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Chapter 1

Introduction

We study systems of typed terms extending system F [Gir72, Rey74] with notions of S-reduction
for every type construction. We focus on types of the form pap whose intended interpretation is
least pre-fixed-points of monotone operators. There are always two associated (-rules: The rule
modelling iteration and the rule which models primitive recursion on the data structure. It is
well known that data types such as the natural numbers may be represented in system F. This
works very well for the definition of functions by iteration. But even the defined predecessor on
natural numbers inside system F does not behave very well: The predecessor of the successor
of n can be reduced to n only for numerals n and this process needs O(n) steps. I do not
know whether there is a proof that no reduction preserving embedding of primitive recursion on
positive inductive types into system F is possible. But nobody seems to know such an embedding.
Therefore, I decided to compare extensions of F allowing for primitive recursion on inductive

types.

1.1 Motivation

This work is in some sense a chapter of the theory of complete lattices. But without the
magnifying glasses of proof theory it would be quite short a chapter and moreover it would not
contain any new result—mnew relative to Tarski’s fixed-point theorem [Tar55]!.

First we use the magnifier of intuitionism to explore whether the classical results may also be
proved constructively or whether they may be turned into statements (“constructivizations”)
permitting a constructive proof. Along this line we may define the term systems which are typed
lambda calculi and also the encodings between them.

But this thesis is dominated by the question of the behaviour of term rewrite rules? of the systems
and of their relation between systems. And this question may be turned into a problem of proof
theory by using the Curry-Howard isomorphism [How80] in its most trivial reading®: The types
of the extensions of system F are the formulas of an intuitionistic second-order propositional
logic and the typed terms are simply proof terms in a natural deduction formulation of this
intuitionistic logic. A term proves its type and its free typed term variables are the assumptions
used in the proof. The term rewrite rules become proof transformations and they are justified
if they do not change the type (formula) of the term (proof) and have as free term variables
(assumptions) at most those which were present in the original term (proof).

We continue by adopting the proof-theoretic language. The analysis of proofs is greatly simplified

We read: “Most of the results contained in this paper were obtained in 1939.”
2We only consider S-rules for all the type constructs.
$Many subtleties concerning Curry-Howard isomorphisms may be found in [Geu93].
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if the proof transformation system is normalizing and confluent because then one may only
consider proofs in normal form. The comparison of the head forms of proofs (e.g. Lemma 2.24)
and the set of normal forms (e. g. the inductively defined set NF on p. 18) shows what is gained
by normalization. Consistency is a typical problem which is solved by studying the normal
forms.

Since [Tai75] it has been common to establish strong normalization if possible. Although already
normalization furnishes consistency and hence needs means of proof going beyond the logical
system (which is an extension of pure second-order propositional logic) it is a challenge also to
prove strong normalization. There are numerous published variations on that proof. Neverthe-
less I present another proof of strong normalization for system F which in my view separates the
difficulties even more—most prominently the absence of reduct analysis in any reasoning with
saturated sets which are a variant of the reducibility candidates (see e.g. [GLT89]).

Up to now I only spoke about system F. Although I present it in great detail it is only the basis
on which to build the extensions by inductive types. Proof theorists might lose their interest
in this work because system F is already fully impredicative and an extension by inductive
types seems to give only “sugar” to the system. This would in fact be true if we only studied
iteration on these inductive types. But we also study (full) primitive recursion. This time it is
an algorithmic motivation: Functions defined by primitive recursion may be more efficient than
functions defined by iteration. I alluded to it at the very beginning of this chapter by giving the
example of the predecessor on the naturals (which in that encoding works iteratively).

This algorithmic motivation is intimately connected to a proof-theoretic question: What is
the appropriate logical system allowing to extract efficient programs out of existence proofs??
Extraction of typed lambda terms® (viewed as programs) from intuitionistic proofs may be done
via the modified realizability interpretation (due to G. Kreisel; see the citations in [Ber95]). I
mention two examples where modified realizability is used for the extraction of programs out of
normalization proofs: In [Ber93] a normalization algorithm is extracted from a proof of strong
normalization of simply typed lambda calculus following Tait’s computability predicate method
[Tai67]. [vdP96b] builds on [Ber93] and extracts bounds on reduction lengths for Godel’s T from
a variant of the normalization proof by the Tait method.

In [Ber95] a modified realizability interpretation is given for a system of interleaving positive
inductive types with iteration only. The main insight I got from it was the motivation of the
reduction rules for positive inductive types from it: The soundness of modified realizability only
holds up to some equational theory on the terms and the attempt to prove soundness shows
which equational axioms have to be postulated. All these efforts are in vain if the resulting
equality theory is not effective but fortunately the axioms may be turned into term rewrite rules
which form a strongly normalizing and confluent term rewrite system having hence decidable
intensional equality. Hence, we may indeed interpret the extracted terms as programs.
Although I believe that a modified realizability interpretation could be given for the systems
presented in this thesis I decided to be very informal about program extraction. But one should
see the study of the term systems as the first part of a project aiming at the constructive
interpretation of monotone inductive definitions. And it is a big part because the proof of
soundness of the realizability interpretation is not so much different from the proof of strong
normalization. Most of the difference is the extension from propositional logic (the term system)
to full predicate logic. And this extension is quite easy: As long as there are no dependent types
in the framework one can only use the objects in a uniform way in the proofs.

“More precisely: Proofs of II3-formulas.

°In [Par92] (system TTR) untyped lambda terms are extracted and only the reduction of untyped lambda
calculus exhibits the algorithmic content. Correctness is expressed by typing rules which also include positive
recursive types. In contrast to that I add reduction rules for every new type construct.
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Perhaps the second part would become big if not only soundness (which guarantees that the
extracted program meets the specification expressed in the existential statement) were the goal.
A project going beyond the soundness theorem for modified realizability would be to formalize
the normalization proofs and not only extract embeddings between systems out of them but also
have a meta-theorem assuring that these encodings are always respecting G-reduction, hence that
the extracted encodings are indeed embeddings (cf. section 9.3).

What are monotone inductive types? They are motivated by Tarski’s theorem from which I only
use the following: Let (U, <) be a complete lattice and ® : U — U be monotone. Then ® has a
least fixed point® Ifp(®) which is given by

Ifp(®) = \{M e Ulo(M) < M}.
The minimality of Ifp(®) gives a principle of induction:
(Ifp-E) ®(M) < M = Ifp(®) < M.
This will motivate iteration. As a derived rule we get
(Ifp-ET) ®(Ifp(®) A M) < M = Ifp(®) < M.

I call this rule the principle of extended induction?. It motivates primitive recursion.

The idea is as follows: We depart from the explicit representation of Ifp(®) as an infimum (which
for pedagogic reasons is studied in a system of infimum types) because its reduction behaviour
is not satisfactory. Instead we directly represent Ifp(®) by a type pap in a system with iteration
and primitive recursion.

We may now give an answer to the question on an appropriate logical system allowing to extract
“efficient” programs out of existence proofs: It has extended induction as a primitive notion.
Monotone inductive definitions also draw attention in classical proof theory. The content of
[Fef82, Rat96, GRS97, Rat98, Rat99] is orthogonal to the topics of this thesis, though. Their
results are mainly based on classical logic, and they are very much concerned about measuring
the strength of the theories at hand which clearly forbids the use of full impredicativity as
expressed by system F. In this thesis, we exclusively study intuitionistic systems extending
system F. The problems solved all have to do with reduction behaviour which does not play a
role in the cited papers. Due to the different positions concerning impredicativity they focus
on the possibility of getting least fixed points via transfinite iteration of a monotone operator
starting with the empty set (hence being an approach from below) whereas we build on Tarski’s
theorem guaranteeing that the impredicatively justified infimum of the pre-fixed-points (hence
being an approach from above) is also a pre-fixed-point and hence that a least pre-fixed-point
exists.

Even the focus on primitive recursion instead of iteration (especially in the case of non-strictly
positive inductive types) itself seems to be a quest for more impredicativity because the step term
in the recursive definition may refer to the inductively defined set (modelled by the inductive
type) in its entirety.

How do we model monotone inductive types? We allow pap to be a type for any type p
and any type variable a but we only may form terms of this type if we know monotonic-
ity. How do we know that Aap is monotone? By having already constructed a term of type

5In fact we only use that we have a least pre-fixed-point. The fact that this least pre-fixed-point is also a fixed
point is never used in the systems of this thesis because it does not fit with S-reduction.

"In mathematical practice it is quite common to make unconcious use of “extended induction” instead of the
original induction principle. Take e. g. the squaring function on the reals and try to prove that it has only natural
numbers as values for natural number arguments. (One may already assume that addition does not leave N.)
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VavB.(a — ) — p — plae := F]. This term is called monotonicity witness and may arbitrarily
use term formation rules for inductive types, hence permitting any interleaving of inductive
types.

Interleaving inductive types are those where a free parameter of a subexpression of the type of
the form pap is bound by u. Nesting would only mean that a type of the form pap may be
a subexpression of a type ua’p’ with o’ not free in pap. One could also call the interleaving
inductive types inductive types with essential use of parameters.

Most presentations (for me important are [Lei90, Geu92]) restrict to positive inductive types,
hence to a restriction already enforcing monotonicity on the level of types®. Mendler’s type-
theoretic system (with dependent types and subset types) in [Men87b] has the notion of mono-
tone inductive types, i.e., u-types are introduced under the assumption that the monotonicity
statement (expressed via subset types) has already been derived. Surprisingly, the monotonicity
proof is not used in the reduction rule. But this becomes clear when recognizing that the elimi-
nation rule does not express definition by primitive recursion. It corresponds to a definition by
primitive recursion on a set inductively defined via a “positivization” of the monotone operator
expressed by the monotone inductive type. And this positivization even works for non-monotone
operators explaining why the monotonicity proof could be left out.

Why monotone inductive types?

e We try to prove as general results as possible.

e Monotone inductive types have a meta-theory where proofs may be done by structural
recursion. In the case of positive inductive types we have the phenomenon that syntactic
material pertaining to the canonical monotonicity witnesses necessary for formulating the
rules of iteration and primitive recursion “pops up” during reduction. Therefore e.g. in
the final soundness theorem in the proof of strong normalization one has to use quite
complicated measures of induction. Compare [JO97] in the case of “abstract data type
systems” where on p. 380 we find a tremendously complicated induction measure which is
needed because the syntactic material is not carried around®.

e It is nice to have an apparatus with expressive means which allow to formulate theorems
which are only true after imposing some restrictions. In section 4.7.1 I present a slight
variation of a very reasonable system for which normalization fails.

e And there is a nice inductive type which is monotone but not positive (due to U. Berger).

However, a large part of this thesis is concerned with showing how to embed systems of mono-
tone inductive types into systems of non-interleaving positive inductive types while preserving
reduction.!® The main idea is to define “positivizations” of an arbitrary operator. Let us give
an example: In calculus the limit inferior lim inf of a sequence (ay)ken of real numbers is formed
by setting

liminf ay := lim inf{ax|k > n}.

k—o0 n—oo

The limit to the right always exists (it may be infinite) because the sequence (inf{ax|k > n})nen
is monotonically increasing. And for this work it is most important that the monotonicity may
be read off syntactically: The argument n occurs positively in the expression inf{ay|k > n}.

8Those systems nicely embed into the proposed systems of monotone inductive types.

9No doubt, this is more user-friendly but the user interface may be built up after having shown normalization
and confluence.

107 et henceforth an embedding be an encoding which preserves reduction, i.e., for any reduction step in the
source system one can do at least one reduction step in the target system to get from the encoding of a term to
the encoding of its reduct.
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In a similar fashion we get the lower and the upper monotonization of any operator. The upper
monotonization gives rise to an embedding of monotone inductive types into non-interleaving
strictly positive inductive types including the existential quantifier. The lower monotoniza-
tion motivates embeddings into non-interleaving positive inductive types without the existential
quantifier.

The embeddings work because the monotonization of a monotone operator is the operator it-
self, but the reflection of this fact joins the monotonicity via a monotonicity witness to the
monotonicity via positivity.

Two other notions of monotonicity enter the proofs of strong normalization. They are the
semantic requirement that a monotonicity witness is element of the saturated set

VPYQ.(P — Q) — ®(P) — ®(Q)

for ® a family of operators on saturated sets which is a strong monotonicity requirement for ®
and finally the standard notion of monotonicity for such a family of operators. Unfortunately,
I have no intuition how to reason by mere monotonicity of such operators in order to establish
strong normalization. The good news is: I never had to reason in this way because always
monotonizations could be found which were syntactically monotone (i.e., positive) and had
properties good enough to let the proofs of strong normalization go through.

1.2 Outline of results

Most of the work is done in order to establish the following

Theorem Define four classes of systems as follows.
I Systems without primitive recursion.

e F: the basic impredicative system with — and V.
e eF: F extended by 0, 1, x and +.

e IT: eF extended by infimum types iap.

e eF+ex: eF extended by 4.

e varEMIT-rec: the variant of the system of elimination-based (elimination rules with-
out monotonicity witness) monotone inductive types with no primitive recursion but
iteration.

e IMIT-rec: the system of introduction-based (introduction rule without monotonicity
witness) monotone inductive types with no primitive recursion but iteration.

e MelT—rec: the system in the spirit of Mendler with no primitive recursion but itera-
tion.

e coMelT-rec: the dual to MelT-rec.

e Any other system of inductive types with iteration but no primitive recursion.
IT The systems in IIa and in IIb to be defined next.
ITa Strictly positive systems without .

e SPIT: the system of (interleaving) strictly positive inductive types (with iteration and
primitive recursion and map terms built without primitive recursion but iteration).
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NISPIT: the system of non-interleaving strictly positive inductive types (with iteration
and primitive recursion and map terms built with neither iteration nor recursion).

ITb Classes of systems with selected monotone inductive types.

ESMIT: systems of elimination-based (unrestricted use of u(*)-elimination in map
terms) selected monotone inductive types.

ESMITit: those of ESMIT without primitive recursion in the definitions of map terms.
ESMITrec: those of ESMIT without iteration in the definitions of map terms.
ESMIT+ex: systems like ESMIT but including 3.

ISMIT: systems of introduction-based (unrestricted use of p-introduction in map
terms) selected monotone inductive types.

ISMIT+-ex: systems like ISMIT but including 3.

IIT 20 other systems of inductive types.

PIT=PITit: the system of positive inductive types with iteration and primitive recur-
sion where interleaving and non-strict positivity are allowed and the map terms do
not use primitive recursion but only iteration.

PITrec: like PITit but the map terms use primitive recursion and no iteration.
PIT+4ex: PIT extended by 3.
SPIT+ex: SPIT extended by 3.

NIPIT: the system of non-interleaving (but including non-strictly) positive inductive
types with iteration and primitive recursion and map terms built with neither iteration
nor recursion.

NISPIT+ex: NISPIT extended by 3.

EMIT: the system of elimination-based (elimination rules without monotonicity wit-
ness) monotone inductive types with primitive recursion and iteration.

EMIT=it: EMIT without iteration.

varEMIT: a variant of EMIT with a slightly weaker requirement of monotonicity for
the monotonicity witnesses.

IMIT: the system of introduction-based (introduction rule without monotonicity wit-
ness) monotone inductive types with primitive recursion and iteration.

IMIT=it: IMIT without iteration.

varlMIT: a variant of IMIT with a slightly weaker requirement of monotonicity for the
monotonicity witnesses.

IMITHex: IMIT extended by 4.

MelT: the system in the spirit of Mendler (“Mendler’s Inductive Types”) with itera-
tion and primitive recursion.

MelT—it: MelT without iteration (nearer to Mendler’s [Men87a] system).

coMelT: the dual (the explanation via “monotonizations” of operators is dual) to
MelT.

coMelT—it: coMelT without iteration.
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e UVIT: “Uustalu’s and Vene’s Inductive Types”, a slight generalization of MelT (which
serves for clarifying the embedding of MelT into NISPIT+ex) also with iteration and
primitive recursion.

e MePIT: the subsystem of NISPIT+ex which is actually needed for embedding MelT
into NISPIT+ex. It also has iteration and primitive recursion.

e coMePIT: the subsystem of NIPIT which is actually needed for embedding coMelT
into NIPIT; with iteration and primitive recursion.

Let an embedding be an encoding which preserves reduction, i.e., for any reduction step in
the source system one can do at least one reduction step in the target system to get from the
encoding of a term to the encoding of its reduct.

Then the following holds: There are embeddings of each system in I into any other. There are
embeddings of each system in II into any of III and each system of III embeds into any other
system of III. Hence, the systems in I are embedding equivalent to each other, and the same
holds for the systems in III.

Every system in I, IT and III is strongly normalizing and confluent.

All of the above systems are motivated and defined carefully. Examples are given and a lot of
additional information is taken out of the proofs, among them naive reduction-free normalization,
consistency, the impossibility of proving the Peirce formula, an insight how much easier weak
normalization is than strong normalization and even embeddings into systems of fixed-point

types.

In chapter 2 the systems without inductive types are formulated and analyzed very carefully.
Starting from system F with arrow types and universal types only, we subsequently add 0, 1,
product types, sum types, existential types and infimum types.

Chapter 3 shows the different notions of inductive types (including strictly positive and positive
and non-interleaving positive inductive types) and measures for them. Examples are considered.
Term systems for monotone inductive types are studied in chapter 4. The two possibilities of
fixing a monotonicity witness to the term rules are presented. There is a non-trivial example
of monotonicity which does not come from positivity. Also the systems with selected monotone
inductive types having a specified monotonicity witness for every inductive type are defined and
embedded into the systems with monotone inductive types by using a notion of stratified term.
An elaborate discussion on the relation of iteration and recursion is included. The iterative
fragment of varEMIT is embedded into the system of infimum types by simply reflecting the
proof of Tarski’s theorem.

In chapter 5 systems with positive inductive types are defined which means to define the canon-
ical monotonicity witnesses whose stratification and uniformity alone guarantee strong normal-
ization. It is presented how much easier the definitions are for subsystems like that of strictly
positive inductive types or of non-interleaving positive inductive types. Very special instances
are MePIT and coMePIT which may be seen as examples for the calculation of canonical mono-
tonicity witnesses.

Chapter 6 is the heart of this thesis: The junction between monotone inductive types and non-
interleaving positive inductive is introduced in form of MelT and coMelT the first of which is a
variant of Mendler’s [Men87a] system and the second a dual to it. The introductory sections to
that chapter are essential for understanding why the embeddings work.

In chapter 7 we collect the embeddings established so far and prove the statements on embeddings
in the theorem above.

Confluence is proved by a variant to Takahashi’s [Tak95] method in chapter 8.



CHAPTER 1. INTRODUCTION

Chapter 9 and appendix A contain the most technical part: The proofs of strong normalization
for several systems. Again much effort has been invested to make the proofs as clear and as
modular as possible. The variations on the proof for EMIT are put in the appendix although
they show a wealth of subtleties. A final discussion explains how the embeddings of monotone
inductive types into MePIT and coMePIT could have been found.

Appendix B discusses possible extensions which came to my mind during the writing of this thesis
mostly concerning fixed-point types, n-reduction, functoriality of the monotonicity witnesses and
permutative conversions for inductive types. A list of open problems is given.

As central points of this thesis I consider:

Monotone inductive types formulated'! and proved to be strongly normalizing and con-
fluent.

Selected monotone inductive types formulated (as abstraction from the canonical mono-
tonicity witnesses for positive inductive types) and embedded into monotone inductive
types via an inductively defined set of stratified terms.

Mendler’s system proved to be strongly normalizing without any restriction to forming
inductive types.

Formulation of a dual (coMelT) to Mendler’s system.

Embedding of monotone inductive types into non-interleaving positive inductive types.
The main step: varEMIT embeds into coMelT and varIMIT embeds into MelT. Explanation
why such easy embeddings exist.

Reduction of iteration to primitive recursion even for introduction-based monotone induc-
tive types.

A measure of height (h) for abstracted types which allows to define the canonical mono-
tonicity witnesses for interleaving positive inductive types.

A technical device: The vector notation for multiple eliminations.
The separation of reduct analysis from any reasoning on saturated sets.

The definition of infimum types to clarify the encoding of iteration on elimination-based
monotone inductive types inside system F.

The organization of the proof of strong normalization such that always an introduction-
based and an elimination-based definition of computability predicates is possible and that
embeddings may be read off the proof.

The equivalence with respect to embeddings of the 20 systems of class III in the above
theorem.

1The very idea of considering primitive recursion in the presence of some arbitrary term of “functorial strength”
already occurs in [Alt93c] together with a sketch of an elimination-based normalization proof.



Chapter 2

The basic framework

System F and its extension by 0, 1, product and sum types are defined in all details. An extension
by types expressing infima is proposed. Finally, the extension by existentially quantified types
is studied.

2.1 System F

The following definitions define a variant of the historical system F (invented independently by
Girard [Gir72] and Reynolds [Rey74]), which will be my starting point to investigate impredica-
tive systems. A presentation which focuses more on the main ideas is to be found in [GLT89).
[Mit96] also contains an extensive discussion of polymorphism. Good references (among numer-
ous other good presentations) are also [Bar93] and [Gal90].

2.1.1 Types

Assume a countably infinite set Typevars of symbols which are considered as type variables. By
induction define the set Types of types as follows:

(V) If a € Typevars, then a € Types.
(—) If p € Types and o € Types, then p — o € Types.
(V) If a € Typevars and p € Types, then Vap € Types.

The variable « in Vap is considered to be bound by V—more precisely, every occurrence of
a in p which is not bound deeper inside p is bound by Va. We adopt the convention not to
distinguish between types which only differ in the names of their bound variables, e. g. we simply
identify the types Va.y — (VB.ao — () and Vo.y — (Va.d — ), assuming «, 3,7, € Typevars.
As in this example parentheses are used to indicate the inductive build-up of the types which
was suppressed in the inductive definition because it will be understood in all the inductive
definitions of concepts that the defining rules freely generate the structure'. The dot notation
hides a pair of parentheses, which opens at the dot and closes as far to the right as is syntactically
possible. Moreover, V is assumed to bind stronger than —, and iterated — is associated to the
right (i.e., p — 0 — 7 means p — (0 — 7)).

For every type p we define the finite set FV(p) of type variables occurring free in p by recursion
on the inductive definition of the types p as follows:

INot only on the meta-level every inductive definition is considered to be deterministic but also the inductive
types studied in this thesis exclusively model deterministic inductive definitions which therefore allow (transfinite)
recursion (see e.g. [Acz77, p. 744]).



10 CHAPTER 2. THE BASIC FRAMEWORK

(V) FV(a) := {a}.
(—) FV(p — o) := FV(p) UFV(0).
(¥) FV(Yap) == FV(p) \ {a}.

This definition is compatible with the renaming convention.
Define the resulting? type p[d@ := &] of simultaneously substituting the finite list of types & for
the (equally long) list of type variables @ in a type p by recursion on p as follows:

(V) ald :=3d] = «, if o does not occur in the list a.
ald := &] := oy, if i is the smallest index such that a; = «. (Subscripts indicate the
respective elements in the list.)

(=) (p— o)]d:=7d] :=pld:=3d] — old = 7]

(V) (VYap)[@ := 7] := Va.p[@ := &], where according to the renaming convention we
assume that « is different from the & and does not occur free in any of the &
(thanks to the infinite supply of type variables).

This definition is again compatible with the renaming convention.
Due to the assumption in the rule (V) which will be written as o« ¢ & UFV(&) we have for a #

o (Vaa)a =] £ Vop
o (Yap)[p = a] # Vaa

We adopt the naming convention that «, 3, v and ¢ (even if decorated e.g. with subscripts)
always denote type variables, and p, o and 7 (also with decoration) denote types.

Lemma 2.1 If o ¢ FV(p), then p[d@, «a := &, 0] = p[d := 7.
Proof Induction on p. O
Corollary 2.2 If @ NFV(p) = 0 then pla@ := 7] = p. O

Lemma 2.3 FV(p[a :
(p

E]) = (FV(p) \ @) UU{FV(oi)|as € FV(p) A a; # o for j < i}, which
trivially implies FV UFV(&

7).

Proof Induction on p. O
Corollary 2.4 If o ¢ @UFV(J) then a € FV(p) <= a € FV(p[a := 7]). O
Lemma 2.5 If a ¢ @ UFV(7) then (pla := o])[@ := 0] = (p[d := d])[a := o[d := 7]

Proof Induction on p using Corollary 2.2. 0
Lemma 2.6 If o ¢ @ UFV(&) then p[@,a := d,0] = (pld := 7])[a := o].

Proof Induction on p using Corollary 2.2. 0

2Note that only the effect of substituting types for type variables in types is studied and not the type substi-
tution itself as a finitely presented function (giving rise to a substitution calculus).
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More on the renaming convention can be found in Barendregt’s [Bar84, pp. 25-27, 577-581].
The convention there is to “identify a-congruent terms on a syntactic level” (p. 26) as is done
here with types. The “variable convention” says that for finitely many objects which have bound
variables and occur together in some mathematical context, it is always assumed that the bound
variables are different from all of the free variables.

In this thesis, I do not follow Barendregt’s variable convention but always make the comment
about what we have to assume on the bound variables in order to have a concept correctly
defined. The reason for this cautious approach is that in many cases it is not clear (to me)
whether the mathematical context at hand contains finitely or infinitely many such objects.
Moreover, sometimes it is useful to have the same variable free and bound in a clause of a
definition (see e.g. the clause () in section 4.1.1). Finally, I do not completely understand
what the variable convention really says about a definition clause such as

(V) FV(Vap) :==FV(p) \ {a}.

Therefore my convention merely means that I consider types only up to a-equivalence.

In loc. cit. also the approach by de Bruijn [dB72] (and some approach by Curry) is presented.
Another truly accurate treatment of the renaming convention would be to define a-equivalence
and type substitution simultaneously by recursion on the complexity of the types as was e.g.
carried out in [Rei96].

Note that the Curry-Howard isomorphism means on the type level that we see the type variables
as propositional variables and the types as propositions. The types of system F “are” hence the
formulas of second-order propositional logic with only universal quantification over propositions
and implication.

2.1.2 Terms

A slightly erroneous term system is defined and then—by changing the variables to be more
polymorphic—the system forming the core of all the extensions considered in this thesis.

A first attempt to define the terms and a variable convention

Assume for every type p pairwise disjoint countably infinite sets Vars(p) of symbols which are
considered as term variables of type p. By simultaneous induction define the sets A, of typed
terms of system F of type p and simultaneously define for every term r in any A, the finite set
FV(r) of term variables occurring free in r (overloading the previously defined FV for types) as
follows:

(V) If z € Vars(p), then z € A,. FV(x) := {«}.

(—-I) If x € Vars(p) and r € A,, then Xar € A,_,. FV(Aar) := FV(r) \ {z}.

(—-E) Ifre Ap.s and s € A, then rs € A,. FV(rs) := FV(r) UFV(s).
)

(V-I) If r € A, and o € Typevars, then Aar € Ay,,, provided that a ¢ FV(o) for any o
with FV(r) NVars(o) # 0. FV(Aar) := FV(r).

(V-E) If r € Ay, and o € Types, then ro € A FV(ro) := FV(r).

plai=o]-

It should be noted that the proviso in the rule (V-I) is usually called the eigenvariable condition
which becomes clear in the discussion of the Curry-Howard isomorphism at the end of this
section.
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This definition is again compatible with the renaming convention for bound type variables (the
only critical case being (V-E)).

The term variable x in Axr is considered to be bound by A, and the type variable a in Aar
is considered to be bound by A. We again do not want to distinguish between terms which
only differ in the names of bound variables (term and type variables). E.g. if a and [ are
different type variables and = € Vars(a) and y € Vars(3), then Azx € Aq—q and Ayy € Ag_,3.
Therefore AaAzx € Avy.a—a and ABAyy € Aygp—. Because of the convention on identifying
bound type variables in types, we have Va.a — a = V(3.0 — 3 which by compatibility implies
Ava.a—a = Avgp—p3. How can one rename the bound type variable o in AaAzx to 37 This
would be possible if one were allowed to also rename = € Vars(«) to y € Vars(3). I think this
would be quite hard to justify. But we do want to identify AaAzz and AGAyy. Therefore we
abandon this definition.

The correct definition of terms which allows for a variable convention

Assume a countably infinite set Vars of symbols which are considered as term variables without
a type. By simultaneous induction define the sets A, of typed terms of system F of type p and
simultaneously define for every term r in any A, the finite set FV(r) of typed term variables
occurring free in r (overloading the previously defined FV for types) as follows:

(V) If « € Vars, then (z,p) € A,. FV((z,p)) :== {(z,p)}.
(—-I) If x € Vars and r € A, then A(z, p)r € Aps. FV(A(z, p)r) :==FV(r)\ {(z,p)}.
(—-E) If re Ay and s € A, then rs € A,. FV(rs) := FV(r) UFV(s).

(V-I) If r € A, and a € Typevars, then Aar € Ay,,, provided that o ¢ FV(o) for any o
for which there is an x € Vars such that (z,0) € FV(r). FV(Aar) := FV(r).

(V-E) If r € Avap and o € Types, then ro € A .=y FV(ro) :=FV(r).

This definition is again compatible with the renaming convention for bound type variables (the
only critical case again being (V-E)).

The untyped term variable z in A(z, p)r is considered to be bound by A, and the type variable
a in Aar is considered to be bound by A. (Again we mean every occurrence inside r which is
not bound deeper inside r.) We again do not distinguish between terms which only differ in
the names of bound variables (term and type variables). This will be referred to as the variable
convention (which of course relies on the renaming convention for bound type variables in types).
E.g. if @ and [ are different type variables and x € Vars and y € Vars, then A\(z, a)(z,a) € Aqg—a
and A(y, 8)(y, B) € Ag—g. Therefore Aa(z, a)(x, o) € Aya.a—a and ABA(y, B)(y, B) € Az p—5-
Because of the convention on identifying bound type variables in types, we have Va.a — a =
V3.6 — [ which by compatibility implies Avy.q—a = Avgg—s. The variable convention for
term variables without types allows us to identify A(z,a)(x, @) and A(y, «)(y, @) and then the
type variable convention identifies AaA(z, a)(z, o) and ABA(y, B)(y, 3). Therefore we keep this
definition.

The simultaneous definition of FV on terms is compatible with the variable convention thanks
to the proviso in the rule (V-I), which is called the eigenvariable condition (as mentioned before).

Lemma 2.7 For every term r there is a unique type p with r € A,.

Proof Induction on r. O
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As is usual we will use type superscripts for variables instead of the pair notation (x, p) and we
also use them for terms instead of type subscripts as in A,: From now on z” is written instead
of (z,p), and r” € A is written instead of » € A,. If r happens to be a variable we further
abbreviate to » € A thus avoiding twice the same superscript. Using these conventions we can
restate the definition of terms (this time leaving out the definition of FV) as follows:

(V) If z € Vars, then z” € A.
(—-I) If x € Vars and r7 € A, then (AzPr)’~° € A.
(—>—E) If P79 ¢ A and s” € A’ then (,rs)O' c A,

(v-I) If 7? € A, then (Aar)?®” € A, provided that a ¢ FV(o) for any o such that there is
an z7 in FV(r).

(V-E) If 7@ € A, then (ro)Pl*=0] € A.

Unfortunately “A” is used as the name of the set of terms and also as the symbol for type
abstraction. Nevertheless ambiguities cannot arise.

If r is a term then r : p is defined to be the statement r € A,. 7” may either be used as
synonymous to r : p or in place of r but implicitly introducing the unique p with r : p or
imposing a restriction on r if p has previously been introduced.

As for types we freely use parentheses to indicate the build-up of a term which again was not
made explicit in the definition (as was promised in the section on types). The dot notation is
also employed. A and A are assumed to bind stronger than application, iterated term application
(that is nested use of (—-E)) is associated to the left (i.e., st means (rs)t) which fits perfectly
with the right-associative — for types.

If r: p — o, we say that r is of arrow type. If r : Vap, we speak of r as of universal type.

We adopt the naming convention that z, y and z (also with decoration) always denote untyped
term variables, and r, s and ¢ denote terms.

For every term r we define the finite set FTV(r) of type variables occurring free in r by recursion
on r as follows:

(V) FTV(zf) := FV(p).
(—-I) FTV(AzPr) :=FV(p) UFTV(r).
(—-E) FTV(rs) := FTV(r) UFTV(s).
(V-I) FTV(Aar) :=FTV(r) \ {a}.
(V-E) FTV(ro) := FTV(r) UFV(0).
This definition is compatible with the variable convention.
Lemma 2.8 FV(p) C FTV(r?).
Proof Induction on r. For the rule (V-E) we need Lemma 2.3. 0

Lemma 2.9 z* € FV(r) = FV(p) CFTV(r).

Proof Induction on r. For the rule (V-I) we use the proviso. 0
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Define the resulting term r[#” := 5] of simultaneously substituting the finite list of terms 57
(i.e., s; : p;) for the (equally long) list of typed variables 27 (i.e., 2; : p;) in r by recursion on r
and simultaneously prove that 7°[#” := 5] : p and that (compare Lemma 2.3) FV(r[z#’ := 5]) =
(FV(r)\ @) UU{FV(si)|af" € FV(r) Azl # 2!7 for j < i} as follows:

(V) 2]
xP|

= §] := P, if 2P does not occur in the list 7.

TP
#P .= 5] := s;, if i is the smallest index such that 2¢* = 2”. Proof trivial.

(—-I) (\zPr)[ZF := 5] :== \aP.r[#’ := 5] where according to the variable convention and
the infinite supply of untyped term variables we assume that z* is different from
the Z7 and does not occur free in any of the §. The proof of the second claim uses
the assumption.

(—-E) (rs)[@ := 5] := r[#° := 5]s[z¥ := 5]. Proof obvious.

(V-I) (Aar)[@? := 5] := Aa.r[Z? := 5], where we assume that o does not occur free in any
of the terms §. Aa.r[Z¥ := 5] is a term because of the assumption, Lemma 2.9, the
second claim for r and the well-formedness of Aar.

(V-E) (ro)[&f := 5] := r[z¥ := 5]o. Proof obvious.

This definition is compatible with the variable convention.
The assumption in the rule (—-I) will be written as 2 ¢ 27 U FV(5) and gives us for = # y

o (Ar9af)a® = 7] £ Aty
o (Az%YY)[y® = 2] # Ax®z®
The assumption in the rule (V-I) will be written as a ¢ FTV(5) and gives us for a # 3
o (AaxP)[z? :=y"*Pa] # Aa.y"Pa
o (Aax®)[zf = y*P22] # Aa.y®P2*, where the object on the right is not even a term.
For ease of reference we state

Lemma 2.10 FV(r[#? := 5]) = (FV(r) \ %) U U{FV(s;))|z?" € FV(r) Az # ZL’;j for j < i},
which trivially implies FV(r[#7 := 5]) C (FV(r) \ ) U FV(3).

Proof Inside the definition. 0O
Lemma 2.11 If #? NFV(r) = () then r[7° := 5] = r.

Proof Induction on r. 0
Lemma 2.12 FTV(r[# := &) = FTV(r) UU{FTV(s;)|2{" € FV(r) Aaf* # 2 for j < i}
Proof Induction on 7. The proof is easy but tedious. The case (V) makes use of Lemma 2.8.
Lemma 2.13 If 2 ¢ 27 UFV(5), then (r[z” := s])[@P := 5] = (r[zF := 5])[z := s[7” := 3]).
Proof Induction on r. Note the similarity to Lemma 2.5. O

Lemma 2.14 If 2 ¢ 7 UFV(5), then r[27, 2 := 5, 5] = (r[#° := 5])[z" := 3].
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Proof Induction on r. Note the similarity to Lemma 2.6. 0O

Define the resulting term r[@ := &] of simultaneously substituting the finite list of types & for
the (equally long) list of type variables @ in r by recursion on r and simultaneously prove that
rPla = &) : pld := &] and FV(r[@ := &) = {y"[¥= |y € FV(r)} as follows:

(V) 2P[@ := 7] := 2P1%=9]. Proof trivial.

(—-1) (MzPr)[@ := 7] := A\zPl%=0] r[q@ := &), where we assume that for every 7 € FV(r)
we have o = p. Proof obvious for the first claim, the assumption is needed for the
second claim when proving “D”.

(—-E) (rs)[@ := &) :=r[d@ := d]s[d@ := ]. Proof obvious.

Qy

(V-I) (Aar)[@ := ] := Aa.r[@ := &], where we assume that « is different from the &
and does not occur free in any of the & (as in the definition of (Vap)[@ := &]). The
proof of the first claim rests on this assumption, the other is obvious. Aa.r[@ := 7]
is a term because of this assumption, the second claim for r, Lemma 2.3 and the
well-formedness of Aar.

(V-E) (ro)[@ := &] := r[@ := F|o[@ := &]. The proof of the first claim is easy by using
Lemma 2.5, the other is obvious.

This definition is again compatible with the variable convention.
Due to the assumption in the rule (—-I) we have for o # 3 that (Az®2%)[3 := o] # A\x®z®. The
assumption in (V-I) gives for oo # 3

o (Aaz®z®)[a := (] # AaxPz’
o (Aaz?)[B:= a] # Aax®, where the object to the right is not even a term.
For ease of reference we state
Lemma 2.15 FV(r[@ := &]) = {y"[¥=|y™ € FV(r)}.
Proof Inside the definition. 0

Let “z ¢ FV(r)” be an abbreviation for “there is no z* in FV(r)”. Hence, the lemma implies:
x ¢ FV(r) = x ¢ FV(rld := 7]).

Lemma 2.16 If aNFTV(r) = () then r[@ := ] = r.
Proof Induction on r. O
Lemma 2.17 FTV(rja :=4]) = (FTV(r) \ &) U U{FV(0i)|a; € FTV(r) A a; # v for j < i}.

Proof Induction on r. The proof is tedious but routine. The case (V) makes use of Lemma

2.3. |
Lemma 2.18 If a ¢ & UFV(&), then (r[a := o])[@ := 7] = (r[@ := 7))o := o[d := F]].
Proof Induction on r. The proof makes use of Lemma 2.5 several times. O

Lemma 2.19 If a ¢ & UFV(d), then r[d, a := 7, 0] = (r[d := 7])[a := 0.
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Proof Induction on r. The proof makes use of Lemma 2.6 several times. O

The following lemma allows to interchange type substitution and term substitution. The formu-
lation is as general as possible. The only cases which are needed in the sequel are encapsulated
in the two corollaries to the lemma. Readers who are not so much interested in substitution
should simply check whether they can accept the statements made in the corollaries.

Lemma 2.20 (Interchange law for substitution) If for every = € FV(r) and every i such
[6:=5] _ ,pild:=d]
(2

that ¢ is the minimal index with z* , p = p; holds, then

r[#” = 3@ = 7] = rla = 7)[#19= .= 5@ .= 7).

Proof Induction on r. (V) Case z”. If 2” € #°, let i be the minimal index with 2 = 2f?. Then
2P [£P := 5[ := &] = s;|d@ := &]. Due to the assumption on free variables, i is also the minimal
index such that z/19=1 = g/ &= " Therefore z* [@ := &|[@l%=0] .= §la := 7]] = s;[@ == 4]. If
xf ¢ Z7, then due to the assumption, z°1%=0] ¢ #P1%=0]  The claim then follows from Lemma
2.11.

(—-I) Case Azr. We may assume z/1%=91 ¢ 7l%=3l | FV (5@ := &]) and that the following
implication holds: 2% € FV(r) UFV(3) = 0 = p. By using Lemma 2.15 and Lemma 2.10 we get

(AzPr) i = §)@ = 7] = AaPl¥= p[7F .= §][a := 5] and

(\zPr)[a = 7)[#9=) .= §a@ := )] = A1) p[a .= 5)[71%=0) .= §a = 7).

Due to zPl=7] ¢ #P1%=0]_the induction hypothesis applies to 7.
(—-E) Case rs. Use the induction hypothesis.
(V-I) Case Aar. We may assume that o ¢ @ U FV(6) U FTV(S). Using Lemma 2.17 we get

(Aar)[77 = §)[@ := 7] = Aa.r[i? := §][d := ] and

(Aar)[@ = &][7719=% .= 5@ := 7]] = Aa.r|a := &[#19=) .= §la := 7]].

The claim follows by the induction hypothesis.
(V-E) Case ro. Use the induction hypothesis. O

The condition in the lemma would be trivially satisfied if #¥ U FV(r) were compatible in the
sense that if 27, 27 € ## UFV(r) then p = 0. Call such a term r regular. Obviously, regularity is
not closed under application of terms. If one wanted to enforce regularity everwhere application
would have to be guarded by some compatibility requirement which would be nothing else
than assuming the existence of a common variable context of & and the terms put together via
application. Instead of having implicit contexts, one could then go one step further and have
a type assignment system which in my view would give a one-sided sequent calculus instead of
natural deduction?.

Corollary 2.21 If @ N FV(p) = 0 and for every a” € FV(r), @ NFV(p) = 0, then

r[7° = §)[a = §] = r[a := §][7 = §a := 7]].

Proof Immediate from Corollary 2.2. 0O

3The reader may decide whether is it worth having unrestricted application in the later chapters on inductive
types at the price of unintuitive conditions in lemmas on substitution.
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Corollary 2.22 If for every o, 7 € FV(r) implies 0 = p, then
r[a? = §)[@ = 5] = r[a = 7] [2719= .= s[@ .= 7).
Proof Immediate from Lemma 2.20. O

Terms r with FV(r) = () are called closed terms. They may contain free type variables, i.e.,
FTV(r) # () is allowed for closed terms. Terms without free type variables have no special name.
From now on we will use the names “variable convention” and “renaming convention” as syn-
onyms.

An immediate subterm of a term r is any term ' which is explicitly mentioned as a term (by
requiring 7’ € A) in the definition clause by which the term r is introduced in A, i.e., 2” has
no immediate subterm, Az*r has only the immediate subterm 7, rs has exactly the immediate
subterms r and s, Aar has only the immediate subterm r and ro also has only the immediate
subterm r. The relation “is a subterm of” is defined as the transitive reflexive closure of “is an
immediate subterm of”. As expected, the relation “is a proper subterm of” is defined as the
transitive closure of “is an immediate subterm of”.

The Curry-Howard isomorphism means on the term level that we see the term variables as
symbols for proof assumptions, the typed term variables as assumptions of formulas and the
typed terms as intuitionistic natural deduction proofs of their types seen as formulas. Hence, the
term system of F “is” a proof system for intuitionistic (even minimal) second-order propositional
logic (based on universal quantification over propositions and implication). The eigenvariable
condition of (V-I) is hence the standard condition of second-order propositional logic: In order
to deduce Vap from p we have to know that no assumption in the proof of p is dependent on «
in the sense that « occurs free in the assumed formula.

2.1.3 Head form and normal forms

For terms r and finite lists § of typed terms and types we define when r§ is defined and in that
case a term it denotes by recursion on the length of the list as follows: If the list § is empty,
r§:=r. Otherwise § decomposes into the list 5_ and the last element of s. r§ is only defined if
r§_ is a term with type p — o or Vap. In the first case r§ is defined iff the last element of §
is a term s of type p, and set to (r§_)s of type o. In the second case r3 is defined iff the last
element of §'is a type o, and set to (r5_)o of type pla := o).

In case 7§ is defined, it is nothing but (--- (rs1) - sy), assuming § has n elements.

It is trivial to see that this definition is compatible with the renaming convention.

Whenever rs will be used as a term it is understood that r is a term and § is a finite list of
typed terms and types such that s is defined.

Lemma 2.23 If r5'is a term and r’ is a term of the same type as r, 'S is a term of the same
type as rs.

Proof By induction on the definition. O
Lemma 2.24 (Head form) Every term has exactly one of the following forms:
(V) xf§ (Terms of this form are called neutral.)
(—-1) AaPr

(—-R) (Axfr)ss
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(V-1) Aar

(V-R) (Aar)os

Proof Induction on terms (unicity is obvious). Consider e.g. the case (—-E): If 7#77 has one
of the forms (V), (—-R) or (V-R), rs has the same form. Otherwise, by induction hypothesis
and because 7 is of arrow type, r is of form (—-I), hence rs of form (—-R). 0

Define the set of terms in normal form NF as a subset of A by induction as follows:
(V) If 2P§ is a term and the terms in § are in NF, then z*§ € NF.
(—-I) If r € NF, then Az’r € NF.
(V-I) If Aar is a term and r € NF, then Aar € NF.
Most of the work in this thesis is concerned with proving strong normalization of (-reduction.
The S-reduction relation of the next section is specifically aimed at allowing to transform any

term of system F to a term in NF. The preceding lemma shows exactly what is gained by this
transformation.

Lemma 2.25 If » € NF and 5 C NF and & are neutral, then r[7” := 5] € NF.

Proof Induction on » € NF. 0O
Lemma 2.26 If r € NF, then r[@ := 5] € NF.

Proof Induction on r» € NF. 0O
Lemma 2.27 If r € NF and r’ is a subterm of r, then 7’ € NF.

Proof By induction on r € NF (never using the induction hypothesis) show the statement for
immediate subterms. O

In order to facilitate extensions to the system we give an equivalent definition of r§ as an
inductive definition as follows:

@) rQ:=r.
(—-E) If r§: p — o and s : p, then (8, s) := (r§)s.
(V-E) If r§: Vap, then r(5,0) := (rs)o.

Of course, () means the empty list and (8, object) means the “consed” list.

The inductive definition seems to be more natural than the recursive one, and it is obviously
equivalent. (The well-definedness rests on the fact that the rules are mutually exclusive.)

If §: pand r§: p it is convenient to write the type of r as 5 — p. More formally, we (inductively)
define ) — p:=p and (p,p) = 0 :=p— (p — o).
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2.1.4 Reduction

Define a binary relation — on terms by giving the only cases where it holds as follows:

(6=) (AzPr)s — rlz ]

(B)  (har)o — rlo = o]

Of course, we assume that the objects in the rules are terms. It is an important property of
the rules that if the object to the left is a term then the object to the right is also a term, and
moreover that it has the same type.

If r — 7’/ we say that r reduces to v’ by one outer application of one of the  reduction rules.
The terms on the left are called G-redices, the terms on the right their contracta.

Define a binary relation —,,q on terms by the following rule: If 7 — r’ and rs is a term, then
75 —whd '5. The relation —,p is called weak head reduction. Due to Lemma 2.23 s is also
a term and of the same type as r5. Notice that exactly those terms allow weak head reduction
which are listed in rules with an “R” in the name in the lemma on the head form.

Inductively define a binary relation — on terms® (and prove that if » — ¢/, then r and ' have
the same type and FV(r') C FV(r)) by the following rules:

(B) Ifr— ', then r — r/.
(—-I) If r — 7/, then AzPr — \aPr’.
(—-E) If r — ¢/, then rs — 7's. If s — &', then rs — rs’.
V-1) If r — 7/, then Aar — Aar’.
(
(V-E) If r — 7/, then ro — 1'o.

(The proof for the clause () uses Lemma 2.10, Lemma 2.15 and the eigenvariable condition.
The other proofs are obvious.) If » — 7’ we say that r reduces to ' by one application of one of
the 3 reduction rules. We also describe this situation by saying that r reduces to 7’ in one step.
The fact that r’ has type p if r has type p is often (especially in type assignment systems) called
the subject reduction property. From the proof-theoretic perspective (via the Curry-Howard
isomorphism) the reduction relation is completely justified by type-preservation and the fact
that the set of free variables is (weakly) decreasing: The reduction transforms proofs of a fixed
formula without introducing new assumptions and without changing the assumed formulas (more
precisely, without changing the assumption formulas of the assumptions remaining in the proof).
In the formulation above one should have been more careful in order to express that if » — 7’ the
well-formedness of r’ follows from the well-formedness of r. In the case (V-I) the additional claim
FV(r') C FV(r) is used to guarantee this implication. This gives a better operational reading to
the reduction relation: We may actually calculate with terms by applying S-reduction and do
not have to check well-formedness over and over again.

Routinely we observe that the relations +—, —, 4 and — are compatible with the renaming
convention.

Lemma 2.28 If r — ¢/, then FTV(r') C FTV(r).

Proof Induction on the definition of —. The proof for clause (/) needs Lemma 2.12 and Lemma
2.17. 5

4This shall mean that every clause has the implicit condition that every expression is in fact a term. Therefore,
in (—-E) we do not explicitly require that the types of r and s fit together, in (V-I) we do not explicitly impose
the proviso and in (V-E) we do not state that r is of universal type.
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Define the reducing eliminations E_ and By by setting

ooy g o =] i = e
rs , else
A = i = P
oy = { tla:=o] ,ifr=Aat
ro , else

Hence, rs(= U —)rE_s and ro(= U —)rEyo.

Lemma 2.29 If r € NF and s neutral and s € NF and rE_s is defined, then rBE_s e NF. If
r € NF and rEyo is defined, then rEyo € NF.

Proof Use case distinction on » € NF and Lemma 2.25 and Lemma 2.26. 0

Define the relation —* as the reflexive transitive closure of — and the relation —* as the
transitive closure of —. If  —* 7’ holds we say that r reduces in finitely many steps to r’, and
if r —T " holds we say that r reduces in at least one step to 7’.

Lemma 2.30 If » —* 7/, then FV(r') C FV(r), FTV(+') C FTV(r) and r and ' have the same
type.

Proof Trivial consequence of the respective statements for —. O

Lemma 2.31 If 7 — 7/, then r[#? := 5] — #/[#7 := 5] and r[d@ := &] — r'[d = F]. If s — &/,
then r[zf := s] —* r[z” := §] (the number of steps is the number of free occurrences of z# in r).

Proof Induction on the definition of — for the first two statements using Corollary 2.21, Corol-
lary 2.22, Lemma 2.13 and Lemma 2.18 (nearly everything we know on interchange of substitu-
tions) for the initial cases of the definition of —. The last statement is easily proved by induction
on r. O

Define nf := {r € A|Vr'.r 4 r'} as the set of normal terms with respect to —. Define the set of
weakly normalizing terms wn := {r € A|3r’ € nf.r —* 7'}
Inductively define the set sn of strongly normalizing terms (with respect to —) by the following
clause:

If for every term r’ with r — ' we have ' € sn, then r € sn.

This is a strictly positive inductive definition because in the premise of the clause a reference
to sn is only made on the right side of a nonnested implication. The definition of sn even is an
accessibility inductive definition [BFPS81, p. 22] and hence sn the accessible part of —.

Lemma 2.32 sn is the set of terms r for which there is no infinite reduction sequence

T T Ty ...

Proof C: By induction on r € sn show that r has no infinite reduction sequence. Assume an
infinite reduction sequence r — r; — r9 — r3 — ... This gives an infinite reduction sequence
r1 — 19 — r3 — ... which is impossible by induction hypothesis.

D: This is an instance of the principle of bar induction [Fef77, p. 942] which says that well-
foundedness of a relation implies the principle of (transfinite) induction over this relation: Simply
show that {r'|r —* '} C sn by induction over — which is wellfounded on {r'|r —* '} by
assumption. (The principle itself is very easily proved in classical set theory.) 0



2.1. SYSTEM F 21

It will turn out that the use of the inductively defined set sn via induction makes proofs more
elegant than those which directly refer to the non-existence of infinite reduction sequences®.

These definitions will be used for any reduction relation — on terms. If every term of a system
is strongly normalizing w.r.t. —, then the system is called strongly normalizing w.r.t. —. If
— is the canonical reduction relation for that system then we say that the system is strongly
normalizing. In this thesis — is always reserved for the reduction relation generated from (-

reduction and every system which gets a name is strongly normalizing (cf. chapter 9).
Lemma 2.33 If r € nf and 7’ is a subterm of r, then ' € nf.

Proof By induction on r show the statement for immediate subterms. O
Lemma 2.34 nf = NF, i.e., the normal terms are the terms in normal form.

Proof C: Induction on r using Lemma 2.33 and making case analysis according to the head
form. D: Induction on r € NF. 0

Define the set WN C A inductively as follows:
(V) If 2P is a term and the terms in § are in WN, then z#§ € WN.

(—-I) If € WN, then Azr € WN.

)
)
(B=) If (AxPr)s§ is a term and r[z” := s]§ € WN, then (Azfr)ss € WN.
(V-I) If Aar is a term and r € WN, then Aar € WN.

)

(By) If (Aar)os is a term and r[a := o0]§ € WN, then (Aar)os € WN.
Lemma 2.35 WN C wn.
Proof Induction on WN using Lemma 2.34. O

Note that due to the unicity statement in the lemma on the head form, the definition of WN
is well-parsed in the sense, that any term can only enter WN by using a uniquely determined
clause with uniquely determined ingredients earlier entered into WN. Therefore, we may define
functions on WN by recursion on the definition.

Define the normalizing function Q as a function from WN to A by recursion on WN and si-
multaneously prove that » —* Q(r) € NF for » € WN (thus ensuring type coincidence and
compatibility with the variable convention) as follows:

xP§) := xPQ(5), where Q(3) is the list of elements Q(s;) (setting Q(o) := o).

(Bv) Q(Aar)os) := Q(rla := o]3).

®In [Alt93b] the use of sn is seen as “one of the main technical contributions which simplify the formalization
of the proof” (p. 18) of strong normalization of system F. Note that it would be quite cumbersome to formalize
the notion of infinite reduction sequences and the height of a reduction tree in a system of computer-assisted
proof development such as LEGO (see the citations in [Alt93b]).
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The proofs are always obvious. For reference purposes we formulate

Lemma 2.36 For every r € WN, r —* Q(r) € NF.

Proof Inside the definition. 0
The function 2 may be seen as providing a “big step semantics” for the terms.

Lemma 2.37 There is no closed term of type Vaa in WN.

Proof Assume a closed term 77*® € WN. Then Q(r) € NF, and Q(r) is also a closed term
of type Vaa (due to Lemma 2.30). It is immediate from the definition of NF that therefore
Q(r) = Aas for a closed term s € NF. Such a term s does not exist (again due to the definition
of NF). 0

Define the set SN C A inductively as follows:
(V) If 2P is a term and the terms in § are in SN, then 2°3 € SN.
(—-I) If r € SN, then Az’r € SN.
(B=) If (AxPr)s§ is a term, and r[xz” := s|§ € SN, then (Azfr)ss € SN.
(V-I) If Aar is a term and r € SN, then Aar € SN.

(By) If (Aar)osis a term and r|a := o]§ € SN, then (Aar)os € SN.
Lemma 2.38 SN C WN.
Proof Trivial induction on SN. O
Lemma 2.39 sn C wn.

Proof Induction on sn: Let r € sn. Assume the induction hypothesis that for all ' with r» — 7/
we already have ' € wn. Either » € nf C wn or there is an 7’ with » — /. By assumption we
have an 7 € nf with ' —* r”’| hence » —* 7" € nf and therefore r € wn. (Note that this proof
does not at all inspect the relation —.) 0O

In chapter 9 we show that SN C sn and that SN = A, implying that sn = WN = wn =
A and making the function Q to a normalizing function for every term. (I like to call this
naive reduction-free normalization because the definition of €2 does not depend on the notion of
reduction, but clearly models head reduction. Compare also [CV97].) Without this knowledge
a standardization theorem (see e.g. [Bar84]) would be needed in order to prove WN = wn. We
show that also without this knowledge we get sn C SN. We need a further definition. For every
term 7 € sn define the height v(r) € N by induction on r € sn as follows:

v(r) == max{1 +v(r')|r — r'},

where max () := 0. This is well-defined because there are always only finitely many terms to
which r reduces in one step.

Lemma 2.40 If r € sn and 7/ is a subterm of r, we have r’ € sn and v(r’) < v(r).
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Proof By induction on r € sn show the statement for immediate subterms (doing case analysis
according to the definition of immediate subterms). O

Lemma 2.41 r € sn implies r € SN.

Proof Main induction on v(r) and side induction on r employing case analysis according to the
head form of r using Lemma 2.40 everywhere:

(V) Case z”5. For every term s;, we have v(s;) < v(z”s).

s; € SN, hence x5 € SN.

(—-I) Case AzPr. v(r) < v(Azfr). By the side induction hypothesis, r € SN, hence Az’r € SN.
(—-R) Case (Azr)s3. v(r[xf := s]3) < v((AxPr)s§). By the main induction hypothesis, we get
rlzf := s]§ € SN. v(s) < v((Axzfr)ss). By the side induction hypothesis, s € SN. Altogether
(Azfr)ss € SN. (V-I) and (V-R) are somewhat easier to prove. 0

By the side induction hypothesis,

It should be remarked that sn C SN is true irrespective of types and hence could also be proved
in a type-free version of the system. It will later (cf. chapter 9) turn out that the same is
true for SN C sn. (Of course, one has to distinguish the V-elimination by some device as e. g. a
constant symbol expressing any type.) It should also be remarked that v is only used for ease of
presentation. If — were infinitely branching a more careful analysis would also allow to prove
the preceding lemma.

We conclude this section by giving a typical application of normalization, i.e., of the fact that
WN = A to be proved in chapter 9. The proof of the following lemma does not use it, but its
corollary does.

Lemma 2.42 If there is a closed term of type peirce(p)® := ((a — p) — a) — « in NF, then
there is a closed term of type a — p.

Proof Let rPeire(r) ¢ NF be closed. r is not of the form z?3 because it is closed. Hence,
r = Ap(@=P) =5 with s € NF and FV(s) C {z(®~P) =}, Because « is not composed, s = y°3.
Because FV(s) C {z(@=P)=o} o = gle=p)=a and hence s = x(*~P)=2t2=¢ for t € NF with
FV(t) C {z(@=P) =} If t = 27¢, then 27 = z(®P)~® and hence t = z(*~P)~%%; which is
not type-correct. Therefore t = \2%uf with u € NF and FV(u) C {z(®~P)=* 22} Consider
u' = u[z(@7P) 7Y .= \R* P 2], W' : p and FV(u/) C {2%}. Hence, A\z%u’ is a closed term of type

a — p. g
Corollary 2.43 If A = WN, then there is no closed term of type peirce(f3) for § # a.

Proof If there were a closed rPee(P) ¢ A = WN, then Q(r) € NF closed and of the same type.
By the preceding lemma, there would be a closed term s*~#. Then by A = WN, (Q(s))*~% € NF
and closed. Therefore, (s) cannot have the form 25 and hence Q(s) = Azt with t° € NF and
FV(t) C {z®}. Because the type of ¢ is not composed, ¢ has to be of the form y”f and due to
FV(t) C {z“}, y* = z®. But this is incompatible with ¢ : § # a. Contradiction. 0

Acknowledgement: The idea of using such a characterization of the set of strongly normalizing
terms (at least for the untyped A-calculus) was brought to my attention by [vRS95] and [Loa95].
The idea of using WN and 2 came from an attempt to “re-engineer” the typed operational
semantics in [Gog94] for the case of simply-typed lambda calculus’.

5The name stems from the Peirce formula ((p — q) — p) — p in first-order propositional logic where p and ¢
are atoms. Although classically true it is not provable in intuitionistic logic.

"In dependent type theory as studied in [Gog94] one cannot separate the definitions of WN and © which makes
typed operational semantics much more interesting. The essence of typed operational semantics is also shown in
[Gog95] for the case of simply-typed lambda calculus.
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2.2 The system eF which extends F by the types 0, 1, pairs and
sums

We introduce some standard type constructs although they may be encoded in F even preserving
reduction (section 2.2.6). In later extensions this is not always possible (even not in PIT).
Moreover, the encoding is essentially impredicative (not only does it use the universal quantifier
but it also destroys strict positivity as defined in section 3.2). Finally, n-reduction would not be
preserved by the embedding, and + gives rise to additional rewrite rules such as permutative
conversions® (called commuting conversions in [GLT89] and studied at length in [Pra71]; an
alternative normalization proof is given in [Lei75] and yet another in [Joa97]).

2.2.1 Types

The type system of eF is defined by adding the following clauses to the inductive definition of
Types for F:

(0) 0 € Types.
(1) 1 € Types.
(x) If p € Types and o € Types, then p x o € Types.
(4+) If p € Types and o € Types, then p + o € Types.

The renaming convention will be followed as for system F as well as the dot notation. We assume
that V binds stronger than all the binary connectives and that + and x bind stronger than —.
The definition of free variables of a type is extended in the expected way by the following clauses:

(0) FV(0)
(1) Fv(1)
(x) FV(p x o) :=FV(p) UFV(0).

0.
0.

(+) FV(p+ o) :==FV(p) UFV(0).

The definition remains compatible with the renaming convention.
The definition of p[@ := ] is extended by the following clauses (as expected):

(0) 0 := &) == 0.
(1) 1@ =] == 1.
(x) (px o)l :=3d]:=pld:= 0] x old:= 7]
(+) (p+0)[@ = &) = pld@ == &) + o] := 7).

It is again compatible with the renaming convention.
We adopt the same naming convention.
It is very easy to see that the statements on types given for system F are also true for eF.

81t is possible to extend the normalization proofs as presented in this thesis to also cover permutative conver-
sions in a modular fashion.
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2.2.2 Terms

The definition of typed terms and their free variables for system F is extended by the following
clauses:

(0-E) If r € Ag, then rp € A,. FV(rp) := FV(r).
(1

(x

I) IN1 € A;. FV(IN1) := 0.

(x-E

)
)
I) If r € Ay and s € Ay, then (r,s) € Apxo. FV((r,s)) := FV(r) UFV(s).
) If r € Apxo, then rL € A, and rR € A,. FV(rL) := FV(r) and FV(rR) := FV(r).
)

(+-1) If 7 € A, then INLyr € Ayyq. FV(INLyr) := FV(r). If r € Ay, then INR,r € A,iq.

FV(INR,r) := FV(r).

(+E) Ifre Apros, s € Apr and t € Ap_.r, then 7st € A,. FV(rst) := FV(r) UFV(s) U
FV(t).

We will adopt all the conventions which were introduced for system F.

If r : p X o, we say that r is of product type. If r : p + o, we say that r is of sum type.

Notice that without typing information on the subterms we cannot see which elimination rule
(a rule which has an “E” in the name) is used. Ambiguities would e.g. arise with 27**a and
2% (both in A,) or with 2(@=N=B=1=7y0=7027 and 20+Fy*=72827 (both in A,) if the
type of x is not shown. This phenomenon becomes a problem when one wants to speak about a
term of the form 7p or of the form rst. In definitions by recursion on the definition of terms the
problem is avoided by stating the name of the rule. As there are other ways of using terms we
introduce a notation for eliminations. The definition of terms may as for system F be rewritten
as follows (again leaving out the simultaneous definition of FV for terms):

(V) If x € Vars, then z” € A.
(—-I) If z € Vars and 7 € A, then (Az”r)P~7 € A.
(—-E) If 777 € A and s” € A, then (rs)? € A; also written as rE_s.
(V-I) If r” € A, then (Aar)"? € A, provided that a ¢ FV(o) for any o such that there is
an x7 in FV(r).
(V-E) If 7@ € A, then (ro)Pl*=0] € A; also written as rEyo.
(0-E) If 0 € A, then (rp)? € A; also written as r7Eqp.

IN1' € A.

)
)
)
(x-I) If r» € A and s” € A, then (r, s)P*7 € A.
) If rP*? € A, then (rL)? € A and (rR)? € A; also written as rExL and ExR.
) If 7P € A, then (INL,r)P+? € A. Tf 17 € A, then (INR,7)?*7 € A.
)

If rPt@ € A, s»77 € A and t°77 € A, then (rst)” € A; also written as rE7st or
shorter rE_ st.

Extend the recursive definition of FTV(r) by the following clauses (as expected):
(0-E) FTV(rp) :=FTV(r) UFV(p).



26 CHAPTER 2. THE BASIC FRAMEWORK

-

) FTV(IN1) := 0.
) FTV((r,s)) := FTV(r) UFTV(s).
(x-E) FTV(rL) := FTV(r). FTV(rR) := FTV(r).
) FTV(INL,7) := FV(0) UFTV(r). FTV(INR,) := FV(p) UFTV(r).
(+-E) FTV(rst) := FTV(r) UFTV(s) UFTV(2).

The definition of 7[Z? := 5] together with the proof of r?[Z7 := 3] : p and FV(r[zf := 3]) =
(FV(r) \ ) U U{FV(s;)|zf" € FV(r) Aol $jp~j for j < i} (i.e., the statement of Lemma 2.10)
is extended by the following clauses:

(0-E) (rp)[@ := 5] := r[z’ := 5]Egp. Proof obvious.
(1-1
(x-I

IN1[ZP := 5] := IN1. Proof trivial.
(r,s)[#F := 5 := (r[z := 5], s|#° := 5]). Proof obvious.
(x-E) (rL)[#° := 5] := r[#7 := 5]L, (rR)[Z” := 5] := r[Z” := 5]R. Proof obvious.

(INLyr)[#7 := 5] := INL,r[@? = 3], (INR,r)[Z? := 5] := INR,r[z#’ := 5]. Proof
obvious.

)
)
)
(+1)

(+-E) (rst)[zF := 5] := r[#° := 5|Es[i? := 5]t[#7 := 5]. Proof obvious.

Note that the new rules are in itself unproblematic but that the above statements have to be
proved simultaneously in order to deal with the rules of system F not shown again.

The definition of r[@ := &] together with the proof of r?[@ := 7] : p[d := &] and FV(r[@ := 7)) =
{y™1@=l|y™ € FV(r)} is extended by the following clauses:

(0-E) (rp)l@ := ] := r[d := 7]|Eop[d := &]. Proof obvious.
(1-I) IN1[@ := &] := IN1. Proof trivial
(x-I) (r,s)[@ :=a] = (r[@ := &], s|@ := 7]). Proof obvious.
(x-E) (rbL)[@ := &) := r[@ := 7]L, (rR)[@ := &] := r[d@ := &]|R. Proof obvious.
(4+I) (INLyr)[@ := 7] := INLyg.—g[@ := 0], (INR,r)[@ := J] := INR g.—gr[d = 7]
Proof obvious.
(+-E) (rst)[d:=d] :=r[a := d]E4s[d@ := 7Jt[a@ := 7]. Proof obvious.

Note that the families of term-forming constructs (INL,), and (INR,), are polymorphic in the
sense that type substitution on terms also affects those indices.

The statements made in section 2.1.2 are valid in eF, too.

The general definition of immediate subterms of a term gives the following extension for system
eF: IN1 has no immediate subterm, rEgp, rL, rR, INL;r and INR,7 have only the immediate sub-
term r, (r, s) has exactly the immediate subterms s and ¢ and rE| st has exactly the immediate
subterms r, s and t.

Let us interpret eF via the Curry-Howard isomorphism: The type 0 represents |, 1 stands for
T, x for A and + for V. The term formation rules are all valid in intuitionistic second-order
propositional logic and give a natural deduction proof system. The reading as a proof system
hopefully makes it easier to accept my decision to write eliminations as application: The main
premise is written to the left, the side premisses are written to the right. And the terms are
simply a linear notation for the deduction trees.
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2.2.3 Head form and normal forms

For terms r and finite lists § of typed terms and types and symbols L and R we define when r3
is defined and in that case a term it denotes by adding the following clauses to the inductive
definition given for system F:

(0-E) If r5: 0, then r(8, p) := (r8)p.
(x-E) If r§': p x 0, then r(5,L) := (r§)L and 7(5,R) := (r5)R.
(+-E) If rs:p+o0,s:p—7and t: o — 7, then (s, s,t) := (r5)st.

We will use the same convention for r5 as before.
The statement of Lemma 2.23 hold also true for eF. Lemma 2.24 has to be extended to:

Lemma 2.44 (Head form) Every term has exactly one of the following forms:

(Vv
(1) AzPr
(—-R) (Aafr)ss
(V-1) Aar
(V-R) (Aar)os

(x-1) (r,s)

(r,
(x-R) (r,s)L3, (r,s)Rs

(4+-1

) @
)
)
)

)
(1-1) IN1
)

)

) INL,7, INR,7

R)

(+-

Proof Induction on terms (unicity again being obvious). Consider e. g. the case (—-E): If r*—7
has one of the forms (V), (—-R), (V-R), (x-R) or (+-R), rs has the same form. Otherwise,
by induction hypothesis and because r is of arrow type, r is of form (—-I), hence rs of form
(—-R). O

INL,rsts, INR,rsts

Extend the inductive definition of the set NF for system F by the following clauses:
(1-I) IN1 € NF.
(x-I) If r € NF and s € NF, then (r,s) € NF.
(+-I) If » € NF, then INL,r € NF and INR,” € NF.

The statements made in section 2.1.3 are valid in eF, too.

A general remark concerning the proofs of statements which are interpreted in an extended
system is in order. If e. g. the statement of Lemma 2.25 is proved for system eF also by induction
on 7 € NF, one has to consider all the defining clauses for NF in eF. The clauses for NF of system
F appear verbatim in the definition of NF for eF, but they have a different interpretation simply
because their variables are ranging over a larger domain. This does no harm to the validity
of the respective clauses in the proof as they also can simply be reinterpreted as ranging over



28 CHAPTER 2. THE BASIC FRAMEWORK

this larger domain. But this reinterpretation is not always possible, e. g. if in the original proof
clauses a case analysis on the terms is carried out. Then a “quadratic effect” on the proof
urges us to extend the proof clauses to the new system and add completely new clauses. In
my presentation there is hardly any such “quadratic reasoning” because embedded analyses are
normally carried out beforehand and encapsulated in a lemma which has to be extended to the
larger system before extending the lemma in consideration.

Lemma, 2.44 shows a different phenomenon. The statement of Lemma 2.24 had to be extended
to cover eF. Its proof by induction on terms has the additional clauses of the extended term
definition, and the proof clauses corresponding to the term definition of system F have to be
redone in order to capture the new statement. But as was shown in the proof in the case of
(—-E), this extension did not need any new arguments. If one used the expression “of any of
the forms with an R in the name” the original proof clause would not have needed any change.
Therefore, I consider this extension not to be “quadratic” in the following

Meta-Convention on Extensions: If a proof of a statement in the extension of a system is not
explicitly given and the statement is the same as that for the original system or an extension of
a statement in the original system, only “non-quadratic reasoning” will be needed for the proof.
(This is nothing but a promise by the author clarifying the words “analogous” and “similar”
which are thus avoided for system extensions.)

2.2.4 Reduction

Define the binary relation — on terms by giving the only cases where it holds as follows:

(6=) (AxPr)s v rlzf = §]
(6v) (Aar)o — rla:=0o
(Bx) (rys)L —r
(r,s)R—s
(6+) INL,7st — sr
INR,rst — tr

As for system F the objects on the right side are automatically terms if the respective object on
the left is a term, and the types are equal.

The relation —,,p4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system F by the following clauses (and
prove that if » — /) then r and 7’ have the same type and FV(r’) C FV(r)):

(0-E) If r — ¢/, then rp — 1/p.

(x-I) If r — 7/, then (r,s) — (r',s). If s — &', then (r,s) — (r,s').

(x-E) If r — 7/, then rL — 'L and 7R — 7'R.

(+-I) If r — 7/, then INL,r — INL,7" and INR,r — INR,7’.

(+-E) If r — 7/, then rst — r'st. If s — &', then rst — rs't. If t — ¢/, then rst — rst’.

(The proofs were trivial. See also footnote 4 concerning well-formedness.)

In the light of the Curry-Howard isomorphism the reduction rules are again completely justified
by the two properties which we just proved simultaneously with the definition: They are valid
proof transformation rules.
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Define the reducing eliminations E_. and By as before and set

pxoT ‘: s ,ifr = (sP,17)
rEL { rExL , else

- t if r = (s”,t%)
pPXo o s ’
rELR { rExR , else

Hence, rExL(= U —)rExL and rExR(= U —)rExR.
The statement of Lemma 2.29 is true for eF.

Lemma 2.45 If 7°* € NF, then rE4L € NF and rELR € NF.
Proof Use case distinction on r € NF. 0O

Define the reducing +-elimination ]:]Jr by

sr’ , if r = INL,7’
rPYoE, st = tr’ , if = INR,7’
rEyst | else

Obviously, this reducing elimination does not preserve normal forms because s and ¢t may be
M-abstractions?. It will be used in section 8.2 for the confluence proof.
Extend the inductive definition of WN for system F by the following clauses:

(1-I) IN1 € WN.

(x-I) If r € WN and s € WN, then (r,s) € WN.

)
)
(Bx) If rs'€ WN then (r, s)Ls € WN. If s§ € WN then (r, s)Rs € WN.
) If r € WN, then INL,r € WN and INR,» € WN.

)

If (INL,r)st5 is a term and sr5 € WN, then (INL,r)sts € WN. If (INR,r)st5 is a
term and trs’€ WN, then (INR,r)sts’ e WN.

WN is again well-parsed and therefore definitions by recursion on WN are possible. Extend the
recursive definition of the function €2 from WN to A and the simultaneous proof of r —* Q(r) €
NF for » € WN by the following clauses:

(1-1) Q(IN1) := IN1.
(x-1) Q{r,s)) = (1), Qs)-

(Bx) Q(r, $)L8) == Q(rs). Q(r, 5)RS) := (s3).

(+-1) Q(INL,r) == INL,Q(r) and Q(INR,) := INR,Q(r).
(B4) Q(INL,r)st3) = Q(sr3). QINR,7)st5) 1= Q(tr3).

The proofs are always obvious.
Extend the inductive definition of SN for system F by the following clauses:

(1-I) IN1 € SN.

90ne could optimize it but unless one studies additional conversions for sum types such as the variable elimi-
nation reduction sketched in appendix B this additional effort is not needed.
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(x-I) If » € SN and s € SN, then (r,s) € SN.

(Bx) If rs'€ SN and , then (r, s)Ls € SN.
If s5 € SN and , then (r, s)R5 € SN.

(+-I) If » € SN, then INL,r € SN and INR,r € SN.

(B+) If (INL,r)st5'is a term and sr5 € SN and |t € SN, then (INL,r)sts € SN.
If (INR,7)st5 is a term and tr5' € SN and | s € SN|, then (INR,r)st5 € SN.

Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, Q, SN and sn) is also
true for eF.
We may formulate a more conspicuous version of Lemma 2.37:

Lemma 2.46 There is no closed term of type 0 in WN.

Proof Assume a closed term 7° € WN. Then Q(r) € NF, and Q(r) is also a closed term of type
0 (due to the statement of Lemma 2.30). It is immediate from the definition of NF that this is
impossible. O

If we can show that every term is in WN, we may infer that the logical system represented by eF
(via Curry-Howard) is consistent (there is no closed proof of 0 which represents ). Therefore
we have to expect a logically very demanding proof of WN = A which uses means beyond second-
order propositional logic. Because the number-theoretic functions which are provably total in
second-order arithmetic are representable in system eF, the proof has even to go beyond the
means of second-order arithmetic (see [GLT89], chapter 15, for this result).

2.2.5 Embeddings

An embedding of a typed term rewrite system S into a typed term rewrite system S’ is a function
—'" (the — sign represents the indefinite argument of the function /) which assigns to every type
p of S a type p’ of &’ and to every term 7 : p of S a term 1’ : p’ of &’ such that the following
implication holds: If r — s in S, then 7’ —* &' in &'.

The main motivation for studying such embeddings is the inference of strong normalization for
the source system S from strong normalization of the target system S’. This will now be made
precise.

Recall that the transitive closure —7 of the relation — is inductively defined by!°:

(=) If r — s, then r —7F

s.
(trans) If r -+ s and s —T ¢, then r —7T ¢.
The reflexive transitive closure —* of the relation — is inductively defined by:
(=) If r — s, then r —* s.
(refl) r —* r.

(trans) If r —* s and s —* ¢, then r —* ¢.

Lemma 2.47 1. -TC—*.

1011 case of familiarity with this presentation one should only read the remark at the end of this section.
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2. =>*==1TU{(r,r)|r € A}
3. r —*s —Ttimplies r —7 .
4. r —T ¢ implies that there is an s such that »r — s —* t.

Proof The first statement is trivial as the set of clauses for — is a subset of the set of clauses
for —*. 2.: D: by 1. and (refl). C: Induction on r —* s. Cases (—) and (refl): Trivial. Case
(trans): Assume r —* s —* ¢t. By induction hypothesis r —% s or r = s. Also by induction
hypothesis s —T t or s = ¢t. In each of the four cases we get r —* t or » = t. 3.: Follows
from 2. 4.: Induction on r —7 t. Case (—): Set s :=t. Case (trans): Assume r —*1 ;5 —7T .
By induction hypothesis there is an s such that r — s —* ty. tg —7 ¢ implies tg —* t by 1.
s —* tg —* t implies s —* ¢ by transitivity. (One could also use 3. and 1.) O

Let sn be the set of strongly normalizing terms with respect to — as usual. Let sn™ be the set
of strongly normalizing terms with respect to —7.

Lemma 2.48 snt = sn.

Proof C: Induction on r € sn™: Assume that for all s with » —1 s we have s € sn. Show
r € sn. Let r — s. It suffices to show s € sn. This follows because —C—71. D: Induction on
r € sn: Assume that for all s with 7 — s we have s € sn™. Show » € sn™. Let » —7 t. It suffices
to show t € sn*. Due to Lemma 2.47 (4) there is an s such that r — s —* t. Hence, s € sn™.
Due to Lemma 2.47 (2), s =t or s =1 t. The first case is trivial, in the second ¢ € sn* because
of the definition of snt. 0

Lemma 2.49 (Main Lemma on Embeddings) Assume an embedding —" of S in §’. Let sn
be the set of strongly normalizing terms in S and sn’ be the set of strongly normalizing terms
in §&’. Then for every term r of S the following holds: If ' € sn’, then r € sn.

Proof Induction on r’ € (sn’)*, where (sn’)* is the set of terms in & which are strongly
normalizing with respect to —T: Lemma 2.48 shows that this set is the same as sn’. However,
we use the induction principle of (sn’)™: Assume that for every term t of 8’ with 7/ —7 ¢ and
every term s of S with s’ =t we have s € sn. We have to show r € sn. Let r — s. It suffices to

show s € sn. The definition of embeddings implies ' —7 s’ 0O

Another application of Lemma 2.48 is the following which will be used in section 4.7.1:
Lemma 2.50 If r —T r then r ¢ sn.

Proof Show that A\ {r} satisfies the defining clause of sn*: Assume a term s such that for all s’
with s =T s' we have s’ # r. We have to show s # r. This is trivial. Hence, sn =sn™ C A\ {r}
and consequently 7 ¢ sn. O

It should be noted that this lemma is trivial if sn is defined via the notion of infinite reduction
sequences. The other statements of this section would have been obvious, too. Lemma 2.48
states that there is no difference between sn and sn™. Nevertheless the statement “induction on
r € sn™” shall always express that induction along the inductive definition of sn™ is carried out,
i.e. “course-of-value induction”.

For convenience define the binary relations —", n € N, by recursion on n as follows:

r—s:er=s and r ="t s: o Ir —tAt—-"s.
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2.2.6 Embedding system eF in system F

The result is essentially not new. See e.g. [GLT89, pp. 84f] for an exposition. Perhaps it is
interesting to see how many details have to be checked in this section. My interest concentrates
on the fact that the encoding of the types and type constructs is reduction-preserving as will
be the case for most of the encodings described in this work. And because [-reduction for —
and V is term and type substitution it is natural that substitution issues and therefore also
considerations on variables dominate the “details”.

For every type p of system eF define the type p’ of system F by recursion on p and simultaneously
prove that FV(p') = FV(p) as follows:

(px o) :=Va.(p =0 — a) = afor a ¢ FV(p) UFV(0o).
(+) (p+0) =Va.(p = a) = (¢/ = a) = a for a ¢ FV(p) UFV(o).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems F and eF. The rules (V), (—) and (V) are called the homomorphic type rules for F.

Qy

Lemma 2.51 (p[a :=7]) = p/[a:=d"].

Proof Induction on p. O

From now on we usually omit the type of a typed term variable except at binding occurrences
(that is directly behind the \) if it is the type of the innermost binding occurrence of this
untyped variable, e. g. we write Ax®x instead of Ax®z®, but do not change Az Az“~*x® because
Az Az % would mean Ax*Az® . Of course, writing such a term is no good style.

For every term r” of system eF define the term 7’ of system F by recursion on r and simultaneously
prove that ' : p/ and FTV(r') = FTV(r) and FV(r') = {27 |2° € FV(r)} as follows:

(V) (xP) := x¢". Proof trivial.

(—-I) (AzPr)’ := Az’'r’, where we may assume that for every 2 € FV(r) we have o = p.
Proof obvious.

(—-E) (rs) :=1's". Proof obvious.
(V-I) (Aar)’ := Aar’. Proof obvious (Well-definedness follows from the claim on FV(r)).
(V-E) (ro)" :=1"¢’. Proof obvious.
(0-E) (rp) :=r'Eyp’. Proof obvious.
(1-1) IN1" := AaXx®x. Proof obvious.
)

obvious (use Lemma 2.8).
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(x-E) (rP*7L) := r'Eyp’ \a? Ay z) (for z # ). (rP*°R) = r'Eyo’ (A \y”'y) (again
for x # y). Proof obvious (use Lemma 2.8).

(+-I) (INLy7?) := Aoz _’a)\y" ~* zr' for a ¢ FTV(INLy7?) and z,y ¢ FV(r) (with x #
y). (INR,r?) := Aoz 7 y” ~*yr’ for a ¢ FTV(INR,r?) and also z,y ¢ FV(r)
(with = # y). Proof obvious (use Lemma 2.8).

(+-E) (rEjp7st) := r'Ey7’s't’. Proof obvious (use Lemma 2.8).

This definition is again compatible with the variable conventions for F and eF. The rules (V),
(—-I), (—-E), (v-I) and (V-E) are called the homomorphic term rules for F.

Note that the condition in (—-I) prevents us from setting e.g. (Az"*%z%) := \zveegvoe,
Lemma 2.52 (r[#’ := §)) = /[# := §'] and (r|]d@ := &])' = '[d@ := &].

Proof Induction on r. 0O
Lemma 2.53 If » — #, then v’ —T #/, i.e., - is an embedding of eF in F.

Proof Induction on r — #: The cases (f—) and (fy) follow immediately from Lemma 2.52.
(Bx): ((rP,s7)L) = (Aa/\zp —o'—a zr’s’)p’()\xp//\yalac)
— (A s )(/\mp/)\y"/x)
— (/\:rp Ay x)r's
— Oy
N
We used Lemma 2.8, Corollary 2.2 and Lemma 2.16 for the first reduction step and Lemma 2.11
and FV(r') = {27 |z € FV(r)} and FV(s') = {z7 |27 € FV(s)} (implying z ¢ FV(r') UFV(s))
for the second. The case with R in place of L is treated similarly.
(B4): ((INLerP)sP=Tto=TY = (Aadz? ~Ay” ~ . ar')r's't!
— (AP T Ny T ) st
— (W77 ')t where we assume that 37 =7 ¢ FV(s')
— §'r' = (sr)
We used the same lemmas as for the case ((x). The case with INR in place of INL is treated
similarly.
The other clauses are easily proved by using the induction hypothesis. O

l

2.3 Extension by infimum types

Infimum types are introduced to give a clear understanding of the embedding of monotone
inductive types with iteration (and no recursion, more specifically: of varEMIT-rec) into eF
carried out in section 4.3.3.

The following motivation'' could be made clear by using modified realizability as indicated in
the introduction.

Let (U, <) be a complete lattice, i.e., U is a non-empty set and < is a partial ordering on U
(< is a reflexive, antisymmetric and transitive relation on U) and for every M C U there is an
infimum (greatest lower bound, meet) A M and a supremum (least upper bound, join) \/ M in
U. It is well-known that for M C U, we have

/M= \{MeUVYM e MM < M},

"1 got my motivation for this extension from reading in [Tat94] on greatest lower bound inductive definitions
which in my setting would be nothing else than studying ia.p — « instead of pap. I preferred to study general
iap and later (in section 4.3.3) embed varEMIT—rec into IT by only using infimum types of the above form.
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i.e., the supremum of a set is'? the infimum of all upper bounds of that set. Hence, we may
exclusively concentrate on infima.

There are two defining properties of infima: [ = A M iff VM € M.I < M (I is a lower bound
of M) and VM € U.(VM' € M.M < M') = M < I (I is maximal with respect to being lower
bound of M).

Hence, we have two rules for A M:

(AD) VM e U(YM' e MM < M') = M < AM
(ANE) VM e ML AM <M

Now let (U, C) be a complete lattice of sets with set inclusion as partial ordering (C will always
denote set inclusion also in the later chapters) and let |U| := A be its underlying set of
elements. Let x, y always denote elements of |U| and M, M’ elements of U.

The (implicitly universally quantified) rules now read (after some rearrangement)

(ND) VMM eM=YylyeM=yeM))=>zeM=>2c M
(NE) ze A\ M=MecM=zecM

Note that we associate = to the right as we do for — between types.

This is the motivation for the infimum types to be defined in this section. We model elements
of U and also statements on elements of U by types. Model “M € M” by pla := 7], if M is
modelled by Aap and M by 7. We introduce a new type iap to model A M. It will always be the
case that elements of |U| are irrelevant to the interpretation of lattice-theoretic concepts in our
typed systems. We try to interpret the rule (A\-I): Model M by 7. The quantifier over elements
of U is interpreted by V and hence the truth of (VM'.M' ¢ M = Vy(ly € M = y € M')) by
some term of type Ya.p — 7 — a (of course with a ¢ FV(7)) and the truth of z € M by a term
of type 7. We infer the truth of z € A M which will be modelled by some term of type icp
constructed out of the two terms. Hence, we have the rule of infimum introduction

(i-1) If ("r=7=2 € A and t7 € A (with a ¢ FV(7)) then (Cja,ft)' € A.

Now interpret (A-E): Model M by o. The truth of x € A\ M is interpreted by a term of type
iap and the truth of M € M by a term of type p[a := o]. We infer the truth of z € M, which
will be modelled by a construction of a term of type ¢ out of the two other terms. This gives
the rule of infimum elimination

(i-E) If rie? € A and s”1*=9] € A, then (rs)? € A.

2.3.1 Extension of the type system by infimum types

The type system of the extension by infimum types is defined by adding the following clause to
the inductive definition of Types for eF:

(1) If o € Typevars and p € Types, then iap € Types.

The variable « in tap is considered to be bound by ¢ in exactly the same way as « is bound in
Vap by V. Hence, the renaming convention for bound type variables in types will be extended
accordingly. i is assumed to syntactically bind stronger than —, x and 4+, as was done for V.
The definition of FV(p) for system eF is extended by the following clause:

12This fact may be spelled out constructively: The system of supremum types motivated in the same fashion
may be embedded into the system of infimum types and vice versa. Note that this includes preservation of
B-reduction for infimum and supremum types.
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(i) FV(iap) :=FV(p) \ {a}.

The definition remains compatible with the renaming convention.
The definition of p[d@ := ] is extended by the following clause:

(1) (iap)|@ := 7] :=ia.p[d := &), where we assume that o ¢ & U FV(&).

It is again compatible with the renaming convention.

We adopt the same naming convention.

The statements on types given for system F are also true in this extension as for the time being,
i and V are only different because of different names. If one added e. g. the existential quantifier
3 to the system (see section 2.4.2) the same procedure would have to take place. This suggests
introducing the concept of abstracting a type variable « in a type p the result of which is denoted
by Aap. The X hints at our variable convention because it is traditional to adopt this convention
whenever one deals with A-abstraction. V, ¢ and 3 would then simply be constants which applied
to an abstracted type give another type, e.g. Yap would be replaced by V(Aap). I decided not
to use such a framework, but nevertheless have to introduce the concept of abstracted types for
dealing with terms of positive inductive types (which are defined in section 3.2).

2.3.2 The term rewrite system IT of infimum types

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(i-I) If f"@r=7=% € A and t7 € A (with a ¢ FV(7))13, then (Ciaplt)® € A and
FV(Ciaplt) :== FV(¢) UFV(t).

(i-E) If rie? ¢ A and sP[*=1 € A, then (rs5)7 € A (also written as rE;os or shorter 7E;s)
and FV(rs) := FV(r) UFV(s).

This definition is again compatible with the renaming convention for bound type variables.

If r : iap, we say that r is of infimum type. We extend the naming convention by assuming that
¢ always denotes a term.

If o € FV(p) then o can be read off p[a := o] and therefore the type of the term rs is determined
by r and s. Otherwise rs can have any type. Because we want to have the uniqueness of the
type of a term (Lemma 2.7) we have to take the notation rE;os as the “true” term. However,
in theoretic studies on the system IT it is quite unusual to focus specifically on cases where
a ¢ FV(p) and therefore the appearance of o in the string which represents the type of gpla=ol
clearly indicates the type o of rs.

Extend the recursive definition of FTV(r) by the following clauses:

(i-1) FTV(Ciaplt) := FV(iap) UFTV(€) UFTV(t).

(i-E) FTV(rs) := FTV(r) UFV(o) UFTV(s) (Recall the convention on the type o of rs).

13Note that without this condition the renaming convention for bound type variables would fail. Therefore,
conditions of this kind may be left implicit by tacitly assuming that every definition has an appropriate reading
which is compatible with the variable convention and by taking this reading for the “true” definition. Nevertheless,
the important side conditions will always be indicated in parentheses.

Because of a ¢ FV(7) one could also require that £ : 7 — Va.p — a. But then there would be no point in using
this ¢ and t" and we could use the rule ¢ : Va.p — a = Ciapf : iap instead which would result in the embedding
into F becoming even more trivial. The reason for keeping to the original definition is the exact correspondence
with the lattice-theoretic reasoning.
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The definition of 7[Z? := 3] together with the proof of r?[#? := 3] : p and FV(r[zf := 3]) =
(FV(r) \ ) U U{FV(s;)|zf" € FV(r) Aol x?j for j < i} (i.e., the statement of Lemma 2.10)
is extended by the following clauses:

(i-1) (Ciaplt)[@? := 5] := Ciopl[i? = 5]t[z” := 5]. Proof obvious.
(i-BE) (rs)[Zf := 5] := r[@f := 5|E;s[Z” := 5]. Proof obvious.

The definition of r[@ := &] together with the proof of r?[@ := &] : p[@ := &] and FV(r[d@ := 7]) =
{y7[@=1y™ € FV(r)} is extended by the following clauses:

:= J|t|d := &]. Proof obvious.

QL

(Z_I) (Ciapgt) [O_Z = 5:] = C(iap)[d’::cﬂg[
(i-E) (rs)|d := 7] :=r[d := &|E;(o]d := &])s|[d := &]. Proof obvious.

The statements made in section 2.1.2 are valid in IT, too.

The general definition of immediate subterms of a term gives the following extension for sys-
tem IT: Cjq,0t has exactly the immediate subterms £ and ¢ and rE;s has exactly the immediate
subterms 7 and s.

Extend the inductive definition of r5 for system eF as follows:

(t-E) If r§: iap and s : p[a := o], then r(§,s) := (r3)s.
The statement of Lemma 2.23 holds also true for IT.

Lemma 2.54 (Head form) Every term has either exactly one of the forms given in Lemma
2.44 or exactly one of the following forms:

(i-1) Claplt
(i-R) (Ciaplt)ss

Proof Induction on terms. 0

Extend the inductive definition of the set NF for system eF by the following clause:
(¢-I) If Cinplt is a term and £ € NF and ¢t € NF, then Cj,,¢t € NF.

The statements made in section 2.1.4 are all valid in IT.
Define the relation +— as for system eF, but add the following clause:

(Bi) (Ciaplt)Ejos — Lost

As for system eF the object on the right side is automatically a term if the respective object on
the left is a term (note that 7[« := o] = 7), and the types are equal.

The relation —,p4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the following clauses (and
prove that if » — r/, then r and 7’ have the same type and FV(r') C FV(r)):

(i-1) If £ — £, then Ciaplt — Ciapl't. It t — ¢/, then Ciaplt — Ciaylt'
(i-E) If r — ¢/ then rE;s — r'E;s. If s — &', then rE;s — rE;s’.

(The proofs were trivial.)
Extend the inductive definition of WN for system eF by the following clauses:
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(t-I) If Cinplt is a term and £ € WN and ¢t € WN, then Cjq 0t € WN.
(Bi) If (Ciaplt)Eijoss is a term and losts’ € WN, then (Ciq,lt)E;055 € WN.

Again definition by recursion on WN is admissible. Extend the recursive definition of the function
Q from WN to A and the simultaneous proof of » —* Q(r) € NF for » € WN by the following
clauses:

(i-1) QCiaplt) := CiapQL)Q(t).
(Bi) QU(Ciaplt)Eijoss) := Q(losts).

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(t-I) If Cinplt is a term and £ € SN and ¢ € SN, then Cj,,0t € SN.
(Bi) If (Ciaplt)Eijoss is a term and losts € SN, then (Cinplt)Ejos5 € SN.

The only difference between the i-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, ©, SN and sn) is also
true for IT.

2.3.3 The embedding of system IT in system eF

As a motivation let (U, C) be a complete lattice where the infimum is always given by set
intersection, i.e., for M C U, AM =M = {z|VM €¢ UM € M = z € M}. (We use the

same conventions as in the introduction to infimum types.) Hence

re N\MeVYM(MeM=zeM)

We immediately read off this equivalence the interpretation of iap by Va.p — «. Now we have
to check that the definition based on this idea is also compatible with G-reduction for all type
constructs including 3;.

For every type p of system IT define the type p’ of system eF by recursion on p and simultaneously
prove that FV(p') = FV(p) as follows:

(F) The homomorphic type rules for F.
(o
(0

)
) (poo) :=p oo’ foroe {x,+}.
) /

1) 1 :=

(1) (iap) :=Va.p/ — a.

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems IT and eF. The rules (F), (o), (0) and (1) are called the homomorphic type rules for eF.

Q1

Lemma 2.55 (p[a :=7d]) = p/la :=d"].
Proof Induction on p. O

For every term r” of system IT define the term r’ of system eF by recursion on r and simulta-
neously prove that ' : p’ and FTV(r') = FTV(r) and FV(r') = {27 |27 € FV(r)} as follows:
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(F) The homomorphic term rules for F.

(0-E) (rp) :=1's.

(1-I) IN1":=IN1.

(x-T) {r,s) = (i, )
(x-E) (rL) :=7+'L. (rR)" :=+'R.

(+-I) (INL,r)" := INLy#". (INR,r)’ := INR /1.
(+-E) (rEs7st) :==r"EL7's't.

(i-1) (Ciapl™P=™7t7) = Aadz? .l axt’, where we assume that o ¢ FTV(¢) UFTV(t)

and require z ¢ FV(£) UFV(t).
(i-E) (r'®PE;sPlo=0l) .= 'Byo’s.

(The proofs were always obvious. (i-E) needs the previous lemma for type correctness.) This
definition is again compatible with the variable conventions for IT and eF. The rules (F), (0-E),
(1-1), (x-I), (x-E), (+-I) and (4-E) are called the homomorphic term rules for eF.

Lemma 2.56 (r[7” := §°]) = v/[#’ := §'] and (r[d@ := 7]) = r'[d := 7.

Proof Induction on r. 0

Lemma 2.57 If r — #, then ' —71 #.

Proof Induction on r — 7: The cases (f_) and (fy) follow immediately from Lemma 2.56,
(Bx) and ((4) are trivial.
(Bi): ((CigplT@r=T 4T E;sPl=0l) = (Aaz? .l axt')Eyo's’

— (P le= ol ) s

— Vd's't = (bost)
We used Lemma 2.16 for the first reduction step and Lemma 2.11 for the second (and z ¢
FV({) UFV(t) = = ¢ FV(¢') UFV(t))).
The other clauses are easily proved by using the induction hypothesis. O

2.4 Extension by the existential quantifier

Types of the form Jap are added to eF. It is well-known that Jap may be coded via universal
quantification. It is even reduction-preserving. As was the case for the extension of F to eF,
this does not carry over to every extension by u-types, does not respect n-reduction and does
not allow for permutative conversions (for 3). Strict positivity is also not preserved—already a
justification for this extension.

2.4.1 Extension of the type system by existential types

The type system of the extension by existential types is defined by adding the following clause
to the inductive definition of Types for eF:

(3) If o € Typevars and p € Types, then Jap € Types.
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As was the case for ¢ and V, the variable a in Jap is considered to be bound by 3 . Hence,
the renaming convention for bound type variables in types will be extended accordingly. J is
assumed to syntactically bind stronger than —, x and +, as was done for V (and also for 7).
The definition of FV(p) for system eF is extended by the following clause:

(3) FV(Jap) == FV(p) \ {a}.
The definition of p[@ := ] is extended by the following clause:

(3) Bap)ld := 7] := Ja.p[d@ := 7], where we assume that o ¢ & UFV(7).
Again d and V are only different because of their different names and therefore the statements
in section 2.1.1 remain true in this extension.

2.4.2 The extension eF+ex of system eF by existential types

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(3-1) If tPl=7] € A, then (C3ap.t)>* € A and FV(C3aprt) := FV(t).

(3-E) If 7 € A and s"*P~7 ¢ A (with a ¢ FV(0)), then (rs)? € A (also written as
rEgos or shorter rEgs) and FV(rs) := FV(r) UFV(s).

This definition is again compatible with the renaming convention for bound type variables.
If r : dap, we say that r is of existential type.
Extend the recursive definition of FTV(r) by the following clauses:

(31) FTV(Caaprt) := FV(3ap) UFV(r) UFTV(1).
(3-E) FTV(rs) := FTV(r) UFTV(s)

The definition of 7[Z? := 3] together with the proof of r?[#? := 3] : p and FV(r[zf := 5]) =
(FV(r) \ @) U U{FV(s;)|z?" € FV(r) Azl # a:?j for j < i} (i.e., the statement of Lemma 2.10)
is extended by the following clauses:

(F1) (C30p+1)[Z° := 5] := Caqp,t[Z? := 5]. Proof obivous.
(3-E) (rs)[z := 5] := r[@f := 5|E3s[&? := 5]. Proof obvious.

The definition of r[@ := &] together with the proof of r?[@ := 7] : p[d := &] and FV(r[@ := 7)) =
{y7%=0l|y™ € FV(r)} is extended by the following clauses:

(3D) (Caaprt)]d = 0] = Caap)|a:=s),rla:=st[@ = 7]. Proof obvious.
(F-E) (rs)[@ :=d] :=r|d := &|Ezs[d@ := &]. Proof obvious.

The statements made in section 2.1.2 are valid in eF+ex, too.

The general definition of immediate subterms of a term gives the following extension for sys-
tem eF+ex: (54, -t has exactly the immediate subterm ¢ and rEgs has exactly the immediate
subterms 7 and s.

Extend the inductive definition of r§ for system eF as follows:

(F-E) If r§: Jap and s : Va.p — o (with o ¢ FV(0)), then (8, s) := (r§)s.

The statement of Lemma 2.23 holds also true for eF+ex.
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Lemma 2.58 (Head form) Every term has either exactly one of the forms given in Lemma
2.44 or exactly one of the following forms:

(1) Ciaprt

(F-R) (Caprt)ss
Proof Induction on terms. 0

Extend the inductive definition of the set NF for system eF by the following clause:
(F-I) If C3qp,+t is a term and t € NF, then C5,, -t € NF.

The statements made in section 2.1.4 are all valid in eF+ex.
Define the relation — as for system eF, but add the following clause:

(ﬂa) (Cﬂap,ft)ESS — sTt

As for system eF the object on the right side is automatically a term if the respective object on
the left is a term (note that o[ := 7] = o), and the types are equal.

The relation — 4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the following clauses (and
prove that if » — 7/, then r and ' have the same type and FV(r') C FV(r)):

(3-1) If t — ¢/, then C3qp,t — C3ap -t
(3-E) If r — 7/, then rEgs — r’Egs. If s — &', then rEgs — rEgs’.

(The proofs were trivial.)
Extend the inductive definition of WN for system eF by the following clauses:

(F-I) If C34p+t is a term and t € WN, then C3,, -t € WN.
(B3) If (C54p,t)E3ss is a term and s7t5 € WN, then (Csqp -t)E355 € WN.

Again definition by recursion on WN is admissible. Extend the recursive definition of the function
Q2 from WN to A and the simultaneous proof of » —* Q(r) € NF for » € WN by the following
clauses:

(El_:[) Q(Cﬂapﬂ't) = C}apﬂ—Q(t).
(B3) Q((C3ap,t)Egss) := Q(s715).

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(F-I) If C34p+t is a term and ¢t € SN, then C3,, -t € SN.
(B3) If (C3qp,t)E3ss is a term and s7t5 € SN, then (Cs,, -t)E355 € SN.

The only difference between the J-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, ©, SN and sn) is also
true for eF+4ex.
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2.4.3 The embedding of system eF+ex in system eF

The essence!? of this section may be found in [GLTS89, p. 86].
For every type p of system eF+ex define the type p’ of system eF by recursion on p and simul-
taneously prove that FV(p') = FV(p) as follows:

(eF) The homomorphic type rules for eF.
(@) Gap) = V.(Yasf — B) — B for 8 ¢ {a} UFV(p).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems eF+ex and eF.

Lemma 2.59 (p[d :=75]) = p/la = d"].

Q1

Proof Induction on p. O

For every term 7 of system eF+ex define the term ' of system eF by recursion on r and
simultaneously prove that ' : p/ and FTV(r') = FTV(r) and FV(r') = {27 |2° € FV(r)} as
follows:

(eF) The homomorphic term rules for eF.
(1) (Ca0p 1= i= ABAZYP' =B 27"t for B ¢ FV(7) UFTV(t) and = ¢ FV(t).
(3-E) (r3®PE5s"*r~%) .= ¢'Eyo’s’.

(The proofs were always obvious.) This definition is again compatible with the variable conven-
tions for eF+ex and eF.

Note that the classical interpretation of the existential quantifier via (Jap)’ := (Va.p’ — 0) — 0
would be too weak because it does not allow the interpretation of the existential elimination.

Lemma 2.60 (r[#’ := 3)) = /[#7 := §] and (r]d@ := ])' = '[d@ := &].
Proof Induction on r. 0
Lemma 2.61 If r — #, then r’ —7 #/.

Proof Induction on r — 7: The cases ((_,) and (fGy) follow immediately from Lemma 2.60,
(Bx) and ((4) are trivial.
(B3): ((CzaprtT)Egs’@r=o) = (ABALYF' =B g7t Byo's'

— (g = s

— 7't = (stt)
We used Lemma 2.16 and Corollary 2.2 for the first reduction step and Lemma 2.11 for the
second.
The other clauses are easily proved by using the induction hypothesis. O

1See the introductory remark to section 2.2.6.
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Chapter 3

Extension of the type system by
inductive types (i.e., u-types)

Let (U, <) be a complete lattice and ® : U — U be monotone!. By Tarski’s [Tar55] fixed-point
theorem ® has a least fixed point? Ifp(®) which is given by

Ifp(®) = \{M € Ul®(M) < M}

It will be important to give and analyze the proof of this theorem in section 4.3.3.
M € U is a pre-fixed-point of ® is defined to mean ®(M) < M. By definition, we have that
Ifp(®) < M for all pre-fixed-points M of ®, hence

(Ifp-E) (M) < M = Ifp(d) < M.

Let now (U, €) be a complete lattice of sets and ¢ a monotone operator on it. The last remark
now reads:

(Ifp-E) If = € Ifp(®) and ®(M) C M, then x € M.

This is simply the rule of induction on Ifp(®) which hence is seen as the set inductively defined
by ® (see e.g. [AczT7]).

In the systems of inductive types Ifp(®) is modelled by a type pap where @ is represented by
some Aap, i.e. a type p with a selected type variable « to indicate the argument of ®. All the
systems with exception of those in the spirit of Mendler (in chapter 6) need Aap to be monotone
in some sense. The systems of monotone inductive types need some “monotonicity witness”,
i.e., a term of type VaV(.(a — B) — p — p[a := ] and the systems of positive inductive types
have the syntactic restriction of positivity on the formation rule for types of the form pap which
in turn ensures the existence of canonical monotonicity witnesses. The systems a la Mendler do
not have any restriction on forming p-types but their interpretation is the least fixed point of
some canonical monotone operator associated with the given arbitrary operator and hence they
are also covered by Tarski’s theorem.

In this chapter we only consider the type systems for inductive types, the following chapters
introduce the term systems together with notions of B-reduction for u-types which represent
iteration and (full primitive) recursion.

'In the context of inductive definitions it is customary to speak of monotone operators instead of monotone
(endo-)functions, see e.g. [Acz77].

’In [Tar55] it is even shown that the set of fixed points is a complete lattice and in particular there is also
a greatest fixed point. Those greatest fixed points are the natural semantics for coinductive types. (Note that
“coinductive” does not refer to the complement of an inductively defined set as in [Mos74, p. 17].) Note also that
the existence of fixed points of every monotone operator even characterizes the completeness property of lattices
[Dav55].
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CHAPTER 3. EXTENSION OF THE TYPE SYSTEM BY INDUCTIVE TYPES

Inductive types

The type system of all of the extensions by inductive types which we will consider (unless some
subsystem is studied) is defined by adding the following clause to the inductive definition of
Types for eF:

(1) If o € Typevars and p € Types, then pap € Types.

As was the case for ¢ and V, the variable « in pap is considered to be bound by u. Hence,
the renaming convention for bound type variables in types will be extended accordingly. u is
assumed to syntactically bind stronger than —, x and +, as was done for V (and also for 7).
The definition of FV(p) for system eF is extended by the following clause:

(1) FV(pap) :=FV(p) \{a}.

The definition of p[@ := ] is extended by the following clause:

(1) (pap)l@ := &) := pa.pld := 7], where we assume that o ¢ @ U FV(7).

Again p and V are only different because of their different names and therefore the statements
in section 2.1.1 remain true in this extension.

The intuitive meaning of pap is the least fixed point of o — pla := o] the existence of which is
guaranteed for monotone Aap.
Some examples are in order:

nat := pa.l + « is the type of natural numbers.
list(p) := pa.l + p x « for a ¢ FV(p) is the type of finite lists with elements of type p.
tree(p) := pa.l + (p — «) for a ¢ FV(p) is the type of p-branching well-founded trees.

tree(p) := pa.1+a+ (p — «a) for a ¢ FV(p) is the type of p-branching well-founded trees
with successor.

tree := tree(nat) is a type representing Kleene’s O.
fin := palist(a) is the type of finitely branching well-founded trees.

cont(p) := pa.l + ((a — p) — p) for a ¢ FV(p) is the type of “continuations for calcu-
lating results of type p” (which are used in an unpublished manuscript written by Martin
Hofmann).

Tree := pa.1+ (tree(a) — «) (which was first proposed by Ulrich Berger) is a type of trees
with autonomously generated branching degree. It would be interesting to see in which
way this type is related to autonomously iterated inductive definitions (see the theory
AUT(ID) in [BFPS81]).

po.ce — 1, which is trivially monotone but not positive (for its use see appendix B).

bizarre(p) := pa.l + ((((a — p) — @) — a) — «) for a ¢ FV(p) (an invention by Ulrich
Berger of a non-trivially monotone non-positive inductive type discussed in section 4.1.2).

pos(uap) := pavp.(a — ) — pla:= G| for B ¢ {a} UFV(p) is the “positivization” of pap
playing a prominent role in section 6.3.3.
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3.2 Strictly positive and positive types

In the following we will define subsets of Types where we restrict the use of the p-rule.
Inductively define the set SPosTypes of strictly positive types (as a subset of Types) and simul-
taneously for every p € SPosTypes the set SPos(p) of type variables which only occur free at
strictly positive positions in p:

(V) a € SPosTypes and SPos(«) := Typevars.

(—) If p € SPosTypes and o € SPosTypes, then p — o € SPosTypes and SPos(p — o) :=
SPos(a) \ FV(p).

(V) If p € SPosTypes, then Yap € SPosTypes and SPos(Vap) := SPos(p) U {a}.
(0) 0 € SPosTypes and SPos(0) := Typevars.
(1) 1 € SPosTypes and SPos(1) := Typevars.

(x) If p € SPosTypes and o € SPosTypes, then p x o € SPosTypes and SPos(p x o) :=
SPos(p) N SPos(o).

(+) If p € SPosTypes and o € SPosTypes, then p + o € SPosTypes and SPos(p + o) :=
SPos(p) N SPos(o).

(1) If p € SPosTypes and a € SPos(p), then pap € SPosTypes and SPos(puap) := SPos(p).

This definition is compatible with the renaming convention: This is implied by the following
lemma which in a more careful presentation would be proved simultaneously with the justification
of the renaming convention.

Lemma 3.1 Let p, & € SPosTypes. Then p[@ := &] € SPosTypes and SPos(p) \ FV(&) C
SPos(p[@ := &]). Moreover, if 3 ¢ FV(p) then a € SPos(p) implies 3 € SPos(p[a := f]).

Proof Induction on p € SPosTypes. For the case (V) note that every type variable which does
not occur free in p is put in SPos(p) (e.g. SPos(uap) = SPos(p) U {a}). In the case (u) the
induction hypothesis for the second claim is needed to prove the first claim. O

It follows that if puap € SPosTypes and 3 ¢ FV(p), then pfB.pla := (] € SPosTypes. But
pB.pla := B] = pap. However, this part of the lemma is only intended to show compatibility
with the renaming convention.

Let us look at the examples of inductive types:

e nat € SPosTypes.

If p € SPosTypes, then list(p) € SPosTypes. In this case SPos(list(p)) = SPos(p).

If p € SPosTypes, then tree(p) € SPosTypes. In this case SPos(tree(p)) N FV(p) = 0. The
same holds for tree/(p).

tree and fin are strictly positive types.

cont(p), Tree, bizarre and pos(uap) are never in SPosTypes.
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It is common to view types of the form pap € SPosTypes as the types of well-founded trees (at
least if the rule (V) is left out). But trees in this sense are not the only structures definable
by induction. Our understanding of an inductive definition rests on some monotone operator
described by the definition. The elements of a deterministic inductive definition may be identified
with the proof trees which justify their elementhood (see e.g. [Acz77, p. 748]). In this manner
we may view all of our u-types as types of generalized well-founded trees. However, we leave
the realm of predicativity if we go beyond strictly positive types. Of course, we do this anyway
by basing our systems on system F, but one could try to produce predicative versions of them.
However, there is no general agreement as to where the “border of predicativity” is (see [Str99] on
“metapredicativity”). Clearly, system F is impredicative. Strictly positive inductive definitions
(without V) are mostly seen as predicative. However, this work does not aim at determining the
exact proof-theoretic strength of theories but investigates reduction behaviour by unrestricted
use of Tarski’s fixed-point theorem (which makes use of a IT}-comprehension) and by embeddings
using the expressive power of system F. Hence, we simply regard strictly positive types as an
instance of monotone inductive types where monotonicity already may be checked syntactically
by looking at the type.

And if we ask ourselves the question which types may also syntactically be checked for mono-
tonicity, we are directly led to the positive inductive types. Because of the contravariance of —
(seen as a functor) in the first argument we have to consider syntactically isotone and syntacti-
cally antitone types (seen as functions of a type variable) simultaneously:

Inductively define the set PosTypes of positive types (as a subset of Types) and simultaneously
for every p € PosTypes the set Pos(p) of type variables which only occur free at positive positions
in p and the set Neg(p) of type variables which only occur free at negative positions in p:

(V) « € PosTypes and Pos(«) := Typevars and Neg(«) := Typevars \ {a}.

(—) If p € PosTypes and o € PosTypes, then p — o € PosTypes and Pos(p — o) :=
Neg(p) N Pos(c) and Neg(p — o) := Pos(p) N Neg(o).

(V) If p € PosTypes, then Vap € PosTypes. Pos(Vap) := Pos(p) U {a} and Neg(Vap) :=
Neg(p) U {a}.

(0) 0 € PosTypes and Pos(0) := Typevars and Neg(0) := Typevars.
(1) 1 € PosTypes and Pos(1) := Typevars and Neg(1) := Typevars.

(x) If p € PosTypes and o € PosTypes, then p x o € PosTypes and Pos(p x o) :=
Pos(p) N Pos(o) and Neg(p x o) := Neg(p) N Neg(o).

(+) If p € PosTypes and o € PosTypes, then p + o € PosTypes and Pos(p + o) :=
Pos(p) N Pos(c) and Neg(p + o) := Neg(p) N Neg(o).

(1) If p € PosTypes and « € Pos(p), then pap € PosTypes and Pos(uap) := Pos(p) and
Neg(uap) := Neg(p) U {a}.

The definition is again compatible with the renaming convention: This is implied by the following
lemma which also in a more careful presentation would be proved simultaneously with the
justification of the renaming convention.

Lemma 3.2 Let p, & € PosTypes. Then p[d := &] € PosTypes and
Pos(p) \ FV(&) C Pos(p[a@ := &]) and Neg(p) \ FV(&) C Neg(pla := 7]).

Moreover, if 5 ¢ FV(p) then a € Pos(p) implies 8 € Pos(p[a := []) and o € Neg(p) implies
5 € Neg(plor == ).
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Proof Induction on p € PosTypes. For the case (V) note that every type variable which does
not occur free in p is put in Pos(p) and Neg(p) (e.g. Pos(uap) = Pos(p) U {a}). In the case (u)
the induction hypothesis for the second and third claim is needed to prove the first claim. ¢

It follows that if pap € PosTypes and [ ¢ FV(p), then ufB.pla :== 3] € PosTypes. We knew that
before as uf.pla := 3] = pap. However, this part of the lemma is again only intended to show
compatibility with the renaming convention.

Lemma 3.3 For p € PosTypes, Pos(p) N Neg(p) N FV(p) = 0.

Proof Induction on p. O
Lemma 3.4 SPosTypes C PosTypes and for every p € SPosTypes, we have that SPos(p) C Pos(p).
Proof Induction on the definition of SPosTypes and SPos(p). 0

We have that PosTypes # SPosTypes, as e.g. pa.(a — 0) — 0 € PosTypes \ SPosTypes.
Concerning the examples of inductive types:

o If p € PosTypes, then list(p) € PosTypes. In this case Pos(list(p)) = Pos(p) and Neg(list(p)) =
Neg(p).

e If p € PosTypes, then tree(p) € PosTypes. In this case we have the reverse situation, namely
Pos(tree(p)) = Neg(p) and Neg(tree(p)) = Pos(p). (The same holds for tree’(p).)

e If p € PosTypes, then cont(p) € PosTypes. In this case Pos(cont(p)) N FV(p) = 0 and
Neg(cont(p)) NFV(p) = 0.

e Tree € PosTypes and bizarre ¢ PosTypes.

e If p € PosTypes, then pos(uap) € PosTypes. In this case Pos(pos(uap)) = Pos(uap) and
Neg(pos(uap)) = Neg(uap). The crucial point is that we did not assume pap € PosTypes,
i.e., a € Pos(p) is not required.

3.3 Height and depth for inductive types

Abstracted types are objects of the form A\@p, where & is a finite list of type variables and p is a
type. The type variables @ are assumed to be bound in the abstracted type (the priority being
from the right to the left), and we will extend the renaming convention to abstracted types. If
@ is the list (a1, a9, ..., ay,), we will also write AajAay . .. Adayp for Adp.

Define (A@p)[7 := @] := A\@.p[7 := ], where we assume that @ N (YU FV(5)) = 0.

For every abstracted type Ad@p define its height h(A@p) € N by recursion on p as follows:

(triv) h(Adp) :=0if dNFV(p) =0 (e.g. p =0 or 1). The following rules will be under
the proviso “otherwise”.

(V) h(Ad@a) := 0 (the proviso implies o € @)
(o) h(Ad.po o) :=14 max(h(Adp),h(Ado)) for o € {—, x,+}
(V) h(AdVap) := 1+ h(\(@,a)p) for V € {V, u}

This definition is compatible with the renaming convention (for abstracted types).
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Lemma 3.5 1. h(A@p)[7 := &]) = h(\dp).
2. h(Adp) > h(Adp) if & C d.
3. h(AGVp) > h((Mp)[@ == &) if &N FV(Vyp) # 0 (for V € {V, 1u}).
4. h(A\@V7p) > h((\a@p)[y == o) if &N FV(Vp) # 0 (for V € {V, 11}).

Def.

Proof The first two statements are easily proved by induction on p. 3.: h(AadVyp) = 1+

h(A(d,7)p) > 1+ h(Ayp) L1+ h((Ayp)[@ := &]), where the > uses 2. The fourth statement is
proved similarly. O

It is possible to show that h(\dp) is the height (in the ordinary sense given by only counting
connectives and V and p) of a maximally general generalization of A@p. This is not done here
because of the unpleasant work of defining this concept properly. Nevertheless, we do not need
this characterization for our purposes.

In most cases h(Ad@p) will be used for abstracted types with a list @ of length 1. We will now
study another measure d of height for abstracted types of this kind where the definition does
not use the “detour” through multiply abstracted types. Intuitively, d(Aap) will be the maximal
depth? of a free occurrence of a in p.

For every abstracted type of the form Aap define its depth d(Aap) € N by recursion on p and
simultaneously prove that d(Aap[d@ := 7)) = d(Aap) for a ¢ @ UFV(F) as follows:

(triv) d(Aap) := 0 if a ¢ FV(p) (e.g. p =0 or 1). The following rules will be under the
proviso “otherwise”. By Corollary 2.4, we have the same proviso for d(Aap[@ := 7).

(V) d(Aaa) := 0. Proof trivial.
(o) d(Aa.po o) :=1+ max(d(Aap),d(Aao)) for o € {—, X, +}. Proof obvious.

(V) d(AaVyp) := 1+ d(Aap) for V € {V, u}. By induction hypothesis this definition is
compatible with a renaming of «. The proof of the claim for AaV~yp is easy.

This definition is compatible with the renaming convention (for abstracted types) because of
the simultaneously proved claim.
For ease of reference we formulate

Lemma 3.6 1. d((Aap)[d@ := &]) = d(Aap).
2. d\aVyp) = 1+d((Aap)[y := o)) if a € FV(Vyp) (for V € {V, u}).

Proof 1.: Proved in the definition (we may assume that a ¢ & UFV(&)). 2.: By definition and
by 1. 0O

Lemma 3.7 d(Aap) < h(Aap).
Proof Induction on p using Lemma 3.5 (2.) for the cases (V) and (). O

Equality does not hold: h(AaVy.(y — v) — «) = 3 and d(AaVy.(y — 7) — a) = 2.

3This concept seems more intuitive than the one lying behind the definition of h. However, it is more problem-
atic with respect to our variable convention because variables become unbound in the recursive call. Moreover,
some proofs do not go through with d as induction measure instead of h.
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3.4 Extension by the existential quantifier

The term systems with suffix +ex in the name will be based on the further extension by existential
types. Hence, the type system they will be based on is the system of inductive types extended
by the clause (3) exactly in the same way as it was done in section 2.4.1 where the clause was
added to the type system of eF.

Extend the inductive definition of SPosTypes and the simultaneous recursive definition of SPos(p)
for every p € SPosTypes by the following clause:

(3) If p € SPosTypes, then Jap € SPosTypes and SPos(3ap) := SPos(p) U {a}.

The statement of Lemma 3.1 is valid also for this extension and implies compatibility of the
definition with the renaming convention for bound variables.

Extend the inductive definition of PosTypes and the simultaneous recursive definition of Pos(p)
and Neg(p) for every p € PosTypes by the following clause:

(3) If p € PosTypes, then Jap € PosTypes. Pos(3ap) := Pos(p) U {a}. Neg(3ap) =
Neg(p) U {a.

The statement of Lemma 3.2 holds again for this extension and implies compatibility with the
variable convention. Also the statement of Lemma 3.4 holds.

All the extensions to the proofs are immediate because (3) differs from (V) only in the name of
the binder. For this reason the extension of the definition of h and d and Lemma 3.5, Lemma
3.6 and Lemma 3.7 are also trivial: Simply allow V € {V, u, 3}.

Recall the embedding of eF+ex in eF. The only clause of interest in the definition of p’ was

(3) Bap) i=VB.(Yap — B) — B for 3 ¢ {a} UFV(p).

This encoding of the existential quantifier is unproblematic with respect to positive types but
leads out of the strictly positive types. To be more precise: If Jap € PosTypes and v € Pos(Jap),
then V3.(Va.p — () — [ € PosTypes and v € Pos(V3.(Va.p — () — (). On the other
hand, Jay € SPosTypes, v € SPos(3ay) and V3.(Va.y — () — [ € SPosTypes, but we have
v ¢ SPos(V3.(Va.y — ) — () (if v ¢ {«, 5}). Hence, py3day € SPosTypes and for v ¢ {«, 5}
we have puyVp.(Va.y — (3) — 3 ¢ SPosTypes.

As a further example of inductive types consider

e spos(uap) = padp.(f — «a) x pla := ] for § ¢ {a} UFV(p). This type is the “strict
positivization” of pap which will be essential in section 6.2.3.

We note that if p € SPosTypes, then spos(uap) € SPosTypes and SPos(spos(uap)) = SPos(uap).
Moreover, if p € PosTypes, then spos(uap) € PosTypes and Pos(spos(uap)) = Pos(uap) and

Neg(spos(uap)) = Neg(uap).

3.5 Restriction to non-interleaving positive inductive types

The term rewrite systems whose names start with NI as NIPIT, NISPIT and NISPIT+ex, but also
MePIT and coMePIT, will be based on type systems where nested applications of the y-rule are
only allowed as long as they do not interleave, i.e., types of the form pap are ruled out if p has
a subexpression of the form pufBo where a occurs free. More formally: Inductively define the set
NIPosTypes of non-interleaving positive types and simultaneously for every p € NIPosTypes the
set NIPos(p) of type variables which only occur free at positive positions in p and are not in the
scope of an application of the p-rule and the set NINeg(p) of type variables which only occur
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free at negative positions in p and are not in the scope of an application of the p-rule as follows:
Repeat the definition of PosTypes, Pos and Neg in the cases (V), (—), (V), (0), (1), (x) and (+)
by replacing the words accordingly.

Case (u): If p € NIPosTypes and a € NIPos(p), then pap € NIPosTypes and NIPos(uap) :=

NIPos(p) \ FV(uap) and NINeg(uap) := (NINeg(p) \ FV(p)) U {a}.

Lemma 3.8 NIPosTypes C PosTypes and for every p € NIPosTypes, we have NIPos(p) C Pos(p)
and NINeg(p) C Neg(p).

Proof Induction on the definition. 0
We have that NIPosTypes # PosTypes, as e.g. fin = pauf.1 + a x 8 € PosTypes \ NIPosTypes.
Lemma 3.9 If p € NIPosTypes, then Typevars \ FV(p) C NIPos(p) N NINeg(p).

Proof Induction on p. O

Lemma 3.10 The statement of Lemma 3.2 is also valid if the words PosTypes, Pos and Neg are
replaced by NIPosTypes, NIPos and NINeg, respectively.

Proof Induction on p € NIPosTypes. Evidently, there are only changes in the case (u): The
proof of the first statement in Lemma 3.2 is refined by reference to Lemma 2.3, the proof of the
last statement becomes very easy because w.l.o.g. a ¢ FV(p). 0

Define the set NISPosTypes and for every p € NISPosTypes the set NISPos(p) of type variables
which only occur free at strictly positive positions in p and are not bound by an application of
the p-rule in the same way: Take the definition of SPosTypes and SPos and replace the words
accordingly. The case (u) becomes:

If p € NISPosTypes and a € NISPos(p), then pap € NISPosTypes and NISPos(uap) := NISPos(p) \

FV(uap).
Lemma 3.11 If p € NISPosTypes, then Typevars \ FV(p) C NISPos(p).

Proof Induction on p. O

It quite obvious that NISPosTypes stands in the same relation to NIPosTypes as SPosTypes
stands to PosTypes and consequently NISPosTypes is simply the intersection of SPosTypes and
NIPosTypes.

The extension by the existential quantifier is again trivial (because V and 3 are treated exactly
the same).

Let us review the examples of inductive types:

e nat € NISPosTypes.

e If p € NISPosTypes, then list(p) € NISPosTypes and NISPos(list(p)) N FV(p) = 0.
If p € NIPosTypes, then list(p) € NIPosTypes and NIPos(list(p)) N FV(p) = 0 and also
NINeg(list(p)) N FV(p) = 0. The same holds for tree(p) and tree/(p).

e tree € NISPosTypes and fin ¢ NIPosTypes, because tree is only nested but fin is interleaved.
e If p € NIPosTypes, then cont(p) € NIPosTypes.

e Tree ¢ NIPosTypes.

e If p € NIPosTypes, then pos(uap) € NIPosTypes due to Lemma 3.9.

e If p € NISPosTypes, then spos(uap) € NISPosTypes due to Lemma 3.11. If p € NIPosTypes,
then spos(uap) € NIPosTypes (again due to Lemma 3.9).



Chapter 4

Systems with monotone inductive
types

Let (U, C) be a complete lattice of sets and ¢ a monotone operator on it. In the introduction
to the preceding chapter we stated the following corollary to Tarski’s fixed-point theorem:

(Ifp-E) If = € Ifp(®) and ®(M) C M, then x € M.

In our naive realizability interpretation we interpret ® by some Aap, Ifp(®) by pap and M by
some type o. The truth of z € Ifp(®) is modelled by some term r of type pap and the truth
of ®(M) C M by some term s of type pla := o] — 0. We conclude the truth of z € M, which
hence is to be modelled by a term of type o constructed out of r and s. This motivates the
following rule!

of p-elimination for EMIT (to be defined in the next section)

(-E) Tf r#er € A and sPl=1=7 ¢ A then (rE,s)? € A.

Let us now introduce the concept of “extended induction” (which will turn out to be the coun-
terpart of full primitive recursion).

Let (U,<) be a complete lattice and ® a monotone operator on it and M € U. We apply
the minimality of Ifp(®) to M’ := Ifp(®) A M.? Therefore Ifp(®) < M’, if ®(M') < M'. Let
®(M') < M. Because M’ < Ifp(®) and ® is monotone, also ®(M’) < &(Ifp(P)). Because Ifp(P)
is a pre-fixed-point of ® (it is even a fixed point) and due to transitivity ®(M’) < Ifp(®). Hence,
®(M') < M'. Using the trivial fact that Ifp(®) < M’ implies Ifp(®) < M, we conclude

(Ifp-ET) ®(Ifp(®) A M) < M = Ifp(®) < M.
Let now (U, C) be even a complete lattice of sets and ® be monotone. The preceding rule reads
(Ifp-E™) If € Ifp(®) and ®(Ifp(®) A M) C M, then z € M.

This shall be called extended induction on Ifp(®). As for (Ifp-E) this directly motivates the
following second rule® of p-elimination for EMIT:

!Note that it would be more traditional to assume an iterator constant I,a, . of type (p[a := o] — o) —
pap — o instead of this rule (u-E). But the present notation allows a uniform treatment of eliminations as
expressed by the vector notation already introduced for every system in “the basic framework”.

2A denotes the infimum of two lattice elements.

3 Again it would be closer to standard presentations of e.g. Gédel’s T if instead of the rule we had a recursor
constant Ryap,o of type (p[a := pap X o] — 0) — pap — o in the system. Many thanks to Felix Joachimski for
encouraging me to use the elimination notation throughout which came up in a discussion with him.

o1
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(u-Et) Tf rier € A and sPle=rarxol=o ¢ A then (rE:[s)" € A.

We come to the introduction rule which is the rule pertaining to Ifp(®) being a pre-fixed-point
of ®:

(Ifp-I) If x € ®(Ifp(P)), then z € Ifp(P).

Note that although we always assumed ® to be monotone, the rules (pr-E(+)) would have
trivially been valid for any & if we had set Ifp(®) := AU. (Ifp-I) does not accord with this
setting. Hence, we pursue the following approach which is typical of logic: We assume Ifp(®)
always to exist (in a formal system, we would introduce some predicate constant). We do not
require the monotonicity of ® Then we describe Ifp(®) axiomatically by (Ifp-E(*)) and the
following refined

(Ifp-I-mon) If z € ®(Ifp(P)) and & monotone, then z € Ifp(P).

Hence, for monotone ® we may use Tarski’s theorem to construct Ifp(®), and the trivial A U
otherwise.

® monotone means VMYM'.(Vz.x € M = x € M') = Vy(y € (M) = y € ®(M")). Hence, by
our usual interpretation we can motivate the rule of p-introduction for EMIT

(p-I) If teles=parl ¢ A and mVevB-(e=B)=p—rlai=0l ¢ A (with § ¢ {a} UFV(p)), then
(Capmt)r € A.

The term m is the witness of monotonicity for Aap. The monotonicity witnesses are thus
constructed simultaneously with the terms (they are terms) instead of being given from outside.
The idea of the systems ESMIT is to free the introduction rule from the monotonicity witness
but to ensure that for every pap in the system (those which are allowed have to be specified)
there is a monotonicity witness given beforehand. This witness also has to be a term of the
system and clearly, we have to restrict the use of (u-I) (without the monotonicity witness) in
the construction of those witnesses. The exact condition will be called “stratification”.

A variant varEMIT of EMIT is introduced which is motivated by the observation that only special
cases of the monotonicity of ® are needed for justifying the G-rules of EMIT.

The system IMIT is dual to the system EMIT in the sense that the monotonicity witnesses are
tied to the elimination rules instead of the introduction rule. (The rule (Ifp-I) is valid if we set
Ifp(®) := A 0 and the monotonicity requirement in the elimination rules guarantees that Tarski’s
theorem applies for the construction of Ifp(®) validating all the rules in case ® is monotone.)
The systems ISMIT and varIMIT are derived from the same considerations as ESMIT and varEMIT
are derived from EMIT. If one mimicks the construction of varEMIT directly for IMIT, then (-
reduction does not normalize!

4.1 The elimination-based term rewrite system EMIT of mono-
tone inductive types

EMIT is “elimination-based” because p-elimination is primitive in the sense that no monotonicity
witness is needed there. It is a system of monotone inductive types because there is no syntactic
restriction on forming pap but the requirement of a monotonicity witness in the p-introduction
rule. For the system IMIT defined in section 4.4 elimination and introduction change roles in this
description. It seems to be better compliant with the philosophical semantics of Martin-Lof’s
type theory in [ML84] if one fixes the monotonicity witness to the introduction rule because
monotonicity is a part of the justification for the existence of an object in the type pap—it is
the justification that pap is studied at all!
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4.1.1 Definition

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(p-I) If teles=parl ¢ A and mVevB-(e—Bf)=p—rla=0l ¢ A (with § ¢ {a} UFV(p)), then
(Cpapmt)!*r € A and FV(Cpapmt) := FV(m) U FV(1).

(-E) Tf rHeP € A and sPl*=91=9 ¢ A, then (rs)” € A (also written as rE,os or shorter
rEyus) and FV(rs) := FV(r) UFV(s).

(u-ET) If 74P ¢ A and sPlo=rarxal=c c A then (rs)? € A (also written as rEfos or
shorter rEf's) and FV(rs) := FV(r) UFV(s).

This definition is again compatible with the renaming convention for bound type variables.

We freely use all of the notational machinery previously introduced for F and eF. If r : puap, we
say that r is of u-type. (The use of “inductive type” is discouraged because it should be used
more generally for any type of the systems which have iteration or primitive recursion.)

We extend the naming convention by assuming that m always denotes a term.

As was mentioned after giving the very first inductive definition of types (for system F) it is
our understanding that the rules freely generate the structure. If a € FV(p) then pla := o] #
pla := pap x o] and therefore the types of the terms s in the rules (u-E) and (u-E™) are different.
Otherwise rs can be generated by both rules. But according to our free generation assumption
we have to distinguish them. Hence, the notation rE,s vs. rE:js is nearer to the “true” terms.
However, in theoretic studies on the system EMIT it is quite unusual to focus specifically on
cases where o ¢ FV(p) and therefore the appearance of pap in the string which represents the
type of sPle=harxal=c clearly indicates that the use of rule (u-ET) is intended.

Extend the recursive definition of FTV(r) by the following clauses:

(p-I) FTV(Cpapmt) :== FV(uap) UFTV(m) U FTV(?).
(u-E)) FTV(rs) := FTV(r) UFTV(s).
The definition of 7[Z? := 5] together with the proof of r?[Z” := 3] : p and FV(r[zf := 3]) =
FV(r) \ 27) U U{FV(s;)|z? € FV(r) Az # z7 for j < i} (i.e., the statement of Lemma 2.10
) ) j

is extended by the following clauses:

(1) (Chapmt)[@P := 5] := Chapm[7? := 5]t[i := 5]. Proof obvious.

(-E) (rs)[7? := 5] := r[z° := 5]E,s[i” := 5]. Proof obvious.

(u-ET) (rs)[# := 5] := r[# := 5]E s[#’ := 5]. Proof obvious.
The definition of r[@ := &] together with the proof of r?[@ := 7] : p[d := &] and FV(r[@ := 7)) =
{y71@=l|y™ € FV(r)} is extended by the following clauses:
-I) (Cuapmt)|d =0 :=C ~_=-ym|d = J|t|d := &]. Proof obvious.
(e pap (nop)[@:=5]
(n-E) (rs)la: [

(WEY) (rs)la: [

The statements made in section 2.1.2 are valid in EMIT, too.

The general definition of immediate subterms of a term gives the following extension for system
EMIT: C,npmt has exactly the immediate subterms m and ¢ and rE,s and rEl‘fs have exactly
the immediate subterms r and s.

Extend the inductive definition of r§ for system eF as follows:

I
S
i
<
Q1

:= d|E,s[d := 7). Proof obvious.

Il
S
i
5
Q1

:= G]E; s[@ := 7]. Proof obvious.
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(u-E) If r§: pap and s : pla := o] — o, then r(§, s) := (r§)s.
(u-ET) If 758 : pap and s : p[a := pap x o] — o, then 7(3,s) := (r5)s.
The statement of Lemma 2.23 holds also true for EMIT.

Lemma 4.1 (Head form) Every term has either exactly one of the forms given in Lemma
2.44 or exactly one of the following forms:

(1-L) Crapmt
(u-RH)) (Crapmt)ss, subsuming both eliminations for p
Proof Induction on terms. 0
Extend the inductive definition of the set NF for system eF by the following clause:
(pu-I) If Cpapmt is a term and m € NF and t € NF, then C,q,mt € NF.

The statements made in section 2.1.4 are all valid in EMIT.
Define the relation — as for system eF, but add the following clauses:

EMIT

(Bu) (Crapmt)Eyos — s m(uap)a()\x“ap.xEuas)t)
(Bh) (Cpapmt)Efos — s(m(pap)(uap x o) ()\x”ap.<:c, ()\a:“o‘p.xE:as)m))t>

In both rules we require that z#*? ¢ FV(s). The rule (3,) is the reduction rule associated with
iteration and (ﬂ/‘f) represents primitive recursion.

As for system eF the objects on the right side are automatically terms if the respective object
on the left is a term, and the types are equal (which is not as trivial as before and is the main
proof-theoretic justification for these rules as was mentioned before in the discussion on the
Curry-Howard isomorphism).

The relation —,p4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the following clauses (and
prove that if » — 7/, then r and r’ have the same type and FV(r') C FV(r))*:

(uI) If m — m/, then Cpopmt — Cpapm/t. If t — ¢/, then Cpqpmt — Cpapmt’.
(wE) If r — o/, then 7Eys — r'Eys. If s — ¢, then rE,s — rE,s’.
(w-ET) If r — o/, then rEfs — 'Efs. If s — &, then rEfs — rEs'.

(The proofs were trivial.)

The extra [F_,-redex on the right side of the ﬁ:[—rule is useful for applications. In order to
represent a function which is defined by primitive recursion on an inductively defined set rep-
resented by pap with values in a set represented by o, we assume a closed term s of type
pla := pap x o] — o and set the representing term F' := )\x“ap.xE:o—s which is a closed term
of type puap — 0. We have

F(Cpuapmt) —p_, C’uapmtE:Js =gt s(m(pap)(pap x o)(AxhP (x, Fx))t)

and therefore the left term —T-reduces to the right term which is valuable in practice. (Sub-
scripts to — indicate the rule which is used.)
Extend the inductive definition of WN for system eF by the following clauses:

4See also footnote 4 on p. 19 concerning well-formedness.
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(p-I) If Cpapmt is a term and m € WN and ¢t € WN, then C\n,mt € WN.

(Bu) If s(m(,uap)a()\x“o‘p.a:Euas)t)5 € WN, zt*? ¢ FV(s) and (Cpapmt)E,os5 is a
term, then (Cpqpmt)E 055 € WN.

(B 1t S<m(,uozp)(;wzp X o) <)\93“°‘p.<m, ()\.T“ap.SCE:O'S)CC>)t>§ € WN, z+*? ¢ FV(s) and
(Cpapmt)Efos5 is a term, then (Cua,mt)E} s € WN.
Again definition by recursion on WN is admissible. Extend the recursive definition of the function

Q from WN to A and the simultaneous proof of r —* Q(r) € NF for r € WN by the following
clauses:

(1) QCpapmt) = Crapm)A).
(Bu) QU(Cpapmt)E,055) = Q(s(m(uap) ()\xl‘o‘p.xEuas)t)E’).

(5+) Q(Cpapmt) E s5) Q(s(m pap)(pap X o) ()\:U’w‘p.<x, (Ax““”.xEZas)x})t).?).

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(pu-I) If Cpapmt is a term and m € SN and t € SN, then Cpq,mt € SN.

(Bu) If s(m(uap)o()\x““p.mEuas)t>5'6 SN, 2+’ ¢ FV(s) and (Cpapmt)E,055 is a term,
then (Cpapmt)E, o055 € SN.

(Bf) It s(m(uap)(ua,o X o) ()\x“ap.<:v, ()\.T“ap.l’E:US)ZL'>>t>§ € SN, z+* ¢ FV(s) and
(Cpapmt)Efos5 is a term, then (Cua,mt)E} 055 € SN.

The only difference between the p-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, ©Q, SN and sn) is also
true for EMIT.

4.1.2 Monotonicity without positivity

In this section we give evidence that monotonicity is more general than positivity. Note, however,
that it is shown in this thesis that iteration on monotone inductive types may even be embedded
into system F and that primitive recursion on monotone inductive types may be reduced (via
impredicative encodings) to primitive recursion on positive inductive types.

The following example is due to Ulrich Berger (private communication, September 25, 1997).
For every type o of system eF define -0 := ¢ — 0. Define p := (-—a — «a) — a. Obviously,
p € PosTypes, but o ¢ Pos(p) (where we view p as an inductive type formed without x in order
to have the notion of positivity).

Let u, v and w be term variables. Define the closed term r of system eF by

= AaABAZO TP AyP Az P8 (7P u(z (y(Do 77 (v(Aw® u(zw)) ) Egar)))).

It is not hard to see that r : YaVf.(a — ) — p — pla = 3]
This example should be contrasted with the following: Set p’ := (& — a) — «. Define the
closed term r of system F by

= AaABAZ P AP AP0 2y ).
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It is very easy to see that r : VaV3.(a« — ) — p/ — p/la := B]. This second example is not
convincing because there are closed terms s : p) — a and t : a — p’ and trivially a € Pos(«).
(Set s := Ay .(y(Au®w)) and t := Az Ay*~%2.)

The first example does not have the tautology o — « in the premise of the implication but
——a — « which is only a tautology in classical logic (it defines classical logic).

There is no hope for a type 7 € PosTypes with a € Pos(7) such that there are closed terms
s:p—Tandt: T — p.

The example can be streamlined (Ulrich Berger, private communication, October 1, 1997) to
only use the —-fragment of minimal propositional logic, i.e., where only the type constructor
— is used and not 0: p is replaced by (((a« — 0) — @) — a) — « for an arbitrary ¢ with
a ¢ FV(o). With the notation for the Peirce formula of Lemma 2.42 this type is peirce(c) — a.
And by Corollary 2.43 we know that this example is essentially the same as the first one.

If we set 7 := pa.peirce(o) — «, we get a type which is not inhabited: There is a closed term s
of type ((((0 = o) — 0) — 0) — 0) — 0, namely

g = Az((((0—>0)—>0)—>0)—>0) _Z(/\y(O—m)—»O. ()\’LUO.U}E(]O')) )

Therefore we have the closed term Ax7.zE,0s : 7 — 0. Because 0 is not inhabited, neither is 7.
But we may define bizarre(s) := pa.1 + (peirce(o) — «) and get an inhabited type® which is
monotone and not positive.

Note that Aa.av — 1 is trivially monotone and not positive. The type pa.ac — 1 will be dicussed
in appendix B.

4.2 The term rewrite systems ESMIT of elimination-based se-
lected monotone inductive types

These systems were invented to clarify the following observation: When trying to embed PIT
(to be defined in section 5.1.1) into EMIT apparently the specific definition of map,,, (and
comap,,,) does not enter the argument. Due to interleaving those map-terms also have to use
the term rules for p-types. And it is intuitively clear that the monotonicity witness used for
defining the reduction behaviour of a type should not make use of this very type. A deeper
analysis shows that the properties needed are exactly stratification and uniformity introduced
below.

4.2.1 Definition

Let MTypes (for “monotone types”) be a subset of Types which is closed under substitution and
the type-forming operations of system eF, i.e.

(V) If « € Typevars, then a € MTypes.
o) If p € MTypes and o € MTypes, then po o € MTypes (for o € {—, x,+}).

0

)
(o)
(V) If a € Typevars and p € MTypes, then Yap € MTypes.
(0) 0 € MTypes.

(1)

1) 1 € MTypes.

®Note that this type need not be trivial. The type nat = pa.1 + « is much more interesting than paa which
is also empty because 0 — 0 is inhabited.
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(sub) If p,d € MTypes, then p[d@ := &] € MTypes.

Prominent examples for MTypes are the sets SPosTypes and PosTypes of section 3.2.

We set up the naming convention that in the systems ESMIT which are now being defined, the
symbols p, o and 7 (also with decoration) denote elements of MTypes.

Define a term system by extending the restriction of eF which is derived from eF by taking the
types p, o and 7 only out of MTypes as follows: Add the clauses

(p-I) If pop € MTypes and tPl@=Horl ¢ A then (Cuapt)? € A and FV(Capt) := FV(1).

(-E) If r#o? € A and sP1%=01=7 ¢ A, then (rs)? € A (also written as rE,os or shorter
rE,s) and FV(rs) := FV(r) UFV(s).

(u-ET) If r#r € A and sPlo=rarxal=c c A then (rs)” € A (also written as rEfos or
shorter rEf's) and FV(rs) := FV(r) UFV(s).

Lemma 4.2 If 7 € Types and r™ € A, then m € MTypes.
Proof Obvious. Use the closure properties imposed on MTypes (and the naming convention!).

We use the notational machinery as for EMIT including the convention concerning the disam-
biguation of rs into 7E,s and rE:s.
Extend the recursive definition of FTV(r) by the following clauses:

(1) FTV(Cuapt) := FV(nap) UFTV(2).
(u-E) FTV(rs) := FTV(r) UFTV(s).
(u-ET) FTV(rs) := FTV(r) UFTV(s).

The definition of 7[Z” := 3] together with the proof of r?[Z? := 3] : p and FV(r[zf := 3]) =
(FV(r) \ @) UU{FV(si)|2f* € FV(r) Aaf' # 2! for j < i} (i.e., the statement of Lemma 2.10)
is extended by the following clauses:

(1) (Cluapt) [ := 3] i= Cpapt[#° := 5]. Proof obvious.
(u-E) (rs)[7? := 5] := r[z¥ := 5|E,,s[i” := 5]. Proof obvious.
(u-E) (rs)[@F := 5] :=r[zf = §]E:[3[fﬁ := §]. Proof obvious.

The definition of r[@ := &] together with the proof of r?[d@ := &] : p[d@ := &] and FV(r[d@ := 7]) =
{y7[@=1y™ € FV(r)} is extended by the following clauses:

(-

) (Cuapt)[@ := 0] := Cluap)a:=5t[@ := 7). Proof obvious. Note that we need the
(sub)-rule of the restriction on MTypes.
(
(

(h-E)

(w-ET) (rs)[a:= d] := r[a := 7] s[d@ := 7]. Proof obvious.

rs)[d = ] := r[d := ¢|E,s[d := &]. Proof obvious.

The statements made in section 2.1.2 are valid in the systems ESMIT, too.

The general definition of immediate subterms of a term gives the following extension for the
systems ESMIT: C},n,t has exactly the immediate subterm ¢ and rE,s and 'rE;‘s have exactly
the immediate subterms r and s.

Extend the inductive definition of r§ for system eF as follows:
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(u-E) If r§: pap and s : pla := o] — o, then r(§, s) := (r§)s.
(u-ET) If r5: pap and s : p[a := pap x o] — o, then 7(5,s) := (r3)s.
The statement of Lemma 2.23 holds also true for the systems ESMIT.

Lemma 4.3 (Head form) Every term has either exactly one of the forms given in Lemma
2.44 or exactly one of the following forms:

(N'I) Cuapt
(u-R) (Clrapt)ss, subsuming both eliminations for
Proof Induction on terms. 0O

Extend the inductive definition of the set NF for system eF by the following clause:
(u-I) If Cpapt is a term and ¢ € NF, then C,n,t € NF.

The statements made in section 2.1.4 are all valid in the systems ESMIT.

A term rewrite system of elimination-based selected monotone inductive types (generic name is
ESMIT) is given by a set MTypes as above and a family {map/\ap]uap € MTypes} where for every
pap € MTypes the object map,,, is a closed term of type VaVg.(a — B) — p — pla := ] (with
B ¢ {a} UFV(p)) under the following conditions:

(C) Compatibility: The indexing of the family is compatible with the renaming con-
vention for bound type variables. (This is understood, but mentioned once at this
place.)

(U) Uniformity: mapy,,[@ := &] = map(\ap)ia.=4-

(S) Stratification: There is a well-founded relation > on the types of the form pap such
that whenever C),n,yt is a subterm of mapy,,, then pap > ua'p’.

Well-foundedness of a binary relation > on a set M shall for our purposes be defined to be the
following property: If A C M and Vx € M.(Vy € M.x >y -y € A) — x € A, then A = M.
(In the language of term rewrite systems this is nothing but the assumption that > is strongly
normalizing. )

The existence of the family {map,,,|puap € MTypes} ensures that the abstracted types Aap with
pap € MTypes may be “turned into functors”. In [Loa97] this is exemplified in the special case
of a predicative variant of SPIT (see section 5.2).

Define the relation +— as for system eF (but with types restricted to MTypes and the restriction
of the terms as above), but add the following clauses:

ESMIT

(Bu) (Cuapt)Epos — s map/\ap(uap)a()\x”ap.xEqu)t>
(B (Chapt)Efos = s(mapy,, (nap)(pap x o) ()\:U’w‘p.(x, ()\:L‘“ap.xE;fas)@)t)

In both rules we require that x#** ¢ FV/(s).

As for system EMIT the objects on the right side are automatically terms if the respective object
on the left is a term, and the types are equal (which needs the same reasoning as for EMIT).
The relation — 4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the following clauses (and
prove that if » — 7/, then r and 7’ have the same type and FV(r') C FV(r)):
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(uI) If t — ¢/, then Cpapt — Cuapt’.
(wE) If r — o', then rE;s — r'Eys. If s — ¢, then rE,s — rE, s’
(u-ET) If r — o/, then rEfs — 'Efs. If s — &, then rEfs — rEs'.

(The proofs were trivial.) The rules above are called the congruence rules for .
Extend the inductive definition of WN for system eF by the following clauses:

w-1) If Cpapt is a term and t € WN, then C),,t € WN.
pop pop

(By) If s<map)\ap(uap)a()\x“o‘p.a:Euas)t>§e WN, 2+ ¢ FV(s) and (Cpapt)E o8 is a
term, then (Cuapt)E 055 € WN.

(Bh) If s(mapmp(uap)(,uap X o) ()\:r“ap.<x, ()\x“ap.xEﬁas)x))t)E' € WN, zt*? ¢ FV(s)
and (Cua,t)E; 055 is a term, then (Cpapt)E} 055 € WN.

Again definition by recursion on WN is admissible. Extend the recursive definition of the function
Q from WN to A and the simultaneous proof of r —* Q(r) € NF for r € WN by the following
clauses:

(1-1) Q(Cpapt) := CpuapSU(2).

(Bu) QU(Crapt)Eposs) = Q(s (mapAap(Map)a()\a:“a”.xEuas)t) 5’)

(BF) Q(Cuapt)E;fs3) := Q(s (map/\ap(uap)(,u,ap X o) ()\x”ap.<:c,()\x“ap.mEl‘fas)x))t> §')

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(u-I) If Cpapt is a term and ¢ € SN, then Cyn,t € SN.

(Bu) If s(map/\ap(ua,o)a()\:c“ap.xE#as)O§ € SN, zt* ¢ FV(s) and (Cuapt)E, 085 is a
term, then (Cuapt)E 085 € SN.
(BF) It s(map/\ap(uap)(,uap X o) <)\x”ap.<m, ()\x“o‘p.J:E/‘fas)x))t>§' € SN, zH*r ¢ FV(s)
and (Cpapt)Ef 055 is a term, then (Cpapt)Efos5 € SN.
The only difference between the p-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, ©, SN and sn) is also
true for the systems ESMIT.

Note that the conditions (U) and (S) were not used in this section. Nevertheless to my mind
they should be part of the definition.

4.2.2 Embedding the systems ESMIT in EMIT

The embedding of the types will be the trivial one, i.e., p’ := p for every type p € MTypes. Let
A’ be the set of terms of EMIT.
Inductively define the set ST of stratified terms of the system ESMIT as a subset of A as follows:

(eF) All of the term generation rules of eF (where A is replaced by ST).

(p-T) If tele=rarl € ST and mapy,, € ST, then Cyu,t € ST.
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(u-E) Tf r#eP € ST and sP1%=°1=7 ¢ ST, then rs € ST.
-E*t) If rh*r € ST and sPlo=Harxol=c ¢ ST then rs € ST.
i

This definition is well-parsed in the sense which was explained for the definition of WN. Hence,
we may define functions on ST by recursion on the definition.

Define the function —' : ST — A’ by recursion on ST and simultaneously prove that for r : p we
have r' : p and FTV(r') = FTV(r) and FV(r’) = FV(r) as follows:

(eF) The homomorphic term rules for eF. (Because of p' = p the rule (—-I) may be
simplified to (Azfr) := A\x”r’ without the additional assumption.)

(1) (Cpapt)’ := Cuap(mapyg,,)'t'.
(wE) (rEus) :==1"E,s.
(1Y) (rEfs) = 1'E]s

(The proofs are trivial.) The rules (u-E) and (u-E™) are called the homomorphic p-elimination
rules. (p-E) is called the homomorphic p-elimination rule and (u-E™) is called the homomorphic
p-elimination rule.

Lemma 4.4 Every (not necessarily proper) subterm r of map,,, is in ST.

Proof Main induction on pap along > coming from our assumption (S). Side induction on r
(i.e., on the definition of A). All the term formation rules of eF and (u-E) and (u-E™T) are dealt
with by the side induction hypothesis. E.g. (—-E): Let rE_.s be a subterm of map,,,. Then
r and s are subterms of map,,,. By the side induction hypothesis, 7 and s are in ST. By the
rule (eF) of the definition of ST, rs € ST. We come to the crucial case (u-I): Let Cpoiyt be a
subterm of map,,,. By assumption (S) we have pap = pa'p’. By the main induction hypothesis
for map,,, itself, we know that map,,,, € ST. t is a subterm of map,,,. By the side induction
hypothesis, t € ST. By the rule (u-I) of the definition of ST, Cqyt € ST. 0O

Corollary 4.5 If t € ST and C,q,t € A, then Cjn,pt € ST. 0
Corollary 4.6 ST = A.

Proof ST has all the closure properties which define A. O
Therefore, — is defined on all terms. Obviously, it is injective on terms.

It should be mentioned that ST = A is not only a consequence of (S), but in fact equivalent to (S)
(relative to the setting without (U) and (S)). The relation > may be generated by assigning to
a pop the least ordinal 6 (which exists under the assumption ST = A) such that Cuapxp[m:“"‘p]
(with a fixed = € Vars) is in the application of the #-iterate of the monotone operator associated
with the inductive definition of ST to the empty set, and by comparing those ordinals.
Lemma 4.7 If map,,, € NF for all uap € MTypes, then for every r € NF, also r’ € NF.

Proof Induction on r € ST using case analysis on r € NF. O

Lemma 4.8 (r[z° := §°|) = '[Z := §'] and (r[a@ := 7)) = '[d := 7).
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Proof Induction on r € ST: All the cases except (u-I) are straightforward. Case (u-I):
(Crap)[# = 8))' = Cpuap(mapy,,)'(t[#7 := 5])'.
(Cuapt)/[fﬁ =5]= Cﬂap(map)\ap)/[fﬁ = gl]t/[fﬁ = ).

By induction hypothesis (t[i” := §]) = ¢/[# := §’|. By assumption map,,, is closed, hence
(map,,)’ is closed as was proved simultaneously with the definition of —'. (This part of the
lemma did not need the induction on ST. Induction on r € A would have been sufficient.)

((Clwépt) [O_“ = 5])/ = C(uap)[d’::&}(map(kap)[o_z‘::&’])/(t[& = 6])/
(C,uapt),[& = 5] = C(uap)[&::&](mapAap)/[& = 0_:]75,[62 = 5]
By induction hypothesis (t[@ := 7])" = t'[@ := ] and (map,,,[d := 7])" = (map,,,)’[d@ := 7].
We need to show (mapiya,)a=5) = (Mapy,,[@ := 7])'. Due to the injectivity of —' this is
equivalent to (U) which we assumed in the definition of ESMIT. O

Lemma 4.9 If r — #, then v’ — .

Proof Induction on r — 7: The cases (5_,) and (fy) follow immediately from Lemma 4.8. The
cases (fx) and (B4) are obvious. The cases (3,) and (0,) are easy. Check e.g.
((Cuapt)EuUS), = (Cuocp(map)\ap)/t/)Euasl
— 3’<(map/\ap)’(uap)a()\x“ap.xEuas’)t/>
= <s(map/\ap(uap)a()\x“ap.:vEuas)t)),
The other clauses are easily proved by using the induction hypothesis. O

This implies that —' is an embedding of ESMIT in EMIT.

4.2.3 The term rewrite systems ESMITit and ESMITrec

The systems ESMITit are derived from ESMIT just by forbidding the use of the term generation
rule (u-ET) in the terms map,,, (for uap € MTypes). Consequently the systems ESMITrec are
defined by ruling out the term generation rule (u-E) for the definition of the terms map,,,-

4.2.4 The term rewrite systems ESMIT+ex

The term rewrite systems ESMIT+ex are based on the types as described in section 3.4. Let
MTypes be a subset of this set of types which is closed under substitution and the type-forming
operations, i.e., MTypes is supposed to satisfy the conditions described in section 4.2.1 and

(3) If a € Typevars and p € MTypes, then Jap € MTypes.

The most prominent examples are the sets SPosTypes and PosTypes of section 3.4.

The term system is defined by reinterpreting the term formation rules for ESMIT in the extended
type system and by adding the clauses (3-I) and (3-E) of section 2.4.2 (also interpreted in the
extended type system).

A term rewrite system ESMIT+ex is given by MTypes and by a family {map,,,|pap € MTypes}
where again for every pap € MTypes the object map,,, is a closed term (in the term system just
defined) of type YaVj.(a — () — p — pla := [] (with § ¢ {a}UFV(p)) such that the conditions
(C), (U) and (S) of section 4.2.1 are met.

The relation — is defined by adding the clauses for system eF+4-ex to the rules (3,) and (G;))
of system ESMIT. All the statements made in section 4.2.1 are true for ESMIT+ex where the
definitions are simply the sum of the clauses for eF+ex and ESMIT.
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4.3 The variant varEMIT of EMIT

A slight generalization of EMIT is defined. It is not intended to cover more interesting examples
of inductive types but serves as a challenge to prove strong normalization directly (see ap-
pendix A). Moreover, the embeddings of EMIT into other systems simply also work for varEMIT
and therefore they are carried out in the more general system.

In section 4.3.3 it is shown that monotone inductive types with iteration only are embedded into
IT (and hence also in F) via an analysis of Tarski’s fixed-point theorem. This result generalizes
and sharpens (because also reduction is preserved) earlier results on the impredicative encoding
of data types (e.g. [BB85] where simultaneous non-interleaved strictly positive inductive types
are studied, and I believe that simultaneous inductive types may easily be represented in EMIT
via interleaving). Compare also with the presentation of impredicative encodings in [GLT89]
and with [Lei90, p. 306] for the encoding (irrespective of reduction behaviour) in the case of
positive inductive types.

4.3.1 Definition

The reduction rules of system EMIT use the term m which comes with the rule (u-I) only with
first type argument pap. In order to get maximal generality we define the variant varEMIT of
EMIT by considering terms m of type

Vo.(pap — o) — pla = pap] — p

instead of the type
VavB.(a — B) — p — pla:= f]

(note the renaming of variables which took place).

In the following only changes to EMIT are given. All the statements on EMIT hold as well in
varEMIT.

Changed clauses in the definition of terms:

(T Tf trlo=nonl ¢ A and mv¥e-uor—a)=pla=uer=r ¢ A then (Cpoymt)® € A and
FV(Cluapmt) := FV(m) UFV(t).

Changed clauses in the definition of reduction:

varEMIT

(Bu) (Cpapmt)E os — s ma()\x“a”.mEuas)t>
(B (Chapmt)Efos — s(m(uap x o) (Am“ap.<a:, ()\x”ap.a:E;’as)@)t)

We again require 24" ¢ FV(s) in both rules. All the other definitions for system EMIT may be
adapted very easily.
4.3.2 Embedding EMIT in varEMIT

An embedding —' of EMIT in varEMIT is straightforward to define: Set p’ := p and for every term
rP of system EMIT define the term 7’ of system varEMIT by recursion on r and simultaneously
prove that r' : p and FTV(r') = FTV(r) and FV(r’') = FV(r) as follows:

(eF) The homomorphic term rules for eF.
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(D) (Cpapmt) = Cpap(m’pap)t’.
(u-E) The homomorphic p-elimination rules.

(The proofs are obvious.) The statements of Lemma 4.8 and Lemma 4.9 are true for this
definition and are proved by induction on 7 resp. by induction on r — 7. Only (8,) and (ﬂ/‘f)
deserve attention. Check e. g.
(5:) ((Cuapmt)E;ras), = (Cuap(mluap)t,)EZO'Sl

— s’( m’ pap)(pap x o) ()\x“‘”’.<x, ()\a:“ap.xE:[as’)@)t')

= (s (m(uap)(,uap X o) (Ax“o‘p.<x, ()\:B“O"’.xE;ras)@)t))/.

4.3.3 Embedding varEMIT-rec in IT

Let us prove Tarski’s fixed-point theorem (chapter 3). M € U is a post-fixed-point of & is
defined to mean M < ®(M). Set

po = N\{M € Uld(M) < M}.

By definition, we have that ue < M for all pre-fixed-points M of ¢. Show that ug is itself a pre-
fixed-point of ®. Let M be a pre-fixed-point of ®. Then pue < M. Because @ is monotone, this
implies ®(up) < ®(M). Because M is a pre-fixed-point of ® and < is transitive, ®(ugp) < M
follows. Hence, ®(ug) < M for every pre-fixed-point M of ® and therefore ®(uep) < ug by
definition of ug. We conclude that pg is the least pre-fixed-point of ®.

e is also a post-fixed-point® of ® (and consequently the least fixed point): We have to show
that pe < ®(ue). By definition of ug, it suffices to show that ®(ug) is a pre-fixed-point of @,
ie., ®(P(pep)) < P(pne). This follows from the first part of the proof and the monotonicity of
.

Let now (U, C) be a complete lattice of sets. We rearrange the above proof in order to give the
intuition for this section’s embedding.

Firstly, by only applying (/\-E) to the definition of ug we get

(ue-E) If x € ugp and ®(M) C M, then x € M.
Secondly, we get
(1e-I) If ® is monotone and z € ®(ug), then = € pg.

via the following proof: Let ® be monotone and =z € ®(ue). We show = € pe using (A-I).
Let M € U, (M) C M and y € ®(ugp). We show that y € M. Let z € up. By (A-E) and
(M) C M, z € M. Hence, ugp € M. By monotonicity of ® and y € ®(ug), y € ®(M). Due to
O(M) C M,y e M. Hence we may apply (A-I) using € ®(ugp) and get x € pg.

Note that monotonicity is only used to conclude ®(ug) € (M) from pg € M and hence we
may model the proof even in varEMIT instead of EMIT.

The definition of pug and the proofs of (ug-E) and (ug-I) are reflected in the following clauses
of the embedding of varEMIT—rec in IT:

(1) (pap) =ia.p’ — o

(u-E) (rrergplo=ol=ay .= p/E,q's

SUnfortunately, this fact cannot be used to embed fixed-point types into IT because of bad reduction behaviour.
See the discussion in appendix B.
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(u-1) (C#apmVa-(uapﬂa)ﬂp[a:uap}Hptp[a:/wép])’ := Cla.p—alt’ setting
{ = Aa)\zp,_’o‘)\yp,[a::(“ap),].z(m’a()\x(“ap)’.inaz)y>,

where we assume that o ¢ FTV(m) and require z,y ¢ FV(m).

More formally: Let varEMIT—-rec (varEMIT minus recursion) be the system which is derived from
varEMIT by leaving out the term generation rule (u-E') and the reduction rule (Bih)-

For every type p of system varEMIT-rec define the type p’ of system IT by recursion on p and
simultaneously prove that FV(p') = FV(p) as follows:

(eF) The homomorphic type rules for eF.

(1) (pap) :=io.p’ — a.

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems varEMIT—rec and IT.

Qy

Lemma 4.10 (p[a :=3d]) = p/[a :=&].

Proof Induction on p. O

For every term 77 of system varEMIT—rec define the term 7’ of system IT by recursion on r and
simultaneously prove that ' : p/ and FTV(r') = FTV(r) and FV(r') = {27 |27 € FV(r)} as
follows:

(eF) The homomorphic term rules for eF.
(u-T) (prme(/mp—>a)—>p[a:=uap]—>ptp[a:=/mp])/ — Cia.p’—ngt/ setting
(= Aa)\zp,_’o‘/\ypl[a::(“ap),].z(m’a()\x(“a”)/.inaz)y>,
where we assume that a ¢ FTV(m) and require z,y ¢ FV(m).
(u-E) (rrergplo=ol=oy .= p/Eq's

(The proofs were always obvious.) This definition is again compatible with the variable conven-
tions for varEMIT-rec and IT.

Lemma 4.11 (r[# := ) = /[#7 := §'] and (r]d@ := ])' = '[d@ := &].
Proof Induction on r. O

Lemma 4.12 If r — 7, then r’ —7 #/.

Proof Induction on r — 7: The cases (f—) and (By) follow immediately from Lemma 4.11,
(Bx) and (fB4) are trivial.
(Bu): (Cuapmt)Euos) = (Ciap—alt')Eio’s’  with ¢ as defined above

— {(Eyo’'s't

— (A== \yplla=(nan)] o (/! (Aahor) o B0’ 2)y))s't!

—  (y'le=wen)] o (m! o’ (AxHer) 2B’ s )y))t!

— &' (m/o’ Axrer) gEio’ st

= (s(mo(AxH*.2E,08)t) ,
We used Lemma 2.16 and Corollary 2.2 for the second reduction step and Lemma 2.11 for the
third and fourth. The other clauses are easily proved by using the induction hypothesis. O
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4.4 The introduction-based term rewrite system IMIT of mono-
tone inductive types

IMIT is “introduction-based” because the introduction rule is free from the monotonicity as-
sumption.

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(u-T) T eloi=rarl € A then (Capt) € A and FV(Cpapt) == FV(t).

(u-E) If rher ¢ A, mVevBla=B)=p—ple:=fl ¢ A and sPl=01=7 ¢ A, then (rms)? € A (also
written as rE,oms or shorter rE,ms) and FV(rs) := FV(r) UFV(m) U FV(s).

(w-E*) If rrer ¢ A, m¥e¥B-(a=B)=p=ple=f] ¢ N and splo=rarxol=c ¢ A then (rms)” € A
(also written as rE}f oms or shorter rEms) and FV(rs) := FV(r) UFV(m) UFV(s).

In both elimination rules we require 5 ¢ {a} U FV(p). Therefore, this definition is again com-
patible with the renaming convention for bound type variables.

The only difference between the systems EMIT and IMIT is the place where the monotonicity
witnesses are put in the terms. In EMIT monotonicity is needed in order to construct inhabi-
tants of pap, in IMIT monotonicity is required for “using” inhabitants of pap, i.e., for defining
functions on pap by iteration or primitive recursion.

All the other definitions in section 4.1.1 may be simply derived from those for system EMIT by
moving the term m from the position after the C,q, to the position after E:{ and E,,.

Define e. g. the relation — by adding the following clauses to those for system eF:

IMIT

(Bu) (Capt)Epoms — s m(uap)a()\m“o‘p.xEuams)t)
(ﬁ;“) (C,wépt)E:[Ums — s m(pap)(pap X o) ()\:E”O‘p.<$, ()\x“ap.mEZams)@)t)

(In both rules we now require that z#* ¢ FV(m) U FV(s).)
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, ©Q, SN and sn) is also
true for IMIT.

4.5 Relating iteration and primitive recursion

In the introduction to this chapter the rule (Ifp-ET) was derived from (Ifp-E). Therefore we
might expect that also primitive recursion may be expressed by iteration. This is not the case.

It is easy to derive (Ifp-E) from (Ifp-ET). However, also iteration may not be satisfactorily
expressed by primitive recursion (although there are very complicated reduction-preserving em-
beddings into the fragments without iteration).

4.5.1 Coding IMIT in IMIT-rec

This section shows why (u-E™) is not superfluous in IMIT (and also not in EMIT).

Let again (U, C) be a complete lattice of sets. We reconsider how (Ifp-E™) is derived from (Ifp-E)
for monotone ®:

Set M :=Ifp(®) A M. Assume z € Ifp(®) and ®(M') C M. We first show x € M’ by induction
on Ifp(®). We only have to show ®(M’') C M’'. Let y € ®(M’'). Show that (1) y € Ifp(®) and
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(2) y € M. Ad (1): Because ® is monotone, M’ C Ifp(®) and y € ®(M'), we get y € ®(Ifp(P)).
By (Ifp-I) we get (1). Ad (2): Because y € ®(M’) and ®(M') C M, we have y € M which is
(2). Therefore x € M'. Because M’ = Ifp(®) A M, also x € M.

Due to the use of ®’s monotonicity in the inductive step, this is clearly best expressed in the
system IMIT which has monotonicity witnesses attached to (u-E) and (u-ET). Our informal
realizability method directly motivates the following clause of an encoding of IMIT in itself.

(w-ET) (r***Efoms) = (r'E,(pap x o)m'3)R setting
§ = Mgplos=parxal (o (m’(,uap X a)(uap)()\z“apx".zL)m) ,s'x),

where we require that x ¢ FV(m) U FV(s).

Unfortunately, this encoding is not well-behaved with respect to reduction.

More formally: Let IMIT—rec (IMIT minus recursion) be the system which is derived from IMIT by
leaving out the term generation rule (u-ET) and consequently the reduction rule (BF). Define for
every term r” of system IMIT the term " of system IMIT—-rec by recursion on r and simultaneously
prove that r' : p and FTV(r') = FTV(r) and FV(r') = FV(r) as follows:

(eF) The homomorphic term rules for eF.

(u-I) The homomorphic p-introduction rule.

_I)
(u-E) The homomorphic p-elimination rule.
)

(w-ET) (r***Efoms) = (r'E,(pap x o)m'3)R setting
§ = grle=parxal (¢ (m'(uap X U)(uap)()\z”apx".zL)x) ,s'z),

where we require that x ¢ FV(m) U FV(s).

(The proofs are obvious.)
The statement of Lemma 4.8 (compatibility with substitution) also holds for —', but we do not
get an embedding;:
(CpaptEims) = (Cuapt'E,ym'8)R  with 8 as above
— §(m’(,uap)(uozp X a)()\x“ap.xE“m'é)t'> R

—2 s (m/ (pap) (pap x J)()\x“o‘p.xEum’é)t’)

A% s (m/ (pap) (pap x o) <)\x“°‘p.<x, (A$“°‘p.xE:om’s’)x>)t’>

Instead of /4* it is in general (except trivial cases) also correct to write “not being in the
symmetric closure =g of —*”. There are two reasons: There is no induction hypothesis available
which would give A\z#**.(zE,m'3)R =5 A\z+*?.zEfom's'. Moreover, we would in addition have
to prove (Cpapt’'E,m’§)L =g Cpapt’ which in turn would require functoriality properties of the
term m’ and also an induction hypothesis of the above kind. The first problem can be solved
by introducing extensional equality instead of =g , the second is then solvable only for positive
inductive types (see the remarks in appendix B). However, there is no hope for finding term
rewrite rules which make —' an embedding.

For system EMIT there is even no hope for finding an encoding of (u-ET) via (u-E) following
the derivation of (Ifp-ET) from (Ifp-E). Where should the monotonicity witness come from? In
the lattice-theoretic situation this would require a rule

Vz.x € Ifp(®) = & monotone,
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which cannot be a consequence of (Ifp-I-mon), (Ifp-E) and (Ifp-ET), because we can validate
these rules interpreting Ifp(®) by Tarski’s construction for monotone ® and by A U otherwise.
And it is of course possible to have complete lattices U of sets with A U # () also having non-
monotone operators. These lattices refute the above rule. (Of course, in this situation we could
give a trivial proof that x € Ifp(®) and ®(M') C M entail 2 € M, because Ifp(®) C M for every
M € U. But such a non-uniform argument can never be expressed by means of EMIT.)

4.5.2 Coding IMIT in IMIT—it

This section shows why (u-E) is not superfluous in IMIT (and also not in EMIT). But in principle
it could be eliminated.

Let (U, <) be a complete lattice. We derive (Ifp-E) from (Ifp-E™) for monotone ®:

Let ®(M) < M. We have to show that ®(Ifp(®) A M) < M. But trivially, Ifp(®) A M < M and
by monotonicity of ®, ®(Ifp(®) A M) < ®(M). We are done by applying transitivity of < to the
last formula and ®(M) < M.

Now let (U, C) be a complete lattice of sets. We reformulate the above proof to allow reading
off an encoding of (u-E) by means of (u-E™):

Let = € Ifp(®) and ®(M) C M. We show that x € M by extended induction on Ifp(®): Let
y € O(Ifp(®) A M). We have to show y € M. Because ® is monotone, Ifp(®) A M C M and by
the assumption on y, we get y € ®(M). Using ®(M) C M, we conclude y € M.

Again the monotonicity of ® is used in the induction step and therefore we first try to use this
proof to get an encoding for IMIT. The following clause is read off the proof immediately:

(w-E) (r#’Eyoms) = r'Efo zplo=rarxal o (m!(nap x U)U()\z”o‘p”.zR)az)>, where we
require that = ¢ FV(m) UFV(s).
Unfortunately, also this encoding is not well-behaved with respect to reduction.
More formally: Let IMIT=it (IMIT minus iteration) be the system which is derived from IMIT by
leaving out the term generation rule (p-E) and consequently the reduction rule (5,). Define for

every term 7° of system IMIT the term 7’ of system IMIT—it by recursion on r and simultaneously
prove that r' : p and FTV(r') = FTV(r) and FV(r’) = FV(r) as follows:

(eF) The homomorphic term rules for eF.

(u-I) The homomorphic p-introduction rule.

(w-E) (r**PE, oms)" = T’Eza()\xp["“:““pxg].s’(m’(uap X U)U(AZ“QPX”.ZR)Q:)>, where we
require that x ¢ FV(m) U FV(s).

(u-ET) The homomorphic pt-elimination rule.

(The proofs are obvious.)

The statement of Lemma 4.8 (compatibility with substitution) also holds for —/, but we do not
get an embedding (set § := AzPl=norxal o/ (! (uap x o)o(A2HP*7 2R)z)):

(ChaptEums) = (Cpapt'Efm's) —

§(m’(,uozp)(uap X o) (Axh*P (x, ()\x“ap.a:E;m’é)x))t’) —

s (m’(/,Lap X 0)o(AzHP*7 2R) <m’(,uap)(uozp X o) (Azh*P (z, ()\x’w‘p.acE:[m'é)m)t’))

The composition of Az#*"*7 zR with Az#*P (x, (A\z#*P 2 E[m/8)z) is f_-equal to Az#*P 2 Efm/3.

If m’ were “functorial” one could in some sense get to

s’ (m’(uap)a()\x“ap.:vE:[m’é)t’).
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At first sight it may seem that exactly the same problems arise as with embedding IMIT in
IMIT—rec. But here the situation is easier: One does not need some formal induction principle
but only faces the functoriality problem. This is not solvable in general (for monotone inductive
types). If one introduces extensional equality (exhibiting that formal induction principle) it is
possible to show functoriality for the canonical monotonicity witnesses of PIT (in the equality
theory). For NIPIT without sum types this is even possible with respect to the rewrite relation
after adding some 7-rules which do no harm to confluence and strong normalization. (For full
NIPIT also permutative conversions have to be studied.) See also appendix B.

To sum up, we do not have an embedding and no hopes of finding an extension of the rewrite
relation which settles the problem for IMIT.

We also cannot expect to even get an encoding of iteration via recursion in EMIT.

Having said all this it may seem paradoxical that there are reduction-preserving embeddings
of IMIT in IMIT-it and of EMIT in EMIT—it (which is defined in the expected way). But these
embeddings are very different from the above encoding. And they also affect the rule (u-ET)
which will have no relation to the homomorphic p"-elimination rule.

For the argument we freely use facts spread over this thesis:

o IMIT embeds into varIMIT and varlIMIT into MelT and MelT into MelT—it.

e MelT embeds into UVIT and UVIT into MePIT which is a subsystem of NISPIT+ex.
NISPIT+ex is one of the systems ISMIT+ex (ISMIT extended by 3, NISPIT+ex is defined
as one of the systems ESMIT+ex but clearly is also an instance of ISMIT+ex).

e ISMIT embeds into IMIT.

e Therefore by extension of the proof that ISMIT embeds into IMIT also ISMIT+ex embeds
into IMIT+ex (which is defined in the expected way).

e (learly, the proof that eF+ex embeds into eF carries over to a proof that IMIT+ex embeds
into IMIT.

e By the last four items, MelT embeds into IMIT. By inspection of the proofs we note
that the rule (u-E) is always only used to deal with (u-E) of some other system. Note
that NISPIT+ex is a subsystem of PIT+ex not making use of (u-E) in the definition of
the canonical monotonicity witnesses because it is a system of non-interleaving u-types!
Therefore, also MelT—it embeds into IMIT—it.

e Putting together the first item and the preceding one, we conclude that IMIT embeds into
IMIT—it.

We see that the elimination of iteration happens in MelT and that an awful lot of encoding”
has to happen to go from IMIT to itself via MelT. Note that the embedding of eF+ex in eF
does not carry over to systems of selected monotone inductive types because the encoding of the
existential quantifier is in general incompatible with the selected monotonicity witnesses.

The case of the embedding of EMIT in EMIT—it is somewhat easier because no existential quan-
tifiers come into play:

e EMIT embeds into varEMIT and varEMIT into coMelT and coMelT into coMel T—it.

"Of course, one could slightly optimize the embedding coming from the composition of all those embeddings
by some normalization. Because (uap)’ = ufVy.(Va.(a — B) x p’ — 7) — v this will still be quite complicate an
embedding.
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e coMelT embeds into coMePIT® which is a subsystem of NIPIT. NIPIT is one of the systems
ESMIT and every ESMIT embeds into EMIT.

e By inspection of the proofs we again see that the rule (u-E) is always only used to deal
with (u-E) of some other system and that although NIPIT is a subsystem of PITit, (u-E)
is not used in the definition of the canonical monotonicity witnesses because it is a system
of non-interleaving u-types. Therefore, also coMelT—it embeds into EMIT—it.

e We conclude that EMIT embeds into EMIT=it.

This time the elimination of iteration happens in coMelT.

Hopefully these lines of argumentation motivate the reader to go through all of the embeddings
presented in this thesis. They do serve a purpose. E.g. we may now conclude that iteration
may also be eliminated in favour of recursion in all the concrete systems appearing in the above
proofs because they show a circle of embeddings.

A similar solution to the problem of elimination of recursion by means of iteration is not in sight.
Using the embedding of varEMIT—rec in IT (section 4.3.3) and some other embeddings we would
arrive at embeddings of all the systems into system F which I strongly believe is impossible
although I have not yet seen a proof.

4.6 The term rewrite systems ISMIT

These systems are dual to the systems ESMIT. This time one has to restrict the use of p(*)-
eliminations in the monotonicity witnesses.

4.6.1 Definition

The term rewrite systems ISMIT are defined to be the same as the systems ESMIT except that
condition (S) of ESMIT is replaced by the following condition (S) of ISMIT:

(S) Stratification: There is a well-founded relation > on the types of the form pap such
that whenever 7#9%'s is a subterm of map,,,, then pap > palp'.

As was remarked at the end of section 4.2.1, condition (S) is not used in that section and
therefore all of the results therein are true for the systems ISMIT.

4.6.2 Embedding ISMIT in IMIT

The following embedding of the systems ISMIT in IMIT is derived by obvious modifications of
the embedding of ESMIT in EMIT.

The embedding of the types is the trivial one, i.e., p’ := p for every type p € MTypes. Let A’ be
the set of terms of IMIT.

Inductively define the set ST of stratified terms of the system ISMIT as a subset of A as follows:

(eF) All of the term generation rules of eF (where A is replaced by ST).
(u-1) If tPlos=rerl € ST | then Cqpt € ST.
(u-E) If r#P € ST, map,,, € ST and sPle=01=0 ¢ ST then rs € ST.

(w-ET) If 77 € ST, map,,, € ST and sPlai=napxal=o ¢ §T then rs € ST.

8This is the only embedding in this line of embeddings where types are changed.
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This definition is again well-parsed. Hence, we may define functions on ST by recursion on the
definition.

Define the function —' : ST — A’ by recursion on ST and simultaneously prove that for r : p we
have r' : p and FTV(r') = FTV(r) and FV(r’) = FV(r) as follows:

(eF) The homomorphic term rules for eF.
(p-1) (Cuapt), 1= Cpapt'.
(u-E) (r#*PE,s)" == r'E,(map,,,)'s’.
(u-ET) (r“apEl'fs)’ = r’EZ(map/\ap)'s'.
(The proofs are trivial.) The rule (u-I) is called the homomorphic p-introduction rule.
Lemma 4.13 Every (not necessarily proper) subterm r of ma Pap 18 in ST.

Proof Main induction on pap along > coming from our assumption (S). Side induction on r
(i.e., on the definition of A). All the term formation rules of eF and (u-I) are dealt with by
the side induction hypothesis. E.g. (—-E): Let rE_ s be a subterm of mapy,,- Then r and s
are subterms of map,,,. By the side induction hypothesis, r and s are in ST. By the rule (eF)
of the definition of ST, rs € ST. We come to the crucial p-elimination cases: Let 7#?'s be a
subterm of map,,,. By assumption (S) we have pap = pa'p’. By the main induction hypothesis
for map,,, itself, we know that map,,,, € ST. 7 and s are subterms of map,,,. By the side

induction hypothesis, r, s € ST. By the definition of ST, r#*?'s € ST. O
Corollary 4.14 If r,s € ST and r#*’s € A, then rs € ST. 0
Corollary 4.15 ST = A.

Proof ST has all the closure properties which define A. 0O

Therefore, — is defined on all terms. Obviously, it is injective on terms.

Again ST = A is not only a consequence of (S), but in fact equivalent to (S) (relative to the
setting without (U) and (S)) as can be seen by using ordinals as was sketched for the embedding
of ESMIT in EMIT.

The statement of Lemma 4.7 is also true for this embedding.

Lemma 4.16 (r[#° := 5°]) = +/[# := §'] and (r[d@ := 7)) = r'[d@ := 7]
Proof Induction on 7 € ST: All the cases except (u-E) and (u-E™) are straightforward. Consider
e.g. (WE):

(rEus)[#7 := &) =1/
By assumption map,,, is closed, hence (map,,,)’ is closed as was proved simultaneously with

the definition of —'. Hence we are done by the induction hypothesis for r and s. (This part of
the lemma did not need the induction on ST. Induction on r € A would have been sufficient.)

((r,is)[# := 8))' = (r[a” == §])/E, (mapy,, ) (s[&7 := 81)"

= §")(mapy,,) [ = §]s' (17 = §].

((rEys)[a := &))" = (r[@ := 6])'En(map(yap)(a.=)) (s[d 1= 5])".
(rEus)'[@ = 6] = r'[d := G|E,(mapy,,) [ = 7]s'[d := d].
By induction hypothesis (map,,,[d@ := &])" = (map,,,)'[@ := &]. Because of the induction
hypothesis for 7 and s we need to show (Mmap(rap)a:=5))’ = (Mapy,,[@ := ])’. Due to the

injectivity of —' this is equivalent to (U) which we assumed in the definition of ISMIT. The case
(u-ET) differs only in the name of the elimination symbol. O
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Lemma 4.17 If r — #, then v/ — #.

Proof Induction on  — 7: The cases (f—) and (fy) follow immediately from Lemma 4.16. The
cases ((x) and (By) are obvious. The cases ((,) and (3}) are easy. Check e. g.

(Chapt)Epos) = (Cuapt')Epo(mapy,,)'s’

— s ((map/\ap)’(pap)a()\x“ap.mEua(map)\ap)’s’)t’>

/
= (s (map/\ap(uap)a()\x“ap.xEuomap)\aps)t>)

The other clauses are easily proved by using the induction hypothesis. O

This implies that —’ is an embedding of ISMIT in IMIT.

4.7 The variant varIMIT of IMIT

In this section two extensions of IMIT in the spirit of the extension of EMIT to varEMIT are
presented. The first one shows that minor modifications may lead to non-normalizing systems.
The second one will get the name varlMIT.

4.7.1 Definition

First we study the modification of IMIT following the idea of forming varEMIT. After showing
that it is not normalizing we define varlMIT.

The reduction rule (5,) of system IMIT uses the term m which comes with the rule (u-E) only
with first type argument pap and second type argument o. For (B;‘) the two arguments are
pap and pap X o. In order to get more terms we define a variant of IMIT by considering terms
m which are already instantiated to the first type pap in the same way as varEMIT was derived
from EMIT. In the following only changes to IMIT are given.

Changed clauses in the definition of terms:

(-E) Tf rher ¢ A, mUe-ap—a)=plai=papl=p ¢ A and sPl*=01=7 ¢ A then (rms)” € A
(also written as rE,oms or shorter rE,ms) and FV(rs) := FV(r) UFV(m) UFV(s).

(W-E*) If pror ¢ A, mYe(map—a)=plai=papl=p ¢ \ and sPlo=rarxol=c c A then (rms)” € A
(also written as rEfoms or shorter rEfms) and FV(rs) := FV(r) UFV(m) UFV(s)

Changed clauses in the definition of reduction:

a non-normalizing system

(Bu) (Cpapt)Epoms — s ma()\x““p.mEuams)t)
B (Chapt)Efoms — s(m(pap x o) (Ax““”.(:ﬂ, ()\IE”QP.SCE:O'mS)$>)t>

Let v € Vars. Set m := AaAzF** 7 At 2(Cpaqu). Then for every term ¢ : po and every

type o we have:
(Cpaat)Epom(Ay7y) (Ay7y)(mo Azt zByom(Ay7y))t)

mo (Azh* 2B ,om(Ayy))t

(A= bk 2(Cpaau) ) ( Ak 2B om(Ay7y) )t
(Aut® (At 2BE,om(Ay7y)) (Chaau))t

Azt gE,om(Ayy)) (Cuaat)
(Cuaat)Epom(Ay7y)

L A A
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Therefore by Lemma 2.50 (Cpaat)E om(Ayy) ¢ sn and it is clear that the term is also not in
wn. Note that this does not show the inconsistency of the system, i.e., it does not give a closed
term of type paa (which in turn would give a closed term of type 0 and hence closed terms of
all types).

We pursue the other possibility of getting more terms by specializing the terms m and define the
variant varIMIT of IMIT by considering terms m which are already instantiated to the second
type argument. This would not make sense for EMIT because there m is part of the introduction
rule.

In the following only changes to IMIT are given. All the statements on IMIT hold as well in
varIMIT.

Changed clauses in the definition of terms (always assuming that o ¢ FV(0)):

(u-E) If rror ¢ A, mY(emo)=r=rle=al ¢ A (for o ¢ FV(0)) and sP[*=91=7 ¢ A then
(rms)? € A (also written as rE,oms or shorter rE,ms) and FV(rs) := FV(r) U
FV(m) UFV(s).

(E*) TErsor ¢ A, m¥ola—papxo)—p=plo=nopxa] ¢ A (for a ¢ FV(o)) and stlohapxol—=o ¢
A then (rms)” € A (also written as rEfoms or shorter rEfms) and FV(rs) :=
FV(r) UFV(m)UFV(s).

Changed clauses in the definition of reduction:

varIMIT

(Bu) (Cpapt)Epoms — s m(uap)()\x“a”.a:Euams)t)
(B (Chapt)Ejoms — s(m(pap) ()\x‘w‘p.<x, ()\x““”.xEleams)x})t)

We again require x4 ¢ FV(m) U FV(s). All the other definitions may be adapted very easily
from those in section 4.1.1 on EMIT.

Note that obviously the encodings of IMIT in IMIT-rec and in IMIT—it in section 4.5 cannot be
extended to varIMIT because the types of m and m’ do not fit.

4.7.2 Embedding IMIT in varIMIT

An embedding —' of IMIT in varIMIT is straightforward to define: Set p’ := p and for every term
r? of system IMIT define the term 7’ of system varIMIT by recursion on r and simultaneously
prove that r' : p and FTV(r') = FTV(r) and FV(r’) = FV(r) as follows:

In both p-elimination rules we assume that o ¢ FV(o) UFTV(m). (The proofs are obvious.)
The statements of Lemma 4.16 and Lemma 4.17 are true for this definition and are proved by
induction on r resp. by induction on r — 7 which does not make any difficulties.



Chapter 5

Systems with positive inductive
types

We define the systems of positive inductive types by constructing their monotonicity witnesses.
Because we have even non-strict positivity also witnesses for antitone type dependency have to
be defined. In the case of non-interleaving positive inductive types no reference to pap is needed
in the definitions. A lot of examples (including Godel’s system T) is given to illustrate what
can be done with positive inductive types. MePIT and coMePIT are very special instances of
NISPIT+ex and NIPIT which serve for purposes of embedding.

5.1 The term rewrite systems PITit and PlTrec

Usually (e.g. in PIT) the canonical witnesses use only iteration. In the system PlTrec we enforce
the use of primitive recursion instead of iteration. Among other complications we do not get
normal forms any more which is achieved in PIT due to careful definitions.

5.1.1 Definition of PITit (also called PIT)

Define the term rewrite system PITit (also called system PIT) of positive inductive types as one
of the systems ESMITit. Let MTypes:=PosTypes. Lemma 3.2 and the definition itself guarantee
that MTypes fulfills the required closure conditions.

We have to define map,,, as a closed term of type VaVg.(a — 3) — p — pla := ] for every
pap € MTypes, i.e. p € PosTypes and a € Pos(p). Because positivity and negativity are defined
simultaneously, we define auxiliary terms comap,,, for o € Neg(p) simultaneously:

Define for every type p € PosTypes and every o € Pos(p) (and 5 ¢ {a} UFV(p)) a closed term

Mapr,, : Va¥B.(a — B) = p— pla =
and for every a € Neg(p) (and 5 ¢ {a} UFV(p)) a closed term
comapya, : Ya¥f.(a — ) — pla = ] — p

by recursion on d(Aap).
In order to get terms in NF and not too much notation we will set (extending the naming
convention for types by 7)

map),, = AaAﬂ)\f"Hﬂ)\xpmap)\amaﬁ[faﬂﬁ,xp] and
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comap,,, = AaAﬁ)\fo‘_)ﬁ)\xp[o‘::mcomap/\apyaﬁ[fa_’ﬁ, gPle=0l,

Here we assume that f € Vars. Moreover, map Napr.o is a simultaneously defined term of type
pla := o] with

xp[oz:zTr] c FV( ) C {fﬁea’xp[a::ﬂ}

@Aap,ﬂ',o

and comap Napr.o is a simultaneously defined term of type pla := 7| with

2#07] € F(comap, ) € {f7,at 7))

and we use as shorthands

@)\meﬁ[rw—w’ Sp[oc::ﬂ] = map/\ap77r O—[fﬂ—m" l,p[a::??] =, S] and

[ mT—0

plaz=0oly . n—o plec=0] ._
comap, "% s ]: comap/\apm’g[f , T =,

In the definitions we do not write the types of the variables f and x because the only allowed
free variables are meant. We shorten pla := o] to p[o] for every p and o.
(triv) Case o ¢ FV(p). Then a € Pos(p) N Neg(p). Set Map, ., r o i= T COMaAPy = All

the other cases are under the proviso “otherwise”!.

(V) Case p = a. Then « € Pos(p) \ Neg(p). Set Map, o ro = fx?
(—) Case p = p1 — p2. If @ € Pos(p) = Pos(p2) N Neg(p1) then set

map, o= AP ) ma Prapymo [f, x(comap)\aphma[f, y])} .

If o € Neg(p) = Neg(p2) N Pos(p1) then set

7comap)\ap,7r,a = Aypl g '7comap>\a,02,7r70 [‘f’ x(imap)\oéplyma [f7 y])] '

Because d(Aap1) and d(Aaps) are smaller than d(Aap) this is a correct definition.
(V) Case p = Vy1. Because of a € FV(p), a # . Therefore, if o € Pos(p) then o € Pos(7). Set

M)«xﬂ,ma = A’Y.L&[)Aa7_77r7a[f, xﬂ)/]
If o € Neg(p) then o € Neg(7). Set
comap, = Ay.comap)\mmg[f, xy].

The proviso for A-abstraction is met as we may assume that v ¢ FV(7w) U FV(o). In order to
verify type correctness we assume the same and therefore have (V7)o := o] = Vv.7[av := 0]
and (Vy7)[a := 7] = V7.7[a := 7]. Also note that according to the definition d(Aat) < d(Aap).
(x) Case p = p1 x pa2. If v € Pos(p) = Pos(p1) N Pos(p2) then set

mapAap’Tr’U = <@)‘ap1)7r70' [f’ xL]’imap)\a;)Q,ﬂ"a' [f’ xR]>'

!Typing reasons rule out this setting if & € FV(p). Only because of this clause it is possible that f does not
occur in map, .., Orcomap. and which would otherwise be \I-terms, i.e., terms where only variables
actually occurring free are abstracted.

The definition in [Lei90, p. 311] does not make this case distinction but uses (triv) only for the case where p
is a variable different from «. It seems that the case (u) then makes the definition unfounded. The definition in
[How92, p. 27] has (triv) but no comap because it is designed for strictly positive inductive types.

2Therefore, map,,,, will not be n-normal (The rule Az®.fz +,_ f would apply).



5.1. THE TERM REWRITE SYSTEMS PITIT AND PITREC 75

If o € Neg(p) = Neg(p1) N Neg(p2) then set

comap, = <comap/\ap17mg [f,xL], coma Prapsrio [f, zR] >

(+) Case p = p1 + p2. If a € Pos(p) = Pos(p1) N Pos(p2) then set

[

Lap)\ap,ma = xE+ (Ayfl & 'INLpQ [U]imap)\aﬂhma[f’ yl]) <)\y§2 F]'INRpl[G]Lap)\amm,o[f’ y2]>'

If o € Neg(p) = Neg(p1) N Neg(p2) then set

comap, -, = xE (Ayfl[o].INLPQ[W}comap)\aphma[f, 91]) ()\ygg[a].lNRp1 mcomap)\am’mj[f7 yQ])

(u) Case p = puy7. Because of a € FV(p), a # 7. If a € Pos(p) = Pos(7) then set

map, = 2B, plo] (AyT[W]h::‘”-T[UH-Cm/.r[a} (@M.T[%:M.T[g”mg[f, y]))

If oo € Neg(p) then o € Neg(7). Set

comap, = Bl ( Ayt G (comapy y])>.

Let us verify that this case (u) is a correct definition clause. We may assume that o,y ¢
FV(7) UFV(o). Therefore p[n| = py.7[r] and plo] = py.7[o] and

(ly := py-7lpalDlp2] = Tlp2lly = pry-7lpn]]

for any p1,p2 € {m, o} (use Corollary 2.2, Lemma 2.3 and Lemma 2.5). Let pg € {m,0}. p €
PosTypes, hence by Lemma 3.2 p[po] € PosTypes. Therefore uy.7[pp] € PosTypes and consequently
also [y 1= pv.7[po]] € PosTypes. Because o ¢ FV(uy.7[po]), Lemma 3.2 also gives us for
a € Pos(7) that a € Pos(7[y := pvy.7[po]]) and for a € Neg(7) that a € Neg(7[y := py.7[po]])-
By Lemma 3.6 (2.) d(Aa.7[y := py.7[po]]) < d(Aap). Therefore the induction hypothesis applies
in both cases, and the terms are well-formed.

It is obvious that the term generation rule (u-E™) is not used in the definition of map and comap.

Lemma 5.1 The terms map,,, for pap € PosTypes satisfy the conditions (C), (U) and (S) of
ESMIT.

Proof Of course, we have to prove appropriate statements also for comap,,,. They are (co-C)
which does not differ from (C) in the verbal representation and (co-U) which is derived from
(U) by replacing “map” by “comap”. (S) has to be completely rewritten to (new-S):

There is a well-founded relation > on abstracted types of the form Aap such that for every
p € PosTypes and a € Pos(p) and every subterm C),oyt of map),, we have Aap > Ad/p’ and
for every p € PosTypes and o € Neg(p) and every subterm Cpnt of comap,,, we also have
Aap = Aa/p.

(C) and (co-C): This is clear because in the definitions of map and comap the variable « always
only occurs bound. (U) and (co-U): Applying the type substitution does not lead to a jump
from one case in the definition to another: neither in the distinction whether o € FV(p) nor in
the analysis of the outermost type constructor nor in the cases due to positivity or negativity.
(new-S): The following approach does not work. Set

Aap = A/ p' & d(Aap) > d(Adp).
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In the (p)-clause we have to check
dAapyT) > d(A\y.7]a == o)) = d(Ay7)

(assuming v ¢ FV(o)). This is not true in general (e.g. for 7 := « x V3V assuming that the
variables are different). The definition of h just aimed at solving this problem. Setting

Aap = A p' = h(dap) > h(\d'p),

it is easy to show (new-S) by induction on d(Aap) (or on the definition of map and comap)
using Lemma 3.5. It is also easy to see that map,,, and comap,,, could have been defined by
recursion on h(Aap). O

Note that it would be nearly the same proof for showing that PIT is also one of the systems
ISMIT (due to the observation that in the rule (u) of the definition of map and comap the
p-introduction and the p-elimination happen with p-types of the same height and depth).

Lemma 5.2 map and comap are always terms in NF.

Proof By induction on the definition using the statements of Lemma 2.25 and Lemma 2.26
which hold for ESMIT. O

Therefore, by Lemma 4.7 for every term r of PIT in NF, the term ' in EMIT, to which r is
mapped by the canonical embedding — defined in section 4.2.2, is also in NF.

Note that the rule (u-ET) is not used for the definition of map and comap. Note also that the
first argument to map and comap is always the variable f.

5.1.2 Examples of term rewriting in PIT

In the following some of the examples of inductive types introduced in section 3.1 which are
types in PIT are studied more carefully. The types of the variables which are bound will always
be omitted except at the binder.

As a first example consider nat = pa.l + «. It is immediate that

Mapyaita = AABAf 7PN 2B (Ayh.INLgy) (Ay®.INRy (fy)).

Define
0 := Cnat<|N|—nat|N1) : nat
S = Az".Chat(INRyZ) : nat — nat

Given terms a : 0 and b : nat — 0 — o we define F, j := )w”at.xEjas : nat — o with
5 := Axt T 2B (Ayt.a) Ay 7.b(yL) (yR)),

where z,y ¢ FV(a) UFV(b). We get the following reduction behaviour: Fj,;0 —1 a and
Fop(St) =1 bt(F,pt). Therefore we may say that Godel’s system T (see e.g. [GLT89]) is a
subsystem of PIT.

Consider tree = tree(nat) = pa.1 + (nat — «). We see that

MaPya 11 (nat—a) = AAABAf*7PAzI T2 2 F L (Ay' INLpar— gy) (A" 7% INR1 (A2 £ (2))).
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Define
nil = Clree(INLpat—treelN1) : tree

lim = Az" 7t Oy (INRyx) : (nat — tree) — tree

Given terms a : ¢ and b : (nat — tree) — (nat — o) — o we define the term F; :=
Azt rEfos : tree — o with

g = )\Zl+(nat—>(tree><a)).ZE+()\y1_a)()\ynat—%treexa)_b(Aunat'yuL)()\unat'yuR)),
where y, z ¢ FV(a) UFV(b). The reduction behaviour is as follows: F, pnil =% a and
Fap(lim t) =1 b(Au" tu) (A"t F, p(tu)).

Although there is the unpleasant Au"'.tu instead of ¢ we see that this reduction behaviour
reflects our intuition of recursion on countably branching trees (and by adding 7_-reduction
to the reduction rules we could avoid this nuisance without making the normalization proof
harder).

We turn to cont(p) = pa.1 + ((aw — p) — p) with p € PosTypes. We get

MaPa 1+ (ap)op) = NAABAFO 7PN @070 2B (AyLINL (5 ) )s

with
s := Ay@P) P INRL (Ag? P .y (AR g(Fh))).
Define
nil = Ccont(p)(INL(cont(p)—>p)—>p|N1) : cont(p)
lim := )\x(cc’”t(f’)ﬁf’)ﬂp.c*cont(p)(INRlx) : ((cont(p) — p) — p) — cont(p)

Let a be a closed term of type p. Define a closed term E of type cont(p) — p by
E = )\:UCO”t(p).xE#()\zH((’Hp)_}p).zE+()\y1.a)()\y(p_’p)_’p.y()\upu))).
We get the following reduction behaviour: Enil —* a and
E(lim t) =1 PP =P y(Aulfu)) (Ag? P H(ARC™P) g(ER))) —T t(Ah™P) ER).

If we ignore the difference between Ah"(?) Eh and E (which could again easily be removed
by introducing n-reduction for —) we may say that the following definition is by iteration on
cont(p):

Enil = a
E(limt) = tE

We see that the recursive call is by no means to F/ with some term smaller than lim ¢ in any sense.
The term E which stands for the function about to be defined is even fed in as an argument to
the term ¢. But nevertheless in chapter 9 it will be shown that PIT is strongly normalizing and
hence also the lambda calculus extended by this definition when seen as term rewrite rules.

As was mentioned in section 3.1 this type was studied before by Martin Hofmann. It was
brought to my attention by Ulrich Berger in the unpublished manuscript [Ber95]. The possibility
of defining a function with clauses as above and having termination guaranteed because it is
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simply an instance of iteration on some inductively defined set caught my attention to an extent
which made this thesis possible.

Finally consider Tree = pa.1 + (tree(a) — «). By unwinding the definitions we get
MaP)g 1+ (tree(a) —a) = AAABAFO 7PN TI(@=0) 31 (A INLyree(s)—9)s,
where we set
s 1= Ay"ee @7 INRy (AP f (y (2B, (X' TE=e@) o)),

where we set
t = iEL (AELINLy L gree(a) ) (NP 7@ INRy (A K (fm))).

Define

nil 1= Ctree(INLiree(Tree)—Tree/N1) : Tree
lim = \gtree(Tree)—=Tree 0o (INRyz) : (tree(Tree) — Tree) — Tree

Tree

Given terms a : 0 and b : (tree(o) — o) — o we define F, := Az '"¢.2E, 05 : Tree — o with

s 1= Ag!Tree(@)=9) 2B (\yl.a)b,
where z,y ¢ FV(a) and = ¢ FV(b). We get the following reduction behaviour: Fy pnil =% a and

Fup(lim £) —+ (A2 Fy  (4(2E (0T Gy (1B 5152))))) with

51 = Ak -INLTree—>tree(Tree)k
5y = )\k.aatree(Tree) AINR; ()\mTree.k(Fmbm))'

Note the occurrence of Fpp in s3.

5.1.3 Definition of PlTrec

We define the system PlTrec as one of the systems ESMITrec. As for PIT let MTypes:=PosTypes.
The definition of the map-terms only introduces a reference to (u-E) in the case (u). As was
mentioned in the proof of Lemma 5.1, the definition of map,,, and comap,,, could as well have
been done by recursion on h(Aap). For PITrec we define map,,, and comap,,, by recursion on
h(Aap) introducing the map- and comap-terms as for PITit and only change the clause (u) to:
(u™) Case p = uy7. Because of a € FV(p), a # 7. If a € Pos(p) = Pos(7) then set

map, = ﬂcE:[p[o—] ()\y’r[ﬂ]h!:(#’}’f[ﬂ)x(.U’Y-T[Cfm_Cu,yﬂ—[o—] (@Aafh:uvf[oﬂmo[f’ T])) with

= (wy.rw]) < (ny.7[o])
P 3B ) el ¢ ) g i) #Roy]

If oo € Neg(p) then o € Neg(7). Set
[f,7)) with

comap, -, == ¢E;; pl] (AyTM TG O (comapy

r ATl xrrlml) LR g,

= 8Py 7(o] (uy-lo]) x (-] oyl
The justification is the same as for (i), where d is replaced by h, and by using h(Aapuyr) >
h(py.7lo := po]) for po € {m, o}
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The use of recursion instead of iteration in these clauses clearly follows the idea of the first coding
of IMIT in IMIT—it in section 4.5.2. It is mainly intended to show that even the definitional
principle has to be improved (from d to h) in order to get the map-terms without iteration.
Lemma 5.1 is also true for PlTrec and proved in the same way. Note that the statement of
Lemma 5.2 is no longer true:

map)\a(X’pXU’U[)\zPXU.zR,x] = (A2"*7.2R)x ¢ NF.

Such a term will be used for the build-up of e. g. mapy,,y o+ and by Lemma 2.27 it follows that
map)\au'y.a+’y Q—f NF.

In some extensional theory it is possible to show that these map-terms are equal to the ones of
PITit. But this is by no means easy and requires functoriality of both monotonicity witnesses
(cf. appendix B).

5.2 The term rewrite systems SPIT, PIT4+ex and SPIT+ex

Define the term rewrite system SPIT of strictly positive inductive types as the restriction of
PITit to SPosTypes, i.e., set MTypes := SPosTypes C PosTypes (by Lemma 3.4) and check that
every construction made in the definition of PITit does not lead out of MTypes. Therefore SPIT
is one of the systems ESMITit.

Lemma 3.1 and the definition of SPosTypes show that MTypes fulfills the required closure condi-
tions. Therefore, it is easily shown by induction on d(Aap) that for p € SPosTypes and « € Pos(p)
the term map,,,, of PITit is also a term of SPIT and for a € Neg(p) the term comap,,,, of PITit
is also a term of SPIT. (Of course, the respective property has to be proved for map, oo
and comap Napr.o with 7,0 € SPosTypes.) Note that the induction hypothesis is always applied

to abstracted types of the form Aar with 7 € SPosTypes. The following approach gives more
information:

Lemma 5.3 If p, 7 and o € SPosTypes and o € SPos(p), then Map, ., ro is a term of SPIT.

Proof Induction on d(Aap). The only cases of interest are (—) and (u). (—): Case p = p1 — pa.
If o € SPos(p) = SPos(p2) \ FV(p1), then a ¢ FV(p1). Therefore comap, syl =y, hence

map, o = AyPt [U].mapmm’mg[f, zy|. (Note that zE_,y is well-typed because pi[r] = pi[o].)

Now the induction hypothesis applies. (u): Case p = pyr. If @ € SPos(p) = SPos(7), then
making the assumption that «,y ¢ FV(o) we only have to show that a € SPos(7[y := py.7[0]]).
This follows from Lemma 3.1 because « ¢ FV(u~y.7[0]). O

For easy reference the following list of properties of map is given. It could also serve as a
definition (by induction on d(Aap)). All the types are assumed to range over SPosTypes.

If a ¢ FV(p), then map, .= All the other cases are under the proviso a € SPos(p)NFV(p),
where p is the type which is A-abstracted on the left side.

@Aaa,w,a - f.f
map, o re = AyPilel Map, s [f, zy]
wkaV'yT,w,a = A’y'@)\aﬁmg [fa l"}/]
@)\a,pl X p2,mT,0 = <rnap)\ap1,7['r,ij[f’ SCL], map/\ap%ﬂ_’(7 [f, ‘TR]> .
— PLIT p2|T
7map)\a.p1+p2,7r,0' - JJE+ (Ayll 'INLP2 [U]imap)\am ,w,a[f’ yl]) (AyQQ 'INRpl [U}imap/\apg,ﬂ',a[f’ y2]>

map, = 2E,plo] (}\yT[ﬂ [y:=py.7[o]] Cliy.rlo] (@/\a-T[w:m-T[ollﬂw £, Z/]))
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Because of Lemma 5.1 the terms map,,, for uap € SPosTypes satisfy the conditions (C), (U)
and (S) of ESMIT.

If one leaves out the rule (u-E*) in the definition of terms for SPIT (and consequently also
the rule for full primitive recursion) and also removes universal type quantification, one gets a
system which is essentially Loader’s calculus of inductive types in [Loa97].

The systems PIT+ex and SPIT+ex are defined as systems ESMIT+ex setting MTypes:=PosTypes
and MTypes:=SPosTypes, respectively.

The definition of map and comap for PIT is extended by the following clause (recall that the
clauses have the proviso stated in the clause (triv)):

(3) Case p = Iy7. If @ € Pos(p) then a € Pos(7) (due to the proviso o € FV(p)). Set

map, o = 2E5(Ay Ay .CHV'T[UMmapAM’mJ[f, y)).
If oo € Neg(p) then o € Neg(7). Set
comap, = 2E5(AyyTlo! .CE,Y.T[WMcomap/\m’ma [f,y)).

The proviso for A-abstraction is met as we may assume that v ¢ FV(m)UFV(o). The justification
is the same as for the clause (V).

Obviously, these clauses may also be interpreted in SPIT+ex. Indeed, the statement of Lemma 5.3
(where SPIT is replaced by SPIT+ex) holds and may be proved in the same way. The clauses
for comap are not needed as was the case for SPIT.

5.3 The term rewrite systems NIPIT, NISPIT and NISPIT+4ex

We define systems of non-interleaving positive inductive types, hence nesting is allowed but not
interleaving using the parameters of a type pap for forming another u-type.

Define NIPIT as one of the systems ESMITit by restricting PIT to the type system defined by
MTypes:=NIPosTypes. Due to Lemma 3.10 the condition (sub) is satisfied for NIPosTypes. We
have to check that the terms map,,, with pap € NIPosTypes are also terms in this restricted
system.

Lemma 5.4 Let p, m and o € NIPosTypes. If o € NIPos(p), then Map, ., ro is a term of NIPIT.
If a € NINeg(p), then comap, ., is a term of NIPIT.

Proof Induction on p. The only case not being completely obvious is (u): Let p = pyr and
a € FV(p). Therefore a ¢ NIPos(7) \ FV(p) = NIPos(p) and a ¢ (NINeg(7) \ FV(p)) U {~} =
NINeg(p). Hence, the case (u) never applies! 0

The proof shows that map Nap and comap Nap for NIPIT could also be defined by induction on p

by just leaving out the clause (u) in the definition of map and comap for PIT. This definition
has been given in [Geu92]. It seems that in [Lei90] the definition even in the general case of
interleaved p-types, viz. in PIT, has been given by induction on the type which unfortunately
is not possible. Because map and comap are defined without the term rules (p-I), (u-E) and
(u-ET), NIPIT is trivially also one of the systems ESMITrec.

Define NISPIT by restricting SPIT to the types MTypes:=NISPosTypes. As for NIPIT and SPIT
we get a system ESMITit. The definition of map,,, may be done by induction on p and does
not contain a specific clause for (p).
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The system NISPIT+ex is defined as the restriction of SPIT+ex to MTypes:=NISPosTypes (includ-
ing the existential quantifier). We get the following clauses (which are simply those of SPIT+ex
without the u-clause):

map, o x, if @ ¢ FV(p). The other clauses only otherwise!

miap)\aamg = fz

M, = NYhmapy [ @]

mMapP, vwyrmo = Aymap,  [f,27]

Map, ey = (mapy  [fialmep,  [faR])

map, o= aB (AN map, (] ) (W TLINR map, (9]
map, o = zE3 <A’Y)\y7[“] C3y.2(0)yMaPy o 1 o L, y])

It might now be instructive to reconsider the examples discussed in 3.5.

5.4 The term rewrite systems MePIT and coMePIT

These are systems which only serve a purpose in the circles of embeddings. Their main advan-
tages over arbitrary NISPIT+ex and NIPIT, respectively, are their well-behaved map-terms not
using sum types.
MePIT is defined as one of the systems ESMIT+ex. Let the underlying set MTypes be defined
as the least set containing Typevars, 0 and 1 and being closed under —, V, x, 4+, 3 and the
following clause:

(1) If p € MTypes and « ¢ {5} UFV(p), then pa3p.(8 — a) x p € MTypes.

It is very easy to see that MTypes is closed under substitution, i.e. the condition (sub) in the
definition of ESMIT+ex is satisfied. It is also easy to see that MTypes is a subset of the type
system of NISPIT+ex. Hence we define MePIT to be the restriction of NISPIT+ex to MTypes.
The terms map do not use types outside MTypes. This is easily proved: The only case of interest
is (). We see that for a ¢ {5} UFV(p) the definition yields

MaPxa38.(B—a)xp = AaAyA fO7 AT B0 g B3 (ABAYP=*0.C35 (5w p s (NP F(yL2), yR)),
which is clearly okay.

The term rewrite system coMePIT is defined as one of the systems ESMIT. Let the underlying
set MTypes be defined as the least set containing Typevars, 0 and 1 and being closed under —,
V, X, + and the following clause:

() If p € MTypes and « ¢ {8} U FV(p), then paVvs.(a — ) — p € MTypes.

It is again easy to see that MTypes is closed under substitution and that MTypes C NIPosTypes.
Hence we define coMePIT to be the restriction of NIPIT to MTypes. Again it is easily proved that
the terms map do not use types outside MTypes. Consider (u). We see that for a ¢ {3} UFV(p)
the definition gives us

MaPyays.(ap)p = AAAYAFO TN OA =P A BN T=F 28(X2" y(f2)),

which indeed only uses types in MTypes.
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Chapter 6

Term rewrite systems in the spirit of
Mendler’s system of inductive types

The following motivation became clear to me in quite late a stage of the work on this thesis
although the report in [UV97] of an embedding of Mendler’s system in [Men87a] into the system
of positive inductive types suddenly clarified three mysterious facts on Mendler’s system: That I
succeeded in proving strong normalization without having to restrict to positive inductive types
as Mendler did. (The elimination-based proof given in section 9.4.1 is practically my original
proof of December 1996 presented at a workshop in Munich!.) That iteration is faithfully
represented by primitive recursion (which is now section 6.1.3) and that for positive inductive
types without + one can define a predecessor (which unrolls pap to pla := pap]) having the
right reduction behaviour only after adding some n-rules which do no harm to confluence and
strong normalization.

It is interesting that already in [Lei90, p. 308] the idea behind the elimination rule corresponding
to iteration modelled after Mendler’s recursion rule was identified (and called M-induction) but
not used to get rid of the positivity restrictions.

Let (U, <) be a complete lattice and ® : U — U any function. There are two canonical ways of
producing a monotone function out of ®. Define ®= : U — U and ®< : U — U by setting

(M) = \/{®(M")|M' < M}

and
o=(M) == N{®(M")|M < M},

®= and ®< are monotone due to transitivity of <, and ®=(M) > ®(M) and ®<(M) < &(M)
due to reflexivity of < (of course, some properties of suprema and infima enter the argument).
Clearly, = = ® = &= for monotone ®. And ® is monotone, if = = & or = = .

Because ® — &= and ® — ®= are also monotone, it is clear that ®= is the pointwise least
monotone function being pointwise greater than ® and that ®< is the pointwise greatest mono-
tone function being pointwise smaller than ®. Therefore I would like to call ®= the upper
monotonization and ®< the lower monotonization of ®.

By Tarski, there are least fixed points of ® and ®<. Let us study how their elimination and
introduction rules may be expressed in terms of ®.

Set Ifp=(®) := Ifp(®Z). The rule (Ifp-E) says that ®=(M) < M = Ifp=(®) < M. This is
equivalent to

! Arbeitstagung Deduktive Aspekte von Beweistheorie und Informatik, Munich, December 19-20, 1996, orga-
nized by Gerhard Jager (Bern) and Helmut Schwichtenberg (Munich).
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(Ifp=-E) (VM'.M' < M = &(M') < M) = Ifp=(®) < M.
The rule (Ifp-ET) says that ®Z(Ifp=(®) A M) < M = Ifp=(®) < M. This is equivalent to
(Ifp=-ET) (VM'.M' < Ifp=(®) = M' < M = ®(M') < M) = Ifp=(®) < M.

Set, Ifp=(®) := Ifp(®=). The rule (Ifp-E) says that ®=(M) < M = Ifp=(®) < M. Unfortunately,
®=(M) < M cannot be expressed in simpler terms in this general setting.

Let now (U, C) be a complete lattice of sets. The rules (Ifp=-E) and (Ifp=-E*) may be expressed
as

(Ifp>-E) If z € Ifp>(®) and YM'.M’ C M = ®(M’) C M, then x € M.
(Ifp=-E*) If z € Ifp>(®) and YM'.M' C Ifp>(®) = M’ C M = ®(M’') C M, then z € M.

This motivates the elimination rules of MelT and UVIT whose common type system imposes no
restrictions on the formation on pap reflecting the use of any ®:

(-E) Tf r#er € A and s7*(@=0)=r=7 ¢ A (with a ¢ FV(0)), then (rE,s)” € A.
(u-ET) If r#eP € A and sv(@—rap)=(a=0)=p=0 ¢ A (with a ¢ FV(0)), then (rEfs)” € A.

MelT and UVIT will differ in the introduction rule. Let us go back to the general situation of
(U, <): The fact that Ifp=(®) is a pre-fixed-point of ® is equivalent to

(Ifp=-1) VM.M < Ifp=(®) = &(M) < Ifp=(D).
As a trivial (due to reflexivity of <) instance we get
(Ifp=-Lwk) D(fp>(@)) < Ifp> ().
For (U, C) a complete lattice of sets we get
(Ifp=-I) If M C Ifp=(®) and = € ®(M), then = € Ifp=(P).
(Ifp=-I-wk) If 2 € ®(Ifp2(®)), then z € Ifp2(d).
This directly motivates the introduction rules for UVIT and MelT. For UVIT we take
(p-T) If j7=Her € A and tPl=T] € A, then (Cjt)*** € A and FV(Cjt) := FV(j) UFV(t).
corresponding to (prQ—I) and for MelT the introduction rule
(u-1) If tPles=rerl € A then (Capt) P € A.

corresponding to (Ifp=-T-wk).

The reader should be warned that the introduction rule for MelT seems to be coming from (Ifp-I)
depending on a monotone ®. Although the rule pertaining to (Ifp-I) is in fact the same (e.g. in
IMIT), an understanding of MelT would be impossible?.

We did not yet model Ifp=(®) in a term system. Let now (U, C) be a complete lattice of sets
where the infimum is always given by set intersection. Hence,

OE(M) = {z|VM' .M C M' = z € d(M')}.

The rules (Ifp-E) and (Ifp-E™) therefore give for ®< instead of ® the following rules

2Presumably it is this wrong intuition which gave Mendler’s system a flavour of “mystery” (see the introductory
remarks to this section).
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(IfpS-E) If 2 € fpS(®) and Vy.(VM’.M CM =ye <I>(M’)) = y € M, then z € M.

(IfpS-E+) If 2 € IfpS(®) and vy.(VM’prQ(cb) AMCM =ye¢ @(M’)) = y € M, then
xe M.

They serve as the motivation for the elimination rules of coMelT (also without restrictions to
forming pap):

(u-E) Tf r#er € A and s(Ve(@=2)=n)=0 ¢ A (with a ¢ FV(0)), then (rE,s)? € A.
(u-ET) If 74P € A and s(Ve-(papxo—a)=p) =0 ¢ A (with o ¢ FV(0)), then (rEfs)” € A.
The fact that |fp§(<1>) is a pre-fixed-point of ®< is equivalent to the following rule
(IfpS-T) If VM IfpS(®) € M = x € ®(M), then = € IfpS(P).
This directly motivates the introduction rule of coMelT:

(u-I) If $7o-(ar—a)=p ¢ A then (Cyapt)H € A.

What is the purpose of this chapter? The systems MelT, UVIT and coMelT are introduced
to elucidate the embeddings of the systems of monotone inductive types into systems of non-
interleaved positive (or—in the presence of the existential quantifier—even strictly positive)
inductive types.

The idea of forming ®= and ®< will later also be used in the direct proofs of strong normalization
of the systems of monotone inductive types, and hence it is interesting to isolate these concepts
in some formal system.

The embeddings given in this chapter all draw from the lattice-theoretic intuition: The embed-
dings of the newly introduced systems into systems of positive inductive types are derived from
analyzing the above arguments justifiying the rules, whereas the embeddings of the systems of
monotone inductive types into MelT et al come from the fact that for monotone ® (whence
®2 = & = ®%) the original introduction and elimination rules for least fixed points may be
derived from those for Ifp2 and IfpS, respectively. The latter fact is not at all surprising but the
impact it has due to the compatibility of its proof with reduction: Monotone inductive types
embed into non-interleaving positive inductive types.

In order to reduce notational overhead in the direct proofs of strong normalization for MelT
and coMelT, it is shown that iteration may be easily derived from recursion in these systems
(contrast this with the situation of monotone inductive types discussed in section 4.5).

The picture of the systems is completed by embedding their iterative fragments into system F.

6.1 The variant MelT of a term rewrite system proposed by Nax
Mendler

The system corresponding to (Ifp=-I-wk), (Ifp=-E) and (Ifp=-E") is defined and its connection
with Mendler’s system in [Men87a| discussed. The system varIMIT is embedded into it and it is
embedded into its fragment without iteration and its iterative fragment embedded into eF.
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6.1.1 Definition

The definition is again quite elaborate because a direct normalization proof (for MelT—it) will
be given in section 9.4.1.

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(u-T) Tf teloi=rarl ¢ A then (Capt)**? € A and FV(Ca,t) == FV(2).

(u-E) If r#er ¢ A and s7*(@=9)=r=7 ¢ A (with a ¢ FV(0)), then (s) € A (also written
as rE,os or shorter rE,s) and FV(rs) := FV(r) UFV(s).

(u-ET) If r#er € A and sV (e—nap)=(a—=o)=p=0 c A (with o ¢ FV(0)), then (rs)7 € A
(also written as 7E}os or shorter 7E}s) and FV(rs) := FV(r) UFV(s).

This definition is again compatible with the renaming convention for bound type variables.
Extend the recursive definition of FTV(r) by the following clauses:

(u-I) FTV(Cuapt) := FV(ap) UFTV(t).
(u-E) FTV(rs) := FTV(r) UFTV(s).
(i-ET) FTV(rs) := FTV(r) UFTV(s).

The definition of 7[Z? := 5] together with the proof of r?[Z7 := 3] : p and FV(r[zf := 3]) =
(FV(r) \ ) U U{FV(s;)|zf" € FV(r) Ao :Ejp-j for j < i} (i.e., the statement of Lemma 2.10)
is extended by the following clauses:

(1-]) (Cluapt) [P := 5] := Cpapt[F” := 5]. Proof obivous.
(u-E) (rs)[7? := 5] := r[z° := 5]E,,s[i” := 5]. Proof obvious.
(u-ET) (rs)[@P := 5] := r[# := ﬂEZs[fﬁ := §]. Proof obvious.

The definition of r[@ := &] together with the proof of r?[@ := &] : p[d@ := &] and FV(r[d@ := 7)) =
{y7[@=1y™ € FV(r)} is extended by the following clauses:

(p-1) (Cpapt)[@ := 7] := Cluap)la:=s)t[@ := 7]. Proof obvious.
(-E) (rs)]a := ] :=r[a := 7]E,s[d := d]. Proof obvious.
(w-ET) (rs)[a := 7] := r[a := 7]E; s[d@ := 7]. Proof obvious.

The statements made in section 2.1.2 are valid in MelT, too.

The general definition of immediate subterms of a term gives the following extension for sys-
tem MelT: Cpqpt has exactly the immediate subterms ¢ and rE,s and T‘E:S have exactly the
immediate subterms r and s.

Extend the inductive definition of r§ for system eF as follows:

(u-E) If r8: pap and s : Va.(a — o) — p — o (with a ¢ FV(0)), then r(§,s) := (r3)s.

(w-ET) If r3: pap and s : Va.(a — pap) — (@ — o) — p — o (with o ¢ FV(0)), then
r(8,s) := (rs)s.

The statement of Lemma 2.23 holds also true for MelT.
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Lemma 6.1 (Head form) Every term has either exactly one of the forms given in Lemma
2.44 or exactly one of the following forms:

(u-I) Cpapt

(u-R) (Capt)ss, subsuming both eliminations for u
Proof Induction on terms. 0O
Extend the inductive definition of the set NF for system eF by the following clause:

(p-I) If Cpapt is a term and ¢ € NF, then C,,t € NF.

The statements made in section 2.1.3 are all valid in MelT.
Define the relation — as for system eF, but add the following clauses:

MelT
(Bu) (Cruapt)Epos — s(pap)(Axt? xE, os)t
B (Chapt)Efos = s(pap) (AytPy) Azt 2B os)t

In both rules we require that 21 ¢ FV(s).

As for system eF the objects on the right side are automatically terms if the respective object
on the left is a term, and the types are equal.

The relation —,p4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the congruence rules for
and prove that if » — 7/, then r and 7’ have the same type and FV(r') C FV(r).

Extend the inductive definition of WN for system eF by the following clauses:

(p-I) If Cpapt is a term and ¢ € WN, then C),q,t € WN.

(Bu) If s(pap)(Axt? . xE,08)ts € WN, 2#*? ¢ FV(s) and (Cjapt)Eu0s5 is a term, then
(Cpapt)Eoss € WN.

(BF) I s(uap)(Ayr*ry) Azt 2Bl os)ts € WN, zh ¢ FV(s) and (Cuapt)Efos5 is a
term, then (Cpapt)E; s € WN.

Again definition by recursion on WN is admissible. Extend the recursive definition of the function
Q from WN to A and the simultaneous proof of r —* Q(r) € NF for r € WN by the following
clauses:

(1) (Cpapt) = CpapS2(t)-

(Bu) QU(Cpapt)ELos3) —Q( s(pap) )\x“a"’.xE“Js)té’).

(B5) Q(Cruapm)Efo57) i= O s(nap) Ay ory) Aske? 2,0 5)t5).

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(p-I) If Cpapt is a term and ¢ € SN, then C,0,t € SN.

(Bu) If s(pap)( Azt 2E,08)ts € SN, x#*? ¢ FV(s) and (Cjapt)EL0s5 is a term, then
(Cpapt)Eposs e SN.
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(B) It s(pap)(AytPy)( Azt 2Efos)ts € SN, z# ¢ FV(s) and (C’mpt)EZJsé’ is a
term, then (Cpapt)E}0s5 € SN.

The only difference between the u-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, Q, SN and sn) is also
true for MelT.

MelT is not the original system of [Men87a]: The minor differences are as follows:

e In MelT we have no coinductive types which however could be treated analogously.

Iteration has been added although it may be eliminated as shown in section 6.1.3.

e Recursion is not expressed via a recursion operator but by a rule.

MelT is defined as an extension of eF and not only of F.

In contrast to the original system we allow any pap without positivity requirement and
have the introduction and elimination rules for any pap. This will be essential for the
embedding of varIMIT in MelT in the next section.

6.1.2 Embedding varIMIT in MelT

In the introduction to this chapter it was shown that (Ifp=-E) and (Ifp=-ET) are equivalent to
(Ifp-E) and (Ifp-E*) if one replaced ® by ®= in the latter rules. The rule (Ifp=-I-wk) was taken as
a consequence of (Ifp-I) where again ® was replaced by ®=. If ® is monotone, then ®= = & and
hence the replacement does not change anything®. Therefore, in this case (Ifp-E) and (Ifp-ET)
are consequences of (Ifp=-E) and (Ifp=-E*), respectively. Moreover, although (Ifp=-I-wk) only
is an instance of (Ifp-I) with ® replaced by ®=, it is the same rule for ®2 = ®. Because of the
latter fact we may take the homomorphic p-introduction rule in the following definition. The
clauses pertaining to elimination reflect the proof of the other consequences—more precisely:
They reflect the proofs that for monotone ® (Ifp-E) and (Ifp-E*) are consequences of (Ifp=-E)
and (Ifp=-E*) where Ifp= has been replaced by Ifp in the latter rules. And because these proofs
only need monotonicity in a restricted way an embedding even for varIMIT is gained and not
only for IMIT%.

Set p' := p (for p a type in varIMIT) and for every term 7 of system varIMIT define the term 7’/
of system MelT by recursion on r and simultaneously prove that ' : p and FTV(r') = FTV(r)
and FV(r") = FV(r) as follows:

(eF) The homomorphic term rules for eF.
(u-I) The homomorphic p-introduction rule.

(w-E) (r**PE,oms)" :=1'E,08 with § := AaXz®77 \y”.s'(m'azy), where we assume that
a ¢ FTV(s) UFTV(m) and require z,y ¢ FV(s) UFV(m) and z # y.

(wET) (rtePEroms) = r'Efos with § := Aadz]" " X287 AyP s (m/ (A (212, 201) )y),
where we assume that o ¢ FTV(s) UFTV(m) and require 21, 22,y ¢ FV(s) UFV(m)
and 21, 29,y different.

3This explains why we take p’ := p in the embedding. It is the clue to the problem of embedding term systems
with monotonicity witnesses into term systems with positivity restrictions in the types which therefore guarantee
monotonicity even on the level of types.

4An embedding of EMIT into MelT cannot be constructed in this easy way because monotonicity enters the
arguments for the elimination rules where EMIT does not have the monotonicity witnesses.
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(The proofs are obvious.) Recall that a ¢ FV(o) is part of the definition of the p-rules of varlMIT,
which implies that « is not free in the type of s (in both rules). Therefore the assumption
a ¢ FTV(s) is admissible.
The statement of Lemma 4.16 is true for this definition and is proved by induction on r. That
—'is an embedding is proved by induction on —. Only (8,) and () deserve attention. Check
e.g.
(B1): (Cuapt)Efoms) = (Cpapt')Efos  with § as defined above

— s(uap)(/\y“apy)()\x“ap.xE;faé)t’

m/ (pap) ( AxHe? (AyHry)z, ()\x“o‘p.:ﬁEtaé)x))t’)

— s (m/(pap) ( AztP (z, ()\$Map.$EZU§)$>>t/>

= (( (uap)()\x“ap.<x,()\x““p.xE;ams):w)t))

/

6.1.3 Embedding MelT in MelT-it

The following embedding is nearly trivial. Mendler’s original system in [Men87a] does not have
an iterator. This section shows that an iterator—in MelT the rule (u-E)—is superfluous. Note
that this reduction is not directly possible for the systems of monotone inductive types (see
section 4.5).

Let MelT—it be the system which is derived from MelT by leaving out the term rule (u-E) and
the reduction rule (3,).

Set p' := p and for every term r” of system MelT define the term r’ of system MelT—it by
recursion on 7 and simultaneously prove that ' : p and FTV(r') = FTV(r) and FV(r') = FV(r)
as follows:

(eF) The homomorphic term rules for eF.
(u-I) The homomorphic p-introduction rule.

(w-E) (rt*PEyos) = 1'E}os with § 1= AaXz*7H*.s'a, where we assume that o ¢
FTV(s) and require z ¢ FV(s).

(u-ET) The homomorphic u*-elimination rule.

(The proofs are obvious.) Substitutivity (the statement of Lemma 4.16) is true for this definition
and is proved by induction on r. That —' is an embedding is proved by induction on —. Only
the rule (8,) deserves attention.
(Bu): ((Cpapt)Epos) = (Cuapt')Ejfcs  with § as defined above
= Sluap) yery) Azt eEjod)t!
s'(pap)(AzhP zEF o8)t!

= <s(uap)()\a:“°‘p.a:EMas) )l.

6.1.4 Embedding MelT-rec in eF

Because I have no idea for a direct embedding of IMIT-rec into IT, MelT-rec is embedded into
eF. (Via the circle of embeddings we finally get that IMIT-rec embeds into eF.)

Let MelT-rec be the system which is derived from MelT by leaving out the term generation rule
(u-ET) and the reduction rule (3;)).

For every type p of system MelT—rec define the type p’ of system eF by recursion on p and
simultaneously prove that FV(p’) = FV(p) as follows:
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(eF) The homomorphic type rules for eF.

() (pap) :=Vp.(Vo.(a — B) — p' — B) — B for § ¢ {a} UFV(p).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems MelT-rec and eF.

= a].

QL

Lemma 6.2 (p[ad :=7d]) = /|
Proof Induction on p. O

For every term r? of system MelT—rec define the term 7’ of system eF by recursion on r and
simultaneously prove that ' : p/ and FTV(r') = FTV(r) and FV(r') = {27 |27 € FV(r)} as
follows:

(eF) The homomorphic term rules for eF.
(1) (Chuapt)’ := ABNY>(@=B)=0"=8 5 (uap) (AzHer) 2p2)t for B ¢ {a} U FV(p) U
FTV(t) and z ¢ FV(¢).
(wE) (r**PE,0s) = r'Eyo’s’.
(The proofs were always obvious.) This definition is again compatible with the variable conven-
tions for MelT—rec and eF.

The statement of Lemma 4.11 is true for —’ and proved by induction on the terms. That —’ is
an embedding is proved by induction on —. Only (8,) deserves our attention:
(Cuapt)Buos) = (ABAY>(@=B)=0"=8 5 (uap) (AzHer) 2p2)t ) o' s'
—  (Ag¥Yala=a) =0 =0 L (uap) (Axer) zol )t s
— s (pap) (AeHor) gl st

= (s(uap)()\:r“ap.mEuas)ty.

6.2 The term rewrite system UVIT

The following system UVIT is a variant of MelT which corresponds to the logical system MNIp-”
in [UV97]. The name UVIT (system of inductive types & la Uustalu and Vene) intends to honour
[UV97] because it is the true junction between IMIT and NISPIT+ex, MelT being only some
peculiar variant of UVIT on the way from IMIT to NISPIT+ex as is the variant varIMIT of IMIT.
6.2.1 Definition

In what follows only changes to MelT are given. All the statements on MelT hold as well in
UVIT. Changed clause in the definition of terms:

(p-I) If j7~Her € A and tPl=7] € A, then (Cjt)#** € A and FV(Cjt) := FV(j) U FV(t).

Changed clauses in the definition of reduction:

UVvIT
(ﬂi) (C].'T_’“O‘pt)Eﬁas — ST()\.’L’T.(:]'CC)EMO'S)? N
Br) (CjT7HP)E os — sT(Ax".jx)(Aa”.(jo)E os)t

In both cases we require that 2™ ¢ FV(j) U FV(s).
All the other definitions may be adapted very easily from MelT.
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6.2.2 Embedding MelT in UVIT

The following trivial embedding reflects the fact that (Ifp=-I-wk) is weaker than (Ifp=-I).

Set p’ := p for every type p of MelT.

Define for every term r of system MelT the term 7’ of UVIT by recursion on r and simultaneously
prove that for r : p we have 1’ : p and FTV(r') = FTV(r) and FV(r') = FV(r) as follows:

(eF) The homomorphic term rules for eF.
(1) (Cpuapt)” := C Ay y)t".
(u-E(H)) The homomorphic p-elimination rules.

(The proofs are trivial.) The statement of Lemma 4.16 is true for this definition and is proved
by induction on r. That —' is an embedding is proved by induction on —. Only (3,) and (5,})
deserve attention. Check e. g.

(B5): ((Cuapt)Efos) =

—
2

(Cyrory)tEfos'
s (pap) (AzhoP (AyHery)x) At ?. (Ayt*Py)aE [ os' )t
s’ (pap) (Ayrery) (Azhe? 2B o)t/

= (s(,ua,o)(Ay’w‘py)()\:E“ap.xE:[as)t>l.

6.2.3 Embedding UVIT in MePIT

This section is nothing but the syntactic analogue of the considerations which motivated the
definition of UVIT including the verification that reduction is preserved.

For every type p of system UVIT define the type p’ of system MePIT by recursion on p and
simultaneously prove that FV(p") = FV(p) as follows:

(eF) The homomorphic type rules for eF.

(1) (nap) = spos(uap’) = pa3f.(8 — a) x plla := ] for B ¢ {a} UFV(p) which is a
type of MePIT because a ¢ {8} UFV(p'[a := f]).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems UVIT and MePIT.

=d.

Q1

Lemma 6.3 (p[ad :=7d]) = /|
Proof Induction on p. O

Define for every term r of system UVIT the term ' of MePIT by recursion on r and simultaneously
prove that 7/ : p/ and FTV(r') = FTV(r) and FV(r') = {27 [z € FV(r)} as follows:

(eF) The homomorphic term rules for eF.
(M'I) (CjTHuaptp[a::ﬂ)l = C(uozp)’i with £ := CHB.(BH(uap)/)Xp’[a::ﬁ],T/ <j/7 t/>
-E) (rHarE,gsVe-(am0)=p=a) . — /B 5/§ with
H w w
§ 1= A2 (@20 LNy @) da(yl)(yR))
(N-E+) (T,uapEzO.SVa.(a—>,uap)—>(a—>o)—>p—>o‘)/ — T’E:O’lg with

§ 1= Ao lpap) xa )} (p o Nyl (map) X)X o o (\g® yLaL) (Az®.yLaR)(yR))
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(The proofs are trivial.) The passage from s’ to § in both elimination cases is nothing but
uncurrying.

Substitutivity (the statement of Lemma 4.11) is again true for this definition.

By induction on — show that —' indeed is an embedding. The only cases of interest are (/3,)
and (ﬁj) They require a long calculation which essentially only shows that uncurrying is well-
behaved with respect to reduction. We only check (3): ((Cjt)E}os) — 8

g(map)\aﬂ,@.(ﬂaa)Xp’[a::ﬁ] (,LLOép)/((/.LOép)I X 0/)()\x(uap)/.<x’ (Am(uap)/xE;—ralé)x))i) H%V_)%_)

setting 7 := (Az(Hor) (g, ()\:r:(“a"’),.:vE;a%)a:)))
§(tAEa(AﬁAy(BH(“ap)/)Xp/[a:m-Caﬁ.(ﬁ—»(uap)fxa/)Xp/[azzﬁ],ﬁ<)\zﬁf(y|-z),yR))) — 63
g((Aﬁ)‘y(ﬁﬂ(ual))/)Xpl[a::m'Cﬂﬁ.(ﬁ—(,uap)’xa’)Xp’[azzﬁ]ﬁo‘zﬁ'f(yl—'z)vyR>)7/<j/7t/>> — By 6B,
3(C35.5—(papyxoyepiaems, o (AT 72, ) ) = 3( Clfasuapy oyt o (V2T 7(2), ) ) =2
(Aa)\y(o‘_’(”“”)/”/)Xpl.s’a()\u“.yLuL)()\ua.yLuR)(yR))T’()\le.f(j’z), t') —p,—p —%X

s'r! ()\uT,.(Ale.f(j’z))uL) ()\uT/.(/\zT/.f(j’z))uR> t —%_} —%X

s'r! ()\uT, .j’u) ()\uT/.(Az(““p)/.a:E:a’é)(j’u))t’ —3.,

/

S (Aa” §'x) e () Ef o’ 8) = (ST(Amf.jx)(Axf.(jx)E,jas)t)

6.3 The dual coMelT of MelT

The system corresponding to (IfpS-I), (IfpS-E) and (IfpS-ET) is defined. The system varEMIT
is embedded into it and it is embedded into its fragment without iteration and into coMePIT
which motivated its definition, and its iterative fragment is embedded into eF.

The system coMelT is dual to MelT because it is motivated by the monotone operator ®< which
is a construction dual to the definition of ®=.

6.3.1 Definition

The (second) definition of typed terms and their free variables for system eF is extended by the
following clauses:

(u-1) Tf tVee(mar=e)=r ¢ A then (Clapt) *” € A and FV(Cpapt) := FV(t).

(u-E) If rhor ¢ A and s("(0=0)=p) =0 ¢ A (with a ¢ FV(0)), then (rs)7 € A (also written
as rE,os or shorter rE,s) and FV(rs) := FV(r) UFV(s).

(u-ET) If rier € A and s(Ve(papxo—a)=p)=c ¢ A5(with a ¢ FV(0)), then (rs)” € A (also
written as rEfos or shorter rEfs) and FV(rs) := FV(r) UFV(s).

This definition is again compatible with the renaming convention for bound type variables.
Extend the recursive definition of FTV(r) for system eF by the following clauses:

(u-I) FTV(Cuapt) := FV(ap) UFTV(t).
(u-E) FTV(rs) := FTV(r) UFTV(s).
(i-ET) FTV(rs) := FTV(r) UFTV(s).

Va.(pap—o—a)—p)—o

5Tt would be easy to avoid the use of x by stipulating s € A and changing (ﬁj) accordingly.

The embeddings into and from coMelT would be less elegant, however.
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The definition of r[#’ := 3] for system eF together with the proof of r?[i#” := 3] : p and
FV(r[77 := 8]) = (FV(r) \ %) UU{FV(s:)|z}" € FV(r) Azl # x?j for j < i} (i.e., the statement
of Lemma 2.10) is extended by the following clauses:

(1) (Cluapt) [ := 3] i= Cpapt[#° := 3]. Proof obvious.
(-E) (rs)[7? := 8] := r[z? := 5|E,s[i” := 5]. Proof obvious.
(u-ET) (rs)[@F := 5] :=r[#’ = ﬂE:s[fﬁ := §]. Proof obvious.

The definition of r[@ := &] for system eF together with the proof of r?[@ := ] : p[@ := &] and
FV(r[a := 7)) = {y"%=|y™ € FV(r)} is extended by the following clauses:

(1) (Capt)|@ := 0] = Ciuap)la:=s)t[@ := 7]. Proof obvious.
(u-E) (rs)a:=a]:
(1-E*) (rs)[a

|
Il
Q

rld := &|E,s[d := &]. Proof obvious.

Il
S
i
Q1

rld@ := G]E} s[@ := &]. Proof obvious.

The statements made in section 2.1.2 are valid in coMel T, too.
Extend the inductive definition of r§ for system eF as follows:

(u-E) If rs': pap and s : (Va.(o0 — a) — p) — o (with a ¢ FV(0)), then r(5,s) := (r§)s.
(u-ET) If r53 : pap and s : (Va.(pap x 0 — a) — p) — o (with a ¢ FV(0)), then
r(8,s) := (r8)s.

The statement of Lemma 2.23 holds also true for coMelT.

Lemma 6.4 Every term has exactly one of the forms given in Lemma 2.44 or exactly one of
the following forms:

(u-I) Cpapt

(u-R) (Clapt)ss, subsuming both eliminations for
Proof Induction on terms. 0O
Extend the inductive definition of the set NF for system eF by the following clause:

(u-I) If Cpapt is a term and ¢ € NF, then Cn,t € NF.

The statements in section 2.1.3 hold again for coMelT.
Define the relation — as for system eF, but add the following clauses:

coMel T

(Bu) (Crapt)Epos — s Aoz)\zaﬁo‘.toz()\m“o‘p.z(xE#as))>
B (Chapt)Efos 1= s Azt P>t ()\m“ap.,z(x, (Aaz“a".xE:jas)@))

In both rules we require that x#*? ¢ FV(s) and that z with the respective type is not in
FV(s) UFV(t) and we assume that o ¢ FTV(s) UFTV(¢).

As for system eF the objects on the right side are automatically terms if the respective object
on the left is a term, and the types are equal.

The relation —,,p4 is defined as for system F and has the same properties as stated there.
Extend the inductive definition of the relation — for system eF by the congruence rules for u
and prove that if » — /| then r and 7’ have the same type and FV(r') C FV(r).

Extend the inductive definition of WN for system eF by the following clauses:
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(p-I) If Cpapt is a term and ¢ € WN, then C),q,t € WN.

(Bu) It s(Aa/\z"ﬂa.ta(/\J:“ap.z(xE“as)))§ € WN, the side conditions of the (/3,)-rule
are met and (Cpqpt)E, 055 is a term, then (Cuapt)E o085 € WN.

(BF) It s(Aa)\z“O‘pX"Ha.ta (Aw“ap.z<:v, (Ax“o‘p.wE/‘fas)x)))E’ € WN, the side conditions
of the (3;})-rule are met and (Cpa,t)E; 055 is a term, then (Cpapt)Efos5 € WN.

Again definition by recursion on WN is admissible. Extend the recursive definition of the function
Q from WN to A and the simultaneous proof of » —* Q(r) € NF for » € WN by the following
clauses:

(1) Q(Cpapt) := Cpapf2(t).
(Bu) Q(Cpapt)Euoss) —Q( (Aa)\z"_’a.ta()\x“"‘p.z(mEuas)))5’).
(BF) U(Cpapm)E}0s35) := Q( (Aoz)\z“o‘px"_)a.ta<)\x’w"’.z(x, (/\x“a/’.xE:Js)@))E’).

The proofs are always obvious.
Extend the definition of SN for system eF by the following clauses:

(u-I) If Cpuapt is a term and ¢ € SN, then Cn,t € SN.

(Bu) If s(Aa)\z"ﬂa.toz()\:r“o‘p.z(xEﬂas)))§6 SN, the side conditions of the (/,)-rule are
met and (Cuapt)E 085 is a term, then (Clapt)E 055 € SN.

(B 1t s(Aa)\z‘w‘pX"_)o‘.toz <)\x“°‘p.z(x, ()\a:“ap.xEl‘fas)@))E’ € SN, the side conditions

of the (3;})-rule are met and (Ca,t) B

+os§ is a term, then (Cpapt)E 055 € SN.

The only difference between the p-clauses for SN and WN is the name of the defined set.
Every statement made in section 2.1.4 for system F (on nf, NF, wn, WN, Q, SN and sn) is also
true for coMelT.

6.3.2 Embedding varEMIT in coMel T

The motivation for this section is similar to the motivation for the embedding of varlMIT into
MelT. In the introduction to this chapter it was shown that (Ifp=-I), (IfpS-E) and (IfpS-E*) are
equivalent to (Ifp-I), (Ifp-E) and (Ifp-E™) after replacing ® by ®< in the latter three rules. If ®
is monotone, then ®< = ®. Hence, by using monotonicity of ® we may derive (Ifp-1), (Ifp-E)
and (Ifp-E*) from (Ifp&-1), (IfpS-E) and (IfpS-ET), respectively, where IfpS has been replaced by
Ifp in the latter three rules. Because monotonicity does not enter the proofs for the elimination
rules and it is only used in a restricted way for the introduction rule, it is possible to produce an
embedding of varEMIT into coMelT out of the proofs. Of course, one has to check that reduction
is also preserved.

Set p' := p for every type p of varEMIT. Define for every term r of system varEMIT the term
r" of coMelT by recursion on r and simultaneously prove that for r : p we have v’ : p and
FTV(r') = FTV(r) and FV(r') = FV(r) as follows:

(eF) The homomorphic term rules for eF.

(1) (Clupm™ (pap—a)=plos=pap]—pyplai=papl )/ . = Cpap(AaXEHP= m/akt’)
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(1E) (110 E, 050710 = 1B, 0 (A1 =00 o (fo (A7)
(1-E¥) (PHorE] o srlormnonal=o) .= WEf (A fYebor<e=a)=r (f(uap x 0)(AyP*7y))

(The proofs are trivial.) Note that in both elimination cases the variable f is simply applied to
the identity (after instantiation to a type).
The statement of Lemma 4.16 is true for this definition and is proved by induction on r.
That —' is an embedding is proved by induction on —. Only (8,) and (ﬁfj) deserve attention.
Check e.g. (6,):
((Cuapmt)Ejos)’ =
Chrap(AQARHP= k) Ef o (A fe-00rX7—)=0./((ucp x ) (A7) o s
(Settmg § = )\fvo‘ (hapxo—a)=p g "(f (pap X U)()\y“o‘pxay))))
§(Aoz)\z“°‘px"_’o‘ (AaXEHer= m/akt')a(AehP z(x, (AeH*P 2B} 08)x))) —p,—p_
(Aa)\z“"‘px"_’a m’ a(Azh*P z(x, ()\x"a”.xEZU@az))t’) —3. 8,6
s’( (nap x o)(AzHer (AyHer*oy)(z, ()\a;“ap.xE:[a§)x>)t’> —3.
’( (nap x o) (AzHer (z, ()\x”ap.xEZU§)x>)t’) =

S

(5 (mlap x ) a0 (o, (Garr o os)a) ) )

6.3.3 Embedding coMelT in coMePIT

This section is nothing but the syntactic analogue of the considerations which motivated the
definition of coMelT including the verification that reduction is preserved.

For every type p of system coMelT define the type p’ of system coMePIT by recursion on p and
simultaneously prove that FV(p') = FV(p) as follows:

(eF) The homomorphic type rules for eF.

(1) (pap) = pos(ag’) = pavip.(a — B) — flo := ] for § ¢ {a} UFV(p) which is
type of coMePIT because a ¢ {3} UFV(p'[a := 3]).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems coMelT and coMePIT.

Lemma 6.5 (p[a :=7]) = p/ld :=7d"].
Proof Induction on p. |

Define for every term r of system coMelT the term " of coMePIT by recursion on r and simul-
taneously prove that ' : p’ and FTV(r') = FTV(r) and FV(r') = {27 |z° € FV(r)} as follows:

(eF) The homomorphic term rules for eF.
(1) (gt 0200 i= Gl
(u-E) (T“QPEMJS(VO“("HO‘)H”)H”)’ =1r'E,o08.

(u-ET) (r“apE:[JS(V“'(“QPXUHQ)HP)H")/ = r'EZos'.
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(The proofs are trivial except for 7' : p’.) Obviously, —' is the identity on the underlying untyped
terms. (coMelT has been designed such this trivial embedding works.)
Substitutivity (the statement of Lemma 4.11) is again true for this definition.
By induction on — show that —' indeed is an embedding. The only cases of interest are (/3,)
and (0;). We only check (5,):
((Cuapt)E:jos)’ = (C'(#ap)/t')EZU’s’ gt
5/ (MaPrys.a)pr (10) (10p) x o) (AP, (\r00) aBf o))t ) 3, 3
s (Aﬁ)\y(“o‘p)lx"l%ﬁ.t’ﬁ ()\ac(’w‘p)l.y(x, ()\ac(“o‘p)/.:nE:U’s’)@)) =

/
(s (Aa)\z”apx"_’o‘.toz ()\w“a’).z<x, (/\a:“af’.xE:[as)@) ))
We see that the verification that —' gives an embedding is completely straightforward because
also the reduction rules for coMelT were designed for that purpose. But note that due to the
fact that (-reduction for p in coMePIT is defined by help of map (and not only by map and a

substitution) we get some extra reductions which also show that an embedding of coMePIT in
coMelT cannot be given in an easy way.

6.3.4 Embedding coMelT in coMelT-it

Let coMelT—it be the system which is derived from coMelT by leaving out the term rule (u-E)
and the reduction rule (8,).

Set p' := p and for every term r” of system coMelT define the term 7’ of system coMelT—it by
recursion on 7 and simultaneously prove that ' : p and FTV(r') = FTV(r) and FV(r') = FV(r)
as follows:

(eF) The homomorphic term rules for eF.
(u-I) The homomorphic p-introduction rule.
(w-E) (rt*PE,os) = r'Efos with
5= )\zvo"(“apx"_’a)_’p.s’(Aa/\y"_’o‘.za(Ak“apx".y(kR))),
where we assume that o ¢ FV(o) and require z ¢ FV(s).

(u-ET) The homomorphic ut-elimination rule.

(The proofs are obvious.) Substitutivity (the statement of Lemma 4.16) is true for this definition
and is proved by induction on r. That —' is an embedding is proved by induction on —. Only
the rule (8,) deserves attention.
(Bu): ((Cpapt)Euos) = (Cuapt')E;foé  with § as defined above
— §(AaAz“aPX”_’a.t’a()\x“o‘p.z<a?, ()\x“o‘p.xE;fan)))
23 ¢ (Aadym ot a | Arrar (KRR y(kR)) (x, (Axwp.xE;ag)x)))
—3 & (Aady" 7t Ax“ap.y(:cE;aé)))

= (s (Aa)\z"ﬂa.ta()\x“ap.z(xEﬂas)» >/

6.3.5 Embedding coMelT-rec in eF

Let coMelT—rec be the system which is derived from coMelT by leaving out the term generation
rule (u-E¥) and the reduction rule (5,).

For every type p of system coMelT—rec define the type p’ of system eF by recursion on p and
simultaneously prove that FV(p') = FV(p) as follows:
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(eF) The homomorphic type rules for eF.
(1) (pap) =VB.((Va.(B — o) — p') = B) — B for B ¢ {a} UFV(p).

(The proofs were obvious.) This definition is compatible with the variable conventions for the
systems coMelT—rec and eF.

=d].

Qy

Lemma 6.6 (p[a:=7]) = /|
Proof Induction on p. O

For every term r” of system coMelT-rec define the term 7’ of system eF by recursion on r and
simultaneously prove that ' : p/ and FTV(r’) = FTV(r) and FV(r') = {27 |27 € FV(r)} as
follows:

(eF) The homomorphic term rules for eF.

(D) (Cpuapt) == Aﬁ)\z(va'(ﬁ_’a)_’pl)_’ﬁ.z(Aa/\yﬁ_’o‘.t’oz(kx(““p)/.y(:z:ﬁz))) for ¢ {a} U
FV(p) UFTV(t) and y, z ¢ FV(t).

u-E) (r*PE ,0s) = r'Eyo’s’.
"

(The proofs were always obvious.) This definition is again compatible with the variable conven-
tions for coMelT—rec and eF.

The statement of Lemma 4.11 is true for —" and proved by induction on the terms. That —' is
an embedding is proved by induction on —. Only (8,) deserves our attention:

((Chapt)Epos) = <Aﬂ)\z(va'(ﬁﬂa)ﬁpl)ﬁﬁ.z<Aoa)\yﬂﬂa.t’a(/\x(“ap)/.y(:cﬂz))))a’s'
—— (Aa)\y"lﬂo‘.t’a()\x(“ap)/.y(wa’s’)))

= (s(Aa 277 ta(AzH z(2E,05))
There is another way to get an embedding of coMelT-rec in eF which goes as follows: coMelT
embeds into varEMIT by composing the embeddings via coMePIT, ESMIT and EMIT. Obviously,
one may leave the rule (u-ET) out of all these embeddings in order to have an embedding of
coMelT—rec in varEMIT-rec. Because there are also embeddings of varEMIT—rec in IT and of IT
in eF we are done.
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Chapter 7

Composing the embeddings

Let us first list all of the embeddings proved in the preceding chapters. In addition it is listed if
a system is an instances of a class of systems or if it is a subsystem of a system (giving rise to
a trivial embedding). We write < for “embeds into”, € for “is an instance of” and < for “is a
subsystem of”. We also write < and < between a system and a class of systems if the relation
holds for each of those systems. As expected we use C and N set-theoretically for classes of
systems. (An asterisk marks the relation as interesting although it may be easy to establish.
Two asterisks stress the importance.)

F<eF x*F.

eF <IT <* eF.

eF < eF+ex <* eF.

eF < EMIT.

eF < ESMIT x** EMIT.

ESMITit C ESMIT and ESMITrec C ESMIT.

eF+ex < ESMIT +-ex.

eF < varEMIT, EMIT < varEMIT, eF < varEMIT-rec < varEMIT and varEMIT—rec <* IT.
eF < IMIT, eF < IMIT—=rec < IMIT, eF < IMIT=it < IMIT.

eF < EMIT=it < EMIT, eF+ex < ISMIT+ex and IMIT < IMIT+ex.

The following embeddings were only sketched (in section 4.5.2): IMIT <* IMIT-it and
EMIT <* EMIT-it. Auxiliary were: NISPIT+ex € ISMIT+ex, ISMIT+ex < IMIT+ex,
IMIT+ex < IMIT, MelT—it < IMIT—it and coMelT-it < EMIT—it.

eF < ISMIT <* IMIT.

eF < varlMIT and IMIT < varlMIT.

PIT = PITit € ESMITit N ISMIT and PlTrec € ESMITrec.
SPIT < PIT and SPIT € ESMITit.

PIT+ex € ESMIT+ex and SPIT+ex € ESMIT+ex.

99
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e NIPIT < PIT, NIPIT €* ESMITit N ESMITrec.

e NISPIT < SPIT, NISPIT € ESMITit and NISPIT+ex < SPIT+ex.
e MePIT € ESMIT+ex and MePIT < NISPIT +-ex.

e coMePIT € ESMIT and coMePIT < NIPIT.

o eF < MelT and varIMIT <** MelT.

e eF < MelT—it < MelT and MelT <* Mel T—it.

o eF < MelT—-rec < MelT and MelT-rec < eF.

e eF < UVIT and MelT < UVIT <* MePIT.

o cF < coMelT and varEMIT <** coMelT <* coMePIT.
o eF < coMelT—it < coMelT and coMelT <* coMel T—it.
e eF < coMelT—-rec < coMelT and coMelT—-rec < eF.

We may now prove the part of the theorem in chapter 1 pertaining to embeddings:

The systems of class I embed into each other: F < eF < F. The other systems are defined
as extensions of eF. Hence, they only have to be embedded into eF: This has been shown
directly for IT, eF+ex, varEMIT—rec, MelT-rec and coMel T—rec. For IMIT—rec we argue as follows:
In the proof of IMIT < varlMIT < MelT one may leave out (u-E™) everwhere and thus gets
IMIT—rec < MelT-rec. Because I\/IeIT—rec eF, we are done.

The systems of class ITa embed into one of class III: NISPIT and SPIT are subsystems of PIT
and hence embed into it. Moreover, they are extensions of eF. Hence, every system of class I
embeds into them.

The systems of class IIb are all extensions of eF. They embed into one of the systems of class I1I:
ESMIT < EMIT, hence trivially also ESMITit  EMIT and ESMITrec < EMIT. ISMIT < IMIT.
Let us define the system EMIT+ex as the obvious extension of EMIT by 3. Clearly, the proof that
ESMIT < EMIT extends to ESMIT+ex < EMIT+ex. Also, the proof that eF+ex < eF extends
to EMIT+ex < EMIT. Therefore, ESMIT+ex < EMIT. ISMIT+ex < IMIT+ex has already been
listed.

The systems of class III embed into each other: NIPIT < PIT € ISMIT. Also NIPIT < PITrec €
ISMIT because NIPIT does neither use iteration nor recursion in the map terms and because the
height measure h does not only establish that PITrec € ESMIT but also PlTrec € ISMIT.
ISMIT x5 IMIT g varlMIT 5 MelT < UVIT < MePIT < NISPIT4+ex < SPIT+ex < PIT+ex €
ESMIT+ex EMIT+ex EMIT varEMIT < coMelT < coMePIT < NIPIT.

Hence, the concrete members of this chain (not each of ISMIT and ESMIT+-ex) embed into each
other and we are done with NIPIT, PIT=PITit, PITrec, IMIT, varIMIT, MelT, UVIT, MePIT,
NISPIT+ex, SPIT+ex, PIT4+ex, EMIT, varEMIT, coMelT and coMePIT.

Therefore only IMIT+ex, MelT—it, coMel T—it, EMIT—it and IMIT—it remain to be dealt with. But
IMIT < IMIT4ex < IMIT, MelT-it < MelT < MelT-it and coMelT-it < coMelT < coMelT—it.
These embeddings were used to etablish the same for IMIT—it and EMIT—it in section 4.5.2.
Confluence will be addressed in the next chapter and strong normalization in chapter 9. O

As a main consequence of the theorem I consider the equivalence with respect to G-reduction of
EMIT and IMIT. Hence, the two ways of fixing monotonicity witnesses to the term rules for pap
give essentially the same. An interesting technical detail is the embedding of varEMIT into EMIT
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and of varIMIT into IMIT, hence showing that the relaxation of the monotonicity assumption
does not add to the capability of expressing algorithms'.

As a consequence we also get e.g. NISPIT+ex < NIPIT and NIPIT < NISPIT+ex which is not
at all obvious! One might think that the first embedding is furnished by simply coding the
existential quantifier as in eF+ex < eF. A coding is gained (note that it does not preserve strict
positivity and hence has target NIPIT), but it does not preserve reduction because the map term
is not transformed to the map term for the transformed type: Let —' be the encoding. Let
p := Iy for some v and 7 such that o € FV(p). We have to show e. g. that

(CpaptEuos) —T (s (map)\ap(uap)a()\x“a”.xE“Js)t>)l.
We have that
(CpaptEpos) = Chapt'Eyo’s’ — s’(map,\ap/(uoap')a’()\x’w‘p,.:L’E“J’s’)t'>
and
(3 (mapMp(uap)a(/\a:“ap.xEuas)t))/ = 3’((map/\ap)’(uap’)al()\m”apl.xEua's')t’).

By looking at the definitions we see that map,,, # (map,,,)’ (the first corresponding map
starts with A-abstraction, the map corresponding to the second term is a term of the form z7).
Because map,,,, € NF, also map,,, /" (map,,,)’. A second glance at the definitions reveals

that also except in trivial cases

s’(map,\ap,(uap’)a’()\m“a”/.xE#a’s’)t’) A* s’((map,\ap)’(uap’)a’()\:c“a"/.xE#J’s’)t’).

We conclude that type-changing coding in general does not give embeddings for systems of
selected monotone inductive types because the selected monotonicity witnesses for the encoded
types are not the encoded witnesses.

Another interesting consequence of the theorem is PIT < NIPIT. Hence, even non-strict positivity
does not allow to make essential (in the sense of getting algorithms which cannot be simulated)
use of interleaving.

Open questions remain, most importantly whether SPIT < NISPIT or NIPIT < SPIT. If both
were true, then class Ila could be merged in class III. In order to show both embeddings it
is obviously enough to show that NIPIT embeds into NISPIT. In some sense it is the question
whether the intuitionistic theory of positive inductive definitions may be reduced to the intu-
itionistic theory of strictly positive inductive definitions which has been answered positively by
Buchholz in [BFPS81], chapter IV §5. But the analogy is not too close: Buchholz’ systems do
not have the second-order universal quantification because the aim is a proof-theoretic reduction.
On the other side, there is no account of primitive recursion and no notion of S-reduction. Nev-
ertheless it might be possible to get NIPIT < NISPIT from an analysis of the proof in [BFPS81].
If NIPIT £ NISPIT then a proof of the non-embeddability would probably be even harder.

!Contrast this with the non-normalizing variant of IMIT considered in section 4.7.1.
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Chapter 8

Confluence

A binary relation — (with transitive and reflexive closure —*) on a set M is locally confluent
iff for every r, v’ and r” in M with r — v’ and r — " there is an """ € M such that ' —* "
and " —* . — is confluent iff —* is locally confluent. (Note that —**=—*.) The major
consequence of confluence is that there is at most one normal form of any term. If the system
is also normalizing this gives decidability of the equality induced by —. Our goal is to establish
confluence for all the systems which have been introduced so far. The proof will use a variant
of Masako Takahashi’s method [Tak95] which in case of higher-order rewrite systems has been
worked out in [VR96] and for Orthogonal Pattern Rewrite Systems in [MN98]. It has to be
admitted that the variation on the method is not essential for getting the result. Also the
restriction to typed terms is not necessary. However, only typed terms are considered in this
thesis.

Note that there are also proofs of confluence via the computability predicate method presented
in the next chapter for proving strong normalization (see e.g. [Kol85] where predicates of mono-
valuedness are studied). For the systems of this thesis the method has the drawback of re-
flecting the expressive power of the systems (which therefore includes intuitionistic second-order
arithmetic) although the proof by complete superdevelopments shown here is an easy syntactic
analysis.

8.1 Confluence of system F

Define the relation —» of parallel reduction between terms! by induction and simultaneously
prove that r — 1/ = r —* v/ as follows:

(V) xf — xF.
(—-1) If r — 7/, then AzPr — AzPr’.
(—-E) If r - " and s — ', then rE_,s — r’E_,s’. (We use the notation of section 2.2.2.)
(B=) If r — AzPr’ and s? — ¢, then rE_s — r/[zF := §].
(V-I) If r — 7/, then Aar — Aar’.

(V-E) If » — 7/, then rEyo — r'Eyo.

We adopt the convention of footnote 4 on p. 19. As for — a more careful formulation would clarify that the
well-formedness of r’ is always a consequence of the well-formedness of r in every clause which again gives an
operational reading to —. See also the discussion in section 2.1.4.
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(5\7) If r — Aar’, then rEyo — T’[a — J]'

(The proofs are omitted.)
Define for every term r the complete superdevelopment r* of r as a term of the same type as r
by recursion on terms and simultaneously prove that r — r* as follows:

af)r

rE_s)* := r*E_s*. (See section 2.1.4 for the notation E_,.)

Aar)* := Aar*. (Note that Aar* is well-formed due to FV(r*) C FV(r) which
follows from the additional claim.)

(V-E) rBEyo := r*Eyo. (See section 2.1.4 for the notation Ey.)

(The proofs are again omitted.)
Let us consider two essential examples of complete superdevelopments (omitting types every-
where):

((Azz)(Ayr)s)™ = r*ly := "]
(AxAyr)st)* = r*[z,y == s*,t*],if x £y

We see that even created redices are contracted during the formation of the complete superde-
velopment. Of course, we do not contract every created redex, e.g.

(Az.zy)(A\zz2))" = (zy)[x := Azz] = (A\z2)y.

The name superdevelopment was coined by van Raamsdonk [vR93]. I just mention that r* is a
maximal superdevelopment of r, if one extends van Raamsdonk’s notion to system F properly.
Below we will see that r* is a maximal reduct with respect to —». Nevertheless, — is not the
superdevelopment relation (— is stronger) because in the definition of superdevelopments it is
allowed that the term which is substituted via the (5_,)-rule gets developped differently for the
different free occurrences of x in r (which is obviously impossible in the definition of —). One
would get maximal developments if one replaced the elimination clauses of the definition of r*
in the following way:

(—-E) (AzPt)s)* :=t*[zP := s*], and (rs)* := r*s*, if r is not a A-abstraction.
(V-E) (Aat)o)* :=t*[a := o], and (ro)* := r*c, if r is not a A-abstraction.

Deciding the cases according to the shape of r and not that of r* makes the difference. This
definition would fit to an alternate notion of parallel reduction by replacing the defining rules
of — as follows:

(B=) Ifr — 1’ and s — &', then (Az?r)s — r'[a? = §/].
(ﬂV) Ifr —» 'r'/, then (AO{T‘)()‘ —» 'r/[a e O'].

These definitions are the basis of the Takahashi method for proving confluence. My definitions
give more flexibility to the method. This will not become clear from this thesis, however.

Lemma 8.1 (Reflexivity of —) r — r.
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Proof Induction on r. (The rules (5 ) and (fy) are not needed here.) 0
Corollary 8.2 —C—».
Proof Induction on — using reflexivity almost everywhere. O

Corollary 8.3 —*=—*,

Proof Use »C—* and —»**=—". 0O

Lemma 8.4 If r — ' and § — &' (i.e., s; — s/ for all ), then r[#° := 3] — r'[77 := &"].

Proof Induction on r — r’. (V) Case ¥ — xf. Obvious.

(—-1) Case AzPr — Azfr’. Easy by induction hypothesis.

(—-E) Case rE_,s — r’E_s’. By induction hypothesis.

(B_) Case rE_s — r'[z" := s']. We may assume that 2” ¢ & U FV(3). Therefore by induction
hypothesis r[Z7 := 5] — Aax?.r'[2P := 5] and s[ZF := 5] — §'[iF := 5']. Hence

(rE_s)[Z? := 5] - (+'[2° := §'))[a? := §[if = §]] = (+'[2" := &) [ = §

by Lemma 2.13.

(V-I) Case Aar — Aar’. We may assume that a ¢ FTV(S). By Lemma 2.30, o ¢ FTV(3”). The
claim now follows from the induction hypothesis.

(V-E) Case rEyo — r'Eyo. By induction hypothesis.

(Bvy) Case rEyo — 7'[a :== 0]. We may assume that o ¢ FTV(§”). Therefore by induction
hypothesis 7[#? := 5] - Aar'[Z7 := §']. Hence, (rEyo)[#” := 5] - (r'[#° := §'])[a := o]. Due
to FV(p) C FTV(s’) (by Lemma 2.8), a ¢ FV(p). Because Aar’ is well-formed, we have the
implication 2 € FV(r') = a ¢ FV(p). Therefore Corollary 2.21 applies and gives that

(r'[7° = §))[a := 0] = '[o:= 0][i 1= §[o:= 0]] = r'[a := 0][7 =5

(as o ¢ FTV(5")). O

S

Lemma 8.5 If r — ¢/, then r[d@ := 7] — r'[d :=

Proof Induction on r — /. The cases (V), (—-1), (—-E), (V-I) and (V-E) are as easy as for the
preceding lemma. The case (fy) uses Lemma 2.18.

Case (6_): By induction hypothesis r[@ := &] — (AzPr’)[@ := &]. We may assume that
27 € FV(r') = 7 = p. Hence, (\z?r')[@ := &] = A\zPl%=% 1/[@ := &]. By induction hypothesis
sl@ := ] — §'[d := &]. Therefore

'@ = 7)) 2?15 .= §[d = 7).

n

(rs)[a:=¢&

This last term equals 7/'[2f := §'|[@ := &] by Corollary 2.22 (to the interchange law for substitu-
tion). 0

Obviously, the parallel reduction relation — is not deterministic, i.e., given a term r there may
be several terms ' such that » — /. If 7 is not an elimination there is only one clause in the
definition which allows to derive r — 7/ for any /. This immediately leads to the following

Lemma 8.6 (V) If # — ¢, then t = z.

(—-1) If AzPr — t, then t = \zPr’ with r — 1/
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(V-I) If Aar — t, then t = Aar’ with r — 7.
Proof By induction on — without using the induction hypothesis. O

The following lemma is the key to proving confluence. It states that the complete superdevel-
opment r* of a term r is not only a parallel reduct of r (as is shown simultaneously with the
definition of 7*) but a parallel reduct of every parallel reduct 7’ of r. In this sense r* is the
maximal parallel reduct of r.

Lemma 8.7 (Maximality of r*) If r — /| then 1’ — r*.

Proof Induction on r — r’. The cases (V), (—-I) and (V-I) are very easy.

(—-E) Case rE_ s — r"E_,s'. By induction hypothesis ' — r* and s’ — s*. If r* = \z”t, then
s’ — tlxP ;= s*] = (rs)* by the rule (5_). If r* is not a A-abstraction, then by rule (—-E)
r's’ — r*s* = (rs)*.

(B—) Case rE_s — 7/[z” := §']. By induction hypothesis Az?r’ — r* and s’ — s*. By the
preceding lemma r* = Azfr” with ' — r”. Hence (rs)* = r’[z” := s*| and by Lemma 8.4
[P =8 = r[zP = s*].

The rules (V-E) and (By) are treated similarly (where Lemma 8.5 is used instead of Lemma
8.4). -

Corollary 8.8 (“Diamond property” for —) If r — r/ and r — r”| then there is a term "’
such that ' — r"”" and r”" — r"”.
Proof Set r"” := r*. |

The main advantage of Takahashi’s method over the traditional approach by parallel reduction
seems to be the fact that r” is identified as a term r* which does not depend on ' and r”.
Define the binary relations —™, n € N, by recursion on n as follows:

r-%ser=s and r "l s:oIr >»tAt>»"s.

Obviously, r —* r’ < Jn.r =™ ¢/, and if r -" 7/, then r —™ 1/ for all m > n.

"

Corollary 8.9 If r —™ 7/ and r —™" 7, then there is a term 7" such that v’ —" " and

,r,// _»m ,',,///.

Proof Induction on m + n. Trivial for m = 0 or n = 0. Otherwise there are terms s’ and s”
such that r — s’ =™ 1 ¢/ and r — s -1 . By the preceding corollary, there is a term s
(viz. r*) such that s’ — s and s” — s. m — 1+ 1 < m + n, hence by induction hypothesis there
is a term t such that ' — ¢t and s ™' ¢t. m —1+1+4+n —1 < m + n, hence by induction
hypothesis (applied to the term s”) there is a term 7" such that ¢t =71 ¢ and r” —m=1+1 7,
Therefore also 7 —™ r"’. (Of course, it would be easier to draw a big rectangle built up from
mn small rectangles derived by applying the “diamond property” that many times.) O

Corollary 8.10 (Confluence) — is confluent.

Proof We have to show that —*=—* is locally confluent. This follows immediately from the
preceding corollary. O
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8.2 Confluence of the other systems

Unfortunately there is no result on preservation of confluence via embeddings. It is clear from
the definition that even taking a subset of reduction rules may destroy confluence?. Of course,
the confluence proof given in the previous section is also modular in the sense which allows us
to appeal to the meta-convention on extensions introduced in section 2.2.3 (more precisely the
extension thereof which will be introduced on p. 122).

Only the confluence proof for ESMIT will be given in the sequel. It will turn out that stratification
is not needed, that the principles modelled by the system are not reflected and that compatibility
with substitution of map,,, is the only feature of ESMIT entering the arguments.

Extend the definition of the relation — of parallel reduction for system F to ESMIT and simul-
taneously prove that r — r’ = r —* v/ as follows:

(()_E) If r— 7’/, then rEgp — T/E0p~
IN1 — IN1.
Ifr -7 and s — S,, then <’I“, 8) - <7J7 5l>'

If r — 7', then rL — 'L and rR — r'R.

)
)
)

(Bx) It r — (r', '), then rL — ' and rR — .
) If  — 1/, then INL,7 — INL,7" and INR,r — INR,7".
) Ifr -1 s— s and t - t/, then rE st - r'E s't’.
)

If » - INLy7" and s — &, then rE st — s'r/. If r — INR,’ and ¢ — ¢/, then
rE st — t'r'.

(uI) If t — ¢/, then Cpapt — Cuapt’.
(wE) If r - " and s — ¢, then 7E,s — r'E,s’.
(Bu) If r — Cuapt and s — ', then rE 05 — s’(mapmp(uap)U()\:U“a/’.xE#Js/)t>.
(wET) If r — " and s — ¢, then rEfs — 'E}ts’.

(BF) It r — Cpapt and s — ', then

rEfos — s’<map)\ap(,uozp)(;wzp X o) ( Azt (z, ()\x“o‘p.xE:{Us’):pﬂ).

(The proofs are omitted.)
Define the reducing eliminations EA)H and E: by

r“o"’Euas _ s(map/\ap(uap)a()\x“ap.xEuas)t) if 7= Cpapt
rE,os , else
ot s s(mapmp(uap)(,uap X o) (AxhP (z, ()\a:“ap.z:E:as)J:ﬁ) ,if r = Cpapt
a rEl‘fas , else

Unlike the situation of EA)_,, Ev and EX, these reducing eliminations never preserve normal forms

if the first case applies. Therefore one may doubt whether the complete superdevelopment to

be defined next deserves its name?>.

2This is the idea of completion: add rules (justified by the equality theory) until confluence is achieved.
3 At least it deserves a name indicating that more is done than usual developments.
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Extend the definition of the complete superdevelopment r* of a term r as a term of the same
type as r by recursion on terms and simultaneously prove that » — r* as follows:

(0-E) (rEop)* := r*Egp.
(1-I) IN1* := IN1.
(x-D) {r; )" = (", 7).
(x-E) (rL)* := r*ExL and (rR)* := r*ER (see section 2.2.4 for the notation E,).
(+-I) (INLg7)* := INLor* and (INR,r)* := INR,7*.
(+-E) (rEjst)* := r*E s*t*.
(p-1) (Cuapt) = Clapt™
(1-E) (rEuo8)* :=r*E,0s*.

(w-ET) (rEjos)* := T’*E:O'S*.

(The proofs are again omitted.)

We see that stratification does not enter this definition because in the definitions of EM and E:
the term map,,, is not completely super-developped, i.e., we do not use map}, 4

Now we check that the confluence proof for system F goes through with these definitions.
Reflexivity of — (Lemma 8.1) and its corollaries are immediate. Lemma 8.4 which essentially
shows that — is parallel reduction goes through because in the cases (3,) and (BIJ[) we know that
map,,, is closed. Compatibility with type substitution (Lemma 8.5) works in these critical cases
because of the uniformity condition of ESMIT which says that map,,,[d := &] = map
Lemma 8.6 on parallel reducts of introduction terms is extended by the following

Aap)@:=a]*

Lemma 8.11 (1-I) If IN1 — ¢, then ¢ = INL.
(x-I) If (r,s) — t, then t = (', ¢') with r — 7’ and s — 5.

(+-I) If INL,» — ¢, then ¢ = INLyr" with r — ¢/ If INR,r — ¢, then ¢t = INR," with
/
r—r.

(uI) If Cpapr — t, then t = Cpqpr’ with r — 1/,
Proof As before by induction on — without using the induction hypothesis (also called inversion).

The Maximality Lemma (Lemma 8.7) is the only part deserving some attention. The reasoning
used in the proofs of its corollaries (including confluence) works in any abstract reduction system
(= binary relation) and hence does not need any adjustment to ESMIT.

Lemma 8.12 (Maximality of r* for ESMIT) If r — ¢/, then r' — r*.

Proof Induction on r — r’ as before. Only the cases (p-I), (#-E) and (8,) are shown.
(u-I) Case Cuapt = Cpapt’. By induction hypothesis ¢ — t*. Hence also Cpapt’ — Cpapt™ =
(Clapt)*.

(w-E) Case rE,os — r'E 08", By induction hypothesis 7’ — r7* and §' — s*. If 7* = Cq,t, then

“In PIT this could not even change anything because due to Lemma 5.2 map Aap 18 already in normal form.
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"B os’ — s* (map/\ap(uap)a()\x“a/’wEMo—s*)t) = (rEuos)*. Otherwise r"E 08 — r*Ej os" =
(rEuos)*.

(Bu) Case rEj os — s’(map)\ap(uoz,o)a(/\x“ap.xEuas’)t>. By induction hypothesis we have
Chapt — r* and ' — s*. By the preceding lemma r* = C,,t' with ¢t — t'. Hence (rE,os)* =

s* (map)\ap(,uap)a()\a:“ap.xEuas*)t’). By using reflexivity and the definition of — several times

we get s’(map)\ap(,uozp)a(kx“o‘p.xEuas’)t) — s* (mapAaP(uap)a()\:B“a”.mEuas*)t’). O

This establishes confluence for every system ESMIT (among them PIT, PITrec, SPIT, NIPIT and
coMePIT) and the reader will hopefully be convinced that the other systems may be handled
by the same apparatus. (Note that stratification did not enter neither the definitions nor the
proofs. Hence, also ISMIT is covered. The need for closed map,,, satisfying uniformity does
not carry over to analogous conditions on the monotonicity witnesses of systems of monotone
inductive types simply because they are “carried around” which makes the induction hypotheses
in all the proofs apply. Hence, the situation becomes even easier for EMIT and its relatives. The
systems in the spirit of Mendler are essentially nothing more than systems of non-interleaved
positive inductive types and hence also do not pose new problems.)

There are other reasons why not so much effort is put into the confluence proofs: Because all of
the systems are strongly normalizing (as will be shown in the next chapter), confluence follows
from local confluence which is the content of Newman’s Lemma (see e.g. [Mit96, p. 227]). And
local confluence could be checked by a boring analysis of both reducts of the term in question (by
double induction on the definition of — and consideration of every possible pair of rules including
the congruence rules). An even stronger reason comes from the theory of higher-order rewrite
systems: All of the rewrite rules in our systems are left-linear and non-overlapping. Those
systems are called orthogonal® and are confluent in the first-order case. In [MN98] this result
is lifted to Orthogonal Pattern Rewrite Systems which are higher-order rewrite systems using
simply-typed lambda calculus as meta-language. The proof of this fact hopefully is extensible
to cover our situation: One would have to extend the substitution calculus from simply-typed
lambda calculus to system F with n-expansion which is also strongly normalizing and confluent
(see [Joa97]) and therefore should allow to define the notions of [MN98] accordingly.

Note again that the induction principles expressed by the u-types did not enter the proof of
confluence. In the next chapter this will be different.

5If we added n-rules trivial critical pairs would arise and hence make the systems “weakly orthogonal”.
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Chapter 9

Strong normalization

Every system having a name in this thesis is strongly normalizing, i.e., sn = A holds for all of
them. The proof might be carried out by proving strong normalization for the system NIPIT of
non-interleaving positive inductive types or for the system NISPIT+ex of non-interleaving strictly
positive inductive types including the existential quantifier and then referring to the reduction-
preserving embeddings. I decided to prove strong normalization directly for some of the systems
because this gives a lot of insight into the flexibility of the proof method by saturated sets which
is a variant of Girard’s candidate method. Two different proofs are given for every system:
A proof where the definition of the computability predicate essentially fixes which introduction
terms enter the predicate (the introduction-based proof!) and a proof where the definition of the
computability predicate specifies that a term only may enter if sufficiently many eliminations
with this term as main premise have the right properties (the elimination-based proof).

The informal modified realizability interpretation which served as a motivation in the earlier
chapters now will lead to additional information after the proofs have been carried out: By
considering the extracted type of the definition of the computability predicates encodings of the
system at hand into other systems may be read off. All known examples of extracted encodings
even preserve reduction (i.e., they are embeddings). An interesting project would be to justify
this observation by a meta-theorem on proofs of strong normalization via the methods described
in this chapter. It would be a refinement of the usual soundness theorem of modified realizability
(see e.g. the presentations in [Ber93, vdP96b]).

9.1 Strong normalization of system F

Anyone interested in mastering polymorphic lambda calculus should try to
come up with one’s own proof of normalization and see oneself make a mistake
in the process. Then try giving a correct proof. Andre Scedrov [Sce89]

9.1.1 Terms in SN are strongly normalizing

As was promised in section 2.1.4 we prove that SN C sn. Note that we already know that
SN C wn. If someone is only interested in weak normalization, he or she should should skip this
section and proceed with section 9.1.2.

Lemma 9.1 If 25 is a term and the terms in § are in sn, then x”5 € sn.

Proof Main induction on the first term in § being in sn, side induction on the second being in
sn, etc. Let r be any term such that s — r. We have to show that r € sn. It is easy to see

n [Pra71] (proof) terms in computability predicates of this kind are called strongly valid.
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that » = 23" where §' is derived from § by reduction of one term. (This will henceforth be
written as §— §’.) Therefore the induction hypothesis applies to z3". O

Lemma 9.2 If r € sn, then \z’r € sn.

Proof Induction on r € sn. Let s be any term such that Az”r — s. We have to show that s € sn.
Obviously, s = Az?r’ with a term 7’ such that r — 7’. By induction hypothesis, Az”r’ € sn.

Lemma 9.3 If (Azfr)s§is a term, s € sn and r[z” := s|§ € sn, then (A\zx”r)s3 € sn.

Proof For ease of understanding the proof will first be given in a somewhat intuitive form:
Main induction on s € sn, side induction? on r[x” := 5|5 € sn. Let ¢ be any term such that
(Axfr)ss — t. We have to show that ¢ € sn.

o Ift = (\zPr’)ss with r — ¢/, then r[z? := s]§ — r'[z” := s]§. By side induction hypothesis,
t € sn.

o If t = (A\zPr)s’'§ with s — &, then r[zf := s|§ —* r[z” := |3, hence also r[zf := §'|§ € sn.
By main induction hypothesis, ¢t € sn.

o Ift = (Axfr)ss’ with § — &, then r[zf := s]§ — r[zf := s]§’. By side induction hypothesis,
t € sn.

o If t = r[zP := s]5, then t € sn by assumption.

e There are no other possibilities (which can easily shown by induction on the inductive
definition of —).

As this lemma is crucial to the proof of strong normalization and to my knowledge is an un-
avoidable® part of any strong normalization proof by the Tait method, I give a second proof
which should be seen as justification for the preceding proof. The very first proof of strong
normalization (in [Tai75]) had a similar lemma which was proved by refuting the existence of
infinite reduction sequences. My aim is to avoid reasoning by reduction sequences and to confine
to the use of the induction principle coming from the inductive definition of the set sn.

Fix a variable z” and the length of all vectors (and the types of the terms in the vectors) in the
proof to follow. Define

M := {s|Vr,5: r[z’ := s]5 € sn = (Axr)s5 € sn}.

We have to show that sn € M. We do induction on sn. Let s be a term. We assume that
for every term s’ such that s — s’ we have s’ € M. We have to show that s € M. Assume
r[zf := s]§ € sn. We have to show (Azr)ss € sn. Define

N :={tesn|Vr,s:t=r[z" = s]§= (Axfr)ss € sn}.

*Note that the term r[x” := s]5 of the side induction depends on the term s of the main induction.

3In [Gal98] it is argued that the proof presented there does not “involve rather strange looking terms such as
M[N/z]Ny...Ny” (p. 233). On p. 236 it is conceded that “it is no surprise that they crop up again” but that
they do not have to be dealt with explicitly. On p. 250, it becomes clear that those terms in fact do not enter
the refined arrangement of the proof. But there is a reference to finite reduction sequences in property (P3) on
p. 248 which is the price to pay which to me seems to be higher than to consider r[z” := s]s. Therefore I stick to
the word “unavoidable” but do not take it too serious.
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It suffices to show that sn € N. We do induction? on sn. Let t be a term. We assume that for
every term t’ such that ¢ — ¢/ we have t' € N. We have to show that t € N. t € sn follows®
from N C sn. Let t = r[z? := s]§ for some r and 5. We have to show (A\z”r)s5 € sn. Let v be
any term such that (Azr)ss — v and show v € sn.

o If v = (A\zPr’)s§ with r — 1/, then r[zf := s|§ — r/[zP := s]S, hence r'[z” := s|§ € N.
Therefore v € sn.

o If v = (\zfr)s'§ with s — &', then r[zf := s]§ —* r[zf := §]§, hence also r[zf := §'|5 € sn.
Because of s’ € M, also v € sn.

o If v = (\xfr)ss’ with § — &, then r[zf := s]§ — r[xf := s]§’, hence r[z” := s]§ € N.
Therefore v € sn.

o If v =r[zP := s]§, then v =1t € sn.
e There are no other possibilities (to be shown as in the first proof).

We conclude that the second proof is nothing but the first proof with explicit statements of the
induction formulas added. 0O

Lemma 9.4 If Aar is a term and 7 € sn, then Aar € sn.

Proof Induction on r € sn. Let s be any term such that Aar — s. We have to show that s € sn.
Obviously, s = Aar’ with a term 7’ such that r — 7. By induction hypothesis, Aar’ € sn.

Lemma 9.5 If (Aar)o§ is a term and r[a := 0§ € sn, then (Aar)os € sn.

Proof Induction on rla := o0]§ € sn. Let ¢t be any term such that (Aar)c§ — t. We have to
show that ¢ € sn.

o If t = (Aar')o§ with r — 7/, then r[a := 0|3 — '[a := 0]S, hence ¢ € sn by induction
hypothesis.
e If t = (Aar)os’ with § — §', then rla := 0]§ — r[a := 0]§’, hence t € sn by induction

hypothesis.
e If t = r[a := 0|3, then ¢ € sn by assumption.
e There are no other possibilities.

Note that this proof is essentially easier than the one covering (5-,). O
Lemma 9.6 SN C sn.

Proof The preceding lemmas simply say that the defining properties of SN are closure properties
of sn. 0

We remark that types do not play a role in the proof and that therefore SN C sn could also be
proved for a untyped term system.

4This is the same as proving sn C N’ := {t term|Vr,5: t = r[z” := s]5 = (A\z’r)s5 € sn} by extended induction
(as defined in the introduction to chapter 4) on sn.

5The proof by the principle of extended induction would not need this (in this case very short) reasoning
because it is once done in the derivation of that principle from the induction principle.
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9.1.2 Saturated sets

The main goal of this chapter is to establish that every term is in SN which of course is not true
for untyped terms. The following proof is by the Tait method of computability predicates. In
its very first form it appeared in [Tai67]. Due to the presence of type quantification the notion
of computability predicate has to be relativized to any sensible predicate which Girard called
“candidats de reductibilité” [Gir72] (see [Gal90] for a discussion of several variations on the
definition). The least criterion for being sensible is that only strongly normalizing terms may
enter the candidates. Girard’s candidates in [GLT89] are closed under reduction and “neutral”
terms (i.e., terms which are no abstractions) enter if all their reducts are already in the set.
Tait’s candidates (“propositions” in [Tai75]) are also closed under reduction but this is never
used in his proof of strong normalization. His essential condition for M being a candidate is

rlz:=s]§€ M A s is strongly normalizing = (Axr)ss € M.

Thorsten Altenkirch observed that this is a pattern which may be generalized considerably:
One may base the candidates on weak head expansion® under the proviso that this expansion
does not lead out of the set of strongly normalizing term. Those sets are then called saturated
(a name which is also used in [Bar93] for candidates in the spirit of [Tai75]). In [Alt93a] this
approach is used for the calculus of constructions extended by some generalization of trees. In
the following proof the explicit reference to strongly normalizing terms is abandoned in favour
of the set SN.” The definition of saturated sets is modelled after the definition of SN. In this
thesis only typed terms are considered. Therefore also the saturated sets consist only of typed
terms as opposed e. g. to the treatment in [Alt93a]. In my view this makes the definition more
intuitive: All the terms in a saturated set are required to have the same type, and saturated sets
by definition have all the closure properties of SN which do not conflict with this requirement.
It is possible to show that by adding closure under reduction one gets back® Girard’s candidates
as in [GLT89].

Let SN, be the set of terms of type 7 in SN. A set M of terms is called 7-saturated, if the
following conditions are met.

(SN) If r € M, then r € SN,.

(V) If xP5 is a term of type 7 and the terms in § are in SN, then 25 € M.
(B=) If (A\xPr)sSis a term, s € SN and r[z? := s]§ € M, then (Azfr)ss e M.
(By) If (Aar)os is a term and r[a := 0]§ € M, then (Aar)os e M.

Note that the rules (—-I) and (V-I) of the definition of SN do not enter this definition because
they change the type of the term.

Let SAT, be the set of all T-saturated sets and SAT := | J, SAT,. Elements of SAT are called
saturated sets. Obviously, SN € SAT.. Note that SAT, is closed under arbitrary intersections

5Tn [MKO95] this process is reversed in some sense: The computability predicates have a very easy definition
but instead of checking whether a term is in the predicate one checks whether its weak head normal form is in
the predicate. The price to pay is that in some sense one has to calculate with equivalence classes modulo weak
head reduction.

TAt first sight, the approach taken in [BTG91] of studying arbitrary “candidate-closed” sets instead of the
strongly normalizing terms, seems to be even more general. However, it turns out that any candidate-closed set
is a superset of SN and hence both approaches are equivalent (ignoring algebraic term rewriting which is also
present in [BTGI1]).

8Hence, Girard’s candidates are nothing but saturated sets which are closed under reduction. I consider the
freedom from analyses of the possible reducts (except when showing that SN C sn where it conceptually cannot
be avoided) as the main advantage of the method shown in this thesis.
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(the empty intersection being SN;) and hence is a complete lattice. For M € SAT write M7 to
indicate that M € SAT .

If one is only interested in weak normalization, one could leave out the condition s € SN from
(6—) which would clearly amount to basing the definition of saturatedness on WN instead of
SN. Then one would have WN N A, € SAT, and would finally get that WN = A. But this does
not simplify any of the arguments to follow. And of course, there would be no justification of
an embedding extracted from the proof of normalization (see section 9.3).

Let M be a set of terms. The 7-saturated closure cl(M) of M is defined inductively by the
following clauses.

(C) If r € M NSN;, then r € cl.(M).
(V) If 2P§ is a term of type 7 and the terms in § are in SN, then 2”3 € cl.(M).
(6-)
)

(By) If (Aar)os is a term and r[a = o]§ € cl.(M), then (Aar)os € cl-(M).

If (AzPr)ssis a term, s € SN and r[z” := s]§ € cl. (M), then (Azfr)ss € cl (M).

This is a strictly positive inductive definition. By induction on the definition one shows cl (M) C
SN;. Therefore, cl(M) is the smallest 7-saturated set containing M NSN.. Obviously, cl is an
isotone mapping of sets of terms to SAT .

Calculating with saturated sets

We define operations on saturated sets which correspond to the type constructions.

Arrow types We define an arrow construction for saturated sets, i.e., given a p-saturated set
M and a o-saturated set N, we define a (p — o)-saturated set M — N. There are mainly
two ways how to do that: In the introduction-based definition, sufficiently many A-abstractions
are put into the set whereas in the elimination-based definition only terms enter the set which
behave well with respect to —-elimination. Define

Mp = {reA,;|3xP3t%r = XaPt AVs € Mt[zP :=s] € N}
Mg = {relf,_,|Vse MrseN}

and set M —; N :=cl,_.o(M;) and M —g N :=cl,_.,(Mpg). Hence, M —; N and M —p N
are (p — o)-saturated sets and the construction is isotone in the argument N and antitone in
the argument M.

Lemma 9.7 Mg N SN € SAT (which implies M —g N = Mg N SN).
Proof Very easy. One only has to append the term s to the vector §. O

Note that we do not immediately see that Mg C SN. Some more traditional proofs of strong
normalization would require to prove it (where SN would be replaced by sn), and it would be
done in the following way: Let z” be a variable. Hence 2 € M. By assumption rz € N, hence
rxz € SN. Because r is a subterm of rz, also » € SN. A similar reasoning is indeed possible
with our set SN, but only for z* ¢ FV(r) which does no harm. But in our approach we do
not need the underlying lemma, viz. rz” € SN A 2? ¢ FV(r) = r € SN which in some sense
contradicts the philosophy of only using the reduction strategy expressed in the definition of
SN. (Ex post—after the proof of the main theorem which is SN = A—we know that it is true in
a trivial sense.)



116 CHAPTER 9. STRONG NORMALIZATION

Lemma 9.8 M; C SN (which implies M —; N D Mj).

Proof Choose s := x”, which trivially is in M. Then ¢t € AN by definition, hence ¢t € SN and
consequently r = Ax”t € SN. O

Lemma 9.9 M -, N CM —g N.

Proof It suffices to show M; C Mp. This is an application of the rule (8_) of the definition of
saturated sets (with empty 5). 0

The preceding three statements immediately imply the following rules for calculating with M —;

N and M —g N:
(—p-E) fre M —-g N and s € M, then rE_ s € N.
(—=r-E) f r e M —; N and s € M, then rE_s € N.
(—7-1) If t[zP := s] € N for all s € M, then \aft € M —1 N.
(—p-1) If tfz? := s] € N for all s € M, then \z’t € M —pg N.

In the sequel M — N will denote either M —; N or M —g N as long as it does not matter
which one is meant, i.e. the use of this set is restricted to the following rules’:

(SAT) M — N € SAT,_.,.
(—-I) If t{z” := s] € N for all s € M, then \xPt € M — N.
(—-E) Ifre M — N and s € M, then rE_s € N.

It is possible that M —; N # M —g N: Let p,0 := a — a, M := SNy—o and N := clq—o(N)
with N := {(Az*7%2)t|t € SNq—q}. Clearly, N C SN,—., and hence N C N.

Let r := A\z®7%2. We claim that r € M g N\ M —1 N.

We want to show r e M —g N. r € SN(a—a)—a—a- Hence it suffices to show rt € N for every
t € SNy_.o. By definition rt € N and therefore also rt € N.

For every set M, we have that A\z”r € cl(M) = AxzPr € M. This is easily seen by induction on
the definition of the saturated closure cl.

Assume that r € M —; N. By the preceding observation, r € M;. Hence for every t € SN, _.q,
t € N. Take t := Ax®x. Therefore Az*x € N and again by the above observation A\z®z € N
which is not the case.

9This would not suffice to get the normalization proof through in extensions of the system having introduction
constants of arrow type instead of term forming rules (e.g. injection constants for sum types instead of INL,
and INR, in eF which are not terms but term formers). In those systems one would have to base the definitions
of computability predicates on M —pg N and thus would be forced to follow an elimination-based approach
concerning the arrow type. More disturbing on the aesthetic side would be the obligation to unwind the definition
of M —g N several times in the proof instead of only using the above rules which directly correspond to
a semantical view on the introduction and elimination rule for terms. This aesthetic defect will affect future
formalizations of the arguments and hence the process of extraction of embeddings from normalization proofs.
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Universal types Fix Aap. Let ® := (®;), be a family of mappings ®, : SAT, — SAT ;4. .
Define

M; = {r € Avap|3adtlr = Aat AVTVP € SAT, tla := 1] € ®.(P)}

Mg = {r € Ava,|V7VP € SAT . r7 € &.(P)}

and set V7(®) := clya,(M7) and Ve (®) := clya,(MEg). Hence, Vi (®) and Vg (®) are Yap-saturated
sets and the construction is (pointwise) isotone in the argument ®.

Lemma 9.10 Mg N SN € SAT (which implies Vg(®) = Mg N SN).

Proof As easy as for the arrow type (simply append 7 to §). 0O
Lemma 9.11 M; C SN (which implies V7 (®) D My).

Proof Choose 7 := a and P := SN,. Hence, t € ®,(SN,) C SN. Therefore Aat € SN. 0O
Lemma 9.12 V;(®) C V().

Proof It suffices to show M; C Mp. This is an application of the rule (8y) of the definition of
saturated sets (with empty ). 0

As for arrow types we get the following rules:
(Vg-E) If r € Vg(®), then V7VP € SAT, rEyr € ©.(P).
(Vi-E) If r € V7 (@), then V7VP € SAT, rEyr € &.(P).
(Vr-I) If VIVP € SAT - tla := 7] € &, (P), then Aat € V().
(Vg-I) If VIVP € SAT - tja := 7] € &(P), then Aat € V(D).

(The introduction rules are under the proviso that Aat is a term.)
From now on V(®) shall denote V7 (®) or Vg (®) if only the following rules are used.

(SAT) V(®) € SATyq,.
(V-I) If V7VP € SAT t{a := 7] € ®,(P), then Aat € V(D).
(V-E) If r € ¥V(®), then V7VP € SAT, rEyt € ©.(P).

It is possible that Vi(®) # Vg(®). Let p :== 8 — [ with § # «. Let M := clg_,3(M) with
M := {(Aar)7|T type, r € SNg_,3 with o ¢ FTV(r)}. Because r[a := 7] =r, M C SNg_g and
hence M C M € SATs_,3. Let ®,(P) := M for all 7 and all P € SAT,.

Let r := Aadz®z. We claim that r € Vg(®) \ V(D).

We want to show r € Vg(®). r € SNy, 3_.5. Let 7 be a type and P € SAT,. It suffices to show
that r7 € ®,.(P) = M. By definition rr € M C M.

For every set M, we have that Aar € cl(M) = Aar € M. This is easily seen by induction on
the definition of the saturated closure cl.

Assume that r € V;(®). By the preceding observation, » € M;. Hence for every type 7 and
every P € SAT,: (\2Pz)[a := 7] € ®,(P), whence \z’z € M. By the observation on cl at the
end of the section on arrow types we conclude Az’z € M which is not the case.
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Computability predicates

Define the (p[d := &])-saturated set SC,[@ := P] of strongly computable terms w.r.t. the type
p, the finite list of type variables @ and the (equally long) list of saturated sets 73, where o; is
the unique type such that P; is o;-saturated, by recursion on p as follows.

] := clo(0)19) if o does not occur in the list &.
| := P;, if i is the smallest index such that o; = a.

(=) SC,_o[@:=P|:=SC,[a:=P] — SC,[a@ :=P).

(V) SCvapld := P] := ¥(®) with & = (D,),, Where @ : SAT, — SAT j5.0.m5,0] 15
defined by ®,(P) := SC,[d,a = P,P] (We assume that a ¢ @ U FV(#) and use
Lemma 2.6 to conclude that this definition is type-correct).

The definition in case (V) may be written more intuitively as follows:
SCyap|@ := P] := VP.SC,[d, o := P, P]

The implicit quantification over all types o hopefully will always be clear from the context. This
notation will be used in the sequel (especially in the normalization proofs for the systems with
inductive types).

Obviously, the indetermination of whether the introduction-based or the elimination-based con-
structions for saturated sets are used has to be handled with care. E.g. the choice for —; or
—p in the definition of SC,_,[@ := P| must not depend on P; with oy & FV(p — o) because
otherwise the following lemma would fail to hold. The next but one lemma imposes much
stronger restrictions: The choice has to be the same for any substitution instance of p — o.
To be on the safe side, simply assume that e.g. — means —p everywhere and V(®) means
Vi(®) everywhere. Hence, the freedom in the choice reduces to 4 possibilities. And the com-
putability predicates indeed depend on this choice: The examples that M —; N # M —g N
and V7 (®) # Vg (®) suffice because SCs_[B,7 := M,N| = M — N (generally for 3 # ~) and
(for v ¢ {a, B}) SCyay[y :== M] = V(®) with ®-(P) = SC,[vy,a := M, P] = M (for the specific
example shown on p. 117).

Lemma 9.13 If a ¢ FV(p), then SC,[&, a := P, P] = SC,[@ := P).

Proof By induction on p show that even SC,[&, o, & := P, P, P = SC,la, a = P, P'] holds if
a ¢ FV(p). O

Lemma 9.14 If o ¢ &, then SC,po.—[@ := P] = SC,[d, a := P, SC.[a := P]].
Proof By induction on p show that for a ¢ & U &' we have

SCplaien] (@, @' == P, P'] = SC,ld, o, & := P,SC,|d, & = P,P], P.
The preceding lemma is needed in the case (V). O
Corollary 9.15 If 3 ¢ @ UFV(p) and a ¢ &, then

SCplaizg (@, B := P, P] = SC,[d,a := P, P).

%0ne could take any set instead of §.
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Proof Trivial, if « = 3. Otherwise

SCpiap)@, B:=P,P] = SC,[d, B, a:=P,P,SCs[d B :=P,P] by the preceding lemma
= SC,[d,a:= P, P] due to the proof of the last but one lemma.

O

Lemma 9.13 is the “coincidence lemma” and Lemma 9.14 is the “substitution lemma” which
are auxiliary statements for the next lemma which should be called the “soundness lemma”.
This next lemma shows that every term is strongly computable—even if term variables are
substituted by strongly computable terms. This generalization is needed in the case (—-I) of
the proof. The case (V-I) needs the freedom in the number of saturated sets to which the notion
of strong computability is relativized. The proviso in the statement (see below) is only present for
technical reasons: It is tailored to make the statement true for variables! This technical problem
arises because of the natural deduction formulation of system F as opposed to a formulation
with contexts which many authors prefer.

Lemma 9.16 Let r” be a term, @ a list of variables and § an equally long list of terms such
that § € SC4{@ := P7] for some P C SAT. Assume that

Vavava (27, a™ € FV(r) UZ)) A (x[d := ] = 7'[a@ :=5]) = 7 = 7.
Then r[d@ := 3][55[071:5} = 5] € SC,[d := 73}

Proof Induction on r. Abbreviate r[a := &][#°1%=% := 5] by r' (also for any other terms instead
of 7). The assumption in the statement will be referenced to as “injectivity”.

(V) Case xf. If P ¢ i, then xPl9=0 ¢ 7A%=3] (For a proof assume 2°1%=7] = 2/ i1=9] for
some i. Hence z = z; and p[d := 7] = p;[d := &]. Because z”, 2" € FV(2f) U 77, this implies
p = pi, and consequently z* = zf* € £ which is not the case.)

(xP) = Plo=7] [:Eﬁ[&::ﬂ =38 = 2Pld=o ¢ SC,la = 73],

because SC,[d := P] € SAT ;5.5

If z° € #7, then let i be the smallest number such that xfi[&::&] = 2°1%=] Due to injectivity,
pi; = p. Hence

(mﬂ)/ — mfi[&::E] [fﬁ[d‘::&'] = 5] =3; € SCpi [O_Z = 73] — SCP[@’ = 75']

(—-I) Case \zPr?. We may assume (1): 2™ € FV(r) = m = p. Therefore (Azfr)[d := &] =
AgPl%=0 r[@ ;= &]. We may assume (2): zl%=9 ¢ 771%=01 § FV(5). Therefore (\zfr)’ =
AzPl@=9] ¢! We have to show AzPl%=914" € SC, ,[@ := P]. Use (—-I) for saturated sets. Let
s € SCyla == P|. Show that 7/[2°19=9] .= 5] € SC,[a := P|. Because of (2) and Lemma 2.14,

P [xPl=0 = §] = p[d@ = ) [#P1V=0) 2Pl =0] = F ).

By induction hypothesis for r this term is in SC,[@ := ﬁ] provided injectivity holds for this
situation. If y™,y™ € (FV(r) \ {z}) U 2, then by assumption 7@ := &] = «'[@ := &] implies
7 = 7’. Hence we only have to consider 2” and 2™ € FV(r) U #. If 2™ € FV(r), then p = 7 by
(1). If 2™ € &7, then 2™ = ! for some i. p[d := &] = p;[@ := 7] is impossible due to (2), hence
trivially pld := &] = w[d =] = p=.



120 CHAPTER 9. STRONG NORMALIZATION

(—-E) Case r*~%sP. (rs) = r's’. Because FV(rs) = FV(r) UFV(s), injectivity holds also for
r and s. By induction hypothesis ' € SC,_,[d = Pl and s € SCyla = P], which implies
1's' € SCy[a := P] by (—-E) for saturated sets.

(V-I) Case Aar?. We may assume that (1): o ¢ dUFV(5). Hence (Aar)[d := &) = Aa.r[d := 7).
We may assume (2): o ¢ FTV(S), which gives (Aar)’ = Aar’. We have to show Aar’ €
SCyapld = P|. Use (V-I) for saturated sets: Let o be a type and P € SAT,. Show that
[ == 0] € SC,[@, o := P, P]. We first show that

ra = o] = 1@, a = @,o][@15*=0 .= 3, (%)
We want to apply Corollary 2.21 (to the interchange law for substitution) in order to get
rla@ = 5)[7°1%= .= §)[a 1= 0] = r|@ := 7)o := 0][F¥= .= Fla := 0]].

If 2™ € FV(r[d@ := 7)), then a ¢ FV(7) because Aar is well-formed and consequently by help of
(1) also Aa.r[@ := &]. Moreover, a ¢ FV(pld := &]) follows by help of (2) and Lemma 2.8 which
gives FV(p;[@ := &]) C FTV(s;) for all . Hence, Corollary 2.21 applies. By (1) and Lemma 2.19

rld = dlla := o] = rl@,a := &, 0.

Q

Because a ¢ FV(p;[@ := &]) and hence by (1) and Corollary 2.4 which give o ¢ FV(p;), we get
pild = d] = pild@,a =7, 0].
Because a ¢ FTV(s;), sila := 0] = s;. We conclude that (x) holds. Show that
rl@, a = &,0)[#1%=% .= 3 € SC,[d, a := P, P]

by induction hypothesis: For all 4, s; € SC,,[d, o := P, P] by Lemma 9.13 because o & FV(p;).
Finally we have to check injectivity: Let 2™ € FV(r) U Z”?. Then a ¢ FV(x): If 2™ € FV(r), this
follows from the well-formedness of Aar. If ™ = 2£* for some i, then it follows from a ¢ FV(p;).
Therefore w[d@, o := &, 0] = w[d@ := &]. Now injectivity (“for &, a”) follows immediately from the
assumed injectivity (“for @”).

(V-E) Case "¢, (ro) = r'(o]@ := &]). Set 7 := o]@ := 7] and P := SC,[@ := P|. Then
P € SAT, and we have to show that r'7 € SCn.—q[@ := P|. Because FV(r) = FV(ro),
the induction hypothesis gives 1’ € SCyq,|d@ = P|. By (V-E) for saturated sets it follows
r'r € SC,ld@, a == P, P| = SCpjai=o[@ = P] by Lemma 9.14%1, O

Theorem SN = A.

Proof Take empty lists in the preceding lemma. Because empty substitutions do not affect
the types and terms (Corollary 2.2, Lemma 2.11 and Lemma 2.16), the injectivity condition is
trivially fulfilled and r € SC,[:=]'? € SAT which implies SC,[:=] C SN and hence r € SN3.

Corollary 9.17 Every term of system F is strongly normalizing.

Proof Lemma 9.6. 0O

UWe already assumed « ¢ @ in the definition of SCya,[d@ := P).

12Perhaps one should prefer to write SC, instead of SC,[:=].

13 Tt might be interesting to check that we never used the induction on the inductively defined set SN. We only
used the defining clauses expressing the head reduction strategy.
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Corollary 9.18 The function {2 defined in section 2.1.4 is a function from A to NF and hence
a normalizing function.

Proof Lemma 2.38. 0O
Corollary 9.19 There is no closed term of type Vaa.

Proof Lemma 2.37. O

9.2 Strong normalization of system eF+-ex

In the section following this proof we will see how the well-known impredicative encoding of +
and 3 which was already used in the embedding of eF into F and in that of eF+ex into eF may
be read off the proof.

9.2.1 Terms in SN are strongly normalizing

Lemma 9.20 If r; s € sn, then (r, s) € sn.

Proof For example by main induction on r € sn and side induction on s € sn. As for system F
the immediate reducts have to be analyzed. O

Lemma 9.21 If r§ € sn and s € sn, then (r,s)Ls € sn. If s§ € sn and r € sn, then (r, s)R5 € sn.
Proof By induction on the ingredients being in sn. O
Lemma 9.22 If » € sn, then INL,r € sn and INR,r € sn.

Proof Similarly. O

Lemma 9.23 If (INL,r)st5 is a term and srs € sn and t € sn, then (INL,r)sts € sn. If
(INR,r)st5 is a term and ¢r5 € sn and s € sn, then (INR,7)st5 € sn.

Proof Similarly. O
Lemma 9.24 If C5,,;t is a term and ¢ € sn, then C3,, -t € sn.

Proof Similarly. O
Lemma 9.25 If (C3,,,t)E3s5 is a term and s7t5 € sn, then (C3,, -t)E355 € sn.

Proof Similarly. O
Corollary 9.26 SN C sn.

Proof As for Lemma 9.6. Note that also IN1 € sn. 0



122 CHAPTER 9. STRONG NORMALIZATION

A remark is in order: SN C sn is proved by showing that all the defining clauses of SN are
closure properties of sn. But we did not show this for (V), (—-I), (8-), (V-I) and (By). Those
clauses were only considered for system F. But the systems are organized in such a way as to
allow modular proofs. Hence, the proofs in section 9.1.1 hold verbatim for eF+ex. This is a
general pattern: In the proof of any lemma needed for the proof of strong normalization we only
have to consider the newly introduced type or term constructs because the proof clauses for the
original constructs are also valid in the extended system. This is what I called non-quadratic
reasoning in section 2.2.3. The meta-convention on extensions stated in that section shall now
also cover the above pattern: If in the proof of a statement in the extension of a system for
which the same statement has already been proved only clauses are given which correspond to
the additional constructs of the extension then the proofs for the original system hold verbatim
for the extension.

9.2.2 Saturated sets

Extend the definition for system F of M being a 7-saturated set by the following clauses:
(Bx) Ifr§e Mand s € SN, then (r, s)L5 € M. If s € M and r € SN, then (r, s)R5 € M.

(B+) If (INL,r)sts'is a term and srs’€ M and t € SN, then (INL,r)st5 € M. If (INR,r)st5
is a term and tr§'€ M and s € SN, then (INR,r)st5 € M.

(B3) If (C3ap,t)E3s5 is a term and s7t5 € M, then (Cs,, -t)E3ss € M.
Extend the definition of the 7-saturated closure cl. (M) accordingly by the clauses

(Bx) Ifrsecl.(M) and s € SN, then (r, s)L§ € cl(M). If s§ € cl (M) and r € SN, then
(r,s)Rs € cl-(M).

(B+) If (INL,r)sts'is a term and sr§ € cl.(M) and t € SN, then (INL,r)sts € cl.(M). If
(INR,r)sts is a term and trs € cl(M) and s € SN, then (INR,r)sts € cl-(M).

(B3) If (C3ap,rt)Egss’is a term and s7t5 € cl- (M), then (Cs4p,,t)E3s5 € cl (M).

As for system F this is a strictly positive inductive definition. One also shows cl(M) C SN.
Hence, again cl(M) is the smallest 7-saturated set containing M N SN;.

Calculating with saturated sets

The zero type Define Osat := clo(0).

Lemma 9.27 If r € OsaT, p type and M € SAT,, then rEgp € M.

Proof Induction on r € cly((). 0
Therefore, we have the following rule:

(0-E) If r € OsaT, then VpVM € SAT,rEgp € M.

The one type Define 1sat := cli(A1) = SN;. Obviously, we have the following rule:

(1-I) IN1 € 1gaT.
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Product types Let M € SAT, and N € SAT,,.. Define

M; = {rel,x|3se M3t e Nor=(s,t)}
Mg = {reAyxrLe MArReN}

and set M x; N :=cl,xo(My) and M xg N :=cl,xo(Mg). Hence, M x; N and M xg N are
(p X o)-saturated sets and the construction is isotone in the arguments M and N.

Lemma 9.28 Mg N SN € SAT (which implies M xg N = Mg N SN).

Proof Very easy. One only has to append the symbols L and R to the vector s. O
Lemma 9.29 M; C SN (which implies M x; N 2 Mj). O
Lemma 9.30 M x; N C M xgN.

Proof It suffices to show M; C Mpg. This is an application of the rule (8x) of the definition of
saturated sets (with empty ). O

The preceding three statements immmediately imply the following rules for calculating with

M xr N and M xgN:
(xg-E) If r e M xg N, then rL € M and rR € N.
(xr-E) If r e M x; N, then rL € M and rR € V.
(xr-I) If r € M and s € N, then (r,s) € M x; N.
(xg-I) If r € M and s € NV, then (r,s) € M xg N.

In the sequel M x N will denote either M x; N or M x g N as long as it does not matter which
one is meant, i.e. the use of this set is restricted to the following rules:

(SAT) M x N € SAT .
(x-I) If r € M and s € N, then (r,s) € M x N.
(x-E) If r € M x N, then rL € M and 7R € .

It is also possible to produce an example showing M x; N # M xg N: Let p,o0 := a X a,
M = claxa({{t, 1)Lt € SNaxa}) and N := claxa({(t,t)R|t € SNaxa}). It is easy to show that
({(x® %), (¥, x*)) e M xp N\ M x1 N.

Sum types Let M € SAT, and N € SAT,. Define

M; = {rel,|(3seMr=INLss)V (I3s € N.r =INR,s)}
Mg = {re M, ,|VrVP € SAT,Vs € M — PVt e N — P.rE 7st € P}

and set M +7 N :=cl,1,(My) and M +g N :=cl,io(Mg). Hence, M +; N and M +5 N are
(p + o)-saturated sets and the construction is isotone in the arguments M and N. (M +g N
is non-strictly positive in M and N.) Note that we already use the indeterminate construction
— for saturated sets in the definition of Mg.

Lemma 9.31 Mg N SN € SAT (which implies M +g N = Mg N SN).
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Proof Very easy. One only has to append s and ¢t to the vector S. O
Lemma 9.32 M; C SN (which implies M +; N D Mj). 0
Lemma 9.33 M+, N CM+gN.

Proof It suffices to show M; C Mpg. This is an application of the rule (3;) of the definition of
saturated sets (with empty §) and of (—-E) for saturated sets. O

The preceding three statements immediately imply the following rules for calculating with

M+ N and M+ N:
(+g-E) If r € M+ N, then V7VP € SAT,Vs e M — PVt e N — P.rE 7st € P.
(+1-E) If r € M+ N, then V7VP € SAT, Vs € M — PVt e N — P.rEy7st € P.
(+7-1) If s € M, then INL,s € M+ N. If s € N, then INR,s € M +; N.
(+g-I) If s € M, then INL,s € M+ N. If s € N, then INR,s € M+ N.

In the sequel M + N will denote either M +; N or M +g N as long as it does not matter which
one is meant, i.e. the use of this set is restricted to the following rules:

(SAT) M+ N € SAT,1,.
(+I) If s € M, then INL,s € M +N. If s € N/, then INR,s € M + N.
(+-E) If r € M+ N, then V7VP € SAT,.Vs e M — PVt e N — P.rE;7st € P.

Existential types Fix Aap. Let ® := (®;); be a family of mappings ®; : SAT, — SAT ;/4.—.
Define

M; = {r € Aga,|373IP € SAT 3t € ®,(P).r = Caqap-t}

Mg = {r e Ag,,|VoVYN € SAT,Vs € (VP.®(P) — N).rEsos € N'}

and set 37(®) = cl34,(My) and Fp(P) := cl3,,(MEg). Hence, 3(®) and Ip(P) are Jop-
saturated sets and the construction is (pointwise) isotone in the argument ®. Note that we use
the indeterminate — and V for saturated sets in the definition of Mg.

Lemma 9.34 Mg N SN € SAT (which implies 3g(®) = Mg N SN).

Proof Append s to §. 0O
Lemma 9.35 M; C SN (which implies 3;(®) D My). O

Proof It suffices to show M; C Mg. This is an application of the rule (f3) of the definition of
saturated sets (with empty §) and of (V-E) and (—-E) for saturated sets. 0

We get the following rules:
(3g-E) If r € 3p(P), then VoVN € SAT,Vs € (VP.®(P) — N).rEzos € N.
(31-E) If r € 3;(P), then VoVN € SAT,Vs € (VP.®(P) — N).rEsos € N.



9.2. STRONG NORMALIZATION OF SYSTEM EF+EX 125

(3r-1) If t € . (P) for some P € SAT,, then Csq, -t € I1(P).
(Fe-1) If t € &,(P) for some P € SAT, then C3,, -t € Ip(P).
From now on 3(®) shall denote 37(®) or Ip(P) if only the following rules are used.
(SAT) 3(®) € SAT34,.
(3-I) If t € ®.(P) for some P € SAT,, then C3,, -t € I(P).
(F-E) If r € 3(®), then YoVN € SAT,Vs € (VP.®(P) — N).rEgos € N.

Computability predicates

—,

Extend the definition of SC,[@ := P| by the following clauses:

(0) SCold := P| := OsaT-

(1) SCi[@ := P] := IsaT.

(x) SCpxold = P| := SC,l@ := P] x SC,|a@ := P).

(+) SCpiold@ :=P] := SC,[@ := P] + SC,[@ := P).

(3) SCanpld := P] := 3(®) with & = (D,),, where B, : SAT, — SAT 5 0._g.4) Is de-

fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition in clause (3) will be written more intuitively as follows:
SCaapld = P) := IP.SC,[d, a := P, P).

Evidently, the choice whether one uses the introduction-based or the elimination-based construc-
tion for saturated sets has to be consistent in the sense that if one uses e.g. Ip(®) with Mg
defined by reference to —, then SC,_,[d := P| also has to be defined by means of —;. As for
system F we therefore assume that this choice is made once for every type construct and then
used throughout.

With this fixed choice, it is obvious that coincidence and substitution lemma (Lemma 9.13 and
Lemma 9.14) extend to eF+ex.

Now we extend Lemma 9.16 to eF+4-ex:

Lemma 9.37 Let 7 be a term, Z° a list of variables and § an equally long list of terms such
that § € SC4@ := P7] for some P C SAT. Assume that

Vavavr' (a7 2™ € V() UZP) A (xl@ =) =7'[@d:=5)) => n = .
Then r[d@ := 7] [fﬁ[&:‘ﬂ = 5] € SC, la := 73}

Proof Induction on 7. Again abbreviate r[@ := &][#°1%=] .= 5] by +/ (for any term r). The
assumption in the statement will again be referenced to as “injectivity”. We only have to consider
the term generation rules corresponding to the types and type constructions newly introduced
in eF+ex.

(0-E) Case °p. (rp)’ = 1'(pld@ := &]). Because FV(rp) = FV(r), injectivity holds also for 7. By
induction hypothesis, r’ € SCo[@ := P] = Osat. By (0-E) for saturated sets (the reference to the
named rules will in the sequel always mean those for saturated sets), 7 (p[d@ := #]) € SC,[@ := P|.
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(1-I) Case IN1. INT’ = IN1. By (1-), IN1 € 1sar = SCi[d := P].

(x-I) Case (r*,s%). (r,s)’ = (r',s'). Because FV((r,s)) = FV(r) U FV(s), injectivity also holds
for 7 and s. By induction hypothesis, ' € SC,[@ := P| and s’ € SC,[@ := P|. By (x-I) we
conclude (r/, s') € SCpuo|d@ := P|.

(x-E) Case r?*?L. (rL)" = r'L. Because FV(rL) = FV(r), injectivity also holds for r. By
induction hypothesis, 1’ € SCpxo|@ := P]. By (x-E), we get 'L € SC,[@ := P|. The case r*’R
is similar.

(4+-I) Case INLy7”. (INLy7)" = INLyig.—g7'. Because FV(INL,r) = FV(r), injectivity also holds
for r. By induction hypothesis, ' € SC,[d := Pl. By (+1), INLy{g.—z7" € SCpyo[d := P|. The
case INR,r? is similar.

(+-E) Case r"TE, 757777, (rst) = r'E 7@ := 7]s't'. Because FV(rst) = FV(r) UFV(s) U
FV(t), injectivity holds also for 7, s and t. By induction hypothesis we have 1’ € SC,,[@ := P,
s' €SC,,[@:=P| and t' € SC,_..[@ := P]. Hence, by (+-E): "'E,7(d@ := &]s't' € SC,[a@ := P).
(3-I) Case C’gapﬁtp[a::ﬂ. We may assume that o ¢ @ U FV(5). Therefore, we have that
(Cﬂap,Tt)l - Cﬂa.p[&::&‘],r[&:zﬁ]t/' Show CEIa.p[o'Z::&'},T[d’::&'}t/ € SCHap[O_Z = ﬁ] by use of (3'1)
It suffices to show

Hence it suffices to show t' € SCplai=7] [@ = 73] which follows from the induction hypothesis
because injectivity also holds for ¢ due to FV(C3,, t) = FV(?).

(3-E) Case r7*Eg0s"*P~7 (with o ¢ FV(0)). (rs) = r'Eac[d := &s’. Because FV(rs) =
FV(r) U FV(s), injectivity also holds for r and s. By induction hypothesis 7’ € SC3q,[@ := P
and 8 € SCyapo|@ := P|. Show that 'Eso[d := &]s’ € SC,[@ := P] by help of (3-E). It
suffices to show that s’ € VP.SC,[@, o := P,P] — SCo|@ := P]. This holds by definition of
strong computability and by the coincidence lemma (recall that « ¢ FV(0)). O

As for system F we get as corollaries that SN = A, that every term is strongly normalizing, that
) is a normalizing function and that there is no closed term of type Vaa. Lemma 2.46 also gives
us that there is no closed term of type 0.

Note that every definition and lemma in this section can be done for system eF by simply leaving
out the clauses referring to the existential quantifier. The definitions in the next section will be
based on these concepts for eF.

9.3 Extracting embeddings from normalization proofs

The proofs of strong normalization of F and eF+ex are very close to a formalization. There is no
analysis of reducts and only the introduction rule and the elimination rule for the constructions
of saturated sets corresponding to the type formation rules are used in the final soundness lemma
9.16 (strong computability under substitution). It appears that there is a considerable overhead
for dealing with substitution issues. After all, substitution is the governing principle of system F.
Therefore, program extraction from intuitionistic proofs seems quite promising because it divides
the bookkeeping part from the interesting combinatorial problem solved. Modified realizability
will again be used informally.

Let us first study the case of sum types.

M+ N =dpio({r € Apio|(Is € Mar =1INLys) V (Is € Nor = INR,s) })
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If M already had the extracted type p’ and N had extracted type o', we would get as extracted
type of the predicate M +; N the type p’ + o’: The closure cl is responsible for closing compre-
hension predicates and r = INL,s and r = INR,s carry no essential information. What counts
is only the extracted types of the predicates involved.

M+ N =dpio({r € Apyo|VTVP € SAT,.Vs € M — PVt e N — P.rE 7st € P})

This time we would get as extracted type of the predicate M +g N the type Va.(p/ — a) —
(0! = a) — a with a ¢ FV(p') UFV(¢’): The universal quantifier does not come from V7 but
from VP € SAT, and the extracted type of M — P is p’ — « regardless of the decision whether
M —PisM —; Por M —g P. Why? Because clearly the extracted type is the same in
both cases. The same effect happens with x: If M has extracted type p’ and N has extracted
type o', then M x; N and M xg N have extracted type p’ x ¢’. Also the extracted type of
Osat is O (corresponding to the least element of SAT) and that of 1sat is 1 (corresponding to
the greatest element of SAT;).

We want to reconstruct the part of the embedding of eF into F pertaining to +. The proof of
the lemma stating that M +; N C M +g N goes as follows: It suffices to show M; C Mg
(nothing combinatorial). There are two cases: First let » € M. We have to show that V7VP €
SAT,Vs e M — PVt € N — P.INL,rE 7st € P. Let 7 be a type, P € SAT,, se M — P
and t € N — P. We have to show INL,rE;7st € P. Because P is saturated (bookkeeping!)
it suffices to show sr € P and t € SN (bookkeeping). Because of (—-E) for saturated sets,
applied to s € M — P and r € M, finally sr € P. Clearly, we may read off this proof the
term Aadz? 7\ \y? 7 zr if we assume that / is the extracted term of “r € M”. This was
exactly the term (INL,7?)" in the embedding of eF into F and it is one half of the proof which
gives the rule (+pg-I) not counting the proof of (+;-I) which is only done by checking something
without combinatorial content. The proof of (+g-E) is no better and hence explains why the
clause (+-E) of the embedding of eF into F is so simple.

Consider 37(®). If ® has Aap’ as extracted type, then 3;(®) has extracted type Jap’. This
does not give an interesting encoding. But Jg(®P) has extracted type VB.(Va.p' — ) — [ for
B ¢ {a} UFV(p') because the extraction read off the definitions for the universal quantifier is
in both cases the homomorphic rule. And this is exactly the crucial clause in the embedding
of eF+ex into eF. The proof that 3;(®) C Jg(P) contains the idea for the clause (3-1) of that
embedding.

The open question is: Do those encodings read off the proof by saturated sets always preserve
(B-reduction, i.e., are they in fact embeddings?

In the next sections we will see many more proofs where the method works.

9.4 Strong normalization of MelT-it and coMel T—it

For MelT—it and for coMel T—it we give an introduction-based and an elimination-based proof. In
contrast to the situation of eF following both possibilities of defining a fixed-point construction
for saturated sets is more work than only following one of them. Nevertheless, it seems worthwile
studying the differences of the proofs of Lemma 9.44 and Lemma 9.46.

9.4.1 Strong normalization of MelT—it

Lemma 9.38 If ¢ € sn, then C)q,t € sn.

Proof Induction on ¢ € sn. O
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Lemma 9.39 If s(uap)(Ay"*y)(AatP 2B os)ts € sn, /P ¢ FV(s) and (Cpapt)Ef0s5 is a

term, then (Cpapt)E;0s5 € sn.

Proof Induction on s(uap)(Ay"**y)(Az#*?.zE} 0s)t5 € sn™ by the usual analysis of the imme-
diate reducts of (prt)E:[Us§'. (Note that we need sn™ because s occurs twice in the canonical

reduct of (Cpapt)Ef

1 088.) 0

Corollary 9.40 SN C sn.

Proof The same as for Lemma 9.6. 0

Saturated sets for MelT—it
Extend the definition for system eF of M being a 7-saturated set by the following clause:
(B) If s(pap)(Mytery)( Azt 2B os)ts € M, x#* ¢ FV(s) and (Cpapt)E 055 is a
term, then (Cpapt)E}0ss e M.
Extend the definition of the 7-saturated closure cl.(M) accordingly by the clause
(BF) If s(uap)(Aytery)(Azter 2B os)ts € cl (M), /P ¢ FV(s) and (Cuapt)E} 055 is a
term, then (Cpapt)E;0s8 € cl (M).

Again cl(M) is the smallest 7-saturated set containing M N SN,.

Calculating with saturated sets for MelT—it

From now on we always adopt the same operator precedences for constructions of saturated sets
as for types, e.g. P — Q — M denotes P — (Q — M).

Fix Aap. Let ® := (@), be a family of mappings ®, : SAT, — SAT,,._;. Define for
M € SAT jap

Mi(M) = {r € Auap|3t € Ppap(M).r = Chapt}
Mg(M) = {r € Ayap|VoVN € SAT,Vs e VP.(P - M) — (P = N) — ®(P) > Nrse N'}

and W : SAT ,op — SAT 44, by setting
V(M) := cluap(Mp(M))

and
pe(®) := any fixed point of Wg : SAT 0, — SAT sap,

defined by
Up(M) = cluap(Mp(M)).

Because Vg is monotone (it is even non-strictly positive) and SAT 4, is a complete lattice, such
a fixed point exists. Hence, up(®) is pap-saturated. If we took the least fixed point for pup(P),
pr(®) would be (pointwise) isotone in the argument ®. If ®,,, were monotone, ¥; would
also be monotone and we could define p7(®) as the least fixed point of W;. Unfortunately, in
the definition of the computability predicates we cannot ensure the monotonicity of ®,,: Let
p = a — 1. (Hence, Aap is trivially monotone although it is not positive.) Assume that — (for
saturated sets) is —g. In order to define SC,q, we have to study ®,q,, defined by

D0y (M) 1= SC, [, a := P, M] := SC,[a@,  := P, M] = SC1[@, o := P, M] := M —5 SN;.
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Let M C M and r € ®,,,(M). How could we show r € ®,,,(M’)? r € SN is clear. Let
s € M'. We would have to show 7E_ s € SN;. By assumption on r we have that rE_t € SN; for
t € M C M’. Hence, we cannot use this assumption. However, if we already knew that every
term is in SN, we could infer that ®,,, is constantly equal to SN,n,—1 and hence monotone.
But we are about to proving A = SN!

Nevertheless, there is an introduction-based approach which works. Define for M € SAT

M7 (M) = {r € Muap|IM’ € SAT 4oy M! € M ATt € By (M').r = Chapt}

and set
wr(®) := the least fixed point of \I/I2 : SAT jjap — SAT uap,

defined by
W7 (M) = cluap (M} (M),

Because \III2 is monotone (is is even strictly positive), such a fixed point exists. It is obvious
that \I/I2 DO Uy (pointwise). Therefore any pre-fixed-point of \I!? is also a pre-fixed-point of ¥y.
Note that for \IIIQ only ®,,, is needed. However, for ease of presentation also in this case the
existence of the family (®,), is assumed.

Using informal modified realizability the above definitions motivate two encodings of the types:
The definition of p;(®) gives rise!® to

(nap) = padp.(6 — a) x p'la = G

for 5 ¢ {a} UFV(p), hence (uap)’ = spos(uap’) which is the encoding used for embedding UVIT
(and hence also MelT) into MePIT (in section 6.2.3).
The definition of pp(®) suggests'® the following

(nap) = iBvy.(Va.(a = B) = (a =) = p =) =~

where [i indicates that a fixed-point type is used instead of an inductive type (see appendix B).
Following the proofs of this section one may also read off embeddings: In the first case into
MePIT, in the second!'” into a system of non-interleaving positive fixed-point types. That both
preserve reduction has to be checked due to the lack of a general theorem saying when the
extracted encodings are in fact embeddings.

Lemma 9.41 Mg(M)NSN € SAT (which implies V(M) = Mg(M) NSN).
Proof Straightforward. O

Lemma 9.42 M;(M) C SN (which implies U;(M) O M(M)). O

We could partly solve the problem by considering only pap with o € Pos(p) and monotone ®,., and later
proving simultaneously with the definition of the computability predicates that the function P — SC,[&, a := 75, P]
is monotone for a € Pos(p) and antitone for oo € Neg(p). We would thus get strong normalization only for the
original system of Mendler (coinductive types not taken into account) and were not allowed to infer strong
normalization of IMIT from this result.

5The existence of M’ is reflected by 383, the inclusion by —, the conjunction by x and ¢t € ®,a,(M’) by
p'la:= B]. 7 = Cpapt has no computational content and hence is not represented.

16y reflects VoV € SAT,.

"For the translation of the introduction rule one uses the slightly easier proof that we(®P) is a pre-fixed-point
of U instead of Lemma 9.44.
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Lemma 9.43 Let M be a pap-saturated set.

M is a pre-fixed-point of Wy iff for all t € ®,4,(M), we have that Cpa,t € M.

M is a post-fixed-point of ¥ iff for all » € M, types o, N' € SAT, and for all terms s €
YP.(P — M) = (P = N) = ®P) — N, we have rEfos € N.

Proof Use the two preceding lemmas. 0O
Lemma 9.44 up(®) is a pre-fixed-point of \Il?

Proof We have to show that
U7 (np(®) C pp(®).

Because pp(®) is a pre-fixed-point of ¥, it suffices to show
U7 (1p(®)) C Up(pup(®)).
Because cl o, is monotone, it suffices to show
M7 (1p(®)) € Mp(pp(®)).
Let M € SAT 0 with M C pug(®). Let t € ®,,4,(M). We have to show
Chapt € Mp(pe(®)).

Let o be a type, N' € SAT, and s € VP.(P — pg(®)) —» (P = N) — ®(P) — N. We have to
show that
C#aptEjas eN.

Because N is saturated it suffices to show
s(uop) Ay Py) (At P aEfos)t € N.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) and ¢t € ®,,(M) it suffices to show

s(uep) Ay Py) Azt P zEf 05) € P pap(M) — N.

Because of (V-E) we have
(1) € (M = ps(®)) — (M = N) = B0 (M) — N

By help of (—-I) we know A\y**?y € M — ugp(®). Hence by (—-E)

s(pap) Ay ry) € M —= N) = @pap(M) — N.
Again because of (—-E) it suffices to show

Azt xBros € M — N
Use (—-I). Let r € M. We have to show
rEfos e N.

This follows from the preceding lemma because r € M C pug(®) and pg(P) is a post-fixed-point
of \IJE O



9.4. STRONG NORMALIZATION OF MEIT-IT AND COMEIT-IT 131

Note that we used from pg(®) the properties of being a pre-fixed-point and a post-fixed-point
of . Note also that for the purposes of the normalization proof it would have been enough
to show that ug(®) is a pre-fixed-point of ¥; instead of \I/IQ, but from the above result we even
get the following

Corollary 9.45 ur(®) C pur(®).
Proof p;(®) is the least pre-fixed-point of \III2 0
Lemma 9.46 u;(®) is a post-fixed-point of V.

Proof Set M := p;(®). We prove M C Ug(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := W (M) N M. We have to show

WP (M) € We(M).
Because cl o, is monotone, it suffices to show
M7 (M') € Mp(M).
Let r € MP(M'), i.e., 1 = Cuapt with t € ®0,(M”) for some M” € SAT 0, with M” C M'.

We have to show that
C/mpt S ME(M)

Let 0 be a type, N' € SAT, and s € VP.(P - M) — (P — N) — ®(P) — N. We have to
show that
prtE:os eN.

Because N is saturated it suffices to show
s(pap) Ay Py)(Aat P aEfos)t € N.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) and t € ®,,4,(M") it suffices to show

s(uop) Ay y) (AP 2Ef 05) € pap(M”) — N.

Because of (V-E) we have
S(10p) € (M" = M) = (M" = N) = By (M) = A

By help of (—-I) and because M” C M we know \y#*Py € M” — M. Hence by (—-E)

s(uap)(Ay"*Py) € (M" = N) = Bpap(M") = N.
Again because of (—-E) it suffices to show

Azt zBYos € M — N
Use (—-I). Let ' € M”. We have to show
r'Efos e N.

This follows from ' € M" C M’ C V(M) C Mp(M). O
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Note that we only used that i (®) is a least pre-fixed-point. Note also that the stronger induction
principle is essential to the argument because we have to show that A\y#**?y € M” — M. Finally
note that some sort of induction is indispensable because otherwise one could never use the rule
(B,}) for saturated sets.

If we took the greatest fixed point in the definition of up(®) (which would be the greatest
post-fixed-point by dualization of Tarski’s theorem) we would have p;(®) C up(®P) again as a
consequence of the preceding lemma.

Putting everything together we get the following rules for reasoning with p7(®) and pg(®) where
we simply write p(®) for both of them:

(SAT) u(®) € SAT Lap-
(u-I) If t € @,0p(u(P)), then Cpapt € pu(P).

(u-ET) Ifr € pu(®), o type, N € SAT, and s € VP.(P — u(®)) — (P = N) — ®(P) — N,
then rEfos € V.

Computability predicates for MelT—it
Extend the definition of SC,[@ := P] by the following clause:
)

(1) SCuapld@ == P| := u(®) with @ = (®,),, where @y : SAT, — SAT 5 4ims.0] i5 de-
fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will be written more intuitively as follows:
SCuapld := P] := uP.SC, &, a := P, P].

We want to extend the coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) to
MelT—it. This is not possible if we interpret “any fixed point of U " in the definition of yp(®)8
too liberally. We have to stipulate that this choice only depends on ¥g. This means that we
assume a function giving for any monotone W : SAT ,,, — SAT 44, a fixed point of ¥ and that
this function is used for choosing the fixed point in the definition of yp(®)'. With this extra
condition it is obvious that the coincidence and substitution lemma extend to MelT—it.

Now we extend Lemma 9.16 to Mel T—it:

Lemma 9.47 Let r” be a term, 27 a list of variables and § an equally long list of terms such
that §€ SC;@ := P] for some P C SAT. Assume that

Vavrvr' (a7 2™ € V() UZP) A (rl@ =) =7'[@d:=5)) => m = .
Then r[d := #][#1%= .= 5] € SC, @ := P].

Proof Induction on r. Again abbreviate r[@ := &][#71%=] := 3] by +/ (for any term ). The
assumption in the statement will again be referenced to as “injectivity”. We only have to
consider the rules (u-1) and (u-ET).

(p-I) Case Cuapt. (Cuapt)’ = Cpapja=zt’- We may assume that o ¢ d. We have to show
C

aplai=at € SCuapld := P|. By the rule (u-1) for saturated sets it suffices to show

t' € SC,ld, o := P,SCpapld@ := P|].

18For the restrictions of the choice between ur and pg see the discussion immediately before Lemma 9.13 on
p. 118.
19This uniformity assumption will be tacitly made also for the other systems of inductive types.



9.4. STRONG NORMALIZATION OF MEIT-IT AND COMEIT-IT 133

Because FV(Capt) = FV(t), injectivity holds trivially also for ¢. By induction hypothesis
t" € SCpja—pap)[@ = ﬁ] By the substitution lemma (which for system F is Lemma 9.14) we
have

SCpfampap][@ = P| = SC,[@, a := P, SCpapld = PJ].
(w-ET) Cafe rEfos. (rEfos) = r'Ef (o]d@ := 7])s’. We have to show tljat r'Efold = s €
SCyla :=P]. Use (u-ET) for saturated sets. Show that 7' € SC,q,[@ := P] and

s' € VP.(P — SCpapl@ := P]) — (P — SC,[@ := P]) — SC,[d@,a := P, P] — SC,[a@ := P).

Injectivity holds for 7 and s because FV(r), FV(s) € FV(rE os). Therefore by induction hypoth-
esis 1’ € SCpqpld = Pl and ¢ € SCva.(a—pap)—(a—a)—p—a @ = P|. Unwinding the definition
and using the coincidence lemma (o ¢ FV(uap) UFV(o)) and o ¢ @ (which we assumed in the

—,

definition of SCja,[d@ := P]) leads to the desired result. O

As for system eF we get as corollaries that SN = A, that every term is strongly normalizing,
that € is a normalizing function and that there is no closed term of type 02°.
9.4.2 Strong normalization of coMelT—it

Lemma 9.48 If ¢ € sn, then C)q,t € sn.

Proof Induction on ¢ € sn. O

Lemma 9.49 If s(AaAz“O‘pX"_’O‘.toz ()\x“ap.z<m, ()\m“ap.mE:o's)m)))E' € sn, the side conditions

of the (3;})-rule are met and (Ca,t) B

4058 is a term, then (Cpapt)Ef 058 € sn.

Proof Induction on s(Aa)\z”a”X"_’a.toz ()\:L‘Wp.z<:n, (Ax““ﬁmE,‘fos)m)))E’ € sn™ by the usual

analysis of the reducts of (Cya,t)E}0s5. (Note that we need sn* because s occurs twice in the

canonical reduct of (Cmpt)E;[Gsé'.) 0
Corollary 9.50 SN C sn.

Proof The same as for Lemma 9.6. O

Saturated sets for coMel T—it
Extend the definition for system eF of M being a 7-saturated set by the following clause:
(Bh) If s(Aa)\z“apX"_"’.toz ()\x“a”.z@, ()\a:“ap.xE;ras)x>>)§ € M, the side conditions
of the (8;7)-rule are met and (Cpa,t)E;f 055 is a term, then (Cpapt)Ef 055 € M.
Extend the definition of the 7-saturated closure cl (M) accordingly by the clause

(Bh) If s(Aoz)\z“apX"_’o‘.ta ()\a:“a”.z@, ()\as’w‘p.:zE:[Us)@))g € cl (M), the side condi-

tions of the (3;)-rule are met and (Cpa,pt)E} 055 is a term, then (Cpa,t)Ef 055 €
cl-(M).

Again cl-(M) is the smallest T-saturated set containing M N SN..

20 As was mentioned in footnote 13 concerning system F we never used induction on SN. This is also true of this
system (and of all the others considered in this thesis). It would not be possible e.g. in the following variant of
Mel T—it with (u-E™) replaced by: If 7 : pap and o type, then 7Ef o : (Va.(a — pap) — (o — o) — p — o) — 0.
We would have to prove r**? € SN = rEf o € SN by induction on SN.
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Calculating with saturated sets for coMelT—it

Fix Aap. Let ® := (®;); be a family of mappings ®, : SAT, — SAT,,._,. Define for
M € SAT 4ap

MiM) = {reAuldte (VP.(M ~P) - @(P)).r = Chapt}
Mp(M) = {r € Auuy|VoVA € SAT, Vs € (VP.(M x N = P) - <1>(7>)) — NoEfs € N}
and set

pr(®) := the least fixed point of ¥y : SAT 10, — SAT jap,

defined by
U1 (M) := clyap(M(M))
and
pe(®) := any fixed point of Wg : SAT 0, — SAT Lap,
defined by

\I/E(M) = Cluap(ME(M))‘

Because W and Vg are monotone (they are even non-strictly positive) and SAT ., is a complete
lattice, such fixed points exist. Hence, pu;(®) and pup(®) are pap-saturated sets. pr(P) is
(pointwise) isotone in the argument ®. If we took the least fixed point for pg(®), the same
would hold.

The first approach corresponds to the encoding
(nap) = pavp.(a — B) — plla = G

for B ¢ {a} UFV(p). Hence (uap)’ = pos(uap’) which is the encoding used for embedding
coMelT into coMePIT in section 6.3.3.
The second approach (via pg(®)) corresponds to

(pap)' = @y (Va.(Bxy —a) = p) =) =7

with “new” 3 and ~. Following the proof below one even gets an embedding into a system of
non-interleaved positive fixed-point types (see appendix B).

Lemma 9.51 Mpg(M)NSN € SAT (which implies V(M) = Mg (M) NSN).
Proof Straightforward. O
Lemma 9.52 M;(M) C SN (which implies ¥;(M) D Mj(M)). O

Lemma 9.53 A pap-saturated set M is a pre-fixed-point of Uy iff for all ¢t € VP.(M — P) —
®(P), we have that Cpapt € M. A pop-saturated set M is a post-fixed-point of Vg iff for all

r € M, types o, N € SAT, and s € (VP.(M XN —P)— @(P)) — N, we have rEfos € NV.
Proof Use the two preceding lemmas. 0

Lemma 9.54 up(®) is a pre-fixed-point of ¥;.
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Proof Set M := pug(®). We have to show that
V(M) M.
Because M is a pre-fixed-point of ¥, it suffices to show
V(M) CUg(M).
Because cl o, is monotone it suffices to show

My(M) € Mp(M).
Let t € VP.(M — P) — ®(P). We have to show

Chapt € Mp(M).
Let o be a type, ' € SAT, and s € (VP.(M x N = P) = <I>(P)> —» N. We have to show that

CuaptEZas eN.
Because N is saturated it suffices to show

s (Aoz)\z“apx“_’a to ()\x“o‘p.z<aj, ()\:BW”.J:EIUS):I:)) ) eN.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) it suffices to show

AaXHPXT7Y ty <)\x“°‘p.z<x, ()\a:“ap.:z:E:[as)@) EVP.(M XN — P) — &(P).
We use (V-I). Let 7 be a type and P € SAT,. We have to show
AZHOPRO=T t (x\x“ap.z<:c, ()\ZL‘”QP.JTEZUS)SL‘>) EMxXN —P)— o, (P).

We use (—-I). Let u € M x N — P. We may assume that x#*" ¢ FV(u). Therefore we have to
show
tr ()\x“ap.u<x, (Ax“ap.xE;Us)ac)) € o (P).

Because of (V-E) we have that t7 € (M — P) — ®.(P). By (—-E) it suffices to show
Az ufz, (AP 2Ef os)z) € M — P.

We use (—-I). Let 7 € M. We have to show

ulr, (Aa:“o‘p.xE:Js)r) eP.
Because of (—-E) and (x-I) it suffices to show

re Mand (Az".zE os)r € N
Because 7 € M C SN and N is saturated it suffices to show
rEfos e N.

This follows from the preceding lemma because M is a post-fixed-point of V. O
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Note that we used from pg(®) the properties of being a pre-fixed-point and a post-fixed-point
of W E-

Corollary 9.55 pu;(®) C pug(®).
Proof p;(®) is the least pre-fixed-point of U;. 0
Lemma 9.56 pu;(®) is a post-fixed-point of Ug.

Proof Set M := p;(®). We prove M C Ug(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := W (M) N M. We have to show

(M) C Up(M).
Because cl o, is monotone it suffices to show
Mp(M') C Mg(M).
Let 7 € Mi(M’), i.e., r = Cyqpt with t € YP.(M' — P) — N. We have to show that
Chapt € Mp(M).
Let o be a type, N € SAT, and s € (VP.(M XN —P)— <I>(77)> — N. We have to show

ChoptEfos € N.
Because N is saturated it suffices to show
s(Aa)\z“a"’X"_’“.ta (Ax““’”.z(x, (/\H?Map..%'E:JS)Z'>>> eN.
Because of (—-E) it suffices to show
Aa\ZHPRT7Y oy ()\m“ap.z@, ()\x“ap.xE:as)@) EVP. (M XN — P) — &(P).
We use (V-I). Let 7 be a type and P € SAT,. We have to show
AZHOPXRO=T t (x\&?“ap.z(a:, (Ax“ap.a:E:[Us)@) EMXN —P)— &, (P).

We use (—-I). Let u € M x N — P. We may assume that z#*? ¢ FV(u). Therefore we have to
show
tr ()\x”ap.u<x, ()\:c“ap.xEZas)@) € 0. (P).

Because of (V-E) we have that t7 € (M’ — P) — ®,(P). By (—-E) it suffices to show

Az ufx, AP zEf os)z) € M' — P.
We use (—-I). Let ' € M’. We have to show

u(r', (A" aEfos)r') € P.
Because of (—-E) and (x-I) it suffices to show
e M and (AzH*? 2B os)r' € N.
Because ' € M’ C M C SN and N is saturated it suffices to show
r'Efos e N.

This follows from ' € M’ C Ugp(M) C Mg(M). O
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Note that we only used that p;(®) is a least pre-fixed-point. Note also that the stronger induction
principle is essential to the argument because we have to show that 7’ € M. Finally note that
some sort of induction is indispensable because otherwise one could never use the rule (B:[) for
saturated sets.

If we took the greatest fixed point in the definition of pg(®) we would have pur(®) C pup(P)
again as a consequence of the preceding lemma.

Putting everything together we get the following rules for reasoning with p;(®) and pg(®) where
we simply write u(®) for both of them:

(SAT) 1u(®) € SAT o
(p-1) If t € VP.(u(®) — P) — ®(P), then Cpapt € pu(P).

(w-ET) If r € u(®), o type, N € SAT, and s € (VP.(M(QJ) XN —P)— @(P)) — N, then
rEfos e N.
"

Computability predicates for coMel T—it
Extend the definition of SC,[d@ := P| by the following clause:

—,

(1) SCpapl@ := P] := pu(®) with & = (®,),, where ®, : SAT, — SAT (5 a:—7,0] is de-
fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will be written more intuitively as follows:
Scuap[& = 73] = /[PSC[;[&, o= 73”])]

It is obvious that coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) extend
to coMel T—-it?!.
Now we extend Lemma 9.16 to coMel T—it:

Lemma 9.57 Let r” be a term, @ a list of variables and § an equally long list of terms such
that § € SC4{@ := P7] for some P C SAT. Assume that

Vavmvr' (2™, 2™ € FV(r)UZP) A (r[ad =7 = 7'[d :=5]) = 7 = 7.
Then r[d := 7] [fﬁ[&:zg] = 5] € SC,la := 73}

Proof Induction on 7. Again abbreviate r[@ := &][#°1%=] .= 5] by +/ (for any term r). The
assumption in the statement will again be referenced to as “injectivity”. We only have to
consider the rules (u-1) and (u-E™).

(p-1) Case Cuapt- (Cpapt)’ = Cpapja:=s)t’- We have to show Cqpiq.—5t" € SCpap[@ := P]. By
the rule (p-I) for saturated sets it suffices to show

t' € ¥P.(SCpapld := P] — P) — SC,[d, o := P, P).

Because FV(Cjapt)

= FV(t), injectivity holds trivially also for ¢. By induction hypothesis
t € SCya. (uapa)—pl@ =P

]. By definition of strong computability,

SCua.(pap—a)—pl@ = P| = YP.(SCphapld, o := P, P] — SCqld, a := P, P]) — SC,[d&,a := P, P.

21Cf. the discussion for Mel T—it.
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Using the implicit assumption o ¢ &, we get SC,[@, a := P, P]) = P. By the coincidence lemma
(for F this is Lemma 9.13), we get SC,q,[d, o := P, P] = SCpqp[d := P].

+ - - — Rt (gl — & P
(u-ET) Cafe rEjos. (rEjos) = r'Ej(o][d := &])s’. We have to show tljat r'Ejold = d]s’ €
SC,[@ := P]. Use (u-ET) for saturated sets. Show that 7’ € SCjqp[@ := P] and

s € (vp.(scmp[(sz = P] x SCo[d := P] — P) — SC,[d, o 1= 75,73]) — SC,[d = P.

Injectivity holds for 7 and s because FV(r),FV(s) € FV(rEfos). Therefore by induction hy-
pothesis 1" € SCpyq,ld@ 1= Pl and ¢ € SCa.(papxo—a)—p)—a @ = P|. Unwinding the definition
and using the coincidence lemma (o ¢ FV(uap) UFV(0)) and a ¢ & leads to the desired result.g

As before we get as corollaries that SN = A, that every term is strongly normalizing, that € is
a normalizing function and that there is no closed term of type 0.

9.5 Strong normalization of EMIT, varEMIT, IMIT and varlMIT

Direct proofs of strong normalization are given although strong normalization follows already
via the embeddings into MelT—it and coMelT—it. Technically it is interesting that monotonicity
of the operators is mainly enforced not by the general method described in the introduction to
the chapter on systems a la Mendler but by a construction based on the monotonicity witnesses
which for the elimination-based proof for EMIT follows an idea of [Alt93c|. Because for the
systems varEMIT and varIMIT this construction does partly not work the general method is
applied almost purely.

9.5.1 Strong normalization of EMIT

Lemma 9.58 If m € sn and ¢ € sn, then Cq,mt € sn.

Proof Induction on m € sn and ¢ € sn. 0

Lemma 9.59 If 5(m(uap)a()\x“ap.:rEuas)OE’ € sn, oM ¢ FV(s) and (Cpuapmt)E 085 is a

term, then (Cyapmt)E 055 € sn.

Proof Induction on s(m(,ua,o)o()\x”ap.a:Euas)t>§' € sn™ by the usual analysis of the reducts

of (Cpapmt)E,osS. (Note that we need snt because s occurs twice in the canonical reduct of
(Cpapmt)E,055.) 0

Lemma 9.60 If s(m(uap)(,uocp X o) (z\x“ap.<x, ()\x“ap.xE/‘fos)@)t)é' € sn, zH* ¢ FV(s) and

(Cpapmt)Ef 055 is a term, then (Cpa,mt)E} 055 € sn.

Proof Induction on s(m(,uap)(,uap X 0) ()\x“ap.<x, (Aw““”.xEIas)x))t)E’e sn™ by analysis of

the reducts of (Cuapmt)Ejasé'. (Note that we need sn™ because s occurs twice in the canonical
reduct of (Cpapmt)E}0s5.) 0

Corollary 9.61 SN C sn.

Proof The same as for Lemma 9.6. 0
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Saturated sets for EMIT
Extend the definition for system eF of M being a 7-saturated set by the following clause:

(Bu) If 5(m(uap)a()\x“ap.xEuos)t)§€ M, 2k ¢ FV(s) and (Cpapmt)E, 055 is a term,
then (Cyapmt)E 085 € M.

(Bh) If s(m(,uap)(ua,o X o) ()\x“ap.(:z:, (/\x“ap.xEjas)@)t)é’ e M, 2t ¢ FV(s) and
(Cuapmt)Ef 055 is a term, then (Cua,mt)Efoss € M.
Extend the definition of the 7-saturated closure cl.(M) accordingly by the clause

(Bu) It s(m(uap)a()\x“ap.xE#Js)t>§' € cl (M), x#* ¢ FV(s) and (Cpapmt)E 055 is a
term, then (Cpapmt)Eyos5 € cl(M).

(B 1t s(m(,uap)(,uap X o) ()\:L‘W"’.<:L‘, (Ax“”‘ﬁxEIas)x))t)E’ € c- (M), =zt ¢ FV(s)
and (Cpapmt)Ef 055 is a term, then (Cya,mt)Efoss € cl (M).

Again cl- (M) is the smallest T-saturated set containing M N SN.

Calculating with saturated sets for EMIT

Fix Aap. Let ® := (@), be a family of mappings ®, : SAT, — SAT,._;. Define for
M € SAT 4ap

M](M) = {T‘ S Awp\ﬂm S VPVQ(P — Q) — (I)(P) — (I)(Q)at € CI’“QP(M).T = Ouapmt}
Mg(M) = {r € Aya,|Vo¥N € SAT, Vs € ;(N) = NrE 05 € NA
Vs € @uapxa(M X N) — J\/’rEIas e N}

and define Wy : SAT o, — SAT jap by

V(M) := cluap(Mr(M))
and ¥ : SAT j0p — SAT 4ap by

V(M) = cluap(ME(M)).

We cannot ensure Uy or Wg to be monotone. In order to overcome this problem we define (with
Pow denoting the power set) for m € VPYQ.(P — Q) — ®(P) — ®(Q)

®5 : SAT iap — Pow(SN (o~ )

via
P2(M) = {t € SNpjnmpay[VOVN € SAT, Vs € M — N.m(uap)ost € Bo(N)}
and < := (®%), with
D5 : SAT, — SAT o]
via
(I)%(N) = c'p[a::o}({r S Ap[a::a]Hm € VPVQ(P — Q) — (I)(P) — @(Q)
IM € SAT j0p3s € M — N3t € D,0,(M).1r = m(uap)ost})

®2 is monotone (even non-strictly positive) and ®2 O ®,,, (pointwise) because of the rules
(V-E) and (—-E) for saturated sets. ®S is monotone (even strictly positive) and ®5 C @,
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(pointwise) also because of the rules (V-E) and (—-E) for saturated sets. (Note that already the
set which is the argument to cl .., is a subset of ®,(M) and therefore also ®5(M) because
o, (M) is saturated.)

Define for M € SAT 0,

MPE(M) = {r € Auap|Fm € YPYQ.(P — Q) — ®(P) — ®(Q)3t € B2 (M).1r = Cpuapmt}
M%(M) = {r € Apuap|VoVN € SAT, Vs € D5(N) — N rE 05 € NA
Vs € (M xN) = NrEfos € N}
and set
wr(®) := the least fixed point of \I'% : SAT uap — SAT pap,
defined by
V7 (M) = clyuap(MF (M)
and
pwe(®) := any fixed point of \I/% : SAT yap — SAT japs

defined by

VEM) := cluap(M5 (M)).

Because ¥ and ¥ are monotone (they are even non-strictly positive) and SAT 4, is a complete
lattice, such fixed points exists. Hence, pu7(®) and pp(®) are pap-saturated sets.
Let us extract an encoding of types from the definition of p;(®):

(hap)’ = pB.Mon(Aap') x Vau.(B — a) — ¢/,

where we write Mon(Aap) for Vavj.(a — ) — p — pla := (] and assume that 5 ¢ {a}UFV(p).
The extraction read off the following proofs indeed gives an embedding of EMIT into NIPIT.
Following the elimination-based proof one presumably gets an embedding into a system of non-
interleaving positive fixed-point types.

Lemma 9.62 Mg(M)NSN € SAT and Mg(/\/l) N SN € SAT (which implies that Vg(M) =
Mp(M) N SN and U5 (M) = M5 (M) NSN).

Proof Straightforward. O

Lemma 9.63 M;(M) C SN and M7 (M) C SN (which implies that ¥;(M) D M;(M) and
U2 (M) D M7 (M)). 0

Lemma 9.64 Let M be a pap-saturated set M.

M is a pre-fixed-point of ¥y iff for all m € YPVQ.(P — Q) — ®(P) — ®(Q) and for all
t € ®,ap(M), we have that Cpapmt € M.

M is a post-fixed-point of ¥ iff for all r € M, types o, N € SAT, and s € &,(N) — N, we
have rE,0s € N and for all s € ®apxe(M x N) = N, rEfos e N.

Proof Use the two preceding lemmas. 0O

Lemma 9.65 u;(®) is a pre-fixed-point of ¥;.
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Proof p(®) is a pre-fixed-point of \III2 by definition. Hence

pr(®) 2 U7 (pr(®)) 2 Tr(ur(P)),

which clearly follows from ®2 D ®,,,, because M;(M) and M7 (M) have the same definition
with exception of the occurrence of ®,,, and ®= | respectively, which is at a strictly positive
position. 0

Lemma 9.66 up(®P) is a post-fixed-point of ¥p.
Proof pp(®) is a post-fixed-point of \Il]% by definition. Hence
np(®) C W5 (pn(®) C Vp(un(®)).

which clearly follows from ®< C & (typewise) because Mp(M) and M % (M) have the same

definition with exception of the occurrence of ®,4,x, and @,%apx - Tespectively, which is at a

non-strictly positive position. 0
Lemma 9.67 up(®) is a pre-fixed-point of W;22,
Proof Set M := pig(®). We have to show
V(M) M.
Because M is a pre-fixed-point of \Il%, it suffices to show
(M) C TE(M).
Because cl o, is monotone, it suffices to show
Mp(M) C Mg (M).
Let m € YPYQ.(P — Q) — ®(P) — ®(Q) and t € ®,,4,(M). We have to show
Chuapmt € M5 (M).
Let o be a type, N' € SAT, and s € ®,(N) — N. We have to show that
ChapmtE os € N.
Because N is saturated it suffices to show
s<m(,uozp)a()\x“ap.mEuas)t> eEN.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) it suffices to show

m(pap)o Azt zE o8)t € Do (N).
By (V-E) and (—-E) it suffices to show

AzhP 2B 058 € M — N.

22Tt does not seem possible to show that we(®P) is even a pre-fixed-point of \I/I2 and hence I do not know whether
pur(®) C pe(?P).
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We use (—-I). Let » € M. We have to show
rE os € N.

This follows from M C U5 (M) C Mg (M).
We come to the case for which U was designed, namely s € @%apx (M xN) — N. We have
to show

CuapmtEZas eN.

By saturatedness of A it suffices to show
s(m(,uap)(uap X o) </\a:“°‘p.<a:, (Ax“ap.xEZas)@)t) eN.
Because of (—-E) it suffices to show

m(pap)(pap X o) <)\x“a’).<x, (Ax“o‘p.xE:as)x))t € @%apxg(./\/l x N).

According to the definition of ®< (the closure in the definition of ®< only makes the set larger)
we are done if we show

Azl (, (k' 2B Fos)z) € M — M x N.
We use (—-I). Let r € M. We have to show
{r, ()\x“o‘p.mE:[as)ﬂ EMxN.

By (x-I) it suffices to show
(Azh zEros)r € N

Because N is saturated, we only need to show
TE:O’S eN.
This follows again from M C \IJ}%(./\/I) C MEg (M). O

Note that we used from pg(®) the properties of being a pre-fixed-point and a post-fixed-point
of \I/%

Lemma 9.68 1;(®) is a post-fixed-point of ¥z23.

Proof Set M := u;(®). We prove M C ¥p(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := Up(M) N M. We have to show

VP (M) € Wp(M).
Because cl o, is monotone, it suffices to show
MP(M') € Mg(M).

Let r € MIQ(M’), i.e., r = Cuapmt with m € VPVO.(P — Q) — ®(P) — ®(Q) and t €
@2 (M’). We have to show that
Clapmt € Mg(M).

21t does not seem possible to show that p7(®) is even a post-fixed-point of \Il% and hence also this lemma does
not give an information whether pr(®) C pp(®) (in case the greatest fixed point of W% is chosen to give g (®)).
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Let o be a type, N' € SAT, and s € ®,(N) — N. We have to show that
ChapmtE o8 € N.

Because N is saturated it suffices to show

s(m(,uap)a()\:z:“o‘p.xEuas)t> eN.
Because of (—-E) for saturated sets it suffices to show

m(pap)o (At zBE, os)t € ®o(N).
By definition?* of @ (M’) it suffices to show

At zE, 08 € M — N.
We use (—-I). Let ' € M’. We have to show
r'E,os € N.

This follows from M’ C U (M) C Mg(M).
We come to the case which needs the extended form of induction. Let s € ®apx0(MXN) — N.
We have to show

C’MapmtE:[as eN.

By saturatedness of A/ it suffices to show
s(m(,uozp)(uap X o) <)\x“°‘p.<:z:, ()\:L‘“O‘p.xE:Js)@)t) eN.
Because of (—-E) it suffices to show
m(pap)(pap x o) ()\x“a”.<x, ()\x“o‘p.xEjas)x))t € Puapxa(M xN).
By definition of ®z (M) it suffices to show
AP (z, (At zE os)z) € M — M X N.
We use (—-I). Let 7’ € M’. We have to show
(r', Azt zEYos)r') € M x N.
By (x-I) it suffices to show
'€ M and (At 2B} os)r' € N.

Because N is saturated and M’ C M (this argument needs the extension of induction), we only
need to show
r'Efos e N.

This follows again from M’ C (M) C Mg(M). O

24This would not work if in the definition of ®2 (M’) the closure operation would have been used to finally give
a saturated set. Therefore locally the realm of saturated sets is left. A formalization in a theory of saturated sets
is nevertheless possible because we may view the definition of ®32 (M) as an abbreviation like classes are seen as
abbreviations in set theory. In contrast to that taking the closure would correspond to set comprehension.
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Note that we only used that ur(®) is a least pre-fixed-point.
Putting everything together we get the following rules for reasoning with p;(®) and pg(®) where
we simply write p(®) for both of them:

(SAT

(-

(k-
(w-ET) Ifr € u(®), o type, N € SAT, and s € D pxo((P) x N) — N, then rEfos € N

p(®) € SAT 4ap-
Ifm e VPYQ.(P — Q) — ®(P) — ®(Q) and t € @0, (1(P)), then Cpapmt € p(P).

)
I)
E) If r € u(®), o type, N € SAT, and s € ®,(N) — N, then rE o5 € .
)

Computability predicates for EMIT
Extend (as for MelT—it and coMelT—it) the definition of SC,[d@ := P] by the following clause:

() SCpapld = Pl := u(®) with ® = (D,),, where &, : SAT, — SAT j(5,a:=5,0] 18 de-
fined by ®,(P) := SC,[d, o := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will again be written more intuitively as follows:
Scuap[o_z = 73] = MPSC,;[&, o= ’]37’]3]

It is obvious that coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) extend
to EMIT?.
Now we extend Lemma 9.16 to EMIT:

Lemma 9.69 Let r” be a term, 27 a list of variables and § an equally long list of terms such
that §€ SC4@ := P?] for some P C SAT. Assume that

Vavmvr' (a7, 2™ € FV(r)U @) A (r[d =& = '[d :=5]) = 7 = 7.

—,

Then 7[d := &][7°19=7) .= 5] € SC,[@ := P].

Proof Induction on 7. Again abbreviate r[@ := &][#°1%=] .= 5] by +/ (for any term r). The

assumption in the statement will again be referenced to as “injectivity”. We only have to

consider the rules (u-1), (u-E) and (u-ET).

(p-1) Case Cpapmt. (Cpapmt) = Cpapla:—zym't’. We may assume that o ¢ @. We have to show

Capla=am't" € SCuapld 1= P|. By the rule (p-1) for saturated sets it suffices to show
m' € YPYQ.(P — Q) — SC,[@, o := P, P] — SC,[@,a := P, Q] and

t' € SC,[d, a := P, SCpap|@ := PJ].

Because FV(Cpapmt) = FV(m) U FV(t), injectivity holds trivially also for m and t. By induc-
tion hypothesis m’ € SCyavs.(a—pg)—p—pla:i=g) [d = Pl and t' € SChlai—puap)[@ = P|. By two
applications of the coincidence lemma (which for system F is Lemma 9.13) and the equivalent
to Corollary 9.15 (stated for F) we see that

—. —

SCvavs.(a—B)—p—pla=g [0 := P] = VPVQ.(P — Q) — SC,[d, o := P, P] — SC,[d, a := P, Q)

25See the discussion for Mel T—it.
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(one of the applications even needs the generalization which is in fact proved).
By the substitution lemma (which for system F is Lemma 9.14) we have

SCp[a;:Map] [62 = 73] = Scp[&7 o= 737 SC,u,ozp[O_Z = 73]]

(p-E) Case rE,0s. This is only a minor variant to the following (4-ET) and therefore not shown.
(u-ET) Case rEfos. (rEfos) =1'E}(o[d := 5])s’. We have to show that

r'Efold = d]s' € SC,|a == P.

Use (u-E) for saturated sets. Show that 7/ € SCpua,|@ := P] and that
s' € SC,[d, a =P, SCphap|@ := P] x SC,[@ := P]] — SC,|@ := P).

Injectivity holds for r and s because FV(r),FV(s) € FV(rEfos). Therefore by induction hy-
pothesis 1’ € SCyq,ld = P and &' € SCplai=papxo]—old = P|. Because we may assume o ¢ &
the substitution lemma gives the desired result. O

As before we get as corollaries that SN = A, that every term is strongly normalizing, that € is
a normalizing function and that there is no closed term of type 0.
Note that one could have also defined ®5 : SAT, — SAT j[a:=g] Via

PS(N) = clpjai=o] ({7 € Apjai=0]|FM € YPVQ.(P — Q) — ®(P) — &(Q)
IrIM € SAT,I3s € M — N3t € . (M).r = mrost})

Every proof concerning ®< would go through without any changes (the new ®< is typewise
larger than the former but still smaller than ®). But the former definition is more informative
because it shows that only pap is relevant as first argument to m (which is not too surprising).
We also could replace the definition of ®2 (M) by a definition of

®=(M) : SAT 4y — PoW(SN 0. o))

(without the parameter m) via

P2(M) = {t € SNyjqizpay)|Vm € VPVQ.(P — Q) — &(P) — &(Q)
VoVN € SAT,Vs € M — N.m(uap)ost € ,(N)}

The proof with ®2(M) instead of ®z (M) would also go through without explicit changes
because the universal m may always be instantiated to the existential m in the proof of Lemma
9.68. (Note that ®= is smaller than ®2 for every appropriate m but still larger than ®.)

Acknowledgement: I owe the definition of ®< to [Alt93c] where a version without the closure
and with a fixed monotonicity witness and untyped terms in the saturated sets is defined.

9.5.2 Strong normalization of varEMIT
We try to extend the proof for EMIT in order to cover varEMIT. We first have to replace
m € VPVQ.(P — Q) — ®(P) — ®(Q) by m e VO.(M — Q) — P,,4,(M) — ©(Q)

in the definitions of M;(M), ®=2(M)?6 &S (N) and MI2 (M) and remove the first argument to m
(the removal of which only type-checks because this argument is always pap). In the definition

26We clearly have to use ®2(M) considered at the end of the proof for EMIT instead of ®2 (M).
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of ®5(N) we also have to put the existential over m inside the scope of the existential over M.
Although these definitions make sense there is no chance to get monotonicity of \1112 But \Il]% is
monotone and therefore we may expect the elimination-based proof for EMIT to carry over to
varEMIT. That this expectation is justified will be shown in appendix A. Essentially using the
general idea of defining \I/I2 as a monotone operator being pointwise larger than ¥; presented in
the introduction to chapter 6 we also give an introduction-based proof in that appendix. Here
only the definition of ug(®) and p;(P) are shown.

Fix Aap. Let ® := (®.), be a family of mappings ®, : SAT; — SAT ;.. Define S 1= (B5),
with

®5 : SAT, — SAT j0.—0]

PE(N) = clpjai=o] ({1 € Apjai=o][IM € SAT j0p,FM € VQ.(M — Q) — @ ,0p(M) — &(Q)
ds e M — N3t € D0,(M).r = most})

@& is monotone (even strictly positive) and @5 C ®, (pointwise) because of the rules (V-E) and

(—-E) for saturated sets.
Define for M € SAT 0,

MPE(M) = {r € Auap|3IM’' € SAT 0. M’ C MA
Im eVOQ.(M' — Q) = ®ppp(M') — &(Q)3t € Bpop(M').r = Cpapmi}
Mg(M) = {r € Auap|VoVYN € SAT,.Vs € D, (N) — N rE,05 € NA
Vs € @l%apxg(/\/l xN)— NrEios € N'}
and set

f17(®) := the least fixed point of U7 : SAT 0y — SAT ap,

defined by
U7 (M) 1= cluap (M7 (M)
and set
pp(®) ;= any fixed point of \I/% : SAT yap — SAT japs
defined by

VE(M) = cluap(M (M)

Because U and ¥ g are monotone (V¥ is even strictly positive and ¥ g non-strictly positive) and
SAT ,, is a complete lattice, the fixed points exists. Hence, p;(®) and pp(®) are pap-saturated
sets.

See appendix A for all the details leading to SN = A and discussion of the failure of the
generalization of the introduction-based proof for EMIT.

9.5.3 Strong normalization of IMIT

We may easily transform the normalization proof for EMIT given in section 9.5.1 to yield a
normalization proof for IMIT. We only have to adjust the definition of saturated sets and the
closure operation to the different definition of SN and then define the construction of i (®)
and pp(®P) as before except that the reference to the monotonicity witness moves from M;(M)
to Mp(M) and from M7 (M) to M5 (M) (the quantifier changes from 3 to V) and that the
parameter m in ®2 has to be internalized (by universal quantification) to give ®= and the
existentially quantified m inside ®5 is made a parameter to yield ‘IDT,%J. Only the definition of
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wr(®) and pp(®) will be shown here. For the other definitions and all the proofs see appendix

A.
Fix Aap. Let ® := (®;); be a family of mappings ®; : SAT, — SAT ,,._,]. Define

(I)Q : SATMap — POW(SNp[a::uap})

via
B2AM) = {t € SN,y [Vm € YPYO.(P — Q) — &(P) — &(Q)
VoVN € SAT, Vs € M — N.m(uap)ost € ©5(N)}

and for m € VPYQ.(P — Q) — ®(P) — ®(Q) define ®f; := (P, ,)o with
C
(1)77740 . SATU — SATp[a::U]
via

D5 ,(N) = dyaimo] ({7 € Apjaio]|IM € SAT i0pTs € M — NIt € B pu0p(M).
r = m(pap)ost})

®= and @7%70 are monotone.
Define for M € SAT 0,

MP(M) = {re Auap|3t € ®2(M).r = Cpapt}
Mg(M) = {r € Auapl¥m € YPYQ.(P — Q) — ®(P) — ®(Q)VoVA € SAT,
Vs € Do(N) = NrEoms € N AVs € @Tgn,mpxa(/\/l x N) = NrEfoms e N'}
and set
wr(®) := the least fixed point of \I/I2 : SAT yap — SAT japs
defined by
D )
U7 (M) = clyap(MF (M)
and
pe(®) ;== any fixed point of \II% : SAT jiap — SAT Lap,

defined by

UE(M) = cluap (M5 (M)).

Because W and Vg are monotone (they are even non-strictly positive) and SAT ., is a complete
lattice, such fixed points exists. Hence, ur(®) and pgp(®) are pap-saturated sets.

In appendix A it will be shown that in fact the proof of SN = A given for EMIT goes through
without changes to the content of it. Clearly, this reflects that g-reduction for p-types only
applies if the introduction and the elimination rule come together and then the monotonicity
witness is used in the same way for EMIT and for IMIT.

9.5.4 Strong normalization of varlMIT

Extend the proof for IMIT to varIMIT by refining it in the same spirit as the proof for EMIT is
refined to cover varEMIT. This time only the introduction-based approach directly generalizes.
For the elimination-based definition another idea has to be adopted: We essentially use the gen-
eral method of defining \II% as a monotone operator being pointwise smaller than Uy presented
in the introduction to chapter 6. Here only the definitions which show the construction of p7(®)
and pp(®P) are shown. All the details may be found in appendix A.
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Fix Aap. Let @ := (®;); be a family of mappings ®; : SAT, — SAT ;,._;). Define

®= : SAT 40 — Pow(SN (0= puap])

via

B2AM) 1= {t € SNpjor_ysap[VOUN € SAT,¥m € VP.(P — N) — B(P) — o (N)
Vs € M — N.m(uap)st € ®,(N)}

®= is monotone (even non-strictly positive) and ®=2 O ®,,, (pointwise) because of the rules
(V-E) and (—-E) for saturated sets.
Define for M € SAT 0,

Z(M) = {r € AuaplFt € B2(M)r = Cuapt}
Mg(M) = {r € Auap|VoVN € SAT,
Vm € VP.(P — N) — ®(P) — ®,(N)
Vs € ®o(N) — NrEoms € N A
VM € SAT jap M C M’ =
Vm € VP(P — M' x N) = ®(P) = D,apxe(M' x N)
Vs € D apxo(M X N) — NrE,fams e N}

and set
w1 (®) := the least fixed point of \I/I2 : SAT jjap — SAT uap,
defined by
W7 (M) 1= clyap (M7 (M)
and
pp(®) ;== any fixed point of \Il% : SAT ap — SAT Laps
defined by

WEM) = cluap (M5 (M),

Because Wy and ¥ are monotone (they are even non-strictly positive) and SAT 4, is a complete
lattice, such fixed points exists. Hence, p(®) and pg(®P) are pap-saturated sets.

See appendix A for all the details leading to SN = A and discussion of the failure of the
generalization of the elimination-based proof for IMIT.

9.6 Strong normalization of the other systems

In chapter 7 all the embeddings claimed in the main theorem in chapter 1 have been proved.
Hence every system embeds into any of the systems in class III. Therefore due to Lemma 2.49
we only needed to prove strong normalization for one of those, e.g. for MelT—it, and this has
been done in this chapter twice: with the help of introduction-based computability predicates
and with elimination-based such predicates.

The embeddings only show that every term is in sn. But it has been always easy to prove that
sn C SN and hence we also get the induction principle of SN and because SN C WN also the
induction principle of WN which allows to define the normalization function Q.

Also Corollary 2.43 (concerning the Peirce formula) may be proved in all of the systems with
the same proof (as was the case for Lemma 2.37 and 2.46 expressing consistency).
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Although we now know strong normalization of PIT by indirect means it is interesting to think
of a direct proof. It would work as indicated in the footnote 14 on p. 129: For the construction
of the fixed points p;(®) and pug(®) one would require that every @, be monotone. This
monotonicity has to be preserved by any of the constructions and hence one would be forced to
take the least or greatest fixed point in the elimination-based approach. The essential lemmas
which say that p(®) is a post-fixed-point of Wg and that pg(®) is a pre-fixed-point of ¥y can
only be proved under the assumption that already map,,, € VPVQ.(P — Q) — ®(P) — ®(Q).
The definition of computability predicates would be done simultaneously with the proof that
the function P +— SC,[d, a := P, P] is monotone for a € Pos(p) and antitone for o € Neg(p)
which of course needs the preservation of monotonicity of the construction of pug(®). The
final soundness lemma (stating strong computability under substitution) cannot be proved by
structural recursion because of the assumptions on map,,, in the crucial lemmas. If p;(®) is
used, the proof goes by induction on the set ST of stratified terms of ISMIT (of which PIT is an
instance) and in case pgp(®) is chosen, induction on ST of ESMIT works.

For NIPIT a direct proof would be a lot easier: Because there is no interleaving, pp(®) need
not be monotone in ®. Hence, we may take any fixed point of Vg as usual. The definition
of computability predicates would be done simultaneously with the proof that the function
P — SC,ld,a = P, P] is monotone for a € NIPos(p) and antitone for & € NINeg(p) and
constant if « ¢ FV(p) (this already includes the coincidence lemma). Although the crucial
lemmas have the same condition as in the proof for PIT, no reference to ST is needed because
map,,, does not use the term rules pertaining to u-types: Simply show the soundness lemma
first for terms without the rules (u-I), (u-E) and (u-ET) and then for all terms by reusing the
proof clauses for the other term rules.

I decided to show the other direct proofs because they give a lot of insight into the techniques
of proving strong normalization and into ways of dealing with monotonicity beyond positivity.
Moreover, the extracted embeddings deserve the reader’s attention.
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Appendix A

Other proofs of strong normalization

In this appendix direct proofs of strong normalization are studied for the systems varEMIT, IMIT
and varlMIT. Also the extracted embeddings are given. In the final section some remarks on
the different methods of monotonization are made and it is sketched how the embeddings of
monotone inductive types into MePIT and coMePIT could be drawn from normalization proofs.

A.1 Proof of strong normalization for varEMIT

This section contains the elimination-based proof for varEMIT which is only a minor variant to
the proof for EMIT. The introduction-based proof could not directly be generalized to varEMIT.
But an introduction-based proof following the general idea of strict positivization already used
for MelT—it is also presented.

Extend the definition of SN for system eF by the expected clauses:

(p-I) If Cpapmt is a term and m € SN and ¢ € SN, then Cpq,mt € SN.

(Bu) If s(ma(Am“O‘p.xEuas)t)§E SN, z#** ¢ FV(s) and (Cpapmt)E 055 is a term, then
(Cpapmt)E os5 € SN.

(Bh) If s(m(uozp X o) ()\:c“o‘p.<:1:, ()\as’w‘p.:EE;ras)@)t)g € SN, zt*? ¢ FV(s) and the

expression (Cpapmt)E ;055 is a term, then (Cpa,mt)Efos5 € SN.
Lemma A.1 If m € sn and t € sn, then C},n,mt € sn.

Proof Induction on m € sn and ¢ € sn. 0

Lemma A.2 If S(md()\xuap.xE#O'S)t)gé sn, 2" ¢ FV(s) and (Cpapmt)E,055 is a term, then

(Cpapmt)E 055 € sn.

Proof Induction on s(ma()\a:“o‘p.afEMas)t>§ € sn™ by the usual analysis of the reducts of

(Cpapmt)E,oss. (Note that we need snt because s occurs twice in the canonical reduct of
(Cpapmt)E,055.) O

Lemma A.3 If s(m(uap X o) (Ax““”.(x, ()\x“a”.xEZJs)@)t)g € sn, zM* ¢ FV(s) and the

expression (Cpapmt)Ef 055 is a term, then (Cpa,mt)Ef 055 € sn.
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Proof Induction on s(m(uap X o) (Ax““”.(x, ()\x“a/’.xE:Js)@)t)g € sn™ by analysis of the

reducts of (C'met)E:[asi (Note that we need sn™ because s occurs twice in the canonical
reduct of (Cpapmt)Ef0s5.) 0

Corollary A.4 SN C sn.

Proof The same as for Lemma 9.6. 0

A.1.1 Saturated sets for varEMIT

Extend the definition for system eF of M being a 7-saturated set by the following clause:

(Bu) It s(ma(Am“aP.xEuas)t)ge M, ztP ¢ FV(s) and (Cpapmt)E, 055 is a term, then
(Cpapmt)E o055 € M.

(Bh) If s(m(uap X o) (x\x“ap.<a:, ()\x“o‘p.xEjas)@)t)g € M, zt* ¢ FV(s) and the
expression (Cpapmt)E}os5 is a term, then (Cua,mt)Efoss € M.
Extend the definition of the 7-saturated closure cl (M) accordingly by the clause
(Bu) If s(ma(Ax”aP.xEuas)t>§ € cl (M), zt*r ¢ FV(s) and (Cpapmt)E, 055 is a term,
then (Cpapmt)E 055 € cl(M).
(Bh) If s(m(uap X o) ()\x“ap.<x, (Aa:“"‘ﬁxEIas)x))t)g € c (M), zt* ¢ FV(s) and
(Cuapmt)Ef 055 is a term, then (Cua,mt)Efos5 € cl(M).

Again cl(M) is the smallest 7-saturated set containing M N SN,.

A.1.2 Calculating with saturated sets for varEMIT

Fix Aap. Let ® := (®;); be a family of mappings ®; : SAT, — SAT,,._;. Define for
M € SAT 4ap

Mg(M) = {r e Ap|VoVN € SAT, Vs € ®,(N) — N rE 05 € NA
Vs € Dpapxo(M X N) — NT‘EZO’S e N}

and define Wy : SAT uap — SAT oy by
U (M) = clyap(Mp(M))
and W : SAT uap — SAT uap by
(M) 1= oy (Me(M)).

We again cannot ensure ¥; or ¥ to be monotone. In order to overcome this problem we define
(with Pow denoting the power set)

®= : SAT 4ap — Pow (SN, (0= puap])

via
(1)2(./\/1) = {te SNp[a::uap]Nm EVQ.(M — Q) — (I)#ap(./\/l) — ®(Q)
VoVN € SAT,Vs € M — N.most € ,(N)}
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and ®< = (®5), with
®5 : SAT, — SAT j0.—0]

PS(N) = lpjai=o] ({1 € Apjai=g][IM € SAT j0pFm € VQ.(M — Q) — & 0p(M) — ©(Q)
s € M — N3t € D,0,(M).r = most})

®= is presumably not monotone (in general). ®= D ®,,, (pointwise) because of the rules (V-E)
and (—-E) for saturated sets. ® is monotone (even strictly positive) and ®> C ®, (pointwise)
also because of the rules (V-E) and (—-E) for saturated sets. (Note that already the set which
is the argument to cl .y is a subset of ®(M) and therefore also ®5(M) because ®q(M) is
saturated.)

Define for M € SAT 0,

MPE(M) = {r € Auap|3m € YQ(M — Q) — B,0,p(M) — B(Q)3t € B2(M).1r = Cpunpmt}
M}% (M) = {r € Auap|VoVN € SAT, Vs € ®,(N) — N 1E 05 € NA
Vs € O n(M X N) = NrEfos € N}
and define
W2 : SAT 4oy — SAT s
by
U7 (M) := cluap(MF (M)
and set
pp(®) := any fixed point of ‘11}% : SAT yap — SAT Laps

defined by

WE(M) = cluap (M (M)).
Because ¥ is monotone (it is even non-strictly positive) and SAT ,,, is a complete lattice, the
fixed point exists. Hence, pug(®) is a pap-saturated set. \I/I2 cannot be monotone in general
(not only the problem with ®= propagates but also M IQ(M)’S definition has several critical
occurrences of M). The definitions of ®=2, M IQ (M) and \I/I2 are thus useless. ®= will not be

used any further and M IQ (M) and \I!I2 are redefined in the following way:

MPE(M) = {r € Auay|IM’ € SAT 10p. M’ C MA
Im e VOQ. (M — Q) — Ppap(M') — ®(Q)3t € Dpyap(M).r = Cpopmt}
VF(M) = cluap(MF (M)

\I/? is monotone (even strictly positive) and trivially, \III2 DO U (pointwise). We may now form

pr(®) := the least fixed point of U=,

which therefore is also a pre-fixed-point of ¥y.
An analysis of the definition of p;(®) gives the following encoding (for “new” [ and ~):

(nap) = pBBa(a = B) x (¥1.(a = 7) = o = pla=1]) x g

An embedding of varEMIT into NISPIT+ex may now be read off the proofs that u;(®) is a
pre-fixed-point of ¥; and that u;(®) is a post-fixed-point of ¥ which are given below. It is
possible to show that this indeed gives an embedding.

n fact we prove that ur(®) is a post-fixed-point of \If% but the proof of the weaker statement has exactly the
same combinatorial content.
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The elimination-based approach presumably gives a quite complicated embedding into non-
interleaving positive fixed-point types based on
(pap)' = pa¥B.((p'lo:= B] — B) — B)x

(Er.(¥8.0y = 8) = pllac:= 7] = o= ]) x (v = a x B) x = ]) = ) = )
with “new” 3, v and 2.

Lemma A.5 Mg(M)NSN € SAT and MJ%(M) N SN € SAT (which implies that ¥g(M) =
Mp(M) N SN and U5 (M) = Mg (M) NSN).

Proof Straightforward. O

Lemma A.6 M;(M) C SN and M7(M) C SN (which implies that W7(M) D M;(M) and
U7 (M) 2 MF(M)). 0

Lemma A.7 Let M be a pap-saturated set M.

M is a pre-fixed-point of ¥y iff for all m € VQ. (M — Q) — ®,4,(M) — $(Q) and for all
t € ®,0p(M), we have that Cpapmt € M.

M is a post-fixed-point of ¥ iff for all r € M, types o, N € SAT, and s € &,(N) — N, we
have rE,0s € N and for all s € ®,0px0(M X N) = N, rEZos eN.

Proof Use the two preceding lemmas. O
Lemma A.8 Every post-fixed-point of \I'% is also a post-fixed-point of V.
Proof Let M be a post-fixed-point of \I’}% Hence

M CUH(M) C Ug(M),

which clearly follows from ®< C & (typewise) because Mp(M) and M ]% (M) have the same

definition with exception of the occurrence of ®,,,x, and @,%apx - respectively, which is at a

non-strictly positive position. 0
Lemma A.9 up(®) is a pre-fixed-point of ‘IIIQ

Proof We have to show that
)
T (up(®) € pe(P).

Because pp(®) is a pre-fixed-point of \Il}%, it suffices to show
) c
U7 (up(®) € VE(up(P)).
Because cl o, is monotone, it suffices to show
) C
MF (pp(®)) € Mg (up(®)).

Let M € SAT,q, with M C pp(®). Let m € VOQ.(M — Q) — P,np(M) — @(Q) and
t € ®yap(M). We have to show

Chrapmt € Mg (g (®)).

2If we only had iteration then (uap)’ := VB.((p'[a := 8] — B) — B) would be sufficient which is nothing but
the composition of the embeddings of varEMIT—rec into IT and IT into eF.
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Let o be a type, N' € SAT, and s € ®,(N) — N. We have to show that
ChapmtE, os € N
Because N is saturated it suffices to show

s (ma(Ax“aP.xEuas)t) eN.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) it suffices to show

mo (At zE o8)t € $o(N).
By (V-E) and (—-E) it suffices to show
At xE08 € M — N.
We use (—-I). Let r € M. We have to show
rE os € N.

This follows from r € M C up(®) C U5 (ugp(®)) € Mg (up(®)).
We come to the case for which \I/% was designed, namely s € @%apm(,uE(CI)) xN) — N. We
have to show

C#apmtE:Js eN.

By saturatedness of A it suffices to show
s(m(uap X o) ()\:L"Wp.@, (Aa:“ap.mE:[as)@)t) eN.
Because of (—-E) it suffices to show
m(pap X o) ()\x“ap.<:v, ()\.%Map.l'E:US)ZL'))t € @%apxa(uE((I)) x N).

According to the definition of ®< (the closure in the definition of ®< only makes the set larger)
we are done if we show

Az (z, (At zEYos)z) € M — pp(®) X N.
We use (—-I). Let 7 € M. We have to show
(r, A" 2Efos)r) € pp(®) x N.
By (x-I) and because M C pug(®) it suffices to show
(Azh zEros)r € N
Because N is saturated, we only need to show

TE;FO'S eN.

This follows again from r € M C pug(P) C \I/%(ME(q))) C MEQ(ME(CD)) O
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Note that we used from pug(®) the properties of being a pre-fixed-point and a post-fixed-point
of \Il]% Note also that for the purposes of the normalization proof it would have been enough
to show that ug(®) is a pre-fixed-point of ¥; instead of \I’IQ, but from the above result we even
get the following

Corollary A.10 p;(®) C up(®).
Proof p(®) is the least pre-fixed-point of \IIIQ 0
Lemma A.11 pu;(®) is a post-fixed-point of \I/%

Proof Set M := p;(®). We prove M C \IJ%(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := \Il]%(/\/l) N M. We have to show

V(M) € UHM).

=N

Because cl o, is monotone, it suffices to show
) C
Mg (M) € Mg (M).

Let r € MP(M'), i.e., 7 = Cyopmt with m € YQ.(M” — Q) — ®(M”) — &(Q) and t €
P pap(M”) with M” € SAT 0, and M” C M’. We have to show that

Chapmt € M5(M).
Let o be a type, N' € SAT, and s € ®,(N) — N. We have to show that
ChapmtE os € N.
Because N is saturated it suffices to show
s (ma()\x“ap.xEuas)t) eN.
Because of (—-E) for saturated sets it suffices to show
mo (At zE o8)t € $g(N).
By (V-E) and (—-E) it suffices to show
Azt zE, 08 € M" — N.
We use (—-I). Let " € M”. We have to show
r'E os € N.

This follows from M” C M’ C WE(M) C M5 (M).
We come to the case which needs the extended form of induction. Let s € @%a oo (MXN) — N

We have to show
C#apmtE:Js eN.

By saturatedness of A it suffices to show

s (m(uap X o) ()\w“o‘p.(x, (/\x“ap.xE:[as)@)t) eN.
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Because of (—-E) it suffices to show
m(pap X o) (A:U““”.(m, ()\x“a/’.xE:os)@)t € @%apxg(/\/l x N).

By definition of ®< (the closure in the definition of ®< only makes the set larger) it suffices to
show
AP (z, (At zEfos)z) € M — M x N.

We use (—-1). Let ' € M”. We have to show
(r', Azl zEros)r') € M x N.
By (x-I) it suffices to show
'€ M and (Az'*? 2B os)r’ e N.

Because N is saturated and M” C M’ C M (this argument needs the extension of induction),
we only need to show

r'Efos e N.
This follows again from M"” C M’ C \I/%(./\/l) C MJ% (M). O
Note that we only used that p;(®) is a least pre-fixed-point. Note also that for the purposes of
the normalization proof it would have been enough to show that puy(®) is a post-fixed-point of
U i instead of \11%3.

Putting everything together we get the following rules for reasoning with p;(®) and pp(®) where
we simply write u(®) for both of them:

(SAT) 1u(®) € SAT 1.

(u-1) If(m) eVA.(u(P) —» Q) — P(u(P)) — P(Q) and t € Ppap(p(P)), then Cpapmt €
w(P).

(w-E) If r € p(®), o type, N € SAT, and s € ®5(N) — N, then rE, o5 € N.

(w-ET) Ifr € p(®), o type, N € SAT, and s € D0 pxo((®) x N) — N, then rEfos € N.

A.1.3 Computability predicates for varEMIT

—

Extend (as for MelT—it and coMelT—it) the definition of SC,[@ := P] by the following clause:

(1) SCuapld@ == P| := u(®) with & = (D,),, where Oy : SAT, — SAT 5 4ims.0] i5 de-
fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will again be written more intuitively as follows:
SCpuapld := P := pP.SC,[d, a := P, P].

It is obvious that coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) extend
to varEMIT.

Now we extend Lemma 9.16 to varEMIT:

3If the greatest fixed point is taken for pug(®), then also the preceding lemma implies that pur(®) C pur(®).
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Lemma A.12 Let 7 be a term, @7 a list of variables and § an equally long list of terms such
that § € SC4@ := P7] for some P C SAT. Assume that

Vavava . (z7, 2™ € FV(r) UZ) A (x[d := 7] = 7'[@ :=5]) = 7 = 7.
Then r[d@ := 7] [i‘ﬂ&::&] =35 € SC,la = ﬁ}

Proof Induction on r. Again abbreviate r[@ := &%= := 3] by ' (for any term 7). The
assumption in the statement will again be referenced to as “injectivity”. We only have to
consider the rules (u-I), (u-E) and (u-ET).

(p-I) Case Cpuapmt. (Cpuapmt) = Cpapja—zm't’. We may assume that o ¢ &. We have to show

C

apla=aM't" € SCpap[d = P|. By the rule (p-1) for saturated sets it suffices to show

m' € ¥Q.(SCpapl@ := P] — Q) — SC,[d, a := P,SCpapld := P|] — SC,[d, a := P, Q] and

t' € SC,ld, o := P,SCpapld := P|].

Because FV(C,opmt) = FV(m)UFV(t), injectivity holds trivially also for m and ¢. By induction
hypothesis m' € SCyq.(uap—a)—plai=pag—pl@ = P] and t' € SCyp.—pagl@ := P]. By two
applications of the coincidence lemma (which for system F is Lemma 9.13) we see that

—.

SCva(pap—a)—plai=pap)—p [@:=P] =
VQ.(SCpapld :==P] — Q) — SCpla:=pap] [@:=P] — SC,[d,a:=P, Q.

By the substitution lemma (which for system F is Lemma 9.14) we have
SCplarmpuap)[@ = P] = SC,yld, o := P, SCpapld := P].
(u-E) and (u-ET): Trivially the same as for EMIT. O

As for EMIT we get as corollaries that SN = A and that every term is strongly normalizing.

A.2 Proof of strong normalization for IMIT

This section contains the proof for IMIT which is only a minor variant to the proof for EMIT.
Extend the definition of SN for system eF by the expected clauses:

(p-I) If t € SN, then Cpqapt € SN.

(Bu) If s(m(uap)a()\x“ap.xE“ams)O§' € SN, z#* ¢ FV(s) and (Cpapt)Eyomss is a
term, then (Cuapt)Eomss € SN.

(B 1t s(m(,uozp)(uozp X o) ()\x“o‘p.<:x, ()\x“a”.:L‘E:[Ums)@)t)é’E SN, z+*? ¢ FV/(s) and

(Cuapt)Ey;

M omss € SN.

omss is a term, then (Cpapt)E}

Lemma A.13 If ¢ € sn, then C)q,t € sn.

Proof Induction on ¢ € sn. 0

Lemma A.14 If s(m(uap)a()\w“o‘p.:vEuams)t>§6 sn, z#*? ¢ FV(s) and (Cuapt)Eomss is a

term, then (Cuapt)Eomss € sn.
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Proof Induction on s(m(,uap)a()\x“ap .xEuams)t)é' € sn™ by the usual analysis of the reducts

of (Cpapt)Eyomss. (Note that we need snt because s occurs twice in the canonical reduct of
(Crapt)Epomss.) O

Lemma A.15 If s(m(uap)(uap X o) ()\x“ap.<:v, ()\x“ap.:UE;Jms):L))t)é’ € sn, xH ¢ FV(s)

and (Cpapt)Efomss is a term, then (Cua,t)Efomss € sn.

Proof Induction on s (m(uap)(,uap X o) ()\:c“o‘p.<:1c, ()\Q:Wp.:zE;rams)@)t) § € sn* by analysis of

the reducts of (prt)E:[amsi (Note that we need snt because s occurs twice in the canonical
reduct of (Cpapt)Efomss.) O

Corollary A.16 SN C sn.

Proof The same as for Lemma 9.6. 0

A.2.1 Saturated sets for IMIT
Extend the definition for system eF of M being a T-saturated set by the following clause:

(Bu) If s(m(uap)a(Ax“ap.achams)t)§ € M, zt* ¢ FV(s) and (Cpapt)E omss is a
term, then (Cyapt)E omss e M.

le' «Q + g «
(Bh) If s(m(,ua,o)(,uap X o) (x\a:“ Pz, (AzhP zE Ums)a;))t>s e M, xt*P ¢ FV(s) and
(Cuapt)E:Jms§' is a term, then (C“apt)Ej;U'msé’e M.
Extend the definition of the 7-saturated closure cl.(M) accordingly by the clause

(Bu) If s(m(uap)a()\x“ap.xEuams)t>s_' € cl (M), x#* ¢ FV(s) and (Cpapt)Eomss is
a term, then (Cuapt)Eomss € cl (M).

(B 1t s(m(,uozp)(uap X o) (Ax““".(m, (Am“o‘p.xE:ams)a:>)t)§ € cl (M), zF* ¢ FV(s)

and (Cpapt)Ef omss € cl(M).

+omss is a term, then (Cuapt)E}

"

Again cl (M) is the smallest 7-saturated set containing M N SN,.

A.2.2 Calculating with saturated sets for IMIT

Fix Aap. Let ® := (®;); be a family of mappings ®; : SAT, — SAT,,._,. Define for
M € SAT 4ap

Mi(M) = {r € Auap|3t € Ppap(M).r = Cpapt}
Mg(M) = {r e Aap|¥m e VPYQ.(P — Q) — ®(P) — ®(Q)VoVN € SAT,
Vs € ®5(N) = NrE,oms e N AVs € @papxo(M X N) — NrEZams eN}

and define Wy : SAT 4, — SAT 0, by
V(M) := cluap(Mp(M))
and ¥ : SAT j0p — SAT 4ap by

\I/E(M) = Cl,uap(ME(M))'
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We cannot ensure ¥; or ¥ to be monotone. In order to overcome this problem we define (with
Pow denoting the power set)

(I)Q : SATuozp — POW(SNp[a::uap})

via
P2(M) = {te SNy jai=pag) VM € VPVQ.(P — Q) — ®(P) — ©(Q)
VoV N € SAT,Vs € M — N.m(uap)ost € ®,(N)}

and for m € VPYQ.(P — Q) — ®(P) — ®(Q) we define ®F, := (®5, ), with
C
‘I);LJ . SATU — SATp[a::U]
via

(I)%,U(N) = C|p[a::0}({’l° S Ap[a::U]EM S SAT#apHS eM—-NIte q>uap(M)~
r = m(pap)ost})

®= is monotone (even non-strictly positive) and ®=2 O ®,,, (pointwise) because of the rules
(V-E) and (—-E) for saturated sets. ®§ , is monotone (even strictly positive) and @5, , C @,
(pointwise) also because of the rules (V-E) and (—-E) for saturated sets. (Note that already the
set which is the argument to cl,[.—y] is a subset of ®,(M) and therefore also @,%70(/\/1) because
o, (M) is saturated.)

Define for M € SAT 0,

MPZ(M) = {r € Auep|3t € D2(M).r = Cuapt}
Mg(M) = {r € Auapl¥m € YPYQ.(P — Q) — ®(P) — ®(Q)VoVA € SAT,
Vs € ®5(N) = NrE,oms € N AVs € q)%n,mpxg(/\/l x N) — N7rE;oms € N'}
and set

wr(®) := the least fixed point of \I/I2 : SAT yap — SAT japs

defined by
0 )
U7 (M) := cluap(MF (M))
and
pp(®) := any fixed point of \IJ% : SAT jap — SAT Laps
defined by

WEM) = cluap (M5 (M),

Because W and Vg are monotone (they are even non-strictly positive) and SAT ., is a complete
lattice, such fixed points exists. Hence, p;(®) and pg(®P) are pap-saturated sets.
Let us extract an encoding of types from the definition of p;(®):

(pap) == pB.Mon(Aap') x Va.(B — a) — p,

where we write Mon(Aap) for VaVj.(ao — 3) — p — pla := (] and assume that 3 ¢ {a}UFV(p).
The extraction read off the following proofs indeed gives an embedding of IMIT into NIPIT.
Following the elimination-based proof one presumably gets an embedding into a system of non-
interleaving positive fixed-point types.

Lemma A.17 Mg(M)NSN € SAT and Mg(/\/{) N SN € SAT (which implies that Vg(M) =
Mp(M) N SN and TS (M) = Mg (M) NSN).
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Proof Straightforward. O

Lemma A.18 M;(M) C SN and M7 (M) C SN (which implies that U;(M) D M(M) and
U7 (M) 2 MF(M)). O

Lemma A.19 Let M be a pap-saturated set M.

M is a pre-fixed-point of Wy iff for all t € ®,4,(M), we have that Cpa,t € M.

M is a post-fixed-point of ¥ iff for all r € M, m € VPVQ.(P — Q) — ®(P) — &(Q), types o,
N € SAT, and s € ®,(N) — N, we have rE,oms € N and for all s € @010 (M X N) — N,
rEfoms e N.

Proof Use the two preceding lemmas. 0O
Lemma A.20 p;(®) is a pre-fixed-point of ¥j.
Proof p;(®) is a pre-fixed-point of \III2 by definition. Hence

() 2 WF (ur(®)) 2 Wi (1 (@),

which clearly follows from ®=2 D ®,,,, because M;(M) and M [2 (M) have the same definition
with exception of the occurrence of ®,,, and ®=, respectively, which is at a strictly positive
position. 0O

Lemma A.21 pp(®P) is a post-fixed-point of ¥p.
Proof pp(®) is a post-fixed-point of \If% by definition. Hence
np(®) € W5 (pn(®) C Vp(us(®)).

which clearly follows from ®5 C @ (typewise) because Mg(M) and Mg (M) have the same

definition with exception of the occurrence of ®,,,,x, and <I>7gn’ papxo> respectively, which is at a

non-strictly positive position. O
Lemma A.22 pup(®) is a pre-fixed-point of W;2.
Proof Set M := pup(®). We have to show that
V(M) M.

Because M is a pre-fixed-point of \I/%, it suffices to show

(M) C TE(M).
Because cl o, is monotone, it suffices to show

M;(M) € M (M).
Let t € ®,0,(M). We have to show

Chrapt € M5(M).

*As for EMIT this seems not to extend to U7 instead of Wy, and hence it is open whether pur(®) C pg(®).
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Let m € YPYQ.(P — Q) — ®(P) — ®(Q), o be a type, N € SAT, and s € ®,(N) — N. We
have to show that
ChaptEyoms € N

Because N is saturated it suffices to show
s(m(uap)cr()\x“ap.xEuoms)t) eN.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) it suffices to show

m(pap)o (At aE,oms)t € @ (N).
By (V-E) and (—-E) it suffices to show
At 2B ,oms € M — N

We use (—-I). Let r € M. We have to show

rEyoms € N.
This follows from M C \I/%(M) - M% (M).
We come to the case for which \If% was designed, namely s € @%WQPXJ(M x N) — N. We have
to show

C’MaptE:ams eN.
By saturatedness of A it suffices to show
s(m(,uoap)(uap X o) (/\x“a”.<x, ()\x“ap.a:E:[ams)@)t) eN.
Because of (—-E) it suffices to show

m(pap)(pap X o) ()\x“o‘p.(x, (/\:c“ap.xE:[ams)x))t € (I)Tc_n,uapxo(M x N).

According to the definition of ®¢ (the closure in the definition of ®¢ only makes the set larger)
we are done if we show

Azl (z, (At zBYoms)z) € M — M x N
We use (—-I). Let r € M. We have to show
(r, (At 2B oms)r) € M x N.

By (x-I) it suffices to show
(Azh zEoms)r € N.

Because N is saturated, we only need to show

rE oms € N.
- : c c
This follows again from M C V(M) C Mz (M). O

Note that we used from pg(®) the properties of being a pre-fixed-point and a post-fixed-point
of \If%J
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Lemma A.23 p;(®) is a post-fixed-point of Wg5.

Proof Set M := p;(®). We prove M C V(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := Ug(M) N M. We have to show

VP (M) C Tp(M).
Because cl o, is monotone, it suffices to show
M7 (M) € Mp(M).
Let r € MP (M), i.e., r = Cpa,t with t € 2(M'). We have to show that
Chapt € Mp(M).

Let m € VPYQ.(P — Q) — ®(P) — ®(Q), o be a type, N € SAT, and s € ,(N) — N. We
have to show that
ChaptEoms € N.

Because N is saturated it suffices to show

s<m(uap)0()\m“o‘p.:nEuams)t) eN.
Because of (—-E) for saturated sets it suffices to show

m(pap)o (At zE oms)t € o (N).
By definition of ®2(M’) it suffices to show

At zE,oms € M — N.
We use (—-I). Let ' € M’. We have to show
r'E,oms € N.

This follows from M’ C ¥ (M) C Mg(M).
We come to the case which needs the extended form of induction. Let s € ®,0px0 (M XN) — N.
We have to show

C#aptEIams eN.

By saturatedness of A it suffices to show
s(m(,uap)(uap X o) ()\x“ap.<x, ()\x”ap.:cE:ams)@)t) eN.
Because of (—-E) it suffices to show
m(pap)(pap X o) ()\m”ap.<x, ()\x“o‘p.xEjams)@)t € Ppapxa(M xN).
By definition of ®2(M’) it suffices to show

AP (z, Az zEFoms)z) € M — M x N

5 Again as for EMITthis seems not to extend to U$ instead of ¥p.
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We use (—-I). Let ' € M’. We have to show
(r', Azl zEroms)r') € M x N
By (x-I) it suffices to show
'€ M and (A2t 2B foms)r’ € N.

Because N is saturated and M’ C M (this argument needs the extension of induction), we only
need to show

T’Ejams eN.
This follows again from M’ C (M) C Mg(M). O
Note that we only used that pur(®) is a least pre-fixed-point.

Putting everything together we get the following rules for reasoning with 7 (®) and pg(®) where
we simply write p(®) for both of them:

(SAT) u(®) € SAT Lap-
(u-I) If t € @0p(pu(P)), then Cpapt € pu(P).

(WE) If r € p(®), m € VPVO.(P — Q) — ®(P) — ®(Q), o type, N € SAT, and
s € ®,(N) — N, then rE oms € N.

(W-ET) If r € p(®), m € VPYQ.(P — Q) — ®(P) — ®(Q), o type, N' € SAT, and
5 € Puapxo(1(®) x N) — N, then rEfoms € N.

A.2.3 Computability predicates for IMIT

—.

Extend (as for EMIT) the definition of SC,[@ := P] by the following clause:

(1) SCpapl@ = P] == u(®) with & = (®,),, where &, : SAT, — SAT (5 0:=5.,0] is de-
fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will once again be written more intuitively as follows:
SCpuapl@ := P := uP.SC,ld, o := P, P].

It is obvious that coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) extend
to IMIT.
Now we extend Lemma 9.16 to IMIT:

Lemma A.24 Let r” be a term, Z° a list of variables and § an equally long list of terms such
that § € SC4@ := P7] for some P C SAT. Assume that
Vavava (27, 2™ € FV(r) UZ) A (x[d := ] = 7'[@ :=5]) = 7 = 7.

—.

Then 7[d := &][7°19=7] .= 5] € SC,[@ := P].
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Proof Induction on r. Again abbreviate r[@ := &][#1%=] := 3] by +/ (for any term ). The
assumption in the statement will again be referenced to as “injectivity”. We only have to
consider the rules (u-I), (u-E) and (u-ET).

(p-I) Case Cpuapt. (Cuapt)’ = Cpapjai=zt’- We may assume that o ¢ d. We have to show
c

naplai=dt € SCuapld := ﬁ] By the rule (u-I) for saturated sets it suffices to show

t' € SC,[d, o := P,SCpapld@ := P|].

Because FV(Capt) = FV(t), injectivity holds trivially also for ¢. By induction hypothesis
t e SCp[a:zmp] [O_Z = ,P}
By the substitution lemma (which for system F is Lemma 9.14) we have

Je J[@ = P| = SC,[d, a := P, SCpuapd@ := P].

plaz=pap

(p-E) Case rE,0s. This is only a minor variant to the following (4-ET) and therefore not shown.
(u-ET) Case rEfoms. (rEfoms) = 1'E}f (o[d := &])m's’. We have to show that

r'Efold = &lm's' € SC,d = P).
Use (p-ET) for saturated sets. Show that r’ € SCpqpld = 73],
m' € YPYQ.(P — Q) — SC,[d, a := P, P] — SC,[d,a := P, Q] and

x SCyld := P]] — SCy[d := P).
FV(m),FV(s) € FV(rE oms). Therefore by
/
S

induction hypothesis we have ' € SCua,l@ := PJ, m

s' € SC,d, a = P,SCpap|@ := P]
Injectivity holds for r, m and s because FV(r)
SCvava.(a—B)—p—pla:=g) @ = P] and

.

s’ e SChlai=papxo]—old == P].
By two applications of the coincidence lemma (which for system F is Lemma 9.13) we see that

SCyav.(aB)—pplamp) [@ == P| = YPYQ.(P — Q) — SC,[@, a := P, P| — SC,[d,a := P, Q]

(one of the applications even needs the generalization which is in fact shown).
Because we may assume « ¢ & the substitution lemma also gives the desired property of s'.

As for EMIT we get as corollaries that SN = A and that every term is strongly normalizing.

A.3 Proof of strong normalization for varIMIT

This section contains the proof for varIMIT where the introduction-based proof is only a minor
variant to the proof for IMIT. The elimination-based proof follows the more general approach to
enforce monotonicity.

Extend the definition of SN for system eF by the expected clauses:

(p-I) If t € SN, then C)npt € SN.

(Bu) Ifs(m(uap)(/\m“ap.xE#Ums)t)5'6 SN, 2+ ¢ FV(s) and (Cpapt)Eomssis a term,
then (Cpapt)Eomss € SN.

(Bh) If s(m(,uap) ()\:U“O‘p.(x, ()\x“ap.q:E:[ams)@)t)é“ € SN, z#* ¢ FV(s) and the ex-

pression (Cya,t)E

Fomss is a term, then (Cua,t)Efomss € SN.

i
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Lemma A.25 If ¢t € sn, then C)q,t € sn.

Proof Induction on t € sn. 0

Lemma A.26 If s(m(,uap)(/\x“ap.:vEuams)t)§ € sn, zH* ¢ FV(s) and (Cyapt)Eomss is a
term, then (Cuapt)E omss € sn.

Proof Induction on s(m(,uap)()\m““p .:L‘Euams)t)§ € sn™ by the usual analysis of the reducts
of (Cpapt)Euomss. (Note that we need sn™ because s occurs twice in the canonical reduct of
(Crapt)Epomss.) O
Lemma A.27 If s(m(,uap) (Aa:“‘”ﬂ(x, (/\a:“ap.xEjams)@)t)(? € sn, x#* ¢ FV(s) and the

expression (Cpapt)Efomss is a term, then (Cua,t)Efomss € sn.

Proof Induction on s(m(,uap) ()\x”"‘p.@, ()\x“ap.xE:jams)x>)t)§’ € snT by analysis of the
reducts of (C’Mapt)E:Jmsi (Note that we need sn™ because s occurs twice in the canonical
reduct of (Cpapt)E;

Corollary A.28 SN C sn.

omss.) 0

Proof The same as for Lemma 9.6. 0O

A.3.1 Saturated sets for varIMIT
Extend the definition for system eF of M being a 7-saturated set by the following clause:

(By) If s(m(uap)()\:c”ap.xEuams)t>§€ M, zt*P ¢ FV(s) and (Cpapt)E,omss'is a term,
then (Cuapt)Eomss € M.

(B 1t s(m(ua,o) (Ax““".(x, ()\:U“ap.a:E:;Ums)x))t)é’ e M, xHr ¢ FV(s) and the ex-
pression (Cpa,t)Eomss is a term, then (Cuapt)Ef omss e M.
Extend the definition of the 7-saturated closure cl.(M) accordingly by the clause
(Bu) If 3(m(uozp)()\x“o‘p.xEuams)t)E’E cl (M), zt*P ¢ FV(s) and (Cpapt)Epomssis a
term, then (Cuapt)Eomss € cl(M).

(BF) It s(m(,uozp) ()\:rf‘ap.(x, (A:L‘“ap.xEl‘fams)@)t)é' € cl (M), zt* ¢ FV(s) and the
expression (Cuapt)E}omss is a term, then (Cpapt)Efomss € cl-(M).

Again cl- (M) is the smallest T-saturated set containing M N SN.

A.3.2 Calculating with saturated sets for varIMIT

Fix Aap. Let ® := (@), be a family of mappings ®, : SAT, — SAT,,._;. Define for
M € SAT jap
Mi(M) = {r e Aap|3t € Ppap(M).r = Cpapt}
Mg(M) = {r € Aya,|VoV¥N € SAT,
Vm € YP.(P — N) — ®(P) — ®,(N)
Vs € ®,(N) — NrE oms € N A
Vm € YP.(P = M xN) = ®(P) = @ 0px0(M X N)
Vs € @papxo(M X N) — NTE:oms e N}



A.3. PROOF OF STRONG NORMALIZATION FOR VARIMIT 167

and define ¥y : SAT ,, — SAT 44, by

W (M) := clyap(M(M))
and U : SAT 10, — SAT 0p by

V(M) := clyap(Mp(M)).

We cannot ensure ¥; or ¥ to be monotone. In order to overcome this problem we define (with
Pow denoting the power set)

®= : SAT 4ap — Pow(SN (= puap])

via

D2(M) = {t € SNpjn.mpiay]|VOYN € SAT,Vm € VP.(P — N) — ®(P) — O (N)
Vs € M — N.m(uap)st € ,(N)}

and @< := (0%), with
®5 : SAT, — SAT j0.—0]

via

PE(N) = clpjamo]({r € Apjams)|IMm € VP.(P — N) = ®(P) — O5(N)IM € SAT 10,
s € M — N3t € D,0,(M).r = m(pap)st})

®= is monotone (even non-strictly positive) and ®2 D ®,,, (pointwise) because of the rules
(V-E) and (—-E) for saturated sets. ®5 is obviously not monotone (in general) and ®5 C @,
(pointwise) also because of the rules (V-E) and (—-E) for saturated sets. (Note that already the
set which is the argument to cl,,.—,] is a subset of ®;(M) and therefore also S (M) because
o, (M) is saturated.)

Define for M € SAT 0,

MP(M) = {r € Auayl3t € D2(M).r = Cpuapt}
MJ%(M) = {r € Auap|VoVN € SAT,
Vm e VP.(P = N) — ®(P) — ®,(N)
Vs € Do(N) — NrE oms € N A
Vm € YP.(P - M X N) — ®(P) = @ apxo(M x N)

Vs € (I);%oapxa(M x N) = NrEfoms € N'}
and set
p17(®) := the least fixed point of U7 : SAT 0y — SAT jap,
defined by
\I’IQ(M) = Cluap(MIQ(M))

and define U : SAT 0, — SAT 40, by

S
&N

M) = cluap(M5(M)).

Because ¥ is monotone (it is even non-strictly positive) and SAT ., is a complete lattice, such
a fixed point exists. Hence, puy(®) is a pap-saturated set. \I/% cannot be monotone in general
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(not only the problem with ® propagates but also M ]%(M)’s definition has several critical
occurrences of M). The definitions of ®<, M P% (M) and \If% are thus useless. ®= will not be
used any further and M % (M) and \IJ% are redefined as follows:

M}%(M) = {r € Auap|VoVN € SAT,
Vm € YP.(P — N) — ®(P) — ©,(N)
Vs € o (N) — NrE oms € NA
VM’ € SAT yap M C M’ =
Vm e VP.(P — M' X N) — ®(P) — @uapxo (M’ x N)
Vs € Buapxo (M X N) = NrEfoms € N'}
VEM) = cluap(M5(M))

\IJ}% is monotone (even non-strictly positive) and obviously \Il% C U (pointwise). We may now
form
pp(®) := any fixed point of UE,

which therefore is also a post-fixed-point of ¥g.
An analysis of the definition of p7(®) gives the following encoding (for “new” 3 and 7):

(nap) = uﬁVa-(Vv-('y —a) = pla=19] — p’) — (B —=a)—p.

An embedding of varIMIT into NIPIT may now be read off the proofs that p(®) is a pre-fixed-
point of ¥; and that u(®) is a post-fixed-point of ¥x® which are given below. It is possible to
show that this indeed gives an embedding.

The elimination-based approach presumably gives a quite complicated embedding into non-
interleaving positive fixed-point types.

Lemma A.29 Mg(M)NSN € SAT and Mg(/\/l) N SN € SAT (which implies that V(M) =
Mp(M) N SN and U5 (M) = M5 (M) NSN).

Proof Straightforward. O

Lemma A.30 M;(M) C SN and M7 (M) C SN (which implies that Wr(M) D My(M) and
U7 (M) 2 MF(M)). O

Lemma A.31 Let M be a pap-saturated set M.

M is a pre-fixed-point of W iff for all t € ®,4,(M), we have that Cpq,t € M.

M is a post-fixed-point of ¥ iff for all » € M, types o, N € SAT,, m € VP.(P — N) —
P(P) — ®,(N) and s € ,(N) — N, we have rE,oms € N and for m € VP.(P - M xN) —
P(P) = Ppapxo(M X N) and s € Ppapxe(M x N) = N, rEfoms € N.

Proof Use the two preceding lemmas. 0
Lemma A.32 Every pre-fixed-point of \1;19 is also a pre-fixed-point of Wj.
Proof Let M be a pre-fixed-point of \IJI2 Hence

M D TZ(M) 2 T (M),

which clearly follows from ®=2 D ®,,,, because M;(M) and M IQ (M) have the same definition
with exception of the occurrence of ®,,, and ®=, respectively, which is at a strictly positive
position. 0

In fact we prove that p(®) is a post-fixed-point of \I/% and should analyze the slightly easier proof of the
weaker statement.
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Lemma A.33 pp(®) is a pre-fixed-point of \I/[2
Proof Set M := pup(®). We have to show that
T2 (M) C M.
Because M is a pre-fixed-point of \IJ%, it suffices to show
W (M) C TEH(M).
Because cl o, is monotone, it suffices to show
M7 (M) € Mg(M).

Let t € ®2(M). We have to show
Chiapt € M5 (M).

Let o be a type, N € SAT,, m € VP.(P - N) — ®(P) — ®,(N) and s € ,(N) - N. We
have to show that
CpaptEyoms € N.

Because N is saturated it suffices to show
s<m(uap)(/\a:“ap.xEuams)t> eN.

Because of (—-E) for saturated sets (in the sequel the named rules will always be those for
saturated sets) it suffices to show

m(pap) Azt 2B ,oms)t € D5(N).
By definition of ®=(M) it suffices to show
AxHP gE oms € M — N
We use (—-I). Let r € M. We have to show
rE oms € N.

This follows from M C U5 (M) C Mg (M).
We come to the case for which Us was designed, namely m € VP.(P — M’ x N) — &(P) —
@ apxo(M x N) and s € @apxo(M’ x N) — N for some M" € SAT ,, with M C M’. We
have to show

C#aptE;ams eN.

By saturatedness of A it suffices to show
s(m(uap) ()\ac“a”.<x, (Ax“o‘p.xE:Jms):U)>t) eN.
Because of (—-E) it suffices to show
m(pap)(pap X o) (x\a:“ap.<a:, ()\x“ap.xEZUms)@)t € Dpapxo (M x N).

According to the definition of ®= we are done if we show

AzHP (z, ()\ac“ap.xE:oms)@ eEM— M xN.
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We use (—-I). Let » € M. We have to show
(r, (AP 2Efoms)r) € M' x N.
By (x-I) and because of M C M’ it suffices to show
(Azh zEoms)r € N.
Because N is saturated, we only need to show
rEfoms e N.
This follows again from M C ‘11%(/\/1) C Mg (M). O

Note that we used from pug(®) the properties of being a pre-fixed-point and a post-fixed-point
of \Il% Note also that for the purposes of the normalization proof it would have been enough

to show that up(®) is a pre-fixed-point of ¥y instead of \I/IQ, but from the above result we even
get the following

Corollary A.34 u;(®) C up(P).
Proof p(®) is the least pre-fixed-point of \IIIQ 0
Lemma A.35 pu;(®) is a post-fixed-point of \I/%

Proof Set M := p;(®). We prove M C \I’%(M) by extended induction (as defined in the
introduction to chapter 4) on M. Let M’ := \Il%(/\/l) N M. We have to show

U7 (M) C UH(M).
Because cl,q, is monotone, it suffices to show
M7 (M) € Mg (M).
Let r € ME(M'), i.e., r = Cpa,t with t € @2(M'). We have to show that
Chiapt € M5(M).

Let o be a type, N € SAT,, m € VP.(P - N) — ®(P) — ®,(N) and s € &,(N) — N. We
have to show that
CpaptEoms € N.

Because N is saturated it suffices to show
s(m(ﬂap)()\x“ap.xEﬂams)t> eN.
Because of (—-E) for saturated sets it suffices to show
m(pap)(Azh*P zE oms)t € @5 (N).
By definition of ®2(M’) it suffices to show

At zE,oms € M — N.
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We use (—-I). Let ' € M’. We have to show
r'E oms € N.

This follows from M’ C UE(M) C Mg (M).
We come to the case which needs the extended form of induction. Let M” € SAT jj0p with M C
M m e VP(P — M"XN) = ®(P) = Puapxo(M" X N) and s € @0px0(M” X N) — N.
We have to show

C’MaptE:ams eN.

By saturatedness of N it suffices to show

s(m(uap) ()\x“a”.<x, (Ax“o‘p.xE:Jms):U)>t) eN.
Because of (—-E) it suffices to show

m(pap) (/\xuap.@’ ()\x#ap.a:EZams)x))t € Dapxo(M” x N).

By definition of ®2(M’) it suffices to show

Az (x, (Al zEFoms)z) € M — M" x N.
We use (—-I). Let ' € M’. We have to show

(r', Azl 2B oms)r') € M" x N
By (x-I) it suffices to show
'€ M" and (Az'*? zEYoms)r’ € N.

Because N is saturated and M’ C M C M” (this argument needs the extension of induction),
we only need to show

T’Ejams eN.

This follows again from M’ C WE(M) C Mg (M). O

Note that we only used that p;(®) is a least pre-fixed-point. Note also that for the purposes of
the normalization proof it would have been enough to show that p;(®) is a post-fixed-point of
U instead of \11%7.

Putting everything together we get the following rules for reasoning with u(®) := p7(®):
(SAT) u(®) € SAT sa-
(p-I) If t € @,0,(1(P)), then Cpapt € pu(P).

(u-E) If r € u(®), o type, N € SAT,, m € YVP.(P — N) — ®(P) — &,(N) and
s € ®,(N) — N, then rE ,oms € N.

(p-ET) Ifr € pu(®), o type, N € SAT,, m € VP.(P — MxN) = ®(P) = Pyapxo(MxN)
and s € ®papxo (1(®) X N) = N, then rEfoms € N.

7If the greatest fixed point is taken for pg(®), then also the preceding lemma implies that pr(®) C pg(P).
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A.3.3 Computability predicates for varIMIT

—.

Extend (as for IMIT) the definition of SC,[@ := P] by the following clause:

.

(1) SCpapl@ := P] := u(®) with & = (®,),, where @, : SAT, — SAT (5 a:—7,0] is de-
fined by ®,(P) := SC,[d, a := P, P] (with the same assumptions as in the definition
of strong computability for universal types in order to guarantee type-correctness).

The definition will once again be written more intuitively as follows:
Scuozp[& = 73] = MP.Scp[O_Z, o= ']37’])]

It is obvious that coincidence and substitution lemma (Lemma 9.13 and Lemma 9.14) extend
to varlMIT.
Now we extend Lemma 9.16 to varlMIT:

Lemma A.36 Let r” be a term, Z° a list of variables and § an equally long list of terms such
that § € SC4@ := P7] for some P C SAT. Assume that

Vavavr' (a7, 2™ € FV(r) UZP) A (x[@ :=7] = 7'[d :=5)]) => 7 = 7.
Then 7[@ := 3)[#71%=7) .= 5] € SC,[@ := P).
Proof Induction on r. Again abbreviate r[@ := &][#1%=%] := 3] by +/ (for any term ). The
assumption in the statement will again be referenced to as “injectivity”. We only have to
consider the rules (u-I), (u-E) and (u-ET).
(u-I) Trivially the same as for IMIT.
(p-E) Case rE,0s. This is only a minor variant to the following (4-ET) and therefore not shown.
(w-ET) Case rEfoms. (rEfoms) = r'E}f (o[d := &])m’s’. We have to show that

r'Efola = alm's' € SCyld = P).

Use (p-ET) for saturated sets. Show that r’ € SCpqpld = P,

m' € YP.(P — SCpapld@ := P] x SCy[d := P|) — SC,[@, o := P, P] —
SC,[d@, a0 := P, SCpapld := P x SC,[@ := P|

e

and

s' € SC,[d, a =P, SChap|@ := P] x SC,|@ := P|| — SC,|@ := P).

Injectivity holds for 7, m and s because FV(r),FV(m),FV(s) € FV(rEfoms). Therefore by

—.

induction hypothesis we have 1’ € SCua,[d@ := P], m' € SCyq. (a—papxo)—p—plai=papxo] [d = P]
and s’ € SCjn:—papxa]—old = PJ.

By several applications of the coincidence lemma (which for system F is Lemma 9.13) we see that
m/ is already in the right set (use a ¢ FV(0)). Because we may assume « ¢ & the substitution
lemma also gives the desired property of s'. 0O

As for IMIT we get as corollaries that SN = A and that every term is strongly normalizing.
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A.4 Concluding remarks

For the systems of monotone inductive types we preferred to monotonize ® by help of mono-
tonicity witnesses and then to replace ® by the monotonized variant in the definition of the
operators ¥y and Vg in order to get \IJI2 and \11%8. In the introduction-based proof for varEMIT
and in the elimination-based proof for varlMIT this approach failed and therefore a more primi-
tive monotonization had to happen directly in the definition of M IQ (M) and M % (M). It is easy
to see that

M7 (M) = U{M[(M/)]./\/l/ C M} in the proof for varEMIT

and
Mg (M) = ﬂ{ME(M')IMI O M} in the proof for varIMIT

which is quite similar to the definitions of upper and lower monotonization. By applying the
saturated closure monotone operators \IJI2 and \If%J were defined. One can show that in fact \I/I2
is the upper monotonization of ¥; (use M;(M) C SN) and that \Il% is the lower monotoniza-
tion of ¥ (use Mg(M)NSN € SAT). We may now ask whether the use of those canonical
monotonizations would be fruitful even in case the other method works. The answer is positive.
Let us consider varlIMIT. We set

MP (M) = [ M (M) M S M},

define U7 (M) := clya, (M7 (M)) and take for fir(®) the least fixed point of U7. Then again W7
is the upper monotonization of ¥y and hence due to the minimality of the upper monotonization
\I/I2 C \I/I2 (pointwise). We conclude that fi7(®) C pr(®). It can be shown that fiy(®) is a post-
fixed-point of \Il% (¥ would suffice) and hence fi7(®) also qualifies for the definition of the
computability predicates and the normalization proof. The extracted encoding of types is

(nap) == padp.(8 — a) x p'la = ]

with 3 ¢ {a} UFV(p') which is exactly the encoding of types used in the embedding of UVIT
into MePIT and also the encoding of types in the embedding of varIMIT into MePIT which is
derived from the composition of the embeddings via MelT and UVIT. By analysis of the proof
that f7(®) is a post-fixed-point of ¥ we even get the embedding of varIMIT into MePIT for
the terms.

Now consider EMIT: If we also take the upper monotonization of ¥; we get another introduction-
based proof for EMIT giving rise to the encoding

(uap)’ := pB.Mon(Aap') x Ja.(a — B) x p

with 8 ¢ {a} UFV(p') which extends to an embedding of EMIT into NISPIT+ex but (trivially)
not into MePIT. In section 9.5.1 we got via the encoding

(nap)' = pB.Mon(Aap) x Va.(8 — a) — p/

an embedding of EMIT into NIPIT.
Unlike the situation of varIMIT we get a type encoding being free from the monotonicity state-
ment in neither of the two approaches. Of course, we would like to get back the encoding into

8Clearly, the introduction-based operator has to be made bigger and the elimination-based operator has to
made smaller such that in the first case a pre-fixed-point of the new operator is also a pre-fixed-point of the
original operator ¥; and in the second case that a post-fixed-point of the new operator is also a post-fixed-point
of the original operator V.
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the types of coMePIT (in chapter 6). But in the introduction-based proof for EMIT (which led
to the last-mentioned encoding) we urgently needed the monotonicity assumptions in order to
have that MI2 (M) D M;(M). Already the type Va.(8 — «) — p reflects the lower mono-
tonization which hints at the impossibility of getting rid of Mon(Aap’) without giving up the
essential M IQ (M) D M;(M). Nevertheless, it is possible even for varEMIT which does not allow
the introduction-based proof by the method used in the proof for EMIT! This was shown in
section 6.3.2 and section 6.3.3 by making use of coMelT (being designed for that purpose). How
is this possible? In the lattice-theoretic motivation of the embedding of varEMIT into coMelT
we used a monotone ® and studied the rules of its lower monotonization knowing that it is the
same as ®. It turned out that for the embedding to work it was sufficient that there is a mono-
tonicity witness. In the normalization proof however, the operator is not monotone and hence
its monotonization different from it. Only via the monotonicity requirement (for EMIT this is
VPYQ.(P — Q) — ®(P) — ®(Q)) for the monotonicity witnesses they relate to each other.
Therefore we do not get a normalization proof whose extract gives the embedding of varEMIT
into coMePIT. But we may take the embedding read off the first proof for EMIT, recognize that
the monotonicity witnesses do not play an essential role in the embedding(!) and then optimize
the embedding and finally see that it even captures varEMIT although the normalization proof
we started with did not extend to varEMIT.



Appendix B

Directions for future research

In the introductory chapter the impossibility of having a “good” predecessor function on the
natural numbers represented in system F was a motivation for studying extensions of system F
by primitive recursion. In section 5.1.2 we saw that Godel’s system T is represented faithfully
in NISPIT via the type pa.l + . Therefore we have the required predecessor function. The
question now is whether a general predecessor may be defined, i.e., a closed term P of type
pap — pla = pap] such that P(Cpapt) —* t for every term ¢ of type pla := pap]. We first
study the situation for monotone inductive types.

In EMIT the exact question would be: Is there a closed term P of type pap — pla := pap| such
that P(Capmt) —* t for every m and t? For IMIT it would be the question as above.

Let us look at the lattice-theoretic situation: If (U, <) is a complete lattice and & : U — U
is a monotone, we want to show that Ifp(®) < ®(Ifp(®P)). It is done by applying the rule (Ifp-
ET). We have to show ®(Ifp(®) A ®(Ifp(®))) < ®(Ifp(®)). This follows by mononicity from
Ifp(®) A ©(Ifp(®)) < Ifp(®).

The proof motivates the following “definition” for EMIT:

P = At oY (m(uap X pla:= ,uap])(uap)()\z“a”xﬂ[o‘::“o‘p].zL)).

Where do we take m from? In EMIT I see no chance. Neither in IMIT, where m also has to be
put after “E:{”. But even for a type with a fixed closed monotonicity witness there need not
be any predecessor: Define one of the systems ESMIT by setting MTypes to the least set closed
under all the type forming operations except (u) and having 7 := pa.ac — 1 € MTypes. Set

Map)q.a—1 ‘= AaAﬁ)‘faqﬁ)\xaél)\yﬁlNl

That this gives one of the systems ESMIT (and also ISMIT) is trivial to see. The constructor C;
has type (m — 1) — 7. Assume that there is a term P : 7 — 7 — 1 such that P(Ct"™ 1) —* ¢
for every term t. Consider w := Az™.Pzx : m — 1. Then Crw : m. Setting Q := w(Crw) : 1, we
get P(Crw) —* w and hence

Q=g P(Crw)(Crw) =" w(Crw) = L.

By Lemma 2.50 we conclude that €2 ¢ sn contradicting strong normalization?.

The same proof works verbatim for IMIT and by decorating Cr with map,,, ,_,; everywhere also
for EMIT.

We observe that the monotonicity witness does not enter the specification of the predecessor.
This leads to the following idea (formulated for EMIT): Define a weak predecessor to be a closed

Here we need strong normalization.
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term P of type pap — pla:= pop] such that P(Cpq,mt) and m(pap)(pop)(Ay**Py)t have a
common reduct for every m and t.

For IMIT an m"VA-(a=B)—p—pla=pl_predecessor is a closed term P of type pap — pla:= pap]
such that P(Cpapt) and m(uap)(pop)(Ay*“Py)t have a common reduct for every ¢.

For ESMIT a weak predecessor is a closed term P of type pap — plo := pap] such that P(Clapt)
and mapj,(pap)(pap)(AyH**y)t have a common reduct for every t.

For the example type 7 this would require that P(Cxt) and mapy,, o177 (Ay"y)t have a common
reduct. Hence, P := Az™Ay™.IN1 suffices—reflecting the triviality of the monotonicity witness.
This is the basis for the definition of systems of monotone fixed-point types. (We write now
fu instead of u to emphasize the difference.) We show the elimination-based system: The (u)-
introduction rule of EMIT is kept, and the (u)-elimination rules are replaced by:

(-E) If rAop € A, then rEj € A.

The rules (3,) and (0,}) of iteration and primitive recursion are replaced by

Ba)  (Capmt)En — m(jiap) (jip) Ay Py)t.

One can show that this extension of F is strongly normalizing either by a direct proof in the style
of this thesis’ normalization proofs or by an embedding into a system of non-interleaved positive
fixed-point types. There are two such systems: one having the intuitive predecessor modelled by
(Chapt)Ej — t, the other being defined as above for monotone fixed-point types but with canon-
ical monotonicity witnesses existing due to the absence of interleaving. One may then embed
them into each other (if we leave out sum types and add standard n-rules) because the canonical
monotonicity witnesses then map the identity to the identity, i. e. mapAapJU()\y“y)s/’[o‘:U] —*s
for every type o and any term s.

The extracted embeddings motivated in the sections with the direct normalization proofs em-
bed monotone inductive types into non-interleaving positive fixed-point types, but also non-
interleaving positive fixed-point types embed into non-interleaving positive inductive types
(again if sum types are left out and this time because the canonical witnesses are functorial
with respect to some restricted composition). We see that we may separate concerns: The
behaviour of the monotonicity witnesses on the identity and their behaviour with respect to
composition.

Because of these embeddings we also cannot expect an embedding of non-interleaving positive
fixed-point types into IT. However, led by the proof of Tarski’s theorem where it is even shown
that the infimum of the pre-fixed-points is a post-fixed-point (see section 4.3.3) we can define
an encoding of the system into IT2. The crucial definition clause is

(iE) (17°Eg) = 1'Ei (mapsa,y (¢l i= (iep)]) (iep) (A2A05008.C2)' )

Note that (AzPlei=herl 0 2) has first? to be expanded according to the rule (f-1) which will
be the same as for the embedding of varlMIT—-rec into IT but with canonical witnesses instead
of any m. As expected it turns out that this encoding does not preserve reduction and hence is

2Unlike the situation of section 4.3.3 we cannot deal with elimination-based monotone fixed-point types because
the argument for getting a post-fixed-point again uses the monotonicity of ® which is reflected by the need
of a monotonicity witness also in the rule (4-E) and hence requiring to keep to systems which have selected
monotonicity witnesses.

3Recall that in the proof of Tarski’s theorem we first proved that pe is a pre-fixed-point and then used this
fact for the proof that ue is also a post-fixed-point.
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no embedding. As was the case for the attempt to code recursion via iteration (in section 4.5)
not only functoriality is needed but also some formal induction principle. In addition one would
have to define n-reduction for infimum types.

Sum types make things more complicated when trying to attack functoriality problems. One
needs some 7n-rule and permutative conversions which may be handled though.

The question of existence of the predecessor for interleaved positive inductive types is more
involved because one needs an n-rule and permutative conversions for pu-types (which are not
yet known). One may at least show that in extensional equality theory (with a rule meaning
that pap not only expresses a weakly initial algebra but even an initial algebra, cf. [Geu92))
the intuitive definition of the predecessor shown at the beginning of this section is correct. The
proofs of functoriality of map and comap which enter the argument are quite intricate and rely
on naturality. For PITrec where map and comap do not use (u-E) but (u-ET) the proofs are
even more involved. Extensionally, map and comap are equal to those of PITit = PIT.

A lot more could be said but will be said or written elsewhere.

But now we come to some open problems:

e What are useful permutations of pu with u?
e Do they strongly normalize?
e Are they confluent? (This is a problem of my current definition.)

e Do they help in analyzing the closed terms in normal form of type of a monotonicity
witness, namely YaV3.(a — ) — p — pla := G]?

e Is it at least possible to analyze the closed terms in normal form (after adding n-reduction)
of type VaV[.(a — ) — p — pla:= (] in NIPIT without sum types? Are they the canon-
ical terms map, if one requires that they map the identity to the identity (also with n-rules
included)?

e What happens with sum types? How can one reduce the set NF to have zE sts € NF only
if x ¢ FV(s) UFV(t)? I propose some variable elimination reduction as follows:

2P E st — 2EL (AP (sy) [z := INLyy]) (A7 (ty)[z := INR,y])

provided that z € FV(s) UFV(¢) and y is “new”. It will be wise to allow this reduction
also for any substitution instance. Does it preserve strong normalization? (It is correct in
the extensional equality theory.)

e How about the analogous rule for u-types?

e [s it true that for non-positive pap, there is no closed monotonicity witness mapping the
identity to the identity? (After adding as much 7n-rules as possible.)

e What can be done with types such as bizarre(p) which are inhabited, monotone and not
positive and do not map the identity to the identity? Are there more interesting examples
of essentially monotone inductive types? Or do we first need to extend our framework to
cover dependent types??

e [s there a proof of confluence for a class of orthogonal term rewrite systems which includes
every system of this thesis?

4 After all, in mathematics there is a wealth of monotone functions not being positive although monotonicity
is often enforced by syntactic means (cf. the example of limit inferior in the introduction).
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e [s there anything to be gained by dualizing everything to coinductive types?
e [s there an embedding of SPIT into NISPIT or of NIPIT into SPIT?

e What are the differences in heights of reduction trees between PIT and NIPIT (for a term
and its code in the other system)?

e Do we always have pur(®) C ugp(®P) in the proofs of strong normalization for systems of
inductive types? Are there examples which show that p(®) # pug(P®)?

e One should work out modified realizability for monotone inductive definitions using the
term language of systems of monotone inductive types and prove soundness of this inter-
pretation. (For interleaving positive inductive definitions without “extended induction”
and without second-order universal quantification this is sketched in [Ber95].)

e Is there a meta-theorem stating that the encodings read off the normalization proofs in the
style of chapter 9 are always embeddings? It seems essential that in the presented proofs
all the definitions of saturated sets by comprehension are closed via the saturated closure.

Because issues of denotational semantics were never touched in this thesis I close by expressing
the hope that the methods of [Loa97] may be lifted from strictly positive types to the systems
of this thesis.
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