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Abstract

The language of contemporary mathematics is set theory. However, the axiomatic set theory
was built to establish the consistency of mathematics, not to be the language of it. Set theory
identifies two very basic ideas into one notion of a “set”: set as a universe and set as a predicate.
Type theory is a language which do not exhibit many of the drawbacks of set theory. In this
thesis we build a type theory in which there is a clear distinction between universes and
predicates. Our theory is a certain Pure Type System extended with inductive types. We give
the definition of the system and prove its basic properties. We establish consistency of the
system by giving the strong normalization proof.

Streszczenie

Jezykiem wspoélczesnej matematyki jest teoria mnogosci. Jednak aksjomatyczna teoria mno-
gosci powstata w zupelnie innym celu — aby uzasadnié niesprzeczno$é matematyki. Teoria
mnogosci utozsamia dwa podstawowe pojecia w jedno pojecie zbioru: zbiér jako uniwersum
i zbior jako materializacja predykatu. Teoria typow jest jezykiem, ktory jest pozbawiony wielu
wad teorii mnogosci. W tej pracy proponujemy teorie typow, w ktorej jest wyrazne rozroznie-
nie miedzy uniwersum i predykatem. Nasza teoria to pewien Pure Type System rozszerzony
o typy indukcyjne. Podajemy definicje systemu i pokazujemy jego podstawowe wilasnosci.
Dowodzimy wtasnosé silnej normalizacji, z ktorej wynika niesprzecznosé systemu.
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Chapter 1

Introduction

1.1. The problem

The language of contemporary mathematics is set theory. Virtually all maths is developed
within the framework of set theory, and all books and papers are written with the silent
assumption of ZF or ZFC axioms behind the back. We even use this framework for teaching
mathematics at all levels, from university to the kindergarten level.

However, axiomatic set theory was introduced for a different purpose. It was built to es-
tablish the consistency of mathematics, not to be the language of it. All complex constructions
are built from elementary notions like “set” and “being an element” of a set. We are so used to
this idea that we do not see its drawbacks. Yet the drawbacks are easily visible when we try
to teach set theory to students. Instead of explaining properties of mathematical objects like
ordered pairs, set unions or natural numbers we end up explaining details of their encodings.

Moreover, in set theory two very basic ideas are glued into one notion of a “set™

e Set as a domain or universe;
e Set as a predicate.

We are used to treat this identification as natural and obvious. But perhaps only because we
were taught to do so. These two ideas are in fact different and this confusion is responsible
for Russell’s paradox.

A language which do not exhibit many of the drawbacks of set theory is type theory.
Mathematicians have been classifying objects according to their domain, kind, sort or type
since the antiquity [4, 32} 33]. An empty set of numbers and an empty set of apples are
intuitively not the same. In everyday mathematical practice we very often informally use the
concept of a type. Think of a function mapping elements of set A to elements of set B. Such a
function can only be applied to elements of set (“type”) A. Similarly, a union |J A of a family
A of sets is typically of the same “type” as members of A rather than as A itself.

We want to build a type theory that would capture the naive understanding of a type. We
believe that such theory would give a chance to build a framework for “naive” mathematics
that would not exhibit many of the drawbacks mentioned above. In particular, it could be
free from artificial formalizations and encodings and as such it would be more suitable as
a framework for teaching mathematics to students.

The basic idea is to separate the two roles played by sets, to put apart domains (types)
and predicates (selection criteria for objects of a given type). We want to bring back the



idea which dates back to Cantor and his naive set theory: we want to identify predicates and
subsets. We abandoned this approach in axiomatic set theory with the discovery of Russell’s
paradox. In type theory this identification is possible. For any type A we have a powerset
type P(A), identified with the function space A — %, where * is the sort of propositions.

1.2. Related systems

Simple type theory: In Church’s simple type theory [9, 32] there are two base types: the type i
of individuals and the type b of truth values. Expressions have types and formulas are simply
expressions of type b. There is no built-in notion of a proof and formulas are not types. In
addition to lambda-abstraction, there is another binding operator that can be used to build
expressions, namely the definite description 1x. (), meaning “the only object x that satisfies
©(z)”. While various forms of definite description are often used in the informal language of
mathematics, the construct does not occur in most contemporary logical systems. As argued
by William Farmer in a series of papers [19, 20} 2] 22], simple type theory could be efficiently
used in mathematical practice and teaching. Also the textbook [4] by P.B. Andrews develops
a version of simple type theory as a basis for everyday mathematics. This is very much in
line with our way of thinking. We choose a slightly different approach, mostly to avoid the
inherently two-valued Boolean logic built in Church’s type theory.

Quine’s New Foundations: Quine’s type theory [31 [48] is based on an implicit linear
hierarchy of universes. Full comprehension is possible at each level, but a set always lives
at a higher floor than its elements. The idea of a linear hierarchy is of course convenient
from a foundational point of view, but is not very intuitive. Also implementing “ordinary”
mathematics requires a similar effort as in the usual set theory. The restriction to stratified
constructs does not help either: one encounters difficulties when trying to define functions
between objects belonging to different levels of the hierarchy.

Constable’s computational naive type theory: We have to admit that the title of Halmos’
book has already been rephrased by R. Constable [10]. But Constable’s idea of a “naive type
theory” is quite different than ours. It is inspired by Martin-Lof’s theory and based on the idea
of a setoid type, determined by a domain of objects plus an appropriate notion of equality. (In
other words, quotient becomes a basic notion.) For instance, the field Z3 has the same domain
as the set of integers Z, but a different equality. And Zg is defined by taking an “intersection”
of Zo and Zsg. This is very convenient and natural way of dealing with quotient constructions.
However (even putting aside the little counterintuitivity of the “contravariant” intersection)
we still believe that a ‘“naive” notion of equality should be more strict: two objects should not
be considered the same in one context but different in another.

Weyl’s predicative mathematics and Luo’s logic-enriched theories: Zhaohui Luo in [37]
considers ,logic-enriched type theories” where the logical aspect is separated by design from the
data-type aspect (in particular a separate kind Prf(P) is used for proofs of any proposition P).
Within that framework one can introduce both predicative and impredicative notion of a set,
so that the kind Type is closed under the powerset construction. This approach is used by
Adams and Luo [3] to formalize the predicative mathematics of Weyl [56], who long ago made
an explicit distinction between “categories” and sets, understood respectively as universes and
predicates. Weyl’s theory is strictly predicative, and this certainly departs from our “naive”
understanding of sets, but the impredicative version mentioned in [37] is very much consistent
with it.



Maietti and Sambin’s Minimalist Foundation: Maietti and Sambin in [40] propose to build
a foundation for constructive mathematics which could be a common core among relevant
existing foundations in axiomatic set theory, such as Aczel-Myhill’s CZF theory [2], or in type
theory, such as Martin-Lof type theory [44] and Coquand’s Calculus of Inductive Construc-
tions [12]. First steps toward implementation of the theory were shown in [38]. In [39] they
present a two-level theory to formalize constructive mathematics. One level is an intentional
type theory, called Minimal type theory. The other level is an extensional set theory that is
interpreted in the first one by means of a quotient model. This two-level theory has two main
features: it is minimal among the most relevant foundations for constructive mathematics; it
is constructive thanks to the way the extensional level is linked to the intentional one which
fulfills the “proofs-as-programs” paradigm and acts as a programming language. However,
their theory is predicative and we believe that “naive” type theory has to be impredicative.

Luo and Goguen’s UTT: A system similar to ours was proposed by Luo [35], 36] and
Goguen [29]. The system UTT is the Calculus of Constructions together with Martin-Lof
predicative type theory. The logic of the system is higher order logic. In the system there
is an impredicative universe of propositions. At the datatype level, there are predicative
universes and inductive types. There are no inductive predicates. The inductive types in
UTT are syntactically very similar to inductive types in our system and inductive types in
Werner’s Calculus of Inductive Construction [55]. As a system formulated in Martin-Lof type
theory, UTT is a system with judgemental equality. There is no conversion rule and formally
in the system there is no reduction. The equality in UTT is beta-, eta- and iota-equality, thus
the equality is different from our notion of conversion.

1.3. Pure Type Systems

Pure Type Systems (PTS) is a framework for defining type systems. It was introduced in-
dependently by Berardi [§] and Terlouw [52]. The framework is a generalization of the well-
known Barendregt cube [5]. The main properties of Pure Type Systems are discussed in
Barendregt [5]. We chose a certain Pure Type System (PTS) as a basis for our theory.

A Pure Type System is specified by three sets (S,.4, R) where

e S is the set of sorts;
e AC S xS the set of axioms;
e RCS xS xS is the set of rules.
The terms of the system are defined by the following grammar
T:=s|z|Ae:T.7)|(TT) | (llz : T.T")

where x is a variable and s is a sort. As a convention we omit the outermost parentheses.
Application associates to the left: ((PQ)R) is abbreviated PQR; abstraction and product
associate to the right: (Ax : Th(Ax : T».P)) is abbreviated Az : ThAz : T».P. If z does not
occur in B then Ilz : A.B is sometimes denoted by A — B.

For PTSs we assume the usual S-reduction. The relation — g is described by the rule

(Az : T1.A)B —p Alz := B|
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and the usual compatibility rules: whenever A —g A’ then

AB —3 A'B, BA —3 BA,
Ax: A.B —g Mz : A'.B, Az : B.A—gAx:BA,
z: A.B -z : A'.B, z: B.A—pllz: BA.

We write A =5 B if there exists a sequence A = Ay, Ay,..., A, = B such that for every
i=0,...,n—1we have A; —g A;11 or Aj11 —g A;. A term M is normalizing if and only
if there is a reduction sequence from M ending in a normal form N. A term M is strongly
normalizing if all reduction sequences beginning in M are finite.

A context is a finite (possibly empty) list of variable declarations x1 : Ay, ..., 2, : A,. We
use I, A, ¥ as meta-variables for contexts. We call {x1,...,x,} the domain of the context
I'=(x1:Ay,...,z,: Ay) and we denote it by dom(T").

A Pure Type System derives judgements (often called sequents) of the form I' - A : B.
An assertion I' = A : B states that A has type B in context I'. The typing rules of the PTS
specified by the triple (S,.A, R) are as follows:

(Ax) F s1: 89 s1:89€ A
(Var) r xr: l;lfll— :xs: A v & dom(T)

'-A:B 'EC:s
(Weak) T 2. CFA:B x & dom(T)

I'FM:(Iz:AB) T+HN:A
I'FMN : B[z = N]

(App)

Mx:AFM:B '+{lzx:AB):s

Ab
(Abs) TF(\z: AM): (Ilz : A.B)
I'FA:s; I'N'e:AF B: sy
P
(Prod) T (z: AB) : 53 (s1,82,83) €ER
I-A:B TFB:s B=y4B
(Conv)

r-A:B

A type system is weakly normalizing if and only if every term typable in the system is
normalizing. A type system is strongly normalizing if and only if every term typable in the
system is strongly normalizing.

A Pure Type System is logical [14] if and only if it is functional (see [26]) and contains
two distinguished sorts % and [0 such that % : O is an axiom, (x,*,x) is a rule and there are
no sorts of type *. A logical Pure Type System is inconsistent if there exists a proof of T in
the context T : x. A type system is consistent if it is not inconsistent.

It is known that a strongly normalizing logical Pure Type System is consistent. There is
no beta normal term of the type x, where x is a variable, in the context x : *. Thus a strongly
normalizing system is consistent — if there was a term of type x then there would also be
a normal one.
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1.4. Calculus of Constructions and inductive types

The Calculus of Constructions (CC) was introduced by Coquand and Huet in [I6]. They
showed the consistency of the system by proving the strong normalization property. The
Calculus of Constructions is the richest system in the Barendregt cube [5]. The system was
also the basis for the preliminary version [I5] of the Coq proof assistant [I]. The Calculus of
Constructions is a Pure Type System with the following specification:

S= {*’D}
A={x:0}
R = {(x,*,%), (x,0,0), (O, x),(0,0,0)}

Even though the syntax of Pure Type System is homogeneous, terms typable in a context I'
may be divided into categories. We have kinds, that is, terms typable with OJ; types, that is,
terms typable with *; objects, that is, terms typable with a certain type ¢t and type constructors,
that is, terms typable with a certain kind ¢.

The four product rules correspond to various products.

e The rule (x,#,x) introduces the usual function space, i.e. that terms may depend on
terms.

e The rule (O, #, %) introduces type polymorphism, which allows to create terms depending
on types.

e The rule (x,00,0) represents dependent types (types that depend on terms).
e The rule (0,0, 0) expresses that types may depend on types.

The Calculus of Constructions is a powerful system. It is possible to define natural num-
bers, lists, booleans and other inductive types by using the so-called impredicative encoding.
There is a systematic procedure that, given a set of typed constructors for some inductive
type produces a CC term representing this inductive type [47]. However, this coding has some
important drawbacks, for example induction principles are not provable.

This is why the Calculus of Constructions was extended with inductive types. The sys-
tem was introduced by Coquand and Paulin-Mohring in [I7], followed by [46]. The strong
normalization proof was done by Werner in [55].

We extend the syntax of the system with the following constructions:

Ind(X : T){T} | Constr(n,T) | Eim(T, T, T, T){T}

where n is a natural number. We will explain the meaning of those terms by using an example
of natural numbers. The inductive definition of the type of natural numbers becomes

Nat =Ind(X : ) {X | X — X}

meaning that Nat is an inductive type with two constructors of type Nat and Nat — Nat.
The types of constructors are subject to the strict positivity condition: for every constructor
of an inductive type [ its recursive arguments must be of the form II% : T'.I where I does not
appear in T. Without the condition the system is inconsistent and the details of the proof
can be found in Chapter [2] section [2.3]
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A term Constr(n, ) represents the n-th constructor of an inductive type I. The term
Constr(0, Nat) represents the natural number 0 and the term Constr(1, Nat) represents suc-
cessor function. Thus

e Constr(1, Nat)Constr(0, Nat) is the natural number 1,
e Constr(1, Nat)(Constr(1, Nat)Constr(0, Nat)) is the natural number 2.

The terms corresponding to the elimination schemes are more complicated. We have dif-
ferent variants of elimination schemes: non-dependent, dependent, weak, strong. The simplest
elimination scheme is non-dependent weak elimination. Suppose in a fixed context I' we have
the following typing judgements

P:x, fo:P, fi:Nat— P— P, m: Nat.
Then the typing rules state that
Elim(Nat, P,e,m){fo | f1} : P.

If we abstract over P, fy, fi and m then for natural numbers we get the elimination term of
the form
NatElimpoegep : ILP : (P — (Nat — P — P) — Nat — P).

The elimination term is representing the recursor on natural numbers.
The dependent elimination allows to create objects of type depending on an eliminated
term. Suppose in a fixed context I' we have the following typing judgements

P: Nat — x, fo:PO0, fi:(Ik: Nat(Pk — P(Sk))), m: Nat.
Then the typing rules state that
Elim(Nat, P,e,m){fo | f1} : (Pm).
If we abstract over P, fy, f1 and m then for natural numbers we get the elimination term
NatElimgep : IIP : Nat — *(P0 — (IIk : Nat(Pk — P(Sk))) — IIn : Nat.Pn).

The elimination term represents the induction scheme on natural numbers.
We can also have an elimination scheme like

NatElimgnedep : 1P : OY(P — (Nat — P — P) — Nat — P)

representing the possibility to create types. This variant of elimination scheme is called strong
elimination. Strictly speaking the type above is not a valid type in the Calculus of Construc-
tions but it shows well the principle of the elimination scheme. It is only allowed for the so
called small inductive types, i.e. types that do not take types as arguments. Otherwise it leads
to an inconsistent type system. The paradox in the system with strong elimination over large
inductive types is studied in Chapter [2] section [2.4]

The reduction rules for natural numbers are

Elim(Nat,P, €, 0){f0 ‘ fl} — f() 0
Elim(Nat, P,e, Sn){fo | f1} —. f1 n Elim(Nat, P,e,n){fo | f1}.

They are called t-reduction and become part of the conversion rule of the system.
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1.5. Less Naive Type Theory

The first attempt to formalize the naive type theory was the system called Naive Type The-
ory (NTT). It is a PTS with the following specification:

S = {x,0}
A={x:0}
R = {(x,%,%), (x,0,%), (x,00,0)}

As in the Calculus of Constructions the rule (%, *,*) introduces the usual function space and
the rule (*,d, ) introduces dependent types. The rule (x,, *) expresses the slogans “subsets
are objects”: if 7 is a type then the powerset 7 — * is also a type. However, the system turned
out to be inconsistent. See Chapter [2] section for a detailed description of the paradox.

Less Naive Type Theory (LNTT) is a refined version of the previous system. We split
every sort in NTT into a t-version and a p-version. Thus in LNTT we have four sorts: x!,
xP [O¢ OP. The t-sorts correspond to object (datatype) part of the system and the p-sorts
correspond to the logical part of the system. This is similar to the sorts Set and Prop in the
Coq proof assistant [I]. The full specification of the system is as follows:

S = {x',x0,O0" OF}
A= {0« . Op
R = {(*t7 *t7 *t)7 (*p7 *p7 *p)7 <*t7 *p7 *p)7 (*t7 Dp7 *t)7 (*t7 Dt? Dt)? (Dp7 *p7 *p)}

The rules are now more fine-grained taking into account the distinction between the two parts
of the system.

e The rule (x!, %!, ') introduces the usual function space.

e The rule (+P, %P, «P) introduces implication (i.e. logical function space).
e The rule (x!, P, *P) expresses universal quantification.

e The rule (+,(0, (") adds dependent types.

e The rule (P, %P, P) adds formula polymorphism.

Finally, the rule (x*, 0P, ') is the new version of the rule (*, [, *) in NTT. It says that products
of the form 7 — %P, where 7 is a type, are types themselves. Remember that %P is the sort
of formulas, thus 7 — #P is a powerset. The rule expresses the fact that powersets are types
or, reading it at the object level, that subsets are objects. One may easily note that LNTT is
a logical Pure Type System.

The strong normalization property of the system was proved in [34]. This implies that the
system is consistent. The proof technique used is a translation to the Calculus of Construc-
tions. Some parts of the translation are used in this work.

As pointed out by A. Miquel, LNTT can be embedded in his system called Fw.2 [42]. How-
ever, in LNTT we distinguish between sorts ', introducing object terms, and #”, introducing
proof terms. Our classification of terms is thus more fine-grained.
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1.6. Overview

In Chapter [2] we discuss paradoxes in type theories. We define Girard’s system U, perhaps
the most know paradoxical type system. We analyze a paradox in Naive Type Theory, our
first attempt to build a framework for naive type theory. The paradox is essentially the same
as Girard’s paradox so we omit the details of the latter. Then we present paradoxes in type
system with inductive types: a paradox in the system with non-positive constructors and
a paradox in a system with strong elimination over large inductive types.

In Chapter [3] we define Less Naive Type Theory with inductive types. We present the
syntax of the system, the reduction and the typing rules. We introduce some terminology we
will use in later parts of this work. Then we prove basic properties of the system.

In Chapter [ we define a translation from LNTT with inductive types to the Calculus
of Inductive Constructions. The translation only deals with non-proofs of the system. It
preserves the reduction relation and thus proves the strong normalization property for non-
proofs.

Chapter [] is the strong normalization proof for the full system. We use Girard’s candi-
dates [28] but in a typed setting, first introduced in [I3]. The proof combines ideas from [23]
as well as [54].



Chapter 2

Paradoxes in type theories

When creating a new type system one has to be careful, it is very easy to define a system
which is inconsistent. Sometimes one may encounter a contradiction. This is the case for the
type system with the sort * and the axiom * : x. The axiom expresses the slogan “Type is
a type” and is indeed very similar to the naive set theory concept of the set of all sets. But
often the inconsistency is not visible at first glance.

In this chapter we present a few well known paradoxical systems. We begin with the
Pure Type Systems: Girard’s System U and Naive Type Theory. NTT was our first attempt
to implement the slogan “subsets are objects” and it turned out to be wrong. We present
the proof that NTT is inconsistent. Then we proceed to systems with inductive types. We
show paradoxes in the system with non-positive constructors and in the system with strong
elimination on large inductive constructors.

2.1. Girard’s Paradox

Girard’s System U is perhaps the most known paradoxical type system. It was introduced
and proved to be inconsistent by Girard in 1972 in [28]|. The paradox also showed that the
first version of Martin-Lof type theory [41] was inconsistent [45]. System U is a Pure Type
System with the sorts *, (1, /A, the axioms = : (J and 0 : A and the rules

(s, %, %), (O, %, %), (O,0,0), (A, %, %), (A, 0,0).

This example shows that the circularity provided by the axiom * : % is not necessary to
get a contradictory system. Girard’s paradox was analysed and discussed, for instance in
Coquand [I1], Hurkens [30] and Barendregt [5].

In the next section we present an inconsistency proof for Naive Type Theory. This proof
is essentially the same as the proof of Girard’s paradox.

2.2. Naive Type Theory

Naive Type Theory was our first attempt to formalize the system with powersets as types. It
is a Pure Type System with the sorts * and [J, the axiom * : [J and the rules (x, %, %), (x,J,0)
and (%,0, x). However, as observed by H. Geuvers [25], this system is inconsistent. The proof
is essentially the same as for Girard’s paradox. The proof we present below is based on the
formalization of the Burali-Forti paradox in [30]. Precisely, this is the formalization in [49].

15
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We shall think of the sort * as the sort of propositions. Then the type

is the set of all predicates on type 7, i.e. its powerset.

We will use the notation Vx : T1.7T5 to denote Ilx : T5.T5 if the product is a proposition.
Logical connectives 1, A, =, «», 3 will also be used. We define them in a similar way as in
the system F. The only problem is that in Naive Type Theory there is no type polymorphism.
However, it may be simulated using the powerset rule. Assume we have an arbitrary type T
and its inhabitant a : T'. Instead of the variable p : * we will use the variable p : T — . Thus
we have the following definitions:

L =Vp: T — *.pa,
a=a— 1,

aNB=Vp: T — x(a — [ — pa) — pa,

acf=(a—=P)A(B—a),
Jr:1p(x)=Vp: T — *.(Vo : T.¢(x) — pa) — pa.

We introduce the following abbreviations:

(M,N)=Xp: T — xAu:a— [ — pauMN,
(M) = MMz : T.oy)( Az - aqxe : ag.x;),
[0, @l52:7.p(x) EAP T — *Au: (Vo : 7.(p(z) — pa)).ubg,
let [b,q] =yin N” = yT(Ab: 7Au: p(b).N).

One may observe that the types of the terms are as expected:

M :a,N:BF(M,N):aAp,
F,M:al/\agl—m(M):ai,
Ib:r,g: Sp(b) - [b7 Q]HI:T.go(x) = 7'.(,0(1’)7

and that the following rule is admissible

FFy:(3z:7.p(x)) Lb:7mg:pb)FN:T
Pklet b,gl =yin N:T

Moreover
7Ti(<M1, M2>) *f[ﬁ Ml

and
let [aa CI] = [b7p]3x:7'.go(x) in N _>Z7’ N[(I} = a] [:C = b]

We define Leibniz equality in type & in the usual way:
a="F = Vv:k—xya— 0.

For brevity, we will write Axz".B and Ilz™.B instead of Az : 7.B and Ilx : 7.B.
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First we show that the context
I'={k:xel:P(k)— k,set: k— P(k),

V VXPEIaF (set(el X))o — (X B A a = el(setf)))}
is inconsistent. We derive a contradiction similar to Russell’s paradox: define the abbreviations
o for el(seta) and a~f for YR F*(EqR — Vy*Ryy — Raf)

where Equ is the property of being an equivalence relation:
Equ=AR:k — k — Yo" 3*+*(Raa A (Raf — RBa)) A (Raf — RBy — Ravy).

Then the relation ~ is the least equivalence relation on k such that = ~ el(set(x)). Define
a relation aef as IvF(a ~ v A sety) and o ¢ B as ~(aeB). Let A = el(Az.z ¢ ). We will
prove that for each y in k& we have yeA if and only if y ¢ y.

We show that ~ is an equivalence relation.

Lemma 1. In the context T' we can prove Equ(Aa*BF.a ~ 3).

Proof. We have to find terms A, As and As such that

Na: kG k,y: kFA a~a,
Na:kB:k,y: kbFAy:a~0—0~a,
Na: kB k,y: kFAs:a~8 >0~y —ax>~n.

Take
Ay = ARFE=* \pBawR )\ By o (71 (paacy)),
Ay = )\xo‘zﬁ)\Rk_)k_’*/\qu”R)\sz'RW/.7r1 (2 (pafa))(xRpz),
Ag = Ax@P \yP=7 ARF—R—* \pEavR )R ) (pafy)(zRpz)(yRpz).
Then M = Ao 3Fy%.((A1, As), A3) is the proof we want. O

We will show that ~ is a congruence with respect to relation e. We will need two auxiliary
lemmas.

Lemma 2. In the context I', o : k, 3 : k we can prove that seta3 — seta’[3.
Proof. Observe that
T,a:k,B:kEV(seta)s : setd/ 3 « Elfyk(setory NG =F 7).
Recall that < is a conjunction of two implications. If I is a proof of 5/ =F 3’ then
ook, Bk, u:setaf = m(V(seta)3)[B, (u, )]sy (setaqng =ty : s€ta’ .
From this we easily get the desired proof. O

Lemma 3. In the context I', o : k, 3 : k we can prove that Bea « [ec!.
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Proof. Observe that Lemma [2] implies that there is N7 such that
Tya:k,B:ky:kbE Ny (8=vAsetay) — (8= Asetd'y)
and thus there exists Ny such that
D,a:k,B:kF Ny:3y%(8 ~ v A setay) — IvF(B ~ A seta’).

We now prove the other implication. Assume that 3y¥(8 ~ 4 A seta’y). Observe that
setay = set(el(seta))y is equivalent to 3% (setad Ay =F §"). We have § such that setad.
Moreover v =* §’ and 3 ~ ~. This implies 3 ~ §’. But ~ is an equivalence relation and 6 ~ ¢’
thus 3 ~ 6. Hence indeed 36%(8 ~ § A setad). O

Now we prove that ~ is a congruence with respect to the relation e.
Lemma 4. In the context I', o : k, 3 : k we can prove that
1. a~ B3 — V6 (aes — Bed);
2. o~ f— VyF(vea — vep).
Proof. 1. Recall that aed is an existential type. It is easy to observe that
Na:kB:kx:a~p,0:ky:aedt B: [Bed
where

B =let [v,z: (e >~y Asetdy)] =y in [y, (A3(A2x)(71(2)), m2(2))] ges s

and Ay and As are defined in the proof of Lemma . Then A\z®=P\6*.B is the desired
proof.

2. Take R = Ao F.Vy*(vea « veB). From Lemma |3{ we know that T',a : k - Raa/. Tt
suffices to show Fqu(R) and apply the definition of ~. This is easy.
O

Lemma 5. Let A = el(A\a*.a¢ ). Then in the context T, 3 : k we have BeA « B¢ 3.

Proof. In one direction, note that 3 ¢ 3 implies 3v*(y ¢ v A 3’ =* 4/) which is equivalent to
setAB. Since 8 ~ 3 we conclude BeA. In the other direction: we want to prove that the
assumptions 3 ~ v and setA~y contradict Bef. But setAvy implies 36%(y ~ &' A6 ¢ §) so it
suffices to infer L from the set {3 ~ v, B¢,y ~ §',8 ¢ 0}. This is a consequence of Lemma
because 3 ~ v ~ ¢ implies 3 ~ §. O

If we take B = A then we get that in the context I' the equivalence AeA «— A ¢ A holds which
leads to a contradiction.
We now implement the context I' in NTT. Take

k=Ve:T — % (¥e: T — %((ta — ka) — P(1a) — ka)) — ka.
and the functions el and set:

el = )\XP(k)‘)\KT—W)\yVL:T—»k((La—ma)—P(La)—ma))'y()\x . Tki)()\ﬁkﬁlﬁy)X,
set = M\GF. Bz : T.P(k))ep,



where

¥ = XA PEINX L Pia) M. 33 (XB A a =" el(f3)).
Then
set(elX)a =5 (AB".B(\x : T.(P(k)Y)) (el X)a =5 el X (Ax : T-P(k))a
=5 Az : T.K)AG*.B(A\x : T.P(k)y) Xa = YAz : T.k)setX o
=5 33X B A o =F el(set3)).

Then we have

set(elX)a =5 I3 (XB A a =" el(set3))

which is even more then the equivalence we wanted.

2.3. A paradox with non-positive constructors

19

The positivity condition says that for every constructor of an inductive type I its recursive
arguments must be of the form IIZ : T.I where I does not appear in 7. We will show that

lifting this restriction can lead to inconsistency. This result may be found e.g. in [55].

Consider the Calculus of Inductive Constructions without the positivity restriction. Con-
sider a type Empty = Ind(X : %){(X — X) — X}. Let lam denote Constr(0, Empty). We

define a term A : Empty — Empty:

A = Az : Empty. Elim(Empty, Empty, =)

{\f : Empty — Empty.\q : Empty — Empty.f(lam f)}.

Consider the object a = lam A. Then
Aa —3, (AfAq.f(lam f))AR —75 A(lam A) = Aa

where R is the recursive call

R = Az : Empty. Elim(Empty, Empty, Az)

{Af : Empty — Empty.\q : Empty — Empty.f(lam f)}.

Hence the system is not strongly normalizing. It is also easy to derive an arbitrary predicate P

using the type Empty:

x : Empty, P : x b Elim(Empty, P, 2){\f : Empty — Empty.\q : Empty — P.q(fz)} : P.

If we take = lam (\y : Empty.y) then we get the term of type P.

2.4. A paradox with strong elimination on large constructors

We say that an inductive constructor is small if its type is of the form T = Il : 7.X and
every 7; is a type. An inductive constructor is large if it is not small. An elimination of
an inductive object is strong if it defines a type or a type constructor. Consider an extension
of the Calculus of Inductive Construction in which we do not restrict strong elimination to
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small constructors. It is know that this system is inconsistent [I1]. The proof we present here
is a refined version of the proof by H. Geuvers [24], which again is a formalization of the proof
by A. Hurkens [30].

We will first show that the following context is inconsistent:

B : %,
b2p: B — x,
p2b: x — B,
H :VA: %(A < b2p(p2b(A))).

As before, we will use the notation Va™.p for Va : 7. and Ax".p for Az : 7.¢. Take the
following proposition

U=1A:%(((A— B) — A) — (A— B)).

We will define two terms el : P(U) — U and set : U — P(U) so that
VXU=*Yal (set(elX)a «— FB(XB A a = (el(setB)))).
The definition of el follows
el = AXPOINA - s ALA=B)= D oA pab(vPA=* ((Va¥ (X z — P(c(zAc)))) — Pa)).
We also define an auxiliary term el’ : (U — B) — U:
el = AXU=BNA s A(A=BI= A\ oA pob(VPA=* (V2 (b2p(X ) — P(c(xAc)))) — Pa))
and the term set is as follows:
set = Az AoV .b2p(zUel'd).

Note that el’(zUel’) = el(set z):

el'(zUel")
= M 1 A A7B= A N4 p2b(VPAT (Vul (02p(2Uel'v) — P(c(uAc)))) — Pa))

and

el(set x)
= M+ XAB=A N A pab(VPAT* (Vb ((set 2)u — P(c(uAc)))) — Pa))
= M 1 A AB=A N A pop(VPA (VuY (02p(zUel'n) — P(c(uAc)))) — Pa)).
Let « be a term of type U. We will prove that set(elX)a < (X[ A a = el(set3)). Observe
that
set(elX)a = b2p(elXUel'a)
= b2p(p2b(YPY~*((Vz¥ (Xz — P(el(set x)))) — Pa))).

We have to prove two implications. First we prove set(elX)a — IF(XF A a = el(setf)).
Assume set(elX)a. We want to prove 33(X3 A a = el(set(3)). The assumption is equal to
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b2p(p2b(VPY—*((Va¥ (Xx — P(el(set x)))) — Pa))). We use the assumption H to extract
the proposition
vPY=*((VaY (Xz — P(el(set x)))) — Pa).

We choose P so that the target of the proposition is the formula we want to get. Take
P = Y 33(XB Au = el(setf)).
We now have to prove that for P as above we have
VeV ( Xz — P(el(set z))).

This is easy: take x of type U and assume Xz. We want to prove that 33(X 3 A el(set x) =
el(setf3)). Take § = = and apply the assumption and the equality el(set x) = el(set3). The
proof term we get is:
Az EXe (o (H(YPU=*((V2Y (X — P(el'(zUel')))) — Pa)))z)
(M 3B(XB A= el(set3))(AzV NHX" [z, (H, I)))

Then we prove 33(X 5 A a = el(setf3)) — set(elX)a. Assume IF(XF A a = el(set3)). We
want to prove set(elX)a, i.e. b2p(p2b(VPU=*((VzV(Xxz — P(el(set )))) — Pa))). We
will prove the internal proposition YPY=*((Va¥(Xx — P(el(set x)))) — Pa) and use the
assumption H. Take P : U — * and assume V2V (Xx — P(el(set )))). We want to prove Pa.
Take /3 such that (X3 A a = el(set/3’)) and apply our assumption to 3. We know that X3,

thus by the assumption P(el(set ). But el(set ') = a. Hence conclusion. The proof term
we get with this reasoning is:

Az?2 (m (H(YPY=* (V¥ (X2 — P(el(set x)))) — Pa))))
(APU—* Ve (Xe—P(el(set 2))) 1o (b, H2] = 2 in mo(H2)(Hbm (H2)).

We can now implement the inconsistent context. Take
B=Ind(X : «){ITA: %.((A— A) — X)}.

Define p2b: x — B as
p2b = AD : *.Constr(0, B)D(Az : D.x)

and b2p : B — * as
b2p = Az : B.mi(x)

where m; is defined using the strong elimination:
m1 = Az : BElIm(B, Az : B.x,x){\a: *\p:a — a.a}.
Then for every D : * we have
b2p(p2bD) = m1(Constr(0, B)D(Ax : D.x)) = (Aa: *Ap: a — a.a)D(Ax : D.x) —g, D.

We have constructed the contradictory context.






Chapter 3

Less Naive Type Theory with
inductive types

3.1. Notation

We introduce the notation which will be used in the rest of this work. First, Az : T.A(z)
denotes a function with the domain 7" which takes an argument = and returns the value A(z).

We will often deal with sequences, in particular with sequences of terms. We use the
notation (aq,...,a,) to denote a sequence of length n. As usual, we write T to highlight
that T is a sequence of terms and the empty sequence is denoted by €. We write T; to denote
the i-th element of the sequence T. If g = N is a sequence of terms then a term of the
form MN will sometimes be denoted by M - g. Furthermore, we use the symbol | to separate
elements in the sequence, for example (Tp | 77 | T2) is a sequence of terms of length 3. If
Ty is an element and Tis a sequence then we write Ty T to denote the sequence which
has Tp as its first element and the elements of T in the following places. If f is a vector of
functions then f(z) will denote the sequence (fo(z), f1(z),..., fo(x)). If f is a function and
Z = (xg,21,...,Ty) is a sequence then f(Z) will denote f(xg,z1,...,x,).

3.2. The terms

We have four sorts *!, +”, (0! and [OP. The terms of the system are defined by the following
grammar, where x stands for a variable and s stands for a sort.

T:=s|z|(TT)|(\z:T.T)| (Hz: T.T) | Ind(z : T){T} | Constr(n,T)
| Elim(T, T, T, T){T".

We use the same conventions for parentheses as for Pure Type System (compare page @
When compared to PTSs the syntax is extended with the following constructions:

o Ind(z : T){T?},
e Constr(n,T),

e Elim(T,T,T,T){T}.

23
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In Ind(z : T1){T5} the expression T} is a type of the bound variable x and T} is a sequence of
types of the inductive constructors. We use the Coq inspired syntax, elements in a sequence
are separated with |. Let us see some examples. We will refer to them through the rest of this

work.

Example 6.

1

2.

. Ind(X : #"){X | X — X} is a type of natural numbers. We denote it by Nat.
Ind(X : «){X | 7 — X — X7} is a type of lists over the type 7. We denote it by List(7).

Ind(X : +){X | (Nat — X) — X} is a type of trees in which every internal node is of
degree w. We denote it by Tree.

If S denotes the successor function then Ind(X : Nat — #P){XO0 | lIn : Nat(Xn —
X(S(Sn)))} is the predicate “even”. We denote it by Even.

If S denotes the successor function, leaf denotes the empty tree and node denotes the tree
node constructor then

FullTree = Ind(X : Nat — Tree — «P){X 0 leaf |
Ilf : Nat — Treelln : Nat.Ilp: (Ilm : Nat. Xn(fm)).X (S n)(node f)}

is a binary inductive predicate which holds, for a number n and a tree ¢, when every
path from root to leaf in ¢ has the same length n.

A term Constr(n,I) is a constructor of an inductive object. Here I is an inductive type

and

n is a natural number indicating which inductive constructor is meant.

Example 7.

1.

Constr(0, Nat) denotes the natural number 0;

(
Constr(1, Nat)Constr(0, Nat) denotes the natural number 1,
Constr(0, List(Nat)) denotes the empty list of natural numbers;
(

. Constr(1, List(Nat)) Constr(0, Nat) Constr(0, List(Nat)) denotes a list of natural num-
bers of length 1.

A term Elim (I, Q, @, ¢){t} is an eliminator of an inductive type or predicate I. If I is an induc-

tive

predicate then c¢ is a term being eliminated, @ is a sequence of parameters, Qu is a type

of the result, and 7 is a vector of definitions corresponding to the inductive constructors of I

(i.e.

cases possible for ¢). If I is an inductive type then c¢ is a term being eliminated, @ is such

that Qc is a type of the result, the vector of parameters @ is always empty, and ¢ is a vector
of definitions corresponding to the inductive constructors of I.

Notation 8. For an inductive type I we will use the notation Elim(I, Q, ¢){t}.

Example 9.

1

. Elim(Nat, Ax:Nat.Nat,n){0 | Am : Nat.\p : Nat.m} is the predecessor of n.
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2. If U is the union operator and L is the constant “false” then the following term defines
the union of the sets in the list [

Elim(List(t — *P), Az : List(T — «P).(1 — *P),1)
{Az: 7. L | A1 — PNt List(t — «P)Ap: 7 — «P.h U p}.

Recall that we use the Coq inspired syntax and we separate the elimination branches with |.

Example 10. Consider the inductive predicate Fven. Suppose n is of type Nat and we
want to prove that Even(n) — Even(S(S(S(S(n))))). Of course, we can use the constructor
Constr(1, Even). For the sake of example we will show a proof with the use of the eliminator.
Assume p is of type Fven(n). We will use abbreviations

E,; = Constr(1, Even) (S(S(0)) (Constr(1, Even) 0 Constr(0, Even))

2 proof of Even(2)

and
St(k) = S(S(S(S(k)))), for k of type Nat.

We thus get the following proof term:

A\p : Bven(n).Elim(Even, Am : Nat.Even(S*(m)),n,p){E, |
Am : NatAr : Even(m)Aq : Even(S*(m)).Constr(1, Even)(S*(m))q}.

3.3. Additional definitions

For a term M we define the set of free variables of M (notation F'V(M)) by induction with
respect to the structure of M:

o FV(x) ={z},

e FV(Ilz : A.B) = FV(A) U (FV(B) — {z}),

e FV(\z: A.B) = FV(A)U (FV(B) — {z}),

e FV(AB)=FV(A)UFV(B),

o FV(Ind(X : A){C}) = FV(A) U (FV(C) — {X}),

e FV(Constr(n,I)) = FV(I),

e FV(Elm(I,Q,a, M){f}) = FV(I)UFV(Q)UFV (&) UFV(M)UFV(f).
The set FV (#) of free variables of a sequence # of terms is defined as follows

o F'V(e) =10,

o FV(ty::t) = FV(ty) UFV(t).
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If M, N are terms and z is a variable then we define the term Mz := N] (sometimes
written M[N/x]) in the usual way. If M is a term, & = xg,...,z, is a sequence of variables
and N = Ng,..., N, is a sequence of terms then we define

—

M[Z := N] = M|zg := Nol[z1 := Ni| ... [z := Nyp].

Let X be a variable. A term ¢ is strictly positive in X if t = 17 : £.X t , there are no free
occurrences of X in ¢ or ¢ and X does not occur among the variables of Z.
We say that a term C'(X) is a type of constructor in X if

e C(X)=Xt, or

o O(X) =1z : t.D(X), where D(X) is a type of constructor in X, the variable X does
not have free occurrences in ¢t and X # x, or

e ((X)=P — D(X), where D(X) is a type of constructor in X, and P is strictly positive
in X.

Note that a type of constructor does not have to be a type. We say that a type of construc-
tor C'(X) is simple if

e O(X)=X,or
o O(X)=1Ilz:t.D(X) and D(X) is a simple type of constructor in X,
e C(X)=P — D(X) and D(X) is a simple type of constructor in X.

If C(X) is a simple type of constructor then we define the type A{C(X), @, ¢} by induction
with respect to the structure of C(X):

o NX,Q,c} =Qc,
o NIz :t.D(X),Q,c} =z : t. A{D(X),Q, (cx)},
o N{(IIZ:t.X) — D(X),Q,c} =Ip: (IIZ : £.X). (I1z fQ(p:Z")) — AN{D(X),Q, (cp)}.

The type A{C(X), @, c} is used in rule (Elim,:) (see page . It helps to define a type of
an elimination branch in a term Elim(Z, Q, m){f}, where I = Ind(X : «/){C(X)}. Every elim-
ination branch f; corresponds to a certain type of constructor C;(X). This type of constructor
is a basis for the type of f;. The variable c is auxiliary, it represents a partially constructed
inductive object. We use the notation: A{C(t),Q,c} for A{C(X),Q,c}X :=t]. We could
as well define the term A{C(X), Q, ¢} for every type of constructor C'(X). However, we will
only use this notion for simple types of constructor.

Example 11. Consider the type of natural numbers Nat. Recall the predecessor function we
have seen in Example [0}

Elim(Nat, A\x : Nat.Nat,n){0 | Am : Nat.\p : Nat.m}.

Here Q = Ax : Nat.Nat. The type of the first constructor is Nat and the type of the first
branch is
Nat = A{X,Q,0}[X := Nat,Q := Az : Nat.Nat].
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The type of the second constructor is Nat — Nat and the type of the second branch is
Nat — Nat — Nat = AN X — X,Q, S}HX := Nat,Q := (Ax : Nat.Nat)].

The first argument is the recursive argument and the second argument is the result of the
recursive call of the function on the first argument.

Example 12. If we consider the type of lists List(t — #P) and the example of the union
function from Example [9 then the type of the first branch is 7 — %P and the type of the
second branch is

(1 = +P) — List(t — «P) — (1 —= ")  — (1 — «P).
—_— ~—
head tail recursive call

The branch takes the head and tail of the list, and the result of the recursive call of the
function and it returns the result of the function.

Let C(X) be a type of constructor and @ a term. We define a type of the nondependent
elimination branch for the inductive constructor of type C(X), denoted A{C(X),Q}, by
induction with respect to the structure of C'(X):

o NMXH,Q} = QF,
o A{Ilz: t.D(X),Q} =z : t. A{D(X),Q},
. A{(Hf : axﬁ) . D(X),Q) = (I1F : £.X7) — (U7 : Qi) — A{D(X), Q).
We use the notation A{C(t),Q} for A{C(X),Q}X :=1].
Example 13. Recall the proof of Even(n) — Even(S*(n)) we have seen in Example
A\p : Even(n).Elim(Even, Am : Nat.Even(S*(m)),n,p){E, |
Am : NatAr : Even(m)Aq : Even(S*(m)).Constr(1, Even)(S*(m))q}.

Observe that the term p is of type Fven(n) and Q = Am : Nat.Even(S*(m)). The vector of
parameters has only one element: the term n.

e The first constructor Constr(0, Even) has type Even(0) and the corresponding first
branch has the type
A{X0,Q} = A{XO0, (Mn : Nat.Even(S*(m))} = (Am : Nat.Even(S*(m))0
= Fven(S*(0)) = Q0.
e The second branch corresponds to the constructor Constr(1, Even) which has the type
IIm : Nat(Even(m) — Even(S(S(m))). The type of the branch is
A{IIm : Nat(X (m) — X(S(S(m)))), Q}[X := Even,Q := Am : Nat.Even(S*(m))]
= IIm : Nat (Even(m) — Even(S*(m)) — Even(S%(m))).
It takes three arguments: the first (non-recursive) argument of the constructor, the

second (recursive) argument of type Fven(m) and the result of the recursive call which
has the type Even(S*(m)) = Qm. It returns a term of type Even(S%(m)) = Q(S%(m)).
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3.4. The reduction rules

Let C(X) be a type of constructor in X, let f 1, Q, ¢ be terms and N, f sequences of terms.
Suppose C(X ) I1Z : T.X¢ and the vectors T and N have the same length. We define a term
AC(X), f, N,I,Q, f] The intended use is to define a reduction rule as follows

Elim(I, Q, @, Constr(n, I'\N){f} —, A[Cn(I), fa, N, 1,Q, fl.

An expression Elim(/, Q, @ Constr(n I''N ){f} reduces to the application of the term fn to the
sequence consisting of arguments N and appropriate calls to the operator Elim(7, @, t. N; A f }
for the recursive arguments N;. The definition is by induction with respect to the structure

of C(X).
o AXYE fe1,Q.f1=f,
o Alllz: t.D(X), f,(No =: N),I,Q, f] = AD(X), fNo, N, I,Q, f],
o A[(IIZ: £ X#) — D(X), f,(No :: N),1,Q, f] = ) ) o )
A[D(X), fNo(AZ : t.Elim(I, Q,t', NoZ){f}), N, I,Q, f].
The reduction relation is the context closure of the following base cases:

[ ] ()\l‘ : T.tl)tg —g t1[l‘ = tQ].

[ ] Ehm([ Q, Constr(n I/) ){f} L A[Cn(l)afnaﬁalaQaﬂ

In the last rule, I and I’ may be different. However, the typing rules ensure that for well
typed terms it holds that I =g, I'.

We use common notational conventions. The one-step reduction will be denoted by —g,.
The transitive closure of the relation will be denoted by —>EL and the transitive-reflexive closure
will be denoted by —>EL

Example 14. We compute the predecessor of S(0):

Elim(Nat, \x : Nat.Nat,S(0)){0 | Am : Nat.\p : Nat.m}
—, (Am : Nat.A\p : Nat.m) 0 Elim(Nat, \x : Nat.Nat,0){0 | Am : Nat.\p : Nat.m}
—, (Am : Nat.A\p : Nat.m) 00
—, (Ap: Nat.0) 0
—g 0.

Example 15. Using the notation from Example [10| we compute the proof of Even(5%(0)):

Elim(Even, Am : Nat.Even(S*(m)),0, Constr(0, Even)){Ey |
Am : Natr : Even(m)\q : Even(S*(m)).Constr(1, Even)(S*(m))q} —, Ej.

Observe that A[C(X), f.N,I1,Q, f] is always of the form f& where € is a vector. For
convenience, we use the notation €{C(X),N,I,Q, f] for this vector. The eclements of the
sequence are either elements of the sequence N (we use the notation (¢[C(X), N, I,Q, f])m to
denote N,,) or recursive calls for those elements (we use the notation (€[C(X), N, I,Q, f))E to
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denote the recursive call associated with N,,). The variable X does not occur in the sequence
elC(X),N,1,Q, f], the type C(X) is used only as induction parameter.
For C'(X) a type of constructor in X, a sequence of terms N, and terms I, @), f we define

el0(X),N,1,Q, f] = €[C(X), N, 1,Q. f,0]
where e[C(X), N,I,Q,f, k] is defined by induction with respect to the structure of C'(X):
. é’[Xt_;,e,I,Q,f:k] =€

o ¢lllz : 7.D(X), Ny :: N,I,Q,f,k] = Np = é’[D(X),]\_f,I,Q,f,k—i- 1if X ¢ FV(1). In
this case,
(elllx : 7.D(X), No :: N, I,Q, f])x = No.

e &Iz : 7.D(X), Ny :: N, 1,Q, f, k] = Ny :: (\7: @.Elim(I, Q, ¢, Noi){f}) ::
eID(X),N,1,Q, f,k+1]if T =1Iy: ¢.Xt'. In this case,

(elllz : 7.D(X), No = N, I,Q, f))x = No,
(elllz : 7.D(X), Ny : N, 1,Q, f)i = A\g: @.Elim(I, Q, ¢, Noi)) {f}-

3.5. The typing rules

A context is a sequence of pairs of the form x : T where x is a variable and T  is a term. Contexts
will be denoted using Greek letters I'; A, 3 with appropriate subscripts and superscripts, where
necessary. Moreover, I';,I's denotes the concatenation of two contexts. In the following we
consider contexts where every variable occurs at most once. Then I'(z) denotes the term
associated with the variable z in I, that is if I' = I'y,x : A,T'9 then I'(z) = A. The set of
variables in the context is called the domain of the context (notation dom(I')). We define
a relation C for contexts: we write I' C I if " is a subsequence of I'V. Note that a subsequence
is not necessarily a prefix.
In addition to PTS rules we have new rules for inductive types.

T, X sl b Cy(X) s+

(Ind*t) = *
T Ind(X : ) {C(X)} : #

If A=1L%: T.%" and s € {O0P, %'} then we have the rule

I'FA:s X AR Ci(X) : P

(Ind.») —
FFInd(X : A{C(X)}: A

In the rules (Ind,:) and (Ind.») we additionally assume that every C;(X) is a type of
constructor in X.
In the rule (Intro,:) the term I denotes Ind(X : +*){C(X)}.

IS
'+ Constr(n, I) : C,(I)

(Introy)

In the rule (Intro.) the term I denotes Ind(X : A){C(X)} where A = 17 : 7.5P.
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rEI1:A
I' F Constr(n, I) : Cp(I)

(Intro.w)

In the rule (Elim,:) the term I denotes Ind(X : #/){C/(X)}.

PHt:1 r-cQ:I1—s Ik fn: ACL(I),Q,Constr(n, )}

(Elim*t) —y
I'FElm(I,Q,t){f}: Qt

We give the typing rule for elimination. In this rule the term I denotes Ind(X : A){C(X)}
and A =112 : T .+,

THTd:«" Trt:Id TFQ:A Tr fo:AMCu(D),Q)
I+ Elim(I, Q, @, t){f} : Qi

We have introduced the new reduction rule. Thus the Conversion rule has to be changed
accordingly:

PFA:B TFB:s B=sB
THFA: B

(Conv)

All rules of the system, including the PTS rules, are shown in Figure [3.5| on page
We say that a sequent IV = A’ : B’ is structurally smaller than sequent I' = A : B if it
occurs in a derivation tree of I' - A : B.

3.6. The classification of terms
Let I" be a context and M be a term. We say that
e M is typable in the context I' if there exists T such that ' M : T.

e M is a kind in the context T if T + M : OO0t

M is a type in the context T if T = M : '

M is a formula in the context I' if ' = M : «P.

M is a type constructor in the context I' if there exists a term T such that ' - M : T
and '+ T : O

e M is an object in the context I' if there exists a term T such that I' F M : T and
T«

M is a proof in the context I if there exists a term 1" such that ' M : T and I' =T : %P,
o M is a powerset if M =g, 11T : T.4P.

M is a subset in the context I if there exists a powerset T such that ' = M : T
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(Ax) F s1: 89 s1:89€ A

I'HA:s
(Var) Mz:AFx: A v & dom(T)

'-A:B I'-C:s
(Weak) I 2. CFA B x & dom(T)

(A )FI—M:(H:L‘:A.B) '-N:A
pp TFMN : Blz = N]

(Ab)F7$:A'_M:B '+-lzx:AB):s
° TF (\z: AM): (Ilz : A.B)

' A:s; I'z: AF B : s
Prod ’ R
(Prod) [+ (Iz: AB) : 3 (s1,82,53) €

(Ind,) — X% Ftc"(f() ! t
' Ind(X :«"){C(X)}: *

HA:s X :AFCi(X) : %P
(Ind*p) =
'k Ind(X : A){G(X)}: A

(Introg:) Ll
*7 T+ Constr(n, I) : Cp(I)

(Intro.) L-r:A4
I' - Constr(n, I) : Cp(1)

(Blim,) r-t:1 r-Q:1—s L'+ fn :_’A{CH(I), Q, Constr(n, I)}
'+ Elim(7,Q,t){f}: Qt

CHIG:«" Trt:Id TFQ: (IUE:THP Tk £, ACL(T),
(Elim.) i : * i Q: (IIZ : T'.P) fn s DCR (1), Q}

'+ Elim(I,Q, @, t){f} : Qi

I'-A:B '-B:s
THFA: B

B=4 B
(Conv) b

Figure 3.1: Rules of the system
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Ot P
kinds B x! *P
type constructors & T types ® formulas
];.4 objects D proofs
Figure 3.2: Structure of the system

We say that M is a kind, a type, a type constructor, etc. if the context I' is known. We use
the notation Kind", Typel, Formula®, TConstr, Obj', Proof", Powerset", Subset’ to
denote respectively kinds, types, formulas, etc. in I'. We denote the set of all terms typable
in I by Term!.

Figure shows the structure of the system and illustrates the basic terminology intro-
duced above.

As we see, there are two hierarchies in the system, the type hierarchy (kinds, types, type
constructors and objects) and the logical hierarchy (formulas and proofs). However, those
standard notions are not precise enough to describe the system, we need a more fine-grained
terminology. First we want to distinguish inductive types and predicates:

e M is an inductive type in the context I if M = Ind(X : «){C}.

e M is an inductive predicate in the context I if M is is of the form M = Ind(X : A){C}’
and A = I1Z : 7.+P.

Then we divide the terms in the type hierarchy (i.e. those below ! in Figure into large
and small. We introduce large inductive types by induction as follows:

e M is a large inductive type in the context " if it has a constructor with type C(X) =
I1Z : 7.X such that there is an element 7; in the sequence T which is a powerset or a type
of the form 7; = IIZ : &.1 where [ is a large inductive type.

We say that

o M is a type with large inductive target in the context I if there exists a large inductive
type I such that M =g, IIZ : 7.1. In particular, a large inductive type is a type with
a large inductive target.

e M is a large inductive object in the context I' if there exists a large inductive type T
such that ' M : T

e M is a generator of a large inductive object in the context I' if there exists a large
inductive type I such that '+ M : (IIZ : 7.1).

e M is a large type in I' if M is a powerset or a type with large inductive target in I'.
A type M which is not large is a small type.
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e M is a large object in I' if M is a subset or a generator of large inductive object. An
object M which is not large is a small objects. The set of all small objects is denoted by
SmallObjt.

e M is a large term in I' if M is a sort, a kind, a type, a formula, a type constructor,
a subset or a large object in I'. A variable x € dom(TI") is large if it is a large term in T

Figure illustrates the above notions. Types are divided into large and small. Large types
are powersets or types with large inductive targets. As a consequence, objects are also divided
into large and small objects. We also have large terms: those are all terms but small objects
and proofs.

large terms ot op T — *P — powerset

large types B - b *P I — large inductive type
— .

small types i — small inductive type
large objects “\@
small objects \@ D

Figure 3.3: Large and small terms

Classification into large and small terms is based on the target of the type: for types, the
target of the type itself, for objects, the target of its type. We also need a classification based
on the argument that a term accepts. Thus we have the following definitions

e M is an acceptor of large argument of type T in I' if M is a type constructor or a subset,
' M: (Ilz: 7.B) and 7 is a large type.

e M is an acceptor of small argument of type T in I' if M is a type constructor or a subset,
' M: (Ilz: 7.B) and 7 is a small type.

3.7. Basic properties of the system
In this section we prove basic properties of the system.
Lemma 16 (Substitution Lemma). IfT'y,2 : A,To - B:C and 1 F D : A then
I'y,Iqlx := D|F Bz := D] : Clz := DJ.
Proof. Induction with respect to the structure of the derivation I'y,z : A, s - B : C. 0
Lemma 17 (Generation Lemma). Let '+ M : T.

o If M =x thenx € dom(T'), T =5, I'(x) and I' = T : s where s is a sort.
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o If M =« then T =g, (I
o [f M =P then T =g, [IP.
o [f M =TIz : T1. T, then there exists (s1,82,83) € R such that

'ETy:s, Dix:TiETy:sy, T =g, s3.

o If M = Az : T\.My then there exists (s1,S2,83) € R and term Ty such that
I'tETy:s1, Thx:ThFEMy:Ty, Dyzx:TiFTy:80, T'FT:ss,
and T =g, Iz : T} .T5.
o If M = My My then there exist Ty, To such that
FEM : (e T 13), TFEMy:Ti, T =g, Tolx:= Ms];
o IfM = IndEX : A){C"} then A =g, T, every C; is a type of constructor in X, and either
there exist t such that
A=g, «t, TFA:O and for every i we have T, X : AF Cj : %
or there exist t and s € {**,[0P} such that

A=p, Iz : 6.+, TF A:s, and for every i we have I', X : AF C; : P,

o If M = Constr(n,I) then I =g, Ind(X : A){C} and C,(I) =35, T.
o If M = Elim(I,Q,{[,m){f} then either there exist C, s such that

[=p Ind(X :){C}, d=¢ THQ:I—s, Trm:I, T=gQm
and for all i we have I' = f; : A{Ci(I), Q, Constr(i, I)},

or there exist C_", s1, A, A1 such that

I=p d(X:A){C}, TFQ:A, A= A, Trkm:Id, T =g Qi,
and for all i we have T'F f; : A C;(I),Q}.

Proof. Induction with respect to the structure of the derivation of ' = M : T O

Lemma 18 (Uniqueness of types). If I' =M : Ty and I' = M : Ty then Ty =g, T5.
Proof. Induction with respect to the structure of the term M, using Lemma O

We will now prove the Church-Rosser property for the system. We could almost use the
theorem stating that for higher order term rewriting systems which are left-linear and non-
overlapping have the Church-Rosser property [51]. However, the right hand side of the iota
reduction rule is not a pattern in the sense of Definition 11.2.18 in [51]. It has to be computed
by a simple recursive algorithm. We cannot use the theorem so we have to prove the property
on our own. We use a Takahashi variant of Tait’s parallel reduction method [50]. Our proof
is inspired by [27].

First we introduce the notion of parallel computation. The relation = is defined as follows:
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e For every term M we have M = M’.
o If M = M and N = N’, then (Az : AM)N = M'[x := N'].
e IfI=I'Q=Q,i=vw,N=N and f = f then

Elim(I, Q, @, Constr(n, JYN){f} = A[Cu(I"), f2, N, I'.Q', f].

o If M = M and N = N’ then MN = M'N’.
o If M = M and N == N’ then Ilz : M.N = Iz : M'.N'.
o f M = M and N = N’ then \x : M.N = \xz: M'.N'.
e If I = I' then Constr(n,I) = Constr(n,I');
o If A= A" and C = (" then Ind(X : A){C} = Ind(X : A){C"}.
e IfI =1 Q=Q,@a=u, M= M and f = f then
—_— . = - A
Elim(I,Q,0){M}f = Elim(I’,Q’, u’){M’}f’
The transitive closure of the relation = is the same as the transitive closure of the rela-
tion —g,. This is a consequence of the following lemma.
Lemma 19. 1. If M —g, N then M = N.
2. If M = N thenMH;L N.

Proof. 1. We only show the proof in the case when M is a beta redex and N is a beta
reduct. Suppose M = (Ax : A.B)C and N = Bz := C|. Then we have B = B and
C = C because the relation =2 is reflexive. Thus (Az : A.B)C' == B[z := C]. The proof
in the remaining cases is similar: we often use the fact that the relation = is reflexive.

2. The proof is by induction with respect to the definition of the relation =. O

For every term M we define a term M™*. The idea is that the term M™* is a term where all
redexes present in M have been contracted. We can define such term because the redexes
in M are not overlapping. The definition of M* follows.

o ¥ =ux;

Ax: A.B)* = Az : A*.B*;

Iz : A.B)* =1lx : A*.B*;

AB)* = A*B*,if A# Az : M.N;,

(
(
e (AB)* = N*[xz:= B*],if A= Xz : M.N;
(
(Constr(n, I))* = Constr(n, [*);

(

Ind(X : A){C}H* = Ind(X : A*){C*}:
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o (Elim(I,Q, @, M){f})* = A[Ch(I*), f,N*, I*,Q*, f*] if M = Constr(n, I')N;
e (Elim(I,Q, @, M){f})* = (Eim(I*, Q*, u*, M*){f*}) if M # Constr(n,I’)N.
Lemma 20. If M = M' and N = N’ then M|z := N| = M'[x := N'|;
Proof. Induction with respect to the structure of the term M. O

Lemma 21. If C(X) is a type of constructor in X and I = I*, Q = Q*, M = M*, @ = u*,
A= A* and f = f* then

A[C(X), M, A,1,Q, f] = A[(C(X))*, M*, A, I*,Q", f*].
Proof. We proceed by induction with respect to the structure of C,(1).
e C(X) = Xt. Then (C(X))* = Xt*. Then
A[C(X), M, A,1,Q, f] = M = M* = A[(C(X))", M*, A, ", Q", f*].

e C(X) = Ilz : T.D(X) where X ¢ FV(T). Then (C(X))* = Ilz : T*.(D(X))" and
X ¢ FV(T*). Note that then A = Ap :: A’ and

A[C(X),vaf,va,f_] = A[D(X)aMAOaA’,avaaﬂ'

By assumption we have M = M* and Ay = A{ and thus M Ay = M*A}. By the
induction hypothesis we have

A[D(X), MAg, A, 1,Q, fl = A[(D(X))*, M*Aj, A I*, Q*, f*].

But
A[(D(X))*, M* A, A, I*,Q*, f*] = A[(C(X))*, M*, A%, T*,Q", f*].

e O(X) = Iz : T.D(X) where T = IIj : #.Xt. Then C(X)* = Iz : T*.D(X)* and
T* =g : 7*.Xt*. Then A = Ay :: A’ and

A[C(X), M, A,1,Q, f] = A[D(X), MAy(\g : 7.Elim(I, Q,T, AoD{ f}), A", 1,Q, fl.
By assumption we have M = M* and Ag = Aj and T = 7%, Thus
(N7 : 7.Elim(I, Q, &, AoiD{f}) = (A\y : 7% Elim(I*, Q*, *, Azi) {f*}.
and
MAo(Ag : 7Elim(I,Q, &, Ac){f}) == M* A\ : 7+ Elim(I*, Q*, &%, A5iD{ f*}.
By the induction hypothesis we have
A[D(X), MAo(\g : 7.Elim(I, Q, £, Ae){f}), A", 1, Q, f]
= A[D(X)*, M* Aj(\g : 7.EUm(I*, Q*, &, Az {f*}), A, I*, Q*, f*]
But
AD(X)*, M*AY(N : 7EUm(I*, Q*, %, A5 { f*}), A, I*, Q" *]
= A[C(X)*, M*, A, I*,Q*, f*]. O
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Lemma 22. For every term M we have M — M*.

Proof. Induction with respect to the structure of M. O
We now prove the main lemma of this section.

Lemma 23. If M = N then N = M*.

Proof. We proceed by induction with respect to the definition of the relation =.
o If M = M then M = M* by Lemma [22]

e Suppose M = (Az : A.B)C and N = B'[x := C'] where B = B’ and C = C'. By
the induction hypothesis we have B® = B* and C = C*. By Lemma we have
N = B[z :=C'] = B*[z .= C*] = M*.

—,

e Suppose M = Elim(I, Q, @, Constr(n, J)A){f} and N = A[C,(I'), f., A, T, Q', f'] where
I=I Q=Q, i=u, A=A and f=Ff.

By the induction hypothesis we have

— —

I'=r, Q=@ o=u, A=A and fl=f~
By Lemma [21] we have
N = A[Co(I), £, AL T, Q' f1] = AC.(IY), fr, A, T, Q%, f*] =

e Suppose M = AB and N = A'B’ and A = A’ and B = B’. By the induction
hypothesis A’ = A* and B' = B*. Then N = A'B’ = A*B*. If A # (\x : D.E)
then M* = A*B* and we are done. If A = (Az : D.E) then A* = (Ax : D*.E*) and
M* = E*[z := B*]. We have A’ =% (Az : D*.E*) and B’ = B* and thus by Lemma [20]
we have N = E*[z := B*] = M*.

e Suppose M = Elim(I, Q, @, A){f} and N = Elim(I’, /', ', A"){f'} where
I=I, Q=Q, i=u, A=A and f=f.
By the induction hypothesis we have
I'=I Q=0 u=u, A=A and [ = f

By Lemma [21 . we have N = Elim(I*, Q" u* JAD{f*}. If A # Constr(n,J)B then
M* = Elim(I*, Q" a" A*){f } and we are done. If A = Constr(n,J)B then M* =
A[Cn(I?), f7, B, I*,Q*, f*]. The conclusion follows from Lemma [21]

e Suppose M =1Ilx : ABand N =1Ilx : A.B’and A = A’ and B = B’. By the induction
hypothesis we have A’ = A* and B’ = B*. Then N =1lz: A'.B' = Ilx : A*.B* = M.

e The remaining cases are similar.
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Lemma 24. If M —g, N1 and M —p, N then there exists a term P such that Ny —>2§L P
and No —%L P.

Proof. Assume that M —g, N; and M —g, No. By Lemma @ we have M = N and
M = N>. By Lemma Ny = M* and Ny = M*. Using again Lemmawe get Ny —75, M~
and Ny —>EL M*. O

Theorem 25 (Church-Rosser Property). If M =g, N then there exists a term P such that
M —>EL P and N —%L P.

Proof. Induction with respect to the definition of =g,. O
Lemma 26. If (Ilz : A.B) =g, Iz : A".B’) then A =5, A’ and B =3, B’.
Proof. By Theorem [25| there exists a term P such that

(Iz: A.B) —p, P and (Ilz : A'.B") -3, P.

Neither the beta reduction nor the iota reduction may destroy the product. Thus we have
P =1z :A"B" and A —p, A”, and A’ —3, A”, B —3, B”, and B’ —3, B”. Then indeed
A=p, A" and B =, B'. O]

Theorem 27 (Subject Reduction). IfI'+ M : T and M —g, N then ' N : T.

Proof. Induction with respect to the structure of the derivation of I' - M : T, using Theo-
rem [25] and Lemma 26
O



Chapter 4

A translation for non-proofs

In this chapter we prove that the non-proof terms are strongly normalizing. This result will
be needed in the next section for the full proof of strong normalization. We prove it using
a translation to the Calculus of Inductive Constructions.

4.1. Calculus of Inductive Constructions

By Calculus of Inductive Construction (CIC) [55] we mean here an extension of the Calculus
of Constructions (CC) [16] with inductive types. The Calculus of Constructions is the most
powerful system in Barendregt cube. Recall that CC is a Pure Type System where

S = {x,0},
A= {x:0},
R = {(x,*,%), (x,0,0), (O, *,x),(0,00)}.

We extend the syntax with the following constructions.
T :=Ind(x : T){T} | Constr(n, T) | Elim(T, T, T, T){T’}.

The meaning of constructions is similar as in LNTT with inductive types. A term Ind(z : A){C}
is an inductive type, the expression A is a type of the bound variable z and Cisa sequence
of types of the inductive constructors. A term Constr(n, ) is a constructor of an inductive
object, I is an inductive type and n is a natural number indicating which inductive constructor
is meant. Finally, Elim(7, Q, 4, m){ £ } is an eliminator of an inductive type I. The expres-
sion [ is an inductive type, m is the term being eliminated, 4 is the vector of inductive type
parameters, () is such that Qum is the type of the result, and f is the vector of definitions
corresponding to the inductive constructors of I (i.e. cases possible for m).

We also add typing rules. For technical reasons, we extend CC with a sort A, an axiom
rule

(Az2) FO: A,

product rules

'FA:x Ix:AFB: A (Pron)P}_A:D x:AFB: A
'+ (Ilx:AB): A '-{z:AB): A

(Prodl)

39
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and the corresponding (Abs) rules. However, do not add (Var) or (Weak) rules for terms of
the sort A. Thus there are no kind variables (i.e. such that I' - 2 : OJ) in CIC.
If A=1IIZ: T.x and every C;(X) is a type of constructor in X then we have the rule

r-A:0 DX :AFCi(X)

(Ind) -
M'FInd(X : A{C(X)}: A

In the rule (Intro) the term I denotes Ind(X : A){C/(X)}.

I'e1:T
I' - Constr(n, I) : Cp(I)

(Intro)

In the rule (Elim) we will use the notation I' - @ : (& : T). Here @, T and # are respectively
two sequences of terms and one sequence of variables of the same length. The typing rules for
judgements of this form are as follows:

(Ni) T Fe:(e:e)

Pra:(z:T) T,2:T[7:=dlFu:T[T:=1

(Cons) : -
Frusd:(xad:T:T)

We give the typing rules for elimination. In this rule the term I denotes Ind(X : A){C(X)},
A =TIZ : T.x and the operator A{C(X), Q, c} is defined as on page .

CHa:(2:T) Trt:Ia TFQ:IZ:T.IT— x
I'F fn: ACL(I),Q, Constr(n, I)}

(Elim-W) -
I Elim(,Q, @, t){f} : Qit

As already mentioned, in CIC we have strong elimination rule. The type of constructor
C(X) = II¥ : 7.X2 is small in T if every 7; is a type, i.e. I' F 7 : . An inductive type
I =Ind(X : A){C(X)} is small if every type of constructor C;(X) is small. Strong elimination
is only allowed for small inductive types. If the type I is small then we have strong elimination
rule.

THa:(2:T) -t Iu I-Q:1&:T.I% — 0O
I'F fn: &CL(I),Q, Constr(n, )}

(Elim-S) -
T - Elim(, Q, @, ){f} : Qit

4.2. The definition of the translation

For a context ' and a term M typable in I' which is not a proof we define a term T (M)
typable in the Calculus of Inductive Constructions. In the translation we use the following
variables

e Bool : %,

e Impl : Bool — Bool — Bool,
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Forall : IIz : *.(x — Bool) — Bool,
Forall2 : (Bool — Bool) — Bool.

IND : Iz : *.((z — Bool) — x),

Moreover, for every natural number n we consider a variable

IND,, : Bool — ... — Bool — Bool.

n times

Note that the types of the variables are correct types in the Calculus of Inductive Constructions
in the context Bool : x. The impredicativity of the sort * is essential to type the variables Forall
and IND.

We define the translation 71 (M) by induction with respect to the structure of M as follows:

Tr(OP) = x,

Tr(*P) = Bool,

Tr(OY) = O,

Tr (1) = *,

Tr(z : @.4p) = Impl Tr(p) Tr2:0(1), if @, ¢ are formulas,

Tr(Hz : 7.p) = Forall Tr(7) (Az : Tr (7). 1T 221 (), if 7 is a type and ¢ is a formula,

Tr(Ilz : A.B) =z : Tr(A). Tt 5.4(B) in all other cases,
Tr(Az : AB) = Az : T (A).Tr 2.4(B),

Ir(AB) = Tr(A)Tr(B),

Tr(z) = x,

Tr(Ind(X : A){C}) = IND Tr(A) (AX : Tr(A).IND,, - Tt x.4(C)), if C has length n and
A = TIZ : 7.#P; (recall the notation introduced on page : if g = Nis a sequence of
terms then a term of the form M N can be denoted by M - g),

Tr(Constr(n, I)) = Constr(n, Tr (1)),

Tr(Elim(I, Q, M){f}) = Elim(Tr (1), Tr(Q), €, Tr (M)){Tr ()}

For a context I' we define 7"(I'):

T™(e) = {Bool : *,Impl : Bool — Bool — Bool,
Forall : IIz : *.(x — Bool) — Bool,
Forall2 : (Bool — Bool) — Bool,
IND : ITz @ %.((x — Bool) — z),
—
INDg : Bool,IND; : Bool — Bool, ...,IND,, : Bool — Bool, }
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o T"(T,z: A)=T™(T),z : T{*(A), if A is not a formula,
o T"(Iyx: A)=Tm"(T), if A is a formula.

We will prove that the translation is correct that is if ' F M : A in LNTT with inductive
types then there exists n such that T"(I') = Tr(M) : Tr(A) in the Calculus of Inductive
Constructions. We will first state some auxiliary lemmas.

Lemma 28. Suppose I' is a context and M, N are non-proofs such that
ze:ntEM:7m, THN:m.

Then
Tr(Mx := N]) = Tt g7y (M) [z := Tp(N)].

Proof. Note that I' - M[z := N] : 71 [z := N] by Lemma[16] The proof is by routine induction
with respect to the structure of M. O

Lemma 29. Suppose I' is a context and M, N are two non-proofs in I'. If M —g, N then
Tr(M) —>EL Tr(N).

Proof. We proceed by induction with respect to the definition of M —g, N.
Suppose M is a beta redex and N is its reduct, namely

M=(\z:AB)C and N =Bz:=C|.
Then
Tr(M) =Tr((Ax : A.B)C) = (A\x : Tr(A).Tr :4(B)) Tr(C)
and by Lemma
Tr(N) = Tr z.a(B) [z :== Ty (C)].
Thus Tr (M) —p, Tr(N).
If M is a iota redex and N is its reduct then M = Elim(I, Q, Constr(n, I')m){f} and

—

N = A[CL(D), fn,m,I,Q, f]. Note that if M is not a proof then I is an inductive type (and
not predicate). Thus the vector of parameters is empty. Then

=

Tr (M) = Elim(Tr (1), Tr(Q), €, Constr(n, Tt (1)) I (m)){1r(f)}
so T (M) is still a redex. Moreover,
Tr(N) = Tr(ACa (D), fo 171, 1,Q, f]).

We will prove that

—

TF(A[C7 f7 77_"L, I7 Q7 f]) - A[TF(C7 TF(f)a TF(m>7 TF(I)7 TF(Q)v TF(f)}
The proof is by induction with respect to the structure of C.
o If C' = I then Tr(C) = Tr(I). We have

—

AlC f,m, 1,Q, f] = f,

and

—

TF(A[C’ f?mala Qvf]) = TF(f) = A[TF(C)aTF(f)vTF(m)vTF(I)’TF(Q)vTF( _3]
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o If C =TIz :t.D then D is not a formula and thus Tp(C) = Iz : Tr(¢).Tr (D) and

[C f7m0 mIQf] [C7fm07m7IaQaf]'
Thus

T(A[C, fomo =1, 1,Q, ] = Tr(A[C, fmo, i, 1,Q, f)
= A[Tr(C), Tr(f)Tr (mo), Tr (), Tr (1), Tr(Q), Tr (f)]-

e If C = (IIZ : t.I) — D then D is not a formula and thus
Tr(C) = (Uz : Tr(D).1Tr (1)) — Tr(D).
Moreover

A[C, fymo =, 1,Q, fl = AID, (fmo(\Z : £EUm(I, Q, mo@){f})),m, I,Q, fl.

and

— —

T(A[C, f,mo =1, 1,Q, f]) = Tr(A[D, (fmo(AZ : £ELm(I, Q, mo@){f})), 1. Q. f])

= A[Tr (D), ( ( )Tr(mo)(AZ : Tp (). Tr (Elim(1, Q, moZ){ f1))), Tt (1), T (Q), Tr (f)]
= A[Tr(C), Te(f), Te(1), Te(Q), Tr(f)].

If M —p, N by context closure then the proof is immediate. As an example we consider the

case when M = (Ilz : A.B) and N = (Ilz : A.B’), where A is a type and B is a formula. By
Lemma [27] the term A’ is a type and B’ is a formula. Then

TF<M) = Forall TF(A) ()\{L‘ . TF(A).TFJ:A<B))

and
Tr(N) = Forall Tr(A") (A\z : Tr(A). Tt 2.a(B)).

By the induction hypothesis T (M) —73, Tr(N).
O

Lemma 30. Suppose I'+ M : A. Suppose all inductive types and predicates occurring in the
derwation of T'= M : A have at most n constructors. Then T™(T') = Tr (M) : Tr(A).

Proof. We proceed by induction with respect to the derivation of I' - M : A. We consider the
last rule used in the derivation.

e (Ax) We have either
Foast o Of or F P OP

In both cases the conclusion is trivial. We get
T%%e) k% : O and T%(¢) - Bool : *
respectively.

e (Var) We have
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I'HA:s
Iz:AFz: A

If s = ' or s = [, or s = [P the conclusion is trivial. If s = *” then x is a proof and
the translation for = is undefined.

(Weak) We have

I'-B:C I'FA:s
Iz:A-B:C

If s is one of *!, (Y, (0” the conclusion follows easily from induction hypothesis. If
s is *P, we have T"(I',z : A) = T™(T") the conclusion is equivalent to the induction
hypothesis 7"(I') - Tt (B) : Tr(C).

(Conv) We have

I'-M:B I'-C:s B =3, C
'=-M:C

The conclusion is a consequence of Lemma

(Prod) We have

I'EA:s; I'z:AF B: s
'k (Ilz: A.B) : s3

We deal here with the rules: (x!, !, x%), (2, *P ), (!, +P *P), (!, 0P, ), (1,00, O0Y),

(0P, «P «P). We consider separate cases:

— The product was created using the rule (+P, P, «P). By the induction hypothesis
we get
T™(T') F Tr(A) : Bool and T"(T") F Tr(B) : Bool.

We know that
T"(Uz : A.B) = Impl Tr(A) Tt 4.4(B).

Since Impl : Bool — Bool — Bool, we get
T"(I') F Impl Tr(A) Tt 2:.4(B) : Bool

as it ought to be.

— The product was created using the rule (x!,%? %P). By the induction hypothesis
we get
T"() FTr(A) : * and T"(I'),x : Tr(A) F Tt 5:4(B) : Bool.

We know that
Tr(Ilz : A.B) = Forall Tr(A) (Ax : Tr(A). Tt 5:.4(B)).

The constant Forall has the type Iz : *.(x — Bool) — Bool so the whole expression
has type Bool.
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— The product was created using the rule (P, P, %P). By induction hypothesis we
have
T"(T) FTr(A) : x and T"(I'), 2 : Tr(A) F Tt 2.4(B) : Bool.

Moreover, we know by the Generation Lemma and Theorem [25| that in that case
A =P and Tr(A) = Bool. We know that

Tr(Ilz : A.B) = Forall2 (Az : Bool. Tt ;. 4(B))

and Forall2 : (Bool — Bool) — Bool. Thus the application indeed is of type Bool
as it ought to be.

— The product was created using one of the rules (%, xt, «%), (xt, 0P, x!), (x*, 00, O0Y).
By induction hypothesis we have

T™(T) - Tr(A) : Tr(s1) and Tr(s1) = Tr(x") = *.

Moreover

T"(D),z : Tr(A) F Tr z:a(B) : T 2:4(s2).

Here, Tt 4:4(s2) = * or Tt z.a(s2) = 0. In any case, Tt z.4(s2) is a sort. We may
apply the rule (x,x,%) or (*,00,0) and get the desired conclusion.

e (App) Routine application of the inductive hypothesis.
e (Abs) Routine application of the inductive hypothesis.
e (Ind,). We have

X+t -G st
I+ Ind(X : «){C}

(Ind*t)

Note that Tt () is * and by the induction hypothesis
T F Tr(xY) : O

and for all ¢
T™I), X : Tr (") b T x4t (C3) : %

Moreover, every Tt x..:(C;) is a type of constructor in X. We may thus apply the
rule (Ind) and get the conclusion.

e (Ind.»). We have

'-A:s IVX:ABEC; #P
I'HInd(X: A){C}: A

(I?’Ld*p)

and s € {{0P, x'}. Here,

Tr(Ind(X : A){C}) = IND Tr(A) (AX : Tp(A).IND,, - Tp(C)).
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The constant IND has type (Ilz : *.(x — Bool) — x). The constant IND,, has type
Bool — ... — Bool — Bool. By the induction hypothesis for the premises of the rule

n times
we have

T”(I‘) F TF(A) Dok and T”(F),X : TF(A) F TF<Cl(X)) : Bool.

It follows that the application IND T (A) (AX : Tr(A).IND, T1(C(X))) is correct and the
type of it indeed is Tr(A).

(Intro,:) We only deal with inductive types. In the other case, the term constructed is
a proof. We have I = Ind(X : +"){C}.

NSRS
I' - Constr (i, I) : C;(1)

(Intro)

By the induction hypothesis we have
T™(T) F Tr(Ind(X : «){C}) : *.

Moreover, Tr(Ind(X : «){C)}) = Ind(X : #){T(C}) so indeed we may apply the rule
(Intro). Now,
Tr(Constr(i, I)) = Constr(z, Tr (1))

and
Tr(Ci(1)) = Tr(C;)(Tr (1))

and we get the conclusion.

(Elim,:) We only deal with the following case
I FEQ:1— % L'k fi: AMCi(I),Q, Constr(i, I)}
I+ Elim(I,Q, t){f} : (Q)
By induction hypothesis we have
T(T) F Tr(t) : Tr (1),
() = Tr(Q) « Tr(I) — =,
TH(I) FTIr(fi) - Tr(A{Ci(1), Q, Constr(i, [)}).

By induction with respect to the structure of C;(I) it is easy to prove that
Tr(AN{Ci(I),Q, Constr(i, I)}) = AT (Ci(1)), Tr(Q), Constr (i, Tr (1))}

From this we get the conclusion. O

Lemma 31. If ' M : A and M is not a proof then M is strongly normalizing.

Proof. If M is not a proof then by Lemma [30] we have Tr(T) + T1 (M) : Tr(A). If there is an
infinite reduction beginning in M:

M—>5L M1 B MQ B .-

then there is an infinite reduction in CIC

Tr(M) —35, Tr(My) —5, Tr(Ma) =4, ...

The latter is not possible as T (M) is strongly normalizing. O]



Chapter 5

Strong normalization

The proof uses a variant of Girard’s candidates of reducibility. There are two main differences
in comparison with Girard’s proof. First, we use saturated sets instead of candidates. Sec-
ond, we use a typed version of saturated sets, a technique first introduced by J. Gallier and
T. Coquand in [13]. In the commonly used untyped version, one deals with sets of terms. In
the typed version, we deal with sets of pairs of the form (I' - M) such that I is a context, M
is a term and for some T the assertion I' = M : T is valid.

s 7
f( \\
g Y
Ot P Va(p(=))
B «l %
. *t *p [F I_ _]£7P7A
K T, 1 . w
S 3 (AF p(-))
:MJJ . J
m D
. J
Figure 5.1: Operators in the proof

There are two basic notions in the proof. One is the set Va (M) of possible interpretations
of a term M. The other is the interpretation of (I' = M). The interpretation operator
' = M]e , A takes five arguments: a context I', a term M which is being interpreted, a set
valuation £ and term substitution p (precise definitions are given later), and a context A. As
usual, we give interpretations for type-like terms, i.e. types, formulas, kinds and sorts and for
terms which may be eliminated so that one obtains type-like terms, namely type constructors,
subsets and (via the elimination operator) large inductive objects. Recall that we refer to
those terms as large terms. The main lemmas state in particular that for all (appropriate) T,
A, M, T, & and p

if TH M :T then [T+ Mle,a € Va(p(M)),

47
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and
if ' M :T then (AFp(M)) € [I'FTle,pn-

The relations between the operators are shown in Figure [5.1]

5.1. Saturated sets

A simple sequent is any pair (A F M) where A is a context, M is a term and there exists
a term o such that A F M : 0. We say that such a pair is a simple sequent of type o. For
simplicity we will sometimes use the name term to denote a simple sequent.

Let TGA be the set of simple sequents of type ¢ in the context A:

T2 ={(A'FM)|ACA AN M :o}.
Let SNUA be the subset of TC,A consisting of strongly normalizing terms:
SN2 ={(A"FM)|ACA'ANA'"FM:0AM e SN}.

We write (A’ + M) € SN if M is strongly normalizing and there exists o such that A’ = M : 0.
The family of base terms is defined by induction:

e every variable x is a base term;
e if M is a base term and N € SN then M N is a base term;
e if M is a base term and I, Q, @, f € SN then Elim(7, Q, 4, M){f} is a base term.

Let A be a context and o be a type or a kind, or a formula in the context A. The family of
base sequents BY C T2 is the family of simple sequents (A’ = M) € T2 where M is a base
term.

We define the key reduction — by induction:

e (\z: A.B)C — Blz :=C];

e Elim(7, @, @, Constr(n, I’)N){f_} —k A[Cn(f),fn,ﬁ,I,Q,ﬂ;

o if M —; M’ then MN —, M'N;

o if M —; M’ then Elim(I, Q, @, M){f} —4 Elim(I, Q, @, M"){f}.

The beta-reduction equivalent of the key reduction is sometimes referred to as weak head
reduction. A reduction which is not key reduction will be called an internal reduction. We
will denote it by —;.
A set of simple sequents U C T2 is saturated (denoted by U € SATZ) if it satisfies the
following conditions:

(SAT1) U C SN&;

(SAT2) B2 C U;

(SAT3) if (A’F M) e U and A" C A” then (A" + M) € U;

(SAT4) if (A'+ M) € U, M —, My and (A’ M) € SN2 then (A'+ M) € U.
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Note that in the condition (SAT4) the reduction —}, can be equivalently replaced by —7.
Lemma 32. The set SN2 is saturated.
Proof. Immediate. O

Lemma 33. If S C SAT2 is a non-empty family then

(S € SAT and | S € SATS.
Proof. Immediate from the definition of a saturated set. O
Lemma 34. The set () SATZ is saturated.
Proof. Tt is a consequence of Lemma [33] O

Lemma 35.
(SATS = {(A'F M) € SN2 | there is M’ such that (A" M) € BY and M —; M'}.

Proof. Let R denote the right hand side of the equation above. It is easy to observe that R is
a saturated set. Thus
[SAT C R.

We will now prove

R C () SATS.

Let U be an arbitrary set in SAT®. We will prove R C U. Let (A’ - M) € R. By the
definition of R there exists (A’ - M’) € B2 such that

A'DA, (A'FM)eSNE, M —; M.
We proceed by induction with respect to the length of the reduction sequence M —j M

e The reduction sequence has zero steps. In this case (A’ = M) € BO,A. Thus by the
definition of a saturated set (A’ M) € U.

e The reduction sequence has n + 1 steps. Then M —j; M; —} M’. By induction
hypothesis (A’ - M;) € U. By the definition of a saturated set, is must be the case that
(A" M) eU.

Hence indeed R C U.
We have proved that (VSAT2 C R and R C (\SAT2. Thus

(SAT; = R. O

Lemma 36. The set SATUA s a complete lattice with respect to inclusion.
Proof. It is a consequence of Lemma O

Lemma 37. Let M be a key redex and M —j, N. If M —; M’ then M’ is a key redex and if
M —; M" —}, L then there exists a sequence of reductions M — N —* L.
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Proof. We proceed by induction with respect to the definition of M —j N. There are four
cases.

Case 1: We have M = (Az: A.B)C and N = Bz := C]. If M —; M’ then
M =z :A.B)C" and A— A or B— B or C — C".

Of course M’ is a key redex. It is easy to observe that if M —; M’ — B'[z := C'] then there
exists a sequence of reductions M —, N —* B'[z := C"].

Case 2: We have M = Elim(I, Q, i, Constr(n, J)A‘){f} and N = A[Cn(l)afmg’l’@7ﬂ' If
M —; M’ then ~ . L
M' = Elim(I’,Q", v, Constr(n, J') A {f'}

and
I—TI o0 Q—Q, oru —u;, or J—J or A; — A, or f; — fl.

Of course M’ is a key redex. It is easy to observe that if
M -4 M —k A[Cn(ll)a f7lm 12(/7 Ilv le ﬁ]
then there exists a sequence of reductions M —; N —* A[C,(I'), f], AL T.Q, f’]

Case 3: We have M = AB and N = A’B’ and A — A’. Then the conclusion follow easily
from induction hypothesis. Note that A cannot be an abstraction as it is a key redex.

Case 4: We have M = Elim(I, Q, @, A){f} and N = Elim(I, Q, @, A'){f} and A — A’. The
conclusion follows from induction hypothesis. Note that A cannot be a constructor as it is
a key redex. O

Corollary 38. Let M be a key redex. Suppose M — N and every sequence of internal reduc-
tions beginning in M 1is finite. If N is strongly normalizing then M is strongly normalizing.

Proof. Consequence of Lemma O

5.2. Families of saturated sets

We begin by defining a measure m. If T is a sort, a kind, a type or a type constructor we
define the measure m(7T") by induction as follows
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o m(Az: A.k) = m(k),
e m(Ind(X : «){C}) = max;(m(Ci(X))) + 1.

Lemma 39. Let A be a sort, a kind, a type or a type constructor. If M is an object then
m(A) = m(A[x := M]).

Proof. Easy induction with respect to the structure of A. O

Lemma 40. Let A, B be two sorts, kinds, types or type constructors such that A =g, B.
Then m(A) = m(B).

Proof. If A is a sort then by Theorem [25] and Generation Lemma the term B is also a sort
and m(A) =1 = m(B). If A is a kind then by Lemma [27| the term B is also a kind. By
Theorem we have A = II7 : Ti.s and B = 117 : Th.s. We proceed by induction with
respect to the length of T:. Let n be the length of the vector T:. By Theorem [25| the vector
T, is also of length n. If n = 0 then A and B are sorts and m(A) = 1 = m(B). If n > 0
then A = Ilz : T}.A; and B = lz : T3.B; and by Theorem [25( we have T} =3, T4. By the
induction hypothesis

and thus m(A) = m(B).

If A is a type or a type constructor then B is also a type or a type constructor. By
Theorem [25] there exists a term C' such that A H?ﬂ C and B HEL C. Using Lemma |39 we
note that if M —g, M’ then m(M) = m(M'). Thus

m(A) =m(B) =m(C). O

Let I' be a context. If I' = A : T" we define the domain of interpretation Vr(A). Simultane-
ously, for C' € Vp(A) and IV D T', we define the restriction of C to the context T denoted C|p
such that C|p € Viv(A). The restriction C|ps is the part of interpretation relevant to the
context I'V. If A is a small term then we define

Vr(A) ={0} and O =0.

If A is a large term then we define Vr(A) by induction with respect to m(7T’). In the definition
we will use the abbreviation

Tr ={(I'FM,C) [T CT,I'F M :7,C € Vi (M)}
The definition of Vi(A) follows:

e If Ais a type, a formula, a kind or a sort then Vp(A) = SATY. In this case if C € Vp(A)
then Clp = {(I” - M) € C | I’ C T"}.

e If Ais an acceptor of an argument of type 7 then Vi (A) is the set consisting of functions f
with the domain 7 such that f(I" - M,C) € Vi(AM) and

— f@'F M, C) = f(I"F M, C), if My =g, Ma,
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— fOFM,C)|p = fI'FM,Clp), f T CT CI', T'F M : 7 and C € Vi(M).

In this case, if f € Vp(A) then f|r is a function with the domain TE/ such that
for T O 1

flo(@"=M,C) = fI"+ M,C).

Suppose I' = M : Ind(X : +/){C?} and Ind(X : +/){C} is a large inductive type with n con-
structors.

e If M =3, Constr(k, J)N where N = (Ny,...,N,) then Vi(M) = {k} x II/_, Vi (N;).
In this case, for C = (k,Us,...,U;) € Vv (M) we define C|r = (k,Ui|r, ..., Uj|r).
e Otherwise Vp(M) = {0}. In this case, if C € Vp(M) then C|r = {0}.

Note that the definition of Vr(A) is correct. If I' = A : T4 is an acceptor of an argument
of type 7, a term M is an argument of type 7 in the context IV D I' and IV = AM : Ty
then we have m(Tapr) < m(T4). Hence Viv(AM) is defined before Vi(A). Similarly, if I is
an inductive type then m(I) is greater than m(C;) for every type of constructor C; of I.
By the Church-Rosser property for non-proofs (Theorem [25|) if M =B Constr(n, I )N and

M =g, Constr(k, J)P then n = k and I =g, J, and the sequences N, P have the same length
and for every ¢ we have N; =g, P;. The correctness of the definition for inductive objects
follows from the following lemma.

Lemma 41. IfT'-A:T and ' = B : Ty and A =g, B then
Vr(A) = Vo (B).
Proof. Induction with respect to m(T).
o If Ais a sort, a kind, a type or a formula, and A =g, B then

Vr(A) = SATY = SATE = Vi (B).

e Otherwise the conclusion follows from the induction hypothesis. 0

For every term A in T’ we define a relation < in Vp(A). Let f, f/ € Vr(A). If Vp(A) = {0}
then f < f’. If Vp(A) is a family of saturated sets then f < f’if and only if f C f'. If Vp(A)
is a family of functions then every function in Vp(A) has the same domain. We say that f < f’
if for every a € dom(f) we have f(a) < f'(a). If Vp(A) is a family of n-tuples then we say
that f < f'if fo = f} and for every i = 1,...,n — 1 we have f; < f/.

Lemma 42. Suppose ' A : T. Then the set Vr(A) is a lattice with respect to <.
Proof. We proceed by induction with respect to m(T).
e If A is a small term then the conclusion is obvious.

e If A is a type, or a formula, a kind then the conclusion follows from Lemma
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e Suppose A is an acceptor of an argument of type 7. Let D C Vp(A). We will find the
supremum of the set D. Define a function f with the domain T£ in the following way:

f(Ata,C)=sup{g(Ata,C)|ge D}

where sup X denotes the supremum of a set X. Note that the supremum exists by the
induction hypothesis and thus the function is well defined. It is easy to observe that

f € Vr(A) and that f =sup D.

o If A is an inductive object and D C Vp(A) then every C' € D is of the form C =
(k,C1,...,Cj). Then it is easy to prove that supD = (k,sup Dy,...,sup D;) where
Di:{Ci’<k,Cl,...,Cj>€D}. 0

Lemma 43. If 7 is a kind, a type, a formula or a sort and C € Vp(1), and T' D T then
C’F/ € Vp/(T).

Proof. If T is a type, a formula, a kind, or a sort then Vp(7) = SATTA. Recall that then
Clpp ={TF+M)|T" DT and (I'" - M) € C}. We prove that C| is a saturated set. We
check the four conditions in the definition of a saturated set.

(SAT1) BY C C|p. Tt is obvious.
(SAT2) C|r» C SNY'. Tt is obvious.

(SAT3) Let (I"+ M) € C|pr and T C T, Then (I + M) € C. Because C is a saturated
set it also holds that (I + M) € C. But I'" D T" and thus (I + M) € C|p.

(SAT4) Let (" + M') € C|p and T + M € SN} and M —;, M’. Then (I - M) € C.
As C is a saturated set it also holds that (I = M’) € C. Thus (I'""'+ M) € C|p. O
Lemma 44. LetT'HA:T and TV D T. If C € Vr(A) then
C|F/ (A) S VF/(A)
Proof. The proof is by induction with respect to m(T).

e If A is a type, or a formula, a kind then the conclusion follows from Lemma

e If A is an acceptor of an argument of type 7 and f € Vp(A) then f|p is the restriction
of f to the domain

{(F” FM,C) | I"oOU.T"-M:1,C¢€ Vi (M)}
We have to check the three conditions:
— flr(@"F M,C) € Vrn(AM), which is obvious;
- lf M1 :ﬂL MQ then f\p/(F” |_ Ml,C) = f(F” |_ Ml,O) = f(F// |_ MQ,O) =
flo (@ = My, C);
~ T CTCI, I M:7then flp(I'F M,C)jpw = f(T' + M,C)|pn = f(I” +
M, C|") = flp (T = M, C|pn).

e If A is an inductive object and C € Vp(A) then C = (k,C1,...,Cj). Then Clp =

(k,Cilrr,...,Cj|r and the conclusion follows from the induction hypothesis. O
Lemma 45. LetT'HA:T andT”" DT/ DT, and C € Vp(A). Then
C|1’v |1"// = C‘[‘//.

Proof. Induction with respect to m(T). O
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Special elements
If Ais a term we define the canonical element Canr(A) € Vr(A):
e Canp(A) =0 if, A is a small term;

) *t7
o Canyp(xP) = SNEP,

o Canp(*

(
(

e Canr(r) = SNL, if 7 is a type, or a formula, or a kind;

e Canp(A) =ANIT"+ M,C) € T .Canp/(AM) if A is an acceptor of an argument of type ;
(4

e Canp(A) = (n,Canp(N)) if A is a large inductive object and A =g, Constr(n, J)N

e Canp(A) = 0if A is a large inductive object and A is not Si-equal to a term of the form
Constr(n, J)N

Lemma 46. If A and A’ are terms in the context ' and T' = A : T, and T' = A’ : T, and
A =g, A" then Canp(A) = Canr(A").

Proof. Easy induction with respect to m(T). O]
Lemma 47. If A is a term in the context I' and '+ A : T then
e Canp(A) € Vp(A),
o if ' C TV then Canr(A)|r = Canp/ (A).
Proof. Easy induction with respect to m(T). O
If Ais a term we define the minimal element Minr(A) € Vr(A):

o Minp(A) =0, if A is a small term;
o Minp(+') = SNL;
o Minp(¥P) = SNL;

(7

o Minp(1) = (SATY, if 7 is a type, or a formula, or a kind;

e Minp(A) = NI + M,C) : TE.MinF/(AM) if A is an acceptor of an argument of
type T;
o Minp(A) = (n,(Minp(N))) if A is a large inductive object and A =g, Constr(n, J)N

o Minr(A) = 0 if A is a large inductive object and A is not [i-equal to a term of the
form Constr(n, J)N

Lemma 48. If A and A’ are terms in the context ' and T' = A : T, and T = A’ : T, and
A =g, A" then Minp(A) = Minr(A').

Proof. Easy induction with respect to m(T). O]
Lemma 49. If A is a term in the context I' and '+ A : T then

o Minp(A) € Vr(4),

o if ' C T’ then Miny(A)|r = Minp (A).
Proof. Easy induction with respect to m(T). O]
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5.2.1. Valuations and appropriate sequences

Let I" be a context. A constructor substitution of I' is a function & such that for each vari-
able z € dom(I") there exist a context I and terms M, T such that I' - M : T and
&(x) € Vi (M). An object substitution is a function p such that if (x : T) € T then I F p(x) : T’
for a certain context I'V and a certain term 7".

By p(A) we denote the term obtained from A by replacing each free variable x in dom(p)
with p(z).

A constructor valuation is a pair (£, p) where £ is a constructor substitution and p is an
object substitution. We say that (£, p) satisfies I' at A if for every pair (z : T) € I we have
AF p(x): p(T) and &(x) € Va(p(x)). A constructor valuation for A is a constructor valuation
(&, p) such that £(p) = Cana(p(p)) for every type constructor variable p.

If ¢ is a constructor substitution then by &|ar we denote the substitution such that
E|lar(z) = &(x)|ar for every x € dom(€). If p is an object substitution then by p;z:=A we
denote an object substitution such that

o _ly), ify#a,
(p;2:=A)(y) = {A7 ity = o

We use a similar notation for constructor substitutions.

Lemma 50. If ' = M : T and (&, p) is a constructor valuation satisfying T' at A then
At p(M): p(T),

Proof. The proof is by induction with respect to the structure of the derivation I' = M : T.
We proceed by cases depending on the the last rule in the derivation.

(Ax) The conclusion is obvious.
(Var) The conclusion is obvious by the assumption.

(Weak) If ' = (IV,z : A) then (&, p) satisfies I” at A and the conclusion follows from the
induction hypothesis.

(Conv) The conclusion is obvious.

(Abs) We have

IFe:A+-M:B I'tIlz: AB:s
I'-(\z:AB): (Ilx: A.B)

By the induction hypothesis
At (Iz : p(A).p(B)) : pls).

Moreover ((&; x:=Cana(p(A))), (p; z:=x)) is a constructor valuation which satisfies (I',z : A)
at (A,x: p(A)) and thus
Az p(A) Fp(M) : p(B).

Hence we get the conclusion.
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(App) We have

'-M:Ilz: A.B '-N:A
' MN : B[z := N]

By the induction hypothesis
AF p(M) : (TIz:p(A).p(B)) and A+ p(N) : p(A).

Then A F p(M)p(N) : p(B)[x := p(N)]. But p(B)[x := p(N)] = p(B[z := N]) and thus we
get the conclusion.

(Prod) We have

I'FA:s; I''e:AF B: sy
I'F (IIz:A.B) : s3

By the induction hypothesis A F p(A) : s1. Let
b= prmr and & = € r=Cana(p(A)).

Note that (£1, p1) is a constructor valuation which satisfies (I';z : A) at (A,z : p(A4)). Thus
A,z : p(A)F p(B) : s9 and we get the conclusion.

In the remaining cases the conclusion follows immediately from the induction hypothesis. [

Let I" and A be contexts and (&, p) be a constructor valuation which satisfies I" at A. Let 7
be a sequence of types, kinds, formulas or #” in I and Z be a sequence of variables of the same
length. We define an auxiliary notion of an appropriate sequence of arguments for (¥ : T)
at (&, p) in A by induction with respect to the length p of the sequence 7. Simultaneously, we
define a sequence ((&;, pi>)§:01 of constructor valuations which we will call a sequence associated
with the appropriate sequence of arguments. In the definition we take £&_.1 = &, p_1 = p and
A_1 = A. An appropriate sequence of arguments is a sequence (Ai)f;ol of triples of the form
(A;, N;, C;) such that each A; is a context, each Nj is a term and each Cj is a set. Note that
we have C; = (0, if N; is small.

e The empty sequence is an appropriate sequence of arguments for the empty sequence €
at (&, p) in A.

e The sequence (Ai)f:_ol is an appropriate sequence of arguments for (x; : Ti)f:_g at (&, p)

in A if and only if (Ai)f:_g is an appropriate sequence of arguments for (z; : Ti)f;g
at (§,p) in A and A, = (Ap_1, Np—1,Cp_1) where
Ap-1 2 Ap o, Ap—1F Np-1: pp-2(Tp-1) and Cp-1 € Va,, (Np-1)-

In this case

§p—1=Ep-2;7p-1 = Cp1, and Pp—1 = Pp—2; Tp—1 = Np_1.
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5.3. The interpretation of terms

For two contexts I, A and a constructor valuation (£, p) which satisfies I' at A, and a large
term A we define the interpretation of A, denoted [I' = Al¢ , A, by induction. Keep in mind
that we want to have the property

[['F Ale,pa € Va(p(A)).
The definition follows:
o ' Dt]&p,A = SNét,
[T+ e pa = SNE,,
[DF #']epn = SN2,
[T+ «Ple , A = SNZ,

I'F alepn =E&(a), if o is a large variable,

I'F PQlepn = [I'F Plepa(AF p(Q),[I' - Qlepa) if P and @ are large objects or

type constructors,

C'F PQlepa = ['F Plepa(AF p(Q),0) if Pis alarge object or a type constructor
and @ is a small object,

=A
o FAzv:TAlgpn=NA"FMC): T[T z:7F Al =), (pw=) A0

o Iz :7.Bl¢pn ={(A"FM)|ACA and A"+ M : p(Ilz : 7.B) and
for every A" 2O A’, for every a such that (A" - a) € [['F 7]¢|,, p.an,
for every C' € Var(a) we have (A" = Ma) € [,z : 7+ Bl¢|  s2:=C), (pszi=a),a”) }

[I' = Constr(n, I)]e pa = AX .(n,Uy,...,Us) where it is assumed that C,(I) = IZ:T.1
and X = (Aj,a;, U;)P_, is an appropriate sequence of arguments for (Z : f) at (&, p)
in A

5.3.1. Interpretation of inductive types

The definition of interpretation of inductive types is more complicated than the interpretations
given so far. It is a set of simple sequents which reduce “well”, i.e. if the term reduces by the
key reduction to a term of the form Constr(n, X )J\7 then its arguments N already belong to
the interpretations of their types. Suppose that the n-th constructor of I is of type C,(I).
Then C,,(I) =112 : 7.1 and every 7; is a type. We would like to have the property:

(A"F M) € [[F I ,a < (if M —} Constr(n,I)N then (A" = N;) € [['F 7jle, o a0)-

However, if we used that property directly then our definition of interpretation would not be
well-founded. Thus we introduce an auxiliary set Interp(I" - T)¢ A x,s, where I and A are
contexts, X is a variable, S is a saturated set, T is a type in IV and (&, p) is a constructor
valuation such that ((§; X:=S), (p; X:=p(I))) satisfies I” at A. The set S is an intended inter-
pretation for the inductive type I and X is a variable representing the type I. The operator
Interp computes the interpretation of (IY F T') in an appropriate context and constructor
valuation without referring to the interpretation of I and thus avoiding the vicious circle. It
is defined by induction with respect to the structure of 1"
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o if X ¢ FV(T) then Interp(I' +T)¢ pax,s = [I"F T](g;X::S),(p;X::p(I)),Aa
o if T'= X then Interp(I' FT)¢ pa x5 =S
e if '=1lzr: A.B and X ¢ A then
Interp(I" = T)e pax,s ={(A'FM)|ACA ANAFM: p(llz: A.B)A
for every A” O A’, for every a such that (A" I-a) € [T+ Al par,

for every C' € Van(a)
we have(A" F Ma) € Interp(T”, x : At B)(¢| im=C),(pzi=as A7), X,8| )}

The definition of Interp is partial but it suffices to define the interpretation for the inductive
type. Indeed, if T' = IIZ : 7.X is a type of constructor then X occurs strictly positively in
every ;.

We can now define the interpretation of an inductive type. Let I = Ind(X : +/){C}. Recall

that then Va(p(I)) = S'ATPA(I). We define the interpretation of I in the following way.

[T+ e pa = lifp(Frrepn)

where [fp is the least fixpoint operator and Fr 1 ¢, A : VA(p(I)) — Va(p(I)) is such that

Fruepa(S) = (N SAZR, ) UL Fu) € SNy |
if A” D A" and A" b u —} Constr(n, X)N, and C,,(X) =7 : T.X
then for every j we have (A" Nj) € Interp(IV = Tj)ei i av x50 +
where
V=T, X :«, (z;: )1}
& = €lan; (@i = Canan(N;))12,
p = pi(zi= N)IZ)

We have to prove the correctness of the above definition. We will first state some auxiliary
and rather technical lemmas which will later be used to establish correctness of the definition
of interpretation. As we may expect, the correctness proof will be done by induction with
respect to the structure of an interpreted term. The hypotheses in the following lemmas
imitate the induction hypothesis. In the following we say that the interpretation of a term M
in the context I' depends only on the values of a constructor valuation for the free variables
of M if and only if for every context A, for every pair of constructor valuations (£, p), (¢/, p/)
which satisfy T" at A such that for every z € FV(M) we have p(x) = p/(x) and &(x) = &' (2)
it holds that

[ Mepa=[F Mgy a

Lemma 51. Let I'' = I : %t and let I be an inductive type. Suppose that

1. for each I'-A:T stryctumlly smallgr thqn I'-1: jkt, uzhere A is large, and every
constructor valuation (&, p) satisfying I' at A we have [I' A]é[;A € Va(p(A));

2. C(X) =117 : 7.X is a type of constructor of I;
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3. T; 1s a large type;
4. T 70t is structurally smaller than the sequent TV =1 : xt;

5. A is a context, S € Va(p(I)) and ((§; X = 9),(p; X : p()) is a constructor valuation
which satisfies I' at A.

Then Interp(I' & 7;)¢ p.A,x,s 15 well defined.
Proof. Induction with respect to the structure of the derivation of I' F 7; : %t 0l
Lemma 52. Let ' I : «! and let I be an inductive type. Suppose that

1. for each PHA:T structurally smaller than TV = I : %', where A s large, and a con-
structor valuation (€, p) satisfying T' at A we have [I' A]é,bA € Vi(p(A));
C(X)=1I%: 7.X is a type of constructor of I;

7; is a large type, IV =T, X : «!, (z; : Tz)i;ll,

7 F 79 %t s structurally smaller than T'F T : «t;

A is a context and (€, p) is a constructor valuation which satisfies T at A and S € Va(p(I));

S oo

A DA, N is a vector of terms, for every k < j the pair (€, p*) is as follows:

&8 = &|ars (@i == Canar(N;)1Z}
P = pi(ai = Ny

and for each k < j we have T' = Ny : p*(1z).
Then Interp(I'V - Tj)ei pi A X8| 18 well defined.
Proof. By Lemma 51| it is enough to prove that ((¢/; X := S|as), (p7; X := p(I))) is a con-
structor valuation which satisfies TV at A’.
Let = be a variable in dom(I'V).
e If 2 € Dom(T") then by assumption & (z) = &|ar(z) € Vas(p(z)) and
At p(z) : p(T()).
o If v = X, then A+ p(I) : ¥ by Lemma [50| and
(073 X = p(1))(X) = p(I) and S|as € Va(p(1).
e If x = x; then
(p'; X :=I)(x;) = N; and A N; : (p/; X == p(I))(r;), and
53(951) = CanA/(Ni) € VA/(NZ‘).

Thus the pair ((¢7; X = S|as), (p?; X = p(I))) is a constructor valuation which satisfies I'V
at A O



60

Lemma 53. Suppose I' = I : st where I is an inductive type, A is a context, (£,p) is
a constructor valuation which satisfies I' at A and S € SAT{%I). Then

FF,I,{,p,A(S) S SAT[%I)
Proof. The conclusion follows from the definition of Fr ;¢ ,A(S). O

Note that if o is a limit ordinal then F(| SATPA(I)) = Uuea F¥(N S’ATPA([)) is also

a saturated set because by Lemma [33] the set of saturated sets is closed on arbitrary unions.

Lemma 54. Suppose I', A are contexts, I = Ind(X : «"){C} is an inductive type, (€, p) is
a constructor valuation which satisfies T' at A, the interpretation S is in Va(p(I)),
Cp(X) = II#:7.X is a type of the n-th constructor of I, and 7; is a large type, and (&7, p7) is
a constructor valuation such that ((£7; X := S), (p; X := p(I))) satisfies (T, X : +*, (x; : Ti)g;é)
at A. Then

Interp(I’,X : *t, (1’1 : Tz)z;é F Tj)£j7pj7A7X’S

1s defined and

i1 i1
Interp(F,X : *t, (xl . Ti)g:() = Tj)£j7pj’A7X7S = [F,X : *t, (.%'Z : Ti)gzo F Tj](fj;X::S),(pj;X::p(I)),A'
Proof. Easy induction with respect to the structure of ;. O

The following Lemma says that the values {(z) for a formula or object variable x (i.e. subset
or large inductive object variable) are irrelevant to the value of [I' F 7]¢ , A for a type or
a type constructor 7. This justifies the choice of values for arguments in the definition of the
interpretation of an inductive type: any choice is equally good.

Lemma 55. Let ', A be two contexts and (&, p), (£, p) be two constructor valuations which
satisfy T' at A and differ only in formula or object variables (i.e. £(x) = &'(x) for all non-
formula and non-object variables). Moreover, suppose for every type constructor variable p
such that T'F p: (ILZ : 7.#') and for any two sequences of arguments

‘Lfl = (Aivmivczl);'a:m A,Q = (Ai;mi,cf)gzo

appropriate for (Z : 7) at (£, p) in A, we have £(p)(A)) = €' (p)(A2). If T+ k : (IIZ : 7.xt) is
a type constructor then for any two sequences of arguments

— —

Bl = (AivMivC'l)?zov B2 = (AivMia Cg)f:(),

(] 1
appropriate for (¥ : T) at (€, p) in A, we have
[['F Klepa(B) =[I'F ke pa(B?).
Note that if & is a type then the lemma states that [I' - kl¢ , A = [I' = K]gr p A

Proof. Induction with respect to the structure of the term k.
If Kk = p then

[T F Klepa =&(p) =& (p) =[O F Klepa
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By the assumption for every two appropriate sequences of arguments
B! = (Ai, M;, Gy, B = (Ai, M;, C2)i_y
for (Z:7) at (£, p) we have
[T F Klepa(BY) = [T F Kl pa(B2).

If Kk = IIz : 7.0 then the conclusion follows from the induction hypothesis.
If kK = Ind(X : "){C}. then

I Klepn = Up(Frrepn)
and

[I'F Klepa = Up(Frrep)-
The conclusion follows from the induction hypothesis and Lemma
If Kk = Az : 0.x’ then

[+ Klepa =
=A
»\(A/ F a, C) : Tp(a)'[l—‘fx to bk H,}(§|A/;x::C),(p;x::a),A’ =
=A
»\(A/ H a, C) . Tp(a).[r,l' g = R,}(EI‘A/;W:C)y(P%mi:a)yA' =
[F l— ﬁ]{’,p,A‘

By the induction hypothesis and the fact that x is an object variable for every two sequences
of arguments

B_'l = (A%Mi?Cil)?:[h B? = (AiﬂMZﬁCz?)f:O

appropriate for (Z: T) at (£, p) in A we have

—

' Klepa(BY) =
L,z:7hk "Q/}(ﬂAl;z::Cll),(p;z::Ml),Al((Bil 1) =
[C,2 0 75 (e aim02) (oot €
O,z 7 F 65 aim02) (prmm ) 0 €
L+ ler pa(B2).
If kK = k' N then we have

[T+ "ﬂ]é,p,A =
[T & epa(AF p(N), [ F Nepa) =
[F l_ '%/]f/,p,A(A I_ p(N), [F l_ N]éljp’A) =
' KlepA-
Then by the induction hypothesis
D F Kl pa(BY) =
[T+ &epa(AF p(N),[LF Nl pa)(B) =
[T+ &ler pa(AF p(N),[L'F Nlgpa)(B?) =
I+ /@}g,p,A(B2). O
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Lemma 56. Suppose that for every I' = 7' : T structurally smaller than T F 7 : ¥t and every
constructor valuation (£, p') which satisfies I" at A" the value of [I" &= 7']¢r y Ar depends only
on the values of & and p’ for variables in FV (7). If S C S’ then

Interp(I' = 7)e pa x5 € Interp(' = T)e p A x50
Proof. Easy consequence of the definition of the operator Interp. O

Lemma 57. Suppose I' =1 : ' and I is an inductive type. Assume that for each I' 7' : T
structurally smaller than T = I : %' and each constructor valuation (£, p') which satisfies
IV at A’ the value of [I" = 7'l¢r v ar depends only on the values of £ and p' for variables
m FV(T/). IfS - S/ then Fp7[,§7P7A(S) - Fp71,5,p7A(S/).

Proof. Immediate from Lemma [56] O

Lemma 58. Let I be an inductive type. Let T', A be two contexts. Suppose for each sequent
I'' = N': T in the derivation of I' = I : %', for each context A’, and each constructor valuation
(&', p'y which satisfies T” at A" it holds that if A" C A" then

([F/ l_ N/}E/,p/7A/)|A// — I:F/ l_ N/:ISI‘A/IiplyA/,'
If (¢, p) is a constructor valuation which satisfies T' at A and A C A" and S € VA(p(I)) then

Frrepa(S)|ar = Fr el pn(Slar).
Proof. Immediate from Lemmafd5} if A’ C A" then &|as|am = &|am and S|ar|am = S|am. O

Lemma 59. Let I be an inductive type. Let I'; A be two contexts. Suppose that for each
sequent I = N’ : T in the derivation of I' = I : %!, for each context A’, and for each
constructor valuation (¢, p') which satisfies T at A" if A" C A" then

(I:P’ l_ N/}é'/’p/’A/)‘AN = [F/ l_ N/]él‘AN’pl7A//.
If (€, p) is a constructor valuation which satisfies T' at A and A C A’ then

[T+ e palar =T Ig,, par

PT‘OOf. If A D) A’ then [F F I]&,p,A|A’ = lfp(FF,[,g,p,A)‘A“ But

Up(Frrepa) = | Frepal()SAT )

o' <o
for a certain a. To get the conclusion it is enough to prove that for every S € Va(p(I)) we
have
Fr1eoa(9)|ar = Frrel pa(Slar).
This follows from Lemma [58 O

Lemma 60. Let I be an inductive type. Let I') A be two contexts. Suppose for each sequent
I = N’ : T in the derivation of T = I : %t for each context A', and for each constructor
valuation (€', p') which satisfies T at A" we have

o I"F Neyar € Var(p'(T)),
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o if A" C A" then
(0" = N'er g an)lar = [T F Nty oy pr A

and the value of [I" & N'|¢r v A+ depends only on the values of &' and p' for variables in FV(N').
If (£, p) is a constructor valuation which satisfies T' at A then

o [TFIe,pn € Va(p(D)),
o if ACA then [[F Iepalar = F e, par-

Proof. By Lemma and Lemmathe operator Fr 1 ¢ , A is a well defined monotone operator
on the complete lattice (see Lemma SATpA(I) = Va(p(I)). Hence ifp(Fr 1¢,p.n) exists and
is a saturated set. Thus

[T F T pa € SAT ) = Va(p(D)). O

If (A"F M) € lfp(Fr,rep,a) then there exists the least number a such that (A" = M) €

Fe e on(D SATFQI)). Note that « is never a limit ordinal. If & > 0 then by

predr 1epA (A" M)

we denote the set Fﬁ/]@p’A(ﬂ SATPA(I)) where o is the predecessor of «.
We define the set Dr 1 ¢, of all approximations of Ifp(Fr r¢,a). Let 8 be the ordinal
number such that Ffj“pA(ﬂ SAT;%I)) = lfp(Fr,1¢,p,A). Then

Drirepn ={Frepn( VSAT) | o < B}

5.3.2. Interpretation of elimination terms

In this section we define the interpretation for elimination terms. We have to give this interpre-
tation because we may create large terms using elimination operation. In most type theories
with inductive types one only has to give this interpretation for small inductive types, because
creating large terms from large inductive objects is not allowed. In LNTT with inductive types
we can create large objects by eliminating large inductive objects. It seems that the definition
of interpretation would be simpler if our inductive types were in predicative universe.

In the definition we use an auxiliary notion of smooth union of a set. We begin the section
with the definition and we prove basic properties of this notion.

The smooth union

Let A be a context and A be a large term. We say that the set F is consistent for A at A
if for each f € F there exists A’ D A such that f € Va/(A) and there exists g € F such that
g € Va(A).

For a set F consistent for A at A we define the smooth union | | F. The smooth union of
a family of sets is the usual union of sets. If A is an acceptor of an argument of type 7 then

|| F is a function with the domain TTA such that

| |A@atac)=| J{f(Ara,Cly) | f € F,AD A, (A a,Cly) € dom(f)}.
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The smooth union of a set of tuples of the form (n,U;,...,Uy) is the tuple (n,U,...,Us)
where U; = | {U; | (n,Un,...,Ux) € F}, for every i.

We will prove some technical lemmas about the smooth unions. The lemmas will later be used
to show the correctness of the definition of interpretation.

Lemma 61. Let A be a context and A be a large term. Let F be a set consistent for A at A.
Then

| |7 eva(a).
Proof. We proceed by induction with respect to the definition of Va(A).

e If A is a sort, a type, a kind or a formula then for every context A it is the case that
Va(A) = SATS. We have to prove that

| |7 esATy.

The proof is a routine check of the four conditions.

e If Aisan acceptor of an argument of type 7 then | | F is the function with the domain TTA.
By the definition

| |F(a'Fa,0)=| {f(Ara,Cla) | feFAD N (A'Fa,Cly) € dom(f)}.

Note that if feF, A D A/, (AF a,C|x) € dom(f) then (A + a,C|x) € Vi(Aa).
Moreover by the assumption there exists f € F such that f € Va(A). Thus
f(AFa,C) e Va(Aa). By the induction hypothesis

| {f(Ara,Cl3) | feF,AD A (A a,Cly) € dom(f)} € Va(Aa).

If @ =g, b then
f(A + a,C’|A) = f(A"F b,C\A).
Thus
(A Fa,Cla) = (| |FUA Fb,Clar).

Now
(LA (A" F a,Clar)|an
| Kf(AFa,Clalp) | F € FLAD A (Aka,Clarly) € dom(f)})]an
| {f(AFa,Cla) | feF, AN (At a,Cly) € dom(f)})|ar
{(f(AFa,Cly) | feF,AD A" (At a,C|4) € dom(f)}
U{f(Ara,Cly)lar | fE€F,A"DADN (Al a,Cly) € dom(f)})
=| |{f(AFa,Cl3) | feF,ADA (At a,Cly) € dom(f)}
U{f(A"Fa,Cxlan) | f e F,A" DAD AN (AFa,Cl|R) € dom(f)})
=| |[{f(AFa,Cly) | feF,ADA" (At a,C|4) € dom(f)}
U{f(A"Fa,Clan) | fEF,A"DAD N, (A" F a,Clar) € dom(f)})
=| [f(Ara,Cl3) | feFADA" (At a,C|y) € dom(f)}

= (| |A)(A"a,Clan).

= (
= (
=L
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e Ais a large inductive object and A =, Constr(n, J)N. Then every f € F has the form
f = <n,U1,...,Uk> and

| |7 =, | fm(H) [ FeFy. | [m() | feF}.

By the induction hypothesis

| [{mi(£) | f € F} € Va(Vi)

and thus
| |7 eva(a). O

Note that
(A)ar = |{F € FI f € Van(A)} Uiflar | f € F, f €Va(A),A" DA DA}).

Lemma 62. Let f € VA(A) and let F = {f|a | A" D A}. Then

| |F=1

Proof. We proceed by induction with respect to the definition of | | F.

o If VA(A) = SATZ then for every A’ D A it holds that f|or C f. Then

| |lF=Ur=r

e If A is an acceptor of an argument of type 7 then
(| |»a'Fa0)
=| {9(Ata,Cl5) g€ F,AD N (A a,Cly) € dom(g)}
= J{flar(AFa,Cly) [A2 A" 2 A%}
= J{r(AFa.cly) A2 A%

=| {f(A"Fa,Cla)a |AD A}
= f(A’ Fa,C|ar).

o If Ais a large inductive object and A =g, Constr(n, J)N then for every i

| [{mi(fla) [ A 2 AY = | [{mi(f)lar | A" 2 A} =mi(f).

Thus
| |7=+ O

Recall the definition of the relation < introduced on page

Lemma 63. Let A and A’ be contexts such that A C A'. Let A be a large term in A. Suppose
F, F' are two sets consistent for A at A such that F' C F. Suppose that for every f € F —F'
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o if feVi(A) and A’ C A then there exists g € F' such that f < glA;
o if f € VA(A) and A C A’ then there exists g € F' such that f|ar < g.

Then
L P)1a = ]F)lar

Proof. We proceed by induction with respect to the definition of the smooth sum | | F. If A
is a sort, a type, a formula or a kind then | | F is the usual union of sets and the conclusion
is obvious.

Suppose A is an acceptor of an argument of type 7 and A C A’. The domains of (| | F)|as
and (| | F')|as are the same. Let (A’ F a,C) be an arbitrary argument in their domain. Then

(|_|.7:)(A' Fa,C)= |_|F1 where
Fi={f(Ara,Cly) | f € F,(AFa,C|y) € dom(f),A D A"}

and

(|_| FYA"Fa,C) = |_|F2 where
Fy={9(Ara,Cly) g€ F (A a,C|y) € dom(g), A D A'}.

Note that Fy C Fy. If f(A F a, C|A) € F1—Fy then f € F—F'. There exists g € 7’ such that
(At a, C|7) € dom(g) and f(AFa, Clp) g(At+a, C|x) - By the induction hypothesis

L P)la = |R)la

and thus
A A Fa,C)=( |F)NA Fa,0). 0

Discussion

We now return to the definition of interpretation for inductive types. The basic property we
want to achieve is preserving iota reduction:

[ - Elim(7, Q, Constr(n, I')N){fHepa = [[ F f2€[C(X), N, 1,Q, flle o

One should have this property in mind when reading the contents of this section. We can-
not use it directly as the definition of interpretation for elimination terms for two reasons.
First, the definition would be incomplete, we have to define [I' - Elim(Z, Q, m){ f}]&p’A for
arbitrary object m of type I and not only for m = Constr(n, I’ )]\7 . Second, the defini-
tion would not be well founded. The term f,&[C(X),N,I,Q, f] is not necessarily smaller
than the term Elim(7, @, m){ f} Moreover, if the constructor Cy,(I) has a recursive argu-
ment, say Nj, then in the right hand-side of the definition we would again refer to the value
' - Elim(7, Q, Nl){f’}]&p’A, which at this point is not yet defined.

The exact definition of interpretation depends on whether the eliminated term is a large
or a small inductive object. For small inductive objects we use an operator G:

[T F Blim(, Qm){Hepa = Gp g rrepa [T F Hepa) (Al p(m), 0).
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For large inductive objects we use an operator G:

[[' + Elim(/, Qam){f}]&p,A = GF7[7Q7ﬁ§7p7A([F + I]E,p,A)(A = p(m), [ m]&p,A)-

Both operators take two arguments: an approximation S € Dr r¢, A of the value [I' - I]¢ , A
and a pair (A’ a,U) € Tf( - The sequent is a result of applying the object substitution p

/

D.1,Q.f 60,0
to () because the interpreted term is small. In case of the operator G

to the eliminated term. In case of the operator G the value U is always equal

T L1O.FEpA the value U
is an interpretation of the eliminated term under [— F —]¢ , A operator. Apart from that
difference, the operators G and G’ work similarly. For simplicity, in the following we only
give proofs for the slightly more complicated operator G. The properties and proofs for the
operator G’ are similar.

We want to define the interpretation [I' - Elim(7, @, m){ f}]&p,A. The important case is
when p(m) =g, Constr(n, I')N. As already said, we want the interpretation to be equal to

[F F fng[C(X)v N)Iv Q) f] ]E,p,A-

Observe that this interpretation is of the form

T falepa-g (5.1)

where § is a certain sequence of arguments. In the actual definition of the interpretation
' = Elim(Z, @, m){f}]¢a we use the notation

M,U,C(X),N] or M,C(X),N]

/
Ir1.Q.Fepl Ir.1.0.7epa M

to denote the sequence g. We explain the exact meaning of the parameters later. We need
two different notions because the sequences are slightly different if we interpret large or small
inductive type. The intended use of the sequence is to define the operator G’ for arguments
m such that m =g, Constr(n, I)N as

! (S)A'Fm,U) = [+ f,] Constr(n, )N, Cp(X), NJ.

/
D LQ.f €A IrrQepfal

The operator G will be defined as

G S)(A'Fm,U) =T F f,] Constr(n, I)N,U, C,(X), NJ.

L. femal IrrQep gl

Let us first see some examples of what a sequence g in (5.1]) looks like. The simplest case
is an inductive type with only small, non-recursive arguments. Suppose the types T" and S
are small and OR is the disjoint union of 7" and S:

OR=Tnd(X : +){T — X | S — X}.

Consider an inductive object m = Constr(0, OR)N and its elimination Eim(OR, @, m){fo | f1}.
Then we want

[F t Ehm(ORa Q, m){fo ‘ fl}]ﬁ,p,A = {F F fON]&p,A = [F + fO]S,p,A (A + p(N)’ (D)a
———

—

9
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where the sequence of arguments § is as in (5.1). A more complicated example is the type of
natural numbers:

Nat = Ind(X : +"){X | X — X}.

We focus our attention on the second constructor because it has a recursive argument. Con-
sider an inductive object m = Constr(1, Nat)N and its elimination Elim(Nat, Q, m){fo | f1}-
The interpretation of branch f; is a function which takes an interpretation of the argument and
then the interpretation of the recursive call on this argument, R = Elim(Nat, Q, N){fo | f1}-
We want

[[' F Elim(Nat, Q,m){fo | fi}le,pa = [['F fiNR]e 5
=[['F filepa (AFp(N),0)(AF p(R), [T Rle pa),

—

g

where

[F t R]ﬁ,p,A = [F t Elim(Nat, Q, N){fo ‘ fl}]f,(p;ac::a),A"

Finally, let us see the most complicated case, with argument which is both recursive and
functional:
Tree = Ind(X : +"){X | (Nat — X) — X}.

Let us consider an elimination term Elim(Tree,Q,m){fo | fi} with an inductive object
m = Constr(1,Tree)N. Then the recursive call is R = (Az : Nat.Elim(Tree, Q, Nx){fo | f1})
and

[+ Elim(Tree, Q,m){fo | fi}lepa = [I'F fiNR¢pA
=[['F filepa (AF p(N),0)(AF p(R), [T+ Rle pn)

g

and the interpretation of R is a function which applies the interpretation operator for an elim-
ination term as follows:

=A .
[F t R]ﬁ,mA = »‘(A, t a, C) : TNat‘[F t Ehm(Tree, Qa Nl‘){fg | fl}ﬂ(f;m::C),(p;x::a),A"

We see that if C),(I) has no recursive arguments then ¢ is simply the sequence of evaluations
of N: under object substitution p only (if N is small) and under both object substitution p
and the operator [— F —]_ _ _ (if N is large). In fact, in this situation we could have defined
the interpretation as [[' - f,&[C(X),N,I1,Q, f] le.pa- If Cr(I) has a recursive argument N;
then in ¢ we have an evaluation for the recursive call of the elimination operation on V.
We will apply the operator G (G’) to compute it. If the argument N; is both recursive and
functional (i.e. T'F N; : (IIZ : £.1)) then its interpretation is also a function.

As already mentioned, in the definition of [I' - Elim(Z, Q, m){f}] ¢.p,A We use the notation

[M,U,C(X),N] or [M,C(X),N]

/
Ir.1,Q.7.¢.0.0 Ir.1.Q.fepn

to denote the sequence §. In the notation M is a term and N is a sequence of terms. We
should think that M = p(m) = Constr(n, X)N. Then C(X) is a type of the n-th constructor
of I. Finally, U is the interpretation of m.
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Consider the examples given above. For the type OR we have

p(m) = Constr(0, OR)p(N),
7= 9. oo e alp(m) T = OB, p(N)] = (A p(N),0).
Co(OR)

For the type Nat of natural numbers we have

p(m) = Constr(1, Nat)p(N),

)
= 9% varg fepalPm). Nat — Nat, p(N)] = (A F p(N),0), (A - Elim(Z, Q. p(N){f} R)
C1(Nat)

where R is an interpretation for the recursive call Elim(I, Q, p(N)){f}. We take

R =Gl s fepa Predncpa (B - pm)(A F p(N))

Observe that the operator G’ is used to obtain the interpretation instead of the operator
[— F —Jepa. Why we choose predr 1¢, (A F p(m)) as its first argument will be explained
later.

For the type T'ree of trees we have

p(m) = Constr(1, Tree)p(N),

T =0 ey e alP(m), (Nat = Tree) = Tree, p(N)

C1(Tree)
= (AF p(N),0), (A + Az : Nat.Elim(I, Q, p(N)z){f}, R)

where R is an interpretation of the recursive call (Az : Nat.Elim(I, Q, p(N)z){f}). We take

_ / / A /
R= »\(A Fa ’C) ’ TNat‘G(F,x:Nat),Tree,Q,f:f,(p;x::a/),A

(pTEd(F,:L’:Nat),I,(f;x::C),(p;x::a’),A(A H p(m))) (A, F p(N)CL,, (D)

approximation of [[FTreel¢ , a recursive argument

Observe how we chose the arguments for the operator G'.
We will now define the sequence g{ﬂ LOFep A[M ,C(X), N] of arguments for the interpre-

tation [I' = fl¢ , A of the branch f. The sequence is defined by simultaneous induction with
respect to the definition of the operator G’ (see page . Recall that the type [ I_,S a small
inductive type so every type of constructor of I is small, the sequence of arguments N consists
of small objects and an interpretation of every NN; is equal to (.

o If C(X) = X then

/ Vi —
grvvavf,{,p,A[M’ C(X)a N] =€

where € is an empty sequence,

o If C(X) = Iz : T.D(X) and X does not occur in 7', and T is a small type, and
N = Ny :: N’ then

glr,I,Q,f,&,p,A[M’ C(X),N] = (A No,0) = glr,l,cz,fis,p,A[M’ D(X), N'].
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e IfC(X)=Mz:T.D(X) and T =117 : £.X, and N = Ny :: N’ then

M,C(X),N] = (A+ No,0) :: (AF e, R) M, D(X),N"]

/ o
Ir10.Fepal HOn o Fepal
with

e = AT : p(t).Elim(p(1), p(Q), NoZ){p(f)}

and R is a function which for an appropriate sequence of arguments (Ai,ai,Ci)le
for (: p(t)) at (£, p) in A is defined as follows

R((Aiyai, Ci)int) = Glp s 10 Fernan PTEAr 23 16, ., (B M) (A = Nod, 0).

(A,a: Ay Fm)

(AFm) - ’(A,a:A2l—m)

Figure 5.2: Simple sequents and the interpretation of an inductive type (incorrect)

We would like to define the operator G’ so that if m =g, Constr(n, I)]\_f and (A'Fm) e S
then
/ / N
FJ,Qﬁ&p,A(S)(A Fm) = [t fa]

and in all other cases we have

/r, Lo Fep A(S)(A"Fm) = Mina (Elim(p(1), p(Q), m){p( L.

However, there is one problem with this definition. It does not satisfy the property that for
A C A’ we have

(IC + Blim(Z, Q, m){ FHe pa)|ar = [T+ Blim(Z, Q, m){ e (5.3)

Suppose m = Constr(n, I)N and (A’ Fm) e [+ Il¢ pa7. Then

& AT g},I,Q,ﬁg,p,A’ [Constr(n, I)Nv C’Vl (I)7 N] (52)

0 BT, o} Ve = G g, 7T Tlepa) (A )
=k falepn - g%,],Q,f,{,p,A’ [Constr(n, [)N,Cp(I), N].
However, we cannot prove that (A m) € [I' - I]¢ , A. It is possible that

(T - B2, Q. m) (e = (i (lim(p(1) (@), m) oD
= Minx(Elim(p(1), p(Q), m){p(f)}-
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The two sets are not equal. This behaviour of the operator G’ is illustrated in Figure .

Suppose we want to compute the value G; LOFep A(S)(A F m). The picture shows the set

of simple sequents of the form (A’ m) where A" O A. The sequents are naturally ordered
by the relation C on contexts, this order is represented in the picture by dotted lines. The
dashed area is the set S. It is a saturated set so it satisfies the property that if (A’ F m) is
in the set then so is every (A”  m) for A” O A’. Thus a dashed area is a union of “cones”
generated by some sequents of the form (A’ m) (i.e. sets of sequents (A” I m) such that

A" D A’). In the above definition (5.2) the value G;IQfgpA(S)(A F m) depends only

on whether the sequent (A F m) is in the set S or not. In the picture this is the question
whether a gray circle is inside the dashed area or not. In order to satisfy property ([5.3) the

/////
/////

(A,a: Ay Fm)

////////

Figure 5.3: Simple sequents and the interpretation of an inductive type (correct)

value G% LOFep A5 )(A F m) should depend on the relation between the set S and the whole

“cone” generated by (A F m) as illustrated in Figure

We have to change a little the definition of interpretation. We will make sure that the
interpretation changes smoothly as the context grows. This is why we need the notion of
a smooth union of a set.

The definition of interpretation for elimination terms

We may now give the definition of interpretation for elimination of a small inductive type.

Recall the abbreviation g{ﬂ LOFEn A[M ,C(I),N] which was introduced on page This
definition depends on the operator G} LOFEpA to be defined below. Recall that the operator

takes two arguments: an approximation S € Dr ¢, A and a pair (A’ Fm,U) € Tf(l). The
value

! /
Fv[vQ,f,é,p,A(S) (A"Fm,U)

is defined as follows.
e If m =p, Constr(j, J)N and there exists A” such that
A" D A’ and (A" Constr(j, J)N) € S
then

! ’ . )
FvLQyﬁf,p,A(S)(A Fm,U) = |_|(Base U Min)
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where

— Base consists of all values of the form
/ . 7 v
[F |— fj]ﬂA” DA gF,I,Q,f,&\A//,p,A” {COHStI‘(], J)M, Cj (I), M]

such that A” D A’, m =g, Constr(j, J)M and (A" + Constr(j, J)M) € S.
— Min consists of all values of the form

—

Minan (Elim(p(1), p(Q), m){p(f)})

such that A” D A’, m =g, Constr(j, J)M and (A" + Constr(j, J)M) € Tfﬁ[) - S.

e Otherwise
/F,I,Q,f,g,p,A(S)(A/ - m,U) = Mina (Elim(p(I), p(Q), m){p(f)}.

The definition of the operator G% LOFenA is sound. We will later prove that the set

(Base U Min) is consistent. In every recursive call to the operator (compare the definition
of the sequence ¢') the first argument is smaller than the argument for which we are defining
the value. Thus the operator is in fact defined by induction with respect to the ordering
in DF,I,ﬁ,p,A~

If I is a small inductive type then we define [I' - Elim(7, @, M){f}]&p,A in the following
way

[T+ Blim(,Q M){fYepa = Gy o o) AT F Tlepa) (AF p(M),0).

The definition of interpretation for elimination for large inductive types

If I is a large inductive type the definition has to be adjusted accordingly. The only
thing that really changes is the definition of the sequence g_7 . We take into account the fact
that a large inductive object has its own set interpretation which has to be passed to the
interpretation of the branch.

Let us first see an example. Consider the type

List = Ind(X : «){X | (T — #') - X — X}.

Suppose we want to find the interpretation for the term Elim(List, @, cons A nil){ fl }. Observe
that

Elim(List, Q, cons A nil){f} —, fi A Elim(List,Q,nil){f}.
Suppose that p(cons A nil) = cons A’ nil and The interpretation of the term (cons A nil) is
a triple U = (1, a,b). The sequence of arguments is equal to A’ :: nil. Then
91 1.0.FEp A [cons A nil, (1,a,b),C;j(I), A" :: nil] =
(A A a), (A F il b),
(A FElm(T,QniD{f}, Gr. 15,1 0 7 pa(Predr Liste pa(A F cons A nil))(A + nil, b)),
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The interpretation of an argument is an appropriate projection of the interpretation U =
(m,U) of the eliminated term. We define

Ir1.0.76pa M (. U), C(X), N]
by simultaneous induction with the definition of the operator G, ; OFepa 38 follows.
o If C(X) = X then

Ir.1.0.fepalM, U, C(X),N] =€
where € is an empty sequence.

If C(X)=1lz:T.D(X), N =Ny =N, U= (m,U)and U =Uy :: U, X ¢ FV(T) and
T is a large type then

Ir 10,760 MU C(X), N] = (AF No,Uo) =2 9p 1 e, p A lM (m, U”), D(X), N'].

If C(X)=1z:T.D(X), N =Ny: N and X € FV(T) and T = II : .1 then

gr,I,Q,fjg,p,A[M7 U,C(X),N] =

(A No,Up) :: (AF e R)

—

# 00 1.q.fepal M (m: U7, DIX), N
with

e = A& : p(£).Elim(p(I), p(Q), NoZ){p(f)},

and R is a function which for an appropriate sequence of arguments (A;,a;, Cs)iq
for (' : 1) at (&, p) in A is defined as follows

R(<A’“ ai’ CZ)Z:I) - G(va:57[7Qvﬁ§k7Pk7Ak (pred(r7f:£)7[’£k7pkvAk (Ak l_ M))

(Ak‘ = Nofa UO(Aia ag, Cl)f:l)
We will define the interpretation using the operator G|. , Q.Fep A Recall that the operator
takes two arguments: an approximation S € Dr ¢, A and a pair (A’ Fm,U) € Tﬁ([)- The
value

G

o fepaS)A FmU)
is defined as follows

o If m(U) = j and there exists J, N, A” D A’ such that m =g, Constr(j, J)N and
(A’ Constr(j, J)N) € S then

Gr 1o fepnS)A FmU) = |_|(Base U Min)
where

— Base consists of all values of the form

I+ fj]&lAup,A” Or 1.0 FEp A [Constr(j, J)]\Zf, U,C;(1), M]

such that A” O A’, m =3, Constr(j, JYM and (A" + Constr(j, J)M) € S
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— Min consists of all values of the form

Minar(Elim(p(I), p(Q), m){p(f)})

such that A” D A’, m =g, Constr(j, J)M and
(A" b Constr(j, J)M) € Ty — S.
e Otherwise
Cr10FepaSA Fm,U) = Mina(Elim(p(1), p(Q), m){p()}).

If I is a large inductive type then we define:

[T+ Elim(7, Q, M){f}epn = G IE e pa)(AF p(M), [I'F Mg pa)-

F,I,Q,ﬁg,p,A([

In the following the abbreviation

gF,I,Q,fT‘,&p,A{M’ U, Cn(l)v (Nl)f;[)l}a

—

will denote the subsequence of gp. ; 5 7, AlM, U, Cy(I), N] associated with the first & elements

of N. Observe that gF,I,Q,ﬁg,p,A[M’ U, Cy(I), (Ni)i:(}] is a sequence of pairs (A; F a;, Ci)f;(}.
We will use the notation

9.1, sl U CulD), (N) o]

for the sequence consisting of terms (a;)"~4.

We want to prove that the definition of interpretation is correct, i.e.

L' - Elim(1, @, m){ fYe.p.a € Va(p(Blim(I, Q, m){f})).

We will first prove that every element of the set Base U Min is in Va/(p(Elim(I, Q,m){f}))
for an appropriate A’. In particular, we will show it for elements of the form

T+ falepa - 9p 1.0 fepalConstr(n, J)N, U, Co(I), N].
For this we need an auxiliary fact: that every application of the form
[T+ falepa - 9p 1.0 fepalConstr(n, J)N, U, Cu(T), (Ni)15]

is correct.
Lemma 64. Suppose

1. T =1+ and I is a large inductive type, Cp(I) = 117 : T.I;

2. 'k fr: AMCL(I),Q, Constr(n, 1)} and [I'F fule o € Va(p(fn)),

3. Constr(n, J)N =g, m for m such that A+ m : p(I);

4. U € Va(Constr(n, J)N);
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5. for every context T! D T, for every constructor valuation (&', p') which satisfies T' at A,
if S = predr 1 ¢y (A" F Constr(n, J)N) then for every term u such that A" = : p(I)
for every C € Van(u) we have

Grr g0 7o ya(SA" Fu,C) € Van(Elim(p'(I), 0/(Q), w){p' (F)});

6. k is a natural number at most equal to the length of the sequence N.

Then it holds that
[P + fn]&,p,A : gF7LQ7ﬁ§7p7A[COHStI‘(n, J)N7 U, Cn(I)a (Nz)f:_ol]
1 Y k—1
e Valp(fn) - gF7I7Q7ﬁ§7p’A[Constr(n, J)N,U,Cp(I), (Ni);Zo])-

Proof. We proceed by induction with respect to k.

If £ = 0 then the sequence gnI,Q’ﬁ&p’A[Constr(n, J)N,U,Cy(I), (Ni)fz_ol] is empty and the
conclusion follows from the assumption.

Suppose k > 0 and the conclusion holds for every k' < k. We proceed by cases depending
on Nj_1. We only consider the more complex case: when Nj_1 is a recursive argument. The

case for non-recursive argument is similar but simpler. Then Nj_; is of type IIZ : 7.1. By the
induction hypothesis

[P + fn]&,p,A : QF7[7Q7ﬁ§7p7A[COHStr(na J)Na U, Cn(I)a (Nz)f:_oz]
€ Va(p(fa) 911 o e palConstr(n, N, U, Cu(1), (Ni)i=)-

By the definition of A{C),(I),Q, Constr(n, )} and the definition of Va(p(fy)) we know that
[T F falepa gRLQ’fjé’p’A[Constr(n, J)Na U, Cy(I), (Nz)f:_OQ]
is a function with the domain
{(A"FM,C) | A DAAN M : (17 : p(7).p(I)),C € Var(M)}
such that

[F l_ fn]f,p,A : gr7[7Q7ﬁ£7p7A[ConStr(na J)]\_fu U7 Cn(I)> (N’L)f:_()z](A/ I_ M) C)
€ Valplfa) - 9} 1 o e alConSt(0, J)N, U, Co(1), (N)ESEIM).

Observe that A+ Ny_q1 : p(IZ: 7.1), A C A, Ug—1 € VA(Ng_1). Thus

[F = fn]{,p,A : gp71,Q7ﬁ§7P7A[ConStr(na J)]\_f’ U» Cn(I)v (Nz)f;(?](A + Nk—la Uk—l)
€ VA(p(fn) 911 o e palCOStE(n, YN, U, (1), (ND)iZF I Ni-1)-
By the definition of Va(p(fn))

[F - fn]&,p,A ) gp,]7Q7ﬁ§7p,A[ConStr(nv J)Na U7 Cn(I)v (Nz)f:_oQ](A - Nk—h Uk—l)
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is a function with the domain
[(AF M,C) | A 2 AN F M : (I1F : p(7).p(Q)(Ni1)), € € Viar(M)}
such that

[T E falepa - 9r 1. fepalConstr(n, TIN, U, Co(I), (N)EZG1(A B Ny, U 1)(A F M, C)
e Valp(fy) - gl{’LQf&p’A[Constr(n, J)N, U, Cp(I), (N)F-ZIN_1 M).

By assumption that Ni_; is of type IIZ : 7.1 we get

—

A F AT p(7).Elim(p(1), p(Q), N-12){p(f)} : (T : p(7).p(Q)(Ny-17)).

Suppose C' is a function which for any sequence of arguments (A;,a;, C;)?_, appropriate
for (':7) at (£, p) in A, is defined as follows:

C((Ai,ai, Ci)i) = G(F,ﬁ:p(?)),I,Q,f,ﬁp,pp,Ap (pred(F,f:?),I,fp,pp,Ap (Ap b Constr(n, J)N))
(A F N—1@, Up—1(Ai, a3, Gy )i_p)-

Then by the assumption

—

C € VAT : p(7).Elim(p(1), p(Q), Ne—1Z){p(f)})-
Thus

[F t fn]é,p,A : gn],Q’f,g’p’A[ConStr(na J)N, U, Cn(1)7 (Nl)f:_ol]
€ Valplfa) 9% 7o Constx(n, YN U.Co(D). (N)ES)). O

—

Lemma 65. The set (Base U Min) is consistent for Elim(p(I), p(Q), m){p(f)} at A.

Proof. Recall that the set is consistent for A at A if for each h € F there exists A’ D A such
that h € Va/(A) and there exists b’ € F such that b’ € Va(A).
Let h € (Base U Min). If h € Base then by Lemma [64]

b€ Var(p(f) 0k e alConstr(n, )N, U, Co (1), N]) = Vi (Blim(p(1). p(Q). m) {o(/))).

If h € Min then by Lemma We have h € Va/(Elim(p(I), p(Q), m){p(f)}). In both cases

h € Var(Elim(p(I), p(Q), m){p(f)})-
Now we prove that there exists b’ € (Base U Min) such that

I’ € Var(Elim(p(T), p(Q), m){p(f)})-
Case 1: If m =g, Constr(j, J)N and (A’ Constr(j, J)N) € S, take

W =Tk falepar 9p 1o fepalConstr(n, J)N,U, Cp(I), N].
We know that k' € Base and by Lemma [64] we have
/ et . N7 N7
'€ Var(p(fn) gF’LQf’&’p’A[Constr(n, J)N,U,C,(I),N])
= Var(Elim(p(1), p(Q), m){p(f)})-
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Case 2: Otherwise take
W = Mina(Elim(p(I), p(Q).m){p(f)})-
Then h' € Min and by Lemma {49 we have b’ € Va/(Elim(p(I), p(Q), m){p(f)}). O

Lemma 66. Let all assumptions of Lemma |64] hold. In addition assume that S € Dr ¢, A-
Then

Gt o fenalS) A Fm,U) € Va(Elim(p(I), p(Q), m) {p()}).

Proof. 1f S € Dr r¢, . then there exists a such that S = Ff'; . (N SATﬁI)). We proceed
by induction with respect to . There are two cases.
Case 1: If 11(U) = n and there do not exist J, N and A” O A’ such that

m =g, Constr(n, JJN and (A" Constr(n, J)N) € S

then
Cr10FepalSA Fm,U) = Mina (Elim(p(1), p(Q), m){p(f)}).
By Lemma [19]

— —

Mina (Elim(p(I), p(Q), m){p(F}}) € Vi (Elim(p(1), p(Q), m){p(/)})

Note that if & = 0 this is the only case which is possible.

Case 2: If m;(U) = n, m =g, Constr(n, J)N and there exists A” D A’ such that

(A" + Constr(n, J)N) € S

then
!
GF’LQ7JF7§,P,A(S)(A - m, U) = |_|-7:7
z\;lhetre F = Base U M1in as in the definition of GF,I7Q,JF£,07A. We will use Lemma @ to prove
a

| |7 € Var(Blim(p(1), p(Q), m){p(f)}.

We have to show two things:

—

1. for every f € F there exists A” such that f € Var(Elim(p(I), p(Q), m){p(f)},
2. there exists f € F such that f € Va/(Elim(p(I), p(Q), m){p(f)}.

We show the first property. If f € F then there are two possibilities. The first one
is f = F falepar- I0 10,5 £l g [Constr(n, J)N,U,C,(I), N]. By Lemma (64 and the
induction hypothesis we have

T F falepan COT 1.0l A [Constr(n, J)N, U,Cn(I), ]\7]
. 1 N ¥ \V
€ VA” (p(fn) gF,I7Q,f7§‘A//,P,A” [ConStr(n? J)N7 U’ Cn(I)’ N]))

But

P(Fn) - 9t 1 o fe s lConstr(n, )N, U, Cu(I), N] =g, Elim(p(I), p(Q), Constr(n, J)N){p(f)}

—

=g Elim(p(1), p(Q), m){p(f)}
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and by Lemma

Var(olfn) 9t 1. Fel o poar (U Ca(D), N1) = Vi (Blim(p(1), p(Q), m){p(f)}).

Thus

—

f e Va(Elim(p(1), p(Q), m){p(f)})-
The other possibility is that f = Mina»(Elim(p(I), p(Q), m){p(f)}). By Lemmaindeed

Minan(Elim(p(1), p(Q), m){p(f)}) € Van(Elim(p(I), p(Q), m){p(f)}).

The second property is easy to observe. Either

Minas(Elim(p(I), p(Q), Constr(n, J)N){p(f)}) €

or

L F fulepar - 9r.1 o felparConstr(n, J)N,U,Cu(I), N] € F.
Therefore by Lemma [61] we have proved

| |7 € Var (Blim(p(1), p(Q), m){p(f)})
and thus
Cr 1.0 fepa(S)A Fm,U) € Va(Blim(p(I), p(Q), m){p(f)}).
Lemma 67. Suppose I, and A are contexts and T' C T". Suppose
1. T 1:%" and I is a large inductive type;
2.THM:I;
3. T FElm(I,Q, M){f} : QM;
4. (&, p) is a constructor valuation which satisfies I' at A.
In addition suppose that for each sequent I" = N': T in the derivation of
T+ Elim(I, Q, M){f} : QM
and for each constructor valuation (', p') which satisfies T' at A’ we have
5. [I"F N'ler g, ar € Var(p'(T);
6. if A C A" then ([I" = N'lgr y ar)|ar = 1" N'ler 0 o875

7. the value of [I" = N'lg v ar depends only on the values of £ and p' for variables
in FV(N').

Then
([T + Elim(Z, Q, M){ ¢ p.a)lar = [I'F Eim(Z, Q, M){f}]¢|, pa-
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Proof. Let m = p(M). Then

—

([F + Ehm(Ia Q7M>{ }]é,p,A)‘A/ = (Gr’[’nyjg,p,A([F - I]E,p,A)(A Fm, [F t M}E,p,A))‘A/
and
[F = Ehm([, Q, M){f}]f‘A,,MA’ = GF»IvQ:ﬁg‘A/:pyA/([F - I]E‘A/,p,A’)(A/ + m, [F t M}E‘AMP,A/)'

There are two cases.
Case 1: m([['+ M]g A) =n and m =g, Constr(j, J)N and there exists A” DO A’ such that

(A" + Constr(j, J)N) € [[' + Il¢ pa- Then

(GrrorenalDF Tlepa)(AF p(M), [T F Mle,a)la = (| F)la

where

F1 = (Base; U Miny)

and
Cr1oFela o (LF ey pa) (A p(M), [T F Mg, pa) = | |7
where 75 = Bases U Ming. By the assumption

[T Mg par = (I'F Mg pa)lar

and
1N I]E\A/%A’ =(IC*F I]{,p,A)‘A"

Thus 71 ([I' = Mg, par) = m(([I' = Mg pa)lar) = n. Moreover m =g, Constr(j, J)N and
there exists A” O A’ such that

(A" Constr(j, J)N) € [T+ g, par = ([T Ig poa)|ar-

It is easy to observe that Fij, Fo satisfy the assumption of Lemma Thus

(L|F)lar = |7

Case 2: Otherwise m1([I' = Ml¢ , A) # n or m #a, Constr(j, J)N or there does not exist
A" D A’ such that (A"t Constr(j, JYN) € [+ I]¢ , . Then

(GF,[’ny’g,p,A([F - I}E,p,A)(A = m, [F - M]E,p,A))‘A/
= (Mina(Elim(p(I), p(Q), m){p(f)}))|ar = Mina (Elim(p(I), p(Q), m){p(f)})-

But then as well 71 ([I' = Mg, ,a) # n or m #g, Constr(j, J)N or there does not exist
A” D A’ such that (A" + Constr(j, J)N) € [[' - ¢ 0 par- Thus

Cr 107l (T Tl pa) (A" m, [TE Mgy, o a0)
= Mina (Elim(p(I), p(Q), m){p(f)})-
Hence indeed
(G ([FI—Ik,p,A)(AI—m, [FI—M]g,p’A))\A/
= GF,I,Q,ﬁE\A/,p,A’([F l— I]g‘A/’p,A/)(Al I— m, [F |— M]é\A/,p,A')’ D

[,1,Q,f.&p.A
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Corollary 68. Under the assumptions of Lemma[67 we have

o [[F Elim(I,Q, M){f}]e pa € Va(p(Blim(I,Q, M){F})),

o (IU'F Elim(1,Q, M){fYe,pa)lar = [T F Elim(7, Q, M){ e, p.ar-

Proof. Tt follows from Lemma [66] and Lemma [67]

Lemma 69. If (A + p(Constr(n,I)N)) € [['+ Il¢ oA then

[T+ Elim(7, Q, Constr(n, [)N){f}e pa
=T+ falepa - 9p10 fepalo(Constr(n, I)N), [T+ Constr(n, T)N]e 5 a, Ca(I), N,

Proof. By the definition of interpretation we have

[+ Elim(7, Q, Constr(n, [)N){ f}e pa =

GrrofepnlF Nepa)(At p(Constr(n, I)N), [T Constr(n, )N ,a)-

Then for U = [I" - Constr(n, I)]\_f]g,p,A we have

G I+ ¢ pa)(A b p(Constr(n, I)N),U) =|_|(Base U Min)

F,I,Q,fi&p,A([

where Base and Min are as in the definition of the operator G . Let F be the set

0.1,Q.f&pnA
of all values of the form

([r F filena  9p.1.0 Fepalo(Constr(n, )N, [T F Constr(n, I)Nle 8. Co (1), N]) |

where A’ O A. By the Church-Rosser property and the definition of the set Va(p(f;)) it is
easy to observe that F = Base. Moreover, if f € Min then there exists h € F such that
f < h. Lemma [63] implies that

|_|(Base U Min) = |_|.7:

The conclusion is a consequence of Lemma O

5.3.3. Interpretation of inductive predicates

In this section we give the interpretation of inductive predicates. The interpretation is a func-
tion which takes an appropriate sequence of arguments (depending on arity) and returns a set
of simple sequents. Only sequents which behave correctly under all possible eliminations are
in the set: we consider all possible targets of elimination () together with their interpretations
and all possible branches for this target. We expect that under all such eliminations the term
in question is an element of the interpretation of ). Suppose A = IIZ : 7.xP. We use an
abbreviation I = Ind(X : A){C}. We define the interpretation for an inductive formula as
the least fixpoint of a certain operator Hr r¢ , A : Va(p(I)) — Va(p(1)):

[T+ Il pa = ifp(Hr 16,,0)-
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The value Hy e, a(S) is a function which takes an appropriate sequence of arguments
(34, ui, Up)iy for (2 : T) at (§,p) in A; if the vector 7 is empty then ¥y will denote the
context A. The value is the union of two sets:

Hr 16,50 (S)(Zi ui, Ui)iy) = () SAT ) U hr 16,08 (S)(Siwi, Ui)iy)

where hr ¢ 0 A(S)((3i, us, Us)ly) consists of simple sequents (A’ - m) € SNE(?W such that

for every context A” and every term J such that (A" F J) € SNE(’A) and J =g, p(I),

for every context A" and every term @ such that (A" Q) € [['F Alg ., p.a7,
for every P € Vam(Q),

)

for every context A" and for every vector f such that

(AHN F fl) S [F, q: A,X CAR A{CZ(X)) Q}](g\A,,,,;X;:SM////;q::P),(p;X::J;q::Q),A”"
we have (A" - Elim(J, Q, @, m){f}) € P((Si, ui, Up)™_,).

The simple sequents in hp r¢, A(S)((Zi,ui, Us)i;) are in the set SNpE(}l)ﬂ’ not SNPZ(’}ﬁ)
because the intended use of the operator Hr s¢ , A is for sequents already interpreted by p.

For example we have

T Tuile pa = Up(Hr16,p.0) (A F p(ur), [T uilepa)-

We prove that the definition of interpretation is correct, that is that the fixpoint actually
exists. First we state an auxiliary lemma.

Lemma 70. Let A be a context and M, M’, I, Q, @, f be terms such that (A+ M) € SNE&
and (A & Elim(I, Q. i, M){f}) € SN, If M' — M then

(A + Elim(I,Q, 7, M'){f}) € SNz
Proof. Tt follows from Corollary [38] O
We prove that the operator Hr ;¢ , A is well defined.

Lemma 71. Suppose I' and A are two contexts, I = Ind(X : A){é} s an inductive predicate
in I and (€, p) is a constructor valuation which satisfies T' at A. If S € Va(p(I)) then

Hr 164(8) € Va(p(I)).

Proof. Let S € Va(p(I)). Suppose A = IIZ : 7.#P and T is a vector of length n and
(3, ui, U;)Iq is an appropriate sequence of arguments for (& : 7) at (£,p) in A. We will
show that

Hy 16.p,A(S) (4,43, Us)j—1) € SAT,;E(?)a-

We have to prove the four conditions in the definition of a saturated set. The conditions
(SAT1), (SAT2) and (SAT3) are straightforward. We only show the condition (SAT4).
Suppose (A" M) € Hr 1¢pa(S)((Zi,u5,Ui)iy), M' — M and (A" + M') € SNpA(I)ﬁ'
We will prove that
(A"F M') € Hr 16,a(S)(Zi, ui, Up)iy).-
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There are two cases.

Case 1: (A M) € (SAT}; Then (A + M') € Hrrepa(S)(Zi ui,Ui)i,) as
N SATPE(’ILW is saturated.

Case 2: (A'F M) ¢ (\SAT, .. We have (A" = M) € hr 16,0,a(S)((Zi, us, Up)fy). We will
prove that (A" F M') € hr ¢, (S) (24, ui, Us)i—;). Note that (A" + M) € SNpE(?)ﬁ. Take

e a context A” and a term J such that (A" F J) € SN,ﬁ;x) and J =g, p(I)

e a context A" and a term @ such that (A" F Q) € [['F Alg|,,, p.a7
e an interpretation P € Van(Q)

e a context A" and for every i = 1,...n take a term f; such that
(A" fi) € [Dyq: A, X 2 A DCHUX), (€] g s Xim S| armriaim P), (9 X = T5qi=Q), A
The assumption (A’ F M) € hr r¢ 5 a(S)((3s,ui, Us)—y) implies that
(A" Elim(J, Q. @, M){f}) € P((Si, us, Ui)i ).

We also have _ .
Elim(J, Q,d, M"){f} — Elim(J, Q, @, M){f}.

By Lemma [70] we have (A" & Elim(J,Q, @ M'){f}) € SNA .. As P((Si,u;, Up)y) is
a saturated set we get

(A" + Elim(J, Q, @, M'){f}) € P((Si,us, Ui)i-y)-

Hence indeed it holds that (A" = M’') € Hr 1¢,a(S)((Zi,ui, U;)7—y). By the definition of
Hr 16 it is easy to observe that the remaining conditions in the definition of Va(p(I)) are
satisfied. O

We want to prove that the operator is monotone. First we show that interpretation of branches
are antimonotone.

Lemma 72. Suppose that
1. A=TIZ: 74P,
(Tyq: A, X : A1) and A are contexts,
I is an inductive predicate in ' and J =g, p(I),
S, S e Va(J),
AFQ:Aand P e Va(Q),

(6 X :=55q:=P),(p X :=J;0:=Q)) and {(§ X := S;q:= P),(p; X := J;0:=Q))
are constructor valuations which satisfy (I'yq: A, X : A, T') at A.

S v e

7. the interpretation of any term M which occurs in the derivation of ' 1 : A depends only
on the values of a constructor valuation for the free variables of M (recall the definition

on page .);
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8. C(X) is a type of constructor of I.

If S <8 (the definition of the relation < was given on page @) then

[Fv q- A X A7F/ - A{C(‘X)7Q}](§;X::S’;q:zP),(p;X::J;q::Q),A
C [F7q : A7X : A,P, = A{C(X)7 Q}](E;X::S;q::P),(p;X::J;q::Q),A-

Proof. We will use the abbreviations

P=T,q:AX: AT and p=p: X :=J;q:=Q,
é’z{;X::S';q::P and ézf;X::S;q::P.

We proceed by induction with respect to the definition of A{C(X), ¢}.

e O(X)=X #/. We consider the case when every t. is a large object, otherwise the proof
is similar. Then A{X?,q} = qt’ and

NS A{X{’,Q}]gg,@A = P((Z5,ui Uj)iey)
and ) - A
[TE XY, q}g 5 o = P((86,wi, Ui)iey)

—
~

where i, i, ﬁ, U are vectors such that for every i:
%

=A and u; = p(t),

U =0 F e, a and Ui=[TFtlesn

Because X, q & FV (t;) we have U’ = U. Thus

[P F AXE, qlg = PU(Ssu, Uy = P(Sius Uiy) = [T F AXE, e .
o C(X)=Iz:¢t.D(X) and X ¢ FV(t). Then A{llz : t.D(X),q} = Uz : t. A{D(X), q}.

Suppose X
(A"F M) e [l'F A{Ilz: t.D(X), aHe pa-

By the definition of interpretation for the product it means that A C A’ and
A+ M : p(A{Tlz : t.D(X), q}).

It means that if (A" +a) € [['F ] av and P' € Var(a) then

§A/|A”1ﬁ7
" r . R
(A"F Ma) e Iz : tF A{D(X)’Q}](gf\A,,;x::P'),(ﬁ;x::a),A”'
We will prove that

(A'F M) € [['F ATz : £.D(X), ¢}z 5 o
Take A”, a and P such that

A"D N, (A"Fa) el F{ and P’ € Var(a).

NN
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By the assumption the sets [f F ¢] , and [f‘ ] é1]n pr A ATE equal. Thus

é'A’U/}vA/

(A// [ (L) S [F F t]é’\A//,ﬁ,A”'

Then by assumption
(A" Ma) € D,z :t = ADX), g e (prarma) A
By the induction hypothesis and the fact that S|a» < S’|a» we get that

[f, Ttk A{D(X), Q}](é’|A//;x::P)7(ﬁ;x:=a)7A”

C [t = DD, aHig i) (v o

and thus
" r . R
(A"F Ma) € I,z : t F A{D(X), q}](g\A//;x::P),(p;x::a),A"'

Hence indeed

(A"F M) e [[F ATz : ¢.D(X), q}¢ 5 -

O(X) = (Hf:ﬁxﬁ) — D(X). Then
A{(Ha? : EXF') . D(X),q) = (IIF : £XT) — (IIZ : T.q7") — A{D(X), q}.
Let (A’F M) € [f‘ = A{(Ha’c’ : EX?) — D(X),q}]é,ﬁA. Suppose

A" DN, (A"Fa)e [DFIZ: EXY] P’ € Van(a).

Elamp A"

and

A" DA (A" b) e[+ IIZ: T.qf] P" € Vam(b).

Elam P A"
Note that X ¢ FV (£) U FV(#) and thus by the assumption
[T+ IIZ : £.qt] [T+ IIZ : £.qt]

Elarm,p, A &N arm,p, A

Moreover, it is easy to check that

[T FILZ : £.XT] C [+ IZ: i.X¢t]

Elam b A i
Thus [ /
(& € [P T X
and [ Eqt
(A" Fb) e[l FIIE: t.qt']éz‘A,,,,,a,A”"

By the assumption we get that

(A" - Mab) € [0,z : Z: £.X,y : 11Z : {.q
t A{D(X)v q}](é/|A,//;x::P|/A,,,;y::P”),(,b;:z:::a;y:zb),A”"
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By the induction hypothesis and the fact that S|am < S'|am

T,z : 107 : t. X,y : 117 : t.qg - AN{D(X), Q}](§’|Am;m::P'\Am;y:=P”),(ﬁ;m:za;y::b),A’”
Q [F,ZL’ : Hf : tX, y: Hf : tq F A{D(X), q}](é\A///;Z’::P’|A///;yI:P”),(ﬁ;ﬂil:a;ylib)7Am'

Hence it holds that

(A”/ - Mab) c [F H {(Hf . tX) — D(X), q}](é|Am;x::P'\A///;yZZP"),(ﬁ;$1:a;y1:b)7Am’

Thus

(A" M) eI+ A{llz : t.D(X),q}]éﬁA.
Now we prove that operator Hr r¢ , A is monotone.
Lemma 73. Assume that

1. T and A are contexts,

2. I is an inductive predicate in T,

3.8,58 € Va(l),

4. (&, p) is a constructor valuation which satisfies T' at A,

5. the interpretation of any subterm M of I depends only on the values of & and p for the
free variables of M.

IfS < S’ then HF»I@P,A(S) < HF,I,{,p,A(S/)'

Proof. Let S < S'. Suppose (X;,u;,U;)!" is an appropriate sequence of arguments for (7 : 7)
at (&, p) in A. We will prove that

Hr 16,0,a(8) (B, ui, Ui)iey) € Hr 1,6,0,a(8") (4, i, Up)iey).

Let (A"F M) € Hr re,5a(S)((2s,ui, Us)_;). Then there are two cases.

Case 1: (A'F M) € ﬂSATpE(;)ﬁ. By the definition of Hp j¢, A it obviously holds that
(A" M) € Hr,1.6,pa(5)((3i i, Ui)izy)-

Case 2: (A’ M) ¢ (\SAT>" . Then (A = M) € hrrepa(S) (i, ui, Up)y). We will

p(l)u
prove that (A" M) € hr rep A(S")((X4,ui, Us)}q). By the assumption we know that

A2 %, (A'FM): p(I)i, and (A M) € SN

Let
(A" J) e SN,ﬁ;l) and J =g, p(I)
(A" Q) e [T+ Alg,, par, PEVan(Q),
(Am/ + fl) € [F7 q: AvX P AR A{611'(*X)7q}](é\A///;X::S’lA///;q::P),(p;X::J;q::Q),A’”'
Note that

<(§’A”’?X = S/’A'";q = P), (p;X =J;q = Q)>
and ((&|am; X:=S|am; ¢:=P), (p; X:=J;¢:=Q))
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are constructor valuations which satisfy (I',q: A, X : A) at A”. By Lemma
[Cyq: A X2 A DCHX), (el s Xi=5" | amia=P) (X = Jiq:=Q), A"
Clg: A X:AF A{Ci(X), Q}](ﬁ\A///;X:=S|A///;q:=P)7(p;X:=J;q:=Q),A”"
Thus
(A" fi) € [Tyq: A, X+ A DOUX), @Y (€] js Xi=S)| gsaim P, (05X =T 5qi=Q), A -
Applying the assumption (A" + M) € hr 1epa(S")((Zi, wi, Ui)ly) we get
(A" Elim(J, Q, @, M){f}) € P((Si,ui, Up)iy)-
Thus indeed (A" + M) € Hr r¢pa(S") (i, us, Ui)ly). O
Lemma 74. Assume that
1. T, A and A" are contexts, and A D A,
2. I is an inductive formula in T,
3. (&, p) is a constructor valuation which satisfies T at A,

4. the interpretation of any subterm M of I depends only on the values of & and p for the
free variables of M.

Then
([C'FInd(X : #"){Ci(X) e pa) [ar = [ Ind(X - *p){ci(X)}]aA,,p,A/-

Proof. Recall that
([ F Ind(X : #"){Ci(X) e p.a)lar = (Yp(Hr 16.0.0))

and Up(Hr1.6,50) (St s, Uy) = Unco HE e poa (Min® (p(1)) (Si s, Up)7y) for a cer-
tain . We will prove that

(Hr,16,0,0(9)ar = Hr 16),,p.0(S]a).

Observe that the domains of both functions are the same. Moreover if ((2;, u;, U;)I" ) is in
the domain then

(Hr, 16,08 (5| ar(Siyus, Ui)izy) = () SAT 1) U hr, g0 (S)(Si wi, Ui)iey)
and
Hr 1g] 500, (S a0 (St ui, Up)imy) = () SAT ) U ke g 0,80 (S1a) (Si wi, Ui)iey)

Recall that hr e, a(S)((Zi,us,Ui)fy) consists of simple sequents (A’ = m) € SNPZ(?)ﬁ
such that

for every context A” and every term J such that (A" F J) € SNE(’A) and J =g, p(1),

for every context A" and every term @ such that (A" Q) € [['F Al¢|,, p.a7,
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for every P € Vam(Q), ;

for every context A" and for every vector f such that
(A™F fi) € [Tyq: A X+ A ACHX), G (€] yuniXi=S] amria=P),(piX 1= Jigi=Q) A"
we have (A" + Elim(J, Q, 4, m){f}) € P((3,ui, Up)y).

?}rlldt b 1 el apa (S1ar) (i, i, Up)fey) - consists of simple sequents (A" = m) € SNpE(’IL)ﬁ such
a

for every context A” and every term J such that (A" F J) € SNPE(’A) and J =g, p(I),

for every context A" and every term @ such that (A" F Q) € [T+ A]
for every P € Vam(Q), )

Elarlar e, AT

for every context A" and for every vector f such that
(A" fi) € [Tyq: A X+ Al A{CHX), Q€] s aomrs Xi=S ar| s P) (o5 X i= Tii=Q), A"

we have (A" + Elim(J, Q, @, m){f}) € P((Zs, u:, Ui)™,).

Note that (§|ar)|ar = &|ar» and (S|ar)|ar = S|ar for all A” O A’. Thus indeed
(Hr,r.6.0,a(9)ar = Hr 1g],4 0,80 (S]ar)- O

Lemma 75. Assume that

1. T and A are contexts,

2. I =Ind(X : A){C} is an inductive predicate in T,

3. 5,58 € Va(l),

4. (&, p) is a constructor valuation which satisfies T' at A,

5. the interpretation of any subterm M of I depends only on the values of & and p for the
free variables of M.

Then

o 0+Tnd(X : A){C}epa € Valp(I)).
o IfA' DA then ([r - Ind(X : A){é}]gw) lar = [T F Ind(X : A){CYe, par

Proof. By Lemma the function Hr ¢, A used in the definition of the interpretation
[I' = 1I]ep.a is well defined and by Lemma (73| it is monotone. We have a monotone func-
tion on the complete lattice Vr(p(I)) (see Lemma [A2). Then lfp(Hr 1¢pa) exists and we
have

[0+ Ind(X : A){C}epa = Up(Hr repa) € Valp(I)).
If A’ D A then the second item follows from Lemma [74] O
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Remark 76. The definitions for inductive types and inductive predicates are similar, yet
their interpretations are different. However, we could not use an operator F’ similar to F
to define an interpretation for inductive predicates. This is because formula polymorphism
is allowed in the type system. If we tried to give a definition for F’ we would have to have
an interpretation for an arbitrary formula @, including formulas structurally greater than the
inductive predicate we are dealing with. But then the definition of F’ would not be well-
founded. Similarly, we could not use an operator H' resembling H to define the interpretation
for inductive types. We are allowed to use dependent elimination for inductive objects. Thus
the interpretation of the result ¢ would be a function taking the interpretation of an eliminated
term M. However, this elimination could not be given because M could be an arbitrary term
of type I.

5.3.4. Correctness of the interpretation

In this section we prove that the definition of interpretation is correct and that it has the
property
[['F Ml pa € Va(p(M)).

We combine the correctness results stated in the previous sections: for inductive types, induc-
tive predicates and elimination terms. We also give correctness proofs for the missing cases:
the product, the abstraction, the application, the inductive object.

We begin the section with some technical lemmas. We prove that the interpretation of
a term M depends only on the values (up to fi-equality) of the constructor valuations for its
free variables.

Lemma 77. Let I', IV and A be contexts. Let M be a term such that ' = M : T. Let
(&, p) be a constructor valuation which satisfies T at A and (&', p') be a constructor valuation
which satisfies T" at A. Suppose for each variable x € FV (M) it holds that T'(z) = I'(x),

p(z) =g, p'(x) and &(z) = €'(x). Then
O Mlepa =[I"F Mgy a-
Proof. Induction with respect to the structure of M. O

Lemma 78. Let T', T" and A be contexts. Suppose (€, p) is a constructor valuation which
satisfies T at A.  Suppose that dom(T') = dom(I”) and for each x € dom(I') we have
I'(z) =p, I'(x). Then if M is a term such that ' M : T then it holds that

[F t M]E,p,A = [F, t M}é,p,A'

In particular, both interpretations are well defined.

Proof. 1f (£, p) satisfies I' at A then it also satisfies IV at A: if (x : T”) € I then T =g, T",
and (z : T) € T'. Then by assumption A & p(z) : p(T') but also A F p(x) : p(T") by conversion
rule.

The proof is by easy induction with respect to the structure of M. O

Lemma 79. Suppose

1. T, A are two contexts and (£, p) is a constructor valuation which satisfies I' at A,
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2.THF (HJJ . Ml.MQ) .S,

8. for every A" O A we have [[' = Mg, par € SATp%\/ﬁ) and if A" O A" then
([F H M1]§|A//,p,A”) ’A”/ - [F F Ml]f‘A//‘A///,p,A”U
4. for every A" D A for every (¢, p') satisfying (T, : My) at A" we have
0,2 : My b Maleryar € SATS o)
and if A" O A" then

(0,2 : My = Ma]er o an) |am = [T,z : My & Maler 0 a0

Then
° [F FIlx : Ml.MQ]&p,A S VA(p(HIL’ : Ml.MQ)),
o if A" D A then (' F1lx : My.Msle pa) [ar = [ Tl 0 My.Mag|, par-

Proof. We have

F"Mlisl F,J):le_MQZSQ
I'FIlx: Mi.Ms: s

We want to prove that [I' F Ilz : Mi.Male , A is in SATpA(HxZM1.M2)' Recall that

[Tz : My Mlepn = {(A"FM)|ACA and A"+ M : p(Ilz : My.Ms) and
for every A" O A, for every a such that (A" -a) € [[' = Mg, p.a7

for every P € Var(a)
we have (A// F Ma) S [F,l’ My MQ](£|A//;x::P),(p;a:::a);A”)}'

. A .
By assumption [I" = Mi¢|,, par € SAT,yy,y and thus if

(A” F a) € [F F Ml] A and P € VA//(CI)

§|A”7,07

then ((¢|ar;z := P), (p;x := a)) is a constructor valuation which satisfies (I', z : M;) at A”.
By assumption

3 A//
[F,I‘ My + MZ}(§|A”3$¢:P)1(P§1'1:0~)uA" € SAT(p;ac::a)(Mg)'
Let X = [I' - IIx : My.Mj]¢ p a. We prove that X is a saturated set.

(SAT1) Let (A" - M) € X. We want to prove that M is strongly normalizing. By the
definition of X, for every A” D A, for every (A" b a) € [I' F M;j] A, for every
P € Var(a) it holds that

§|A//’p7

(A” F Ma) € [F,l’ c My = MQ]({\A//;x:=P),(p;x::a),A”'

By the assumption the set [[',z : M1 & Ma(¢| 0= P),(pz:—a),A” 18 saturated so every
element of it is strongly normalizing. In particular, the term Ma is strongly normalizing
and thus M is strongly normalizing as well.
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(SAT2) Let (A'F M) € BpA(H:L":Ml.Mz)' We will show that (A" F M) € X. By the definition
of B

(T My M) Ve have
A CA"and (A" M) : p(Ilz : My.Moy).

Let
A"DA, (AFa)ellF Ml]&IA/upA”’ P € Van(a).

By assumption [[' = Mg, par € SATF%\I/M and hence A” + a : p(Mj). Thus
A"+ Ma: (p;x := a)(Ma) and

A//
(A” - M@) = B(p;z;:a)(M2)

But BA” C [I,a: My F My

(pizi=a)(M>) v and thus indeed

larmsz=P),(p;z:=a)
(A" + Ma) € [T,z: My F Ma] (| yiawi=P),(pszi=a), A7 -
(SAT3) Let (A'F M) € X and let A; D A’. We will prove that
(A1FM) e X.
By the definition of X we know that
A'F M :p(Tlz : My.My), A C A,

and for every A” 2 A’ for every a such that (A" - a) € [I' = Mg, ,an for every
P € Var(a) we have

(A" - Ma) [0, x: My - MQ](glA”w:zp)’(p;m::a)’A//.
Then obviously Ay = M : p(Ilx : My.My) and A C A’ C Ay. Let
A"D Ay, (A"Fa)e[lF Mg, par P €Van(a)
Then it also holds that A” O A’ and thus
(A"F Ma) € [T,z : My b Mg yai=P), (piai—a), A" -

Hence indeed
(A1 F M) e X.

(SAT4) Let (A'FM') e X and M —; M and (A'+ M) € SNpA(Hx:Ml.MQ)' Then obviously
A"+ M : p(Ilz : My. M) and A C A'. Let

A” 2 A,, (A// '_ CL) e [F l_ Ml]&lA/up,A”? P - VA// (a)
By assumption
(A” F M’a) S [F, x: M F M2](§|A//;z::P),(p;x::a)A”'

Note that Ma — M'a. By Corollary [38| the term Ma is strongly normalizing. Thus

(A" F Ma) € SN(%;:E::G)(MQ). As [[, @0 My b Mo (g|ia=P) (piei=a),ar 18 & saturated set
then (A/ F Ma) € [F,$ My MQ](E\A//;x::P),(p;J:::a),A”'
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A
We have proved that X € SATp(H:B: My Ms)*

([F FIlx : Ml.MQ]é‘,p,A) ‘A/ = [F FIlx : Ml'MZ]E\A/,p,A’

If A’ O A then the equality

holds because &|ar|ar = &|ar. ]

Lemma 80. Let I', A be two contexts. If T+ M : A, where M is a large term, and (&, p) is
a constructor valuation which satisfies I' at A, then

o ['F Mle,pn € Valp(M)),

o if A2 A then ['E Mg pnlar = [ Mg, pa-

Proof. Induction with respect to the structure of the derivation of I' = M : A.

Case 1: The last rule used was the rule (Var). The conclusion is obvious by the definition of
constructor valuation.

Case 2: The last rule used was the rule (Weak). Easy induction with respect to the structure
of M.

Case 3: The last rule used was the rule (Conv). We have

-M:A I'FA:s A= A
'EM:A

By the induction hypothesis [I' = M]¢ , A € Va(p(A')). By Lemmait holds that Vr(p(A)) =
Vr(p(A")). Thus [I' = Mle,an € Va(p(A)). Moreover by the induction hypothesis
O+ Mlepalar = [T Mg, o

Case 4: The last rule used was the rule (App).
FI_M1:H$:A1.A2 F"MziAl
'k M1M2 : Ag[x = MQ]
Suppose A; is a large type. The other case is similar. Then

[T F My Mole pn = [T F Mile p aA(A F p(Ma), [T F Mae , ).

By the induction hypothesis
[['F Milepa € Valp(My)) and [I' - M) € Va(p(Mz)).
Then [I' - M;]¢ p A is a function with the domain
{(A"Fa,P) | A"D A A" Fa:p(Ay), P € Va(a)}

such that [I' F M), a(A" F a, P) € Va(p(M1)a). By Lemma [i1] we have A b p(My) : p(A;)
and thus
[ My Msle pa € Val(p(M2)p(Mz)) = Va(p(MyMy)).

Now
(0 F MyMle o) ar
= ([CF Mepa(AF p(Ma), [I'F Mg pa))|ar
= [['F Mie pa(A"F p(Ma), [T Male palar) (by def. of Va(p(M1)))
= [['F Milepalar(A"F p(Ma), [T+ Male palar)
=[Ok Mg, par (A" F p(Ma), [T = Mg, p.a7)
— T+ MM, pare
Case 5: The last rule used was the rule (Abs).
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F,ZB:All_MliAQ
'k MXx: Al.Ml . (Hac . Al.AQ)

If (A'Fa)e TpA(Al)’ P € Var(a), then ((&|ar;x := P),(p;x := a)) is a constructor valuation
which satisfies (T',z : A1) at A’. Thus by the induction hypothesis

L,z Ayt Ml](£|A/;x::P),(p;x::a),A’ € Var((p;z := a)(My)).
By the definition of Va/((p; x := a)(M))

DXz : Ay Milepn = NA' Fa, P): TpA(Al).[F,:U P AL Mi] (g ia=P),(pei=a), A7

is a function with the domain
{(A"Fa,P) | A"DA A" Fa:p(Ay),P e Va(a)}

such that

TF Az A1 Mile pa(A'Fa, P) € Var(p(Az : A Mi)a) = Var((p;z := a)(My)).
Moreover, by Lemma [77|if a =g, ¢’ then

T FEXe: A Mi)epa(A"Fa,P)=[TF Xz : AL Mg pa(A' Fd, P).

By the induction hypothesis if A € A C A’ then

([0 Az Ay Mye p a(A F a, P))|ar

= (L2 A E Mgy o p) pzima).a) |7

=z Ay Mgy i=Plan) (pw=a) &
= [F,:L’ tALE Ml}(£|A/;zzzP\A/),(p;x::a),A’
= [F FAx: Al-Ml]g,p,A(A/ F CL,P|A/)

Thus [F FAx: Al-Ml]g,mA € VA(p()\x : AlMl))
Now suppose A’ D A. Then

[T F Az Ay Mg palar = MAFa, P): TRy xVa(a).[L oz Ay - Mil(g) oimp) (e A

and

CFAx: Al-Ml]ﬂA/,p,A/ = »\(A ~a,P): T;ﬁ;h) X VA(a)'

L2 AvE Milg )5 o= (proima) A

The equality follows from the fact that ({|ar)[z = &[A-

Case 6: The last rule used was the rule (Prod). It follows from Lemma [79|and the induction
hypothesis.

Case T: The last rule used was the rule (Ind,:). It follows from Lemma Lemma |77 and
the induction hypothesis.

Case 8: The last rule used was the rule (Ind.r). It follows from Lemma Lemma (77| and
the induction hypothesis.

Case 9: The last rule used was the rule (Intro,:). Easy induction with respect to the structure
of Cp(I).

Case 10: The last rule used was the rule (Elim). It follows from Lemma Lemma |77 and
the induction hypothesis. O
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5.4. Properties of the interpretation

In this section we show that the interpretations for convertible terms are equal. This property
will be proved in several steps. First we show that one-step reductions are preserved. We
prove the substitution lemma which entails that the interpretation preserves 3-equality. The
substitution lemma has two variants, depending on whether the variable being substituted
is large (type, formula, kind, subset, etc. variable) or small (proof or small object variable).
Later we deal with one-step (-reduction. Then we combine the two results to get the desired
conclusion.

5.4.1. Preserving beta equality

We begin the section by a few auxiliary lemmas which will be needed to prove the substitution
property. In this section we assume that (I',z : T,T”) and A are two contexts, a term B is
such that T'F B : T and (&, p) is a constructor valuation which satisfies (I',TV[B/z]) at A.
The constructor valuation (£, p) is defined as follows.

e If B is a large term then

é = 57 T = [P l_ B]gvva’
p = p;x:= p(B).
e If B is a small object or a proof then
é = §7$ = (2)7
p = p;x = p(B).

Lemma 81. The pair (€, p) is a constructor valuation which satisfies (U, x : T,T") at A.

Proof. Suppose (y : 7) € (T, : T,T"). We will show that A F p(y) : p(7) and £(y) € Va(p(y)).
There are three cases:

e (y:7) €Tl. Then for every variable z € FV (1) and for z = y it holds that p(z) = p(z)
and (if 2 is a large variable) we have {(z) = £(2). The conditions A = p(y) : p(7) and

&(y) € Va(p(y)) follow from the assumption that (£, p) is a constructor valuation which
satisfies I" at A.

e y=x and 7 =7T. We only consider the case when B is a large object; the other case is
similar. By Lemma [80] we have [I' b Bl , A € Va(p(B)). Thus

£(y) = [T+ Blepa € Va(p(B)) = Val(p(y)).

Moreover by Lemma [50| and the fact that p(z) = p(z) for z € FV(7) it holds that
AF p(B):p(1). Thus A+ p(x) : p(7).

e (y:7) €TI’. We only consider the case when y is a large object; the other case is similar.

Recall that (€, p) is a constructor valuation which satisfies (I',I'[B/z]) at A. Thus

At p(y) : p(r[B/a]). But p(y) = p(y) and p(r) = p(r[B/x]). Thus A b p(y) : p(r).
Moreover

E(y) = &(y) € Valp(r[B/2])) = Val(p(r))- -
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The next lemma proves a substitution property for the function Fr ;¢ , A, introduced on
page [68] used in the definition of interpretation for an inductive type.

Lemma 82. Let ',z : T,T' = I : Ty and suppose I is an inductive type. Suppose that for each
subterm M of I we have

[0, T'[B/z] - M[B/z]l¢pn = [T,z : T, I”I—M]gpA

Then

ForB/a)) 11B/a) 6 0.0 = F(F,x:T,F'),I,é,p,A'
Proof. By Lemma [81] the pair (€, ) is a constructor valuation which satisfies (I',z : T,T")
at A. We will prove that

Fepis/a.1s/a608 = Framm résa
Note that p(I[B/z]) = p(I) and thus

A _ A
SAT (118 = SAT o1y

The domains of functions Fir r/(B/4]).1(B/«] ¢,p,A @0d F (F ST ) E 5 A ATC the same. Recall that

A A
F(r /(B/a]),11B/21,6.0,8(5) = (ﬂ SAT,115/2)) ) U{(A"Fu) € SNy 1174 |
if A7 D A" and A" - u —} Constr(n, X)N, and C,(X) =11 : T.X
then for every j we have (A" - N;) € Interp((T, I'[B/x]) T) s 03,07 X, S| g

and

/ A
Firerr)résald (ﬂ SATZ), ) U{(A"Fu) e SN |
if A” 2 A" and A" F u —}, Constr(n, X)N, and Cp,(X) =17 : T.X

then for every j we have (A" - N;) € Interp((I',z : T, T" ) ET5)e SIAY XS\A,,}

The conclusion follows from the fact that by Lemma [54] and the assumption we have

Interp((U,T'[B/x])’ & Tj[B/])¢i pi.an x,8| 10
= (0, T'[B/2]) & Tj[B/2])(e5,x:=8] o), (09: X :=I[B /a]),A”
= (02 s TV E Tl g xm) ) =) A

= Interp((T,z : T,T) + T}]); O

&3,p9 A" X S\ ar”

Now we prove a substitution property for the function G, introduced on page [73] used in
the definition of interpretation for elimination terms.

Lemma 83. Let I',x : T.IV = I : Ty and suppose I is an inductive type. Suppose a is an
ordinal number such that
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and for each o < a if S = F& /e .a/a.6.08 00 SATpA(I[B/:L'D) then

G (0.01B/a)).11B/2).QB /). f1B/al.e.pa O) = Cirmrrn 1.0.F 5 (-

Then for every (A+ M) € TPA(I) it holds that

[MvUij(I[B/m])vﬁ] [MvUij(I)vﬁ]‘

9Ir.1(B/2),Q|B/a],fIB/x]£,0.A = Ir1,Q,f.épA

Proof. Note that by Lemma [82]

/

_ o A _ pa A
§ = (.0 18/a)) 118/2).6.0.8 S AT (118/2) = Fr porroy 16,50 SAT5n)
We prove by induction with respect to the structure of C;j(X) that

M,U,C;(I[B/x]), N] M,U,C;(I), N].

90 11B/2).QLB /=) 1B /2 € pa | = Ir1Q.fépal

o If C(X) = X then

gF,I[B/x],Q[B/x],f[B/m],g,p,A[M’ U, C(I[B/ﬁ]),]\_ﬂ =€=4g Fé s [Mv U, Cj(I)vﬁ]-

o If O(X) = Iz : T.D(X), X ¢ FV(T) then N = Ny == N’ and U = (m,U) and
U=Uy:: U and
9r.1(8/21,0B/2), f1B/a).£.p.0 M U, CU[B/]), N]
= (A F No,Up) :: 9r,1[B/2),Q[B/],f1B/x].£.p,A] (M, {m,U), D(I[B/z]), N'].
and

[M,U,C(I),N] = (A+ Ny, Up) [M, (m,U), D(I), N"].

Ir,1,Q.7.€.6,2 90 1,Q.F€pA

The conclusion follows from the induction hypothesis.

¢ If C(X) =llz : T.D(X), X € FV(T) and T = I1Z : £.X then N = Ny :: N’ and
U= (m,U) and U = Uy :: U’". Recall that

M, U, C(I[B/a]), N] = (A + No,Up) :: (A + e, C)

[M, (m,U), D(I[B/x]), N

9r,1(B/2],Q(B/x],f1B/x] .0,

* 9r.1(B/2],Q[B/x],f1B /).,

where .
e = AT : p(t[B/x]).Elim(p(I[B/z]), p(Q[B/x]), NoZ){p(f[B/x])}

and P is a function which for an appropriate sequence of arguments (A;, z;, P;)b_,
at (&, p) in A returns the value

PP ) — .
P((Ais @i, Bi)ing) = G (0 113 2] 2013/ ) (B /2] QUB 2. FLB /o] €p.

(Pred(r (5 /a)2:015/21) 1.6 pp.y (D F Comstr(j, X)N))
(A NoZ, Up(Ai, i, PYP_y)
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and
gF,I,Q,ﬁg,ﬁ,A[Ma U,C(I),N] =
(AF No,Uo)(AF&,P) it gy g o pepalM, (m,U), D(I), N
with

&= A% : p().Elim(p(I), p(Q), NoD){p(f)},

and P is a function which for an appropriate sequence of arguments (A;,z;, P;)?_,
at (€, p) in A returns the value

P((Aiy i, P)i_g) =G
Ay Constr(j, X)N)

(F,CE:T,FI7555)717627];:57:&7AP

(pred(F,sz,F’,f:i),],ép,ﬁp,Ap (
(A '+ NoZ, Up(Ai, i, P)E_y))-

Observe that by the induction hypothesis

[M,U, D(I[B/z]), N'| [M,U, D(I), N"].

91,1(B/2],Q[B/<],f1B /] £.p.A] = Ir1,Q.5épA

Moreover it is easy to note that e = é and by Lemma

Pred(r 111 o)701B /) LLépppi, (Dp - Constr(j, X)N)

= pTEd(F,x:T,F',;E:E),I,ép,pp,A,,(AP + Constr(j, X)N).

Then by the assumption

G(F,F’[B/r} 1| B/x]),I[B/x],QB/x],f|B/z].£,p.0p

(pred(F,I"[B/x}f:f[B/x}),I,gp,pp,Ap (Ap = COHStI'(j, X)]\_i))
=G (pred( (A, F Constr(j, X)N)). O

(0TI, 2:8),1,Q,F,6,6.0p 2,1 3:8),1,p,fp,Ap

We now prove the Substitution Lemma.
Lemma 84. Let A be a large term such that
Iz:T,T'FA:Th.

Then
[F,P,[B/(IZ] F A[B/w]]ﬁ,p,A = [I‘,w : T, I+ A]é,ﬁ,A'
Proof. By Lemma [81] the pair (€, ) is a constructor valuation which satisfies (I',z : T,T")
at A. We proceed by induction with respect to m(75).
The cases when A is a sort, a variable, an application, an abstraction, a product, or
an inductive object are an easy consequence of the induction hypothesis. We consider the
remaining cases.
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Case 1: inductive type. If A = Ind(X : +/){C} then A[B/z] = Ind(X : «"){C[B/z]}.
From the induction hypothesis and Lemma [82] we get

[0,T'[B/z] - Ind(X : +"){C[B/x]} e pa = Up(Fr.1(B/a]) ALB /a].£.p.0)
=D, z: T, + Ind(X : «){C}]

= Up(Fir prr,aépn) EpA"
Case 2: elimination. Suppose A = Elim(/, @, M){ f }+. For simplicity, we only consider the
case when [ is a large inductive type. The other case is similar. Recall that
[0, T'[B/x] = A[B/all¢ pa = G(r,r/[B/x]),I[B/x],Q[B/x],ﬂB/x}@p,A([FvF/[B/vﬂ FI[B/x]¢pn)
(AF p(M[B/z]), [I',I'[B/z] - M[B/z]l¢ p,a)

and

[C,a: T,1 = Al =T+ Bl ) (prz=p(B)),A

=G (C,z: T, T 1. NAF M), [T,x: T, T = Mg 1)

(a:=T,I"),1,Q.f.€.p,A £5,A £p.A

Note that by the induction hypothesis
[0, I'[B/z] b IB/z)|lepn = [,z : T, T + I]é,ﬁ,A
[0, T'[B/z] - M[B/z)lepan =Lz : T, T+ Mg ;A

and for any i we have

.V [B/al - filB/a]lepa = T2 : T,TF filg 5 A
Moreover p(M[B/x]) = p(M). Thus the arguments in the above calls to the functions

G(F,F/[B/a:}),I[B/z],Q[B/x],f[B/x],g,p,A and G are the same. To get the con-

clusion it is enough to show that

(F,IC:T,FI)ylyQaf;évavA

G

(D.I"[B/a]),1[B/],Q[B/x].f[B/x].&p, G(F,I:T,F’),LQ,ﬁf,ﬁ,A'

By the induction hypothesis (Lemma

D(rr[B/a)),11B/a] &8 = D(F,m:T,F’),I,é,ﬁ,A

so the domains of both functions are equal. Suppose
S e D(F,F’[B/x}),I[B/x],g,p,A7 AFm: p(I[B/ac]), and U € VA/(m).
We will prove

G SYA Fm,U) =G S)(A' Fm, U).

(D.I"[B/a]),1[B/2],QB/x],f[B/x] ,§707A( (RIIZT,F’)J@,ﬁé,ﬁ,A(

Note that if S € D(r1/(B/a]),1[B/a],¢.0,a then there exists o such that

_ o A
S = Ftvn/a 118 /a a1 SAT R 115/2))-
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We proceed by induction with respect to . If @ = 0 then § = ﬂSATﬁI[B/Z]). By

Lemma it is not possible that there exists A” and a term Constr(j, X))N such that
(A" F Constr(j, X))N € S and m =g, Constr(j, X)N. Thus

G (0,18 a]) 1(B/2).QB 2] FlB ja) ¢ o8 (S) (B, U) )
= Mina(Elim(p(I[B/z]), p(Q[B/x]), m){p(f[B/x])})

and
G(F7m;T7F/)7],Q7ﬁg7p7A(S)<A/ = m, U) = Mina (Elim(ﬁ([), fs(Q)a m){lé< _3})

The conclusion follows from the fact that for all M we have p(M[B/x]) = p(M).

If @« = o/ 4 1 then there are two cases. The first case: m(U) = j and m =g, Constr(j, X)N,
(A F Constr(j, X)N) € S. Then

G (0.0 (B /) 1B /2] QLB o). 1B el pp (S)A - m, U) = | |(Base U Min)
where
e Base consists of all values of the form

[(F7 P/[B/‘T]) H fj]£|A/,p,A”

(T B/a]) 11B/a) QLB ), f1B ) e pav [COBSEE (S, )M, U, C5(1[B /]), M]
such that A” D A, fIB/x] =4, Constr(J, J)M and (A" + Constr(j, J)M) € S

e Min consists of all values of the form

— —

Minan(Elim(p(I[B/x]), p(Q[B/z]), fF[B/x]){p(f)})
such that A” D A’, fIB/x] =g, Constr(j, J)M and
(A" = Constr(j, J)M) € Toy/a1) — S

Moreover

G arry 1o fépaS) A FmU) = |_|(BCLS€1 U Min,)

where

e Basey consists of all values of the form

[(er : T7 F/) l_ fj]é‘A”pVA//

“9(rzT,I),I[B/x],Q|B/<),fIB/z] £.p,A" [Constr(j, J)M, U, Cj (I[B/z]), M]

such that A” D A, fIB/x] =g, Constr(J, J)M and (A"  Constr(j, J)M) € S
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o Miny consists of all values of the form

Minan(Elim(p(1[B/x)), p(Q[B/x]), fIB/x){p(f)})

—

such that A” D A’, f[B/x] =3, Constr(j, J)M and
(A" = Constr(j, J)M) € Taty/a) — S

By the induction hypothesis

[F,F/[B/I] - fi[B/xH&P,A = [va : T, N fi]é@A‘

and by Lemma
gF,I[B/(E],Q[B/(E],ﬂB/(E},g,p,A [COHStr(j, J, N), U, C](I[B/$])7 N]

= 0r 1.7 5.alConstr (G, J,N), U, Cy(I), N].

Thus the equality holds.
Otherwise 71 (U) # j or there does not exist a term Constr(j, X)N such that m =g,

Constr(j, X)N and (A + Constr(j, X)N) € S. Then

G (r.01B/a]) 1[B/2).Q1B ). F1B/a) £ p.a (SN (A F 1, U)

= Mina(Elim(p(I[B/x]), p(Q[B/z]), m){p(f[B/x])})

and

—

G(F,J::T7F’),I,Q7f,é7ﬁ7A(S)(A + m, U) = MZHA(Ellm(ﬁ(I), ﬁ(Q)? m){ﬁ( })

)
The conclusion follows from the fact that p(I[B/z]) = p(I), p(Q[B/z]) = p(Q) and for all i

we have p(fi[B/x]) = p(fi),
If o is a limit ordinal then

o 1% A
S = U Ftvisap.im/a.ena (VS AT 15/4))

o' <a

and the conclusion follows from the induction hypothesis.
Case 3: inductive predicate. Suppose A = Ind(X : A){C} where A = IIZ: 7.+”. Then

[T, T'[B/x] & A[B/x]le.p.a = Yp(Hr r/(B/a]), AlB/a],€,p,A)
Recall that

H(p 1(B/a)), AB/a) €08 (9) (Bi, ui, Ui )iy ) =
Yin n
(VSAT s japy) Y e 5 /00),A1B /0l 6,08 (S) (i wi, Ui)iy)

and h(p,r/(B/a)), A[B/a) £,0,A (S) ((Zi, wi, Us)f_y) consists of simple sequents (A’ = m) € SszéZX[B/x])ﬁ
such that

for every context A” and every term J such that (A" - J) € SNpE(’A) and J =g, p(A[B/z]),
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for every context A" and every term @ such that (A" Q) € [(T,T'[B/x]) - Ale| ., p.a7
for every P € Vam(Q), )

for every context A" and for every vector f such that
(A”” t fl) € [(F7 F/[B/l‘]), q: A’ XAk A{Cl(X)v q}](§|A////;X::S|Auu;q::P),(p;X::J;q::Q),A””

we have (A" F Elim(J, Q, @, m){f}) € P((Zi, us, Ui)iy).

The value
O,z T.IF Al o = Up(Hip urr,ad p0)
is defined in a similar way. By the induction hypothesis and the fact that for all M we have
p(M[B/z]) = p(M) for every S we get that
Hrr/(B/a)),A1B/a)¢.0.8(S) = Hip ey a g pa(S):

Hence the conclusion. O

5.4.2. Preserving iota equality

Let I'; A be contexts. We say that (£, p) is an object valuation which satisfies I' at A if (£, p) is
a constructor valuation which satisfies I' at A and if (x : A) € I'then (A F p(z)) € [['F Al¢ pA.

Lemma 85. Let S = Ff ., A( SATpA(I)) for a certain a. If
(AFM)eS and M =g, Constr(j, X)N
then there exist terms X', N’ such that
M =g, Constr(j, X')N' and (A + Constr(j, X')N') € S.

Proof. If M =g, Constr(j,X)]\_f then by Lemma [35| we have a@ > 0. By the Church-Rosser
property there exists a term D such that M —7% D and Constr(j, X)N —7j, D. Note that

D = Constr(j,X*)N*. Then M —} Constr(j, X’)ﬁ’. By the definition of the operator
Fr1epn (see page the set S is closed for the key reduction and thus

(A F Constr(j, X')N') € S. O
Lemma 86. Suppose S,S" € Drrepn. If S C S and (A'Fm) € S then

G (S)(A'Fm,U) =G (S')(A' F m, U).

I,1,Q.f.&p,A I,1,Q.f.&p.A

Proof. 1f S € Dr 1¢ A then S = Fﬁ[,g,;;,A(ﬂ SATQI)). We proceed by induction with respect
to a. There are two cases.

Case 1: If there are no J, N’ such that m =g, Constr(n, J)N’ then

Cr 10 Fepa®A FmU) = Mina (Elim(p(1), p(@Q),m){p()})

and
GF,I,Q,f,g,p,A(S/)(A, Fm, U) = Minps (Elim(p([), p(Q)a m){p(ﬁ})

and the conclusion is true. Note that if @ = 0 then S = SATIQI) and by Lemma [35| this is
the only possible case.
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Case 2: By the preceding remark we may assume that o > 0. Then S # ) SAT;%[) and we
assume that the conclusion is true for every S” < S (that isif S” < Sand S” #5). If " < S
then S” = Fﬁ"} 0.epn( SAT/%I)). We may apply the induction hypothesis.

We have m =g, Constr(n,J)N and (A’ F m) € S. Then m —} Constr(n,J')N’ and
(A’ + Constr(n, J')N') € S. Recall that in this case

G (S)( A Fm,U) =] | A

D LQ.f&p.A
where F1 = Base; U Min, and
e Base; consists of all values of the form
[T & falelarpar 95 1.0 fep.anlConstr(n, J)M, U, Co(T), M]
such that A” O A/, m =3, Constr(n, J)M and (A” + Constr(n, J)M) es

e Miny consists of all values of the form

—

Mina»(Elim(p(I), p(Q), m){p(f)})
such that A” O A/, m =3, Constr(n, J)M and
(A" + Constr(n, J)M) € TPA(I) - S.

The value G/ 7, AS)A"Fm,U) = || F2 is defined similarly as the union of sets Basey
and Miny. We will use Lemma [63| to show that

Fi=G S)(A'Fm,U) =G YA m, U) = Fy.

F,LQ,fig,p,A( F,I,Q,ﬁs,p,A(

First we show that Fo» C Fi. Let C € F5. Then either C € Bases or C € Ming. If C € Ming
then obviously C' € Min,. If C € Basesy then there exist A” D A and n, J; and M, such that

C=[TF falela, 01 Ir.1.0 fepa, [Constr(n, Ji) My, U, Cp(1), Mi]
and m =g, Constr(n, J;)M; and (A” F Constr(n, .J;)M;) € S’. But then
m =g, Constr(n, J;)M; =g, Constr(n, J'YN' and (A" + Constr(n, J)N') € S.
Observe that
C=[F falepar 910 fepanlConstr(n, )M, U, Co(T), Mi]
=[TF falepar OP 1.0 FEp A [Constr(n, J')N',U, Cp(I), N'].
Thus C' € Base; and consequently Fo C Fi. On the other hand, if f € F; — F5 then

f = Minan(Elim(p(I), p(Q), m){p(f)})

for a certain A”. There exist terms Jo, MQ such that
f/ — [F l_ fj]&,p,A” . gF,],Q,ﬁE;P,A” [ConStI‘(j, JQ)MQ, U, C](I), MQ] € fQ.

But then f < f’. O
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The basic property we want to prove is
[T+ Elim(1, Q, Constr(n, NN){fHepn = [T F fn€lCu(X), N, I,Q, flepa.  (5.4)

Then under some reasonable assumptions we have

[[' F Elim(I, Q, Constr(n, I)N){f}]&p’A
= [T+ fulepa  9r10 fepnlConstr(n, )N, U, Cn(I), N
and for a certain sequence ¢ the following equality holds
b £261C(X), N, L,Q, flepa = [T F falepa -G

We would like to prove that the sequence ¢ is equal to Ir1.Q.FepA [Constr(n, I)N,U,Cy,(I), ]\7]
However, this equality does not hold in general. Consider the type Tree introduced on page[24]
Recall that the type of the second constructor of Tree is (Nat — Tree). Suppose we want to
eliminate a term M = cons A B and U = (1,a,b) and p(M) = cons Ny Ny. Then

[M, U, Cl(Tree), (No, Nl)] = (A = N(), a), (A F Nl, b),

—

(A Az : Nat.Elim(T'ree, p(Q), Nix){p(f)},
AMA"Fa,0).G (pred(A" = p(M)))(A" F Nya,C))

90, Tree,Q,f,¢.0,A

I\ Tree,Q,f.€,pA
and

G=(AF No,a),(AF Ni,b), (A F Az : Nat.Elim(Tree, p(Q), Nyz){p(f)},

—,

MA'F a,C).[T,z : Nat.Elim(Tree, Q, Bx){f}](égx::C),(p;m::a),A)'
We should prove that

MA'Fa, C)'GF,TTee,Q,f,f,p,A(pred(A/ F p(M))) (A" + Nia, C))

= AMA'F a,0).[0, 2 : Nat.Elim(Tree, Q, Bx){ f} (¢.0:=0) (prrma).A-
Lemma |86 only proves that the values of the functions are equal for arguments (A’ b a,C)
such that (A’ + a) € [I' F Natl¢,A. In the general case we cannot say anything about
the values of the functions. It turns out that this property (functions have equal values for
certain arguments) is enough to have the equality in the cases we really need it. We define
a relation which formalizes the property of partial equality.

Let T, A be two contexts and (£, p) and (¢, p) be two constructor valuations which satisfy
at A. IfI'F A:T and A is a large term then we define the relation ~p ¢ ¢ , A in Va(p(A4)).

e If A is a type, a formula or a kind then

Coregpa C e C=0C"

e If A is a subset or a constructor with an argument of type 77 then

C ~reepn C' < forevery 't : Ty
such that (A" F p(t)) € L F Tilepa N[CF Tl pa
for every A, A" € Va(p(A)p(t))
if Apeerpn A
then C(A"F p(t), A) ~peerpn C'(A F p(t), A).
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e If T is a large inductive type and A =g, Constr(n, I)]\_f then

C ree pA C'=Vi>0 (7['1(0) Pt p A ﬂ'z(C/)) AN 7T0(C) = 770(0,).

Let I, A be two contexts and (&1, p), (&1, ), (&, p) and (&', p) be constructor valuations
which satisfy I' at A. We write & ~p¢ ¢, A £ When

Va (i(a) 2reepn &(a)).

Lemma 87. Let A be a large term in the context I'y. Suppose A is a context, p is an object
substitution, C,C" € Va(p(A)), and T C T1, and FV(A) C dom(T'). Suppose that

o (£, p), (§,p) are constructor valuations which satisfy T at A such that & ~r¢e p A E';

o (&1,p), (€1, p) are constructor valuations which satisfy T'1 at A such that
&1 2, 6160 0.0 €1
Suppose that for every x € dom(T") we have {(x) = &1 (z) and &' (x) = & (x). Then
C T 61,6 A C' if and only if C D p A C'.

Proof. Easy induction with respect to the definition of ~p¢e , A using
Lemmas [77] and We only consider the case when I'y - A : T is a subset or a constructor
of large inductive object with an argument of type T7;.

(=) Suppose C =~r, ¢ & ,a C'. For every z € FV(A) we have 'y (v) = I'(z), thus T'- A : T,
Suppose I' ¢ : T is such that

(A, Fo(t) el Tl}f,p,A N[+ Tl]g/,p,A
and A, A" € Var(p(A)p(t)) such that A ~p¢ e, A A By Lemma
[F F Tl]g,p,A = [Fl H Tl]fl,p,A and [F F Tl]ﬁ'vva = [Fl H Tl]gﬂava'

Thus
(A"Fp(t) € [T1F Tiley pa N [T1 F Tiler oA

By the induction hypothesis we have A >, ¢ ¢, A A" and thus by the assumption
C(A"F p(t), A) =p, ¢, pa C'(A"F p(t), A').
By the induction hypothesis
C(A F p(t), A) =r e pa C/(AF plt), A).
(<) Suppose C ~rp¢ ¢, A C'. We will prove that
C :F17£17517P7A C/.
Suppose I' ¢ : T} is such that

(A"F p(t) € [T1 F Tilg pa N1 - Tiler pa
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and A, A" € Var(p(A)p(t)) such that A ~p ¢ o , A A’ By Lemmas (77 and we have
CFNlepa =M1 FTlepa and  [TETepa =TT pn-

Thus
(A/ = p(t)) (S [F + T1]§7P7A N [F = Tl]g’,p,A-

By the induction hypothesis we have A ~p¢ ¢ , A A" and thus by the assumption
C(A"F p(t), A) =rgerpa C'(AF p(t), A).
By the induction hypothesis
C(A"F p(t), A) 2 6 Ep A C'(A"F+ p(t), A)). O
Lemma 88. Suppose I is an inductive type such that T' = I : ¥'. Suppose that

o for every constructor valuation (é, p) which satisfies T at A, if T+t : C is structurally
smaller than T -1 : +* then (A F p(t)) € [I' F Cle p.a;

e for every pair <é, 0), <f’,ﬁ> of constructor valuations which satisfy T' at A such that
£ TN &, and for every sequent I' =t : C structurally smaller than T' = I : %!, we
have? b W

[T+ ¢ IR

Epd Sréépn l € .pA"

IfT and A are contexts, (€, p), (£, p) are two constructor valuations which satisfy T' at A such
that & ~peer oA & then for every saturated set S € Va(p(I)) we have

Frrepa(S) = Frre pal(S)
Proof. By the definition
Fryepn(S) = (ﬂ SATPA(D) U{(A"Fu) e SNA, |
if A” D A" and A" F u —} Constr(n, X)N, and C,,(X) =17 : T.X
then for every j we have (A” - N;) € Interp(TV F T5) i p3 A7 X, S| }

where &7, p/ are as in the definition of Fr ¢ , A(S) (see page . The value Fr 1¢ , A(S) is
defined similarly. By Lemma [54] we have

Interp(T7 = Tj) e pi an .80 = 07 F T5)(ed. X281 s), (3 X2 p(1)), A7
and ‘ 4
Interp(l“ﬁ [ ﬂ)ﬁ'j,pj,A//,X,S|A// = [F] [ Tj](f’j;X:=S|A//),(pj;X:ZP(I)),A”‘
By the assumption we have
17 F Tyles xi=8) wn) (pixi=p(r).a = [T F Til(ersx281 s (91 (1), A7
The conclusion follows from the facts above. O

Lemma 89. Suppose I is an inductive predicate such that 't 1 : A. Suppose that
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e for every constructor valuation ( , ) which satisfies T' at A, if I" =t : C is structurally
smaller than T'F I : A then (AF p(t)) € [TV F Cle s

e for every pair (f, D), (f’,ﬁ’> of constructor valuations which satisfy T' at A such that
£ SrEE A & for every TV =t : C structurally smaller than T+ I : A we have

[T+ t), [T+t

E0A TTEL HA &.p,A°

IfT and A are contexts, (€, p), (£, p) are two constructor valuations which satisfy T at A such
that € ~p e ¢ pn & then for every S € Va(p(I)) we have

Hr 16,p,0(5) ~=ree pn Hr1e,0a(S).

Proof. Let (i, 1, U ) be an appropriate sequence of arguments for (Z : 7). By the definition of
the operator H (see page we have

Hr 16,50 (9)(Zi ui, Ui)iy) = () SAT ) U hr 16,08 (S)(Si wi, Ui)iy)

where hr e, A i Wi, Us)l consists of simple sequents m) € ™ - such that
here hr r e p.a(S) (S, ui, Uiy ists of simpl A+ SN such th

for every context A” and every term J such that (A" F J) € SNPE('A) and J =g, p(I),
for every context A" and every term @ such that (A" Q) € [['= Al¢|,, p.a7,

for every P € Vam(Q),

)

for every context A’ and for every vector f such that
(AH” F fl) S [F, q: A,X CAE A{C’L(X)? CI}](g\A,,,,;X;:S|A,/u;q::P),(p;X::J;q::Q),A””
we have (A" + Elim(J, Q, @, m){f}) € P((Zi, ui, Ui)iy).
The value Hr 1 ¢ A(S) is defined similarly. It is easy to show that under the assumption
[Pv q- A X AE A{Cl(X)v Q}](£|A///;X::S|A///;q::C),(p;X::J;q::Q),A’” =18 p,A
[F7 q: A7 XAk A{C’L (X)7 QH(5’\A///;X:=S\Am;q:=C),(p;X:=J;q::Q),A”"
Thus we get the conclusion. O

Lemma 90. Let F and F' be two sets which satisfy the condition: for every f € F there
exists f' € F' such that f ~p¢e o n f'and for every f' € F' there exists f € F such that

f'=reepa f. Then
| |7 ~reepa| |7

Proof. We proceed by induction with respect to the definition of ~p¢ ¢ , A. If F is a set of
saturated sets the conclusion is obvious. Suppose that F is a set of functions. Let (A’ Fm) €
[F H T]&p,A N [F H T]glﬂva and C,C" € VA/(m) and C ~reepA C’. Then

(|AH@AFme)=]|A and (|F)NAFmC)=||FR
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where

.'Fl = {f(A” [ m,C‘Au) ’ A” :_) A,, (A” [ m,C’\Au) S dom(f),f S f},
Fo={f(A"Fm,C'|an) | A" D A (A" = m,C'|ar) € dom(f), f € F'}.

We show that the sets Fy, Fy satisfy the assumption. Let g € Fy. Then g = f(A” = m, C|anr)
for a certain f € F, A” D A’ and (A” = m,C|ar) € dom(f). By the assumption there
exists f' € Fp such that f ~pce A f'. We know that (A” F m) € [I' - T]e , A and
C'|ar € Van(m). Thus (A" = m,C'|ar) € dom(f’). Let ¢ = f/(A” b m,C'|an). Then
g>reepa g and g € Fp. Similarly one can prove that for every ¢’ € F, there exists g € F
such that g ~p ¢ ¢, A ¢'. The sets Fi, F» indeed satisfy the assumption thus by the induction
hypothesis we have F1 ~p¢ ¢, A Fo. O
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Lemma 91. Suppose that

o for every constructor valuation <é, p) which satisfies T at A if TV =t : C is structurally
smaller than T+ Elim(I,Q,m){f} : A then (A F p(t)) € [I" C]éﬁ AS

e for every pair (f, D), (é’,f)’> of constructor valuations which satisfy T' at A such that
£ ST IN & for every T =t : C structurally smaller than T'F T : A we have

[kt

épn Sréépa U1

€5,

o ' and A are contexts, (£, p), (£, p) are two constructor valuations which satisfy T at A
and & ~pgerp A €5

e S is a saturated set and S € Dr ¢ pA.

[fU =ree p,A U’ then
Crrq.fepa A FmU) 2peepn Gy rer, A(S) A Em, U,

Proof. We proceed by induction with respect to the ordering in Dr ¢ pa. If S =) SATPA(I)
then

—

Gr 1o fepnSA Fm U) = Mina (Elim(p(I), p(Q), m){p(f)}

e (S)(A' - m,U").

[,0,Q.f.€ p,A

Suppose the conclusion is true for every S’ < S. There are two cases.
Case 1: If m #3, Constr(n, J)N then

GF,I,Q,ﬁ{,p,A(S)(A, Fm, U) = Mina (Elim(p(1), p(Q), m){p(f)})
=rE¢,p,A
Minar/(Elim(p(I), p(Q), m){p(f)}) = G[‘7[7Q’ﬁ§’7p’A(S)<A/ =m, U").

Case 2: If m =g, Constr(n, J)N then

Gr 1o fepaS)A FmU) = |_|(Base U Min)

and

G S) (A" = m,U") :U(Base'UMin').

F,I,Q,fis,p,A(
Recall that Base consists of all values of the form

T+ fn]g|A,,p,A// O 1O Fep A [Constr(n, J)M, U,Cn(I), ]\Zf]

such that A” O A’, m =g, Constr(n, J)YM and (A" + Constr(n, J)M) € S and Base' consists
of all values of the form

T b falelarpar  9p.1 0. Fep.an[Comstr(n, J)M, U', Cp(I), M]
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such that A” D A/, m =3, Constr(n, J)M and (A" + Constr(n, J)M) € S. The sequences

i = 9r.1.0.fepan Constr(f, J)M, U, C4(I), M],

> = 9r. 1.0 fepan Constr(G, J)M, U, C5(1), M]

are two sequences of pairs of the form (At a,C). For every index i we have
(71)i =(AFa,C) and (g2)i=(AFa,C).

The elements C, C’ in the sequence are either appropriate elements of sequences U, U’ or
applications of the operator G to equivalent arguments. Using the induction hypothesis it is
easy to observe that for every f € Base there exists f’ € Base' such that f ~p¢ e, A f and
vice versa.

The set Min consists of all values of the form

—

Minan(Elim(p(1), p(Q), m){p(f)})

such that A” O A/, m =3, Constr(n, J)M and

(A" + Constr(n, J)M) € TPA(I) —S.

At the same time Min' consists of all values of the form

—

Minan (Elim(p(1), p(Q), m){p(f)})

such that A” O A/, m =3, Constr(n, J)]\Zi and

(A" + Constr(n, J)M) € TPA(I) - S.

Then Min = Min’. The conclusion follows from Lemma O

Lemma 92. Suppose T' and A are contexts, (£,p) and (£, p) are object valuations which
satisfy I' at A, S € Dr ¢ pn and

(AFp(N)) € [I' = C(X)|(er.x:=5), (X :=p(1)), 2

where C(X) = 11T : T.X is a type of constructor in X. Let R be a function such that if

—.

(A, i, Cy)_q is an appropriate sequence of arguments for (Z : p(T)) then

R((Ai, 24, Ci)iy) = G SYAF p(N)Z, [['F Nlerp (A, 24, Ci)iy).

F,I,Q,f‘,scp,A(

Then
L'F A T.ELim(1, Q, NY){f} e pa >reerpn R.

Proof. Lemma (66 implies that R € Va(p(AZ : T.Elim(I,Q, NZ){f})). By the definition

[+ AZ: T.Elim(I, Q, NZ){fHe pa

= ANA;, z4,Ci)i.G ([CF e pa)(AF p(N)Z, [T = Nle pa(Ai, i, Ci)i)-

[,0,Q.f.€pA
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We proceed by induction with respect to the ordering in Drr¢r , A. Let (Ai,ai,C;); be a se-
quence of arguments such that

(Ai - ai) € [F7 (:Ej : TJ);;%] + n]gifhpifl»Ai—l N [F> (xj : T]);;%) = E]E;,l,mflyﬁz‘fl

and
Cy € Va,(p(N)(ay)iZt).

By the assumption (A + p(N)@) € [,z : T + X]
If S=0 SATPA([) then we have

(¢":3:=C;X:=8),(p;z:=a,X:=p(I)),A"

(A, F p(N)d) € S = () SATZ),.
By Lemma there is no m, I, N’ such that Constr(m, )N’ =3, p(N)a@. Thus

[T Az : T.ELim(1, Q, NZ){ fHe pa (A, ai, C1)y)
= Mina, (Elim(p(I), p(Q), p(N)@){p(f)}))

and

—

R((Ai, ai, Ci)jy) = Mina,, (Elim(p(1), p(Q), p(N)@){p(f)}))-

Thus the conclusion holds.
Assume that the induction hypothesis holds for every S’ < S. There are two cases.

Case 1: 7 ([[' = Nl¢,pad) = j and p(N)ad =g, Constr(j, X)N’. Lemma 88| implies that
DrrepaA=Drepn. Thus S C[I'FI]e,A. By Lemma we have

G (L 1epa)(AF p(N)Z, [T Nle o a(Ai, 25, Ci)iq)

e (S) A+ p(N)Z, [T+ Nlg pa(Ai, 24, Ci)y).

[,1,Q,f.€.p,A
I,0,Q.f.€pA

By Lemma [91] and the induction hypothesis we get the conclusion.

Case 2: Otherwise

G

F,I,Q,f,g,p,A([F + I]&p,A)(A F p(N)67 [F - N]§7p,A(Aia Qi Ci)?:l)

= Mina(Elim(p(1). p(Q). p(N)) {p(F)}.
for every j, X, N’ such that Constr(j,X)]\_f” =g, p(IN)d we have
(A" F Constr(j, X)N') € TPA(I) — [ FTI]epn

then (A" - Constr(j, X)N') € T4, — S as S C [['F I]¢ , a. Thus

G

ry[,@ﬁg’p,A(s)(A = p(N)a, [+ N]E,PA(AZW ai, Ci)iy

= Mina(Elim(p(1), p(Q), p(N)a@){p(f)}-
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Either way
[T+ A% : TElim(1, Q, NE){f}le pa ~reepa R O

Lemma 93. Suppose that
I.TFT:AandT =T : A and

T= Elim([,Q,Constr(n,[)ﬁ){f_} and T = fné'[Cn(I),]\_f,I,Q, f]

2. For every constructor valuation <£, p) which satisfies T at A, for every T' =t : C
structurally smaller than at least one of sequents T=T : A, T =T : A we have

(AFp() € I+ Clg .

8. For every pair (é, P, <é’,,5') of constructor valuations which satisfy I' at A such that
19 ST IN ¢, for every I =t : C structurally smaller than THT : A or T T : A we
have

T e pn e pa U e pa

If (€, p), (€, p') is a pair of constructor valuations which satisfy T' at A such that & ~p ¢ e p A &

then

[T FTlepa ~reepn L FT e A

Proof. We have
T = Elim(Z, Q, Constr(n, [)N){f}

and
T' = fu€lCu(I), N, I1,Q, f].
Then
CETlepn = GF,I,Q,ﬁg,p,A([F F1epn)(AF p(Constr(n, I)N), [ F Constr(n, I)N]§7P7A/)
and

[F + T/]f',p,A = [F + fnéTCn(I)a Nv I’ Q7 ﬂ]{’,mA-
By the assumption (A F p(Constr(n, I)N)) € [[' - I]¢ p,a and thus by Lemma

— —

r1.0.fepallFIepn)(AE p(Constr(n, I)N), [I' = Constr(n, I)Ne par)
=[O+ falepa - gr.1.0¢palp(Constr(n, [)N), [ F Constr(n, I)Nl¢ p a, Cn(I), N].

G

By the assumption
[CF fulepa =reepa [TF fulepa-

We thus have to prove that the above interpretations are applied to equivalent arguments.
This follows from Lemma [02] O

Lemma 94. Suppose that

1. THFT:AandT T :Aand T —p, T'.
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2. For every constructor valuation (&, p) which satisfies T' at A, for every I' - t : C
structurally smaller than at least one of sequents =T : A or T'=T' : A, we have

(A p(t) € T Clepa.

3. For every I =t : C structurally smaller at least one of sequents THT : A orTHT': A
for every pair (€, p), (£',p) of constructor valuations which satisfy I' at A such that

§pgérpa & we have

T+t

~ N /
épn Srvgerpn U1

& pA°

Then
[T Tlepa ~reepn L FT e p A

Proof. Induction with respect to the definition of T —g, T".

Case 1: T is a beta-redex. Then T'= (Az : A.B)C and T’ = B[z := C]|. We only consider
the case when A is a large type. The other case is similar. We have

' (Ax: A.B)Cle pa
= (»‘(A/ - a, U) : TpA(A)'[Fv T Ak B](§;w::C),(p;x:=a),A’)(A - p(C), [F - C]&P,A)
= [F7 r:AF B] (&z:=[IFCl¢ p,a),(p52:=p(C)),A
and
[k Blz:=Cllgpn=[Tz: Ak B](E’;m::[FFClg,p,A),(p;m::p(C))vA'

By the assumption
I Clepa =reepa [I'EClepa

and for every pair <é ), <§:’, p') of constructor valuations which satisfy (I',z : A) at A such
that § ~p ¢z 5 A &' we have
Do s AF Bl S ra gérnpa D@ A Ble s o
Thus
0,2+ A Bl(gai=[rrCle .a) (pim=p(C)).A
0z pa 120 AF Blgmainecly , o). (ra=p(C)),A¢

But
[Ty2 0 AF Bleai=[r-Clepa) (piai=p(C)),a = I F Blz == Cllg pa-

Thus by Lemma

[['+ Bl := Cllgpa ~reepa [I'F Blz = Cllg pa.

Case 2: T is iota-redex and T is iota-reduct. This is a consequence of Lemma .

Case 3: In the other cases the proof is a routine application of the induction hypothesis. [
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5.5. Adequacy lemma and strong normalization proof

In this section we combine the previous results to prove the adequacy lemma, that is if
I' = M : T then for an appropriate constructor valuation (£, p) which satisfies I' at a con-
text A we have

(AFp(M)) € [['FTepa.
Lemma 95. If (A" - M) € [ - I]g,a then either M —} M’ and (A" = M') € By for
a certain A, or M —7% Constr(n, X)N.

Proof. If (A"+ M) € [I' = I]¢ , A then by the definition of [I' - I]¢ , A we have
(A" M) € SN,

Thus there exists M’ in key normal form such that M —j M’. By induction with respect to
the structure of M’ it is easy to observe that if M’ is in key normal form then one of the
following cases hold

(A"+ M') e B®, M’ = Constr(n, X)N, M'=Xz:AB, M'=Iz:A.B
or M'=Ind(X : s){C}.

If M’ is of type p(I) and M’ ¢ BpA(I) then M’ = Constr(n, X)N. By the Generation Lemma
the other forms mentioned above are not possible. ]

Let C(X) =117 : £ Xt be a type of constructor in X. Let A, T’ be two contexts and let
(&, p) be a constructor valuation which satisfies I" at A. Suppose the vector ¢ has length n.
Let (A;, N;, P;)?_, be an appropriate sequence of arguments for (' : £) at (€, p) in A. We say
that it is an adequate sequence of arguments for (T : f) at (&, p) in Aif for every j =1,...,n
we have

(A; F Nj) € [T, (i : t:)]2] Ft4]

&i-1la;pi-1,0;

Here we state an auxiliary technical lemma which expresses the fact that elimination for
inductive objects behaves in the expected way.

Lemma 96. Let I = Ind(X : «)){C} be an inductive type with n constructors. Suppose that
1. T and A are contexts;
2. Q is a term such that ' Q : I — s where s is ¥ or +P;

3. for every sequence of types T in the context I, for every ordinal number o < a, and for
every object valuation (£, p') which satisfies (T, x : (Ily : 7.1),5: T) at A, if

(A" F 0 (@§)) € Fo ugeny gy nepon ((VSAT )
then

(A F Elim(p'(1), p'(Q), ' (i) {p'(/)}) € [T = (05 : 7.0), 5 : 7+ Q(zi])er pr a5

4. 0 is a sequence of types in the context I' and (&, p) is an object valuation which satisfies
(Dyx:(Ily: 6.1),y: ) at A;
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5. for everyi=0,...,n—1 we have (A + p(f;)) € [I' b A{Ci(1), fi, Constr(i, I)}He pa;
6. (At p(af) € Ffirpa(NSATR).
Then

—

(A FElim(p(1), p(Q), p(zi)){p(f)}) € T, 2: (117 : 6.1), 7 : 7 F Q(zh)]ep.A-

Proof. Let M = p(zy). Recall that ;.  A(N SATPA(I)) C [I'F I]¢pa- By Lemma (95( the
term M key-reduces either

e to a base term M’, or
e to a constructor term Constr(m, X)N.

Case 1 (Reduction to a base term): If M —; M" and (AF M) € BPA(I) then

(A F Elim(p(1), p(Q), M'){p(f)}) € Boigyar = Boigynr € Dy : (1§ : 6.1),5: 3 F Q(af)]g,p.a

and

Elim(p(I), p(Q), M){p(f)} —% Elim(p(I), p(Q), M"){p(f)}.

By Lemma we know that (A + Elim(p(I), p(Q), M){p(f)}) € SNpA(Q)M. As the set
C,z:(Ilyj:6.1),5: 0 F Q(xy))le p,a is saturated we indeed get

—

(A FElim(p(1), p(Q), M){p(f)}) € [Ty 2 : (g : 6.1), 5 : 0 = Q(zh)]e p.a-

Case 2 (Reduction to a constructor term): Otherwise M —} Constr(m, X)N. Suppose
Cn(X) =117 7.X. Let

U=[z:(Ily:06.1),5:0F xylepn-

Then U = (m, P) € Va(M) and for each object Nj there is a corresponding set P; € Va(N;).
Moreover

Elim(p(I), p(Q), M){p(f)} =, p(fm)€[Con(D), N, p(1), p(Q), p( )]
and by Lemma [70| we have (A F Elim(p(I), p(Q), M){p(f)}) € SNPA(Q)M. By the assumption

(A p(fn) € [T F A{C(I), @, Constr(m, I)}] e -

We will prove that

—

(AF p(fn)E[Cn(1), N, p(1), p(Q), p(F)]) € M,z (I : 5.0), 7 : G - Q(@)]epa-  (5.5)

For every j less than the length of the sequence 7 we introduce the following abbreviations.

=T, X« V=191 27,

=r, V=02 /X,

& =¢, ¢ =7z = Cana(Ny),
50257 gj:gj_l;zj = C]v

p’ =p, Pl =p" Yz = N
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In order to show the claim ([5.5)) we will prove that the arguments applied to p(f,) are good:
if 7; =1IIw : T.X then

(AF @[Cu(D), N, p(1), p(Q), p(N)]);) € T F /X1 i1 (5.6)

(A F (€[Cn(D), N, p(1), p(Q), p(FD]) € [T+ 117 : T-Q(2)]es i - (5.7)

We show 1) By the definition of Ff¥; ¢ , A ([ SAT{%I)) we know that for each j we have

(AFN;) 6—7”7567“29( "Ta)gj Lpi=1 A X FTL (N SAT )

.10
By the monotonicity of Interp we get
(A Nj) € Interp(T? I—Tj)@ L= L AX,[TH e poa-
By Lemma
Interp(lV™" F 7)eims ot A 1e s = 177 F Til@1 Xm0 e ) (91X m0(1). A

Note that ¢/~ and &/~! only differ in subset or object variables. Thus by Lemma and
Lemma [84]

. —j—1
[ E e xemme g o txi=pmya = [0 F 71/ X Do o a
Thus for each j we get (5.6):

(A F @[Cnl(D), N, p(D), p(Q), p(N)]);) € [T F 1[I/ X1 i1 A

Consider the case when Nj is a recursive argument. To prove (5.7)) recall that

(@[Con(1), N, p(1), p(Q), p(F)DF = AT : p(T).Elim(p(I), p(Q), NjZ){p(f)}-

Suppose that (Al, M, Cy)]_, is an adequate sequence of arguments for (¥ : T) at (€7, p7) in A
and that (&4, p!) is the sequence of constructor valuations associated with it. Note that
then (Al, M;, Cy)]_, is an adequate sequence of arguments for (¢ : T at (€7, p7) in A and let
(€91, p7) be the sequence of constructor valuations associated with it. We will show that

(&p F Elim(p(1), p(Q), NiM){p()}) € [, (7 T) - Q)]s piv -
By the assumption we know that there exists o’ < « such that

(A F N;) € Interp(Ti ' - 7))

€i-1,pi~1 A X,F (NSAT

P e pa )’

By the definition of interpretation for Interp we have
(Ap F N;M) € Fp e, a(()SAT ),
By Lemma [5§]

o’ A Ap
FF,I,g,p,A(m SAT, ')A, = F L&l ap 0By ﬂ SAT pla,) = F,I,g\AP PA (ﬂ SAT, 7))
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But by Lemma

o Ap\ _ pal ‘ Ap
B 1ela 00 (VSATYH) = Fms gy gty n1s, o, (1 SATH)
Thus we have

(A, - N;M) e FY,

Ap
T ,zj:(Hg:f.]),g‘:f)J,gj»P\Ap P A, (m SATp(I))

Note that (7P, p?P) is an object valuation which satisfies (fj_l, zj:(Ily : T.0),5:T) at A.
By assumption [3] we have

(Ap - Elim(p(1), p(Q), NyM){p(/)}) € [ 2 : (7 : T.1),7: T+ Q2P giw piv p, -
Hence

—

(AFAZ: p(T).Elim(p(1), p(Q), N;@){p(/)}) € [V, 25 (g : T0) - 1§ : T-Q(2)]er o

Thus we have shown ([5.7):

—

(A F @[Cn(D), N, p(I), p(Q), p(NE) € [V - 17 : T-Q(25D]es i -

=

We now conclude the proof. Let D; € VA(AY : p(_T).Elim(p(I),p(Q),Nig’){p(f)}) for j

—

such that 7; = Ily : T.I is a recursive argument. Let us define a sequence of contexts I as

) =T,
U =T%_1,pj:7,q - 117 T(Q(pjgj)), if 7; = IIj : T%.T is a recursive type,
F; = F9_17pj LTy, if 7; is not a recursive type,

a sequence of valuations & as

!
60 = 5’
g;. =&j-1;p5 = Cj, if N; is not a recursive argument,
& =¢& 10 = Cjiq5 = Dy, if N; is a recursive argument,

and a sequence of substitutions p’ as

PO = P
Py =
0 = pi_1ipj = Njiq; = A : p(T).Elim(p(I), p(Q), N;i){p(f)},

if N is a recursive argument.

p;_l; pj = Nj if N is not a recursive argument,

Thus by the definition of [I' = A{C), (1), Q, Constr(m, I)}], ¢ A we have

—

(A p(fm)€[Crn(1), N, p(1), (Q), p())) € [T F Q(Comstr(m, 1)@)]er .-
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But

[T F Q(Constr(m, I)P)]er A
F Qler pr,A(A F Constr(m, p (I))]\_f (

—

C))

m,
o)) (by Lemma

T+ Qle.p.a(A F Constr(m, p(I))N, (m,

=

=

= [['F QlepalAF M, (m,C))

=[T,a:(ly:6.1),7:06F Qlepa(AF M, (m ,CY) (by Lemma [77)
=la:(Ily:6.1),7:0F Qlepa(AFM,[Lx:(Ily:6.1),5: 7 F xy)epn)

=[Oy (1072 3.0),7: 6 F QEdlepa

Thus we have

o (A+Elim(p(), p(Q), p@){p()}) € SNE G a1

= — =

e Elim(p(1), p(Q), p(z)){p(f)} =7 p(fm)€[Crn(I), N, p(I), p(Q), p(f)],

—

hd (A H p(fm)g[cm(f),N,p([),p(Q),p(f)]) € [er : (Hg: 5.[),17: ok Q($g)]§,p,A~

As [,z : (Il : 6.1),5 : 0 F Q(x1))]¢ p,a is a saturated set we get

(A F Elim(p(1), p(Q), p()p(D){p(N)}) € [Tz : (115 : 6.1), 5 : 5 - Qe - -

Lemma 97. Suppose that I is an inductive predicate. Let I1Z : 7.1t be such that I does not
occur as a subterm neither in 7 nor in t'. If (A’ + N) € [[ + IIZ : F.It_’)]gpA and n is the
length of T then there exists an ordinal o such that for each adequate sequence (A;, a;, C;)i, of
arquments for (¥ : T) at (&, p) in A, we have

Proof. By the definition of [I' + IIZ : 7_".]757}57/,7A we know that for each adequate sequence
(Aj, a;,C;); of arguments for (7 : 7) at (§,p) in A, if (&, p;) is the sequence of constructor
valuations associated with it then we have

(A, - Na@) e [0, :7F Ite, 0 A,
Thus for each (A, a;, C;); there exists the least ordinal number (A a5,Ci)s such that

(Ap F Na) € H(F(A;; ;a)l[cg);pmAn(Mln (1))(A - p(t;), I+ t{i]fnapn7An)gL:1

Take o = sup{a(a, a;,c1), }- Since Hir z.7) 1.6, pn,A, 18 @ monotone function such « satisfies the

condition in the lemma. O

Lemma 98. Suppose I is an inductive predicate, C(X) = 117 : 7.X1 is a type of constructor
of I, and o > 0 is an ordinal number. Assume that

1. T, A are two contexts;

2. (£, p) is a constructor valuation which satisfies T at A;
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3. (Ay, N, Ci)™ is an adequate sequence of arguments for (Z:T) at (€, p) in A;

4. for each recursive argument T; there exists an ordinal o < a such that if 7; =11y : &. It
and (AL, a;, CI_, is an adequate sequence of arguments for (§ : @) at (&, pj) then

(A, - Njii) € HY! (Min2 V(A F put). [T F e, )iy

( (.’171 Tz) 7 g&),ffn,/)n,An
Then
(A F Constr(k, p(I))N) € HE ) 16 o (Mmm[))(A F pm (i), [T F tilen pmaan )i

Proof. There are two cases.

Case 1: «is a successor ordinal. Let H*~! denote HY~ ( (Mi m i 1)) Recall that

T, f )1, Empm>Am

« . Am Am
H(F,f:?),],gm,pm,Am(M”me(]))(Aia pi(ti), [T F tile; psn m SAT (It'))
BT #:7), 1 em pmsBm (Ha*l)((Au pi(t i)7 [T tile pras)izt)

and Ar re,. pm.Am (S)((Zi,ui, U;)7y) consists of simple sequents (A’ - m) € SN,)E"?(I)ﬁ such
that

for every context A” and every term J such that (A" F J) € SNPZ,:(A) and J =g, pm (1),
for every context A" and every term @ such that (A" = Q) € [['F Ale |/ pm.A75
for every P € Vam(Q), ,

for every context A" and for every vector f such that
(AH” F fz) € [Fa q: A7X tA ': A{Cl(X)a q}](§m|Am/;X:=S|A////;q::P),(pm;X::J;q::Q),A””
we have (A" + Elim(J, Q,d,m){f}) € P((Z;,uw;, U;)I ;).
We obviously have
(A F Constr(k, pp(I))N) € SN/ﬁn"(L[)
Let J, @ and fbe such that
(A" J) e SN 0 d =g pm(1),
(A,H }_ Q) S [F |_ A]§m|AN7pm7A"7 P S VA/// (Q)
(A™F fi) € Tyq: A, X+ A AMCHUX), 0Y(€iq=P X =HO=1)(pmigi=Q.Xi=), A"
Note that
Elim(J, @Q, Constr(k, p(I))N){f} —k fx€[Cx(J), N, J,Q, f].
By assumptions [3] and [4] and the definition of
T,q: A X Ak A{Ci(X), Q}](fm;q::P,X::H“’l),(Pm;q1:Q1X1:J)7A”’

we get . .
(Alm - fkg[ck(J)7N7 J, Qv f]) € P(A H p(ti)’ [F + ti}&m,pm,Am)ﬁr

By Corollary |38 the term Elim(J, @, Constr(k, p(I))N){f} is strongly normalizing. But P is
a saturated set and thus

(A" Elim(pm (1), Q, Constr(k, o (D) N){f}) € P(A F p(t:), [T F tile,, )it

Hence we get the conclusion.
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Case 2: « is a limit ordinal. There is only a finite number of recursive arguments. Each
recursive argument has its own ' as in the statement of the lemma. One of those (finitely
many) ordinals is the greatest, we denote it by «”. The conclusion follows from case 1 for
o’ + 1 and the monotonicity of H. O

We now prove the adequacy lemma.
Lemma 99 (Adequacy Lemma). Let T'H M : T.
1. If (&, p) is an object valuation which satisfies T at A then (At p(M)) € [I'FT¢ pA-

2. If M is neither a proof nor a small object then for every pair (€, p), (£',p) of object
valuations which satisfy T' at A and § ~r ¢ ¢, A & we have

[['F Mlepa ~reepa [['F Mg, a.

Proof. We proceed by induction with respect to the length of the longest reduction in any type-
like term (i.e. a type, a formula, a kind or a sort) occurring in the derivation of I' = M : T
By Lemma every type-like term is strongly normalizing, thus every reduction sequence
beginning in a type-like term is finite. Suppose for all non-proofs IV in the derivation ' - M : T
every reduction sequence beginning in /N has length at most n. For a fixed n we proceed by
auxiliary induction with respect to the structure of the derivation. The cases depend on the
last rule used in the derivation.

(Var) Part [1| follows from the assumption that (£, p) is an object valuation which satisfies T
at A. Part [2] follows from the assumption that

[TF Mlepn =E(M) >reerpn € (M) =[F Mg,

(Weak) Part [1] is a consequence of Lemma [77 Part [2] follows from the auxiliary induction
hypothesis and Lemma

(Conv) We prove Part [l We have

TFM:T TFT:s T =3T
TFM:T

By the auxiliary induction hypothesis (A F p(M)) € [I' - T"]¢ ,o. By the Church-Rosser
property there exists 7" such that

T—p T and T' -5 T" and T FT" : 5.
By the main induction hypothesis and Lemma [04]

T FTepn ~reepn TFTe,n,
[T FTlepn ~reepn [[FT"epA

Thus

TETepa ~reepn LFTlepn.
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By the definition of the relation ~r¢¢ , A
O Tepa=[TFTlpn

and thus
(AFp(M)) € [I'ETlepa

Part [2] follows from the auxiliary induction hypothesis.

(Ax) Part (1] follows immediately from‘ the definition of [I' = T¢ , . Part |2 is immediate
consequence of the definition of [I' = T7¢ , A.

(Abs) We prove Part (I, We have M = Az : A.P and

z:A-P:B
'k (Az:AP): (Ilx: A.B)

Let u = p(Az : A.P) = Az : p(A).p(P). (We may assume that the variable z is not free in
p(y) for every y € FV(P) — {z}.) We want to prove that

(AFu)e[LFIz: ABle,a.

We know that A+ w: p(Ilz : A.B). By the auxiliary induction hypothesis we get that p(P)
is strongly normalizing. This entails that the term w is strongly normalizing. Let

A” 2 A, (A” + CL) € [F H A]ElA”ﬂ@A”’ C c VA//((Z).
Then (', p') where
pr=pz:=a  &=Ersz:=C
is an object valuation which satisfies (T',z : A) at A”. Moreover
wa = Az : p(A).p(P))a —x (p; @ = a) (P) = p/(P).
By the auxiliary induction hypothesis
(AN F ,Ol(P)) S [F,.Z‘ A B]§/|A//,p’,A"'

By Corollary the term wa is strongly normalizing. Omne can easily see that the set

[,z : AF Ble,, ».ar is saturated, so we have

(A// I_ ’LLCL) c []._‘,CC . A l_ B]g/'A//,pl’A//.

Thus
(Atwu)e -1z : ABl¢pA-

Part [2] follows from the auxiliary induction hypothesis.

(App) We prove Part |1l We have M = AB and

I-M:(z:AB) TFN:A
' MN : B[z := N]
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We only consider the case when A is a large type or *P. The other case is similar.

auxiliary induction hypothesis we know that

(A+ p(M)) € [[F Iz : ABle ya,
(AFp(N)) € [I'F Alepa.

Then by the definition of [I' F Iz : A.Bl¢ ) A,

(A p(M)p(N)) € [T,z : AF B(g,o:=[TFNle. . 2),(piz=p(N),A-
By Lemma [84]

[, 2: AF Bligamrene , a)(pa=p(M),a = [T F BIN/a]]¢ pa.
Therefore we get the conclusion.

Part [2| follows from the auxiliary induction hypothesis.
(Prod) We prove Part || If M = IIz : A.B then the derivation ends with

'FA:s Ix:AF B : sy
I'H1lx: A.B: s3

By the auxiliary induction hypothesis
(A p(A)) € [T F silepn = SNE.

By the

and for all C' € Vp 4.,04)(p(2)) it holds that ((§;2 := C), (p;z := x)) is an object valuation

which satisfies (I';z : A) at (A, z: p(A)). Thus
(Aw%' : p(A) = p(B)) € [F, r:Ab SQ](&;x:zC),(p;x::z),A - SNSAQ
Then
(AF p(Iz: A.B)) = (AF Iz : p(A).p(B)) € SN5 = [T F s3le pa-
Part [2] follows from the auxiliary induction hypothesis.
(Ind-t) We have
[, X ol = Cp(X) : #t
I+ Ind(X : «){C} : #*

Let A’ = (A, X : !). Note that ((£|a;; X := SNg'),(p; X := X)) is an object valuation

which satisfies (T, X : x!) at A’. By the auxiliary induction hypothesis
(A"F p(Cu(X))) € 0, X+ ' #] e ximoway (rxmx)ar = SNE
Then
(AFp(D) €M F+gpn =SNG
as expected.

To prove Part 2] note that

[T F 1 pn = Up(Fr1ep0n)
and

[T FIerpn = Ufp(Fr 160,p,0)-

The conclusion follows from the auxiliary induction hypothesis and Lemma [88|
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(Intro-t) We prove Part [} We have

I' - Constr(n, I) : Cp(I).
We want to prove
(A F p(Constr(n,I))) € I'F Cr(I)]e.p.A-

Let us assume that C,(X) = IIZ : 7.X. Suppose (A;, N;,C;)™, is an adequate sequence
of arguments for (¥ : 7) at (£, p) in A and (&;, p;) is a sequence of constructor valuations
associated with it. It suffices to show that

(A b= Constr(n, p(1))N) € [0, % : 7 F Tlg1a o A

Note that
Constr(n, p(I))N —% Constr(n, p(I))N
and by the definition of adequate sequence of arguments
(A= Ny) e 0,2 T /X = 1[I/ X e pins
Moreover

0,2 7L/ X]E L/ X a, pis
=[IX: *t,f TH Ti](gimi;x;:[rk[]g“A7p,Ai),(pi;X::p(1)),Ai (by Lemma

(by Lemma [34)).

_ R A S .
= Interp(I', X : ", Z: Tk Tz)fhpi’Ai,X,[F"]]Ei‘Ai’p7Ai

Thus
(Az " Nz> & Interp(F,X : *t,aj? : ’7'_'] l_ Ti)§i7pi7A’ivX7[n—I]§i|Ai,p,Ai'

The by definition of [I" - I]¢ , A we get that

(A, F Constr(n, p(I))N) € [ F 1],

‘Am:pvam’
Part [2| follows from the auxiliary induction hypothesis.

(Elim-t) We prove Part[I] We have

F'ke:l '-Q:1—s '+ fi : ACi(I),Q, Constr(i, I)}
'+ Elim(I,Q, ) {f}: Qc

By the auxiliary induction hypothesis

(AFp(c) € [T F1Jgpa,
(A [ p(Q)) S [F FI— 3]£,p,A7
(At p(fi) € [T FA{C;(1),Q,Constr(i, I)}e pA-
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Note that [F F I]g’%A = [F F I](&;x::[l_‘l—c]g,p,AL( (e),A- Since

pizi=p
(At ple) € [T F Ilgpa

then
(A p(0) € [T F I(gai=(rrde pa).(piai=p(c)). A

There exists a such that
« A
(A - p(C)) S FF,I,({;:I:::[I‘)—c}E,p’A),(p;x::p(c)),A(ﬂ SAT(p;x::p(c))(I))‘
We proceed by induction on «:

_ A
e a=0. Then (At p(c)) € NSAT,,._ ) But

(p;x:=p(c))(I) = p(I) and thus SAT(%;x::p(C))(I) = SAT[QI).

By Lemma [35| there exists m such that p(c) —; m and (A m) € BpA(I). Then

— —

Elim(p(1), p(Q), p(c){p(f)} —) Elim(p(1), p(Q), m){p(f)}

and

=

(A F Elim(p(1), p(Q), m){p(£)}) € Boigmm = Boioype) © [T F Qclepa

By Corollary [38| the sequent (A F Elim(p(1), p(Q), p(c)){p(f)}) is strongly normalizing.
Thus

=

(A F Elim(p(1), p(Q), p(c)){p(f)}) € [['F Qcle,p.a-
e o =o' + 1 and the conclusion is true for all & < o’. Assume that
o A
(AFp(0) € B gmirrdle ) (oszmp(en.a () SAT ot ()
By Lemma
(A + Ehm(p(1>7p(Q)vp(C)){p(-f)}) € [va ITE Qx](f;x::[Fl—c]gyp)A),(p;x::p(c)),A'
But by Lemma
[Ty T'E Qul(gai=(ride , a)(mai=p(e),a = [['F Qclepn.

Thus we have the conclusion.

e « is a limit ordinal and the conclusion is true for all o < a. If

[ A
(AFp(c) € FF,I,(S;Q:::[FI—C]&/LA),(p;z::p(c)),A(m SAT ez p(e))(D))

then there exists o/ < « such that

/ A
(A + p(C)) € Fﬁ[,({;x::[ﬂ—ck’p’A),(p;a}::p(c)),A(ﬂ SAT(p;x::p(c))(I))'

The conclusion follows from the induction hypothesis for o’'.
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We prove Part 2] Note that

[I' - Elim(7, Q, m){f}]ﬁ,p,A = GF7]7Q7]‘_:£7P7A([F - I]é,p,A)(A = p(m),[I'F m]f,p,A)

and

[F = Elim(I, Q, m){f}]&p,A = GF717Q7ﬁ§/7p7A([F + I]&’%A)(A + p(m), [F - m]ﬁ’%A)'

By the auxiliary induction hypothesis

[T 1lepa ~reepa [LFIepn

and thus
[P l_ I:Igvp:A = [F l_ I]glvva'

The conclusion follows from Lemma [01] and the auxiliary induction hypothesis.

(Ind-p) Then M = Ind(X : A){C} where A = 1IIZ : 7.«P. We prove Part . We have

'-A:s X :AFCi(X) : +P
I'HInd(X:A){C}: A

Recall that by the definition of interpretation for the product the interpretation [I' = Al¢ , A
is the set of simple sequents (A’ F u) of type p(A) such that, for every adequate sequence of
arguments (X;,a;,U;)I, for (& : 7) at (£, p) in A, the term ud is strongly normalizing. Let
A’ = (A, X : A). Note that ((€]ar; X := SN{'), (p; X := X)) is an object valuation which
satisfies (', X : A) at A’. By the auxiliary induction hypothesis

(A" p(Ci(X)) e [T, X : A e X msNA) (X =) A = SN

Thus p(Ind(X : A){C_"}) is strongly normalizing. In an adequate sequence of arguments
(Xi,a;,U;)"_; the terms @ are strongly normalizing. Then p(Ind(X : A){C})d is strongly
normalizing as it is not a redex and every subterm of it is strongly normalizing. Hence indeed

(AF p(Ind(X : A){C})) € [T+ Al pa-

To prove Part [2 note that
[+ M]E,pA = lfp(HF,va,pA)

and
[T+ Merpa = Uifp(Hr arger pa)-

The conclusion follows from the auxiliary induction hypothesis and Lemma [89]

(Intro-p) Then M = Constr(j, ). We prove Part [I| We have

[+ Ind(X: A){C}: A
I' - Constr(j, 1) : C;(I)
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We want to prove that (A F p(Constr(j,1))) € [I' = Cj(I)]¢,pa- Suppose C;(I) = 117 : T.I%.
By the definition of interpretation for the product [I' b C;(1)]¢ p,a it is enough to prove that
for every adequate sequence of arguments (A;, N;, C;)"— for (% : T at (€, p) in A, if (&, p;)
is a constructor valuation associated with it, then we have

(A, F Constr(j, p(I))N) € [T, Z: T + Itle, p A, -

By Lemma for each recursive argument N, if T,, = 11y : T'.It and there exists an ordinal
number a,, such that for each adequate sequence (A, a;, Cy);, of arguments for (77 : T') at
(&my pm) in A’ then we have

The conclusion follows from Lemma [98| for o = max{ay, } + 1.

We do not have to prove Part [2]as M is a proof.

(Elim-p) We prove Part . We have I = Ind(X : A){C} and A = I1# : T.+?

THIT:«»  Tre: It THQ:A Trfi: AMC),Q}

(Elim*p) = pry
'+ Elim(I,Q,t,c){f} : Qu

For simplicity we consider only the case when every term ¢; is large, in other cases the proof
is similar. By the induction hypothesis

(AF p(Dp(t) € [T F +7]¢ A,
(AFp(e) € [T I]e pa,
(AFp(@) € [T F Algpa,
(AF p(f:) € [T F A{CH(I), QHepa-

By the definition of [I' F Il¢ , A

[T I]epa = Hrrgpa([T F e pa) (A F p(t), [T F Glepa)iz; -
Then there are two cases.

Case 1: (AF p(c)) € ﬂSATﬁI). Then by Lemma plc) =5 m e BpA(I) and thus

where

(A" F Blim(p(1), (@), 7, m){p(/)}) € BS, 5 € [T F QP

Moreover, the terms p(I), p(Q), p(zf_;) p(c), p(f) are strongly normalizing and thus by
Corollarythe term p(Elim(I, Q,t', c){f}) is strongly normalizing, too. As [I' - Qt']¢ , A
is a saturated set we get

(AF p(Elim(I, Q. #,¢){f})) € [+ QF¢ .
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Case 2: (AFp(c)) ¢ mSAT[ﬁI{,). Then

(AFp(c) € ha1.@ep(TF Iepa)(Ais p(t7)s, [T F e pn)iet)-
Note that
(Akp(I)) € SNpA(Ap
(A p(@)) € [I'F Algpa,

L Qe pa € Va(p(QF)),
(AFp(f:) € [0 F ACi(T), Qe pa-

By Lemma
Fyq: A, X AR MCUX), 0H(ex=I0r1e a0 =I0FQle ). (0 X =p(Di0=0(Q)).

Thus L B
(A F p(ELm(L, Q,c,t'){f})) € [I'F Qt'¢,p .

We do not have to prove Part 2] as M is a proof.

Theorem 100. If '+ M : T then M is strongly normalizing.

Proof. Let I' = M : T. Define (p,&) so that p(z) = x and {(z) = Canr(z) if z: A € I". Then
(€, p) is an object valuation which satisfies I" at I'. By Lemma ,

(T'Fp(M)) € [['FTlepr-

But
[CF Tl pr € SNy and p(M) = M, p(T) = T.

Thus M is strongly normalizing. O






Chapter 6

Conclusions and further work

6.1. Conclusions

We have defined a type system with inductive types. The basis of our theory is a Pure Type
System which has a rule of the form (s, s2,s3) where so # s3. There are few examples of
systems like that in the literature. As noted by van Benthem Jutting [53] several members
of the Automath family, see [43], can be described as PTSs with such rules. One is the
system AAUT-68

S=x0A
A=x:0
R = (*’ *, *)v (*7 0, A)’ (Dv *, A)v (Dv U, A)v (*7 A, A), (D7 A, A)

The other one is AAUT-QE

S=x%0A
A==x:0
R = (%,%,%), (x,0,0), (O, %, A), (O,0,4), (x, A, A), (O, A, A).
Constructions allowed in LNTT are function space, implication, universal quantification,
dependent types and formula polymorhism. The rule (%!, [P, x*) causes that powersets become
ordinary types, which is unusual in type theories. We can reason about subsets in the same

way we reason about other objects. LNTT defines the logic of the theory. Due to the presence
of the formula polymorphism the system is powerful enough to define all logical connectives:

1L =VP: 4P,
o =a— 1,
aNfB=VP:«* (e — p — P)— P),
aVpB=VP:«* ((a - P)— (— P)— P),
aef=(a—P)AB—a),
Jz: T.p(x) =VP : «((Vx : 7.p(x) — P) — P).
We extend LNTT with inductive types, which are syntactically similar to inductive types

in the Calculus of Inductive Constructions [55]. One difference is that in LNTT with induc-
tive types we cannot define types via strong elimination. However, we can still define many
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functions for which in other type systems one needs strong elimination. An example is the
union of the list of sets. Suppose we have an inductive type For example we may define the
union of a list of sets. For a fixed type 7 we define a list of subsets of 7 as follows:

List(t — #?) = Ind(X : +'){X | (T —» #’) = X — X}.
We may define the function union : List(T — P) — «P:

union | = Elim(List(T — *t), Al List(t — *t).T — %t 0)

{Ar: 7. L | AT — #PAr o7 — «PAx: m.ha Vra}.
The equivalent type in CIC is
List(t — %) =Ind(X : ){X | (1 = %) = X — X}

and it is a large inductive type. One would need the strong elimination over large inductive
type to define the union function. But this elimination is forbidden.

There are also types and functions which can be defined in CIC but cannot be defined
in LNTT with inductive types. CIC has type polymorphism while LNTT does not. We can
define heterogeneous lists in CIC

PolyList = Ind(X : «){X | IT : %(T - X — X)}

and we cannot have similar lists in LNTT with inductive types.

We conclude that LNTT with inductive types is incomparable to CIC. There are things
which can be done in LNTT with inductive types and cannot be done in CIC and the other
way round. Moreover, even without strong elimination scheme one can define functions which
require the use of strong elimination in other type systems.

6.2. Further work

LNTT defines the logic of the system. Inductive types allow to define some basic data types.
Our theory is by no means complete. There are many features which can be added to the
system.

Equality. Equality is an important notion in type theory. There are many different
equalities: conversion, Leibniz equality, equality as an inductive predicate, extensional equality
for functions. These notions are not equivalent. It remains to be seen which are appropriate
for our naive type theory.

Partial functions. In ordinary mathematics we often use partial functions. However, the
basic notion in type theory is a complete function and the basic type constructor is a space of
complete functions. Thus partial functions have to encoded. Two natural encoding methods
are: partial function as a subtype and partial functions with the help of appropriate predicate
in the domain. It is not clear which of these approaches would be more suitable in our system.
Apart from partial functions we should define equality and the natural extension ordering.

Quotient types. We would like to extend our system with quotients. For a given equiv-
alence relation, we want the quotient to be a type. There is no satisfactory solution in
the literature. Some propositions can be found in Barthe [6], Barthe and Geuvers [7], and
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Courtieu [18]. Barthe’s approach seems to be the most general and at the same time the most
natural. It will be our starting point in further work on this issue.

Subtypes. Subtypes enable to create a type which consists of only some objects of a base
type. This is a very useful feature and it is often used in elementary mathematics. For
example integers can be seen as a subtype of the type of reals. Objects of the subtype keep
their relation with the base type. They can be seen as having two types: the base type and
the subtype. Subtype inherits equality from the base type. It is not clear how to add subtypes
to the type system.

6.3. Luo and Goguen’s UTT

It is conjectured that the strong normalization of Less Naive Type Theory with inductive
types can be derived from the similar result for Luo and Goguen’s UTT [29, 35, 36]. However,
there are some important differences between the two systems which suggest that the trans-
lation might be difficult. UTT is predicative while our system is impredicative. As a system
formulated in Martin-Lof type theory, UTT is a system with judgemental equality while our
system uses conversion. In [29] there is a auxiliary notion of reduction but it is not part of
the formal system. Equality in UTT is beta-, eta- and iota-equality, while our system only
uses beta- and iota-equality. In UTT there are no inductive predicates so one would have to
use an impredicative encoding to express them. In spite of those differences we are going to
examine the possibility of the reduction.
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