
h:T (7 To Fy) To
hTypal yP =
(TP : Con® (Iy,T1)) %

(FP - vn.TyP TP (Fyn, Fin))x

Conl Ty T TP x

(Vn.Tyfz,c (Fon) (Fin) rP (FD n))x

(q:TP =aP)x 7P 1P FP 4 P

where F} := inv-711-Ty p

Ty (70 To Ao Bo) pi=
transp (T" (mo I'p Ao Bo)) eh _p
where
e := sym (inv-7; p)
h:T (7o To Ag Bo) Tg
hTypal yP =

(TP 2 Con® (Iy,T1)) x
(AP - TyP TP (A, A1))x
(BP : TyP (1P P AP) (By, By))x
Confl Ty T TP x
Tyl Ag A, TP AP x
Ty By By (TP »P AP) BP x
(q:TP =2P)yx 7P 1P AP BP 2 D
where

A1 :=inv-m;-Dom p

Bi :=inv-71-Cod p

Figure 8.2: Recursive eliminator relations for Con/Ty

recursively, adding a constraint AP =P T'P and requiring that (I'y, T"}) be related

to I'P.

Tyfz,c {T'} (00 TG) A I'? AP .= Con

(T, %) TP x AP = ,P TP

However, for this to typecheck we need to establish that m; I' = I'j. Luckily
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this equation follows by inversion on A;; we transport along it to change the goal
type to one where these two contexts actually match.

Figure [8.2] shows the gory details of these two definitions. Note that we pull
out the type of Tyfzc and explicitly define it as T', so that we can easily transport
over it. The definition of Ty  thus looks very similar to that of Con®_, with the
exception of the extra step of transporting along the appropriate equality between
erased contexts. Moreover, since Ty?_ relates both Con” and Ty” variables, we
have one more equational constraint compared to Con’_.

We can now recover the expected types and constructors of the eliminator
relations from the recursively defined ones.

Con® (To,T1) v .= ConfzC oo, r?

TyRE TP (4o, A1) AP .= TyE Ay A, TP AP

oft := refl

rfty! =, 1,1, refl

S = _, 1, refl, refl

Al rprarg =, ., ., rp,7ra, TR, refl, refl
oy = r,r, refl, refl

=)=

We have shown the recursive definitions of Con* and Ty® in painstaking detail,
which makes them look quite technical and perhaps more complicated than they
actually, conceptually are. In fact, they look closer to what a code generator
would produce. This is on purpose, and in anticipation of Chapter [12] where we
will indeed define algorithmic procedures generalizing this recursive definition of
predicate and relation types to arbitrary IIT specifications. The way we presented
this concrete example here will hopefully contribute to clarify how the general
procedure directly relates to, and generalizes it.

8.2 Example: the setoid universe IIT

Despite its extreme simplicity, the Con/Ty example allows us to talk about non-
trivial nuances of the reduction that realistically apply to many examples of
induction-induction. Nevertheless, it is still fair to expect “real-world” instances of
induction-induction to be generally more complex than that; we might then won-
der whether this reduction still works for more complex use cases, and moreover if
there are any interesting examples of infinitary IITs taking place in a metatheory
without extensionality, which would therefore benefit from the reduction method
presented here.
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The setoid universe IIT from Section [6.6| provides an anecdotal answer to both
questions. The context of this construction is the strict setoid model of type the-
ory, originally presented in [Alt99] as a way to justify extensionality principles in
intensional type theory, and later revisited as a type-theoretic syntax in [ABKT19).
One of the appeals of the strict setoid model is that it can be defined in an inten-
sional type theoretic metatheory without function extensionality, thus effectively
representing a way to “compile” extensionality into a small computational core.

Chapter [0] tackled the issue of extending the setoid model, and thus SeTT, with
a universe of setoids, in a way that does not sacrifice the philosophical appeal of
a minimal, intensional, core metatheory. Particularly, we did not want to extend
the metatheory with inductive definitions schemas beyond inductive families, let
alone funext.

The answer we reached was to define the universe in terms of a certain infinitary
inductive-inductive type which we encoded in the ambient theory using inductive
families.

data inU : Type — Type;
data inU~: {4 A" : Type} - inU A —inU A" — (A — A" — Prop) — Type,

We now equip these types with the expected elimination principle, by encoding
its general eliminators.

We begin with presenting the erased types inU,/inU~, and well-formedness
predicates inU;/inU~;, which are systematically generated from the signature of

inU/inU~{]|

data inU, : Type — Type,
data inU~, : (49 A, : Type)(Ap : Ay = A — Prop) — Type,

data inU; : inU, A — Prop,
data inUNt : (ao : inUp AO)(al : inUp Al) — inUNp AO Al AOl — PI’Opl

Figure [8.3| shows their term constructors.
The types of the target IIT are recovered via -construction:

inU X := X (20 :inU, X) (inU; )

'We use subscript p and ¢, instead of 0 and 1, to mark erased and well-formedness objects
respectively, to avoid clashing with other uses of subscript 0 and 1.
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inU~ ag ay A()l =X (CL(H . inUNp AO Al A()l) (inUNt (7'('1 (10) (7'('1 CL1> am)

Their constructors are also easily recovered from the erased/well-formedness
components:

bool := bool, , bool,
pi a ap; b by := _, pi, (w2 a) (w3 ap1) (w2 0 b) (73 0 boy)
bool~ := bool~,,, bool~;
pi~ {ag ago ar aiy bo boo by bi1} aoy bor =
— 5 Piry (72 ao) (7T2 aoo) (772 al) (7T2 Gn) (7T2 a01)

(7T2 o bo) (7T2 o boo) (7Tz ° bl) (7T2 o 511) (7T2 ° 501)

We now show that inU/inU~ thus encoded supports the expected general elim-
inators. To do this, we define a notion of displayed algebra over inU/inU~, as
well as eliminator relations between inU/inU~ and an arbitrary displayed algebra.
Figure provides the signatures of these components.

Assuming we are given an arbitrary displayed algebra inU” inU~" and defined
eliminator relations inU%, inU~% as per Figure , our goal is now to prove that
the eliminator relations have the left-totality property, that is, for any element on
the left of the relation there exists a related element on the right:

inU? : (a:inUA) = %(inU? a)(inU" a)
inU~7 @ (19 1 inUf 20 20) (ry - inU% 2y 2P) (20y : iU~ 20 21 Xo)

— B(inU~P 28 2P 26)) (inU~F 1)
Let us take a look at the proof of inU”. The boolean case is immediate.

inU? (bool,, , ¢q) := _, bool”

For the function case, we define
inU> (Pip ap ao1p by bo1p , @) := -, pi’t (72 ha) (T2 hag,) (2 0 hy) (2 0 hay, )

by first deriving the well-formedness proofs a;, agi¢, b, bg1¢ by inversion on ¢, and
subsequently applying the inductive hypothesis:

he .= inU? (a, , a;)

hag, = inUn~~> (79 ha) (72 ha) (ao1p » Go1t)
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hy .= Aa.inU? (b, , b )
hbm = )\ {IO Zl'l} o1 - inUNEI (7T2 (hb ZL‘O)) (7'('2 (hb ZL‘1)> (601p Zo1 , bOlt I()l)
The boolean case of inU~7 is, again, straightforward:
inU~7 bool® bool® (bool~, , q) := _, bool~%

Note that we pattern match on the input proofs of relatedness rq, 1 to expose
them as build our of the constructor bool®.
The clause for pi~ requires some more work.

. 3 D D . —
inU~ {xo T1 Ty Ty } To T (PINp Qop Aoop A1p G11p A01p b(]p bOOp blp bllp bOlp ) C]) =7

Let
ap = (aop, aot) bo :=Ax.(bopx , byt )
Qoo = (a00p7 aoot) boo := M xo 21} Tor - (bOOp To1 , boot To1)
a; = (aip, air) by =Ax.(bpz, bira)
aj1 ‘= (Clnp, alu) bii == A {ZEQ $1}Io1 . (bllp Zo1 , bie $o1)
Qo1 ‘= (a01p7 aou) bor == A {xo I1} Zo1 - (b01p To1 , bow 1‘01)

where the well-formedness components ag:, aoot, @1¢, A11¢, bot, boot, D1ty D11¢, Qo1es Dote
are obtained from ¢ by inversion.

We would like to inhabit the goal type via pi~? and pi~%, however this would
not type-check unless we can prove that the fixed variables xg, 71, 28, 2P are them-
selves expressions obtained from the constructors pi and pi”.

By inversion on ¢, we prove the equations

1 To = Plp Qop Qoop bOp bOOp

T T1 = Plp Q1p A11p blp bllp

hence by proof-irrelevance, we have ag = pi ag agy by boo and a; = pi a; a11 by by1.
Transporting 7y, 7, along these equations allows us to do inversion on them, which
exposes the following displayed terms and relatedness proofs

all - inU%ag ad bt V. inU" (by z) (b z)
CL(I]%O : inUNR apo CL(% bol% : \V/{IO ZL’l} Zo1 - inUNR (boo ZE01> (bg) Igl)

alt :inUf a; a? b Yo inU® (b z) (b 2)
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aﬁ . inUNR a1 CLlDl bﬁ‘v’ {JZO [El} Z2o1 - inUNR (bll IL‘()l) (lel I()l)

as well as the equations xf = pi? al’ al) by’ bl) and 2P = pi” a? ab) P b7,
We have the inductive hypotheses
— U3 R R
he == inU~" ay ai® ao;

hb = A {l‘o 5(31}[)301 . inUf\J3 (bOD 170) (b? ZEl) (b01 ZL’Ol)

from which we derive

D ._ D .

Qg = T ha bOl =710 hb
R . R .

Qg = T2 hb b01 = T2 O hb

We finally inhabit the goal type with the following pair

. D D D D _ D D3DiDDiD3D - R R R R _R R 1R1R 1R LR 1R
pi~" ay ag ay ary ag by by by by by, i~ ay agy ay” ayy agy by by by by bgy

The eliminators are, as usual, simple projections out of the proofs of left-
totality. It is immediate to verify that the expected f-equalities hold by definition.

elimipy : (a : inU A) — inUP q
elimjyu a i =m (inU3 a)
eIim;nUN : ((101 sinU~ ap a1 Agl) — inUND (elim;nu ao) (elim;nu al) aopl

eliminu~ {ao ai} ag := m (inU~7 (15 (inU? ap)) (2 (inU? ay)) agy)
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bool, :inU, 2
pi, :inUp, A = inU~, A A Ay — (Vz.inU, (Bx))
— (V{zox1} o1 .inU~p (B o) (Bx1) (Bo1 o))
— inU, (Fun A B Agp1 Bo1)
bool~), : inU~, 2 2 (_ <, )
pi~p :inU, Ag — inU~, Ag Ag Ago — inU, A1 — inU~, A1 A1 Ay
— inU~, Ag A1 Aot
— (Vz.inU, (Box)) = (V{zox1} z01 . inU~y, (Bo x0) (Bo x1) (Boo Zo1))
— (Vz.inUy, (B1x)) = (V{zox1} z01 . inU~y, (By 20) (B1 21) (B11 zo1))
— (V{xoz1} o1 .inU~y, (B zo) (B 21) (Bo1 xo1))
— inU~,, (Fun Ag By Aoo Boo) (Fun Ay By A1 Bi1)
(Ao f1 - V(zo x1) = Ao1 xo z1 = Bo1 zo1 (71 fo xo) (71 f1 z1))
bool; :inU; bool,
piy :inU; a = inU~y a a agr — (Y .inUyg (b))
— (V{zoz1} zo1 . inU~y (bxo) (1) (bo1 xo1))
— inUy (pip a ap1 b boy)
bool~; : inU~; bool, bool, bool~,
pi~;  :inU; ag — inU~y ag ag agp — inUy a1 — inU~y a1 a1 a1y

— inU~y ag a1 ao1

— (Va.inUy (b z)) = (V{xox1} xo1 . inU~y (bo o) (bo 1) (boo xo1))
— (Vax.inUy (b1 ) = (V{xox1} zo1 . inUr~y (b1 o) (b1 1) (b11 xo1))
— (V{zoz1} zo1 . inU~y (bo z0) (b1 21) (bo1 zo1))

— inU~; (pi,, ao ago bo boo) (pi, a1 a11 b1 b11)

(pi~p ap ago a1 a11 ap1 bo boo b1 b1t bor)

where Fun A B Ag1 Bo1 :=X (f : (v : A) = B x)(M{xo 1} zo1 - Bo1 zo1 (f zo) (f x1))

Figure 8.3: Constructors of the erased and predicate types generated by inU, inU~




8.2. EXAMPLE: THE SETOID UNIVERSE IIT 91

inU?  :inUA — Type
inU~" :inUP ag — inU” a1 — inU~agay Agp — Type
bool? :inUP bool
pi? - (aP :inUP @) = inU~P aP aP agy — (b : Yz .inUP (b))
— (V{zo 21} o1 . inU~L (0P 20) (b 21) (boy z01))
— inUP (pi a ag1 b boy)
bool~P : inU~" bool” bool” bool~
pic® i (@h inUP ag)(al) : inU~P ad al ago)(af - inUP ay)(ad] : inU~P ol aP a1y)
(ab} - inU~P ab aP agy)
(bF V. inUP (bgz)) (b8 : ¥ {z0 21} 201 . inU~L (bF x0) (0 1) (boo z01))
(P vz . inUP (b1 2)) (08 : V {20 21} 201 . inU~L (WP 20) (0P 1) (11 201))
(b8 Y {xo x1} 201 . inU~P (B 20) (bP 1) (bo1 o1))
— inU~" (pi” ag afy b3 bp) (pi” af’ aty b b11) (pir aor bor )
inU®  : (a:inUA) — inUP ¢ — Type
inU~® :v{ad aP}(ao1 : inU~agar Agy) — inU~P af’ aP agy — Type
bool™ :inU* bool bool”
pil? - inUf a o — inU~T agy al)
— (Va.inUT (b2) (bP z)) — (V {zo 21} 201 . inU~T (bo1 201) (B8] z01))
— inU® (piaag bbor) (pi” a® af) b2 bE)
bool~"" : inU~"" bool” bool” bool~ bool~"
piwpL - inUE ag ag) — inU~E aoo ag)o — inURal alD — inU~E all a1D1 — inU~R aop1 a(?l

— (V.%' . inUR (bo l‘) (bOD x)) — (V {$0 .1’1}.1‘01 . inUNR (boo 1‘01) (bODO xm))
— (V.%' . inUR (bl x) (le x)) — (V {$0 .1‘1} o1 - inUNR (bu 1‘01) (lel xm))
— (V {.1‘0 .%'1} xo1 - inUNR (b01 :B()l) (5(15)1 $01)>

. Ry . D D D.D D3D3D DD 1D
— inU~" (pi~ ap1 bo1) (pi~" ag agg ay” a1 agy by bgo b1 b11 bo1)

Figure 8.4: Specification of displayed algebras and eliminator relations
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Chapter 9

Generalizing the encoding

Chapter [8| demonstrated a method of encoding infinitary IITs in a suitable ex-
tension of intensional MLTT, by way of two concrete examples. We begun in
Section with an infinitary version of the Con/Ty IIT, which served as an in-
depth example of the encoding method targeting a simple yet non-trivial infinitary
ITT. We then looked at the detailed encoding of the universe IIT first defined in
Section [6.6] as an example of a complex, “real-world” case.

It is natural to ask ourselves whether the same construction can be carried out
for different IITs. We would like to identify a sub-class of infinitary II1Ts that are
amenable to encoding via our method, and give a general constructive proof that
this reduction can be applied systematically to arbitrary types in that sub-class.
We will do so in the chapters that follow.

We begin by pointing out the kind of IITs that we may not be able to encode
with our method. We then lay out some sufficient (although not necessary) con-
ditions for our method to work (Section [0.1)), and define the target class of IITs
accordingly (Section [9.2).

A general reduction from a class of type to another is a meta-theorem about a
particular theory — the target or encoding theory where the encoding takes place
— and as such it usually cannot be stated nor proved inside that theory itself;
instead, one can work in a metatheory where the target theory exists as a first-class
entity and can become the subject of meta-theorems of interest, which are stated
externally.

We discuss the distinction between the so-called meta-level and target-level in
Section We define the “ambient” metatheory where all our reasoning takes
place. Inside the metatheory, we define a datatype of specifications, which for-
malizes the class of IITs that we intend to target in the general reduction proof
(Section . We then define the target theory, or rather its models. The idea
is to prove the reduction as a property of target-theory models: for any model
and IIT specification, there exist semantic types and terms corresponding to the

93



94 CHAPTER 9. GENERALIZING THE ENCODING

specified 1IT.

The chapters that follow will make precise what we mean by IIT in the gen-
eral case. In the examples considered so far the target IIT was fixed, so it was
clear what types, constructors, and eliminators we needed to encode. When gen-
eralizing the reduction, however, the target II'T is represented by some abstract
specification, i.e. an element of the aforementioned specification datatype. Before
even beginning to talk about encoding such IIT in the target theory, we need to
define what it means for this II'T to exist, i.e. what are its types, constructors,
and eliminators. In the tradition of theoretical studies of data types, we do this by
assigning a notion of algebra indexed by IIT specifications: for any specification
we obtain a type of algebras, and take the specified II'T to be one particular in-
stance satisfying a suitable property, which in our case will turn out to be section
induction (Chapter [10])

Having made clear what constitutes a target-level II'T for any given specifica-
tion, we then focus on the building blocks of the encoding: these are the erased
types and the well-formedness predicates that we have familiarized ourselves with
in the previous chapters. The idea of the reduction was as follows: given suitable
erased and predicate types, we defined the types and constructors of the target
ITT; moreover, from the induction principle of the erased types and the inversion
principles of the predicates we derived eliminators for the target IIT.

We generalize the concept of erased type and well-formedness predicate sim-
ilarly to how we generalized the notion of IITs, that is, we define the notion of
erased algebras and predicate algebras indexed by specifications. The general en-
coding method thus becomes a construction on algebras: given a pair of an erased
algebra and a predicate algebra for some specification, we construct an II'T al-
gebra (Chapter ; moreover, we prove that if the input algebras are equipped
with suitable induction and inversion principles, then we can derive an induction
principle for the IIT algebra so constructed (Chapter .

9.1 Scope of the encoding

We take a closer look at what made the reduction in Section[8.1]work, in an attempt
to identify some sufficient conditions, on both the encoding theory and the subclass
of infinitary IITs that we are going to target, that ensure the applicability of the
encoding method for arbitrary IITs.

Propositionality of the predicates In the finitary case, propositionality of
the well-formedness predicates can be proved a posteriori, by induction/pattern
matching on the erased types. Our work, however, targets potentially infinitary
types, for which such a proof requires function extensionality in general. In order
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to escape funext and thus fulfill our requirements, we instead defined the predicates
inside Prop, thus making propositionality hold by definition.

This convenience doesn’t come for free: we now cannot use inversion or pattern
matching on proof terms of the predicate types in proof-relevant contexts, in par-
ticular when constructing the proofs of left-totality of the eliminator relations. As
we have seen in the examples, this limitation can be circumvented by equipping
the encoding type theory with a strictly propositional identity type with a strong
transport rule allowing elimination into proof-relevant types.

A pleasant side-effect of using Prop-valued well-formedness predicates is that
the p-laws of the encoded IIT eliminators hold definitionally. This does not seem
to be the case for (finitary) encodings where propositionality of the predicates is
proved a posteriori up to propositional equality, like in [vR19].

A possible alternative solution to the issue could have been to define the well-
formedness predicates as higher inductive types (HITs), with propositional trun-
cation as a path constructor, however this would still lead to weak g-laws. We
have not investigated this option enough to comment on its viability.

Right-uniqueness and non-linearity The reduction method discussed in [vR19]
comprises the important step of proving functionality of the eliminator relations,
i.e. left-totality and right-uniqueness. On the other hand, in our examples we
never prove nor need right-uniqueness of the eliminator relations to prove their
left-totality, and therefore to construct the eliminators. This aspect is due to
the particular II'T specifications considered in those examples, and our reduction
method crucially relies on it, since proving right-uniqueness requires function ex-
tensionality in the infinitary case.

The fact that we were able to make do without proving right-uniqueness of
the eliminator relations in all our examples suggests that there exists a subclass of
infinitary IITs for which this proof is simply not needed. Characterizing this sub-
class is vital for of our work, as any IIT outside of it would inevitably require funext
to be encoded, and therefore fall outside the scope of our method. Determining
the precise boundaries of this subclass might be challenging, but we attempt at a
partial answer to the question by identifying a property of IIT specifications that
seems to necessitate right-uniqueness when encoding them. This property is the
presence of constructors with a non-linear occurrence of variables in the codomain.
The epitomical example is the reflexivity constructor of the inductively-defined
identity type.

refl: {x: A} v =2

In the type of refl, the variable x appears non-linearly in the codomain x = z,
thus making the constructor non-linear in our sense.
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To illustrate the issue with non-linear constructors, let us consider the previous
Con/Ty type extended with a bogus constructors that make the definition non-
linear:

pair : Con — Con — Con
non-lin : (T'" : Con) — Ty (pair I' T)

Assume we are given a displayed algebra Con”, Ty”, which therefore comes with
a term non-lin” : (I'P : Con” T') — Ty” (pair® ' I'P) (non-lin I"). When proving
left-totality of the eliminator relation Ty in the case of the (non-linI") constructor,
we are given as input a proof 7 : Con™ (pair I' I") V* for some V? : Con® (pair I' "),
and we need to show the existence of some y” : Ty” V? (non-linT") which is Ty”-
related to non-linT. We might attempt this by constructing T'” : Con”T via
inductive hypothesis on I' and defining y” := non-lin” T'P, however this does not
typecheck since the Con”-valued index of this expression, pair® TP I'P| is not the
same as the expected V2.

Alternatively, we might try to proceed by inversion/pattern matching on r,
from which we get two objects I'P, TP and proofs r; : Con®™ T' T'P and ry :
Con®™ T' I'?, as well as VP = pair® P T'P. Although now we know that V” is
a term constructed via displayed pairing pair?, unfortunately this is now enough,
as we cannot complete the proof without establishing that T'?, TP T2 are all equal
to each other. While this would certainly be possible to prove via right-uniqueness
of Con®, we do not see a way to prove it without.

Because of these issues with non-linear constructors, here we will focus on
infinitary II'Ts that are linear. We leave open the question of whether a different
reduction method can be applied to non-linear IITs.

Remark 9.1.1. We have defined the notion of linear constructor in a very syn-
tactic way, in terms of variable occurrence in the codomain type. This definition
is informal and might not fully capture what we mean. For example, take the
constructor

non-lin-eq : (Tg I’y : Con) — Ty =Ty — Ty (pair [’y T'y)

The constructor non-lin-eq should be considered non-linear, even though the
free variables in its codomain are syntactically distinct. n

In addition to linearity, another aspect of our reduction method that allows
to prove left-totality of the relations absent of right-uniqueness is the controlled
and careful use of the inductive hypothesis. To illustrate this, consider again the
Con/Ty IIT with its constructor:
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t:(I':Con) - Ty

To prove left-totality of Ty® in the case of ¢, we need to produce evidence
of Ty® (LT) (P TP) for some T'” such that r : Con®™ I I'P. We are given two
alternatives to construct the proof r: (1) use the term I'” and proof r that are
already given to Ty” as input, or (2) construct different I'®" and +' : Con® T T’
by induction on I'. Because I'” is fixed and appears as an index in the goal
type, option 2 is only viable if we can prove that ' = '™ which again needs
right-uniqueness of Con®.

We distill this example into a general rule that we shall follow when encoding
the eliminators of an IIT of the form A : Type, B : A — Type, for some displayed
algebra AP, BP and eliminator relations A%, B®. The rule specifically applies when
proving left-totality of Bf for the case of a constructor ¢ applied to arguments
T1,...,Tp: in this scenario, we are given as input a term y” : AP y and a proof r
relating vy := cx ..., to y”; to prove the goal, we need to construct displayed
terms z” and corresponding proofs r; relating each z; to P for all i. The rule is
then the following;:

If z; appears as an index in the type of y then the displayed algebra
element 2P and the proof r; that z; and 2P are related must be obtained
from the input relation r, either by taking r as-is or by inversion on it.
Otherwise, xP and r; must be obtained by inductive hypothesis.

Adding this condition to the reduction method inevitably complicates its gen-
eralization to arbitrary IITs, since it means we have to introduce some form of
conditional branching in the algorithm, which now has to make an informed deci-
sion based on the particular shape of the IIT constructors involved.

9.2 Target inductive-inductive types

In light of the previous paragraphs we now identify a suitable class of infinitary
IITs to be targeted by our general reduction proof. This is a subclass of all
infinitary IITs obtained by imposing certain restrictions, some of which we believe
are necessary for the reduction method to work, while others are purely for the
sake of simplifying the proofs and the exposition.

We consider (infinitary) IITs that are:

1. two-sorted, i.e. of the form A : Type, B : A — Type, with no additional
indices or parameters;
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2. linear (see Definition [9.2.1));

3. small (i.e. with no universe quantification), and with limited access to ex-
ternal types

We define a linear IIT as follows:

Definition 9.2.1. A specification of a two-sorted IIT A : Type, B : A — Type
is linear if the index of the conclusion type of all constructors of B is either a
variable or a constructor of A applied to a linear list of variables, i.e. one where
no variable appears more than once. n

Condition (2) seems necessary for the reduction method to work, for the rea-
sons discussed in the previous section. Note that the definition of linearity in
Definition is a bit more restrictive than what one would normally consider
linear. In particular, we disallow nested constructors in addition to non-linear oc-
currences of variables, even though it would be possible to nest constructors and
still result in a linear expression. The reason for this limitation is purely technical:
this restricted formulation of linearity is much simpler to formalize, especially in
a computer-assisted setting.

On the other hand, we believe that limiting ourselves to two sorts (as per Con-
dition (1)) does not impact the generality of the reduction too much, as we can
reduce any multi-sorted IIT to an equivalent two-sorted II'T via Szumi’s reduction
(see Section [3.1]) We do realize, however, that by Condition (2) many two-sorted
IITs obtained via Szumi’s reduction may fall out of the scope of our current imple-
mentation of the encoding method. Allowing for a more liberal notion of linearity
that can cover those cases is certainly an important point for future work.

A consequence of Condition (1) is that we also do not allow sorts to be param-
eterized /indexed by external types. We believe the reduction method described in
this thesis can be extended to various externally indexed II'Ts — the universe II'T
encoding showcased in Section is such an instance — although we leave this to
future work.

By Condition (3), we restrict ourselves to small types, and only allow constant
small types to be used in a constructor’s list of parameters. For example, we don’t
allow a constructor for A of the form ¢ : (n: N) — Fin n — A, although we allow
the equivalent ¢ : X(n : N)(Fin n) — A. We do not allow type-level applications
for external types, so in particular constructors taking proofs of equality as argu-
ments are not allowed. Note that this condition excludes, as expected, non-linear
constructors like non-lin-eq shown above, which Definition alone would fail
to exclude.

Condition (3) is also included to simplify presentation, and again we believe
extending our construction to more refined IIT specifications would be a technical
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challenge more than a conceptual one. One piece of anecdotal evidence for our
claims about Conditions (1) and (3) is provided by the example from Section [8.2]
where we successful reduce an IIT violating both conditions.

From now on, when we talk about inductive-inductive types, it will be implied
we are referring to II'Ts in the specific subclass just outlined, which is the intended
target of our reduction. The description above is informal and not sufficient to
grasp all the details of the kind of II'Ts that we will be targeting. Things shall
be clearer when we give a fully formal definition of IIT specifications later in

Section [0.4.2]

9.3 Metatheory and target theory

Our aim for this part of the thesis is to show that we can encode the required
types, constructors, and eliminators of any specifiable infinitary IIT inside any
sufficiently equipped intensional type theory.

For individual concrete instances, like in the examples we have seen so far,
it was enough to work directly in the intensional theory and simply exhibit the
encoding of the IIT, whose specification was fixed and informally understood. In
other words, we only ever had to deal with a single type theory, the intensional
type theory where the encoding took place.

Such a limited point of view may work for a few concrete examples, but does
not scale to our goal, which is to give a rigorous demonstration of this encoding
that applies generically and parametrically for arbitrary II'T specifications. To
give a generic account of this reduction, we need at the very least a notion of IIT
specification over which to quantify, and a way to reason about the computational
(that is, judgmental) behaviour of the encoded IITs. While the encoding of any
concrete IIT is an internal construction in the intensional type theory of choice, the
general reduction method and its proof of correctness is an external, metatheoretic
statement about the target theory. Consequently, we shall carry out our results
over two different levels:

e The target theory (also called object theory or encoding theory): this is the
theory were the IIT encodings will take place. Concretely, it is an extension of
intensional MLTT with universes for types and definitionally proof-irrelevant
propositions, inductive families, and an proof-irrelevant identity type with a
strong transport rule as seen in Section [8.1}

e The metatheory: this is our ambient language in which we state and prove our
results about the target theory and the IIT encodings it supports. It is a rich,
extensional language corresponding to the usual ground-level mathematics.
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Concretely, we will take it to be some version of extensional type theory with
quotient inductive-inductive types (QIITSs).

We will perform all our constructions in the metatheory, and define the target
theory as a first class entity internal to the metalanguage. We will achieve so by
defining a notion of model of the target theory as a metatheoretic structure (Sec-
tion : our results can therefore be equivalently understood as a construction
on models of the target theory.

This separation in two levels not only allows us to be precise about where the
encoding takes place, as opposed to the reasoning about the encoding, but also
allows the ambient metalanguage to be as expressive and extensional as we need,
without fear of this extensionality leaking into the target theory and destroying its
intensional nature, thus jeopardizing the entire premise of this whole endevour.

The next two sections will give a detailed description of the metatheory and
target theory, with their respective notational conventions.

9.3.1 Metatheory

While the goal of our reduction is to show how to encode infinitary IITs in a re-
stricted intensional type theory, the metalanguage in which we reason about these
encodings need not be restricted at all. We will thus rely on a rich metatheory, con-
cretely taken to be a version of extensional type theory equipped with an hierarchy
of universes and QIITs, in addition with the usual tools of MLTT. An example
of such a theory is Setoid Type Theory [ABKT19| extended with QIITs [KX21],
which is as expressive as ETT by Hofmann’s conservativity result [Hof96]. An-
other example is given by the theory arising as the internal language of presheaf
categories (see Section [2.2.2).

We use pseudo-Agda syntax for metatheoretic constructions, with all the no-
tational conventions listed in Remark [3.2.1} In addition, for dependent sum types
we sometimes use the infix notation (x : A) x (Bx) instead of ¥ (z : A)(Bz) when
it benefits formatting. We write 1 and x, respectively, for the metatheoretic unit
type and its constructor. We have n-equality for unit types, as well as dependent
pairs and functions. We also have sum types A+ B with constructors left and right.
We sometimes refer to h-propositions, i.e. types A : Type for which Vzy.x =y
holds, as weak propositions.

9.3.2 Target theory

Since we want to express our encoding method as a metatheorem about the target
theory, it follows that we need a way to define and manipulate the target theory
as an internal, first class entity in the metalanguage. Rather than fixing the target
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theory directly as a syntactic object, we will instead define a notion of model of
the target theory, and state our theorems for an arbitrary such model.

We specify the models of the target theory using a form of higher-order ab-
stract syntax, relying on the meta-theoretic function space to express binding
(Section [2.2.3]) This can be justified by imagining to work in the internal lan-
guage of the category C of presheaves over some arbitrary fixed category C. C is
a model of type theory (Section , and in particular it enjoys the same prop-
erties of the ambient metatheory (Where Type lives). We abuse notation, and
treat the internal language of C as being itself our metatheory. In particular, we
shall from now on consider the notation regarding the metatheory to be describing
constructions in the language of C.

We can now define what constitutes a model of the target theory in a com-
pletely context-free way (as per Section : an (external) interpretation of the
(internal) signature outlined below. We begin with sorts Type of (large) types, and
universes of small types and propositions:

Type : Type

Term : Type — Type
U, P : Type

Elyy : U — Type

Elp : P — Type

We abbreviate SType := Term U, SProp := Term P, STerm A := Term (El,, A),
PTerm P := Term (Elp P). We will often just write Term instead of STerm, PTerm
when there is no ambiguity, as well as just El instead of Ely; and Elp. Moreover,
we will write " A7 as compact notation for Term A.

We allow to lift propositions into small types, with functions going back and
forth:

Lift : SProp — SType

lift : {A: SProp} — Term A — Term (Lift A)
unlift : {A : SProp} — Term (Lift A) — Term A
lift (unlift z) =«

We require dependent function types between large types, as well as function
and pair types between small types:

II; : (A: Type) — (Term A — Type) — Type
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Il . : (A: Termu) — (Term (El u) — Term u') — Term «’
Suw : (A:Termu) — (Term (El u) — Term «') — Term u

where u, v’ € {U, P}. We will write II for both ITy and IL, ,/, and 3 for 3, ,/,
whenever the subscripts can be inferred from context. We will frequently write
II(z: A)(Bx) for IT AB, and similarly ¥ (z : A) (Bx) for ¥ A B.

We have the following constructors for dependent functions and pairs:

A:((a:Term A) — Term (B a)) — Term (II A B)
app : Term (I A B) — (a : Term A) — Term (B a)
(.,) : (a:Term A)(b: Term (B a)) — Term (¥ A B)
fst: Term (3 A B) — Term A

snd: (p: Term (X A B)) — Term (B (fst p)

with §/n equations

app (A f) = f
A(appt)=t
fst {(a,b) = a
snd {(a,b) =b

(fst p,snd p) =p

We write Ax .t for A (Az.t), and f-x for app f . We use a bold cross symbol
A X B for the target-level non-dependent product.

We also include unit types 1 : SType and T : SProp, with constructors
x : Term 1, truth : Term T, and n-equation stating ¢t = % for all ¢ : Term 1.

We assume the existence of arbitrary indexed inductive definitions in both U
and Type. Rather than equipping the model with W-types or a definition schema
right now, once and for all, we will instead extend it with concrete inductive
definitions as we go. We do however assume right away to have natural numbers
in U, which we write as Nat.

Finally, we require a propositional identity type with a strong transport rule

Id: (A:SType) — Term A — Term A — SProp
Refl : {A: SType}(a: Term A) - 1d Aaa
Transp : {A : SType}(B : Term A — Type)
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{z y:Term A} — Term (Id A x y) — Term (B z) — Term (B y)

that computes on any reflexive equation:
Transp B (Refl ) u=u

Remark 9.3.1. Note that the target theory (or rather, its notion of model) is given
as an internal construction in the metatheory, and hence it is clearly separate from
it. As mentioned in Section this allows us to make sure that the extensionality
of the metalanguage does not impact the intensional nature of the target language.
In particular, we have no way to construct a proof term of funext for the target
identity type Id, as Id is essentially akin to an abstract data type which inhabitants
can only be constructed from the tools we have carefully selected. On the other
hand target-level definitional equality is, as expected, fully extensional, since it is
expressed in terms of the meta-level identity type. n

We will often write |d omitting the type and using infix notation, as x = y.

From transport we derive proof terms for symmetry Sym and transitivity Trans
in the obvious way. With the lifting operator Lift we can extend Transp to a term
TranspP acting on families of propositions.

Thanks to n-equality in the target theory, we can arbitrarily replace variables
of product types with explicit tuples. For example, we can and will write tuple
patterns in target-level function definitions like A (z,y) .¢, and bind patterns to
variables a la Agda like A pQ(x, y) . ¢t.

The general reduction we seek to prove is a metatheorem about models of the
target theory. We thus now assume we are given one such model; that is, we
assume we have terms Type, Term, I, etc., satisfying the necessary equations, and
state our metatheorems over that model. Because the model we fixed is completely
arbitrary, it follows that the metatheorems hold for all models.

9.4 Specifying Inductive-Inductive Types

In this section we discuss formal ways to specify I1Ts, including the formal speci-
fication of linear II'Ts that we will be using for our developments. The idea is to
define a datatype of specifications, with its elements giving a syntactic description
of the types and constructors of the specified I1T.

9.4.1 Type Theory as a datatype of specifications

Inductive-inductive types and their constructors exhibit a complex dependency
structure that closely resembles dependent types and type-theoretic contexts. It is



104 CHAPTER 9. GENERALIZING THE ENCODING

not surprising, then, that type theory itself would serve as a good tool to specify
IITs.

The idea to use small-scale type theories as domain specific languages to specify
IITs has been proposed and refined in several works that take a syntactic approach
to IIT specifications (see Section for a literature review.) The advantage
of this approach is in its expressive power, as it can be used to specify many
forms of induction-induction, from regular IITs [AKKvRI18,AKKvR19,vR19| to
QIITs [KKA19] and higher II1Ts [KK18].

We now take a brief look at how these specification type theories look like,
using [vR19| as the reference of choice. The datatype of specifications is presented
as a small type-theoretic syntax, with contexts, types, terms, and substitutions,
including the following constructors:

Con : Type
Ty : Con — Type
Tm: (I': Con) —» Ty I' — Type

e : Con

> _:(I': Con) = Ty I' = Con
U:TyTD

El:TmIT'U—=Ty T
7:(A:TmI'U) > Ty (IEIA) > Ty T
ap: TmI'(n AB)—Tm (I',; A) B

A specification then corresponds to a well-formed context in such a syntax. For
example, we can specify natural numbers as the following context: E]

e N:U,z:EIN,s:m N (EI N)

The universe U of small types is used to list the sorts of the specified IIT. It
also serves to enforce strict positivity, as the type of m prevents us from declaring
constructor parameters ranging over the II'T being defined.

This presentation of specifications as type-theoretic contexts plays really well
with inductive-inductive types, because it allows to represent the full spectrum of
dependency between sorts and constructors that characterizes induction-induction.
For example, we can specify the Con/Ty IIT from Section as follows (we write
© for the usual binary application operator, which can easily be defined from ap):

'Here we make use of named variables, and ignore explicit weakenings for the sake of legibility.
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o Con:U, Ty : 7 Con U,nil : El Con,ext:n Con (m Ty (El Con)),
iota : m Con (El (ap Ty)),
pi (L : Con)(mw(A: TyoT)(nw (Ty © (ext T @ A))(Ty & T)))

Figure 9.1

This kind of type-theoretic specification syntax comes in different incarnations
(see Section [13.4), and although each of them features slight differences depending
on the class of IITs that is being targeted, they all share the same core CwF
structure. We will refer to this style of IIT specification as “Kaposi-Kovdcs-style
syntax” .

9.4.2 Linear infinitary IITs

We now define a QIIT that serves as the datatype of specifications for the II'Ts
targeted by our general reduction method. Figure and Figure give the
complete list of all the constructors for this QIIT, including type constructors, term
constructors, and equality constructors. A few symbols in these definitions are
overloaded, and rely on metavariable names to disambiguate. Name conventions
for metavariables are illustrated later on.

Our specifications datatype is inspired by the Kaposi-Kovacs-style syntax, but
differs from it in a few crucial ways. The first difference is the absence of a
universe U in our specifications. In the Kaposi-Kovacs syntax the universe is used
to define the sorts of the specified IIT, as well as to subsequently refer to them in
the constructors. Since we only consider two-sorted IITs, there is no use for this
universe in our specifications. The two sorts are “hard coded” in our specification
datatype as constructors of the type Ty of “inner” types, which specifies all the
types that can appear within IIT constructors. We have two constructors T*, T?,
corresponding, respectively, to the “non-indexed” and the “indexed” type of the
IIT being specified. We refer to these two types as the base types.

The second notable aspect of our QIIT concerns the implementation of con-
texts. In our specifications, we distinguish between “outer” (or “global”) contexts
that accumulate constructors of the IIT being specified, and “inner” (or “local”)
contexts that accumulate parameters local to a single constructor. To see what
we mean, consider the pi constructor from in the example specification from Fig-
ure [9.1} here, under our terminology, the constructor terms nil, ext, iota would be
part of the “outer” context, whereas parameters like I' and A, which are only in
scope within pi, would be part of the “inner” context of pi.
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Spec : Type

Wk : Spec — Spec — Type

Ctor : Spec — Type

Params : Spec — Type

Base : (I' : Spec) — Params I' — Type

data Spec where
o : Spec
_>_:VI'— Ctor I' — Spec
data Params where
e : Params I
_pb_:VA—=TyI' A — Params I’
_[] : Params @ — Wk I" Q — Params I
data Ty where
ext: SType —» Ty I' A
m:VA—Base (Apbext A) > Ty A
TL: Ty A
T2:TmTTAT 5Ty’ A
]:Ty'A—SubVA—-TyI A
]:TyTA Wk QT — Ty Q (Aw])
data Wk where
id: WkIT'T"
drop: Wk (I'>C) T’
o :WkT'Q—->WkQ O ->WKI' O
data Sub where
id: Sub A A
ext: (c:Sub A V) —-TmTI A (Afo])
— Sub A (V> A)
drop : Sub (A > A) A
_o_:SubT" A —-SubAV —>SubI'V
[]:SubV A — (w:WkT Q)
— Sub (V[w]) (A[w])

Ty : (I : Spec) — Params I' — Type
Tm:VI'A - Ty I' A — Type

CTm :VI' — Ctor I' - Type

Sub : V{I'} — Params I" — Params I" — Type
isBase : Ty I' A — Type

isBase (TA}YA:=(A=T! + S(t:TmTATY)(A=T21¢)

BaseI' A := X(Ty ' A) isBase

Ctor I := (A : Params I') x (Base I A)
ctor : (A : ParamsI') — Base I' A — Ctor I’
ctor A X := (A, X)

data Tm where
vz: Tm T (Ap> A) (Aldrop])
vs: TmI"A A
— Tm T" (A p> B) (Aldrop])
ext:"X7 - Tm D A (ext X)
capp: CTm I (ctor A A) — (o : Sub V A)
— Tm 'V (Afo])
ap: TmT A (r AB)— Tm (Apb>ext A) B
Im:Tm (Ap>ext A) B—TmT A (r A B)
:TmT AA— (c:SubV A)
- Tm 'V (Afo])
J]:TmT AA—= (w:WkQT)
— Tm Q (Afu)) (Afuw])
data CTm where
cvz : CTm (T > C)(Cl[drop])
cvs :V{C’'}.CTm T C — CTm (T > C")(C|drop])
1]:CTm T C = (w: Wk QT) = CTm Q (Clw))

Figure 9.2: Type and term constructors of the QIIT specification type

In contrast, global and local contexts are unified in the Kaposi-Kovacs-style
syntax: for example, the codomain of iota is “typechecked” in context (nil >
ext > I'), which includes both “global” constructors and “local” parameters. Our
decision to implement two notions of contexts is driven by convenience, as more
fine-grained control over contexts makes it significantly easier to formalize the
notion of linear constructor specifications (see Section [0.4.3])

We thus define the type Spec of “outer” contexts (which correspond to specifica-
tion contexts Con in Kaposi-Kovécs syntax), and the type Params : Spec — Type
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(ext X)[w] =ext X

(m A B)|o] = m A(Blext (drop o o) vz])
(m A B)[w] =7 A (B[w])

Tlo][r] = T[r o 0]

Tw1]{wa] = T[w o wi]

Tlollw] = T(w][o[w]]

T(id] = T

THo] := T!

THw] .= T!

woid=w

(w1 0 wsy) o ws = wy o (wg 0 ws)
Toextot =ext (Too) (t[r])
ext c todrop=o

id[w] = id

drop[w] = drop

(ext o t)[w] = ext (o[w]) (t[w])
owi][wa] = owa o wi]

olid] =0

(ctor A B)[w] := ctor(Afw])(B[w])
tlid] =t
ext X z)[o] =ext X x

w]=ext X z

vzlext o t| =t

(vs t)[ext o s] = t[o]
clid=¢

cldrop o w| = vs (clw])

clwr][we] = clwg o wy]

Figure 9.3: Equality constructors of the IIT of specifications

of inner contexts (or, parameters). Note that parameters are indexed by an outer
context, which reflects the fact that each constructor (and therefore its list of
parameters) is allowed to depend on previously specified constructors within the

same IIT specification.

Two kinds of contexts naturally call for two kinds of “types” that make up
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these contexts: we extend outer contexts with constructors of type Ctor : Spec —
Type, and extend parameters with “local types” of type Ty : (I' : Spec) —
Params ' — Type. We render these two notions of context extension as > and > ,
respectively. The locality of > is confirmed by its type, which does not alter the
global context. Note that types of parameters local to a specific constructor depend
on all constructors specified up to that point, in addition to all the parameters
specified up to that point locally to that constructor; hence the double index on Ty.
This structure of parameters and local types resembles type-theoretic telescopes.

A constructor in outer context I' is specified by giving a list of parameters,
i.e. a telescope of inner types A, and a base type depending on these parame-
ters, in addition to all previously defined constructors: ctor : (A : Params I') —
Base I' A — Ctor I'. Here we define Base as a subtype of Ty, via the predicate
isBase, and Ctor as a simple dependent pair:

Base I' A :=%(Ty I' A) isBase
Ctor I' := ¥(A : Params I')(Base I' A)

We then define ctor to be just pairing.

This use of Base in the specification of constructors reflects the idea that the
codomain of any constructor of the IIT being specified is necessarily one of the
two types that constitute it.

Remark 9.4.1. We can prove that isBase is a proposition, by induction on Ty
and injectivity of its constructors. We will thus treat Base as a subtype of Ty
and implicitly coerce between the two whenever the operation can be justified,
without explicitly writing down proofs of isBase. For example, we will write T*
and T? as if they were Base constructors. Moreover, we can justify weakening and
substitution operations on base types, as there are proofs isBase T' — isBase (T'[w])
and isBase T' — isBase (T'[o]) for any T', w, o, both constructed by case analysis on
the disjunctive proof, and application of the equality constructors of the QIIT. g

The iota constructor from Figure [9.1| would be specified, in our own syntax, as
follows:

iota : Ctor (o > nil > ext)
iota := ctor (e b T1) (T2 vz)

Note that the codomain T? vz of iota is typed as
Base (o > nil > ext) (e o> T')

where we have a clear distinction between the “outer” context of constructors, and
the “inner” context of parameters local to the constructor itself.
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Inner types Ty specify what types can be assigned to individual parameters of
a IIT constructor. These can be an external type in SType, a function space out
of an external type (to account for infinitary IITs), or a base type.

Functional inner types are formed with the 7 constructor. The domain of such
functions is always an external type, ensuring strict positivity. We can form terms
of an external type by indexing into an existing parameter (using vz and vs), or
by giving it as a literal constant (using ext).

Remark 9.4.2. The scope of expressions of external types that we support is
quite limited. For example, we can specify a constructor like ¢ : (f : N — A)(n :
N)— fn—A butnotc: (f: N— A)(n:N)— f(n+5) — A We could have
fixed this by adding more constructors for external term formation, however we
decided to opt for simplicity as we believe the gained expressiveness would have
no impact on whether the specified IIT is reducible to inductive families. In other
words, allowing more expressive external terms wouldn’t make the problem more
“interesting”. n

Our specification syntax uses explicit substitutions, and we distinguish two
kinds of substitutions that apply to the two kinds of contexts. As it turns out, we
only need full-fledged substitutions for parameters contexts, whereas weakenings
are sufficient for outer contexts. We have constructors _[_| for applying specification
terms to substitutions and weakenings, plus equations governing how these terms
compute and propagate on canonical forms. We overload most of the symbols
involved, and use _[] as well as id,drop for both weakenings and substitutions,
relying on metavariable names to disambiguate. Some metavariable names we
use consistently are w for weakenings, o, 7 for substitutions, A, V for parameter
telescopes, I', Q for specification contexts, 7" and B for inner types and base types,
and t and c¢ for terms and constructor terms.

We extend weakenings to ctor is the obvious way: (ctor A T')[w] := ctor Aw] T[w].
All the expected laws, like C'[w;][ws] = Clwy 0 wy] for any C' : Ctor I, easily follow
by congruence.

We define two kinds of terms indexing into the two kinds of contexts: we have
constructor terms CTm : (I : Spec) — Ctor I' — Type, that index constructors
out of a given outer context, and local terms (or just terms) Tm : (I" : Spec)(A :
Params I') — Ty I' A — Type, that instead index arguments within a given
local context. In addition to indexing (vz, vs) and external terms (ext), we can
form local terms by abstraction/application (ap, Im), substitution/weakening, or
by applying a constructor term ¢ to a list of arguments o (capp).

Remark 9.4.3. The datatype of specifications Spec is a QIIT, hence its elimina-
tion principle would require us to check that every function defined by induction
on it maps equal inputs to equal outputs. We will omit these equality checks in
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the text, and only write down the data components of the induction. Although we
expect most, if not all, of these checks to be easily verifiable, we haven’t actually
verified all of them. See Section for further discussion on this. -

9.4.3 Specifying linearity

We call a term I of type Spec a specification. As an example, we can now give the
specification of our toy infinitary Con/Ty IIT from Section as a term © : Spec
defined as follows?t

©:=op>ctor o T
> ctor (e o> T o> T2 vz) T!
> ctor (e > Th) (T? vz)
> ctor (e 5> T' o> (7 Nat (T? vz))) (T? (vs vz))
> ctor (e > T' o> T2 vz o> T2 (capp (cvs cvs cvz) id))
(T? (vs vz))

As discussed in Section 0.2 our work focuses on linear IITs as the target for
our reduction. However, nothing in our datatype Spec of specifications mentions
any linearity conditions, and in particular it allows to specify non-linear IITs.

We now formalize linear specifications by defining a suitable predicate on Spec
that implements Definition [9.2.1] We rely on the notion of telescope-prefiz, which
is a relation between parameter telescopes where one can be seen as the prefix on
the other. We first define a predicate of weakening substitutions:

I' : Spec AV : Params T o:Sub AV PWk o
PWk o : Type PWk id PWk (drop o o)

A proof of PWk o for some ¢ : Sub A V states that A is obtained from V by
repeated extension. Thus, V can be viewed as a sub-telescope of A and also its
prefix.

We define weakening substitutions as the subtype WkSub A V := %(Sub A V) PWk.
We lift the constructors id, drop to WkSub in the obvious way, and implicitly coerce
between WkSub and Sub when convenient.

2As usual, we rely on equality reflection in the metatheory and omit writing most of the
transports that would otherwise be necessary.
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Weakening substitutions provide an easy way to state linearity: as an example,
let A : Type,B : A — Type be an IIT with a A-constructor ¢4 and a B-
constructor cp : (? : A) = B (ca 7), where 7/ is a sequence of variables, and
(7 : A) is short for a telescope of assumptions (zy : X)...(z, : X,) where
A := Xi,..., X,,. Then, cp is linear (in the sense of Deﬁnition if and only
if 7 is a (not necessarily contiguous) substring of 7, that is, ¥ can be obtained
from 7 by dropping some elements. However, if this is the case then we can
always reshuffle 7 into some 7 so that 7/ appears as a contiguous prefix of 7.
We can therefore state, without loss of generality, that constructors of the form of
cp are linear if and only if I/ appears as a contiguous prefix of 7.

When the constructor cp is specified as ctor A (T? (capp ca o)) for some
ca: CTm T (ctor V T'), linearity of ¢ can thus be stated as V being a prefix of
A, or equivalently as the existence of a weakening substitution WkSub A V.

We finally get to the following general definition: a linear constructor with a
telescope of parameters A is one where the codomain is either T, or T? (capp c o)
where ¢ is a T'-valued constructor term and o is a linear selection of variables
from A, i.e. a weakening substitution.

' : Spec C: Ctor "
LinearCtor C': Type LinearCtor (ctor A T*)

c:CTm T (ctor VT o : WkSub A V
LinearCtor (ctor A (T2 (capp c o)) LinearCtor (ctor (A o> Th) (T? vz))

A linear specification is one that is only made of linear constructors.

I : Spec LinearSpec I’ LinearCtor C
LinearSpec I" : Type LinearSpec ¢ LinearSpec (I' > C)

It follows that indexing from a linear specification yields a linear constructor:

Lemma 9.4.1. For any I' : Spec,C' : Ctor I',c : CTm I' C, if LinearSpec I" holds
then LinearCtor C' holds. n

Proof. By induction on I' and c. O]

Most of the definitions and proofs throughout the paper are orthogonal to the
linearity issue, and will apply to specifications I' : Spec with no imposed linearity
condition. Linearity will play an important role when we discuss the general
encoding of IIT eliminators in Chapter [12]

From now on, we will refer to specifications as terms I' of the Spec datatype,
thus potentially including non-linearity. We will then call linear specifications
those specifications I' for which the predicate LinearSpecI” holds.
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Chapter 10

Algebras of IITs

In the previous chapter we have discussed how to formally specify IITs within the
subclass of interest. Since our goal is to demonstrate how to encode any IIT as
a target-level object, we now have to actually define what it means for an IIT
of a given specification to exist in the target theory. In other words, we need a
way to map an IIT specification to signatures of target-level types and terms that
constitute the intended II'T’s type formers, constructors, and eliminators.

A standard approach in the theoretical study of datatypes is to characterize
inductive types as certain kinds of algebras. For simple inductive types, one can
consider algebras of certain endofunctors. For instance, the functor F' : Type —
Type defined as

F=)MX1+X

specifies the natural numbers as inductively generated by either 0 of successor.
This functorial specification gives rise to a notion of algebra of natural numbers,
i.e. pairs of a type X together with a function FX — X, as well as a notion
of morphism between algebras. F-algebras and morphisms between them form a
category; the inductive type being specified, i.e. the natural numbers, is then taken
to be one of such algebras, the initial algebra, which turns out to be unique up to
isomorphism.

We take a similar approach and characterize IITs as certain kinds of algebras.
Rather than using functor algebras, we will define a mapping from IIT specifi-
cations to the corresponding type of algebras by recursion on specifications; we
thus have a type family Alg indexed over specifications, where Alg I" is the type of
algebras of the IIT specified by I', and the elements of Alg I" are the algebras of
such IIT.

Similarly to how we characterize simple inductive types as initial algebras, we
will characterize the II'T specified by some I' : Spec as an algebra X : Alg I" with a

113
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suitable section induction property |JACD™ 18] that ensures the algebra is equipped
with the induction principle expected of an IIT. We call such algebras inductive
or section-inductive.

In Section below we will lay out a systematic way to derive a notion of
algebra for a given IIT specification. This will be followed by Section [10.2.2] where
we define displayed II'T algebras and sections of algebras, leading to the notion of
section-induction. Section [0.2.2] also discusses the difference between section-

induction and initiality, and the reason why we use the former to characterize
IITs.

10.1 Algebras

Before defining II'T algebras in the general case, we want to first present concrete
instances of algebras for our running example Con /Ty, both as metatheoretic con-
structions and as target-theory constructions. These will serve as running exam-
ples for the rest of the Section, where we generalize these examples into a general
notion of IIT algebra parametric over arbitrary specifications.

Example 10.1.1 (metatheory). As a meta-level construction, an algebra of the
IIT Con/Ty is given by a pair of types C' : Type, T : C' — Type, and terms giving
the algebra operations corresponding to each constructor of the I1T:

o :(C

>_:(c:C)=>Tc—C

L (c:C)—=Tec

T (c:C)»(N—=>Tc)—Tc

7 (c:C)a:Tec)=T(cra)—Tc

Example 10.1.2 (target theory). An algebra of the IIT Con/Ty in the target
theory is given by (small) types C': SType, T : "C™" — SType, and terms:

o: ("

>: M (c:C)(Te= C)

v: "ITCT
7:M(c:C)((Nat=T¢c)=Tc)"
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7:M(c:C)(a:Tc)(T(>-c-a)=Tc)"

We can see that the structure shown above is a direct, 1-to-1 target-theory
translation of the metatheoretic algebra structure in Example [10.1.1}
Note that we use Nat for the type of natural numbers in the target theory. g

We now assign a notion of algebra to arbitrary II'T specifications. For I" : Spec
we want to calculate the type of algebras for the IIT specified by I', including its
carrier types and the signature of algebra operations.

All specifiable II'Ts are made of two sorts; the type of carriers Ca : Type of an
IIT algebra is then easily defined once and for all, independent of the specification:
Ca:= X (A : SType) ("TA" — SType). Given a specification I" and carriers F' : Ca,
we define a type I'p : Type of algebra operations induced by the constructors in
['. This structure is essentially an iterated product of target-theory types, one for
each constructor.

We define I mutually with auxiliary algebra operators for each sort of the
specification QIIT. Each of these operators define a family of (target-level) types,
indexed by algebra structures of the corresponding indices.

I' : Spec F I's : Type

C:CtorI'  F Cp :T%» — SType

A :ParamsT' F A% :T% — SType

T:Ty'A F Tp :(y:T%) = "AR 7 — SType

We also define algebra operators lifting the action of weakenings/substitutions
and (constructor) terms to algebra structures:

w:Wk QT F wh:Qp —=T%

0:SuUbAV F op:(y:Th) = TARYT = TVeAT
t:TmTAT F th o (y:T3) (0:TARYY) = TTp v 3
c:CTmI'C F cp:(y:Th) = "CryT

Remark 10.1.1. We overload the symbol _*, and rely on metavariables for dis-
ambiguation. We will often drop the subscript _r when clear from context. =

We define I'a by induction on T', building up the iterated pair type via a
recursive process:
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A .
0 F .

1
T>C0)p =% (y:Dp)("CH A7)

Here C* ~ takes the specification of a constructor C', and produces the type of
algebra operations corresponding to C. As we are dealing with algebra structures
in the target theory, these operations are target-level terms belonging to some
target-level types, hence why the operator C* produces a STerm. Constructor
algebras are always functions from algebras of their parameters, to algebras of
their conclusion type. Specifically, they are a II-type from a 3-type of parameters
as domain, and one of the two carrier types as codomain:

(ctor AT =TI (6 : A" 4)(T" 7 6)

Here, A* ~ recursively builds up the target-level product of parameters, ac-
cording to their specification:

o” v =1
(Ap>T)r v =2 (0: A" )T 7 6)
(Aw])? =AM (wh )

We do similarly for parameter types and base types. Note that base types in
the algebra structure are always, as expected, one of the two carrier types.

(r AB)*y§:=1 (a: A) (B* v {(5,a)) (ext X)* . =X
(X[w)* v 6 = X" (W) 6 (THa~yd =m F
(X[oD)A v 6 = X"y (0" 76) (TP)pyd =m F (1" v6)

In the case of a base type T2 t, we apply the second carrier type to the algebra
of t.

The algebra operators on terms act as indexing functions, taking the algebra
of a context as input, and returning its contents at the specified index.
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vz v 8 :=snd ¢ 'y =Ty

(vs )" v =" v (fst §) (cvs o) v := " (m 7)
(Cappca) 75 =cy-d (clw)™ v = ()
(ext )™ v =z

(Im /)™ ~ = Aw .ty (6, 2)

(ap f)" ’7(515>—tA7533

(tlw])" ~ =t" (w"9) 0

(o)™ ~ =1"7 (0" v 9)

Finally, the operators on weakenings and substitutions transform algebras in
the same way weakenings and substitutions transform contexts.

id* vy 0 =0 id* =
drop™ ~ 6 =fst o drop” ~ =m 7y
(ext o t)* 4 8 := (0" v 6,1" v 6) (wy o wy)™ v = wy™ (wi™ 7)

(JOT)A’75 =1h (0A75)
(olw)?yd =0 (why)0d

Example 10.1.3. Consider the specification © : Spec of Con/Ty as defined in
Section [9.4.3 Given carrier types C' : SType, T : "C'"" — SType, the expression
@(AQT) computes to the following type

=
X

o: "1 =CT)x

TAIXXECT)=CT)x

MM (0:1xC) (T (sndd))7)x

I (6:1 XX (¢c:C) (Nat =T ¢)) (T (fst (snd §))) ) x
TIT(0:1 XX (¢:C)E(a:T c)(T (>-{c,a)))) (T (fst (snd 4)))™7)

v

>

N N /N /N
~

3

Being the result of what is essentially a simple code generation algorithm, this
type isn’t particularly readable and contains many spurious elements, like products
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with the unit type. After some simplification, we obtain the following equivalent
type

o: "TC)x
>: I (X CT)C)x
: TIIC TT)x

=N

I (p:X (¢:C) (Nat =T ¢)) (T (fst p)) ) x
I (p:X(c:C)X(a:Te)(T (>-{c,a)))) (T (fst p))7)

N N N /N
~

=

It is easy to see that this structure is just an equivalent, uncurried version of

that presented in Example [10.1.2] -

Remark 10.1.2. As observed in Example [10.1.3] the structures that are “code-
generated” by the algebra operators may appear syntactically different from what
we would expect when specifying algebras by hand within concrete examples. The
difference is, however, semantically meaningless, as we can find straightforward
definitional equivalences going back and forth between the different representa-
tions. From now on we will regard these different forms as completely equivalent
representations for the same object, choosing to use one over the other for pure
convenience of presentation. n

We wrap up the section with a formal definition of II'T algebras.

Definition 10.1.1. For a specification I' : Spec, an algebra Alg I' of the IIT
specified by T" is a dependent pair, given by carriers F' : Ca and a structure 7 :
IA. .

10.2 Morphisms, sections, and induction

Defining the algebras is only one step in characterizing what counts as an II'T. Any
inductive type has, generally, many algebras, not all of which correspond to the
type itself. Consider, for example, the whole collection of algebras of the natural
numbers, which includes many types (like the reals) much “larger” than them.
What we are looking for are algebras that are the “smallest” in a suitable sense.
This property can be characterized as an induction principle. When formulating
the rules of type theory, this induction principle is usually expressed in the form
of elimination rules and eliminator functions, together with computation rules
expressing some definitional equations that the eliminators satisfy. As exemplified
in Section eliminators take input data in the form of types (aka motives) and
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functions (aka methods) describing the target and computational behaviour of the
induction. These data closely match the structure of the II'T and are indexed by
it.

Induction can be framed categorically by organizing algebras into a category:
given the category of algebras of some inductive type, the inductive type itself is
identified with the initial algebra, with the unique morphism out of it represent-
ing the non-dependent induction principle. Initiality implies uniqueness (up to
isomorphism), hence we can refer to it as the initial algebra.

Initiality implements a non-dependent elimination principle, which is provably
equivalent to the dependent one in an extensional setting. Unfortunately funext is
not available in our setting, so we cannot define IITs to be initial objects in their
respective category of algebras, as this would not be sufficient to equip them with
the dependent eliminators.

We instead rely on the notion of section, which we define as a mapping between
an algebra and displayed algebras over it. Displayed algebras are essentially indexed
versions of regular algebras, and as shown in Section [8.1]they can be used to exactly
provide the data of motives and methods of eliminators. Sections can be though of
as a straightforward dependent generalization of an algebra morphism, as the only
essential difference is that the codomain algebra of the mapping “depends” on the
domain algebra. In fact, we can define algebra morphisms as sections targeting
constant displayed algebras.

Sections precisely capture the notion of dependent eliminators, hence allowing
us to specify what we mean by “inductive-inductive type”:

Definition 10.2.1. Given a specification I', an algebra alg : Alg I' is section-
inductive if for any displayed algebra over alg there exists a section between them.
[

Definition 10.2.2. Given a specification I', an IIT specified by I' is a section-
inductive algebra in alg : Alg I n

Note that we refer to section-inductive algebras as “an II'T” rather than “the
IIT” fitting a given specification. This is because section-induction, unlike initial-
ity, does not necessarily imply uniqueness (see Remark )

In Section[I0.2.1]down below we formally define displayed algebras generally for
any IIT specification, similarly to what we did in Section for regular algebras.
Section then defines sections between regular and displayed IIT algebras.

10.2.1 Displayed algebras

Displayed algebras can be understood as algebras indexed over regular algebras.
We take a look at a couple of concrete examples before tackling the general case.
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Example 10.2.1 (metatheory). Section already provided the specification of
displayed algebras over a Con/Ty algebra (Con, Ty, e, > _ ¢, 7, 7) as the following
collection of types and operations:

Con® : Con — Type
Ty? :Con” I' - Ty I' = Type

o . Con” e
P (P Con”T) — TYP TP A — Con? (I'> A)
P (TP Con” D) — TyD I’ (1)
7P (TP Con? T)(AP : Ty TP A)(BP : Ty (TP P A) B)
— Ty? TP (ﬁFAB)
P (P :Con”T) = (n:N) = Ty’ TP (Fn)) - Ty’ TP (# T F)

Example 10.2.2 (target theory). Let us consider a target-level Con/Ty-algebra
made of carriers C, T', and algebra structure e, >, ¢, 77, 7, as shown in Example|10.1.2]
A target-level Con/Ty displayed algebra indexed over it then consists of a pair of
families

CP . 7C7 — SType
TP (c:7C) (P :7CP M) = T ¢ — SType

and displayed algebra operations:

)

ol TP o7

> T (e : O)(t - Tc)( PoCPe) (TP ccPt=CP(>-c-t))]
P TTI (e C) (P CPe) (TP e c? (1)
#P 7T (c: O)(f : Nat = T ¢)(cP : CP ) (fP : TI(n : Nat)(T? c P (f - n)))

(TP ccP (7-c- f))7

Dirfl (c:CYa:Te)(b:T (>-c-a))
(P :CPc)a® TP ccP a)b® : TP (b-c-a) B -c-a-cP-a”)b)
(TP cc” (7-c-a-b)”

3

The structure above is a direct target-level translation of the structure in Ex-
ample [10.2.1], modulo the absence of implicit parameters which are spelled out
explicitly here.
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We now want to define displayed algebras in the general case, for arbitrary II'T
specifications. We define operators that, given I' : Spec and an object in Alg T,
calculate the type of displayed algebras over it.

Carriers of displayed algebras are easily calculated as families indexed over
regular carriers:

CaP: Ca — Type
Ca® (A,B) := % (AP : TA" — SType)
((a:"A7") = "AP a7 = "B a™ — SType)

We define a displayed algebra operator _° on specifications such that if (F,~) :
Alg ' is an IIT algebra and D : CaP F are displayed carriers, then I'P ~: Type
is the signature of the displayed algebra structure on D, i.e. an iterated product
of the types of algebra operations. Example [10.2.2| provides an example of this
iterated product for the Con/Ty case.

Similarly to the algebra operators for regular IIT algebras (Section [10.1]), we

define a displayed algebra operator for each sort of the QIIT of specifications. For
any F': Ca,D : CaP F, we define:

I' : Spec FTP : T — Type

C:CtorI'  FCp:TDy—="Cpry" — SType

A :Params ' = AD TP v — TA% 47— SType

T:TyA  FTp :(y7:TR)(° :TAD AP 67) = TTr v 67 — SType

These are defined together with operators lifting the action of weakenings,
substitutions, and (constructor) terms to displayed algebras:

t:TmDAT HtD {32 T2 AP :TAD AP §7) = 7T5 AP 67 (th v 6)”
c:CTmITC Fc2 (P :Thy) =03~ (cpv)”
w:WKkTQ  Fwh: T2~y — QP (why)
o:Sub AV Fop {3 T2} = TAD AP 67 5 7V2 AP (04 v 0)7
In line with the idea of displayed algebras as indexed over regular algebras,

the displayed algebra operators are themselves an indexed version of the regular
algebra operators defined in the previous section. We summarize their definitions
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OB =1 id® 6P .= P
T O (7,¢) =% (4P : TR ~)7CP 4P ¢ drop® 67 := fst 67
(ext o t)P 60 := (o0 6P, 4P 6P)
(ctor A X)P 4P ¢ = (co7)P 6P .= 7P (6P 6P)
(5 : AY ) (AP AP 6 = XP 4P 6P (c-8)) (ofw])® (4P} 67 := o° {wP AP} 6P

o =1 id® AP = AP
(A T)P AP (6,2) = drop® P == m AP
(87 : AP 4P 6)(T° 4P 5 z) (0r 005 1P 12 0 (10 +7)

(Aw])® 7P 5= AP (WP AP) 5

vzP 6 := snd 67

vs )P o7 .= tP (fst 67)
ext A z)P 0P =«

(ext AP AP 6P a:=1

(r AB)P 4P 6P f .=
TI(x : A)(B” 47 (57, capp ¢ 0)” {77} 67 := P 4P

Alo])P AP 6P a .= AP AP

(
(

( ob oP

[ 6 a (ap t)° {6} 67 == 1P (fst 67) - fst 6
Alw])® A" 6 (
' (
(

(f-=2)
( (0" o)
( PP a:= AP (wP 4P) 6P a Im £)° {6} 67 := Az .t° {(6,2) } {57, %)
(MH P P z:=m Da tlo])° 67 = tP (oP AP §7)
(T2 )p {v} " {p} 6" y = tw])® {yP} 67 = t° {w® AP} o7

m D (th v p) (t° 4P 6) y

cvz® 7D =T ’y

DD_D(

(cvs )" vy P (w1 AP)

(c[w))® +P = (w® 4P)

Figure 10.1: Displayed IIT algebra operators

in Figure[10.1} Note that the displayed algebra of an external type (ext A) is trivial,
as displayed algebras can only index over the regular carriers in F. The other
definitions are straightforward generalizations of the operators from Section [10.1]

Example 10.2.3. Let ((C,T),60) : AlgO© be a Con/Ty algebraﬂ Given displayed
carriers CP, TP, the displayed algebra structure computed by Q(DCD oy 0 is pre-

cisely the structure listed in Example [10.2.2] modulo the usual curried/uncurried
functions and spurious multiplications by the unit type.

'Recall that © is the formal specification of Con/Ty as a term of Spec
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We conclude with a formal definition of II'T displayed algebras.

Definition 10.2.3. For a specification I' : Spec, and an algebra (F,~v) : Alg T, a
displayed algebra over (F,~) is a dependent pair given by carrier types D : Ca® F
and displayed algebra structure 4 : T'P +. -

The next section will relate IIT algebras and their corresponding displayed
algebras via the notion of section. We will see how displayed algebras can be used
to specify the data of eliminators for II'Ts, and how sections can be used to specify
the existence of eliminators given that data.

10.2.2 Sections

The data of an algebra morphism between two algebras comprises maps between
the respective carriers, together with proofs that these maps “respect” the algebra
operations. The data of a section are a generalized, indexed version of that of an
algebra morphism. We illustrate this with a couple of examples.

Example 10.2.4 (metatheory). We have already encountered an instance of a
section in the context of the Con/Ty example of Section where we specified the
elimination principle for Con/Ty: for any displayed algebra (CP, TP &P P P 7D #P)
over the IIT, we had a pair of functions into the carriers of the displayed algebra:

elimcon : (I': Con) — Con? T
elimpy : {I': Con}(A: Ty T') — Ty” T (elimcon I') A

such that these functions commute with the IIT constructors and the correspond-
ing displayed functions:

elimcy, ® = o

elimeon (I'> A) = elimeoy I'>P elimp, A

elimyy (¢ T) =7 (elimcon )

elimy (7 T F) = 7 (elimcon I') (Mn.elimy, (Fn))
elimpy (7 T A B) = 77 (elimcon I') (elim, A) (elimr, B)

The structure above specifies none other than a section between the “initial”
algebra Con/Ty, and the assumed displayed algebra over it.
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Example 10.2.5 (target theory). Take a Con/Ty algebra (C,T,e > ¢, 7, 7) and
displayed algebra (CP, TP, P P P 7P 7P) over it, instances of which are shown
in Example [10.1.2] and Example [10.2.2] A section between these algebras is given
by the data of a pair of functions between the respective carriers:

fc I C CD—l
fr:T (c:CYII (t:T ) (TP ¢ (fe-c)t)?
such that these functions “respect” the algebra structure arising from the con-

structors. In other words, we require the functions fo, fr to satisfy the following
meta-level equations:

fos — P
fo-(>-c-t) :[>D'C-t~(fC'C)'(fT~C~t)
fr-c-(t-c) =P c-(fc o)

froc (e f) =a-c- f-(fe-o)-An.fr-c-(f n))
fT.C.(ﬁ-.C.a.b>:ﬁ-D.C.a.b.(fc.c).(fT.C.a)(fT.(D.C.a>.b)

Note that the equations above are meta-theoretic identifications between target-
level terms. From the point of view of the target theory, this means that section
maps respect the algebra structure strictly, i.e. up to target-level definitional
equality.

]

We now want to calculate the structure of a section, with its functions and
equations, for arbitrary II'T specifications I' : Spec and pairs of algebras (F,~) :
Alg T and (D,+") : Alg® T (F,~).

The functional component is straightforward: we define a structure Map F' D :
Type between F : Ca and D : CaP F as a pair of target-level function terms:

Map : (F : Ca) — Ca® F — Type
Map (A, B) (AP, BP) :=
S (fa:TIMAAPY) (I (a: AT (b: Ba)(B” a(fs-a) b))
To determine the equational part of the section structure we define section op-

erators, one for each sort of the datatype of specifications. Each of these operators
compute the effect of applying the section maps to II'T algebras. Reflecting the
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nature of sections as relations, the types of section operators are indexed by pairs
of algebras and displayed algebras on some carriers F, D, as well as section maps
f:Map F D:

I" : Spec I—F?:(y:FQ)%F%y%Type

C: Ctor I’ I—C’?:(S:chva)(c:'—C’lév—')—>C’BWDC—>Type

A :Params T + A? (s Ff’c YRV TARAT) = TAD AP 57

T:TyT A I—Tf:(s:Fféva)(x:'—Tlf575—')—>'—nyD(Afcsé)xj
w:WkT Q I—w? :F?VVD%Q? (wp ) (wh ~+P)

c:CTmI' C I—cfc :(S:Ff’fva)%C’?s(c?'y) (D +P)

These operators are defined by mutual induction on the QIIT of specifications,
together with equational properties about them that we compile as Lemma [10.2.1
and Lemma [10.2.2] below.

On a specification I' : Spec, the expression F? computes the iterated product

of meta-theoretic equations on f that are required by the section structure. We
define it by induction on specification contexts.

<>§2 v 4P =1
(L C); (1,0) (77,¢P) :=2(s : T3 v 7")(CF s e P)

For a constructor C' : Ctor I' and pair of algebras c, ¢”, the equation generated
by C® s ¢ c” is the statement that applying the functions in f to ¢- 6 — that is,
the constructor algebra ¢ applied to some arguments — is the same as applying
f to each of the arguments ¢ first, and then applying the displayed constructor
algebra c” to the result. In other words, the section functions f commute with
the constructor algebras:

(ctorAT)?sch:EV5—>Tsz(c-5):cD-5-A§35

Note that whether we need to apply m; f or my f to ¢- 6 depends on the base
type T', hence the helper function Tf s which just selects the correct component
of f to apply according to T"

(T1)§”$$ =m f-x
(TZt)?{‘S}Sﬁ:Esz-tAé-x

Moreover, in order to apply f to a list 6 of arguments to the constructor,
we define A]Sc s which just recursively applies the function f to ¢ in the obvious
recursive way.
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0?77[):511 o? o=ttt
C>C)3 (1.0) (YP,cP) = (ApbT)3 s (6,x) = (A} s 0,TF s x)
Y(s: ch ol 'yD)(C}Sc’ sccl) (A[w])? s:= Afc (w? s)
(ctorAT)?sch = |dfs =5
V(S.T?s(c-é):cD-é-Afcsé dropfs.:ms
(wy 0 ’U}Q)?‘ §:= wgfc (wlfc s)
(extX)f,, =
(m A )fsf.:/\(x:A)(BJScs(f-a?)) CVZ?S:Eﬂ‘QS
(T[o ])fsa;'z Tfs:z: (cvs c)?s:z cfc (71 s)
(T[w])fsx —Tf (wf s)x (c[w])?s:z cfc (w? s)
(TH}saz=m f-=
(T2t) {(ysz=m f- 1"z

Figure 10.2: IIT section operators

ofc __ =tt
(A >> T)fc s (0,x) = (Afc s 0, Tf s x)
(A[w))} s = Aj (w} s)

Note that to type-check the definition of (T? ¢)3 we rely on Lemma
proved later in this section.

On the remaining types 7' : Ty I' A, the operator T° just implements the action
of the section functions on Ty-algebras. Again, to type-check the definition of
(T'[o])° we rely on Lemma given below. We summarize all section operators
in Figure [10.2]

All these section structure functions are defined simultaneously, mutually, by
induction on the IIT of specifications, together with the following equational prop-
erties about the section operators themselves:

Lemma 10.2.1. For any ¢t : TmPA X, f : Map F D, s : T3 v 4P and § : "A% 47,

X?s(téé):t% (A?sé) -
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Proof. By induction on t. O]

Lemma 10.2.2. For any 0 : Sub AV, f:Map F D, s : T3y +" and 6 : "TA% 7,

V?s(aéé):ag (A?sé) -
Proof. By induction on o. O

Remark 10.2.1. Since the section structure operator computes a product of iden-
tity types by recursion over specifications, it is straightforward to show that I'°
constitutes a family of (weak) propositions. -

Example 10.2.6. Let C,T,CP TP carriers, and Con/Ty algebra structures @ :
@(AQT) and 67 : @(DCD’TD) 6. Given functions f : Map (C,T) (CP,TP), we can easily
verify that the expression @fc 6 0P computes to (a straightforwardly equivalent
version of) the section structure shown in Example [10.2.5

Definition 10.2.4. Given an IIT specification I" : Spec, a regular algebra (F,~) :
Alg T, and a displayed algebra (D,~v?) : Alg” T' (F,~), a section between (F,~)
and (D, ") is a pair of functions f : Map F' D, and a proof of '} v 4. -

Having defined what sections are, we can finally formalize what it means for
an [I'T algebra to support the intended induction principle.

Definition 10.2.5. Given an IIT specification I" : Spec, we say than an algebra
a : Alg ' is inductive, or section inductive, when for any displayed algebra d :
Alg? T a there exists a section between them. n

Remark 10.2.2 (uniqueness). Section induction is also considered in [ACDT18] in
the context of QIITs. There, the authors establish an equivalence between section
induction and initiality, thus showing that inductive algebras, similarly to initial
algebras, can be characterized as being unique (up to isomorphism). They work
in an extensional setting, in particular assuming function extensionality.

We will not concern ourselves with uniqueness properties of inductive IIT al-
gebras in this work, as our goal is to establish the existence of some inductive
I[IT algebra for any given specification. Nevertheless, the question is interest-
ing and certainly worth future investigation. In particular, we wonder if we can
establish some uniqueness property of our notion of inductive algebras similarly
to [ACDT1§].

When discussing uniqueness of algebras, the intensional nature of our setting
poses an extra challenge, particularly in deciding what we mean by equality and
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at what “level” (meta vs target) we mean it. On the one hand metatheoretic
equality would be too strict, failing to relate anything beyond definitional identity.
On the other hand the intensional target-level identity type is too weak to properly
compare infinitary objects. We believe the appropriate way to relate II'T algebras
would be via their embedding into the setoid model /SeTT, which provides a fitting,
extensional form of equality.

[

We have formally defined what counts as an IIT in the target theory, for any
given II'T specification. In the chapters that follow we will proceed to our main re-
sult, which is not only to establish that all specifiable II'Ts always exist —i.e. there
always exists a corresponding inductive algebra — but that we have a systematic
way to construct it.

Our aims for this part of the thesis can be summarized as the following theorem:

Theorem 10.2.1. Given any IIT specification I : Spec, there exists an inductive
algebra for it. That is,

1. There exists an algebra a : AlgT’

2. such that for any displayed algebra d : Alg? T' a, there exists a section
(f,s):SectT'ad. n

We will tackle both points of this theorem in the sections that follow. Specifi-
cally, we will address the first point in Chapter [T}, where we show how to construct
an IIT algebra given any IIT specification, and the second point in Chapter
where we show that the algebra constructed in Chapter [11]is actually inductive.



Chapter 11

Constructing IIT algebras

In Chapter[10] we have formalized how to specify IITs, and defined what constitutes
an IIT for a given specification. In this Chapter we tackle the next step, which is
to show that we can in fact always define target-level types and terms encoding
any specifiable II'T. This corresponds to the first point of Theorem [10.2.1]

In Section we encoded the type formers and constructors of our running
example, Con/Ty, in terms of type formers and constructors of so-called erased
types and a well-formedness predicates. Technically, the encoding was as simple
as pairing together erased constructors and their corresponding well-formedness
proofs. We referred to this pairing as X-construction, after [vR19].

Although the Con/Ty example deals with a single concrete IIT, the process of
deriving the erased types and well-formedness predicates, as well as their combina-
tion via the Y-construction, wasn’t specific to that example and can be systemati-
cally applied to any IIT specification. The aim of this chapter is demonstrate this
claim. That is, to give a general account of erased types, well-formedness predi-
cates, and the Y-construction, that applies in general to arbitrary specifications.

Similarly to our general account of II'Ts, we tackle erased and predicate types
by framing them as certain kinds of algebras. We define families of erased algebras
and predicate algebras indexed over II'T specifications, then restrict our attention
to those particular algebras that exhibit some property of interest, like section
induction or the presence of suitable inversion principles.

We then define the »-construction as a generic operation on algebras; that is,
for any specification we show how to construct an IIT algebra given any pair of an
erased algebra and predicate algebra. A direct consequence of the Y-construction
is that if erased and predicate algebras always exist, then IIT algebras do as well.

We first deal with erased types and their algebras in Section followed by
an account of well-formedness predicates in Section [[1.2] Both sections conclude
with arguments for the existence of erased and predicate algebras, respectively,
for any given specification. We finally wrap things up with the »-construction in

129
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Section M11.3.11

11.1 Erased types

Every (two-sorted) IIT specification automatically induces the specification of two
mutually-defined inductive types. This process of erasure works by simply strip-
ping the type and term constructors of the original II'T of all its indices, to produce
what we call erased types.

Erasure is a systematic process that can be carried out irrespective of the par-
ticular IIT. We now give a general account of erasure for arbitrary specifications.
We first assign a notion of erased algebra to II'T specifications, and complement
it with displayed algebras and sections. We then define “erased types” to be the
section-inductive algebras.

11.1.1 Algebras of erased types

To get an idea of the structure of erased algebras, let us revisit our running ex-
ample, the Con/Ty IIT, both as the familiar metatheoretic construction and as a
target level one:

Example 11.1.1 (metatheory). Recall the constructors for the erased types Cong, Ty,
shown in the example of Section

o, : Cong

_>g - : Cong = Ty, — Cong

o :Cong — Ty,

7o : Cong — (N — Ty,) — Ty,

To : Cong = Ty, = Ty, = Ty,

As a metatheoretic construction, an algebra of Cong, Ty, is essentially like the
structure above, with Cong, Ty, replaced by arbitrary carrier types. In other words,
algebras are a pair of types C : Type, Tj : Type plus an element of the following
product

C()X(Oo—>To—>Co)><(CQ—)T0)
X(CO—><IN—>TQ)—>T0>X(CO—>T0—>T0—>T0)
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Example 11.1.2 (target theory). As a target-level structure, an algebra of Cong/Tyy
is similarly a pair of small types Cy : SType, Ty : SType plus a term of the product

type

"Co'xTCo=Ty=Cy'x"Cy =T,
XxTCo= (Nat=Ty) =Ty "' x"Co= Ty =Ty = Tp"

It is immediate to see that the structure above is a direct target-level translation
of the one shown in Example [11.1.1} n

We now define how to calculate the structure of erased algebras for an arbitrary
specification. Since we are only considering IITs of fixed sorts, the type of carriers
of an erased algebra is always just a pair of target-level small types Cag := SType x
SType. Given I' : Spec and carriers Fy : Cag, we define the corresponding erased
algebra structure F%O, together with dedicated erased algebra operators for each
specification type.

' : Spec F FIE% : Type
C: Ctor I’ = C’EO : SType
A : Params ' + AEO : SType
T:TyI'A  F Ty, :SType

Remark 11.1.1. The erased algebra operators refer to each other in a non-circular
way in their definition, and not at all in their types. They are, therefore, not
mutually defined, unlike the II'T algebra operators of the previous Chapter. n

FEO should be an iterated product of algebra operations similar to Figure(11.1.2],
but specific to I' and Fy. Just like the operators I'y and T'}, we define I'y; by
recursion on specifications:

050 =1
T>C)p =Tf x"Cg™

The erased algebra for a constructor C' is a function type from a tuple of
parameters to one of the two erased carrier types:

(ctor AT = AR = T,

Erased parameter algebras are given by a straightforward recursion:



132 CHAPTER 11. CONSTRUCTING IIT ALGEBRAS

E —
.FO = 1

(Ao T)5 =A% X Tj)
(Afw)r, = AF

Note that (A[w])F simply ignores the weakening, reflecting the fact that erased
types (and therefore their algebras) arise from forgetting all type dependency in-
formation. The same holds for inner type and base type algebras:

(ext X)f, =X (Tl)IE;O =m Fo
(m AB)y, = A= By, (T* )5, = m Fy
(T[], =T
(Tlo)r, =T

We have additional algebra operators for (constructor) terms and weaken-
ings/substitutions:

t:TmDAT bty :Th —»TAR T =TT,
c:CTmIDC ko :Th = 7CRT

w:WkI Q l—w%O:FE;O%QE;O
c:SubAV ko :Th = TAL T =V

As usual, the operators on weakenings and substitutions lift the action of these
operations to context and parameter algebras.

id® o &9 = id" 7o =%
(ext o 1)" 9 0o := (0" 0 Go, 1™ 70 do) drop® v =T
drop® o do = fst (w1 0 wy)5y 1= wo (wy " )

(0o T)E Yo 0o = F Yo (UE Yo 90)
(U[’LU])E Yo 50 = O'E (U)E’Yo) (50

Moreover, the algebra operators on terms express indexing into algebras of
contexts.
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vzt o o :=snd dg cvzt =T Yo
vs 1)5 o 8o = 15y, (fst ) (cvs €)F 7o := & (71 )
ext An)E by = (cw]) 40 = & (" )

(

(

(cappca) Yo 0o : " %'UE% do
(ap )" 70 (Jo, ) :=1" 0 b0 - @

(Im )5 g (50 = Aw . t5 7y (0g, 7)
(o))" % =150 (0" 70 %)
()0 do =5 (wF 0) b,

Example 11.1.3. Given carriers Cy, Ty from Example|11.1.2] we can easily verify
that the expression @(ECO’TO) computes to the erased algebra structure defined in
that example. =

We wrap things up with a definition of erased algebras.

Definition 11.1.1. Given an IIT specification I' : Spec, an erased algebra Alg, I'
is a pair of carrier types Fj : Cag, and a term ~ : FIE%' -

Erased types, and therefore erased algebras, constitute the building blocks of
our encoding of II'Ts in terms of inductive families. However, not all erased algebras
are suitable for this role, as their induction principle might not be strong enough.
We are specifically interested in those algebras that are section-inductive.

In accordance to this requirement, the next sections will tackle the definition
of displayed erased algebras and erased sections, from which we derive the notion
of section-inductive erased algebras.

11.1.2 Displayed algebras of erased types

Example 11.1.4 (metatheory). Recall the Cong/Ty, erased algebra from Exam-

ple [I1.1.1] given by types Cy, Ty : Type and terms eq,>q, to, T, Tg. A meta-
theoretic displayed algebra over it is a pair of indexed types, and terms indexed
over the erased constructors:

cP . Cy— Type
P Ty — Type

D . AD
o G
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,DOD,I COD 'y — Ty AO — Cé) (FOD()A())

LOD : COD I'y — TOD (L() Fo)

7 0P Ty —= (n:N) = TP (Fyn)) = TP (7o T'o )
77'(1)) C(?F0—>TODA0%TODBO—>T(P (%QroAQB(])

Example 11.1.5 (target theory). Consider an target-level Con/Ty erased algebra,
as shown in Example [I1.1.2} this is given by types Cy : SType, Ty : SType, and
terms g, >q, Lo, T, To- A displayed erased algebra over this algebra is then given
by indexed carrier types

C'é) :TCy T — Type, TOD 7Ty — Type
and terms for each constructor:

oOD : '—C(]]j o
[>0D i | (50 : C(])(to : To)(COD co X TOD to = COD (l>0 . (50))—|
/,OD : I_I_I(CO : Co)(COD Co = TOD (LO . Co))—l
ﬁ'OD :MII (CO : Co)(fg : Nat = T())
(CP = T (0 Nat) (T2 (fo - n) = TP (- co - fo)"
ﬁ'OD i | (CO : C())(G,O : To)(b() : T())
(OODCO = TOD ag = TOD bo @TOD (ﬁo +Co Qg 'bo))—l

One can see that the structure above is a direct target-level translation of the

structure in Example [11.1.4] n

We now want to assign a notion of displayed algebra to any specification. We
thus define algebra operators that calculate the carrier types and the term structure
of a displayed algebra given an arbitrary IIT specification and erased algebra for
it.

We begin by defining displayed carriers as a type indexed by regular erased
carriers:

Caé) : Cag — Type
Cag’ (Ao, Bo) := (Ao — Type) x ("By" — Type)
Note that we allow the displayed carriers to be families of large types. This

is because we will need to do large elimination our of erased algebras later in our
development.
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We now define displayed algebra operators & on specifications, so that F,EDDO Yo
calculates the displayed algebra structure over the carriers, as an iterated product
of algebra operations like in Figure [I1.1.5] As with all the previous algebra defi-
nitions, we define an algebra operator for each sort of the specification QIIT. The
type of each of these operators is indexed by the carrier types, as well as a regular
erased algebra of the corresponding specification sort:

' : Spec F F%DO : F%O — Type

C : Ctor I + CBDO . FCIEO—' — Type
A Params ' + A%DO : FAIEPO—' — Type
T:Ty'A I—Xg?):rTgojﬁType

In addition, we have operators for (constructor) terms and weakenings/substitutions:

c:CTm I C I—C%)OZF%DO’VO—)[_ IEDDOT

t:TmT AT Hth) :Th v — TAD 6 — "Tp, (t570 do)”
w:WkQD  Fwph :QF v —TPH (w )

oc:Sub AV I—O'%Do — Q%DO 70—>'—A%30 (50—'—>FV%30 (JE% dp)

Similarly to displayed algebras for II'Ts (Section , displayed erased alge-
bras are essentially an indexed generalization of regular erased algebras, or equiva-
lently, an erased version of displayed II'T algebras. Most of these definitions require
little discussion. One notable difference with the previous treatment of algebra op-
erators is that for specification contexts I' : Spec, we define the type I'™ without
recursion on the specification, but instead as the following equivalent type:

I'D 0 :=V{C}Hc:CTm T C) = "Cp) (™o)™

This is similar to defining the type of tuples of natural numbers of size n as
Fin n — N, instead of the equivalent Vec N n, using Fin n as an index. Here we
are using CTmI' C as an index into I'. This direct, non-recursive definition of I'®
will make a few constructions easier later on. Still, even though the elements of
'™ are functions, we will often write them in the more convenient tuple notation
(Coy €1y eeny Cn)-

Remark 11.1.2. Such compact definition of I'™ is possible because the erased
algebra operators are not recursive-recursive, unlike IIT algebra operators. An
equivalent expression for II'T algebras would have been:
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I‘%DO Y0 := V{C}(c
(ctor A T)®

:CTmI' C) —

“Chy (cFy0)”

co = (6o : A%) (A™ 6o = T (co - 6o))
P 5i=1 idPP 68 = 5
(A s> T)P (80, z0) := AP 6y x TP ¢ (ext o t)PAf 6P =
(Aw])) Py = AP§, (0P 5P 1 68
dropPAL 6 = fst ¥
(ext )P =1 (001)Pg 6§ =708 (6776 &)
(r A B)® fo :=T(a: A)(B® (fo - a)) (o[w]))PAd 68 = 0P (wPAL) ¥
(T[o]) Pz := TPz
(T[w)Pzy := TPz vz™ Y 5(? :=snd 60
(Tl),E:'))0 ag := m Do ag (vs t) 60 = 0 (fst (563)
(T? ) by := w2 Dg bgy (ext A x) 50 =
(ca PCO') (?50 ECEDVO -0 70 50
id®g =9 (ap )79 {00} 63 =
drop™g’ =1 (77)) (tPAP (fst 5P)) - (snd )
(w1 0 wa)PAE = wo™ (w1 PAP) (Im )2AP {50} 60 =
Azt (S0, )} (55, %)
P =g e ()P 88 i= P8 (0P oF)
(tlw) PG 67 =P (W) 67
Figure 11.1: Displayed erased algebra operators
[ :=V{C}c:CTm T C) = "Ch (" 4)7

This would not work, because c* takes a structure « : I's as argument, but '3

is precisely what is being defined.

Because of how I'™ is defined, constructor term algebra operators c

B>

on a

context term ¢ : CTm I C' simply reduce to function application:

P’ =g e

We summarize all the displayed erased algebra operators in Figure [11.1}




11.1. ERASED TYPES 137

Example 11.1.6. Let (Cy, Ty, 6p) : Alg, © be a Cong/ Ty, erased algebra, and let

(CP,TP) : Cal (Cy, Tp) be displayed carriers. We can easily verify that the type

of 6P @(EgD D) 0o computes to (an equivalent version of) the structure shown in
19

Example [11.1.5] n

We finally wrap up with a formal definition:

Definition 11.1.2. Given I' : Spec and (Fp, ) : Alg, ', a displayed algebra
Algl T (Fy, ) over (Fy,) is a pair of carrier types Dy : Cag Fp, and a term of

type T'5) 7o n

11.1.3 Sections of erased algebras

We now relate erased algebras and their displayed version by the notion of erased
sections. Like sections between II'T algebras, a section between erased algebras is
a dependent mapping between the carrier types of the algebras that respects the
algebra structure arising from the constructors. We will use the notion of erased
section to imbue erased algebras with the necessary induction principles that are
required by the general reduction proof.

Example 11.1.7 (metatheory). Consider once again the erased types Cong/Tyj.
Given a metatheoretical erased algebra (Cy, Tp, ¢, >0, Lo, T, To) and displayed al-
gebra (Cy, Ty, o8 o8 1P 78 7)) over it, a section between the two is a pair of
functions

fo . (C() : C[)) —)COD Co
fT : (to : To) —)TOD to

respecting the algebraic structure of the constructors, as witnessed by the following
equations

fc %o = 'é)
fo (covote) = (fo co)f (frto)
Lo Co) = b(])) (fc Co)

fr (
fr(foco fo) = 7%(1)3 (fo co) (An.fr (fon))
fr (Fo co ag bo) = 75 (fe o) (fr ao) (fr bo)
| ]

Example 11.1.8 (target theory). Consider now the same erased types Cong/Tyy
in the setting of the target theory. Let ((Cy,Tp), (80,0, to, 7o, To)) be an erased
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algebra and ((CP, T.P), (o8 ol /P #P 7P)) an erased displayed algebra over it. A
section between them is a pair of function terms

fcil—HC(]Cé)—l
fTil—HToTOD—l

Such that the following equations hold:

fC'°0—°o
fo - (bo-co-to) =v¢ - (fo - co) - (fr - to)
fr(w-co) =15 - (fo - o)

ity - (fo-co) - (An. fr-(fo-n))
Jr (770'00'@0'50):77(1))'(fC'Co)'(fT'ao)'(fT'bo)

We shall now define, given an arbitrary IIT specification I' and erased algebras
a:Alg,l',d: AIgOD [ a, how to calculate the structure of a section between them.
This will consist of the type of maps between the respective carriers, as well as an
iterated product of equations that these maps must satisfy.

The functional part of a section is given by the operator Map,, which is a type
family indexed over the carriers of the algebras related by the section:

Map, : (Fp : Cag) — Cal’ Fy — Type
Mapy (Ao, Bo)(AY, BP) :="T1 A AP7 x "TI By BP™

We then define erased section operators that calculate the structure of a section
for arbitrary specifications. As usual, we define a section operator for each sort of
the specification datatype.

For carriers Fjy, Dy and fy : Map, £y Dy, we define:

I' : Spec + F]Eci (90 :Tg) = T 7' — Type
C:CorT" F C’JE? : (co: Cf,) = "Cp. e — Type
A : Params T' - AJE% (0o : AR) = TAL) &
T:TyT' A I—TfEOS:(xO:TIEO)%'_ngxO—'

w

Wk T Q I—w% :F%%%?%QJE% (wa%) (w%?)yéj)
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Ffo Yo 70 =V{C}c:CTmI' C) — C’]E? (C™v) (C’ED%?)
(CtOF A B)fo Co Cg) =Y 50 — B]EOS (CD . (50) = COD : 50 . (A]Eci (50)

= 5y =1 (ext A)®ay =%

(A b T)5 (50, 20) = (AB6, Tz0) (1 A B)Bfo =X (\.B®(f, - 2))
(
(

(Aw])®6 = APg, To) Pz =T
Tw)®xy =Tz

(Tl)fcﬁ To =1 fo- xo

(T? )fo To =Ty fo X

Figure 11.2: Erased section operators

We could alternatively see the section operators defined above as a non-indexed
counterpart of those in Section [10.2.2]

Given constructor algebras ¢, ¢, the type C’}? co ¢}’ is the section equation
relative to the constructor specified by C', stating that the functions in f; “respect”
the algebra structure when applied to cg, ¢y and their arguments. The type FTEHSO
is then the product of all these equations, one for each constructor in the specifi-
cation; it would thus be natural to define F]Ecﬁ by recursion on specifications, like

we did for I'>. Instead, we use a simpler, equivalent definition that quantifies over
constructor terms.

Ffo Y%7 :=V{C}c: CTm T C) — C’f? (CEy0) (C™AE)
=S

Thus, we can just define w=sy := Ac.sg (c[w]). The remaining operators are
just an erased version of IIT section operators. We summarize all of them in

Figure [I1.2]
We prove the following lemmata about erased sections, which are mutually
stated and proved:

Lemma 11.1.1. For any o : Sub A V| fo : Map, Fy Dy, algebras vo,7&, d, and
proof sq : FJE% Y0 V2,

V2 (0570 60) = 02§ (AT ) n
Proof. By induction on o, and Lemma [11.1.2] O

Lemma 11.1.2. For any t : Tm ' A T, fo : Map, Fy Dy, algebras 7,7, 8, and
proof so : TP 70 7§,
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T}EOS (t%0 6o) =ty (AJE% do) n
Proof. By induction on ¢, and Lemma [11.1.1] O

Remark 11.1.3. For any T, fo, 70,7, the type F]E%' Y0P is an iterated product
of metatheoretical identity types, and therefore a (weak) proposition. =

Definition 11.1.3. For any I : Spec, erased algebra (Fp, 7o) : Alg, T', and erased

displayed algebra (Dg,~d) : Algg T' (Fy, %), the type Secty I' (Fo,v0) (Do, 7¢’) of

sections between them is given by pairs of functions f, : Map, £y Dy and a proof
. FES D

So -1y V0% - |
Erased sections allow us to talk about erased algebras that are inductive, in

the sense that they support the induction principle expected of erased inductive

types.

Definition 11.1.4. Given an IIT specification I' : Spec, an erased algebra alg, :
Alg, I' is inductive, or section inductive, when for any erased displayed algebra
algOD : Algé) I alg, there exists a section Sect I' alg,, algOD. n

11.1.4 Existence of erased types

In the previous sections we have generalized the idea of erased types, by defining a
general notion of erased algebra indexed over IIT specifications. Still, just defining
the algebras is not enough for our objective, which is not only to show that IIT
algebras can be reduced to pairs of erased and predicate algebras, but also that
such IIT algebras always exist for any specification. To show that this is the case,
we must first establish that erased algebras always exist, as they constitute the
building blocks for all our encoded IIT algebras. This existence result for erased
algebras is the topic of this section. In particular, we will show that the type
Alg, I' is inhabited for any I' : Spec, and that the inhabitant is section inductive.

We proceed by internalizing the specification syntax and the algebra operators
as target-level inductive types.

Specy, Paramsg, Tyy, Wko, Ctorg : Type
CTmg : "Specy ' — "Ctorg ' — Type
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0 : "Specy ! ctor(l) : "Paramsy ™' — "Ctorg™

_ >0 - : "Specy ' — "Ctorg ! — MSpec, ™ ctord : "Paramsy™ — "Ctory’

o : "Paramsg™ idg  :"Wkg™

_bb>o-:"Paramsg ' — "Ty, ' — "Paramsg dropg : "Wkq™

TS T Ty _og - :"Wko! = "Wkp " — "Wkg™
T2 Ty, cvzg :"CTmg (g >0 Cp) Co”
extg :SType = Ty, cvsg :"CTmg I'g Cy!

0 : SType — "Tyy ' — " Ty, ! — "CTmg (T >0 Cp) Co”

These types are clearly definable as inductive families; we thus assume their
existence in the target theory. Being inductive, these types come equipped with in-
duction principles. We will slightly abuse notation and define internal, target-level
functions by induction on these types with the same notation as meta-level pattern
matching, with the implicit understanding that such definitions can easily be trans-
lated to completely equivalent uses of the internal pattern matching/eliminators
in the target theory.

As an example of function definition by internal pattern matching, we define
weakening of internal constructor terms:

,[,]0 : rCTmo Iy C’Oj — '_Wko QQ Fg—l — |_C—l—mg QQ Co—l
cidolo =c
c[dropylo = cvsg ¢

[

clwy o9 wao 1= (clwalo)[w1]o

We define internal versions of the erased algebra operators, by induction on
erased specifications (Figure . We define regular and displayed versions of
the operators, and like their external counterparts we parameterize them by erased
carriers Fy : Cag and D : Ca(l)j Fy.

Given any erased specification 2y : "Spec, ', there exist the following target-
level types Erased : Cay generated by constructors erased’, erased?:

Erased' : SType, Erased” : SType, Er:= (Erased', Erased?®)
erased’ : (Ag : "Paramsy”) — "CTmg Qq (ctory Ag)7 — "AoE, 7 — TErased'™

erased” : (Ag : "Paramsy”) — "CTmg Qp (ctord Ag)7 — '—AOE—' — TErased”™
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[p:"Specy ' F FOIE;O : Type Ag : "Paramsy ! AOE’O : SType
Cy : "Ctorg ' + COE“O : SType Th : " Ty F TOEO : SType

wo - I_Wko QO Fo—l F wO%O : [_QOIE;‘O—I — FFO%OT

T'oF :=II(Cy : Ctorg)(CTmg Tg Co = CoF) oF =1

(ctory AO)E = AOEO =m Fy (A p>g Ao)E = AoF X AgF

(ctor% AO)E = AOZE;O = 19 F (exto X)E =X

ido o = (mo Ao Bo)® = Ag = BoF

drOPoE Yo '=A_cC.7% - _--CVSyC T(l)E =m Fy

(w1 00 w2)E 0 = WIE (w2E Y0) T(Q)E =1y Fy

o : "Specy ™ H Fo?) : ’_FOEO1 — Type Cp : "Ctorg ' F Co?i) : ’_COEO—' — Type

AO : ’_Paramso—' H AOE : '_AOE T Type TO : I—Ty B F TOE : '_770E T Type
Do Fo 0 DO FO

Co CTmO Fo CO F CO%)O : (’YO : rro%o—')rro%)o ’)/o—l — I7610%)01

op =1 (extg )P _:=1
(To >0 C’o)E Yo = (mo Ao BO)Efo =
FOE (Ac.70 - cvspc) X C’OE (70 - cvzp) IT (a: Ao)(BOE(fO -a))
(ctor(lJ AO)E co = T(l)E xg := w1 Dy xo
TI(do : AoF) (A0 g = 71 Do (o - 60)) Tgﬁ zo := m Do 20
(ctor% A0)E Co = cvzoﬁ, 7(? := snd ’yéj
TI(0o : Ao") (Ag™ 69 = w2 Do (co - 0p)) (cvsg c)ﬁf S D (fst 7{)

L 0] 50 =1

(Do >0 To)P (8o, z0) = Ao 8g X To™

Figure 11.3: Internal erased algebra operators

The list of terms above specifies a simple mutual inductive definition, therefore
we can assume the existence of these terms in the target theory. Note that the




11.1. ERASED TYPES 143

self-reference in the expression AOE, does not pose problems to this definition, since
A X . Agk is strictly positive for any A,.
We can generalize the constructors as the following recursive function:

erased : (Cy : "Ctory ") (c : "CTmg € Co7) — TGy,
erased (ctorg Ag) ¢ := X (erased' Aq ¢)
erased (ctor? Ag) ¢ := X (erased” Ag ¢)

Definition 11.1.5. There is an internal erased algebra ) : rQOE—' on the pair Er:

Wy = ACO.)\co.erasedC’OCO ]

Definition 11.1.6. For any internal displayed algebra with carriers Dy : CaOD Er

and structure @y : rQo%joj, there are functions fj, f¢ defined recursively and
mutually with the following:

fa: (z:"Erased!") = Ty Dy " To® : (0 : "THE, ) — TTH) z7
#2: (z: "Erased®”) — Ty Dy 2" Ao® (8o TAGE,T) = TAGE 6o
f(} (erased! Ag cdy) = C%DO wy - 0o - AO%O do (exto X)E = %
fg (erased2 Agcdy) = cD Wo - 0p - AODO do (7o ,Bo) for=Ax. BOg (fo-x)
5 - Té% T = f3 o
°C = T3 2 = [ o

(Ag >>g To)g (60, z0) = (Aog 80, To™ x0)

We thus obtain maps fo : Mapy Er Dy as fo := (X fa, X f3). n

We now relate external and internal algebra operators and specifications, start-
ing with the erasure operators in Figure [11.4]

We can relate internal and external algebra operators directly, when the internal
algebra is calculated on erased IIT specifications:

Lemma 11.1.3. Given Fy : Cag, Dy : CaOD Fy, the following holds:
A = (Ai)E AR & = (A¢)§) do, for all A : Params T', 4

TE = (TYy,  TRay=(TYp 20, forall T:TyT A,z
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I : Spec T : "Spec,” T:TyT'A FTV:"Ty,"
C:CtorT'  + C*:"Ctory’ w:WkT Q Fwh: "Wky TF Q7
A : Params I'+ A* : TParams; c:Ctor’'CFe¢t :TCTmo I C¥7

o 1= 0 Tw)* =T

T >C) =Tty Y Tlo]* =T

o = e cvzt = cvz
(App> T = A sy TV (cvse)t = cvspc!
Afw]* =AY clw]* = c'w']o
(ext X)* =exty X id* = idp

(r AB)* :=myAB* drop* := dropy
T =T} (w1 0 ws)* = wy og wy
T2ty =T}

Figure 11.4: Specification of erasure operators

Proof. By straightforward induction on AT m

As a consequence of Lemma [11.1.3] we also prove the following similar results
for section maps:

Lemma 11.1.4. Let fy := (X fi, A f2) be the maps structure defined as per
Definition [11.1.6] Then the following holds

Ol

AB5y fo = (AP, for A : Params T, 6y : "AE,™
Tz fo = (T4) Pz for T:TyT A, a: "Tg"

vl

Proof. By straightforward induction on A, T O

We have functions relating whole algebra structures on the external and internal
levels, for any Fy, Dy:

I' : Spec, v : '—(W)EO—' 4T TR
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) ) B
I':Spec,y: (TIN5 4" T (7)) F 477 :r(@H5 A7

We define both by induction on external specification contexts I' : Spec:

A= % for'=09

v = (drope™) v srovzg forT=T" 1> C
Db . _ —

NI =% forI'=0¢

'ym = ((drop®~P)r 4P - cvz) forol'=0">C

Lemma 11.1.5. Let T : Spec, and algebras 7 : (Fi)EO and 7 : T5 (7). The
following holds for all ¢: CTm I" C":

B +
Y- C et =g (n'), ¢ py () = ¢ .
Proof. By induction on c. O

We finally wrap everything up with the main result of this section:

Theorem 11.1.1. Let €2 : Spec be a specification. There exists a section inductive
erased algebra alg, : Alg, €. n

Proof. Let Q := Q. By Definition , there are target-level types Er : Cap and
an internal structure @ : "Qgg, . Thus, we obtain an external algebra structure
wo : QE as wy = wy'. We now show that the algebra (Er,wy) is section induc-
tive. Assume we are given a displayed algebra (Dg,wd) : Algd Q (Er,wp). Via
erasure, we obtain an internal displayed algebra @) : "Qy " @, therefore by Defi-
nition [I1.1.6]we have maps f; : Map, Er Dy. We are left to prove that f, constitutes
a section, which amounts to show the following equation for any B : Base 2 A,

c:CTm Q (ctor A B), &y : "TAE ™

BJEOS(CEWO'éo) :CUOD C‘(So'AJEciéo

We prove it by case analysis on B, starting with B := T*:

(TY': (cFwo - &)
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= { Lemma [11.1.3] Lemma [l11.1.5]}

fa (erased’ ¢ &)

CLED wo EOD . 50 : (Ai)g 50
= { Lemma [11.1.4] }
CiED wo wOD : (50 : AES 50
= { Lemma [11.1.5 }

wéj 0'60'A550

The other case of B is identical, except we have fZ instead of fj. O]

11.2 Well-formedness predicates

We now give a general account of well-formedness predicates. As we did for II'Ts
and erased types, we will begin by defining predicate algebras, before pinpointing
what particular properties we require of those algebras to be useful for our II'T
encoding.

11.2.1 Algebras of well-formedness predicates

As usual, let us revisit our running example, Con/Ty, and generalize from there.

Example 11.2.1 (metatheory). The predicate types from Section were defined
as follows:

Con; : Cong — Prop
Ty, :Cony — Ty, — Prop

e, :Con e

>y _:Cony Ty — Ty, T'g Ay — Cony (I'g>g Ap)

vy :Cony T'g— Ty, T (¢0 To)

w1 Cony Iy — (Vn. Ty, Ty (Fon)) — Tyy Ty (70 To Fop)

w1 :Coni Ty — Ty, o Ag — Ty, (T'o >0 Ao) Bo — Ty, Lo (7o I'g Ag Bo)

We can read the list above as simply a description of an algebra of the predicate

types specified by Con/Ty. Just like predicates are indexed by erased types, this
algebra is indexed by the erased algebra (Cong, Ty,, @, ...). -
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Example 11.2.2 (target theory). Given ((Co,Tp), (e, >0, Lo, o, T0)) : Alg, O, a
target-level predicate algebra indexed by it consists of carriers

C1:7Cy" — SProp
T - l—CO—l — l—TO—l — SPI’Op

and a term of the iterated product type:

o : I—C’1 .O—I

>1 a ( Co)(to : TO)(Cl Co = T1 co tog = 01([>0 - Cp - to))—l
L1 . ( C())(Cl Co = T1 (L() . CO))—l
o ( Co)<f0 : Nat = T())

(Cl Co = H(TL : Nat)(T1 Co (fo . n)) = T1 (’ffo - Co - fo))—l
71 "I (co = Co)(ao : To)(bo : To)
(Cl Co = T1 Co a9 = T1 (l>0 - Cp 'CL()) b(] = T1 Co (7_7'0 - Cg Qo 'bo)>—I

We now want to generalize predicate algebras to arbitrary II'T specifications.
We first define an operator Ca; that calculates the carrier types of the predicate
algebra given carrier types of the erased algebra.

Ca; : Cag — Type
Cai(Ap, By) := ("Ao" — SProp) x ("Ag" — "By — SProp)

We then define an operator _ that calculates the predicate algebra structure
of terms. For a specification I' and erased algebra (Fp, 7o), and predicate carriers
Fy : Cay Fy, the type F\I/;Vl 7o is a product of target-level types, one for each term of
the predicate algebra. We define 'V along with auxiliary operators that compute
the algebra types for each component of an IIT specification.

I' : Spec - F\}Vl : FIEJO — Type

C:CtorI'  +Cp : Ty —"Cp ™ — SProp

A : Params T+ Af Ty — TAL 7 — SProp

T:TyD A +Tp Ty — AR — "T5 " — SProp
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We also have operators that lift the action of terms and weakenings/substitutions
to algebras:

0:SubAV FaV i TWrg = TAYA 667 = TVWg (6570 )™
w:Wk QD Fw":Q%y = IV (wE)

t:TmTAAFEY TV = TAYA 67 — rAW'yO do (tEVO dp)"
c:CTmT C F eV Ty = 7CY 40 (Fyp)”

Most of these functions are just a slight variation of their erased algebras coun-
terparts, to account for the additional algebra components in the indices. One
important difference with erased algebras is that the predicate algebra component
for external types is trivial. This is expected, as there is no need to enforce any
kind of well-formedness on external types:

(ext )WV =T

Algebras for base types just correspond to the respective carrier types applied
to suitable erased terms. In the case of a base type of the form T? ¢, the first index
depends on t and thus is calculated from it.

(T2 t)\}/pvl Yo 50 Ty = T FQ (tE’)/O (50) Zo

The remaining operators are a straightforward generalization of the erased ones
to account for additional indexing. We summarize all of them in Figure [11.5

Example 11.2.3. To check our work, we can easily verify that given 6, : G)(ECO’TO)
such that 0y = (e, >, Lo, T, To), the type of 6; : @\(’(le ) 0y computes to the one

in Example [11.2.28] m

Remark 11.2.1. Note that for any I", I, v, the type F\J{;Vl Yo is an iterated product
of target-level propositional terms. By definition Term P is a meta-level (weak)
proposition for any target-level proposition P, thus we can easily show that F\}Vl Yo
is a meta-level (weak) proposition. -

We would like to have a way to construct predicate algebras I''V in a more
direct way that doesn’t rely on induction on specifications. We thus prove the
following:

1 As usual, up to straightforward equivalences.
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<>W Yo =1 (Tl)\lé\i Y0 50 Trog =T F1 o
(F > C)W(”}/o, Co) L= FW’yo X '_CW")/O C[)—' (T2 t)\l/pvl Yo (5() To = T2 F2 (tE Yo 50) o

(ctor A TY Vg fo = id"V~, 8, =0
(60 : ) (A0 60 = T 0 60 (fo-0)) (ext o )"y 61 := (0"y1 61,81 61)
drop”y1 61 =fst g
b =T (o) Yy 61 =7V (6Vy 61)
(A o> T) Vg (80, 0) = (ofw) Yy 61 =0V (W) 6
AVqq 59 x T 8o w0
(AL W0 85 = AW (wno) do V2" 6y = snd 0,
(vs t)V 1 6, =tV (fst 6))
(ext )Vy0 dpag:=T (ext Az)Vyy 61 = truth
(m A B)"W0 60 fo = (capp ¢ a) v 6 =y oV 8y
(x: A)(B"y0 (0, z) (fo-z)) (ap )1 {80} 61 := tWy (fst 1) - snd &g
(To) ™0 60 0 =T (6" v 00) 20 (Im )y {60} 01 := AatVyy (S0, z) (51,-)
(TTw]) 0 00 20 := T (w" ~0) o a0 (t[o]) V71 61 = t"y (0" 61)
(t[w]) V1 6 =tV (W) 6
id"Vy, =
dropwm =M CVZW% =T
(w1 0w2)Vy1 1= wa™ (10, W) (cvs &)V = V(m M)

(c[w] )W’yl = cW(wW'yl)

Figure 11.5: Well-formedness predicate algebra operators

Lemma 11.2.1. Let Fy : Cag and Fy : Ca; Fy. For any I' : Spec, we have the
following propositional equivalence:

V(C:CtorT') (¢:CTmT' C) — '—C’}/w\{ 7 (F%)7] F\}/;VI Yo -
Proof. By induction on I'. O]

Definition 11.2.1. Given a specification I' and erased algebra (Fp, 7o), a predicate
algebra Alg, T (Fy,70) is a pair of predicates F; : Ca; Fy and an element of

F‘}"l 7Yo- [ ]
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11.2.2 Inversion principles

We have generalized well-formedness predicates to arbitrary IITs, by defining a
notion of predicate algebra indexed over specifications.

As we will see in Section [I1.3.1], a pair of an erased algebra and a predicate
algebra is enough to construct an IIT algebra via the so-called Y-construction.
However, it will become clear in Chapter that a mere algebra is not enough
for the purpose of our encoding. In particular, given a pair of erased and predi-
cate algebras, the IIT algebra Y-constructed from them is not necessarily section
inductive, unless the source algebras come with additional structure.

In the case of erased algebras, the extra structure we require is section induc-
tion. To get an idea of what this could be for predicate algebras, let us look back
at the Con/Ty example of Section Unlike erased types, we did not require the
predicate types to be inductively defined, however we did ask for some inversion
principles. These can be summarized into two kinds, one relating well-formedness
of a compound and well-formedness of its components, and another establishing
an equational constraint on the erased indices of the predicate type.

We now state the inversion principles in general.

Definition 11.2.2. Let (Fy, o) : Alg, I, and (Fy,v) : Alg, T' (Fo,70). We say that
(F1,v1) supports inversions if there exist functions of the following types:

pred-inv  : (c: CTm T (ctor AT)) (6 : "AR")
- FT%Y Y0 6o ("0 - 6o)”
— "A\fp\’l Yo o !

pred-ix-inv : (¢ : CTm I (ctor A (T? 1)) (60 : "AR ™) (a0 : "m )
— |—7T2 F1 ap (CE’YO . (50)—|

— Tag = tE% do !

The first inversion principle states that given any proof of predicate type ap-
plied to an erased term obtained by applying a constructor ¢ to some arguments
0o, then we can extract a proof that the predicate holds for all the arguments dy.

The second inversion principle states that for predicates A;, By, if we have a
proof of By ag by, then aq is completely determined by by.
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11.2.3 Existence of predicate types

In order to reduce IIT algebras to their erased and predicate components, we need
to argue for the existence of erased and predicate algebras. We have discussed
the existence of erased algebras in Section [11.1.4f We now tackle predicate alge-
bras, showing that the type Alg, I' alg, is inhabited for any I' : Spec and section
inductive alg, : Algy,I', and that the inhabitant has II'T inversions as prescribed in
Definition 11.2.2]

We fix an arbitrary specification 2 : Spec, and inductive erased algebra (Fp, wp) :
Alg, €2. The goal is to define a pair of predicates P, : Ca; Fjy, as well as a proof
term wy : Q\,évl wp, such that the predicate algebra (P;,w;) has inversion principles.

We define the predicate types P; by recursion on their erased indices Fy, gen-
eralizing the construction from Section[8.1.1] As per definition of inductive erased
algebras, induction on Fy amounts to defining a suitable displayed erased algebra
(PY,wP) giving the motives and methods of the induction. We define the motives
as the following pair P{:

Py : Cal Fy
PP .= ((A\.P),(\. = Ely (m, Fy) = P))

The methods are given as a displayed erased algebra structure wg’:

wg V{C : Ctor Q}(c: CTM Q O) — rcglg, wp!

We define wf’ by case analysis on C, starting from C' = ctor A T* for some A:
wl {ctor A T'} c:= Xdp. AP 2

Here we are asked to define well-formedness of the canonical expression given by
applying the erased constructor algebra of ¢ to arguments dy; that is, m; Py (C%O c-
do). Well-formedness on canonical forms should be defined recursively in terms of
well-formedness of the subcomponents. We thus seek a way to recurse on dy and
apply the inductively generated predicates to each of its elements. Recall that this
is exactly how we defined Con; recursively in Section [8.1.1] For instance:

Con1 (FO >0 A(]) = Con1 FO X Ty1 F() AO

We implement this recursive traversal via the auxiliary operator A" &y 62,
which takes a list 6 : A™ §; and produces a target-level proposition. Conceptu-
ally, 6P is a list of recursively generated well-formedness predicates, one for each
type in A, applied to their respective arguments in §5. A" §; 62 thus recursively
traverses this list, fully applies those predicates that are only partially applied, and
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combines them into an iterated logical conjunction to form a single proposition.
The wf {ctor A T'} ¢ clause is thus given as

UJOD {CtOI’ A Tl} C = )\50)\ (SOD.Aih 50 50D

We define A™ in Figure [11.6] mutually with similar operators for local type
and base type specifications (with overloaded names). Their definition is relatively
straightforward: we do recursion on parameter telescopes and local types until we
reach a base type, at which point we end up with the “current” inductive hypothesis
already applied to its designated arguments. In the T' case, this is exactly the
proposition we need, and we return it as is; in the T? case the inductive hypothesis
is a binary relation, thus we apply it further to the appropriate term algebra.
Since we cannot do recursion over the fixed €2, all operators are parameterized by
a weakening w : Wk €2 I', which we omit writing when the identity.

The other case C' = ctor A (T? t) is similar, with the addition of an equational
constraint.

wg {ctor A (T? 1)} ¢:=
)\(50/\5(?)\% Aih 50 50D X ag =~ tE Yo (50

Here, we use the erased algebra operator t& to compute the constraint on the
index ag according to the specified term ¢. Again, this is not unlike the definition
of Ty, in Section [8.1.1] For instance:

Tyl FO (77'0 F6 AO Bo) = COﬂl F6 X Tyl F6 AO X Tyl (F/ >0 Ao) BO X FO =p Fg

In addition to recursive statements of well-formedness, we constrained the index
Iy obtained as input to the predicate (corresponding to ag above) to be equal to
the context I') argument to the constructor 7y (corresponding to t= ~q - g above.)

This concludes the definition of w{’. Thus, by induction (Definition , we
have a pair of functions f, : Map, Fp POD with a proof s : F]Ecﬁ Yo %’)3 . From these
functions we immediately obtain a pair of predicates Py : Ca; Fy on the erased
types Fp:

Pl . C31 Fo
Py := (Aao.m1 fo-ao, Aagbo. (w2 fo) - bo - ao)
We now need to confirm that P; constitutes a predicate algebra, i.e., that
there exists an algebra structure wy : Q\,évl wg. We begin with a lemma stating that

the action of the inductive hypotheses operators is actually the same as predicate
algebras operators on the carriers P;.

Lemma 11.2.2. For all w: Wk QT', A : Params I and §; : A% :
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A :Params T - A" (5 : TART) = "AE?D dp ' — SProp
T:TyD A+ T (8 : "AR Mo "I} — '—TE{? xo ' — SProp

o P =T

(Ao T)P (50, 20) (67,25 := AP 6y 68 x Ti" 59 ¥
(Afwo])w, do &g = Aty ows) 00 0

ext )M yal =T

(

( w 00 fo) =1L (z: A)(By (%, 2) (fy - ))
(Tlol)g do x5 =Ty (0" (w y0) do) a5
(TTwa])w, S0 25 = Tinyyous) 00 20

(Tl)ih 50 Zo =20

(

T2 t)ih 50 Zo =20 tE(U)E’}/()) 50

Figure 11.6: Inductive hypothesis operators for recursive predicates

o AN (AJE% do) = AP (W) 6
o T0f 00 (T o) = T3, (w"v0) do o, for T:Ty ' A, zg: Tp, -
Proof. By straightforward mutual induction and reflexivity. O
We finally establish the existence of a suitable algebra structure.
Lemma 11.2.3. There exists a proof of Q\,Q’l wo. -
Proof. We apply Lemma [11.2.1| and instead prove the following statement:
V (C: Ctor Q)(c: CTm Q C) = "Cp! wy (cf, wo)”

We proceed by case analysis on C. Both cases are proved immediately after
rewriting via Lemma O

We now show that the algebra just defined, which we temporarily label wy, has
the necessary inversion principles as stated in Definition [11.2.2;

Lemma 11.2.4. The algebra (Pq,w;) has IIT-inversions. -
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Proof. From our construction, we have a section structure s : FJE% wo wéj . From
so and by the way we defined Py, we know that for all ¢: CTm € (ctor A T') and
do : A, the following holds

T,l/\lfwoéo (CEWQ'(S()):WODC'(SO'A]E%(SO

We substitute this equation in the statement of the inversion principles, and
further rewrite via Lemma|l1.2.2l Defining the inversions is then a straightforward
application of projections. O

We can finally put everything together, and state the main result of this last
part.

Theorem 11.2.1. Let I' : Spec, and alg, : Alg, I' an inductive erased algebra.
Then, there exists a predicate algebra P : Alg; I' alg, that has inversions. n

Proof. This whole section is a detailed description of how to construct such pred-
icate algebra from a fixed specification and associated erased algebra. Since the
fixed components are totally arbitrary, it follows that the construction works for
any choice of these components. O

11.3 IIT X-algebra

In this section we prove the first point of Theorem[10.2.1} and one of the fundamen-
tal results of this part of the thesis. That is, we show that for any IIT specification
we can construct a corresponding II'T algebra, obtained by packing together suit-
able erased terms and well-formedness proofs. This process is a generalization of
the Y-construction employed in Section [8.1]

The beauty of the X-construction is its generality, in that it can be defined
purely as an operation on algebras: given an IIT specification and any arbitrary
erased algebra and predicate algebra over it, we construct an II'T algebra. In
particular, we do not require any extra structure or property, like induction or
inversion principles, on the input algebras. A corollary of the Y-construction is
that if erased and predicate algebras always exist for any specification, then I1T
algebras also exist.

We explain the general ¥-construction in Section that follows. We make
use of it in Section to show that IIT algebras always exist for any given
specification.
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11.3.1 >-construction

The idea of the Y-construction is that any inductive-inductive definition can be
split into a definition of some erased types representing the untyped core structure
of the IIT, and a definition of predicates on the erased types that carve out all the
combinations of untyped terms that correspond to the original inductive-inductive
definition. The original IIT, with its type formers and constructors, can then be
recovered by pairing the erased and predicate types.

We take a look at two examples, where we apply the X-construction to the
Con/Ty IIT both as a metatheoretic construction and as a target theory construc-
tion, before moving on to its generalization.

Example 11.3.1 (metatheory). Recall how in Section [8.1| we were able to recover
Con, Ty by encoding them as dependent pairs of erased types and well-formedness
predicates:

Con := X(Ty : Cong)(Cony T'y)
Ty I' .= E(AO . TyO)(Tyl (7T1 F) Ao)

Similarly, we were able to encode the constructors as pairs of the corresponding
constructor in the erased types and predicates. For example:

7 (Lo, 1) F:= (79 g (Anmy(Fn)), 1 I'y (An.me(F n))) -

Example 11.3.2 (target theory). We can replicate the X-construction of Con/Ty
in the target theory. Suppose we have erased carriers (Cy, Tp) : Cag and predicates
(C1,T1) : Cay (Cy,Ty). We can then form the following family:

C : SType T:"C"— SType
CIEEC{)Cl TE)\FE(A()T()) (Tl (fStF) Ao)
Then, given an erased algebra structure (eq, >, tg, 7o, To) and a predicate alge-

bra structure (e1,>1,¢1,77,71) over it, we can construct an IIT algebra structure
(o>, 0,7, T) : @(AC T) via the obvious pairing. For example:

>:(c: C)(Tec= C)"

D= A <Co,Cl><t0,t1> . <l>0 ~co - tog,>1 -1 't1>

#:TII(: C)((Nat= T T) = TT)"

T:=X{co,c1) f.-(To-co- An.fst (f-n)),7-_-_c-(An.snd (f-n)))
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We now generalize the Y-construction to arbitrary specifications and algebras,
so that for any I' : Spec and erased and predicate algebras alg, : Alg,I', alg, :
Alg, I' alg,, we know how to construct an II'T algebra alg : AlgI', which we will call
Y-algebra. We first deal with the carriers, and define a family Cay, of IIT carriers
indexed by a pair of erased and predicate carriers:

Caz : (F[) : Cao) — Ca1 Fo — Ca
Cag (Ao, Bo) (Al, Bl> =X A() A1 s Aa. X (bo . Bo)(Bl ('FSt CL()) bo)
The idea is that if (Fy, ) and (Fy,7;) are erased and predicate algebras, then
Cay, Fy F are the carriers of the induced X-algebra.
Next, we define a YX-construction operator that assembles an II'T algebra struc-

ture from suitable erased and predicate algebra structures. Its pairing function is
easily deduced from its type:

I (0 : TR) (1 Th 0) = Tleay 1 /)

We define this mutually with auxiliary operators that implement the same
pairing for algebra structures specific to each subcomponent of an IIT specification:

C:CorT  F C%:(co:"CEMN(er :TCW 49 e = TCA (TF vg m1)
A :ParamsT F A% : (6o : TAR) (01 : TAY 70 607) — TAM (T 49 1)
T:-TyT' A F T%:(xo: TN (g : "TV 7o 8p 207) =TT (T 49 71)(A* & 61)7

We also define projection operators _;* and _’ out of X-algebra structures, which
reflect the idea that these operators really just implement a pairing of algebras.

A :ParamsT FAY :TAY (T 4o 1) — '—AJEWO—'

AS (6 TAN (T 4 m)7) = TAY 4o (AT 6)7
T:TyT A FTZ:TTA (T g ) 87— TTE

Ty (v T T 0 m) 07) — "1 v (A 0) (T )™

These operators are all defined by a fairly straightforward induction on speci-
fications. We give their full definition in Figure [11.7]
We prove some 8 and n laws for the projection operators.

Lemma 11.3.1. The following [-equations hold:
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OZ _ =k OE Yo Y1 =K
(A>>T)™ (S0, o) (01, 21) = T > C)" (0,c0) (11,¢1) =
(A” 8001, T> wo x1) T 79 11,0 ¢ 1

(A[’w])Z (50 (51 = AE (50 (51

b)) —
.1 _i= %

(A>>T)T (p,x) = (AT p, T @)
(Alw])y p:= A7 p

T AB)Y f:=Az.BY (f-x)
Ao z:= AT
Aw)F z:= AT z
THY z:=fstx
o, p:=truth T2 t) z:=fstx
(A>>T)5 (p,x) := (A p, Ty @)
(Alw])y p:=AY p (ext X)3 x := truth
(r AB)y f:=Az.BY (f-x)
xt X)* zo 21 = ag (Alo])y z = A5 x
) fohi=Xx.B” (fo-x) (fi-2) (Aw])y = =AY z
o) 20z =T 2o 1 (
Tlul)" 20 21 =T 20 2 (
ThH> xo x1 := (0, 1)

(e
(m A
(T
(
(
(

T2 t) ro X1 = <$0,$1>

Figure 11.7: X-construction operators on algebras

1. AY (A¥ &y 6;) =g, for A : Params T’
2. TE (T* wg x1) = x9, forT:TyT A -
Proof. Mutual induction on specifications. m

Note that the (-equations regarding the second projection hold by the fact
that they involve proofs of propositional types.

Lemma 11.3.2. The following n-equations hold:
1. A* (AY §)(AY §) =4, for A:ParamsT
2. T (T7 x)(Ty z) =z, for T:TyT A n

Proof. Mutual induction on specifications. m
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We have the following lemmata showing that algebra operators and Y-construction
operators for weakenings and substitutions commute with each other.

Lemma 11.3.3. The following holds:
Low™ (% 90 1) =T% (W 7)) (w" ), forw:WkQT

2. o™ (V¥ 8y 81) = A¥ (65 v &) (6V 71 61), foro:SubV A -
Proof. By induction on I', o, and Lemma [11.3.4]2. O

We also have a similar result for (constructor) terms.

Lemma 11.3.4. The following holds:

L ™ (T% v m)=C" (" %)V 7), forC:CtorT,c:CTmT C

2. th (T vo M) (A 6 61) =T% (15 v d0) (W 71 61), fort: TmT AT g
Proof. By mutual induction on ¢, ¢, and Lemma [11.3.3]2. O]

The result established by Lemma is precisely what we would expect:
(constructor) term algebras of an IIT Y-algebra are pairs of erased and predicate
(constructor) term algebras.

All the lemmata above are defined mutually with the ¥-construction operators,
and are necessary for typechecking most of the operators themselves, although we
do not explicitly show their application due to extensionality in the metatheory.

The X-construction we have just defined establishes a functional relation: any
pair of erased and predicate algebras induce a corresponding IIT algebra. That is,
for any I : Spec, we have a function

sigma : X (alg, : Alg, T')(Alg, T alg,) — AlgT
sigma ((Fo,70), (F1,7)) := (Cax Fy F1, T v m)
We refer to an II1T-algebra obtained via this function as a »-algebra.

Remark 11.3.1. Due to the nature of -algebras as pairings of erased and predi-
cate components, we will often use abbreviation symbols reminiscent of pair types
and projections when manipulating elements of Y-algebra structures, whenever
the implicitly omitted terms are clear from context.

For A : Params ', T : Ty I' A, we abbreviate

(G0, 01) := A” {m1} do &
<IEO,.I'1> = 7—12 {’}/1 51} Lo T

Moreover, we abbreviate projections -, 5 as _, -1, when applied to algebras
) 192 Uy -1

of parameters and inner types. ]
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11.3.2 Existence of IIT algebras

We finally prove the first of the two main results of this work, i.e. the first point
of Theorem [10.2.11

Theorem 11.3.1. For any I' : Spec, there exists an IIT algebra alg : Alg I. n

Proof. Assume I'. By Theorem [I1.1.1] there exists an erased algebra alg, : Alg, I'.
By Theorem [11.2.1} there exists a predicate algebra alg, : Alg, I' alg,. Via the
Y-construction, there obtain alg := sigma alg, alg, : Alg I O

It is now left to show that the II'T algebra defined as per Theorem [11.3.1]is an
IIT, i.e. that it is section inductive. This will be the topic of Chapter [12
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Chapter 12

Defining the IIT eliminators

A consequence of the Y-construction and our developments in the previous chapter
is that any II'T specification always admits a corresponding II'T-algebra. It hasn’t
been established yet, however, that such constitutes the inductive-inductive type
we are looking for. In other words, whether this algebra is equipped with the
necessary induction principles that we would expect from an IIT.

Section gave an answer to these questions for the concrete case of the
Con/Ty IIT. In that setting, we showed that the types obtained by ¥-construction
on the erased types and predicates do support the expected induction principle,
provided the erased types are themselves inductive, and the well-formedness pred-
icates support certain inversion principles. The type thus constructed was shown
to be inductive-inductive by defining its eliminators and proving the associated
equations. To do so, we relied on eliminator relations representing the graph of
the eliminator functions, and a proof of left-totality of these relations.

The plan for this chapter is to replicate the same steps for arbitrary II'T specifi-
cations, in the setting of the target theory. We first generalize eliminator relations
(Section , by defining a notion of relation algebra indexed over regular and
displayed IIT algebras. We then identify the subset of all relation algebras that
are useful for the purpose of constructing IIT eliminators: these will turn out
to be those algebras equipped with certain inversion principles. Finally, we ar-
gue that relation algebras with the necessary inversions always exist under certain
conditions (Section [12.1.3), and are left-total (Section[12.2]) We use these relation
algebras and their left-totality property to define eliminators for any suitable II'T
Y-algebra (Section [12.3).

161
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12.1 Eliminator relations

This section generalizes the eliminator relations seen in previous examples, by re-
framing them as algebras with suitable inversion properties. We begin by defining
relation algebras by induction on the QIIT of specifications.

12.1.1 Relation algebras

To understand the structure of relation algebras, we take the usual look at a couple
of examples, both from the point of view of the metatheory as well as the target
theory.

Example 12.1.1 (metatheory). Recall the definition of eliminator relations from
Section Given Con/Ty and displayed algebra (Con”, Ty” o _ P _ P #P 7P)
over it, we specified the eliminator relations with the following list of types and
constructors:

Con®': (I': Con) — Con” T' = Type
Ty? (P :Con” T)(A:TyT) = TyP T ATP — Type
° : Con’® o o”
oft _Con' TP = TyRB TP A AP — Con® (I'> A) (TP P AP)
B s Conf' TP 5 TYETP (0 T) (WP IP)
7l Conf' TP = TyE TP A AP 5 TyR (PP AP) B BP
— TP (T A B) (zP TP AP BP)
2 Con®I' TP = ((n:N) = TyB TP (F n) (FP n))
S Tyt TP (7T F) (7P TP FP)

If we take (Con, Ty,e, _> 1,7, 7) to be an arbitrary algebra, then the list of
terms above is a specification of (metalevel) algebras of the eliminator relations
induced by Con/Ty. ]

Example 12.1.2 (target theory). Given a Con/Ty IIT algebra ((C,T),0) : Alg©
and displayed algebra ((CP,TP),6") : Alg” © ((C,T),0), where § = (o,>, 1,7, 7)
and 0 = (e P P #P 7D) arelation algebra induced by ©, between ((C,T), )
and ((CP,TP),0P), is given by families

CR.(I:7C") = "CP I — SType
TR . (T :mCHIP . "CP TNYA:™TT7) = TP T ATP7 — SType
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and an algebra structure given by the following terms:

off TR o oD
BT (e O)(t: Te) (P : CP e)(tP : TP P i)
(CRecP =TRcecPtt? = CF P c-t-cP-tP)7
BT (e O) P CPe)(CR e =TRec? (1-e) (1P -c-cP))T
# T (¢: O) (f : Nat = T ¢)(cP : CP ¢)(fP : TI(n : Nat)(T? P (f - n)))
(CFecc? = T(n: Nat)(TR cc? (f-n) (fP-n)) =
TR P (foco f) (R0 fcP - fP))"
T (c:C)a:Tce)b:T (> c-a)
(P :CPc)a® TP P a)” : TP b -c-a-c”-a”)b)
(CFec?=TRccPad® =T __bbP =
TRcc? (7-c-a-b) (7P -c-a-b-cP-a” - bP))7

We can see that the structure above is a direct target-level translation of the
metalevel structure shown in Example [12.1.1] =

We now generalize the target-level construction shown in Example to
arbitrary IIT specifications. We define operators that take a specification, an II'T
algebra, and a displayed algebra, and calculate the constituting components of an
algebra of the corresponding eliminator relation.

The carrier types are easily calculated from the respective carriers of the regular
and displayed algebra:

Caf': (F:Ca) —» Ca° F — Type
Caf* (O, T)(CP,TP) =
((c:7C7) = TCP ¢ — SType) x
((c:"CN(P :TCP e)(t:"T ) = TP ¢ c” t7 — SType)

As displayed in Figure the structure of operations on these carriers can
be expressed as an iterated product type. We define an operator _R that computes
this structure by induction on specifications.

For F': Ca,D : CaP I', R : Ca®* F D, we define

I' : Spec FT% :(y:Th) =T}y — Type
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C: Ctor I FCh:(c:"Cr~T) = Cph AP ¢ — SType
A :ParamsT F AR: (0:TARy7) = TAR AP 67 — SType
T:TyL' A FTR:(x:"Tpy8") —"Tp~" 6P 27 — SType

We also lift the action of weakenings/substitutions and (constructor) terms to
algebras, thus defining the following operators:

w:WkT Q Fwph TRy AP — QF (wi 7)) (wh 7P)

c:Sub{T}AV Fof TR yAP = TAR G677 = VR (0 0) (o 6°)7

t: TmT AT FR TRy P = TAR 6 6P — TTR (th v 8)(tD AP 6°)7
c:CTmI' C et TRy P = TCR (cp ) (B ~P)7

The full definition of these algebra operators can be found in Figure [12.1]

Similarly to Lemma [11.2.1] we can show that there is a more direct way to
construct relation algebras by quantifying over constructor terms, rather than by
induction on the specification.

Lemma 12.1.1. For any I', R, v, 7", we have the following map:
V{C} (c:CTm T C) = "CR (") (" ")) — Thva” .
Proof. By induction on I'. O]

The action of constructor term algebra operators on structures obtained via
this mapping is the same as the function used to construct the structure:

Lemma 12.1.2. Let I, R, v, v, and
f:V{C:CtorT} (c:CTm T C) = "Cx () (c® ~P)7
If 4y : TR v 4P is obtained from f as per Lemma [12.1.1} then (R 4= fc. u

Proof. By induction on c. O]

Example 12.1.3. To check our work, we can verify that the expression ©F 0 6P (Cg, Tg)
computes to the structure shown in Example [12.1.2 -

Definition 12.1.1. Given a specification I" : Spec, and algebras (F, ) : Alg I" and
(D,~P) : Alg” T (F,~), a relation algebra Alg™ T' (F,~) (D,~") is a pair of types
R:Ca F D and a term 4% : T} v 4P, -
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o =1 idR 4R 5F = 5B
R D Dy._ 1R . .D. r~R . Dn
I'>C)g (v,¢) (v, ¢7) =Tgyy” x"Crec drop® ~F 68 .= fst 68
ext tR R(SR —
(ctor A T)R {v AP} e = (ex le R R .R R <R
I (5: Ab ) I (57 : AD AP 6) o 5R’t_7 oy gn
(AR 650 = TR (¢-6) (c-5-6P)) (o) 53 AN Ré)
(ofw)) ™ 6™ = 0" (W 47) 6
RooP =1
* vzR A 68 .= snd 67

(Ao TR (6P 2Py = AR 6P x TR 2P
(Afw)™ {47} = A" {w” 4}

aP =1

F 0=
Tlo)™ {7} =T {o" 67}

(ext AR a

(

(

(T'[w ]) {VD} =T {w® 7P}
(

(

m AB)" f (z: A)(B" (f-2) (fV - 2))

THR 2 2P =71 R 2P

T2 ) {’y'y (55D}xa:D—

m R (t" v 8)(tP AP 6P) x 2P

idR ’yR = 7R
=m 7R

R = UJQR

drop” A%
)

(wi ow2)™ 5y (wi"

(vs t)R AR 57 = R 47 (fst 611
(ext A )R 4R 51 .= «
(capp ¢ a) v =

R ,y . . .o
(ap )X {p} 4 6" :=

tR B (fst 67) - snd 6
(Im )R 4T 68 .= Az tR AR (57 )
(tfo])R SRNCADEELY
()R AR 57 = 1R (R R) 67

R g = R

vzt AR =y AR

(cvs c)R A= R (7 ’yR)
R (w® A7)

()~ =

Figure 12.1: Relation algebra operators

12.1.2 Inversion principles

Relation algebras will be instrumental in defining eliminators for the II'Ts obtained
via Y-construction. However, not all relation algebras are suitable for this purpose.
This was already hinted at in Section where we required the eliminator rela-
tions for the Con/Ty IIT to support certain inversion principles. Predicate types
and predicate algebras are subject to similar conditions, as already discussed in

Section 11.2.21

The required inversions on relation algebras are a direct generalization of those
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seen in the example of Section [8.I] These are of two kinds: one showing that
relatedness of a compound implies relatedness of the components, and the another
establishing an equational constraint on the displayed algebra indices.

Definition 12.1.2. Given a specification I' : Spec, and algebras (F,v) : Alg I’
and (D,~vP) : Alg” T' (F,7), a relation algebra (R,~v%) : Alg"® T' (F,~) (D,~?)
supports [IT-inversions if there exist functions of the following types, where we
name (4, B) := F, (AP, BP) .= D, (A%, B®) .= R:

rel-inv - : (c: CTm T (ctor A TY) (6 : "TAR Y ) {a” : TAP (¢ v-0)7}
= TAR (¢ y-6) a7 — T2 (6P : AD AP §)(Af § 67)7
rel-ix-inv : (¢: CTm I (ctor A TY) (0 : TAR Yy ) {a” : TAP (¢ v - 6)7}

(r:TAR (py-0)aPT) — TaP =2 AP -5 fst (rel-inv ¢ 6 7)™
such that rel-inv is well-behaved on constructor terms, that is, for any ¢, 8, 67, 6%,
rel-inv ¢ § (A - 8- 07 - 61) = (67, 6%) m

In other words, a consequence of rel-inv is that for any proof of the relation
AR (¢ v+ §) aP involving a element of A originating from a constructor ¢ applied
to some arguments §, we obtain that the arguments ¢ are also related to some
displayed counterparts §7, i.e. we have A% § §°. Moreover, by rel-ix-inv we know
the related element a” must also arise from the same constructor, applied to the
displayed arguments 6 calculated by rel-inv.

Note that these inversion principles only pertain to constructors targeting the
first of the two possible sorts of the specified IIT. Although it is possible to state
similar inversions for constructors targeting the second sort, those are not needed
for our developments.

12.1.3 Existence of the relations

In this section we show that the type Alg® I' v 4 is inhabited for any T',~,~7,
whenever 7 is a Y-algebra obtained from a section inductive erased algebra. More-
over, we show that the witnessing algebra has inversions as per Definition [I12.1.2]

The proof uses section induction on the erased algebra to define the relations by
recursion/large elimination. This construction generalizes what previously demon-
strated in Section to arbitrary specifications.

Let us fix a specification ) : Spec, an assume an inductive erased algebra
(Fo,wp) : Algy 2 and a predicate algebra (Fy,wy) : Alg, Q (Fo,wp) with inversions.
We thus have a Y-algebra (F,w) : Alg €.
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Suppose we are given a displayed algebra (FP wP”) : Alg” Q w. We want to
define a relation algebra (R,w®) : Alg® Q w w?, and subsequently show that it
enjoys the necessary inversion principles. The first step is to define two auxiliary
functions by induction on the erased algebra. Recall Section [8.1.1] where such
functions had the following signature:

Conf_: (I'g : Cong)(I'y : Cony) — Con” (I'y,I';) — Type
Ty (Ao Tyo)(Aq : Tyy (m1 T) Ag) (TP : Con? T') — TyP TP (A, A)) — Type

We want to define equivalent target-level functions relative to (Fo, wo) and (Fi,wy).
These should have the following signature, where (A,, By) := Fy, (AP, BP) .= FP,
and (A, B) := F:

AR (ag:TA ) (ar s TAT) = TAP (ag,a1) " — SType

BE (a:"A)(by: "By )(by : "By (fst a) by ) (a” : TAP a7)
— "B” a” (b, b1)" — SType

We can express the types of these functions as displayed erased carriers Ryec
over Fy:

Rrec : Cal Fy

so that defining AZ_and BZ_is equivalent to defining a structure fy : Map, Fy Ryec.
We construct such fy by induction on the erased types Ag, By. That is, we define a
term w so that the pair (Rrec, wd) : Algl Q (Fp,wp) is a displayed erased algebra
providing the motives and methods of the induction. We then take fy to be the
induced section map.

Expanding the type QEZC wp of our goal w?, we get
wy V{CHc: CTm Q C) = "CR. (cf, wo)”

The constructor C'is of the form C' = ctor A B for some A, B. We proceed by

case analysis on B. Both cases are a straightforward generalization of the concrete
example shown in Section [8.1.1] Recall the definition of Conf_ on >q:
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Conic (FO >0 A()) p [L’D =

(FD : COHD (F(),Fl)) X (AD : TyD FD (A(),Al)>><
Confzc F() Iy FD X Tyfzc AO A1 FD ADX

P =T1P P AP

where I'y := inv->-Con p and A; := inv->-Ty p are obtained by inversion. For
each argument I'y, Ay of the constructor we required a corresponding displayed
term 'Y, AP and a proof of relatedness, as well as an equation stating that the
displayed index is obtained from these components via the displayed equivalent of
the > constructor. The first case of w}’ is analogous:

wd (ctor ATH c:=Xdg. A0F . Xay. Xa®.?

We are given a constructor term ¢ : CTm € (ctor A T') and arguments &,
as well as an algebra 6 encapsulating terms of the inductive hypothesis for all
arguments in dyg. The goal is to construct a small type, that should correspond to
AR (cF wy - dg) ay aP. By inversion on a; we obtain &; : AW wy g, so the goal can
essentially be rephrased as defining the relation between cpw - § and a?, where
§ := {0y, 61). Following ConZ | the result expression should be a dependent product
of three components: (1) a tuple §” of displayed algebras for each parameter of
¢, (2) an iterated product eliminator relations obtained by inductive hypothesis
and applied pair-wise to 6 and 67, and (3) an equation stating that a” arises as a
constructor term algebra of ¢ from § and 6%.

We represent the tuple of displayed algebras as a single parameter algebra
6P+ AD wP §, and state the constraint on a” as an equation with the displayed

constructor term algebra:

wd (ctor ATH c:= X6p. A6Y . Xay . Ad”.
2 (6P A WP 6 (7 xaP =B WP 5-0P)

We are left to state the proofs of relatedness, one for each type in A. The in-
ductive hypotheses are already provided via the algebra §F, which can be thought
of as a list of relations constructed by inductive-hypothesis, and already partially
applied to a component of the list . We rely on an auxiliary inductive hypotheses
operator _", which function is similar to the homonymous operator defined in Sec-
tion . This operator takes a list 62 of partially-applied inductive hypotheses,
i.e. type families, and applies each of them to the corresponding arguments in 6%.
The result of this operation is a small type: the iterated product of all these type
families applied to their corresponding argument in 6%.
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Wih .D D ._ D D
THh P ol =2l .2

(

(TR LA § 6P 2} 2P 2l =2l - (1" (" W) 6) -sndz - (t° (W A7) 6P) - 2P
(ext AN aP ab =1

(m AB), [P f =T (a: A) (By (f°-a) (fy’ - a)

(Alo]) = AT

(Alwal)w, = Al o uy)

o 5P 5P =1

(A AN (5P 0Py (68, ady = AP 6P 58 x AP aP af

(A[wg]) = A'h )

(w1 o w2

Figure 12.2: Inductive hypotheses operators for eliminator relations

A :ParamsT' F A" TAP(wP wP) 67— TA® 6,7 — SType
A:TyT' A F AN T AP (wPwP) 6P a7 — TA® a7 — SType

We define " on parameter and type specifications by mutual induction (Fig-
ure m) Note that we parameterize each of them by a weakening w : Wk Q T,
for variable I', which we omit mentioning when the identity. Moreover, we rely on
Lemma .2 to typecheck snd x as an argument of z2 in the (T? t)ih clause.

We finally conclude the first clause of w{’:

wl (ctor ATY c:=Xdg. A0 . Xay. Xa®.
2 (67 1 A WP §) (AN 6P 6P x aP = ] wP - - 6P)

To understand the second case of wf, recall how we defined TyZ_on the con-
structor ¢q:

Tyfzc (to To) p:=transp (T (10 Iy)) (sym (inv-14 p)) h _p
where
h . T ([,0 F()) FO
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wl (ctor ATH ¢ := wd (ctor A (T% 1)) c:= Ao . A6Y . Aa. by .
Ao A6Y  Xap. AdP. let
let § := (dg, pred-inv ¢ 0y aq) e := pred-ix-inv ¢ &g (fst a) by
in X (67 : AR WP 9) h:T (cF wo- o) (t5 w &)
(Ah 5P 5P h:=MXap.Aby. xa?” AbP.
x Id _aP (B wP -5 6P)) let §; := pred-inv ¢ §p by
in 3 (67 : AP WP (6y,61))
T :"By" — TAy" — Type (A 5P 5P x
T by ag := ¥ (¢:Id _aP (P WP §P))
H(ay : Ay ag) TL(by = By ag bo) (Id _ (Transp (Az.Ely (BP _ 2 ))
II(a? : AP (ag,a1)) g bP)
(BP _aP (by, b)) = U) (P WP . . 60))

in Transp (7" _) (Syme) h-snd a-b;

Figure 12.3: Erased displayed algebra for recursively-defined eliminator relations

hTypaP oy = (TP : Con” (I'y,I')) x Con? Ty I'y I'Px

(q:FD:xD)XLDFD:q yD

where T Ag Ty := VI'; A, (TP : Con” (T, T'})) — Ty? T'P (Ay, A;) — Type. The
main difference with ConZ_ was that we needed to transport along the equational
constraint obtained from the well-formedness predicate in order to be able to type-

check what is otherwise just like one of the Conlt_ cases.

The corresponding case for w® (ctor A (T? t)) follows the same structure.
wg (ctor A (T? 1)) c:= X6g. A6Y . Aa. Aby . Xa” AP .7
The goal is again a small type in U/, this time corresponding to

BE a (c" wg &) by a® bP

Before defining this, we want to expose the fact that a arises from term algebras
of t. By inversion on b; and proof-irrelevance, we obtain fst a ~ t& wy Jy and
transport over it.

wg (ctor A (T? 1)) c:= X6p. A6Y . Aa. \by .
let h: T (cF wp- &) (15w &)
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h:=Xay. by Xa” Ab" .7
in Transp (T _) (Sym (pred-ix-inv ¢ &y (fst a) by)) h-snd a - by

The rest of the type expression is like the the first clause of wf, with an
additional equational constraint on b”. We give the full, precise definition of wf’

in Figure
Because (Fp,wp) is an inductive algebra, we obtain functions fy : Mapy £y Ryec
and section structure s : QJE% wo wY. We easily define the auxiliary relations, as

well as a pair R : Ca” (A, B) FP.

R D D
Arec = )\ao a; a4 .m fo *Qp-ap-a

BE = Xaa® by by b .1 fo-bo-a-by-a” - bP
m R:=Xad” . AZ_(fst a) (snd a) a”
o R:=Xaa” bbP . BE a P (fst b) (snd b) b”

rec
rec

We now show that the relations R just defined constitute a relation algebra.
We begin with some equational lemmas relating the auxiliary inductive hypotheses
operators to the section we just defined.

Lemma 12.1.3. For all I' : Spec,w : Wk Q I')A : Params I', and algebras ¢ :
TAM (wh w)7, 6P TAP (wP wP) §7, the following hold

1. AhgP (AJE% do) = AR 6 6P
2. Tih oD (TJEOS zo) =T waP, for T:TyT A z:"TA6", 2P . TTP §P 27
]

Proof. Both points proved by mutual induction on A, T respectively. O

Showing that R is a relation algebra amounts to constructing a term w? of type
QR w wP?. We apply Lemma [12.1.1] and reduce this to

W V{C}Hc: CTm Q O) = "CR (* w) (P wP)?
Assuming C' = ctor A B, we proceed by case analysis on B.

1. Case B = T'. The goal is a function from § : "TA” w™, 6P : TAP WP §7, 6% -
AR § 607, to

TAT (5 wo - Go) (e wi - 8g - By)(cP wP - 67)7
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By Lemma [11.1.2] we turn this into

rw(?c-ég-A%(SQ-(chl-59-5l)-(chD-5-5D)—‘

By Lemma [12.1.3/1, this type reduces to a target-level product type of a
displayed parameter algebra, a relation parameter algebra, and a reflexive
equation, that we solve by (67, (6%, Refl _)).

2. Case B = T?t for some t : Tm Q A T'. This case is just like the previous,
except we end up with two reflexive equations in the goal type, which we
solve with two uses of Refl.

This concludes the construction of a relation algebra Alg™ Q (F,w) (D,wP).

We now finally show that this algebra enjoys IIT-inversion as stated in Defini-
tion [12.1.2]

Lemma 12.1.4. The relation algebra (R, w®) has IIT-inversions. -

Proof. By applying Lemma [11.1.2] and Lemma [12.1.3] to the involved goal types,
defining the inversions becomes a matter of projecting out the relevant components

from the proof of relatedness itself. In particular:

rel-ix == Aepr . (m r,m (ma 1))

rel-ix-inv := Ac pr . mo (m2 1) O

We wrap everything up by noting that the II'T specification and algebras used
throughout this section were fixed but completely arbitrary, thus the whole con-
struction can be read as a demonstration of how to define a relation algebra with
inversions given any specification and corresponding pair of an IIT X-algebra and
displayed algebra.

Theorem 12.1.1. Given a specification I', inductive erased algebra alg,, predicate
algebra alg, : Alg, T alg, with IIT-inversions, and a displayed algebra alg” :
Alg” T alg of the ¥-algebra alg := sigma alg, alg,, there exists a relation algebra
alg™ : Alg T alg alg” which enjoys IIT-inversions. n

Proof. This whole section provides an extended proof. O

Auxiliary algebra operators

Displayed algebras and relation algebras will show up together in most of our devel-
opments from now on. We therefore introduce some abbreviations and notational
conventions aimed at improving the ergonomics when handling these objects.



12.1. ELIMINATOR RELATIONS 173

We introduce families of types _“ merely standing for pairs of a displayed alge-
bra structure and a relation algebra structure over it. Given F': Ca, D : Ca® F, R :
Calt

I : Spec H F]LIR T — Type

A :Params ' A]LIR T} v — TAR 77 — SType

T:TyPA FTpe:(Y":Thy) = TAp~+" 67— TTH 67 — SType
C : Ctor I' F C’BR :TH v — TCp A" — SType

All these families are defined as simple pairings.

F]b,R Y = (F% ) F?%

Apry” s =B (Apy" 6Tk 9)
Ap " 67 a E(A% 7P 6" a)(AR a)
OLL),R 7D c ( )(OR c)

Given 6% : TAM 4P 67 we write 2, 62 for the first and second projection of 6"
respectively. We do the same for algebras of inner types and specification contexts.

We can easily lift the algebra operators induced by weakenings, substitutions,
and (constructor) terms:

c:CTmTC Fepp: (Y Thry) = "Chg"
c:SubAV Fopg: (7 FDRW)%FAL (v&) 67
r (75) (6" 0)7
ETmTAA Fth (7 FDRV)(éL“A%R(E)F)
AL (45) (55 (1 6)
w:WkI Q I—wbR:F]b’RV%QJb,R(wAV)

(77, 9") = (P AP, )

O_L ,_YL <5D75R> = <O_D 5D,OR R 5R>

vaLZw Y2, wk AR
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There is an isomorphism
T(Ab> A AP (6,a)T 2 TS (6% AL AP §) (AY AP 2 )T
and a map
T(ctor A B)" AP ¢ = TII (6% : AV 4P §)(B" AP (¢ §))

defined in the obvious way. We will implicitly apply both of them as coercions
throughout the rest of the chapter.

12.2 Left-totality of the relations

Left-totality of the eliminator relations is a crucial component of our reduction
method. As we plan to use the eliminator relations constructed in Section
to encode the IIT eliminators, it follows that we need to first establish their left-
totality. We will do so in the sections that follow.

12.2.1 Specifying left-totality

Let us first figure out how to specify left-totality for target-level eliminator alge-
bras. As a reference, we go back once again to Section where we gave proofs of
left-totality of the eliminator relations as terms of the following types, constructed
by mutual induction on the erased types Cong, Ty,.

Con” : VT, Ty — % (TP : Con” (Ty,Ty))(Con® (T, I'y) T'P)
Ty? : V{I TP} (Ag : Tyg)(Ay : Ty, (m T) Ag) — Con® T' TP
— B(AP : Ty" T (Ao, Ar) TP)(Ty" (Ao, Ay) TP AP)
We can try to replicate these statements as the target-level signatures. Let

us fix some arbitrary collection of erased types, predicates, displayed families and
eliminator relations:

Fy:Cay, F,:Cay Fy, D:Cd° F, R:Ca"F D

where we name (Ag, By) = Fy, (A1, B1) .= F1, (A,B) = F = (Cay Fy Fy),
(AP BP) := D, (AR Bf) := R. We abbreviate Al'a := X(a” : AP)(ARa), and
BYaaPb:=X(bP : BP aa?)(BRaa®b).

To say that A%, B® have the left-totality property is to have two terms of the
following types:

A7 TT(a: A) (AYa)”
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B "M(a: A)TI(a" : A¥a)TI(b: B a)(B" a a2 b)™

We can express the types of these functions as displayed erased carriers Exé)
over the erased types Fy:

Definition 12.2.1.

ExY . Cal F
Ex) = ( Mag.TI(ay : Ay ag)(A" {ag, ar))
, Abo.II(a : A)TII(a" : A% a)TI(by : By bo)(B aa® (by,b1)) )

Constructing functions A7, B¥ is then equivalent to constructing some maps
existsy : Map, Fy Exg:

A7 = Xag, a,) . my existsg - ag - a;
B := Xa. Aa" . X (by, b,) .y existsy - by - a - a" - snd b

In essence, maps of type Map, Fp ExOD take pairs of erased and predicate terms
as inputs, and return pairs of displayed terms and relational proofs as output. A>
and B7 express this mapping for each of the two base types respectively. We can
generalize this to all inner types, as well as parameter telescopes, via a simple
recursive traversal of these structures, and an application of A7, B3 whenever we
reach a base type. We thus obtain functions mapping pairs of erased and predicate
algebras to pairs of displayed and relation algebras.

We define the following generalized left-totality operators, for any A : Params I, T :
Ty I' A:

T (8% AR AP ) (2 TTA y 67 (2 T 2y7) =TT AP 62 27
A7 (6 AP )6 TAT 57 — TAL AP §7

where we implicitly quantify over algebra structures of the following types
Y% :Th, 7 :Th v, 77 :Th~

where v := ' vy 1.

We will mainly use A? for parameter telescopes A. Its action can alternatively
be understood as follows: given a list  of parameters which types are described
by A, and % is a list of “inductive hypotheses”, i.e. a list of left-totality functions
that we are in the process of defining, one for each type in A. The action of _°
is thus to just apply these inductive hypotheses to the parameters dy recursively.
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(TH7 eV w2l =2l oy o __i=x
(T2 )7 {(y o} o~z 2l = (A T)7 (5,2) (p¥, 2B = (6%, 1)

zd My 6P AP 62 R AP R .1y where 0% := A7 6 pf
(ext )7 _xal =+ ol =13 6%z 2l
(r ABY _ffP = (Afu]) = A% (4% = wb 41}

(Ax.fst (hn), Az .snd (hn))

where ];:: N RS )

Ar. B _(fo-x) (fr-x) (fo - ) =

Tlo]? 6% = T2 (o 4 oY) (drop {T'} 0)? (6,2) (67,2 pb := (o, 2b)
Tw)” := T {4 = w" 4} where 6" := a5 5 0P pt

= R

Figure 12.4: Generalized left-totality operators

This is not unlike the auxiliary operators " that we defined in Section and
Section to apply lists of inductive hypotheses to lists of arguments.

We also define an alternative version of A7 that only acts on a suffix of the
input telescope. This is necessary because sometimes we need to focus on a specific
portion of a constructor’s list of arguments, for reasons that we pointed out at the
very end Section[0.1 We can express that V is a sub-telescope of A as the existence
of a weakening substitution w : WkSub A V. We thus define the following function

_7, again for any I' and 7y, 71,7”, by induction on w : WkSub A V:

w (5 AN ) (62 TAR (PR TVE AP (6% v 6)T) = TAN AP 67
Just like 7, _7 is given an erased displayed algebra for the full telescope A,
in addition to displayed and relation parameter algebras p“ for the prefix sub-
telescope V. It thus constructs algebras for the full telescope A by taking the
algebras for the prefix V and extending them with the components of A that
are not in V. These extra components are obtained just like in A”, i.e. via an
application of A7 for each “extra” local type A.

Expanding displayed parameter algebras via A~ and then restricting the result
again via o along the same weakening substitution o yields the identity:

Lemma 12.2.1. For all w : WkSub A V and parameter algebras 4, 62, p, we have
that
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o° (w660 P2 = pP .

Proof. By straightforward induction on w. m

4 7, and

We also have two additional lemmas about the interaction between _
weakening substitutions.

Lemma 12.2.2. Let T, 70,71, ¥ = I'” 7 71, as well as 4P : T® 4, and w :
WkSub {T'} AV, and parameter algebras §, 5. Then,

V(0" 7 0) (6% 1 &5) =" A" (A6 57) .
Proof. Straightforward induction on w. O]

Lemma 12.2.3. Let ', A, V,0,w,v0,71,7", 7, 9, 0P like in Lemma [12.2.2, Let
v : =T 749 71. Then,

w" 55(? (V3 (JA v 9) (UED 763 55)) = A"y 0, 5(1)) -

Proof. Straightforward induction on w. O

12.2.2 Proving left-totality

The take-away from Section [12.2.1] can be summarized as follows: given carriers
Fy:Cay, Fy : Cay Fy,D:CaP® F, R: Cal® F D, where F := Cay, F, I, we can suc-
cinctly state left-totality of the relations R as having a structure fy : Map, Fy Ex,
for families EXOD as given in Definition . If the types Fy are equipped with
a section inductive erased algebra structure, then we can define f; inductively,
provided we construct a suitable erased displayed algebra giving the methods of
the induction. This section shows how to do so.

Let us fix a linear specification €2, and assume some arbitrary algebra structures
on the carriers Fy, Fi, D, R

wO:QE;O, wlzﬂ\éﬂvlwo, wP Q% w, wR:Qi}wwD

where w =: Q% wy w;. We additionally require that wy is section inductive and
that wy, w® have IIT-inversions. We define w' : Q" w as w' := (WP, WH).
We want to construct left-totality proofs, that is, a term f, : Map, Fy Ext,

by induction on the erased types Ay, By (where (A, By) := Fy). This reduces to
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defining an erased displayed algebra structure w{’ : QEDD wo- Unfolding the types,
X0
we have

w Y{CHc:CTmQC) — FC’E)?(I); (¢, wo)™
Assuming C' = ctor A B, we proceed by cases on B.

e Case B =T Then, (w c) is a target-level function from inputs
50 . FA%077 5(1)3 . l—AED (Sg—l, aj - l—Al (CE wo - 50)—I

to a result of type A (¢t wy - dg, a1).

Assuming 50,5(1)) a1, we define 6; : TAW 6,7 by inversion on a;, so that
§ := {0y, 61). By proof irrelevance of a;, we can rewrite the goal into A a,
where a := ¢ w 4. Since A7 § 6 : TAY 4P 57, we inhabit the goal with
Wt (AT 6 6D).

e Case B = T? t. By linearity of Q, we further distinguish two cases:

— Case t = capp ¢ 0 with o : Sub A V and w : PWk 0.
The type of (wf ¢) becomes a function from inputs

. AE D . ABD
0o : "ART, 0y TAT 40T,
a:TAY, ab:rAYa,

by : "B (fst a) (c" wp- o)

to a conclusion of type B a aZ (cF wq - §y, by)

Unlike in the previous case, we now cannot just conclude with an ap-
plication of c¢": even assuming we had some suitable % : A" w?” §, such
term would have the following type

Wl st rBY (P w0 0) (P WP o 8R) (P w o)

However, the first two indices a, a2 of B in the current goal type are
just fixed variables, and we have to so some work to prove that they
are in fact equal to ¢* w - o” 6 and P wP - _- 6P 52 respectively. We
encountered a similar issue in the example of Section [8.1 when proving
the left-totality property for Tyf; and again just like in our previous
example, we fix this issue by transporting the goal type along suitable
equations obtained by inversion on the proof of well-formedness and
relatedness.
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Let us assume &y, 6, a, al, b;. By inversion on by, we get a target-level
proof of the equation fst a ~ & wy (65 wy ).

Transporting along this equation, we get the following updated types
for our assumptions:

bl . '_Bl (CIE Wy (O'E Wo (50)) (CE Wo (50)—|

a*:TAM (P w - (6" 0))7

where 6; : TAW 6,7 is obtained by inversion on b;, and § = (00, 01).
Thus, by proof-irrelevance we get a = ¢* w (6" §) and (¢ wy - dg, by) =
Aw-d

A w- 0.

By inversion on r, we get parameter algebras ¢ : "V" wP (o §)7.

as well as a proof of the equation a” ~ ¢® WP - _. ¢2.

Transporting once again the goal type along this equation, we get the

following

BY (" w-o™6) (P WP ¢P) (" w-9)

From w” § 62 ¢, we obtain algebras 6 : "TA" wP §7. Moreover, by
Lemma [12.2.1f we have ¢2 = o w? 62, hence rewrite to the goal type

BY (M w-0"6) (P WP aP WP §2) (" w-9)

which we inhabit by ¢ Wb - 6%.

— Case t = vz. This case is handled in the same way as the previous, with
the exception that we don’t need to transport along, or even prove, any
equation involving the displayed index a®.

By the section induction property of (Fp,wp) and the structure wf’, it follows
that there exists a pair of terms f, : Map, Fo EXOD with a section structure sg :
QP wo wi.

From f;, we obtain proofs A3, B¥ of left-totality of A% and B by projecting
out the first and second component respectively.

AH = A(&O, a1> LT f(] Qo - Ay
B := Xa. Aa" . X{by,b1) .5 fo-bo-a-a"-snd b
However, this is not sufficient to convince ourselves that these left-totality

proofs have the intended behaviour, i.e. that they respect the constructors specified
by €. More specifically, we want to prove the following two lemmata:
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Lemma 12.2.4. For all A : Params Q, ¢ : CTm Q (ctor A T'), and parameter
algebra ¢,

A (Pwd) =Wt (AT S (A]E% do)) -

Proof. From the section structure on fy and Lemma [11.1.2] we know that

Aa‘( ALLJ'5)E7T1 f() (cEw0~(5g)~,:wéjc~(59-(Afc§59)~,
The rest follows immediately by definition of w{’. m

Lemma 12.2.5. For all A : Params Q,t: Tm Q A T!, ¢: CTm Q (ctor A (T* 1)),
and parameter algebra §. Then,

BT (t"w ) (t" w6 - (P w ) =Wt ot
where 0 := A7 § (A dp). -
Proof. By Lemma[I11.1.2] the goal equation reduces to
wéjc-(AJE[i o) - (1" w &) - (t" Wb ") - (N wy by - 6y) = Wt - T
By linearity of €2, we distinguish two cases:

e Case t = capp ¢ o where ¢ = CTm Q (ctor V T'), and o : Sub A V such
that w : PWk o.

Let

5(/)3 = AJE% do, qL =A"4 55, pt = w’ pg) (JL W qL)

By definition of w{’, the goal equation rewrites to

This follows by congruence and p = ¢", which in turn follows from Lemma|12.2.2
Lemma [12.2.3] and transitivity.

e Case t = vz. By reflexivity.
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The lemmata above establish that A7 and B> respect constructor term algebras,
and their action can be reduced to the action of displayed and relation algebra
operators. We can generalize this result to the generalized existence operators _°
for parameter telescopes, inner types, and base types. More specifically, we have
the following lemma:

Lemma 12.2.6. Given A : Params Q and § : "A* w7, let
60 = AB 6, o= A5 D
Then,
1. V3 (0" 0) (6P wP 6f) =0t w6,  foro:Sub AV
2. TP 6% (thw o) (P wf o) =t- Wb oY, fort: Tm QAT

3. T8 (A w-d) (P wl - oP) = whl-ob, forc:CTm Q (ctor AT) m

Proof. By mutual induction
1. ono
2. ont

3. on T, as well as appropriate use of Lemma and Lemma [12.2.5 depend-
ing on the shape of T'. m

A consequence of Lemma(12.2.6]2 is that we can actually generalize Lemmall12.2.4
to show that A¥ respects any term algebra in addition to just constructor term
algebras.

Lemma 12.2.7. For all " : Spec,w : Wk Q T, A : Params T, ¢t : TmIT' A T!, and
parameter algebra 0,

AT (" y 0) =t At (A7 6 (AR b))

A L, L

where v := w” w,y" = w" WP -

Proof. By Lemma and Lemma [12.2.6]2. n



182 CHAPTER 12. DEFINING THE II'T ELIMINATORS

12.3 Constructing the sections

We finally reach the last step in proving section induction for II'T algebras. We
continue our discussion from the previous Section [12.2] where we demonstrated
how to construct target-level proofs of left-totality for eliminator relations arising
from suitable >-algebras. The next step is to use those proof terms to define
eliminator functions, and prove that they indeed constitute a section.

Defining the functions themselves is straightforward, and not unlike the sev-
eral examples we have already seen. Recall the metatheoretic definition of the
eliminators from the Con/Ty IIT from Section [8.1}

elimcon I' := m; (Con® T')

elimy, {T} A :=m (Ty” A (3 (Con® T)))

Similarly, keeping the target-level carrier types A, B, AP, BP and left-totality
proofs A%, B from the previous section, we define:

elimy : TI(a : A)(AP a) elimp : II(a : A)II(b: B a) (B” (elimy - a) b)
elimy = Xa.fst (A7 - q) elimp := Xa. Ab.fst(B” - a- (A7 -a)-b)

These terms form a section map f : Map (Cay Fy Fy) FP as f := (elimy, elimp).
We are now left to show that these functions admit a section structure. We shall
first establish a few lemmas relating erased sections on the left-totality proofs
fo : Map, Fp Exg) as defined in the previous section, as well as II'T sections on the
eliminators f.

Lemma 12.3.1. Let w: Wk Q I" for arbitrary ', and let

(Y0, 71,772, ) = (W wp, .. w® WY,

- Moreover, assume s : I'; v v”, A : Params ', 6 : A% 47, and let 67 := AP dp.
en

1. (A7 6 6P = AJSC s 0
2. (T35Lx(TfEOSa:Q))Q:TJ§sx, for T:Ty T A, 6% := A6 68 n
Proof. By mutual induction

1. on A

2. on T. When T := T'[o] for some T",0, we make use of Lemma [12.2.6
(1) and Lemma [11.1.1, The case 7' := T' is immediate by point 1 of this
lemma, which holds by inductive hypothesis. The case T := T? ¢ for some
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t: Tm I A T'is a bit more involved. If we unfold the definitions on both
sides of the equation, we obtain

B (t"y 8) - (t" 4" d") b= B (t" v 8)- (A7 (¢ 7 4)) - b

This reduces to proving A7 - (t" v 6) = t* & 6%, which follows immediately
from Lemma [12.2.7]

The remaining cases are straightforward. O

Lemma 12.3.2. Let I : Spec,w : Wk Q T, and (71, 7,77) := (w" wy, w w,w® w?).
For all C': Ctor I', ¢ : CTm 2 (C|w]) and s : F? v 7P, we have a term of type

C’Jsc 5 (O™ (cF wp) (" wy)) (c” w?) n

Proof. Assume ¢, and suppose C = ctor A X for some A : Params ', X : Base I A.
Then, the goal type reduces to asserting that the following holds

X?s(cAw-(S):chD-&(Afcs&)

for all § : "A* 47, To show that this is the case, let 47 := AP §, and
6P = (A7 6 60)2.
We proceed by case analysis on X.

e Case X = T'. The goal equation and its solution is as follows:

(Tl)fc s (cw-0)

T f(cw-0)

= {socdo}
Wl 67

= { Lemmal[12.3.1]1 }
chD-(S-(Afcsé)

e Case X :=T?tforsomet: TmID AT Let
a=t" o, b=w-d, a =A% q, 5L:EA355(?
Then

(T )7 sb
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= { Lemma[11.1.2] }
(B?-a-d"-b)2
= { Lemma[12.2.7 }
(B-a- (1A 6v) - )2
= { Lemma [12.2.5 }
P WP 56"
= { Lemma[12.3.1]1 }
chD-é-(Afcsé) O

Lemma 12.3.3. For all ' : Spec and w : Wk Q T, the following holds

ch (w" w) (w° w?) ]
Proof. Let us abbreviate (7o, 71,7,7") := (wF wy, ..., w" wP)
We proceed by induction on I'. The case where I' = ¢ is trivial.

When I' = & > C for some ® : Spec, C' : Ctor @, then the goal unfolds to the
following record:

S: CD? (®” (m1 70) (m1 1)) (m1 /")
h - C;f s (C™ (w2 70) (m2 M) (m2 77)

We obtain s by inductive hypothesis, given the weakening w o drop : Wk 2 ®,
whereas h follows from Lemma [12.3.2] given again the weakening w o drop, and
constructor term cvz[w] : CTm Q (Cfw o drop]). O

Theorem 12.3.1. The pair of eliminators f := (elimy4, elimp) is a section, that is,
ch w wP holds. -

Proof. Direct consequence of Lemma [12.3.3| on the identity weakening. [

We finally reached the culmination of this chapter, through which we have de-
fined a pair of eliminator functions (elimg4,elimg) for the fixed -algebra w and
displayed algebra w”, and showed that these functions constitute a section. The
linear specification and the algebras fixed at the beginning were completely ar-
bitrary, therefore our entire construction can be carried out for any choice of
specification and algebra that fits the necessary requirements.

Theorem 12.3.2. Let I' : Spec, and inductive erased algebra alg, : Alg, I" and
predicate algebra with inversions alg, : Alg, I' alg,. Then, the X-algebra alg :=
sigma alg, alg, is section inductive. n
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Proof. Suppose we have a displayed algebra alg” : Alg” T' alg. This whole chapter
provides instructions for constructing a section (f,s) : Sect T' alg alg®. O

We conclude the chapter with a proof of the second and last half of the main
theorem of this part of the thesis.

Theorem 12.3.3. For any I' : Spec, the IIT-algebra defined as per Theorem [11.3.1
is section inductive. -

Proof. The I1T-algebra defined in Theorem [11.3.1]is a >-algebra obtained from an
inductive erased algebra (Theorem [11.1.1)) and a predicate algebra with inversions

(Theorem [11.2.1]). Therefore, Theorem [12.3.2] applies. O
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Chapter 13

Conclusion of Part 111

This part of the thesis has presented a reduction from a subclass of all infinitary
IITs to inductive families. A notable aspect of the encoding is that it does not
rely on function extensionality in the encoding type theory. We have drawn from a
known method to reduce finitary IITs to inductive families [AKKvR19AKKvR18|
vR 19|, and adapted it to make it applicable to infinitary IITs in an intensional
setting. The main obstacles to intensionally encoding infinitary types arise from
the proofs of propositionality of the well-formedness predicates, as well as right-
uniqueness of the eliminator relations, both of which appear tricky to establish in
the absence of funext. Our first modest contribution was to point out that fortu-
nately, for a wide class of infinitary II'Ts, one can in fact make do without proving
those properties at all, as long as the metatheory is extended with a few extra
tools. One such tool is a universe of definitionally proof-irrelevant propositions,
which allows to define well-formedness predicates that are propositional by defini-
tion. As a nice byproduct we get that the II'T eliminators encoded in this fashion
exhibit definitional S-rules.

Of course the work presented here is just the beginning, as we focused on a
proper subclass of all infinitary IITs. In the following sections we want to lay out
possible ways in which to improve and expand upon our work.

This chapter and all the previous ones contain many hints for future work,
which we summarize in Section [13.3] Finally, having made our own contributions
clear, we conclude by presenting some related work, with a focus on discussing the
similarities and differences of our work with the existing literature.

13.1 Beyond linear and infinitary IITs

In this thesis we have considered the problem of encoding linear infinitary I1Ts
in terms of inductive families. We now briefly touch upon some closely related

187
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problems, and in particular consider what our study of linear infinitary IITs can
tell us regarding IITs that are not linear or infinitary.

None of the ideas discussed below have been proved with any degree of rigor,
and are only substantiated by examples and informal reasoning. A proper proof
(or disproof) of these ideas is outside the scope of the thesis.

13.1.1 Finitary IITs

Being tailored specifically to infinitary IITs, one might wonder if our work can tell
us anything new about the problem of reducing finitary types. We believe the an-
swer is positive, since our novel use of definitionally proof-irrelevant propositions
to define well-formedness predicates is universally applicable to both the finitary
and infinitary case. It is immediate to adapt the known reduction method for
finitary IITs (Section to employ these tools. If the encoding theory is suffi-
ciently equipped, this then gives a way to encode all finitary IITs with definitional
[S-rules for the encoded IIT eliminators. Previous works on the topic do not con-
sider universes of strict propositions, and only consider S-rules up to propositional
equality [AKKvR19,|JAKKvR18|[vR19].

13.1.2 Linearization of non-linear IITs

Any non-linear IIT induces a linear II'T via a process of “linearization” that we
now illustrate. The idea is that any instance of non-linearity can be reframed in
terms of equality types.

Take the IIT A : Type, B : A — Type, with constructors

o: A
ext:(a:A) > Ba— A
pair: (aa' : A) = A

nonlin : (a : A) — B (pair a a)

The non-linear constructor nonlin can be equivalently rewritten as
nonlin: (xy:A) - x =y — B (pairz y)

where we make explicit the use of the identity type to express non-linearity. While
not as syntactically evident, the updated nonlin constructor is still essentially non-
linear, and as such it would fail to be encodable with our method for the reasons
already discussed in Section The issue here isn’t with the statement of equal-
ity, but with the fact that the identity type itself, which we take here to be the
standard Martin-Lof identity type inductively generated by reflexivity, is defined
non-linearly.
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We can make A, B linear by extending its definition with two additional types
A~ B~ representing an inductive version of equality on A and B respectively.

A: Type

B : Type

A : A— A— Type

B~ :V{ad}— Ba— Bd — Type

We then keep all the constructors above, except nonlin which we now write as
follows to make use of the newly-introduced equality types replacing the identity

type
lin: (xy:A) — A~ zy— B (pairz y)

We also add constructors for A~ and B~ that state all the possible ways to
inductively prove equality for A and B:

" AT e @

ext™: AV ad — B~ bV — A~ (ext ab) (ext a' ')
pair™ : A~z x' — A~ yy — A~ (pair x y) (pair 2’ /)
lin~: A~z 2’ — B~ (linzyp) (linz' v p')

The relations A~, B~ play the same role of the identity type, but their definition
is linear. As a result, the IIT composed of A, B, A~, B~ is now properly linear.
We can prove that A~, B™ are equivalence relations, hence we have a term refl4~.
We then encode the constructors of the previous II'T, including nonlin:

nonlin : (a : A) — B (pair a a)

nonlin a := lin a a (refl4~ a)

We believe that this process of linearization can be applied systematically to
any IIT. The question that naturally arises is then: what kind of relation can we
establish between the original non-linear IIT and its linearized version? In the
finitary case, the inductively-defined equivalence relations are provably equivalent
to the identity type, thus making the two IITs equivalent. This seems to suggest
that the classes of linear and non-linear IIT are, in the finitary case, equivalent.
In the infinitary case, proving the equivalence between the identity type and the
inductively-generated equivalence relations seems to require function extensional-
ity. We therefore conjecture that the two types are equivalent when embedded in
a theory supporting extensional reasoning, like SeT'T.
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13.2 Formalization

We accompany the mathematical content of this part with a formalization in the
Agda proof assistant. Due to time and technical constraints the formalization is
largely but not fully complete, and partially deviates from the proofs on paper.
We provide it as non-definitive proof of correctness of our work, with the following
caveats:

e In the formalization, we do not explicitly distinguish between the metalevel
and the target level. This was initially done to facilitate exploration and
prototyping, with the idea of later introducing a proper separation. Alas,
formalizing with two levels proved to be more challenging than expected: to
make the formalization process bearable we wanted to embed the target level
so that the model equalities would hold definitionally. To achieve this we
tried two approaches: a shallow embedding similar to [KKK19], and a deep
embedding relying on postulates and rewriting rules. The former approach
achieved good typechecking performance, but turned out to be difficult to
use due to Agda’s somewhat limited facilities for fine-grained control over
goal simplification and unfolding, which led to goal types that were very
difficult to read. The latter approach fared better on goal readability, but
lost on the performance side due to the computational demands of Agda’s
still experimental rewriting facility.

In light of these considerations, we decided to keep working on the first,
“one-level” formalization as the “official” and more extensive version, while
simultaneously developing a more faithful but incomplete “two-level”[] ver-
sion for additional sanity-check. The two-level version uses postulates and
rewriting rules to implement the target level, as this approach seemed to give
better ergonomics overall compared to a proper shallow embedding, despite
the performance issues. Note that the single-level formalization is not free
from performance issues, as it also makes heavy use of rewriting to simulate,
to some extent, equality reflection and alleviate transport hell. The Agda
typechecker was especially put to the test in the construction of the IIT
eliminators, where we had to comment out entire parts of some proofs, de-
spite their apparent correctness, because the rewriting rules would not kick
in as expected.

'We use “two-level” to describe the embedding of the target theory/models within the
metatheory via HOAS, as discussed in Section In particular, it is not a reference to the
system of two-level type theory (2LTT) proposed in [ACKS23]. While there may be points of
affinity and potential applications of 2LTT to our case, we have not looked into the matter nearly
enough to comment on it.
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We provide both formalizations, with the two-level version essentially cover-
ing most of the material as the other one, with some differences explained
below.

e Due to Agda’s lack of support for QIITs, the formalization of the specifica-
tions datatype Spec relies on postulates to introduce equality constructors.
As a consequence, all constructions involving Spec are an approximation of
the intended ones. In particular, definitions by induction on Spec disregard
the clauses regarding equality constructors, which from Agda’s point of view
do not exist, and must therefore be checked by hand. We expect most of
these clauses to hold by reflexivity, although we have only formally checked
a handful of them.

e The formalized version of Spec contain some auxiliary constructors that are
meant to improve its computational behaviour, and that are not present
in the on-paper definition. For example, we use a dedicated constructor
capp; : CTm T (ctor AT') = SubV A — Tm I' V T! for constructor terms
targeting the first base type T', with an equation capp ¢ o = capp, c t. This
is to avoid having to construct terms capp ¢ o : TmI'V (T'[o]) where the
substitution T'[o] in the type is known to be reducible away.

e We make extensive use of Agda’s rewriting facility to simulate equality re-
flection in the metatheory.

The files can be found in [Ses23|, under the directories iit-reduction and
iit-reduction-twolevel. The directory iit-reduction contains the single-level
formalization, and covers all the mathematical material of Part III, with the excep-
tion of the concrete encodings of erased types, predicates, and eliminator relations
from Section Section [11.2.3] and Section respectively.

These encodings are instead fully covered by the two-level formalization, which
can be found under iit-reduction-twolevel. The two-level formalization does
not include the construction of the eliminators, however it does include the Y-
construction.

Both formalizations include a README. agda file pointing to the relevant mod-
ules, with a brief description of their contents.

13.3 Future work

The work described in this part of the thesis offers many opportunities for im-
provement and further investigation. We summarize some of them below:
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e We would like to extend our reduction to all linear IITs beyond the notion

of linearity covered by Definition [9.2.1 We could not find a satisfactory way
to formalize linear constructors in full generality, so we contented ourselves
with a limited form. Still, we believe that the encoding method applies to
any linear II'T, and our tests on concrete examples have supported this claim.

We would like to extend our reduction to IITs with more complex sorts, like
those indexed by external types. We do not expect to have trouble adapting
the reduction method to closed II'Ts with multiple sorts, given how these
can always be reduced to equivalent two-sorted IITs (Section . Things
might be more complex, however, when we switch to open II'Ts and introduce
external indices in their sorts. As we have seen in Section not all open
II'Ts are amenable to be encoded with our method, as some choices of external
types in the sorts can prevent the definition of inversion principles that are
crucial for the encoding. The precise conditions that need to be imposed on
the external indices of reducible IITs is an open question;

We have conjectured linearity of the constructors to be a sufficient condition
for the applicability of our reduction method, however we do not know if it is
a necessary condition. In other words, we would like to investigate whether
there are classes of infinitary IITs beyond the linear ones that can similarly
be reduced to inductive families, perhaps via a different encoding method;

Most of the theorems involving the general reduction are given by induction
on the QIIT of specifications Spec. Because of the quotient aspect of it, the
elimination principle of Spec requires to check that related constructors are
mapped to related methods of the elimination. We have not actually verified
that this is the case except for a handful of equations, which hold trivially
by reflexivity. We leave the verification of the rest of them for future work.

Section induction and initiality for QIIT algebras can be shown to be equiv-
alent in an extensional setting [ACDT18]. While relying on the notion of
section induction in our work, we do not consider initiality nor we relate it
to section induction. We would like to work on this aspect in the future.

Another point for future work is to fix the issues with the formalization,
which we discussed in Section This could mean improve the existing
formalization, or rewrite it with tools that would be better suited for the
project, like a proof-assistant with native support for extensional (setoid)
reasoning and QIITs.
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13.4 Related work

Although we claim novelty in our contributions, we can find several entries in the
existing literature that tackle similar problems. In this Section we want to point
out related work that is particularly affine to our own, and discuss the similarities
and differences.

Kaposi and Kovédcs [KK18] propose a type-theoretic syntax to specify higher
inductive-inductive types (HIITs). The specification syntax is expressive, and
allows infinitary (higher) constructors while preventing non-strictly positive ones.
Compared to their syntax of codes, our specification data type Spec bears many
similarities, as well as some important differences, as already extensively discussed
in Section Overall, their syntax is much more general and expressive, and is
meant to cover a class of types that is as wide as possible, whereas we have tailored
ours for a specific sub-class. Ultimately, the goals of our works different quite a
bit, as they do not consider any form of reduction from HIITs to simpler forms of
induction.

The reduction method employed in this thesis, based on the definition of erased
types, well-formed predicates, and eliminator relations, is directly inspired by Al-
tenkirch, Kaposi, Kovacs, and Von Raumer’s treatment of finitary IITs [AKKvR18,
AKKvR19], as summarized in Von Raumer’s PhD thesis [vR19]. He describes a
general method for reducing (finitary) IITs to inductive families; he gives a syntax
IIT specifications, and defines a notion of algebra of IITs by induction on it; he
also defines a syntax of specifications for general inductive families (IF), as well
as algebras. The X-construction is then implemented by defining maps from IIT
specifications to pairs of IF specifications giving the codes of the erased types and
well-formedness predicates respectively. Similarly, he also defines mappings from
IIT specifications to IF specifications for the eliminator relations.

His proofs of the existence of erased and predicate types, as well as eliminator
relations, is more thorough and systematic, as he provides a general specification
syntax for IFs as well as an associated notion of algebra, and then proves that
any specifiable IF exists via a term model. On the other hand we define erased,
predicate, and relation algebras directly by induction on IIT specifications, thus
skipping IF specifications entirely. We then prove the existence of erased types
in an ad-hoc way, by assuming the existence of a few concrete inductive families.
Well-formedness predicates and eliminator relations are then constructed by large
elimination over erased types.

Von Raumer’s proof of a general reduction method stops at the Y-construction.
He does define a general mapping from IIT codes to IF codes of their corresponding
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eliminator relations, however he does not prove functionality of the relations thus
obtained, and therefore does not define the eliminators. On the other hand we
provide a complete proof of left-totality for the eliminator relations we construct,
from which we define the eliminators and prove their -equalities.

Although the distinction between ambient theory/metatheory and target the-
ory is hinted at in [vR19], our work is more explicit in the distinction between
these two levels. This is a consequence of our requirements, which demand a clear
separation between the meta level of the metatheory, where the theorems and
proofs live and where extensional reasoning is not only allowed but often neces-
sary, and the encoding level of the target theory, where extensionality is strictly
controlled. This clear separation between the two levels is to prevent extensionality
accidentally “leaking” into target-level constructions.

In [KKA19], Kaposi et al. describe a syntax for finitary QIITs. They show
that the existence of the specification datatype, which is itself a QIIT, implies
the existence of all finitary QIITs. The specification syntax is in the by now
familiar type-theoretic style. The class of IITs considered is significantly different
from ours: in addition to only targeting finitary constructors, they also consider
quotients. Note that [KK18| also deals with equality constructors, however it does
not consider reductions/encodings of any kind.

[KKA19] proves a reduction from all finitary QIITs to a single, “universal”
QIIT, however one still needs some form of induction-induction to justify the exis-
tence of such QIIT. On the other hand the kind of reduction showcased in [vR19]
and this thesis seeks to eliminate induction-induction completely, by reducing it
to plain inductive types. This difference is perhaps not surprising, as the presence
of quotients is a non-trivial addition to the already complex induction-induction;
it therefore may not even be possible to completely reduce QIITs to inductive
types/W-types without some primitive form of quotient in the encoding/target
theory.
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