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Abstract

We study systems of non-idempotent intersection types for different variants
of the A-calculus and we discuss properties and applications. Besides the pure
A-calculus itself, the variants are a A-calculus with explicit substitutions and a A-
calculus with constructors, matching and a fixpoint operator. The typing systems
we introduce for these calculi all characterize strongly normalising terms. But we
also show that, by dropping idempotency of intersections, typing a term provides
quantitative information about it: a trivial measure on its typing tree gives a bound
on the size of the longest S-reduction sequence from this term to its normal form.
We explore how to refine this approach to obtain finer results: some of the typing
systems, under certain conditions, even provide the exact measure of this longest
B-reduction sequence, and the type of a term gives information on the normal form
of this term. Moreover, by using filters, these typing systems can be used to define
a denotational semantics.
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Chapter 1

Introduction

1.1 Generalities

What is a programming language ? A programming language is a set of
sequences of symbols where each of these sequences describes more or less an action
or a computation. Such sequence of symbols is called a program of this programming
language. It is needed to build computer software. For real world programs, these
sequences of symbols are written in one or more files in the computer.

The most obvious programming language is the machine language which can be
directly interpreted by a computer. There are two main reasons why most software
are not written in the machine language:

e It is really hard to write anything with it, even small programs.

e There exists a different machine language for each computer architecture.
Therefore, we may need to rewrite the entire program if we want to port it
on an different platform.

Therefore, almost every other software are written in programming languages that
are more human readable, more scalable, more portable, more machine-independent
and, sometimes, safer. Programs written in these languages cannot be directly
interpreted by a computer.

e There can be a software that transforms a program written in some language
to a program written in the machine language. This software is called a
compiler.

e There can be a software that interpret a program written in some language
and do what the program is supposed to do. This is called an interpreter.
Of course, things can be a little more complicated than that:

e A program in some language can be compiled to another language which is
not the machine language and, to be executed, the new program obtained
requires an interpreter.

e Compilation can be in several steps: the program can be written in several
intermediate languages until we reach the target language. This is useful when
creating a programming language and its compiler to not have to worry about
technical problems that have already been solved by more competent people.
Solving these problems ourselves may be called reinventing the wheel. For
examples, lots of high-level programming language are compiled to a language
called C. Most compiler can compile C to assembler which is a programming
language that is just above the machine language in terms of abstraction.
Finally, the assembler program can be compiled to machine language and
then, we can execute it. Therefore, if someone wants to write the compiler of



a new high-level language, they just have to be able to compile it to C, and
then they can have quite fast executables.
When writing a program, someone might wonder what its meaning is or what it
does. We usually have these two approaches:

e We give an intuitive meaning to each construction of the language. The
meaning given is not very different from what someone would have written if
we were trying to explain in a tutorial or a lesson what a construction does.
Of course, this has no mathematical value.

e We say that the meaning of a program is what it does when executed (af-
ter compilation if any). This is also not usually suited to do mathematical
reasoning on programs.

Therefore, if we want to have mathematical results about programs (such as cor-
rectness), we need to define formally the meaning of a program. This is called the
semantics of a programming language. Ensuring the correctness of a program is
useful when there are lives as stake (programs in a plane, etc...) or even when
there is money at stake (for example, the crash of a program used in a bank). Even
when it is just saving debugging time (time spent searching and correcting mistakes
that occurs during the execution of a program) it is well worth it. There are two
main approaches:

e The operational semantics: There are syntactic rules (usually reduction rules)
that describe what a program does. In some ways, it is paraphrasing the
interpreter.

e The denotational semantics: We create a mathematical object and we use
it as a model of the programming language: A program is interpreted as
“something” in this mathematical object (for example, it can be an element
of a set or a morphism in a category). For a given programming language,
there are usually lots of possible models.

The difference between these two is similar to the difference between “what it is”
(denotational semantics) and “what it does” (operational semantics).

When studying semantics, we usually start with a minimalistic/toy language.
Most of the time, when we are complexifying the language we can easily extend
and adapt the definitions, results and proofs. The A-calculus is one of the most well
known minimalistic languages.

Also, when working with terms and programs, we prefer to work with an ab-
stract expression tree instead of a sequence of symbols. For example, the following
sequence of 7 symbols:

3x (4+5)
can be transformed into the following abstract expression tree:

4 5
3 +
X
Even if we are manipulating abstract expression trees, we usually write them in one
line (in the above example we write 3 x (445)). Transforming a sequence of symbols
to an abstract expression tree is done by something called a lexer and another thing
called a parser. Usually, when working on semantics we ignore this aspect.

What is typing in a programming language ?

Originally, types are used in a programming language as an indication for the
compiler about how to represent data. For example, an integer (which has type
“int”) has not the same representation as a floating number (which has type “float”).

As computers got faster, a certain number of programming languages (and quite
a few of them, like Python, became popular), choose to get rid of the types in the



language. This leads to a small cost at runtime (we need to keep information about
the types) in exchange of the possibility to write shorter programs.

On the other side, some people (such as the developers of the ML family of
programming languages) consider that having information about the types at com-
pilation time is a bonus because it makes the catching of mistakes at compilation
time easier.

The argument that not having types makes programs shorter to write is not
necessary valid: a compiler can try to guess the types in a program. This is called
typing inference. Hence, we have the best of both worlds. Actually, the more the
types are expressive, the harder it is to infer them. For example, Girard’s System
F cannot be inferred [Wel96]. Moreover, most of the systems using intersection
types[CD78], such as the ones studied in this thesis cannot be inferred.

What is logic 7

Set Theory has imposed itself as the main language for doing mathematics. How-
ever, at the beginning of the 20th century, mathematicians realized that certain rea-
soning with sets could lead to contradictions (for example, Russel’s paradox [vHO2]:
the set of all the sets is not a set).

Therefore, it seemed necessary to sanitize the mathematical foundations: decid-
ing what was a valid (or sound) proof and what was not. Of course, to do this, we
need to give a mathematical definition of a proof.

Such proofs can be represented in a computer. Hence, we can write a Proof
Assistant: we write a proof in a computer, and the Proof Assistant checks whether
or not the proof is sound. Also, the writing of some parts of the proofs can be
automated.

What is intuitionistic logic 7

Alan Turing proved [Tur36] that some functions (defined mathematically) could
not be calculated by a computer. It is not a question of time or memory available. It
turns out that the reason we are in this situation is that we can use in mathematics
the principle of excluded middle (for every formula A, A is true or the negation of A
is true). By dropping excluded middle we we are in a new logic called intuitionistic
logic and when we have excluded middle we says that we are in classical logic.
The idea of intuitionistic logic is from Brouwer [vH02] and has been developed by
Heyting [Hey71]. One of the most modern way of defining intuitionistic logic is
Topos Theory: an Lawvere’s Elementary Topos [LS09] can be used as a model of
intuitionistic logic. On the one hand, we can prove fewer theorems in intuitionistic
logic (compared to classical logic). On the other hand:

e A definition (resp. theorem) that is used (resp. holds) in classical logic might
not be intuitionistically friendly (resp. be proved in intuitionistic logic). How-
ever, it may be possible to have a definition (resp. theorem) that is equivalent
in classical logic but is also intuitionistically friendly (resp. holds in intuition-
istic logic) and not more complicated than the original one.

e When something is proved in intuitionistic logic it gives more information than
in classical logic: the proof is constructive. In particular, if we can define a
function in intuitionistic logic, then this function is computable. This is the
reason intuitionistic logic is also called constructive logic.
Moreover, we can find a correspondence between intuitionistic proofs and functional
programs: This is called the Curry-Howard correspondence [GLT89].
What is linear logic ?
When a program runs, resources (data in memory) can be duplicated or erased.
It is possible to have a calculus/programming language that has restrictions on
duplicating/erasing resources. By interpreting this through the Curry-Howard cor-
respondence, we can build a corresponding logic where we have restrictions on using
a proof several times or not using it at all: This is called linear logic and it was



invented by Girard [GLT89]. One particularity of linear logic, is that we have two
“and” and two “or”. Linear logic is strongly related to the topic of this thesis,
namely the idea of using intersection types that are not idempotent (AN A is not
equivalent to A, see the next section).

1.2 About the \-calculus

The A-calculus is a minimalistic programming language created by Church [Chu85].
In this programming language there is no distinction between programs and data.
A program M in the pure A-calculus is called a A-term and is either:

e A variable x, y, z, ...

e An abstraction of the form \z.M. Intuitively, Az.M describes the function
that maps x to M. For example, Az.x is the identity function.

e An application of the form M N where M is the function and NV is the argu-
ment.
The fact that this programming language looks simplistic can be balanced as follows:

e It is possible to encode in this calculus, usual data structures (such as booleans,
integers, lists, trees, etc ...) and more advanced constructions. For exam-
ple, the integer n is encoded as the A-term Af.A\z.f"z (with fz = z and
frtlz = f(f"x)). We can also encode recursion and then prove that the -
calculus is Turing complete: anything that can be “computed” can be written
in A-calculus. This is both a blessing and a curse.

e It is possible to enrich the A-calculus with usual data structures and more
advanced constructions expressed as new primitives of the language rather as
encodings. Most definitions, theorems and proofs of the A-calculus without
this enrichment (also called the pure A-calculus) can be adapted. By taking
a step further, we can design real world programming languages based on the
A-calculus. These languages are called functional programming languages.
OCaml and Haskell are among those.

The syntax of A-calculus is very simple, but we still have to define what a A-term
formally means. This is defining the semantics of the A-calculus. The main idea
is that (Az.M)N has the same meaning as M{z := N} where M{z := N} is
M where we “replaced every x in M by N”. Moreover, going from (Az.M)N to
M{x := N} is astep in the computation. An occurrence (Az.M;)Ms inside a term
M is called a f-redex; and replacing an occurrence of (Az. M) My by Mi{x := Ms}
is called a B-reduction. When we cannot do any [-reduction, the computation is
over and the term M that cannot be reduced is the result of the computation. If
from a term M we can reach a term M’ that cannot be reduced, then M’ is called
the normal form of M.

When defining this semantics formally, several questions and problems arise:

e We have to formally define what the term M{x := N}.is. The definition is
quite subtle and relies on an equivalence relation that identifies some terms
(like Az.z and Ay.y which both describe the identity function). This relation is
called a-equivalence. Usually, A-terms are considered modulo a-equivalence.
The easiest way of defining and manipulating this equivalence is probably by
using nominal logic techniques (see Section 1.4).

e If there are several [(-redexes in a term M, then there are several ways of
doing a B-reduction. Therefore, the normal form does not seem to always be
unique. Actually, it is unique, and it is a corollary of the confluence property:
If M can reach M; and M can reach M then there exists Ms such that M,



and My can reach Mjs. It is possible to prove confluence by using something
called parallel reductions [CR36].

e The question about whether or not the normal form exists: Some A-terms
do not have a normal form. For example, (Azx.zz)(Az.zz) can only reduce to
itself. By the fact that the A-calculus is Turing complete, we cannot avoid the
fact that the computation of some terms does not terminate and we cannot
even decide by a program if a term does terminate or not (that would give a
solution to the Halting Problem and contradict Turing’s result[Tur36]). Even
when the normal form exists, by the fact that a A-term can be reduced several
ways, we can consider the two following cases:

— There exists a S-reduction sequence to the normal form. This is called
weak normalisation.

— We do not have an infinite S-reduction sequence: Any S-reduction strat-
egy terminates. This is called strong normalisation. By the fact that a
A-terms has a finite number of -redexes, strong normalisation of M is
equivalent to having a longest reduction sequences from M.

For example, (Ay.z)((Az.zz)(Ay.2x)) (with y # 2) is weakly normalising (the
normal form is z) but is not strongly normalising (it reduces to itself). In this
thesis, we are more interested in the strong normalisation property.

We have described the operational semantics of the A-calculus. It is also possible
to give a devotional semantics. For example, we can interpret each A-term as an
element of a Scott Domain [Sco82a] (which is a partially ordered set that satisfies
some properties).

If we want to easily manipulate A-terms and ensure they have some properties
(such as strong normalisation), we can use types. If M has some type A (written
M : A) then, by a Soundness Theorem, we can prove that M has some properties
described by A. The typing judgment is defined with induction rules.

The most basic typing system for A-calculus are the simple types where a type
is either a constant 7 or an arrow A — B. If we have M : A — B, it means that
M is a “function” that goes from A to B. The main idea is that:

e If M:A— Band N : A, then MN : B.

o If M : B with z: A, then \e.M : A — B.

Actually, more formally, the typing judgments are of the form I' - M : A where T’
is something called a context and indicates the type of each variables in M. Simple
types have the following interesting property: If M is typable, then M is strongly
normalising.

It is possible to enrich the types with an intersection construction: If A is a
type and B is a type, then AN B is a type. The main idea is that if M : A and
M : B, then M : AN B. Usually, we have an equivalence relation = on types
(to have associativity, commutativity of intersection etc ...). We also usually have
AN A= A: the intersection is idempotent.

In most of the thesis, we are going to drop the idempotency of intersection and
we are going to see how it can give more information about quantitative properties
on a A-term: If M : AN A, then M will be used twice as a program of type A.

1.3 Brief description of the Chapters

In Chapter 2 ,we define a typing system for pure A-calculus. The types used in
this system are intersection types: If M is of type A and M is of type B, then
M is of a type written A N B. The particularity of this typing system is that the
intersection is not idempotent: A N A is not the same as A. This leads to various



properties and applications that we study: First, similarly to the case of idempotent
intersection types, this typing system characterizes strongly normalising terms: a
term is typable if and only if it is strongly normalising. Also, we can use this typing
system to define a denotational semantics of A-calculus where values are filters of
types. This semantics can serve as a tool to prove strong normalisation in other
typing systems. We illustrate this with the example of System F. Finally, we have
a complexity result: A trivial measure on a typing tree of a term M gives us an
upper bound on the size of the longest S-reduction sequences from M.

The complexity result obtained in Chapter 2 is an inequality result. We would
rather have an equality result, extracting from the typing tree of a term the exact
size of the longest reduction sequences. For this, in Chapter 3 we refine the -
calculus: Instead of the pure A-calculus, we work with AS which is a A-calculus
with explicit substitutions M|z := N]. In this calculus the erasure of a sub-term
can be postponed and this simplifies the study of various results. In particular, we
extract from typing trees the exact size of the longest reduction sequences, defined
in terms of its number of B-steps ((Ax.M)N — 5 M[z := N]) rather than jS-steps
(which are not primitive reductions of this calculus). Moreover, for this improved
complexity result, we have to restrict ourselves to certain types of typing trees that
we call “optimal”.

In Chapter 4, we also refine the complexity result of Chapter 2, but still for
the pure A-calculus (unlike Chapter 3). However, we now use an enriched grammar
for types and we add extra rules to the typing system. This typing system still
characterises strongly normalising normal terms and has its own definition of an
optimal typing tree; these optimal typing trees provide the exact size the longest (-
reduction sequences and can be considered as the derivation of a big-step operational
semantics. In particular types describe the structure of normal forms.

In Chapter 5, we extend the typing system of Chapter 2 to a calculus that is
closer to a real world programming language. In particular, this calculus provides
constructors and matching to easily use algebraic data types, and a fixpoint operator
to write recursive functions. As in the previous chapters, a term is typable if and
only if it is strongly normalising.

The chapters can almost be read mostly independently. but we recommended
to read Chapter 2 before the other ones.

This thesis is written in the implicit framework of classical set theory (ZFC)
with first order logic; however when we work with A-terms (of the various calculi),
we consider them up to a-equivalence. In Section 1.4, we are going to show what
this formally means for the pure A-calculus. We will not explicitly develop these
technical points for the other calculi handled in this thesis (other we could), but we
will only write “we consider terms up to a-equivalence”.

1.4 Introduction to a-equivalence

In this section we show how a-equivalence can be formally defined in the framework
of the pure A-calculus. The main idea is that a-equivalence is defined by using
permutations and is inspired by nominal logic [Pit03].

Assume we have an infinite (countable) set Var.

Definition 1 (Permutations).
A permutation T is a bijection from Var to Var such that Dom(r) defined by:
Dom(n) :== {z € Var | w(x) # z}
is finite.
Perm is the set of the permutations and forms a group:
id defined by id(x) == x is a permutation and id” " = id and Dom(id) = (.



M~, M N=,N
TRl MN =, M'N’

m€Perm w(z)=y w.M=, M fv(M)NDom(r)C {z}

A
.M = Ay M’ 2

Figure 1.1: a-equivalence

For all w1, € Perm, moomy defined by (moomy)(x) = mo(m1(2)) is a permutation

and (mymy) ™t = 7y a7t and Dom(my o 1) € Dom(my) U Dom(sy).

For all x,y € Var, < xz,y > defined by:
<z y>(x) =y
<zy>(y) =
<z,y>(2) = z (2#z,2z#vY)

is a permutation and < x,y >"1=< x,y > and Dom(< x,y >) = {z,y}.

Moreover, < x,y >=< 1y, >.

Definition 2 (A-terms and a-equivalence).
A-terms are defined with the following grammar:
M,N == z|XX.M|MN
z € Var
Free variables of M is a finite set of variables defined by induction on M as
follows:
Jfo(z) = A{z}
fuMN) = fo(M)U fo(N)
foQx.M) = fo(M)—{z}
The action of m on M is defined by induction on M as follows:

X = 7(x)
m.(MN) = wx.Mnr.N
m.(Ax.M) = Ar(z)m.M
The size of a term M 1is defined by induction on M as follows:
|z] = 1
[MN| = [M]+]|N]|
Mz.M| = |M|+1

a-equivalence is defined with the rules of Figure 1.1. In rule (\) the permutation
m is a witness of the a-equivalence.
Lemma 1 (Properties of A-terms).
1. idM =M and no. 1. M = (mg 0my).M.
2. fun.M) = {m(x) | x € fuM)}. Therefore if x € fo(w.M), then 7—1(z) €
fu(M).
If M =, M' then 7. M =, w.M', fu(M) = fo(M') and |M| = |M’|.
If M ~, M', then A\x.M ~, Ax.M'.
. 18 an equivalence relation.
. f for all x € fu(M), n(x) = x, then M ~, ©.M.
. f for all x € fu(M), m1(x) = mo(z), then m11.M =, mo.M
. Ifx#yandy ¢ fo(M) and < x,y > .M =, M', then \e. M =, \y.M’'.
CIf A M o=y Av.M’, then M ~, M.

© % R D TR e
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10. If A\xe.M =~y A\y.M' and x # y, then y ¢ fuM) and < z,y > .M ~, M'.

Proof.

1. By induction on M.

2. By induction on M.

3. By induction on M =, M’. Only one case is not trivial: We have Ax.M; =~
Ay.Ms with 71 as a witness. We then prove that An(z).m.My =, A (y).m. My

with the rule (\) and the permutation wom o™

L as witness.

4. We use rule (\) with the permutation id.

e We prove reflexivity by induction on M. For the \z.M; case, we use the

item 4.

We prove symmetry by induction on M =, M’. For the () rule with =
as a witness of Az.M; ~, A\y.Ms, we use 7! as a witness of \y.My ~,
)\fE.ML

We prove transitivity by induction on M; that if My ~, My and M =,
M3, then My ~, Ms. There is only one case that is not trivial: We have
Ax. My ~, \y.Ms with 7w as a witness and \y.Ms ~, Az.Ms with 79 as
a witness. We use 7y o w1 as a witness of Ax. My ~, \z.M3.

In particular, we have m1.M; ~, M> and mo.My ~, Ms. Therefore,
M ~, 7'My and 771_1.M2 = 771_1.71'2_1.M3. By induction hypothesis
on Ml, we have M1 o 7T1_1.7T2_1M3. Hence (7T2 o 7T1).M1 o M3.

6. By induction on M. In particular, for Az.M7, we use the rule (\) with 7 as a
witness.

7. Forallz € fv(M), we have 7 (x) = ma(x). Hence, (75 o )(z) = 7y *(m1 () =
x. By item 6, we have (7751 om).M =, M. Therefore, m1.M =, mo.M.

8. We use the rule (\) with < z,y > as a witness.

9. Corollary of item 6.

10. Corollary of item 7.

O

Lemma 1.5 allows us to quotient the grammar of A-terms by a-equivalence; more
generally the properties will be used implicitly throughout the thesis.

In the rest of the thesis, the work concerning a-equivalence, even for other
calculi, is assumed and terms are considered up to a-equivalence.

Another possibility is to work with De Bruijn indices and then we do not have to
define the a-equivalence. However, the proofs and formalism are heavier. A glimpse
on how to work with De Bruijn is given in Appendix B. It would have been possible
to write this thesis with De Bruijn indices.

11



Chapter 2

A simple typing system of
non-idempotent intersection
types for pure \-calculus

2.1 Introduction

Intersection types were introduced in [CD78], extending the simply-typed A-calculus
with a notion of finite polymorphism. This is achieved by a new construct A N B
in the syntax of types and new typing rules such as:

M:A M:B
M:ANB

where M : A denotes that a term M is of type A.

One of the motivations was to characterise strongly normalising (SN) A-terms,
namely the property that a A-term can be typed if and only if it is strongly normalis-
ing. Variants of systems using intersection types have been studied to characterise
other evaluation properties of A-terms and served as the basis of corresponding
semantics [Lei86, Ghi96, DCHMO00, CS07].

This chapter refines with quantitative information the property that typability
characterises strong normalisation. Since strong normalisation ensures that all re-
duction sequences are finite, we are naturally interested in identifying the length
of the longest reduction sequences. We do this with a typing system that is very
sensitive to the usage of resources when A-terms are reduced.

This system results from a long line of research inspired by Linear Logic [Gir87].
The usual logical connectives of, say, classical and intuitionistic logic, are decom-
posed therein into finer-grained connectives, separating a linear part from a part
that controls how and when the structural rules of contraction and weakening are
used in proofs. This can be seen as resource management when hypotheses, or more
generally logical formulae, are considered as resource.

The Curry-Howard correspondence, which originated in the context of intu-
itionistic logic [How80], can be adapted to Linear Logic [Abr93, BBdH93|, whose
resource-awareness translates to a control of resources in the execution of programs
(in the usual computational sense). From this, have emerged some versions of lin-
ear logic that capture pastime functions [BMO03, Laf04, GR07]. Also from this has
emerged a theory of A-calculus with resource, with semantical support (such as the
differential A-calculus) [ER03, BEM10].

In this line of research, de Carvalho [dC05, dC09] obtained interesting measures

12



M =5 M’
(Az.M)N — 5 M{x:= N} Ae. M — 5 XM’

M =g M’ N —4 N’
MN—>ﬁ M'N MN—>5MN’

Figure 2.1: S-reduction

of reduction lengths in the A-calculus by means of non-idempotent intersection types
(as pioneered by [KW99, NMO04]).

Intersections were originally introduced as idempotent, with the equation A N
A = A either as an explicit quotient or as a consequence of the system. This
corresponds to the understanding of the judgement M : AN B as follows: M can
be used as data of type A or data of type B. But the meaning of M : AN B can
be strengthened in that M will be used once as data of type A and once as data
of type B. With this understanding, AN A # A, and dropping idempotency of
intersections is thus a natural way to study control of resources and complexity.
Using this, de Carvalho [dC09] has shown a correspondence between the size of the
typing derivation tree and the number of steps taken by a Krivine machine to reduce
the term. This relates to the length of linear head-reductions, but if we remain in
the realm of intersection systems that characterise strong normalisation, then the
more interesting measure is the length of the longest reduction sequences. In this
chapter we get a result similar to de Carvalho’s, but with the measure corresponding
to strong normalisation.

In Section 2.2 we formally give the syntax and operational semantics of the
A-calculus. In Section 2.3, we define a system with non-idempotent intersection
types. In Section 2.4, we prove that if a term is typable then it is SN (soundness).
In Section 2.5, we use the typing system to define a denotational semantics and we
show examples of applications. In Section 2.6, we prove that if a term is strongly
normalising then it is typable.

2.2 Syntax and operational semantics

In this section we formally give the syntax and operational semantics of the A-
calculus.

Definition 3 (A-terms). Terms are defined in the usual way with the following
grammar:

M,N:= x| \ae.M | MN
Free variables fu(M) and substitutions M{x := N} are defined in the usual way
and terms are considered up to a-equivalence.

The notion of reduction is the usual S-reduction:

Definition 4 (S-reduction). M — 5 M’ is defined inductively by the rules of Fig-
ure 2.1.

To make some proofs and theorems about strong normalisation more readable,
we use the following notations:

Definition 5 (Strongly normalising terms). Assume n is an integer.
We write SN for the set of strongly normalising terms for — 4.

13



FxF ANB~BnNnA (ANB)NC=~ANn(BNCQC)

A~A B=xPB A=B B=C
AN(BNO)~ (ANnB)NC ANB=~ANB wRw A=C

Figure 2.2: Equivalence between types

We write SN=, for the set of strongly normalising terms for — g such that the
length of longest B-reduction sequences is equal to n.
The set SN<,, is defined by:

SN<n = Upen SNem
2.3 The typing system

In Section 2.3.1, we define the intersection types. In Section 2.3.2, we define con-
texts. In Section 2.3.3, we define the typing system and give basic properties.

2.3.1 Types

In this chapter, intersection types are defined as follows:

Definition 6 (Intersection types).
F-types, A-types and U-types are defined with the following grammar:

FG = 717 |A—=F
A,B,C = F | ANB
uv = Al w

where T ranges over an infinite set of atomic types.
With this grammar, U NV is defined if and only if U and V are A-types.
Therefore, by defining ANw := A, wNA:= AandwNw = w, we have UNV
defined for allU and V.

Some remarks:

e The property that, in an arrow A — B, B is not an intersection, is the
standard restriction of strict types [vB95] and is used here to prove Lemma 5.1.

e w is a device that allows synthetic formulations of definitions, properties and
proofs: U-types are not defined by mutual induction with A-types and F-
types, but separately, and we could have written the chapter without them
(only with more cases in statements and proofs).

For example, (7 — 7) N7 is an A-type.

To prove Subject Reduction and Subject Expansion (Theorems 1 and 5) by
using Lemmas 6 and 12, we have to define equivalence ~ and inclusion C between
types. Here is the formal definitions and basic properties (notice that we do not
have A~ AN A):

Definition 7 (Equivalence between types).
Assume U and V are U-types. We define U = V with the rules given in Fig-
ure 2.2.

The fact that ~ is an equivalence relation can be easily proved (Lemma 2.4).
Therefore, adding rules for reflexivity, symmetry and transitivity is superfluous and

14



only adds more cases to treat in the proofs of statements where such a relation is
assumed (e.g. Lemma 5.2).
Lemma 2 (Properties of ~).
1. Neutrality of w: UNw=wnU =U.
Strictness of F-types: If U ~ F, then U = F.
Strictness of w: If U = w, then U = w.
~ 1s an equivalence relation.
Commutativity of N: UNV =V NU
Associativity of N: Uy N (Us NU3) = (U NUz) NUs
Stability of N: If U = U’ and V = V', then UNV = U' NV".
IfuNV=w, thenlU =V =w.
IfUNV =U, then V =w.

© 0 RS> G e e

Proof.

1. Straightforward.

2. By induction on U ~ F.
3. Straightforward.
4

e Reflexivity: We prove that U ~ U by induction on U.
e Symmetry: We prove by induction on U ~ V that if U = V, then V =~ U.
e Transitivity: Straightforward.

5. Straightforward.

6. Straightforward.

7. Straightforward.

8. Straightforward.

9. For all U, we construct ¢(U) defined by induction on U as follows:
o(F) = 1
e(ANB) = ¢(4)+¢(B)
p(w) = 0

By induction on U, if p(U) =0, then U = w
We also have p(UNV) = o(U) + ¢(V).
By induction on U = V', if U = V, then o(U) = ¢(V).

FUNV = U: Then, o(UNV) = p(U). Therefore, o(U) + (V) = p(U).
Hence, ¢(V)) = 0. Therefore, V = w.
O

Definition 8 (Sub-typing).

Assume U and V' are U-types. We write U C V if and only if there exists a
U-type U’ such that U =~V NU’.
Lemma 3 (Properties of C).

1. C is a partial pre-order and = 1is the equivalence relation associated to it:

UCV andV CU if and only if U = V.
2. Projections: UNV CU and UNV CV.
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3. Stability of N: If U CU' and V C V', then UNV CU' NV’
4. Greatest element: U C w.

Proof. Straightforward. O

We could have represented intersection types with multisets (and correspond-
ingly used the type inclusion symbol C the other way round). We chose to keep the
standard notation A N B, with the corresponding inclusion satisfying AN B C A,
since these are interpreted as set intersection and set inclusion in some models
(e.g. realisability candidates). This way, we can also keep the equivalence relation
explicit in the rest of the chapter, which gives finer-grained results. For example, the
equivalence only appears where it is necessary and the proof of Lemma 5.2 shows
the mechanism that propagates the equivalence through the typing trees. These
presentation choices are irrelevant to the key ideas of the chapter.

2.3.2 Contexts

To define typing judgements (Definition 10), we need to define contexts and give
their basic properties. We naturally define pointwise the notion of equivalence and
inclusion for contexts. More formally:

Definition 9 (Contexts).
A context I' is a total map from the set of variables to the set of U-types such
that the domain of I' defined by:
Dom(T) := {a | '(z) #w}

is finite.
N, = and C for contexts are defined pointwise:
TNnA)z) = T(x)nA(x)
= A & Vo, T(z) = A(z)
rca & Vr,T(z) C A(z)

Notice that if Dom(I") and Dom(A) are finite, then Dom(T' N A) is finite. Therefore
I'N A is indeed a context in the case where I' and A are contexts.

The empty context () is defined as follows: ()(x) := w for all x.

Assume T' is a context, x1, ..., x, are distinct variables and Uy, ...U, are
U-types such that for all i, x; ¢ Dom(T"). Then, the context (T, xy : Uy, ..., xy : Uy)
is defined as follows:

(F,J}l ZUl,...,Z‘nZUn>(l‘i) = U;
(Faxl : U17 ceey It U’ﬂ)(y) = F(y) (V’L, Yy 7é xi)
(T,z1 : Ux,...,xy : Uy) is indeed a context and ((),x1 : Uy,...,x, : Uy) is written

(x1: U1, .,z 2 Up).

Lemma 4 (Properties of contexts).
1. =~ for contexts is an equivalence relation.

2. C for contexts is a partial pre-order and = is its associated equivalence rela-
tion: I CA and A CT if and only if T' = A.

3. Projections: TNACT and TNA CA.

4. Alternative definition: T' C A if and only if there exists a context I such that
F'=~ANT".

5. Commutativity of N: TN A~ ANT.
6. Associativity of N: (1 NT2)NTg~T1N(C2NT3).
7. Stability of N: If R is either ~ or C, T RTY and A R A’, thenTNA RT'NA’.
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T'F"M:A AF"M:B
o (Var) M oW
z: FH z: F PﬂAl—n+mMAﬂB M o w
e:UF*"M: F AQUF ) 'r"M:A—F Al—mN:A(A )
un
T'F' XM : A= F rnARY™ L N F PP

Figure 2.3: Typing rules

8. Greatest context: T C ().
9. (T,x:U)CT.

Proof. Straightforward. O

2.3.3 Rules
We now have all the elements to present the typing system:

Definition 10 (Typing system).

Assume T is a context, M is a term, n is an integer, and U is a U-type. The
judgement I' =™ M : U 1is inductively defined by the rules given in Figure 2.3.

We write ' M : U if there exists n such that T V™ M : U.

Some remarks:

e InT'HF* M : U, n is the number of uses of the rule (App) and it is the trivial
measure on typing trees that we use.

e The rule (w) is a device to simplify some definitions, proofs and properties: it
is independent from the other rules and this chapter could have been written
without it (only with more cases in statements and proofs). In particular,
F M : w gives no information about M and, for example, Theorem 2 uses A
instead of U.

e Condition A C U in rule (Fun) is called subsumption and is used to make
Subject Reduction (Theorem 1) hold when the reduction is under a A: After
a subject reduction, U can turn into a different U’ without changing A.

e Another advantage in having the type w for the presentation of the typing
system: Without the notation U or V', we would have to duplicate the ab-
straction rule that types Ax.M (one case where x € fv(M) and one case where
x ¢ tv(M)). That would make two rules instead of one.

e Like the other judgements defined with induction rules, when we write “By
induction on I' F M : U”, means “By induction on the derivation proving
'EM:U”.

Lemma 5 (Basic properties of typing).

1. THF* M :UNYV if and only if there exist I'y, I's, ny and ng such that T' =
Fl ﬂrg, n:n1+n2, Fl Fre MU anng Fr2 M.V,

2.If T ™ M : U and U = V, then there exists A such that T' = A and
AF"M:V.

8. IfTE" M :U and U CV, then there exist A and m such thatT' C A, m<n
and AF™ M :V.

4. IfT'= M : A, then Dom(T") = fo(M).
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5.

IfT'= M : U, then Dom(T") C fo(M).

Proof.

1.

A ol

Straightforward.

By induction on U = V.
Corollary of 1 and 2.

By induction on I' - M : A.
Corollary of 4.

2.4 Soundness

As usual for the proof of Subject Reduction, we first prove a substitution lemma:

Lemma 6 (Substitution lemma).
IfT,z:UF" M : A and A" N : U, then there exists T such that TV ~TNA
and I" ="t M{z:= N}: A.

Proof. By induction on I'yx : U = M : A. The measure of the final typing tree
is n + m because, by the fact that the intersection types are non-idempotent, this
proof does not do any duplications of the rule (App).

More precisely:

e For

V0 o withl'=(),n=0 M =2,U=F and A = F: We
z:FH z: F

have z{xz := N} = N. By hypothesis, A ™ N : U. Therefore, A F™
M{z:= N}:Fwithn+m=mandTNA=()NA=A.

Fory;Fl—Oy:F Withy?’éx,F:(y:F),n:(),M:y,U:wvand

A = F: By hypothesis, A v N : w. Hence, A = () and m = 0. We have
y{z := N} =y. Therefore, y: F FY M{z:= N} : F with n+m = 0 and
F'NnA=w:FN()=(y:F).

Fl,ZCZUl }_nlMZAl F27.’131U2|_n2M2A2
For withI'=T1NTy, n =n1+

Fl ﬂFQ,I : Ul ﬂUQ Fnl+n2 M : A1 ﬂAQ

ng, U =U; NUy and A = Ay N As: By hypothesis, A ™ N : U; N Uy. By
Lemma 5.1, there exist A1, Ag, my and mo such that A = A1NAy, m = mq+
ma, Ay F™ N : U; and As ™2 N : Uy. By induction hypothesis, there exist
I and T such that T, ~ Iy N Ay, T &~ Do N Ay, T F1+m1 Mg = N}
Ay and T Fm2tm2 M{z:= N} : As. Therefore, ')y NT% Fritmatnatm:
M{l‘ = N} : AlmAg with Fll OF/Q ~ (Fl ﬁAl) n (F2 QAQ) ~ (Fl QFQ) N
(A1 NA) =TNA and n; +m; + ne +me =n+m.

e:Uy: V"M, :F BCV
For with M = \y.My, z # y, y ¢ v(N)

Dx:UF"Ay.M;:B— F

and A = B — F. We have (A\y.M1){z := N} = \y.Mi{z := N}. By
induction hypothesis, there exists I such that I =~ (I',y : V)NA and [V -*+™
Mi{y:= N}:F. By Lemma 5.5, Dom(A) C fv(N). Therefore, y ¢ Dom(A)
and T,y : V)NA =T NA,y: V). There exist a unique I’ and a unique
V' such that (I'",y : V') = T". Therefore, I ~ T'N A and V =~ V'. Hence,
B C V'. Therefore, I ="t \y.My{z:= N}: B — F.

Fl,l‘ZU]_}_nlMliB—)F F27.’EIU2|_n2MQZB
For withI' =T'1NTy, n=

Fl N FQ,LL’ . U1 N UQ Fn1+n2+1 M1M2  F

ny+ny+1, U=UNUy, M = MM, and A =F: We have (M1 Ms){z :=
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N} = Myi{z := N}Ms{z := N}. By hypothesis, A v N : U; NUs.
By Lemma 5.1, there exist Ai, Asg, my and mgy such that A = Ay N Ao,
m = mi +mo, Ay F™ N : Uy and Ay F™2 N : U,. By induction hy-
pothesis, there exist I} and T such that T} ~ T'y N Ay, T, ~ 'y N Ay,
Yy Fmtm Mi{z:= N} : B— F and T4 F"2t™2 Mo{x:= N} : B. There-
fore, T O T, Froatmitnatma+l Np AL ¢ F owith T AT, ~ (T3 N1 Ag) N (T N
AQ) ~ (Fl ﬂrg)m(AlﬂAg) =T'NA and nq +m1+n2+m2+1:n+m

O

Theorem 1 (Subject Reduction).
IfTF* M : A and M —4 M’, then there exist I and n' such that T' C I,

n>n' and ' - M’ : A.

Proof. First by induction on M — 45 M ' then by induction on A.

In particular, for the base case of the 3 reduction ( (Az.M1)M2 — 45 Mi{z :=
Ms}), we use Lemma 6.

For the case Az.M; — 5 Av.Mj with My — 5 M, we use the fact that in the rule
(Fun), there can be a subsumption. Therefore, the change of the type of x can be
caught by the rule (App).

More precisely:

e If A is of the form A; N As: Then, there exist I'1, I's, n; and ny such that
'r=T1Nly,n=n1+ny, 1 F™ M : A; and T's F™2 M : A;. By induction
hypothesis on (M —4 M’, A;) and (M — 4 M’, Ag), there exist I'}, I'y, n}
and nfj such that 'y C T, T's C T, ny > nfj, ne > nj, T i M7 Ay and
T "2 M’ : Ay. Therefore, Ty NTh F™"1H72 M’ Ay N Ay with T =T, NTy C
i NT% and n = ng + ng > nj + nb.

e For (AZ‘Ml)MQ _>ﬁ Ml{x = MQ} with M = ()\l’Ml)MQ and A is of the
form F:

Therefore, there exist I'y, I's, ny, ng, Bsuch that ' =T'1 NIy, n = ny+no+1,
'y F™ Az.My : B— F and I'; F™2 M5 : B: Then, there exists U such that
B CUandTy,z:U F™ M; : F. By Lemma 5.3, there exist I'; and n)
such that T's C T%, ng > nj and T, F"2 My : U. By Lemma 6, there
exists I such that IV ~ Iy NT% and IV F™ 72 AM{z:= My} : F with
Fr=T1NTe CTiNIY =T and n=n1 +ngs +1>n; +ny >ny +nb.
T
B, G and U such that F =B - G, B C U and I';z:U F* M; : G. By
induction hypothesis, there exists I} and n’ such that (C,z: U) CTY, n>n'
and Iy ™ M{ : G. There exist a unique I'V and a unique U’ such that
I = (", : U’). Therefore, T C TV and U C U’. Hence, B C U’. Therefore
I Xz.Mj: B — G.
T

My M, —>ﬁ M{Mg
I'y, 'y, n1,ng and Bsuchthat ' =T'1N'y, n = ny+ns+1, 1 F"* My : B — F
and T's ™2 M5 : B. By induction hypothesis, there exist I} and n) such that
Iy €T, ng >nf and Ty ™ M| : B — F. Therefore, I} N Ty Fritn2tl
M{MgFWlthF:I‘lﬂFQQF’lﬂI‘Q andn=n1+n2+1>n’1+n2+l.

r
MM, —>ﬁ MlMé
'y, 9, n1,noand Bsuchthat I' =1'1NI'y, n = ni+ne+1, ' F™ My : B —> F

e Fo

with M = Az.M; and A is of the form F: There exist

e Fo

with M = MM, and A is of the form F: There exist

e Fo

with M = MM, and A is of the form F': There exist

19



and T's ™2 Ms : B. By induction hypothesis, there exist I, and nf such that
Iy CT%, ng > nf and T'y F"2 M} : B. Therefore, I'y N Th F™ et My MY F
with'=T;NTe CTyNT,and n=n; +ns+1>ny +nhH+ 1.

O

In Theorem 1, we have n > n’ because, by the fact that types are non-idempotent,
we do not do any duplications in the proof of Subject Reduction. Therefore, by
Subject Reduction, for each S-reduction, the measure of the typing tree strictly
decreases and then, we have Soundness as a corollary.

Theorem 2 (Soundness).
IfT'F" M : A, then M € SN<,,.

Proof. Corollary of Theorem 1: We prove by induction on n that if ' F* M : A
then M € SN<,,.
Let M’ be a term such that M —; M’. By Theorem 1, there exist I and n'

such that n’ < n and I - M’ : A. By induction hypothesis, M’ € SN<,. Hence,
M’ € SN<,,_1 because n’ <n — 1.
Therefore, M € SN<,. O

Theorem 2 gives more information than a usual soundness theorem: If a term
is typable, the term is not only strongly normalising, but the measure on a typing
tree is a bound on the size longest [S-reduction sequences from this term to its
normal form. One of the reasons we have just a bound is that the measure of the
typing tree can decrease more than 1. This is usually what happens when the (-
reduction erases a sub-term. Having a better result than just a bound is discussed
in Chapters 3 and 4.

2.5 Semantics and applications

In this section we show how to use non-idempotent intersection types to simplify
the methodology of [CS07], which we briefly review here:

The goal is to produce modular proofs of strong normalisation for various source
typing systems. The problem is reduced to the strong normalisation of a unique tar-
get system of intersection types, chosen once and for all. This is done by interpreting
each term t as the set [t] of the intersection types that can be assigned to t in the
target system. Two facts then remain to be proved:

1. if ¢ can be typed in the source system, then [t] is not empty

2. the target system is strongly normalising
The first point is the only part that is specific to the source typing system: it
amounts to turning the interpretation of terms into a filter model of the source typ-
ing system. The second point depends on the chosen target system: as [CS07] uses
a system of idempotent intersection types (extending the simply-typed A-calculus),
their proof involves the usual reducibility technique [Gir72, Tai75]. But this is some-
what redundant with point 1 which uses similar techniques to prove the correctness
of the filter model with respect to the source system.

In this chapter we propose to use non-idempotent intersection types for the target
system, so that point 2 can be proved with simpler techniques than in [CS07] while
point 1 is not impacted by the move.

2.5.1 Denotational semantics

The following filter constructions only involve the syntax of types and are indepen-
dent from the chosen target system.
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Definition 11 (Values).
A walue v is a set of U-types such that:

® wEw.
o [fUcwvandU CV, thenV € v.

o IfUcvandV €wv, thenUNV €w.
We write 9 the set of values.

While our intersection types differ from those in [CS07] (in that idempotency is
dropped), the stability of a filter under type intersections makes it validate idem-
potency (it contains A if and only if it contains AN A, etc). This makes our filters
very similar to those in [CS07], so we can plug-in the rest of the methodology with
minimal change.

Definition 12 (Examples of values).
1. Let 1L := {w}
2. Let T, the set of all U-types.

3. Assume « is a set of F-types. Then < a > is the set of U-types defined with
the following rules:

Fea Ae<a> Be<a>

Fe<a> wES a> ANBe<a>

4. Assume u,v € Z. Letuwv = <{F|3A€v,(A—F) € u} >.

Lemma 7 (Properties of values).
Assume u,v € 9.

If for oll F € u we have F € v, then u C v.

If for oll F', F € u if and only if F € v, then u = v.

L is the smallest element of 2 and T is the biggest element of 9.
IfUcevand U=V, then V € v.

< « > is the smallest element v of & such that o C v.
Fe<a>ifand only if F € a.

w € 2 and F € wv if and only if there exists A such that (A — F) € u and
Aecw.

8. We haveul = 1 = Lu.
9. Ifv#£ 1, then To=T.

NS O o v~

Proof.

1. We prove by induction on U, that for all U € u, we have U € v:
e For w: By Definition 11, we have w € v.
e For F': By hypothesis, we have F € v.

e For AN B: We have AN B C A and AN B C B. By Definition 11, we
have A € uw and B € u. By induction hypothesis, we have A € v and
B € v. By Definition 11, we have AN B € v.

2. Corollary of 1.

3. First, we prove that L € Z:
e We have w € L.
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e Assume U € L and U C V. Therefore, U = w and w C V. We also have
V Cw. Hence, V ~ w. Therefore, V =w and V € L.

e Assume U € L and V € L. Therefore, U = w and V = w. Hence,
UNV=wnNw=we 1.
Therefore, 1L € 2.
Assume v € P and U € L. Then, U = w and U € v. Hence, L C w.
Therefore, L is the smallest element of Z.
It is straightforward to prove that T is the biggest element of 2.
4. Assume U € v and U = V. Then, U C V. Therefore, by Definition 11, V € v.

5. To prove that < a >€ 2 we first need the following:
e We can notice that UNV €< a > ifandonly if U e< a >and V €< a >.
e We can prove by induction U =~ V, that if U €< a > and U ~ V then
Ve<a>.
Therefore, we can prove that < a >€ 2:
e We have w €< a >.

e Assume U €< a > and U C V. Hence, there exists U’ such that
U~V NU' Therefore, VNU' €< a >. Hence, V €< a >.

elfUe<a>andVe<a> thenUNV e<a>.
Therefore, < a >€ 2 and by definition we have a C< « >.

Assume v € Z such that o C v. We can prove by induction on U €< a >
that for all U €< a >, we have U € v. Hence, < a >C v.

Therefore, < a > is the smallest element v of 2 such that o C v.
6. Straightforward.
7. The fact that uv € Z is a corollary of 5. The rest is a corollary of 6.

8. By 3, we have 1. Cwul and 1 C Lu.
e Assume F € ul. Then, by 7, there exists A such that (A — F) € u and
A € 1. Contradiction. Therefore, F' € L.
By 1, ul C 1.
e By a similar proof, Lu C .
Therefore, ul = lu= 1.
9. By 3, we have Tv C T.
Assume F € T. By the fact that v # L, there exists A € v. Therefore,
(A= F)eTand F € To.
By 1, we have T C Tw.

Then, we can conclude.

Definition 13 (Environements).
An environment p is a total map from the set of variables to 9.
Assume T" is a context, then we write I' € p if and only if:
Vo, T'(z) € p(x)
The environment (p, x « v) is defined as follow:

(p,x < v)(x) v
(pyx=v)(y) = ply) (x#vy)

Lemma 8 (Properties of environments).
1. IfT €pand U € v, then (T,z: U) € (p,x < v).
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2. If T € (p,x < v), then there exist T and U such thatT' = (I",x : U), I" € p
and U € v.

3. We have () € p.
4. IfT € pand T' C A, then A € p.
5 IfT € pand A € p, then TN A € p.

Proof. By the fact that I € p is defined point-wise.

Definition 14 (Semantics of a term).
Assume M is a term and p an environment.
Let [M],:= {U |3 €p, - M:U}.

Lemma 9 (Properties of the semantics of a term).
1. We have [M], € 2.

If [M], # L, then M is strongly normalising.

We have [z], = p(z).

We have [MN], = [M],[N],.

We have [Ax.M],v C [M](pzew)-

If x € fuM) orv# L, then [Ax.M],v = [M](pzecu)-

If M — 5 M', then [M], C [M],.

N R

Proof.

1. We prove that [M], € 2:

e We have - M : w and () € p (by Lemma 8.3). Therefore, w € [M],.

e Assume U € [M], and U C V. Then, there exists I' € p such that
'+ M : U. Therefore, there exists IV such that T C TV and IV - M : V.
By Lemma 8.4, we have I'" € p. Hence, V € [M],.

e Assume U € [M], and V € [M],. Then, there exist I', A € p such that
I'EM:Uand A M : V. Therefore, TNAF M : UNV and by
Lemma 8.5, TN A € p. Hence, UNV € [M],.

Therefore, [M], € 2.

2. Assume [M], # L. Then, there exists A € [M],. Therefore, there exists
I' € psuch that I' = M : A. By Theorem 2, M is strongly normalising.

e Assume F' € [z],. Then, there exists I' € p such that I' - = : F.
Therefore, I' = (2 : F') and F = I'(x). We also have I'(z) € p(z). Hence,

F € p(x).
e Assume F € p(z). Then, (x : F) € pand z: F + z : F. Therefore,
F e [z],.
By Lemma 7.2, [z], = p(x).

o Assume F' € [MN],. Then, there exists I" € p such that I' - MN : F.
Therefore, there exist I';, I'y and A such that ' =Ty NIy, 'y H M :
A—FandI'sF N: A Wehave I' CT'; and I' C I'y. By Lemma 8.4,
I't € pand T'y € p. Hence, (A — F) € [M], and A € [N],. By
Lemma 7.7, F € [M],[N],.
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z€Dom(®B) G(2)=A GSFpM:A—-B GkpN:2 G,x:AFp M:B

Srhpz:A S+ MN : 8 St .M : A — B
Sbbp M:A adifv(®) Sbp M: Vol
Sbp M: Vol Fkp M:Uq{a:= B}

Figure 2.4: Typing rules of System F

e Assume F € [M],[N],. By Lemma 7.7, there exists A such that (A —
F) € [M], and A € [N],. Then, there exist I';,I's € p such that
I'MTFM:A— FandT's - N : A. Therefore, ''yNTo F MN : F. By
Lemma 8.5, 'y N T’y € p. Hence, F' € [MN],.

By Lemma 7.2, [MN], = [M],[N],.

5. Assume F € [Az.M],v. By Lemma 8.5, there exists A such that (A — F) €
[Az.M], and A € v. Then, there exists I' € p such that I' - Aa.M : A — F.
Hence, there exist U such that A C U and I', o : U + M : F. Therefore,
U €wv. By Lemma 8.1, (I'z : U) € (p,z < v). Hence, F € [M] () zcv)-

By Lemma 7.1, [Az.M],v C [M](5zc0)-

6. By 5, we have [Az.M],v C [M] () zcw)-

Assume F' € [M], ). Then, there exists T' € (p, 2 < v) such that I' = M :
F. By Lemma 7.2, there exist I'; € p and U € v such that I' = (I'y,z : U).
Therefore, I'y,x : U = M : F. By hypothesis, we are in one of the following
cases:

e We have x € fv(M): Therefore, U is of the form A.

e We have v # L and U is of the form A.

e We have v # | and U = w: Then, there exists A € v and we have A C w.

In all cases, there exists A € v such that A C U. Hence, 'y - Ae.M : A — F.
Therefore, (A — F) € [Ax.M],. By Lemma 7.7, F € [Az.M],v.

By Lemma 7.1, [M]).0cv) C [Az.M],v.
Then, we can conclude.

7. Assume F € [M],. Then, there exists I' € p such that ' = M : F. By
Theorem 1, there exists IV such that ' C TV and I + M’ : F. By Lemma 8.4,
I'" € p. Therefore, F € [M'],.

By Lemma 7.1, [M], C [M'],.

2.5.2 Example: System F

Definition 15 (System F).

Types of System F are defined with the following grammar:

AB,Cui= a | A—=>B | Val

where a ranges over an infinite set of type variables. Free variables and substitution
is defined the usual way.

A context & in System is a partial map from type variables to types of System
F.

The typing judgement & Fp M : 2 is defined with the rules of Figure 2.4.

Definition 16 (Model of System F).
We define TP(D) the set of subsets X of 9 such that:
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e TcX.
o L ¢ X.
Assume X, Y € TP(2).
Let X Y := {ue 2 |WweXuweY}.
Lemma 10 (Examples of elements of TP(2)).
1. We have {T} € TP(2).
2. Assume (X;)icr a non-empty family of TP(2). Then,
3. Assume X, Y € TP(9). Then X —Y € TP(2).

o1 Xi € TP(9).

Proof.
1. Straightforward.
2. Straightforward.

3.
e Assume v € X. Then, by Definition 16, we have v # 1. By Lemma 7.9,
Twv = T. By Definition 16, we have T € Y. Therefore, T € X — Y.
e Assume L € X — Y. We have T € X. Therefore, we have LT € Y. By
Lemma 7.8, L T = L. Therefore, L € Y. Contradiction.
Hence, L ¢ X —» Y.

Therefore, X — Y € TP(2).

Definition 17 (Interpretation of System F in the TP(2)).
Assume o a total map from type variables o to TP(P) (type environment ).
We define U], € TP(Z) by induction on A as follows:
[a]o = o(a)
(A =B, = [, —[B,
Vo], = mXeTP(@) [ﬁ](a,aex)
We define [8], as the set of environment p such that:
Vz € Dom(®), p(z) € [&(x)],

Theorem 3 (Soundness of the model).
Assume & g M : .
Then, for all o type environment we have:

Vp S [6]0-, [[M]]p € [qu

Proof. By induction on & rp M : 2.

x € Dom(®) &(z)=2A
e For with M = a: Therefore, [z], = p(z) (by Lemma 9.3).
(15) l_F x A
And we have p(x) € [6(2)], = [A],-
6}—FM1:%—>Ql ®|_FM2:EB
e For with M = M;M>: By Lemma 9.4,
& l_F M1M2 /|
[M,Ms], = [Mi],[M2],. By induction hypothesis, [M:i], € [B — 2A], =
(B, — [A]» and [Ms], € [B],. Therefore, [Mi],[M:], € [A],.
6,.1‘19[1 l_F M1 ZQ‘Q
e For with M = Ax.M7 and A = 2A; — As:
& FF )\.’EMl : Q[l — 912
Assume v € [21],. Then, v # L. By Lemma 9.6, [Az.M1],v = [Mi](p zev)-
We also have (p,z + v) € [&, 2 : ;],. By induction hypothesis, [M1](,,zv) €
[As]s. Therefore, [Az.Mi],v € [Ro],.

Hence, [Az.M;], € 2] = [™A2],. Therefore, [M], € [A],.
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o For MM A E MO o e
Skt M :Vally

Assume X € TP(Z). By the fact that o ¢ fv(®), we have 8], 0 x) = [6]s.

Therefore, p € [&](5,q-x). By induction hypothesis, [M], € [2l1](s,ax)-

Hence, [M], € Nycrp(9) 2] (0,0cx) = Va2, = [A]o.

BFp M:Vally

' & }_F M : Qll{a = 912}
By induction hypothesis, [M], € [Va.2u], = Nxerp(o)[&1](o,a-x). In par-
ticular, [M], € [2](o,aci2.],)- We can prove by induction on 26 that
[Qll{a = Q[Q}]U = [Qll](g’ak[%]a). Therefore, [[M]]p € [Q[]U.

e Fo

with 2 = 3 {a = As}:

O
Theorem 4 (Strong normalisation of System F).
If & Fp M : 2, then M is strongly normalising.
Proof.
Let o defined by: Va,o(a) := {T}.
Let p defined by: Vz, p(x) := T. Therefore, p € [&],.
By Theorem 3, we have [M], € [2],. Therefore, [M], # L.
By Lemma 9.2, M is strongly normalising.
O

2.6 Completeness

The goal of this section is to prove that if a term is strongly normalising, then it is
typable. We use the same method usually done to prove this result with idempotent
intersection type:

e We exhibit a S-reduction sequence from M to its normal form M’.
e We type M.

e To get a typing of M we backtrack from M': For each S-step M1 — 4 Ma, we
get a typing of M; from a typing of Ms.
What we do in each -step is called Subject Expansion (Theorem 5). Unfortunately,
Subject Expansion does not work for every reduction M — s M ’. In particular, it
does not hold when M ¢ SN and M’ € SN (by Theorem 2). Here are a few
examples bellow:

e Case where the argument of the f-redex is not strongly normalising and is

erased:
(Ar.y)((Az.22)(A2.22)) =5y

e More subtle case:
(Aw.(Az.y)(ww))(Az.22) =5 (Aw.y)(Az.22)

Here, the erased term ww is strongly normalising but w, one of its free variable
is caught by the abstraction Aw.
Therefore, we need a restricted reduction relation such that:

e It can reach the normal form.

e It satisfies Subject Expansion. Therefore, it preserves strong normalisation
both ways.
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The restricted reduction relation that we give here is not the smallest one that
satisfies those properties. On the contrary, we try to define the biggest one that
satisfies them. This gives us a better understanding about operational semantics and
intersection types and it gives more weight to some theorems such as Theorem 2.6
(which states that this strategy is perpetual).

First, we have to understand why we cannot directly adapt the proof of Subject
Reduction to prove Subject Expansion:

e For M, —g Ms: When an argument N of a 8-redex is erased, to type My, we
need to type N and we have no information about how to type IV from the
typing of My. (first example)

e When a term is erased, the type of a context changes after Subject Expansion
(it gets bigger). When dealing with the (App) rule, we are in a similar situ-
ation that we were in Subject Reduction. To avoid this problem, in Subject
Reduction, we can have a subsumption but here the subsumption is on the
wrong side.

Therefore, when doing an erasure, we have to make sure that the variables of
the erased term are not caught by a lambda like in the second example.
Hence, it seems logic to keep information about the set of variables E of an erased

terms when defining the strategy.

We actually introduce, two restricted reduction relations that are mutally de-
fined: ~~p and = p. The second one is more general than the first. This definition
uses an “accumulator property” denoted acc, (M) (acc, (M) if and only if M is of
the form zM; ... M,; we also say that = is the head variable of M). The rules
are given in Figure 2.5 and are purely syntactic. However, their motivation and
meaning is that:

e If M cannot be reduced by — 4, then M is typable.

e If acc, (M) and M is typable, then we can give M any type by just changing
the type of z.

o If M ~~p M’ and M’ is typable with a type A, then M has type A, just by
changing the types of each z in F.

o If M =5 M’ and M’ is typable with a type A, then M is typable with a type
B (which can be different from A), just by changing the types of each z in E.
In more simple and common perpetual strategies (such as the one defined in Chap-
ter 4) we do not need E.
More formally:

Definition 18 (Accumulators).
Assume M is a term and x a variable. Then, acc,(M) is defined with the
following rules:

acc, (M)

accy () accy(MN)
We write acc(M) if there exists © such that accy(M).

Definition 19 (Special reductions).
Assume M and M’ are terms and E is a finite set of variables. The reductions
M ~g M’ and M =g M’ are defined with the rules of Figure 2.5.

Lemma 11 (Execution of a A-term).

1. If M cannot be reduced by — 5, then we are in one of the following cases:
e M is of the form \x.M;.
o There exists x such that accy(M).
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x € fv(M)

x ¢ fv(M)

N:>ENI

x ¢ fv(N)

A M)N ~sg M{x:= N}

N cannot be reduced by — 4

(AI'M)N va(N) M

(Ax.M)N ~g (Az.M)N’

MWEM/ NWEN/ MWEM/ I’¢E
MN ~»g M'N MN ~sp MN' Ae.M ~g e M’
MWEM/ M:>EM/ ach(M) N:>ENI
M= M Ax.M =E—{z} Ax. M’ MN ~BU{z} MN'

Figure 2.5: Rules of ~~g and =g

If M can be reduced by — 5, then there exists E and M’ such that M =g M'.
Moreover, if M is not of the form Az.M, then there exist E and M’ such that
M ~sg M.

3. If M ~g M', then M =g M'.

4 If M =5 M' then M — 5 M'.

Proof.
1. By induction on M - see e.g. [Boh68].

2. By induction on M: We are in one of the following cases:
e M is of the form z: Then, M cannot be reduced by — 4. Contradiction.
e M is of the form Az.M;: Then, M; can be reduced by — 4. By induction
hypothesis, there exist E and Mj such that M; =g M;. Therefore,
M is of the form (Az.M;)M; and x € fv(M;): Therefore, M ~~y Mi{x :=
Ms}.
M is of the form (Az.M1)Ma, x ¢ fv(M;) and M> can be reduced by — 4:
By induction hypothesis, there exist E and M} such that My =g MJ.
Therefore, M ~~g (Ax.M7)M).
M is of the form (A\x.My)Ms, x ¢ fv(My) and My cannot be reduced by
— 5t Therefore, M ~~gy(ar,) M.
M is of the form M; My, M, is not of the form Az.M3 and M; can be
reduced by —4: By induction hypothesis, there exist E' and M such
that My ~»g Mj. Therefore, M ~»g M{M,.
M is of the form M;Ms, My is not of the form Axz.Mjs and M; cannot
be reduced by —4: By 1, there exists = such that acc,(M).

If My cannot be reduced by —4, then M cannot be reduced by — .
Contradiction. Therefore, My can be reduced by — 4.

By induction hypothesis, there exist E and M} such that My =g M.
Therefore, M ~ gygzy My Ms.

In all cases, if M ~»g M’, then M =g M'.
3. Trivial.

4. We prove the following by induction on M ~»g M’ and by induction on
M =g M’ (mutual recursion):
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o If M ~>p M', then M —5 M'.
o If M =5 M, then M —5 M'.
[

As usual for the proof of Subject Expansion, we first prove an anti-substitution
lemma:

Lemma 12 (Anti-substitution lemma).
IfT'F M{xz:= N} : A, then there exist I'y, T's and U such that T' =~ T'y N Ty,
I'i,z:UFM:AandTo - N:U.

Proof. First by induction on M, then by induction on A. We adapt the proof of
Lemma 6.
We are in one of the following cases:

e Ais of the form Ay N Ay: Then, there exist I'y and I's such that ' =Ty N Ty,
'y - M{z:= N}:A; and 'y - M{z:= N} : As. By induction hypothesis
on (M7, Ay) and on (Ms, As), there exist '}, Ay, Ty, Ag, Uy and Us such that
Fl zF’lﬁAl, Fg %FIQOAQ, F/17£L'ZU1 = MZAl, Fé,(EIUQ" MIAQ, Al F
N : Uy, and Ay - N : Uy. Therefore, I NTh,2: Uy NUz; B M : A; N As,
AlmAg - NZU]_QUQ and (FaﬂF&)ﬂ(AlﬂAg) %(FllﬁAl)ﬂ(Flzr\lAg) ~
I'inly =T.

e M is of the form x and A is of the form F: Then, M{z := N} = N. Hence,
z:FFz:F,TFN:Fand ()NI'=T.

e M is of the form y and A is of the form F with x # y: Then, M{z := N} =y.
Hence, I'=(y: F) = (y : F,x : w). Therefore, y: F,le:wkt M:F, FN:w
and (y: F)N()=(y: F)=T.

e M is of the form M;Ms; and A is of the form F: Then, M{z := N} =
Mi{x := N}Mo{x := N}. Therefore, there exist I';, I's and B such that
I = lerg, Fl F Ml{.’EZ: N} : B— F and Fg = MQ{SUI: N} . B.
By induction hypothesis there exist '}, Ay, T, Ay, Uy and Us such that
Fl %FllﬂAhFQ%FéﬂAg, Fll,l‘ZU]_ }_MllB—>F, F/Q,IZUQ}_MQZB,
Ay F N : Uy, and Ay B N : Uy. Therefore, Ty NTh,2: U1 NUz = M1 Ms : F,
AlﬂAQFN:UlﬂUg and (F&ﬂré)ﬂ(AlﬂAg)%(F&ﬂAl)ﬂ(FémAg)%
Ny, =T.

e M is of the form Ay.M; and A is of the form F with y # z and y ¢ fv(N):
Then, M{x := N} = Ay.My{z := N}. Therefore, there exist B, V and G
suchthat BCV, F=B - GandT',y:VF M{z:= N}:G. By induction
hypothesis, there exist '), A and U such that (T,y: V) =~ T/ NA, T, z: U+
M : Gand A+ N : U. There exist IV and V' such that T} = (I, y : V’).
By Lemma 5.4 and by the fact that y ¢ fv(M), we have y ¢ Dom(A). Hence,
MNA=(I"nNnA,y: V). Therefore, ' = TN A and V ~ V’. Hence,
BCV I,z:U)=Ty:V'i,z:U)=(T"z:Uy: V") (because z # y).
Therefore, IV, z : U F A\y.M; : B — G.

O

Notice that, in Lemma 12, if z ¢ fv(M), then U = w and we do not have any
typing information on N.

In =g and ~g, if a term is erased, then it is a normal form. Therefore, to prove
Subject Expansion, we need to be able to type normal terms. This is also used in
Theorem 6. To prove this, we need to know what is the type of an accumulator
(when the context is an input).

Lemma 13 (Type of an accumulator).
Assume T'F M : F and accy(M). Then for all G, there exists I such that:
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o Forally # xz, T'(x) =T"(x).
o We haveI" - M : G.

Proof. By induction on acc, (M):

e For = () with M = x: Therefore, I' = (x : F'). Hence, z: G+ M : G and
forally #z, (z: F)(y) = (z: G)(y) = w.
accy (M)
e For ———————— with M = My Ms: Then, there exist I';, 'y and A such that
accy (My Mo)

r=r1Nle, Ty - My : A— Fand I's B Ms : A. By induction hypothesis,
there exists I'j such that Iy F M; : A— G and for all y # x, we have
I'1(y) =T (y). Therefore, Iy NTy = M1 Ms : G.

Assume y 7 z, then (I'y N ) (y) = Iy(y) NTa(y) = Fiy) N Ta(y) = T(y). -

Lemma 14 (Typing of a normal term).
If M cannot be reduced by —g, then there exist I' and F' such that I'H M : F.

Proof. By induction on M. By Lemma 11.1, we are in one of the following cases:

e M is of the form z: Therefore, x : 7+ M : 7.

e M is of the form Mj M, with acc,(M): By induction hypothesis, there exist
F17 Fg, F1 and F2 such that Fl H M1 : F1 and Fg F M2 : FQ. By Lemma 13,
there exist I} such that I} = M; : F5 — 7. Therefore, Iy NTy - M1 M, : 7.

e M is of the form Ax.M;: By induction hypothesis, there exist I'y and F} such
that Ty = My : Fy. Then, there exist I" and U such that I'y = (I, x : U). Let
A:= U ifU is of the form B and let A := 7if U = w. In both cases we have

A CU. Therefore, I' - \x. M, : A — Fy.
O

Theorem 5 (Subject Expansion).

Assume TV = M’ : A.

1. If M ~g M’, then there exists T' such that:
o Foralxz ¢ FE, I'(x) = T'(x).
o We haveI' - M : A.

2. If M =g M’', then there exist T' and B such that:
e forallz ¢ E, T'(x) = T'(x).
e We haveI' - M : B.
o If A is a F-type, then so is B.

Proof. First by induction on M ~»g M’ and M =g M’ (mutual recursion), then
by induction on A.

e If Ais of the form A; N As and M ~»g M': Then, there exist I} and I';, such
that IV =14 NT%, I = M’ A; and Ty = M’ : Ay. By induction hypothesis
on (M ~g M’ Ay) and (M ~g M’ As), there exist 'y and T’y such that:

— Forally ¢ E, I'1(y) = T (y) and I'a(y) = I'y(y).

- Fll_MIAl anngl—M:Ag.
Therefore, Fl n FQ M : A1 N A2.
Assume y ¢ E. Then, (I'' NT2)(y) = Ti(y) NTa(y) = I'i(y) NTa(y) =
(1 NT5)(y) =T'(y).
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o If A is of the form A; N Ay and M =g M’: Then, there exist I} and I';, such
that IV =T/ NTL, T F M’ - Ay and T, + M’ : Ay. By induction hypothesis
on (M =g M',Ay) and (M =g M’, A,), there exist 'y, I's, By and By such
that:

— Forally ¢ E, I'1(y) = T (y) and I'2(y) = T'y(y).
*Fll_MIBlaHdFQ}_MIBQ.
Therefore, 'y NT's = M : By N Bs.

Assume y ¢ E. Then, (I'' NTy)(y) = Ti(y) NTa(y) = Ti(y) NTh(y) =
Iy NIY)(y) =I'(y).
x € fV(Ml)
e For with M = (Az.My)My, M’ = My{z :=
(Ale)MQ 0 Ml{.lf = MQ}

M5} and A is of the form F: By Lemma 12, there exist I'y, I's and U such
that IV ~ ThW NIy, T,z : U+ My : F and Ty + M, : U. By Lemma 5.4,
x € Dom(T'1,2 : U) and U is of the form B. Therefore, I'y - Ae.M; : B— F
and I's F My : B. Hence, 'y NTy - (Az.M7)Ms : F.

Assume y ¢ 0. Then, (I'1 NT2)(y) = I'(y).

x ¢ fV(Ml) M>; =g M2/
e For with M = (Az.M) My, M' = (Ax.My) M,
and A is of the form F: Then, there exist I', ', and B such that IV = Ty NT%,

IMkEXeM;:B— FandThF My: B.
Therefore, there exists U such that B C U and I'},z:U - M; : F. By
Lemma 5.4, z ¢ Dom(I'},z : U) and U = w. Hence, I'|,z 1wk M; : F.
By induction hypothesis, there exist I'y and B; such that:

— Dok Ms: By.

— Forally ¢ E, T'2(y) =~ T'h(y).
Therefore, By Cw, I+ Az.M; : By = Fand Ty NTy b (Az.M;y)Ms : F.
Assume y ¢ B. Then (I N T5)(y) = T4 (y) N Ta(y) ~ T4 (y) N Th(y) = I'(y).

x ¢ fv(M;) Ms cannot be reduced by —3
e For with M = (Az.My)Ms, M' =
()\(EMl)MQ va(Mg) M1

M and A is of the form F*:
By Lemma 5.4 and by the fact that « ¢ fv(M;), we have © ¢ Dom(I"). Hence,
I'=T,z:w)and I,z :whk M; : F.
By Lemma 14, there exist A and G such that A F My : G. Therefore, G C w,
I'EXaeM;:G— Fand IVNAF (Ax.M)M, : F.
Assume y ¢ fv(Ms). By Lemma 5.4, y ¢ Dom(A) and A(y) = w. Therefore,
I"'NA)y) =T"(y) NA(y) =T"(y) Nw =T"(y).
M1 M E M{
e For with M = M1 My, M’ = M{M> and A is of the form
My My~ MM,

F: Then, there exist I}, T, and B such that IV =T, NT5, I F M : B— F
and T', B My : B. By induction hypothesis, there exist I'; such that:

— Forallz ¢ E, T'y(z) =~ T ().

- IT"FM:B—F.
Therefore, 'ty NTL F MM : F.

Assume z ¢ E. Then (I'y NT%)(x) = Ti(x) NTh(x) = Ti(z) NTh(z) =
[y NTY)(x) = T' ().
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M2 MR Mé

e For with M = My My, M’ = M1 M} and A is of the form

MMy ~g MlMé

F': Then, there exist I}, T, and B such that IV =T, NT4, I - My : B— F
and ', = M), : B. By induction hypothesis, there exist I's such that:

— Forall z ¢ E, T'o(x) =~ T'L(x).

- Fl = Mg . B.
Therefore, ') NTo = M1 M, : F.
Assume z ¢ E. Then (I') NT2)(x) = T(x) NTa(x) = I(z) NTh(z) =
(T NI (@) =T ().

e For with M = Az. My, M’ = Az.M] and A is of the form
F: Then, there exists B, U’ and G such that B C U’, F = B — G and
IMz:U'F M| :G.

By induction hypothesis, there exist I'; such that:
— Forally ¢ B, Ta(y) ~ (V2 : U')(y).
- Fl = M1 : G
There exist I and U such that T’y = (I, : U). We have x ¢ E. Therefore,
U= T,z :U)x) =Ti(x) = I,z : U)x) = U'. Hence, B C U and
't Xe.M,:B—G.
Assume y ¢ E.
Tty £ 2 Then T(y) = Tz : U)(y) = Ta(y) ~ (T, U')(y) = T'(y).
— If y = 2: By Lemma 5.4 and by the fact that = ¢ fv(Az.M;) and «
fv(Ax.M7), we have x ¢ Dom(T') and = ¢ Dom(I"). Therefore, I'(x)

?

IM(z) =w.
M~ M : .
e For ——  with A is of the form F: Straightforward.
M =g M
M, =g M{
e For with M = Az.M;, M’ = Ax.M{ and A is of the

/

Ax. M :>E—{:c} )\.’EMl
form F: Then, there exist B’, U’ and G’ such that B’ CU', F =B — G
and IV, z : U' + M : G'. By induction hypothesis, there exist I'; and G such
that:

~ Forally ¢ B, Ta(y) ~ (Va0 : U')(y).

- Fl = M1 : G

There exist I' and U such that Ty = (T,z : U). Let B := U if U is of
the form C and let B = 7 if U = w. In both cases, we have B C U and
'k Xe.M;:B—G.
Assume y ¢ E — {z}.

—Ify # a2 Theny ¢ F and I'(y) = (T,z : U)(y) = T'1(y) = (V,z :
UN(y) =T"(y).

— If y = 2: By Lemma 5.4 and by the fact that « ¢ fv(Ax.M;) and = ¢
fv(Ax.M7), we have x ¢ Dom(T") and = ¢ Dom(I"). Therefore, I'(x) =
I(z) = w.
acc,(My) My =g M}

e For — with M = M; Mo, M’ = MM} and A is of the
MM, " EU{z} MM,

form F: Then, there exist I'}, T, and B such that IV =T) NT%, I} + My :
B — Fand 'y F M : B.

By induction hypothesis, there exist 'y and Bj such that:
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— Forally ¢ E, T'2(y) =~ T'(y).
- FQ = M2 : Bl.
By Lemma 13, there exist I'; such that:

— For all y # z, T'1(y) = T (y).
— FllelBlﬁF.

Therefore, 'y NT's = M1 Ms : F.
Assume y ¢ E U {z}. Then, y ¢ E and y # x. Therefore, (I't NTs)(y) =

Ii(y) NT2(y) = T(y) NTa(y) = (M NT5)(y) = ().
O

Theorem 6 (Completeness).
If M is strongly normalising, then there exist I' and A such that T'F M : A.

Proof. By induction on the size of the longest S-reduction sequences of M:

e If M cannot be reduced by — g, then, by Lemma 14, there exist I' and F' such
that '+ M : F.

e If M can be reduced by —4: By Lemma 11.2, there exist E' and M’ such that
M =g M'. By Lemma 11.4, M — 4 M'. By induction hypothesis, there exist
IV and A’ such that IV = M’ : A’. By Theorem 5, there exist I' and A such
that T'+ M : A.

[

Theorem 7 (=g preserves strong normalisation).
If M =g M' and M’ is strongly normalising, then M is strongly normalising.

Proof. By Theorem 6, there exist IV and A’ such that IV = M’ : A’. By Theorem 5,
there exist I' and A such that I' - M : A. By Theorem 1, M is strongly normalising.
O

Theorem , is a generalisation of the conservation theorem: If M — s M " without
erasure and M’ is strongly normalising, then M is strongly normalising. And the
proof mostly use a semantical argument.

2.7 Conclusion

In this chapter, we have defined a typing system of non-idempotent intersection
types and we have proved that it characterizes strongly normalising terms. In
particular, the proof of strong normalisation is a corollary of Subject Reduction.
And we have also proved that this system can be used to build a denotational
semantics based on I-filters which itself can be used to prove strong normalisation
for other kinds of typing system such as System F

Theorem 2 (Soundness) gives us a bound on the size of longest S-reduction
sequences. This is an inequality result. However, we would like a more precise
result: an equality result. To have this kind of result, we have two different possible
approaches:

e Not only erasure makes Completeness harder to prove, but it also makes
Theorem 2 less precise. Therefore, instead of working in the pure A-calculus,
we can work in a calculus where we have a better control on the erasure of
terms. The calculus we choose for this study is AS (A-calculus with explicit
substitutions). Of course we have to adapt the typing system of this chapter
to this calculus. This is what we do in Chapter 3.
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e We still work in the pure A-calculus, but we choose to refine the types and
the typing system such that the measure of a (certain) typing tree of every
normal term is equal to zero. This is what we do in Chapter 4.

34



Chapter 3

Intersection types with
explicit substitutions

3.1 Introduction

In the pure A-calculus, we go from a S-redex (Ax.M)N to the term M{z:= N} in
one step. It is possible to work in a calculus where this reduction is refined: we go
from the S-redex (Ax.M)N to something called an explicit substitution M [z := N]
and then it can take several steps to go from the term Mz := N] to the term
M{xz := N} (this is called the propagation of the explicit substitution). With
explicit substitutions we have a better control on duplication and erasure: only
some propagation rules trigger duplications and erasures. In particular, on some
calculi, the erasure can be postponed and done just before reaching the normal
form. There are lots of variants for a A-calculus with explicit substitutions (see for
instance [Kes07, Renll]). In this chapter, we will only study one and adapt the
typing system of Chapter 2.

In Section 3.2, we define the syntax of the studied calculus and we give its op-
erational semantics (reduction rules). In Section 3.3, we adapt the typing system
of Chapter 2 to the calculus studied in this chapter. In Section 3.4, like in Sec-
tion 2.4, we prove that if a term is typable then it is strongly normalising and the
measure of the typing tree is a bound on the size of the longest reduction sequences
(Theorem 9). In this chapter we measure the number of uses of the rule B that
transforms an occurrence of (Az.M)N into the term M[z := N]. To have a more
precise complexity result than just the one given in Theorem 9, we need to restrict
ourselves to some particular kind of typing trees that we call optimal. In Section 3.5
we define what an optimal typing tree is and in Section 3.6 we prove that if a term
is strongly normalising, then it is possible to typed it with an optimal typing tree.
Finally, in Section 3.7, we prove a more precise result than Theorem 9 when the
typing tree of a term is optimal.

3.2 Syntax

Definition 20 (Terms). We extends the syntax of A-calculus as follows:
M,N:= x| .M | MN | Mz := N]
The free variables fo(M) of a term M are defined by the rules of figure 3.1.

Definition 21 (Reduction in \S).
The reduction and equivalence rules of A\S are presented in Fig. 3.2.
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fol@) ={z}  foQQe.M) = fo(M) —{z}  fo(MN) = fo(M)U fo(N)
fo(M[z := N]) = (fo(M) = {z}) U fo(N)
Figure 3.1: Free variables of a term
B: (A\z.M)N ~ Mz :=N]
W ylx:=N] -y T#Y
S
z[z := N| - N (SR)
(M1 Ms)[z == N] —  (Mi[z := N])(M2[x := NJ) z € fu(Mri),z € fo(Ma)
(MlMg)[x = N] — Ml(MQ[QZ‘ = ND xT ¢ fU(M1),£ (S f’U(MQ)
(M7 M>)[z := N] = (Mi[z := N])M, x ¢ fo(M2)
(Ay.M)[z := N] = Ay.M[z := N] z#y,y ¢ fo(N)
(Mily := Ma))[x :==N] — (Mi[z:= N))[y:= Mz[z:=N]] =z € fo(Mi),z € fo(Ma),y ¢ fo(
(Mily:= Moo= N] — My = Mafz = N]] v ¢ fo(Mi),z € fo(Mz)
(M[z == Ni))[y:==No] = (Mly:= No|)[z := Ny] z#y,x ¢ fo(N2),y ¢ fo(N1)

Figure 3.2: Reduction and equivalence rules of AS

For a set of rules E C {B,S,W} from Figure 3.2, —5 denotes the congruent
closure of the rules in E modulo the = rule.
SN, s denotes the set of strongly normalising AS-terms for —p gy -

We call this calculus AS because it is a variant of the calculi A, of [Kes07] and
Aes of [Renll]. That of [Renll] is more general than that of [Kes07] in the sense
that it allows the reductions

(1) (MlMg)[’JJ = N] — Ml[I]C = N]Mg when x ¢ fU(Ml),IE ¢ f’U(Mg)

(2) (MiMs)[z:=N] — MMsx:=N] whenz¢ fo(My),z ¢ fo(Ms)

Reduction (2) is problematic in our approach since, even though the Subject
Reduction property would still hold, it would not hold with the quantitative infor-
mation from which Strong Normalisation can be proved: In the typing tree, the
type of M is not an intersection (it is an F-type) but the type of Ms can be one.
So we cannot directly type Ma[z := N]. If 2 € fu(Ms) we can use Lemma 17,
otherwise we have to duplicate the typing tree of N.

We therefore exclude (2) from the calculus, but keep (1) as one of our rules,
since it is perfectly compatible with our approach. It is also needed to simulate (in
several steps) the general garbage collection rule below

M[z:=N]—= M (z¢ fo(M))
which is present in both [Kes07] and [Renll], and which we decide to restrict, for
simplicity, to the case where M is a variable different from z.! All of our results
would still hold with the general garbage collection rule.

Lemma 15. — gy, terminates.

Proof. By a polynomial argument. More precisely, see appendix A. O

1[Kes07] needs the general version, if only for the lack of rule (1).
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3.3 Typing judgments

In this chapter, we use the same intersection types and the same contexts used in
Chapter 2. Also, we use the same definition for the equivalence and the inclusion
(see Sections 2.3.1 and 2.3.2). For the typing judgment, we add an extra rule to
type explicit substitutions.

Definition 22 (Typability).

The judgment I' = M : U denotes the derivability of U' = M : U with the rules of
Fig. 3.3. We write T F™ M : U if there exists a derivation with n uses of the (App)
rule.

Iz:UFM:F ACU

—  (Var) (Abs)

x:Fra: F 'cXxxM:A—F

'-M:A—-F AFN:A
(App)
'NAFMN:F
'-M:A A+-M:B

(Inter) — (Omega)

'NAFM:ANB FM:w

'EN:A Ajz:UFM:F U=AvVU=w
I'NAkF Mlz:=N|: F

(Subst)

Figure 3.3: Typing rules

We can notice that, unlike the (Abs) rule, we do not have any subsumption in
the rule (Subst). But we still have two cases: when x € fv(M) (we have U = A)
and when z ¢ fv(M) (we have U = w).

Like in Chapter 2, we have the following properties:

Lemma 16 (Basic properties).

1. IfTF* M : UNYV, then there exist 'y, I's, ny, ny such that n = ny + no,
I‘:FlﬂFg, Fl Fr MU andF2 Fr2 M V.

2. IfTH, M : A, then Dom(T") = fu(M).

3 IfT F* M : U and U =~ U’, then there exists IV such that T ~ T’ and
'er MU

4. IfTF*M : U and U CV, then there exist m and A such thatm <n, ' CA
and AF™ M :V

Proof. Similar to the proof of Lemma 5. O
The following lemma is used to prove Subject Reduction in AS.

Lemma 17 (Typing of explicit substitution).
Assume T,z : AF" M : B and A V™ N : A. Then, there exists T such that
I"'=TNA and I’ "™ Mz := N]: B.

Proof. By induction on B. See Appendix A. O
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3.4 Soundness

Theorem 8 (Subject Reduction for AS).
Assume T'F™ M : A. We have the following properties:

1. If M —5 M’, then there exist I' and m such that T C IV, m < n and
I Em M A

2. If M —g M’, then there exists I'" such thatT' =T and I"F" M’ : A

3. If M —y, M', then there exist IV and m such that ' C TV, m < n and
I VW

4. If M = M’, then there exists I such that T =T’ and TVF* M': A

Proof. See Appendix A. O

Theorem 9 (Soundness for \S).
If M is a AS-term and ' M : A, then M € SN)g.

Proof. We have I' ™ M : A for some n, and strong normalisation is provided by a
lexicographic argument on the pair (n, m) where m the length of the longuest S, W
reduction sequences (by Lemma 15, —y;, ¢ terminated on its own). Indeed:

e —p strictly decreases n
e —¢ and —;, decrease n or do not change it

e — ¢y strictly decreases m.

3.5 Special property of typing trees: Optimality

In the next sub-section we will notice that the typing trees produced by the proof
of completeness all satisfy a particular property. In this section we define this
properties: optimality

This property involves the following notions:

Definition 23 (Subsumption and forgotten types).

o [fm is a typing tree, we say that m does not use subsumption if every occurence
of the abstraction rule is such that A C U is either A~ U or A Cw.

e We say that a type A is forgotten in an instance of rule (Abs) or rule (Subst)
if in the side-condition of the rule we have U = w.

e If a typing tree w uses no subsumption, we collect the list of its forgotten types,
written forg(m), by a standard prefiz and depth-first search of the typing tree
.

IfT'F™ M - A without subsumption, then we write I' 1. M : A.

The optimal property also involves refining the grammar of types:

Definition 24 (Refined intersection types).
AY, A=, A== and U™~ are defined by the following grammar:

AT BT n= 7| A™" — BT
A== B~ = A~ |A— N B
A~,B~ n= 7| AT - B~
U, V77 o= A |w

We say that T is of the form T~ if for all x, T'(x) is of the form U~ ~.

We can finally define the optimal property:
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Definition 25 (Optimal typing).
A typing tree m concluding I' = M : A is optimal if

e There is no subsumption in 7
o A is of the form AT
e For every (x: B) €T, B is of the form B~~

e For every forgotten type B in m, B is of the form B™.

We write T+, M : AT if there exists such .

In this definition, AT is an output type, A~ is a basic input type (i.e. for a
variable to be used once), and A~~ is the type of a variable that can be used
several times. The intuition behind this asymmetric grammar can be found in
linear logic:

Remark 1. Intersection in a typing tree means duplication of resource. So inter-
sections can be compared to exponentials in linear logic [Gir87]. Having an optimal
typing tree means that duplications are not needed in certain parts of the optimal
typing tree. In the same way, in linear logic, we do not need to have exponentials
everywhere: A simple type T' can be translated as a type T of linear logic as follows:

T* =T

(T —8) =1T"—o5*
We can find a more refined translation; it can also be translated as T+ and T~ as
follow :

Tr =T T =T

(T —8)T =1T" -8t (T—S)" =Tt -5~
And we have in linear logic : T~ = T* and T* = TT. So the translation T is sound
and uses less exponentials that the usual and naive translation. In some way, it is
more “optimal”. The main drawback is that we cannot compose proofs of optimal
translations easily.

3.6 Completeness

In order to prove the completeness of the typing system with respect to SN g, we
first show that terms in normal form (for some adequate notion of normal form)
can be typed, and then we prove Subject Expansion for a notion of reduction that
can reduce any term in SN)g to a normal form (which we know to be typed). In
AS, Subject Expansion is true only for —p ¢ (not for —y;,). We will prove that
it is enough for completeness. The main reason is that —;, can be postponed
w.r.t. — B,S"

We could also define ~»g and = g just like in Chapter 2, but, by the fact that we
have a better control over erasure, it is not necessary here: —p ¢ satisfies Subject
Expansion, and a term that cannot by reduced by — g ¢ then we can easily type it.
Therefore, we do not need to go the the normal form.

Theorem 10 (Postponing).
1. Ifx ¢ fuM), then M[x := N| =5—, M.
2. If M —y,—p M', then M — p—y, M.
8. If M —y,—g M, then M —&—, M’
4. If M—* gy M, then M—s*g —*y M.

Proof. 1. By induction on M.
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2. By the fact that the reduction rule —;, can only be applied with a variable
(zy := N] = x) and by the fact that the rule — 5 does not do any duplica-
tion or erasure, the application of the rules — 5 and —;, can be commuted.

3. There are two cases where this result is not trivial:
o If the rule —¢ duplicates a sub-term N, and the application of the rule
—y was inside N. Then, we have M — ¢—%, M’
e The following case:
(zly := N1])[z := No| =y x[z := Na] =g N
with & £y, y ¢ fv(N2) and = € fv(Ny).
Then, we have:
(aly = Ni])[w == Na] = (el := Na])[y := Nafo i= Nal] =g
Noly := Nilz := NoJ] =5y No

4. We prove this property by applying item 3., until the reduction is of the form
M —%—7, M'. However, we have to check that we cannot apply item 3., an
infinite number of times on the same reduction.

Let L a S, W non empty reduction sequence from M to M’'. (if we have an
empty sequence, then the result is trivial)

If L is not a of the form M—*g —*yr M’, then there exists a sub-sequence
My =y —¢ M inside L and by using item 3, we can replace it by My —&—7,
M, to obtain a non empty reduction sequence L’ that also goes from M to M’.
Therefore we have a non-deterministic rewriting on non empty S, W-reduction
sequences L from M to M’.

This rewriting increases or does not change the size of L. According to
Lemma 15, M is strongly normalising for S, W. Therefore, after a certain
number of steps, the size of L does not change. So, after a certain number of
steps, the rewriting is just replacing a sub-seugence M; —,—¢ M> inside L
by M —g¢—y M2 and this terminates. Hence, this rewriting terminates.
By taking a normal form of this rewriting we have M —*g —*y M’.

O

Therefore, the normal forms for — 5 ¢ are “normal enough” to be easily typed:

Lemma 18 (Typability of B, S-normal term).

If M cannot be reduced by —p g, then there exist I' and A such that I't,, M :
A.
Proof. First, we prove the following intermediate results:

1. If M cannot be reduced by —p g, then M is of one of the following form:

[ )\$M1
o x[y; := Mq] - [yn := Mp]Ny -+ Ny, with yq, ..., y, fresh distinct vari-
ables.
2. If 'k, M : A, then there exist A and B such that At Ax.M : B.
3. If Fl |_opt M1 . Al, FQ l_opt Mn . An, Al |_opt N1 . Bl, Am l_opt Nm .
By, then there exists A and C such that A =, @[y == M1]- - [yn 1= M,]Ny -
C.
Proofs:

1. The result is proved by induction on M. We are in one of the following cases:
e M is of the form Az.M;. Then, we can conclude.
e M is of the form z. Then, we can conclude.
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e M is of the form M;Ms. By induction hypothesis on M7, we are in one
of the following cases:

— M, is of the form Az.Ms. Then, M — 5 Ms[z := Ms]. Contradic-
tion.

— M is of the form z[y; := M{] - [yn := M} ]Ny--+ N,,. Then, we
can conclude.

e M is of the form M;[z := Ms]. By induction hypothesis on M;, we are
in one of the following cases:

— M, is of the form Ay.Ms, with z # y and y ¢ fv(Ms). Then,
M — ¢ A\y.Ms[z := M,]. Contradiction.

— M is of the form z[y; := Mj]---[yn := M}]Ny---N,, with y,
...Yn fresh variables and m > 0. Then, there exist N (N = N,
is x ¢ tv(N,,)), and N = Ny, [z := My if x € fv(N,,)) such that
M —g (z[yr == M{] - [yn := M]]N1 -+ - Ny—1)[z := Ma]N.

— M is of the form z[y; := M| - |y, := M]] with 31, ...y, fresh
variables, and with = z or there exists ¢ such that = € fv(M]).
Then, M can be reduced by —g.

— M is of the form z[y; := M| [y, := M]] with y1, ...yn fresh
variables, x # z and for all i, « ¢ fv(M/). Then, we can conclude.

2. By hypothesis, A is of the form A", and I is of the form I'"~. We are in one
of the following cases:

e © € Dom(T"). Then, I'"~ is of the form A~ 2 : B~~. Therefore, we
have A== F__ Az.M : B—— — AT,

opt
e © ¢ Dom(T"). Then, I'"~ is of the form I'" ", 2 : w. Therefore, we have
b Ao Mim — AT,

3. The types Aj, ... A, are of the form A7, ... A} and can be used as forgetten

types in the final typing tree. The types Bi, ...B,,, are of the form B,

.. B}, Therefore, F defined by F := By — ... — By, — 7, is of the form

A= InTy, ..., Ty, A1, ... Ay, the types of x are of the form U~~. Hence,

if we choose the intersection of F', of all the I';(x) and of all the A;(z) for the
type of x, we can conclude.

By induction on M and by using the items 1, 2 and 3, we can prove the lemma.

O

Theorem 11 (Subject Expansion).

If M —p g M and I'" = M'": A, then there exist I' ~ 1" such that T'= M : A.
Moreover, the optimality property is preserved.

Proof. First by induction on — 5 ¢ and =, then by induction on A.

We adapt the proof of Subject Reduction. The optimality property is preserved
: indeed, since we are considering —p ¢ and not —;,, the interface (typing con-
text, type of the term and forgotten types) is not changed and we do not add any
subsumption.

O

Theorem 12 (Completeness).

If M € SN)g, then there exist I' and A such thatT'F, , M : A.

opt

Proof. By induction on the size of the longest reduction sequence of M. If M can be
reduced by — p ¢ we can use the induction hypothesis and Theorem 11. Otherwise,
M is typable by Lemma 18.

O
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Corollary 1. If M —p ¢ M" and M" € SNys, then M € SNys.

Proof. By Theorem 12, M’ is typable with an optimal typing tree. By Theorem 11,
M is also typable with an optimal typing tree. Therefore, by Theorem 9, M €
SNAs.

O

3.7 Complexity

In AS, we take advantage of the fact that —y;, can be postponed w.r.t. to —p ¢
steps. This allows us to concentrate on — p ¢ and the normal forms for it.

Lemma 19 (Refined Subject Reduction).
IfT R M : A then:

o If M —5 M, then there exist I' and m such that T' ~ I', m < n and
I MY A
o If M —4 M’, then there exists T such that T =T’ and TV F} M’ : A

Proof. We simply check that, in the proof of of Subject Reduction (Theorem 8), the
absence of subsumptions and the context (modulo equivalence) is preserved. This
comes from the fact that only the rule —;, can create subsumptions and without

any subsumptions the rule — 5 does not reduce the context.
O

Lemma 20 (Most inefficient reduction).
Assume I' B3 M+ A. If M can be reduced by —p and not by — g, then there

exist M' and T' such that T ~T', M — 5 M’ and T' -1 M’ : A.

opt

Proof. We follow the proof by induction given in the proof of Subject Reduction
(Theorem 8). In this induction, n can be decreased by more than 1 by a — 5 in two
cases:

e In the case where the type is an intersection, then n will be decreased by at
least 2.

e When we build a typing of M|z := N| from a typing of (Az.M)N: if there were
subsumption in the typing the A-abstraction, then the proof calls Lemma 16.4
which might decrease n by more than 1.

Those two cases are never encountered when optimality is assumed, as we prove

the result by induction on M. Since M cannot be reduced by —g, it is of one of
the following forms:

e Ax.M;. It is clear that M; satisfies the necessary conditions to apply the
induction hypothesis.

o (Az.M;i)Ny...N, (with p > 1). We reduce to My[z := Ni| No...N,. By
the optimality property, A is not an intersection, and none of the types of
((Az.M1)N1 ... N;)i<i<p—1 are intersections either (since they are applied to
an argument). Also by the optimality property, there is no subsumption in the
typing of the A-abstraction, and therefore the call to Lemma 16.4 is replaced
by a call to Lemma 17 and therefore n is decreased by exactly 1.

o z[y1 := Ni]...[yp := Np]Npt1...Np,. Therefore there exists ¢ such that N; can
be reduced by — 5. Moreover, optimality requires the type of  to be of the
form A} — ... — A; — B—, and therefore the sub-derivation typing IV, is
also optimal: we can apply the induction hypothesis on it.

O
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Lemma 21 (Resources of a normal term).
IfU F5,e M 2 A, and M cannot be reduced by —p.gs then n is the number of
applications in M.

Proof. Straightforward.

Theorem 13 (Complexity result).
IfTE2 . M : A, then n = ny + no where

opt
o np is the mazimum number of — 5 in a B, S-reduction sequence from M

e 1y is the number of applications in the B, S normal form of M.

Proof. The second item of Lemma 19 and Lemma 20, gives ny1, M’ and ns such
that:

o M —% ¢ M’ with ny B-steps and M’ is the B, S normal form. (AS is conflu-
ent)

® 1 ="n1+ Ng.
e ' M': A

opt
To go from M to M’:
e If we can reduce by —¢, then we apply Lemma 19 and the measure on the
typing tree does not change.

e If we cannot reduce by — ¢ and we can reduce by — 5, then we apply Lemma 20
and the measure on the typing tree strictly decreases by 1.

e We repeat the process until we reach the B, S-normal form.
By Lemma 21, ny is the number of applications in M.

Assume we have a B, S-reduction sequence, from M to M’, with m B-steps.
By applying successively Subject Reduction (Theorem 8), we can give a typing tree
of M’ of measure n’ such that n —n’ > m. To type M’, we need at least one
application rule by application in M’. Therefore, we also have ny < n/. Hence, by
the fact that n —m > n’/, we have n — m > no and n — ny > m. Therefore ny > m.

Assume we have a B, S-reduction sequence, from M to any term M;. It can
be completed into a B, S-reduction sequence with more B-steps, from M to the
B, S-normal form of Mj.

O

3.8 Conclusion

By adapting the typing system of intersection types given in Chapter 2 in a calculus
with explicit substitutions and by measuring the number of B-step instead of (-
steps, we have:

e Completeness is easier to prove: By construction of the calculus, we directly
have the reductions that satisfy Subject Expansion.

e We have a more precise result about complexity (Theorem 13): We have more
than just a bound.

A pure A-term M is also a term of AS and the typing judgments of M with the

typing system of Chapter 2 are exactly the ones with the typing system of this

chapter (because there are no explicit substitutions inside M). We may try to use

the more precise complexity result of this chapter to have a more precise result on

the pure A-calculus. Unfortunately, the obtained result depends on the B, S-normal
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form. Therefore, it is not independent of AS. The main reason is that we have to
keep track of the erased terms one way or another.

Actually, there is a way to go around this problem [BL13]: we can define a
notion of degree of a typing tree and consider only optimal typing tree of minimal
degree (such a typing tree is called principal). Then, a variation of Theorem 13
gives a result independent from the B, S-normal form and that can be used to have
a result on the pure A-calculus.

To have a precise complexity result for the pure A-calculus we are going to use a
different approach: In the next chapter, instead of refining the calculus like we did
in this chapter, we are going to refine the intersection types.
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Chapter 4

A big-step operational
semantics

via non-idempotent
intersection types

We present a typing system of non-idempotent intersection types that characterises
strongly normalising A-terms and can been seen as a big-step operational semantics:
we prove that a strongly normalising A-term accepts, as its type, the structure of its
normal form. As a by-product of identifying such semantical components in typing
trees, we are able to define a trivial measure (the number of times a typing rule
is applied) that exactly captures the length of the longest S-reduction sequences
starting from a given typable term.

4.1 Introduction

Operational semantics describes the behaviour of programs using syntax, in other
words without (explicitly) constructing a denotational model (for example, a Scott
Domain [Sco82b]). While small-step operational semantics is based on the step-by-
step evaluation of a program (usually by means of a rewrite system or an abstract
machine), a big-step operational semantics directly relates a program to its final
value / normal form (if it exists): judgements of the form M | v (where M is a
program and v the value of M after computation) can be derived with inference

rules such as
Ml iAIMg MQ\LMAL M3{SC = M4}\1,M5

MiM; | Ms

in the case of A-calculus.

In this chapter we provide a typing system for the A-calculus that can serve as an
inference system deriving a big-step semantics for all strongly normalising A-terms.

Not only is this system following the traditional concepts and notations of typing,
it more fundamentally differs from standard big-step semantics in that at no point
of derivation trees is a substitution ever computed (unlike the rule above).

Moreover, while most big-step semantics correspond to an (often strict) eval-
uation strategy that is neither the least nor the most efficient, our typing system
is related to longest S-reduction sequences. It therefore provides a semantics to
strongly normalising terms only, but on the other hand it provides quantitative
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information about reduction: a trivial measure on the typing derivation relating
a term M to its semantics provides the exact length of the longest [-reduction
sequences starting from M.

To build this semantics for all strongly normalising terms, we naturally use
intersection types.

In Chapter 2 and in one paper [BL1la], we gave a typing system that (unlike
de Carvalho’s) characterises strongly normalising terms, and a trivial measure on
typing trees (the number of uses of the rule typing applications) strictly decreases
with each g-reduction. Therefore, strong normalisation is a corollary of Subject Re-
duction and the measure provides a bound on the length of the longest S-reduction
sequences.

Refining the bound into an exact measurement was the challenge of the latter
part of [BL11a], which provided a convoluted solution: First, the exact length of the
longest reduction sequences could only be obtained by considering the typing trees
satisfying a particular condition called optimality (which is the same notion of op-
timality given in Chapter 3). Then, another quantitative information about typing
trees, the degree, had to be read, and the exact length was finally computed as the
measure of an optimal typing tree of smallest degree minus that degree. Moreover,
the result was obtained indirectly via the study of the above notions in Church-
Klop’s Al-calculus [KvOvR93] and then transposed into the pure A-calculus by a
sophisticated simulation.

However, it can be noticed that

e the degree is a quantitative data related to the normal form of a term;

e going via the AI-calculus is required because longest S-reduction sequences in
the pure A-calculus sometimes have to erase sub-terms in normal form.
Working with AS instead of the AI-calculus has been discussed at the end of Chap-

ter 3 and done in [BL13].

The present chapter, we develops the idea of incorporating information about
normal forms into typing trees: for every normal form M, its structure v yields a
special type [v].!

Pushing this idea further leads to a non-idempotent intersection typing system
where typing trees can be viewed as the derivations of a big-step semantics.

As a by-product, the system improves the results of [BL11a] and simplifies their
proofs: the length of the longest S-reduction sequences starting from a pure and
strongly normalising A-term M is simply the number of times a typing rule occurs
in an optimal typing tree for M. The notion of optimality itself is actually much
simpler, the notion of degree becomes useless, and no detour via AI is required.

The trick is that the typing tree for a given term directly indicates which A-
abstractions and applications will be consumed by S-reduction and which will re-
main in the normal form. These additional typing rules ensure that the measure of
an optimal typing tree for a term in normal form is zero.

This enhancement of the typing system does not make the proofs of Soundness
(typable implies strongly normalising) and Completeness (strongly normalising im-
plies typable) more complicated.

In contrast to other semantics built with intersection types (for example the
denotational semantics given in Chapter 2 or in [BCDC83, BL11b]), this semantics
does not use filters of intersection types.

In Section 4.2, we give the basic definitions and properties. In Section 4.3, we
prove Soundness (typable implies strongly normalising) and Completeness (strongly
normalising implies typable). In Section 4.4, we give more refined properties in the
case where the typing tree is optimal. In particular, we prove the Complexity

IThe structure of a normal form is the normal form where all variable names are forgotten.
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x € fv(M) z ¢ fv(M) N =, N’
(M. M)N ~~p, M{z:= N} (Az.M)N ~p, (\z.M)N'

x ¢ fv(M) N cannot be reduced by — 4

M ~sp, M’ acc(M) N =, N’
MN ~p, M'N MN ~p, MN'
M ~sp, M’ M =), M’

M =, M’ Az.M =y, \xz.M’

Figure 4.1: Perpetual reduction

Result (Theorem 19) and the relation between the type of a term and its normal
form (Theorem 20). In Section 4.5, we give a brief study of alternative definitions
of the typing system.

4.2 Basic definitions and properties

In Section 4.2.1, we review basic concepts of A-calculus. In Section 4.2.2; we define
the intersection types used in this chapter, the contexts of the typing judgements
and we prove some basic properties. In Section 4.2.3, we present the typing system
and its basics properties.

4.2.1 Syntax

In this chapter we work with the pure A-calculus which is defined and used in
Chapter 2 (see Section 2.2).
We proceed towards the notion of the perpetual reduction which is used:

e to express the longest reduction sequences in Theorem 19

e as a reduction strategy to prove Theorem 17
In order to define it formally, we also define ~»,. acc(M) is already defined in
Section 2.2.

Definition 26.
M~y M and M =, M’ are mutually defined by the rules of Figure 4.1.

Notice that this is the same perpetual reduction strategy used in [BL11a, vRSSX99].
However, the presentation is different (we did not used ~~, in the definition). The
presentation given in this chapter avoids informal notations such as zM; ... M,,
which is here very cumbersome for case analyses: since there are two ways to type
an application, there are 2™ ways to type the above.

Also notice that the perpetual reduction is a particular case of the reductions
of Figure 2.5:

Remark 2.

If M =, M’ (resp. M ~>p, M’), then there exists E such that M =g M’ (resp.
M W E M/)

We could prove Subject Expansion for ~g and =g, like we did in Chapter 2,
but working with ~»;, and =, is enough for what we do in this chapter.
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Examples for =:
e Ae.M)NN;...N,, =, M{z:= N}N;...N, if x € fv(M).
o If M =), M’, then zM =, zM’.

e It is possible to have M =, M’ without having (Az.M)N =}, (Ax.M')N. For
example, we have (Ay.a)(xx) = a but we do not have (A\x.(Ay.a)(zx))(Az.22) =4
(Az.a)(Az.zz). However, we do have (Az.(Ay.a)(xx))(Az.22) =1, (A\y.a)((Az.22)(Az.2%)).

Every lemma and theorem based on a syntactical analysis of a term in normal term
uses the following lemma:

Lemma 22 (Shape of a normal form).
If M' cannot be reduced by — g, then
e cither we have acc(M),
e or M is of the form Ax.Mj.

Proof. By induction on M. See Appendix A. O

One of the reasons why =, is used in Theorems 17 and 19, is that it is possible
to reach the normal form by using =} only. More formally:

Lemma 23 (Applicability of =). If M can be reduced by — g, then M can be
reduced by =p,.

Proof. We prove by induction on M that if M can be reduced by — 4 then:

e If M is of the form Az.Mj, then there exists M’ such that M = M’.

e If not, then there exists M’ such M ~+;, M’.
Therefore, in both cases there exists M’ such that M =, M’. See Appendix A.
O

An optimal typing tree for a term M does not give the exact normal form M’ of
M but the structure of M’ (Theorem 20), which is M’ where the names of variables
are forgotten. More formally:

Definition 27 (Structures). Structures v are defined by the following grammar:

v o= |k
kE == Vv | kv
For every term M, struct(M) is partially defined as follows:
struct(x) = Vv
struct(Ax.M) = Astruct(M)
struct(MN) = struct(M)struct(N) (struct(M) is of the form k)

struct(M) is coherent with a-equivalence because: If struct(M) is well-defined, then
struct( M{x := y}) is well-defined and struct(M{z := y}) = struct(M).

Lemma 24 (Structure of a normal term). M cannot be reduced by — if and only
if struct(M) is well-defined. Moreover, if we have acc(M), then struct(M) is of the
form k.

Proof. By induction on M. See Appendix A. O

Remark 3. o struct(AfAx.fMx) = AAV"V.
Hence, Church’s integers all have different structures.
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e Structures cannot distinguish Church’s booleans:
struct( Az Ay.x) = struct(Az.My.y) = AAV. However, this problem disappears
if booleans are encoded as Church’s integers (0 for “false” and 1 for “true”).
More generally, the inhabitants of any enumerated type can be encoded in a
way such that their structures remain distinct.

e Similarly, Church’s encoding of pairs is preserved in the structures:
Assume M and N cannot be reduced. We have struct(Az.xc M N) = AV struct(M ) struct(N).
Therefore, if struct(A\x.xMN) = struct(Az.xM'N"), then struct(M) = struct(M")
and struct(N) = struct(N').

o Consequently, the inhabitants of any algebraic data type (for example lists,
trees, etc ...) can be encoded in a way such that their structures remain
distinct.

Therefore structures can be considered a reasonable semantics.

4.2.2 Intersection types and contexts

First, we define the intersection types used in this chapter and we show basic defini-
tions and properties about them. Second, we define the contexts used in the typing
derivations used in this chapter and we show basic definitions and properties about
them.

4.2.2.1 Intersection types

Definition 28 (Intersection Types).
In this chapter, intersection types are defined as follows:

F.G = [ |[A=F
AB,C == F | AnB
UV = A | w

F-types, A-types and U-types are defined by grammar on the right, where v ranges
over structures (Definition 27). With this grammar, U NV is defined
if and only if U and V are A-types. Therefore, by defining ANw := A, wNA:= A
and wNw = w, we have U NV defined for all U and V.

Some remarks:

e This grammar is an extension of the grammar for the intersection types given
in Chapter 2.

e [v] is a type used to give information about the normal form of a term and is
used to type applications and abstractions that are not meant to be used in
a f-reduction.
For example, ([V(AV)] — [AV]) N [V] is an A-type.
To define the notion of optimality, which is used in Theorems 19 and 20, we
need to define the notions of input types and output types:

e An input is an intersection of [V].
e An output is of the form [v].

More formally:

Definition 29 (Inputs and outputs).
The judgement input(U) is defined with the following rules:

input(A) input(B)
input([V]) input(AN B) input(w)
We write output(F') if and only if F is of the form [v].
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To prove Subject Reduction and Subject Expansion (Theorems 14, 18 and 16) by
using Lemmas 29 and 30, we have to define equivalence ~ and inclusion C between
types. Here is the formal definitions and basic properties (notice that we do not
have A~ AN A):

We define U ~ V with the same definition given in Chapter 2 (Definition 7).

Lemma 25 (Properties of =).
We have all the properties of Lemma 2 plus items 10 and 11.
Neutrality of w: UNw=wnU =U.
Strictness of F-types: If U ~ F, then U = F.
Strictness of w: If U = w, then U = w.
~ 1s an equivalence relation.
Commutativity of N: UNV =V NU
Associativity of N: Uy N (U2 NUs) = (U3 NUz) NU3
Stability of N: If U = U and V = V', then UNV = U'NV".
IfuNV=w, thenU=V =w.
IfUNVxU, thenV =w.
If U =V and input(U), then input(V).
. input(U NV) if and only if input(U) and input(V').

© 0 RS G e oo~

~
~ D

Proof. e 10: By induction on U =~ V.
e 11: Straightforward.
The other items have been already proved in Lemma 2 O
We define U C V the same definition given in Chapter 2 (Definition 8).
Lemma 26 (Properties of C).
We have the properties as in Lemma 3 plus items 10 and 11.

1. C is a partial pre-order and == s the equivalence relation associated to it:
UCVandV CU if and only if U = V.

Projections: UNV CU and UNV CV.

Stability of N: If U C U and V C V', then UNV CU' NV'.
Greatest element: U C w.

If U CV and input(U), then input(V').

SANR S INCIES

Proof. Straightforward. O

4.2.2.2 Contexts

We define the contexts (and the equivalence and inclusion between contexts) the
same way we have defined them in Chapter 2 (Definition 9)

Definition 30 (Input contexts).
We write input(T') if and only if for all x, we have input(T'(z)).

Lemma 27 (Properties of contexts).
We have the same properties as in Lemma 4 plus items 10 and 11.

1. =~ for contexts is an equivalence relation.
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re="M:A AF™"M:B
—— (Va) N,
z:FH z: F FmA'_n+mM:AmB F M :w
Fe:UF"M:F ACU e :UF"M:[v] input(U)
(Funy) — (Funsz)
" Xe.M:A—F I'E" Ax.M : [Mv]
r-"M:A—F AF"N:A ) '™ M :[K] Al—mN:[v](A )
TrapT N e ) TAAF™™ MN: ko] 0

Figure 4.2: Typing rules

2. C for contexts is a partial pre-order and = is ils associated equivalence rela-
tion: I CA and A CT if and only if T' = A.

3. Projections: TNACT and TNA CA.

4. Alternative definition: T' C A if and only if there exists a context I such that
F~ANT".

5. Commutativity of N: TN A~ ANT.

6. Associativity of N: (T1NT2)NT3~T1N(C2NT3).

7. Stability of N: If R is either~ or C, T RTY and A R A/, thenTNA RT'NA’.

8. Greatest context: T C ().

9. (T,x:U)CT.

10. If T C A and input(T'), then input(A).
11. If input(T) and input(A), then input(T N A)

Proof. Straightforward. O

4.2.3 Typing system
We now have all the elements to present the typing system:

Definition 31 (Typing system).

Assume T is a context, M is a term, n is an integer, and U is a U-type. The
judgement T' =" M : U is inductively defined by the rules given in Figure 4.2.

We write ' M : U if there exists n such that T F™ M : U.

Some remarks:

o (App1) (resp. (Funy)) are the rules (App) (resp. (Fun)) given in Chap-
ter 2(Figure 2.3).

e InT'F" M : U, n is the number of uses of the rule (App;) and it is the trivial
measure on typing trees that we use.

o (Apps) (resp. (Fung)) is used to type applications (resp. abstractions) that
are not meant to be used in a S-reduction.

e Another advantage in having the type w for the presentation of the typing
system: Without the notation U or V', we would have to duplicate each ab-
straction rules that types Ax.M (one case where z € fv(M) and one case
where z ¢ fv(M)). That would make four rules instead of two.

To define optimality, we first need to formally define what the absence of sub-

sumptions means:
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Definition 32 (No subsumptions).
In a deriwation of I' ™ M : U, we say that there are no subsumptions if and
only if every occurrence of rule (Funy)

Az:VE*My:F ACV
AF"  e.My: A— F

1s such that:
o cither A=V

e or both V =w and output(A).
IfT' ™ M : U with no subsumptions, then we write I' F. M : U and we write
Ik, M U if there exists n such that I' =7, M : U.

Another way of expressing the absence of subsumptions is that (Funy) is only
used in one of the two following ways:

Ie:AFM:F 'M:F x¢Dom(T)

'tXxaM:A—-F ' XeM:v] = F
Typing satisfies the following basic properties:

Lemma 28 (Basic properties of typing).
1.TE"M:UNV (resp. TF2. M :UNV)if and only if there exist T'1, T2, nq
andng such thatT' =T1NTy, n =n1+ng, T1 F™ M : U (resp. Ty F2 M : U)
and Lo F™ M :V (resp. To 12 M : V).

2. IfTH* M : U (resp. D, M :U) and U =V, then there exists A such that

ns

F'=Aand AF" M :V (resp. AR, M:V).

3 IfTHF*"M :U (resp. THX, M :U) and U C V, then there exist A and m
such that T CA, m<n and AF™ M :V (resp. AFM:V).

4. IfT'H= M : A, then Dom(T) = fu(M).

5 IfT'F M : U, then Dom(T") C fu(M).

Proof. 1. Straightforward.
2. By induction on U = V.
3. Corollary of 1 and 2.
4. By inductionon I' - M : A.
5

. Corollary of 4.
O

We now have all the elements to define optimality: the property that a typing
tree should satisfy if it should be viewed as the derivation of a big-step seman-
tics or if we want to read from it the length of the longest S-reduction sequences
(Theorems 20 and 19).

Definition 33 (Optimal typing tree).
Assume T" is a context, n is an integer, M is a term and F is a F-type.
We write I' =3, M = F'if and only if:

o Wehavel'F3 M : F.

e We have input(T') and output(F).
We write I' =, M : F if and only if there exists n such that T' =5, M : F.

opt
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Example:

z:[AV]FO 2 : [AV] (Var) y: [V] Oy [V] (Var)
5 (Funy) — - (Funy)
F° Az 1 [AV] = [AV] F° Ay.y : [AV]
(App1)

Fopt (A2.2)(Ay.y) : [AV]

4.3 Characterisation of the typing system

In Section 4.3.1, we prove Subject Reduction and Soundness (typable implies strongly
normalising). In Section 4.3.2, we prove Subject Expansion and Completeness
(strongly normalising implies typable).

4.3.1 Soundness

As usual for the proof of Subject Reduction, we first prove a substitution lemma:

Lemma 29 (Substitution lemma).
IfFT,z:UF"M: A and AF™ N : U, then there exists IV such that TV ~ T NA
and T F"t™ M{z := N}: A.

Proof. By induction on I'yx : U = M : A. The measure of the final typing tree
is n + m because, by the fact that the intersection types are non-idempotent, this
proof does not do any duplications. See Appendix A. O

Theorem 14 (Subject Reduction).
IfTF* M @ A and M —4 M', then there exist I'" and n’ such that I' C 1",

n>n' and TV - M’ : A.

Proof. First by induction on M — g M', then by induction on A. See Appendix A.
The rules (Fung) and (Apps) do not create any problem because we have to use
the rules (Funi) and (App1) to type a B-redex. O

In Theorem 14, we have m > n’ because, by the fact that types are non-
idempotent, we do not do any duplications in the proof of Subject Reduction.
Therefore, by Subject Reduction, for each Sg-reduction, the measure of the typing
tree strictly decreases and then, we have Soundness as a corollary.

Theorem 15 (Soundness).
IfT'F" M : A, then M € SN<,,.

Proof. Corollary of Theorem 14: We prove by induction on n that if ' ™ M : A
then M € SN<,,.
Let M’ be a term such that M —; M'. By Theorem 14, there exist I and n'

such that n’ < n and I - M’ : A. By induction hypothesis, M’ € SN<, . Hence,
M’ € SN<,,_1 because n’ <n — 1.
Therefore, M € SN<,. O

Theorem 15 gives us a bound on the length of the longest S-reduction sequences.
For a more precise result, see Theorem 19.
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4.3.2 Completeness

We prove Subject Expansion for =. We could prove Subject Expansion for a larger
subset of — 3. However, the main purpose of this chapter is to emphasize the new
complexity result and Theorem 20. Therefore, we prove Subject Expansion for =,
which is enough to prove Completeness (Theorem 17).

As usual for the proof of Subject Expansion, we first prove an anti-substitution
lemma:

Lemma 30 (Anti-substitution lemma).
IfTk,, M{z:= N}: A, then there exist I, A and U such that:

e I'~I"NA.
oI ax: Uk, , M:Aand A+, N:U.
e For ally ¢ Dom(A), T'(y) =T"(y).

Proof. First by induction on M, then by induction on A. See Appendix A. The last
property is necessary to preserve the absence of subsumptions in the induction. [

Notice that, in Lemma 30, if z ¢ fv(M), then U = w and we do not have any
typing information on V.

In =, if a term is erased, then it is a normal form. Therefore, to prove Subject
Expansion, we need to be able to type normal terms. This is also used in Theo-
rem 17. To prove this, we need to know what is the type of an accumulator (when
the context is an input).

Lemma 31 (Typing accumulators).
IfTF M : F, input(T") and acc(M), then F is of the form [k].

Proof. By induction on acc(M). See Appendix A. O

Lemma 32 (Typing normal forms).

If M cannot be reduced by — g, then there exist I' and v such that '+, M : [v].

Proof. By induction on M. In particular, we use Lemma 22 and Lemma 31. See
Appendix A. O

Theorem 16 (Subject Expansion).
Ifr’ Fopt M’ : F and M =, M’, then there ewists I' such that T' C IV and

'+, M:F.

opt

Proof. =, is mutually defined with ~»j. We therefore prove, by simultaneous induc-
tion on M =5, M’ and M ~»j, M’, a stronger statement that forms an appropriate
induction hypothesis:

If IV o M : F and input(I"”), and if we are in one of the following cases:

e We have M ~s;, M’

e We have M =, M’ and output(F).
Then, there exists T such that ' C TV, input(T’), and T' -, M : F.
See the details in Appendix A.

Finally, we can prove Completeness:

Theorem 17 (Completeness).

If M € SN, then there exist I and F such that ', , M : F.

opt

Proof. By induction on the size of the longest S-reduction sequences:
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e If M cannot be reduced by —4: By Lemma 32, there exist I and F such that
Chope M2 F.

e If M can be reduced by —4: By Lemma 23, there exists M’ such that M =,
M’. By induction hypothesis, there exist IV and F such that TV +_, M’ : F.
By Theorem 16, there exists I' such that I'+__, M : F.

opt
opt

O

Remark 4. The proof of Theorem 17 gives us an algorithm that builds an optimal
typing tree from a strongly normalising term. Hence, if we consider an optimal
typing tree as the derivation in a semantics, then this semantics is indeed an oper-
ational semantics, and B-reduction is only a tool to build the derivation.

This algorithm is based on the worst reduction (see Section 4.4.1), i.e. not very
efficient. But even if there may be more efficient ways of building a typing tree for
M, they have to construct, at the end of the day, something whose size is at least
the length of the longest B-reduction sequences. We are therefore only interested in
this as a purely theoretical construction.

Notice that we could have proved completeness (a strongly normalising term is
typable) without the notion of optimality. But proving it with optimality gives more
value to Theorems 19 (Complexity Result) and 20 (Structure of the normal form of
a typed term): Indeed, if a term is typable, then it is strongly normalising, so it is
typable with an optimal typing tree, and therefore we can apply Theorems 19 and
20 to it.

4.4 Refined soundness

The purpose of this section is to prove results when we have an optimal typing tree.
In Section 4.4.1, we prove a refined Subject Reduction property and the Complexity
Result. In Section 4.4.2, we prove that the type of a term in an optimal typing gives
the structure of its normal form, which allows us to see typing as a derivation of
semantics.

4.4.1 Complexity

Proving the complexity result is shorter than that of [BL11a], as we benefit from
the semantical elements that we have here added to typing trees.

To prove Theorem 18 (a refined version of Theorem 14), we need a refined
Substitution Lemma to preserve the absence of subsumptions:

Lemma 33 (Refined Substitution Lemma).
IfT,z:UFN, M : A and AT N U, then there exists T such that:
e I"~TNA.
o IVFIM Mz := N}: A
e For ally ¢ Dom(A), T'(y) =T"(y).

Proof. By inductionon I'yx : U F,, M : A. We adapt the proofs of Lemmas 29 and
30. See Appendix A. O

The last property of Lemma 33 has the same purpose as in Lemma 30.
One of the main advantage of this typing system compared to the one in [BL11a]
is that the measure of an optimal typing tree for a normal term is equal to zero:
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Lemma 34 (Measure of normal forms).
IfU'F* M : F, M cannot be reduced by — g, input(l') and output(F), then
n = 0.

Proof. By induction on M with the use of Lemmas 22 and 31. Only rule (App2)
(resp. (Funz)) can be used to type an application (resp. an abstraction). Hence,
the measure of the typing tree is indeed 0. See the details in Appendix A. O

In Theorem 14, the measure can decrease by more than one. However, under
the assumption of optimality and using Lemma 34, we can prove a refined version
of Subject Reduction:

Theorem 18 (Refined Subject Reduction).
IfU Fp M : F and M =1, M', then there exists I' such that ' C T" and

-1
o M2 F.
Proof. As in Theorem 16, we have a stronger result with ~-,. We prove, by simul-
taneous induction on M =, M’ and M ~», M’, the following statement that forms
an appropriate induction hypothesis:

T HE M: F, input(l'), and if we are in one the following cases:

e We have M = M’ and output(F).

e We have M ~~;, M'.

Then, there exists I such that T' C T, IV F21 M’ : F and then, by Lemma 27.10,
we have input(I").

We adapt the proof of Theorem 14.

In particular, if =} erases a term, then this term is a normal term and, by
Lemma 34, the measure of its typing tree is equal to zero. Also, by the fact that there
are no subsumptions, we never have to discard a part of a typing tree. Moreover,
by the fact that in the induction, the type of a term is not an intersection, the
induction does not have to deal with the intersection rule. All of these reasons
make the measure strictly decrease by one and only one. See Appendix A for
details. O

Therefore, we can have a refined version of Theorem 15:

Theorem 19 (Complexity Result).
IfTFY M F, then M € SN_,,.

opt

Proof. By induction on n and by Theorem 18, and Lemmas 23 and 34, there exists a
B-reduction sequence from M of length n. By Theorem 15, M € SN<,,. Therefore,
M € SN_,,. O

Theorems 14 and 15 are still useful because they require a weaker hypothesis
than Theorems 18 and 19. In fact, Theorems 15 and 18 are both used to prove
Theorem 19.2

4.4.2 Viewing optimal typing as a big-step semantics

Section 4.4.1 gives us the length of the longest S-reduction sequences from an op-
timal typing tree. Similarly, optimality (using the refined Subject Reduction prop-
erty) allows us to derive our final result: viewing the typing tree as the derivation
of a big-step semantics.

We first need a result about normal forms:

2We can notice that, although the results of this section are a refined version of what we prove
in Section 4.3.1, the structure of the lemmas and proofs is closer to the ones in Section 4.3.2.
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Lemma 35 (Structure of a typed normal term).
IfU'Fope M2 [v] and M cannot be reduced by — 5, then struct(M) = v.

Proof. By induction on M: By Lemma 22, we have acc(M) or M is of the form
Az.M;. By Definition 33, we have I' -, M : [v] and input(T").

o If M is of the form Ax.M;p: Then, because [v] is not an arrow A — F, there
exist U and vy such that input(U), v = Ay and I', 2 : U F,, M7 : [v1]. Hence,
input(I', x : U). Therefore, I',x : U ¢ My : [v1]. By induction hypothesis,
struct(M;) = vy. Therefore, struct(M) = struct(Az.M;) = Astruct(M;) =
AVl = V.

e If M is of the form x: Then, we have ' = (x : [v]). Hence, we have
input(z : [v]) and input([v]). Therefore, v = v and we have struct(z) = vV = .

o If M is of the form M;M, with acc(M7): Then, we are in one of the two
following cases:

— There exist T'y, 'y and A such that T =Ty NT, 'y H, My : A — [v]
and I'y -, My : A. By Lemma 27.10, we have input(I';). By Lemma 31,
A — [v] is of the form [k]. Contradiction.

— There exist I'1, I'y, k and vy such that I' = I'y N Ty, v = kvy, I'1
My : [k] and 'y o My : [v1]. By Lemma 27.10, we have input(I';)
and input(I'y). Therefore, T'y &, M : [k] and T'y =,y Mo : [v1]. By
induction hypothesis, struct(M;) = k and struct(Ms) = vy. Therefore,
struct(M; Ms) = struct(My )struct(Ms) = kv = v.

O

Theorem 20 (Structure of the normal form of a typed term).
IfTF,_, M :[v] and M’ is the normal form of M, then struct(M') = v.

opt .

Proof. By Theorem 15, M is strongly normalising. We prove the result by induction
on the longest SB-reduction sequences.

e If M cannot be reduced by — 4, then M = M’ and, by Lemma 35, we can
conclude.

e If M can be reduced by —, then, by Lemma 23, there exists M" such that
M =5 M". By Theorem 18, there exists '’ such that ' C T and T
M" : [v]. M’ is also the normal form of M”. By induction hypothesis,
struct(M') = v.

[

Theorem 20 gives us the structure of the normal form of a term. A more precise
result is discussed in Section 4.5.2.

We can also notice that non-idempotency and the absence of subsumptions is
not used to prove Theorem 20.

Remark 5. Assume M is a closed strongly normalising term such that its normal
form is a Church integer. Then, there exists a type A such that, for all closed
strongly normalising terms N whose normal form is a Church integer, +,, N : A

opt
if and only if M and N are 3-equivalent.’

We can notice that our results are concerning S-reduction/expansion,/ equiva-
lence. It does not give any results on 7-reduction/expansion/equivalence. Indeed,
our typing system is not “»-friendly”: we do not have subject reduction nor expan-
sion for 7.

3This is similar to a result by Salvati [Sal10] who provides a type system ks, satisfying: given
a simply-typed A-term M, there exist a context I' and a type A such that

Thsag N: A if and only if M =g, N
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4.5 Alternative systems

In Section 4.5.1, we give a simpler variant that provides the Complexity Result (still
much simpler than in [BL11a]) without giving information about the normal form.
In Section 4.5.2, we study the issue of how to obtain a more precise information
about the normal form.

4.5.1 Variant with no information about the normal form

This chapter improves the Complexity Result of [BL11a] and brings a new result
about the normal form of a term. But if the point is only improving [BL11a], we
do not need to go as far; consider the grammar of F-types is defined as follows:
FFG:=vVv |0 | A—=F
All the types [kv] in this chapter are simply collapsed into v, while all the types
[Mv] are collapsed into 6.
We therefore defined input(U) if and only if U is an intersection of vV and
output(U) if and only if U = v or U = 0.
Moreover, the rules (Funsy) and (Apps) are defined as follows:
Cz:UF"M:F input(U) output(F) Ly ™ My v Tob" My : F output(F)

DE* Xx.M: 6 Ny E™Mtm2 AL M, v
The proofs of Soundness, Completeness and the Complexity Result are similar.

4.5.2 Obtaining the exact normal form

It would be interesting to enrich the typing system of this chapter to improve
Theorem 20, so that the type of a term gives the exact normal form instead of just
its structure. To highlight the separation between terms and types, even when these
denote terms in normal form, we use a different syntax in the enriched grammar for
v and k:

v ou= ArM |k

kE == 1| kv
where t, 1), 3 are labels, which differ from A-term variables in that we choose them to
not be a-convertible in v and & (see below why). A naive way of modifying (Funs)
is:

Loz :UF"M:[v] input,(U)

TE" Ax.M : [Ay.o]
where input,(U) means that U is an intersection of [r]. Now in order to give an
optimal typing tree to (Az.\y.xy)(Az.z), indicating its normal form with the type
[A3-3], we would like this instance of (Funs):

x5 = 3y 5] - wy 5]

x: 3] = 3] Adyay : Az

which shows the need to not consider A3.3 to be a-convertible (to Ay.y, for instance).
Yet, avoiding name clashes and degeneration of types prompts for a side-condition
for (Fung) of the form y ¢ fv(I") (freshness of y), which unfortunately forbids the
above example (so we would not have Completeness, for lack of Subject Expansion).

To solve this problem we need a subtler way of defining the freshness of 1y in
(Funy). We add a condition in the definition of an optimal typing tree: In the typing
tree, a label § must be used at most once in an occurrence of (Fung). This is a
notion of global freshness, that is somewhat similar to Barendregt’s convention for
labels, and related to the idea that principal types can specify normal forms [NMO04].
This condition can blend in the lemmas and theorems of the chapter:
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e Completeness: We have enough fresh labels to type a normal term when
needed.

e Soundness: Subject Reduction does not do any duplications (because of non-
idempotency), and therefore, global freshness is preserved by (refined or not)
Subject Reduction.

More formally we need to collect the labels y used in (Funs). Therefore, we have
typing judgements of the form I' -5 MU with A a finite multi-set of labels. This
makes the lemmas and proofs harder to read and this is the reason we have chosen
to keep the version with structures as the main theory.

Alternatively, we could work in a calculus that does not have A-abstractions.

For example, the calculus with only combinators (S, K, etc ...) and applications
would be a good candidate.

4.6 Conclusion

We have presented a typing system of non-idempotent intersection types that char-
acterises strongly normalising A-terms and in which an (optimal) typing derivation
provides

1. the exact length of the longest S-reduction sequences

2. the structure of the normal form
The typing system is an enhanced version of that introduced Chapter 2 (and
in [BL11a] and [BL11b]), which improves and simplifies the result similar to one
that was proved in [BL11a] and [BL13]. Indeed, we used fewer definitions and lem-
mas, and the measure of an optimal typing tree is exactly the length of the longest
[B-reduction sequences from the typed term.

Perhaps more importantly, introducing information about normal forms, within
types, has turned the typing system into a system deriving a big-step semantics for
strongly normalising terms (provided we accept the structure of normal forms as an
acceptable semantics). This style of derivations (based on typing) is unusual in that
it never computes a substitution, and it relates to worst-case reduction strategies
(generating longest S-reduction sequences).

The next section is not directly related to this chapter but is another enhanced
version of the typing system introduced in Chapter 2.
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Chapter 5

Strong normalisation in a
calculus with constructors
and fixpoints via
non-idempotent intersection

types

We introduce a calculus with a fixpoint operator that allows to naturally write
strongly normalising functions. In the study of this calculus, we introduce a typing
system with non-idempotent intersection types that characterises strong normali-
sation.

5.1 Introduction

Pure A-calculus is Turing Complete: for every computable function we can find a
corresponding A-term. In particular, we can construct a fixpoint operator to write
recursive functions. For example, we can write:
fix(M) := (Az.M(zz))(Az.M(zz)) = ¢ fv(M)

We can also extend the A-calculus with a fixpoint operator and a rewrite rule

that has the same behavior as the previous construction:
fix; (M) — M (fix; (M))
Of course, in the A-calculus or in this extension, some terms are not strongly nor-
malising. However, such a fixpoint is worse: Every term that contains fix; (M) is
definitively not strongly normalising. It is weakly normalising at best. For example,
it is the case for fact; defined by:
facty := fixy(Af.An.if n =0 then 1 else n x f(n — 1))

Strong normalisation is a useful and desirable property: for example, with strict
evaluation, we do no have to worry about the evaluation order (see Appendix 5.6).
Therefore, we would like the ability to write recursive functions in a style as natural
as possible, but with better strong normalisation properties.

First, we can choose to only reduce the cases where the fixpoint reduction can
be applied. For example, we can have the operator fixs() and the rule:

fixo(M)N — Mfixo(M)N (An argument is needed to trigger the reduction)
Then, for example, facts defined by:

facty := fixag(Af.An.if n =0 then 1 else n x f(n — 1))
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is indeed strongly normalising. However, facts3, for example, is not:

facte3—T if 3 =0 then 1 else 3 x facta(3 — 1) — ...
So, this restriction is not enough. An other possible restriction is to have the
operator fixz() with the following rule:

fixs(M)N — Mfixs(M)N (N is either a constant or a constructor)
With facts defined with fixz(), factgn is strongly normalising for all integers n.
This is the approach given, for example, in Coq and in [GL02]. However, this
approach has some disadvantages: First, it is bound to the notion of constants and
constructors for the calculus: We cannot consider pure A-calculus with this fixpoint
operator. Second, this does not work for some recursive functions that are supposed
to terminate (see examples in Section 5.2.1.3). Therefore, in this chapter we choose
another approach and use the operator fixy() defined with the rule:
ﬁX4(M>N — MNﬁX4(M)

Apparently, this does not change anything compared to fixa(). For example, with
fact, defined by:

facty := fixg(An.Af.if n =0 then 1 else n x f(n — 1))
we have a problem similar to facty. However, if we construct facts as follows:

facts := fixg(An.if n =0 then A\f.1 else Af.f(n —1))
then, for all integers n, factsn is strongly normalising. The trick is that f is replaced
by facts only after the condition n = 0 has been calculated. The only difference
compared to the usual style is to put the Af inside the branches (see more examples
in Section 5.2.1.3). Of course, we can still write non strongly normalising terms
with fixs() but by knowing the trick, for every recursive function that terminates
for an entry, we can easily write a term such that, applied to this entry, it is strongly
normalising. We could do the same trick with fixs(). However, as shown with factg
defined by:

facte := fixa(Af.An.(if n = 0 thenAg.1 else Ag.n x g(n — 1)) f)

we can notice that it is more natural to work with fix,().

Fixpoint operator fix4() has been introduced in [Ber09]. Even if this fixpoint
operator is useful when it is the only thing added to pure A-calculus, the calculus
we present here also has constructors and matching. In this calculus, strong nor-
malisation might not be the only thing we expect from a program: we do not want
any crash. For example, we can have a normal form while having a A-abstraction
as the argument of a branch (see Definition 36). One way to deal with this is that
every term M, which makes the program crash, reduces to itself: Therefore, it is
not strongly normalising. Such a of reduction is interesting and it is not a naive
definition. We would also like to study the naive version. Fortunately, most of the
work between these two versions of reductions can be factorised. Therefore, we will
study the two calculi.

We can prove strong normalisation of some small examples. However, we would
like more systematic tools to prove terms to be strongly normalising: Unlike weak
normalisation, exhibiting a reduction sequence to a normal form is not a proof of
strong normalisation. Therefore, we introduce a refined version of the reduction that
preserves strong normalisation both ways (Theorem 26). Using this tool to prove
strong normalisation is more powerful than using I-filters (see Section 5.2.2.2)
which are used for this purpose in Chapter 2 (and in[CS06, Ber09, BL11b]). In
order to prove Theorem 26, we introduce a typing system with intersection types
that characterises strong normalisation.

In Section 5.2, we present the calculus with its reductions and various examples.
In Section 5.3, we introduce the typing system that characterize strong normali-
sation and we prove Theorem 26. In Section 5.5, we prove the confluence of the
calculus. In Section 5.6, we give an example of implementation of this fixpoint
operator in a real strict functional language.
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fv(x) = {z}

tv(Az.M) = fv(M)—{z}

fv(MN) = fv(M)Ufv(N)

fv(fix(M)) = ftv(M)

fv(c) = 0

tv((C1.My,...,CoMy,)) = (fv(My) —v(C1))U...U (Iv(M,) — v(Cy))

Figure 5.1: Free variables

5.2 Calculus

This section is purely syntax-based (no typing involved). In Section 5.2.1 we define
the calculus (the two versions of it). In Section 5.2.2 we introduce a refined version
of the reduction as a tool to prove results of strong normalisation.

5.2.1 Definition of the calculus

In Section 5.2.1.1 we give the syntax of the terms of the calculus. In Section 5.2.1.2
we define the two versions of reductions. In Section 5.2.1.3 we give examples of
terms that have a correct use of the fixpoint operator.

5.2.1.1 Syntax

In this section we define the terms of the calculus and the crash forms.
The calculus we present in this chapter is just pure A-calculus enriched with
constructors, matching and a fixpoint operator described in Section 5.1.

Definition 34 (Grammar of the calculus).

Assume we have a set of constants ¢, an infinite set of variables x and a mapping
from the constants to the integers that we call arity.

The terms M, N of the calculus are defined with the following grammar:

M,N == z|XxM|MN|fiz(M)|c|B c constant
B n= (01~M17~-~7On~Mn)
C = CT1...Tn c constant and n arity of ¢

We naturally define the free variables of a term.

Definition 35 (Free variables).

Assume M is a term.

The free variables of M is a finite set of variables fu(M) defined by induction
on M as described in Figure 5.1.

We consider terms up to a-equivalence.
To define one of the reductions, we need to identify ill-formed terms that we call
crash forms.

Definition 36 (Crash forms).
A crash form is a term of one of the following forms:
e Wrong arity: cMy ... M, with n the arity of ¢
o Matching a function: B(Ax.M), BB, B(fiz(M)), B(cNy ... Ny,) withm arity
of c andn <m

e Unknown pattern: (c127.My, ..., cn2n.My)(cNy ... Ny) such that for all i,
¢; # ¢ and m arity of c.
The set of crash forms is denoted CF.
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(8) (Fix)

(\z.M)N =, M{z:= N} fix(M)N —, MNfix(M)
N=N,...N,, m arity of ¢; M € CF
= — (Match) ~ ———— (Crash Form)
(121 My, ..., cn@ . My)(e;N) =, M{2Z; ;== N} M=, M
M —, M N —, N’ M —, M M-, M

MN -, M'N  MN —,MN'  Xe.M =, e.M  fix(M) -, fix(M')

Mi —a le

s s 7 s
(121 My ... c;@; ML, ..., cpndp.My,)

(121 My, ..., ch@n M,) —

87

Figure 5.2: Reductions

5.2.1.2 Reductions

In this section, we define the two reductions of the calculus in a modular way:
Reduction are parametrised by a o which can be either u or s:

o If & = u (u for “unsafe”): Then the reduction is the naive one. Therefore, if
M is strongly normalising for —, then the execution of M terminates, but
can also crash.

o If @« = s (s for “safe”): Then the reduction —, is —, with the additional
rule that if M is ill-formed, then M —, M and therefore, M is not strongly
normalising for —,. Hence, if M is strongly normalising for —,, then the
execution of M terminates and does not crash.

More formally:

Definition 37 (Reductions).
Assume « is either u or s and M and N are terms.
We define M —,, N with the rules of Figure 5.2.
Theorem 21 (Relation between the two reductions).
1. If M —, M' then M —_ M’.
2. If M —, M’ then either M —, M’ or M = M’.

Proof. 1. By induction on M —, M’.
2. By induction on M —, M’.

Definition 38 (Strong normalisation).
Assume « is either s or u.
The set of strongly normalising terms for —, is denoted SNa.

Theorem 22 (Relation between the two strong normalisation).
If M € SNs then M € SNu.

Proof. Corollary of Theorem 21.1. O

Theorem 23 (Confluence).

—,, s confluent: If M—*, My and M—*, Mas, then there exists Ms such
that M1—*, M3 and My—*, Ms3.

Therefore, the normal form of M, if it exists, is unique.
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Proof. With parallel reductions: similar to pure A-calculus. See Appendix 5.5.
O

5.2.1.3 Examples

Assume O, True and False are constructors of arity 0 and S is a constructor of
arity 1.

add = Afix((OMfx, Sy f.S(fy)))
mult = Afix((0.Af.0, Sy.Af.add(fy)z))
findmin = Ag.fix(Az.(True A f.z, False. A\ f.f(Sz))(gx))

An integer n can be coded by the term S™0O. We use the following definition to
express the fact that a term codes a function:

Definition 39 (Coding of a p-recursive function).

We say that M codes with weak (resp. strong) normalisation a p-recursive
function f (of arity k) if and only if, for all integers ny, ...ny, if f is defined in
(n1,...,ny) then M(S™O)...(S™O0) is weakly (resp. strongly) normalising and
its normal form is ST O, Alternatively, we can also say that M is correct
for f with weak (resp. strong normalisation).

We can code the addition add and the multiplication mult. More generally we
can code any primitive recursive function.

Intuitively, findmingz return the smallest y such that gy is true and z < y.
More generally, with findmin, we can code any p-recursive function f.

For any term M we cannot code fix(M) without fix() and keep strong normali-
sation properties. However, we can do it for specific M (generally the ones we are
interested in). For example, we could use add; and findmin; defined by:

M, = (OAfx,SyAf.S(fyf))

add; = Az \y.MiyM;

My = Ae.(TrueAf.x, False A\f.f(Sz)f)(gz)
findmin, := Ag.Az.MsxzM,

But we can notice that it is much more simple to use fix().

In a program that use these examples, exhibiting a reduction sequence of —
to the normal form is as simple as if we had used a more usual fixpoint operator.
Therefore, if we are not interested in strong normalisation, proving that these ex-
amples, written with this style, are correct with weak normalisation is as simple as
proving that they are correct with the usual style.

The proof that they are correct with strong normalisation is given in Sec-
tion 5.2.2.2.

Notice that with findmin defined with a fixpoint such as the one in Coq (named
fix3() in Section 5.1) we would not have strong normalisation.

5.2.2 Refined notion of reduction
In Section 5.2.2.1, we define the refined notion of reduction. In Section 5.2.2.2, we
illustrate how this reduction can be used to prove strong normalisation results.

5.2.2.1 Definition

Accumulators are terms which shape cannot be deconstructed. For example, a A-
abstraction is not an accumulator. Usually accumulators are used to study the
shape of normal forms. In this chapter, they are also used to define the refined
notion of reduction.
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Definition 40 (Accumulators).

Assume « is either s or u, M a term and E a set of variables with one element
or less.

We define accun (M, E) as follows:

o accun(M,{x}) is denoted accun(M,x).
o accua(M,0) is denoted accun (M, e)
o We write accu, (M) if there exists E such that accuy, (M, E).
o We use the following rules:
accug (M, E) accua (M, E) M e CF

accto (2, ) accug(MN, E) accu, (BM, E) accu, (M, €)
A good way of understanding these rules is that accu () must satisfy Lemma 42.

We can have M —, M’ with M’ € SN« and M ¢ SNa. Therefore, we
define the refined reductions ~», and =, (mutually defined) that preserve strong
normalisation both ways.

e If M —_ M’ without any erasure then M ~-, M’

o If M —_, M’ with the erasure of terms Ny, ..., N,, then we have M ~», M’
as long as Ny, ..., N, are normal forms and there is not conflict between the
free variables of Ny, ..., N, and the bound variables of M. To determine if
there is a conflict, we collect the free variables in a set F.

e If one of the NV; is strongly normalising, then we can reduce N; by =, until
it reaches its normal form. Therefore, we have M ~* M’.

e If there is a conflict, we have to use =, which have stricter propagation rules.

e We also have some additional rules to be able to reduce any strongly normal-
ising terms to its normal form.
More formally:

Definition 41 (Refined reductions).

Assume « is either u or s, M and M’ are terms and E a finite set of variables.

We define M ~~g o M' and M =g o M' with the rules given in Figure 5.5.

We write M ~~o M’ (resp. M = M’) if and only if there exists E such that
M ~go M (resp. M =g o M').

We write M~ M' if and only if there exists Ev, ... E,, My, ..., M,_1
such that M ~»g, o M1 ~pgya ... ~E, 0 M and E = E; U...UE,. We give a
similar definition for M =% , M'.

A good way of understanding these rules is that ~», and =, must satisfy The-
orem 29.

Theorem 24 (Basic relations between the reductions).
1. If M ~>g o M then M =5 o M'.
2. If M ~q M' then M =, M'.
3. If M =, M’ then M —, M'.
4. If M ~>p o M' (resp. M =g M') then fu(M)=E U fo(M").

Proof. 1. By definition of M ~»g o M and M =g o M'.
2. Corollary of 1.

3. We prove by induction on M =g o M" and M ~»g o M’ that if M =g, M’
or M ~gqo M then M —, M’
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x € tv(M) x ¢ tv(M) NA—, r¢ftv(M) N=pg,N
AeM)N g0 M{z = N} A2MN e M Az MIN g AeM)N

—

Ti =Y1---YUm N=N;...N,, X:{A$3M]|_]7éZ}U{N]|y]¢fV(M1)} VNIEX,N/HOC

(Clér_i.Ml, e CnLC_;LMn)(CZN) WUN’GX fv(N'),« MZ{;I,T; = ]\7}

i#j Mj=>poM; T=y1..ym E'=FE—{y|1<k<m}

(cr@81. My, ... cn@y. Mp)(eiN) ~ g o (1871.M, .. .cjx_;-.M]’», . cnx}.Mn)(ciﬁ)

B = (181 M, ...cni0My) zi=vy1-..Ym y; ¢v(M;) N;=Ea NJ'.
%(CZNle) P E,a %(CZNlNJ/Nm)

M “""E,a M/
fix(M)N ~=y o MN (fix(M)) M =g M

MWE’OCM/ ]\/v'\ﬁE’Cy N/ MWE,O‘M/ {E¢E
MN B M/N MN S Ea MN/ .M ~Ea )\IEM/
MWE,OL M’ @:yl-”ym M; " E,« le Vj,yj¢E

fix(M) ~p o fix(M') (c1@1. My, ... cn@s. My) ~pg.o (@1 My, ... c;z. M, ... cpan. M,)

M =g, M M =g, M Ni=gao N marityofc n<m

?

Az M =p_{2}.a Ax. M’ fix(M) =p o ix(M') ¢Ny...N, =gaqcNi...N...N,

Ti=Y1- Ym Mi=paM E =E—{y|l1<k<m}

— — — — / -
(181 My, .. .cn@n.My) =g o (181.Mi, ... ;@ .M, ... cp@y. M,)

accug (M, E;) N =g, o N’ accug (M, E1) B =g o8
2, 2,

MN WE1UE2,CK MN/ %M WElUEZ,OC %/M
M=g,M MNeCF N=g,N MNEeCF M € CF
MN ~sg, M'N MN ~sp. MN' M ~sg s M

Figure 5.3: Refined reductions

66




4. By induction on M ~~g o M" and M =g, M'.

Lemma 36 (Shape of a normal form).
If M cannot be reduced by —, then we are in one of the following cases:

o M is of the form Ax.My, B, fix(M;), or ¢My ... M, with m arity of ¢ and
n<m.

o We have accu,(M).

Proof. By induction on M.

Assume M cannot be reduced by —,.

If M is an application M;Ms: Then M; and M, cannot be reduced by —,,.
Hence we can use the induction hypothesis on M; and M.

Then we are in one of the following cases:

e M is a variable z: Therefore accu, ().
e M is a constant c.
M is of the form Az.Mj, B or fix(My).

M is of the form (Az.M;)Ms. Therefore, M —_, Mi{z := Ms}. Contradic-
tion.

We have M € CF:
— If « = s then M —_ M. Contradiction.
— If & = u then we have accu, (M).
M is of the form (cy27.Mj7,.. .,cnx';L.M,’L)_)(ciJ\?) with N = N;...N,, and m
arity of ¢;. Therefore, M —_, M/{z; := N}. Contradiction.
M is of the form BM; with accu,(Msz). Therefore accu, (BMs).
M is of the form fix(M3)Ms. Therefore M —, MsMofix(Ms3). Contradiction.
M is of the form c¢M; ... M, with m arity of ¢ and n < m.
M is of the form M; M5 and we have accu, (M7 ). Therefore, we have accu,, (M1 Ms).

O
Lemma 37 (=, can be used on a non-normal form).
If M can be reduced by —, then there exists M' such that M =, M'.
Proof. By induction on M. See Appendix A. O

Lemma 38 (Reaching the normal form).
If M € SN« then M =% M’ with M’ the normal form of M.

Proof. By induction on the longest reduction from M of —, and as a corollary of
Lemma 37.
O

Theorem 25 (Common uses of ~~,).

1. If v ¢ fu(M) and N € SNa then (Az.M)N w;;(N) N

2. If N € SNa, then there exist E such that (Az.M)N WE,Q M{x := N} and
E C fu(N).

3. Assume N = Nj . Ny, Ty = Y1 - Ym, m arity of ¢,
X = {Agj.M; | i # j}U{N; | y; ¢ fu(M;)} and for all N' € X, N’ €
SNo. Then (clx'i.Ml,...,cn:v'{l.Mn)(ci]\_f) WE,& MA{z; = N} with E =
Unvex fo(N').

M.
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Proof. 1. By Lemma 38, there exists n such that N =7 N’ with N’ normal
form of N. By Theorem 24.4, and by induction on n, there exists E such that
N =%, N and fv(N) = EUfv(N'). Hence, (A\z.M)N ~7% , (Az.M)N'. We

also have, (Az.M)N’ W?V(N’),a M. Therefore (A\x.M)N W%‘TJ%V(N/) o

2. If x € fv(M), then (Az.M)N ~»y , M{z:= N}. If 2 ¢ fv(M), then, by 1,

Az M)N o M.

3. We adapt the proof of 1.

Theorem 26 (Preservation of strong normalisation).
If M =, M' and M’ € SNa then M € SNa.

Proof. Proof given in Section 5.3.

O

We can notice, for example, that (A\z.(Ay.a)(zx))(Az.z22) —, (Az.a)(Az.2z2).
However, we do not have (Az.(Ay.a)(xz))(Az.22) =4 (Az.a)(Az.2z). Indeed, we
have (Az.a)(Az.zz) € SNa but (Ax.(Ay.a)(zx))(Az.22) ¢ SNa.

5.2.2.2 Discussion

To prove that a term is strongly normalising we only have to exhibit a sequence of
= (or ~,) to its normal form. To do this, Theorem 25 can be useful.

In Section 5.2.1.3, the reduction sequences of —, that we need in the proofs, are
reduction sequences of = . Therefore, proving that the examples of Section 5.2.1.3
are correct with strong normalisation is almost as easy as proving that they are
correct with weak normalisation.

Let us compare this technique to prove strong normalisation to the technique
that uses I-filters (used in Chapter 2 and in [CS06, Ber09, BL11b]) . We have the
following tools:

e A denotational semantics: Each term can be interpreted as an I-filter.
e We have equations on I-filters.

e If the semantics of a term is different from L (the empty I-filter) then M is
strongly normalising.
A proof of strong normalisation that uses these tools is as follow: Assume we have a
specific term M. By using equations on I-filters, we can prove that the semantics of
M is equal to an I-filters which is trivially different from L. We can then conclude
that M is strongly normalising.

If we can do such a proof, then we can use ~~, to prove strong normalisation:
each equation on the I-filters correspond to a ~»7F. Therefore, using ~, is as
powerful as using equations on I-filters in order to prove strong normalisation. It is
even more powerful because, under certain conditions, we can reduce by ~-, under
A abstractions.

5.3 Strong normalisation

The main goal of this section is to prove Theorem 26 via non-idempotent intersection
types. In Section 5.3.1, we define the typing system. In Section 5.3.2, we prove
Soundness via subject reduction: if a term is typable then it is strongly normalising.
In Section 5.3.3, we prove Completeness via subject expansion: if a term is strongly
normalising, then it is typable. Then the proof of Theorem 26 is straightforward.
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5.3.1 Intersection types

In Section 5.3.1.1, we define the types, the contexts and give their basic properties.
In Section 5.3.1.2, we introduce the typing rules and the basic properties of the
system.

5.3.1.1 Types

Definition 42 (Intersection types).
U-types, A-types and F-types are defined with the following grammar:

F,GH == §|V]cA...A,|A—=F n arity ofc
AB,C == F|ANB
UV,W == Alw

With this grammar, U NV is defined if and only if U and V' are A-types.
Therefore, if we write ANw := A, thenwNA:= AandwNw := w, forallU
and V, UNYV is defined.

Some remarks:
e We have extended the intersection types of Chapter 2.
e cAi... A, is used to type cMy ... M,.

e V can only be the type of something that is or reduces itself to an accumulator
(like M ... M,,). In particular, vV cannot be the type of A\z.M.

e § is used to type the base case of fix(M).

Equivalence and inclusion between types is defined with the same definition
given in Chapter 2 and we have the same properties.

The same thing is done for contexts.

For factorization reasons, we define the following notion:

Definition 43 (Application of types).
Assume « is either u or s, F' and G are F-types, and A is a A-type.
FQ,A : G is defined with the following rules:

=,

(A= F)Q,A: F (cA)Q,B: F

5.3.1.2 Typing rules

We want a typing judgment I' -, M : A that characterizes terms in SNu and
another one I' -, M : A that characterizes terms in SNs. By the fact that SNs C
SNu, it is natural that the rules of I' -, M : A are a subset of the rules of
'+, M : A We can define the two typing systems by defining I' -, M : A as
follows:

Definition 44 (Typing judgements).

Assume « is either u or s, I' is a context, M is a term, n is an integer and U
is a U-type.

We define I' ) M - U with the rules of Figure 5.4.

We write I' b, M : U if there exists n such that I' =0 M : U.

We can notice that I' =, M : w does not give any information on M and cannot
be found inside a typing tree. It is only used to have more concise lemmas and

proofs.

Some remarks:
e We have extended the typing system given in Chapter 2.
e The typing rule of ¢ and the first typing rule of B (rule (Bj)) is quite intuitive.
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Fe:UFy,M:F ACU -t M:F AFIN:A FQ,A:G

. 0 .. A
il F TH e M:A— F TNARY™ NG (4pp)
r-tM:A AFZPM:B n arity of ¢
0 .
TNAFY™ M:ANB Foa M :w FOci Ay = .. > Ay = cAy .. A,
Vj F] |_Tanj )\LU?MJ : Aj,l — ... Aj,n]- — F] B
(. .. (Fl N Fg) .. ) n Fn Fglerij" (CliL'_i.Ml, e ,CnSC_;L.Mn) : CiAiJ .. A17n7 — Fl ( 1)
r=rB:A LB A DEY (@t M, ..o cn2n . My) : B Vjej #¢
PF'B:v—F TDH'B: (A= F)>G DH™ (@1 My, . .. cn@n.M,) : cA — F
M- A re=nB:A
——  (Fiz1) _—
IHLfix(M) 29 Fr=p®B:6 = F

r-hM:F FQ,A:G THFH}fix(M):B GQ,B:H
TNAFIF™2 fix(M): A— H

(F’L.’EQ)

Figure 5.4: Typing rules

e The accumulators can be typed by any type F, in particular they can by
typed by V.

o When o = u, there are more terms that are strongly normalising than in the
case where o = s. Therefore, when o = u, more terms are typed and it is
natural to have more typing rules. Theses extra rules are needed to type crash
forms (like B(A\x.M)).

e When « = s, the application rule (App) is the same one as the one presented
in Chapter 2.

e The rules to type fix(M) are chosen as follow: From a typing of fix(M)N, we
can create a typing of M Nfix(M). There is an intuitive typing rule of fix(M)
that satisfy this (the rule (Fiz3)). This rule use a typing of fix(M) to give an
other typing of fix(M). For Completeness, we need an other rule that type
the base of recursion (Fizg): If M is typable, then fix(M) is of type 4.

When a = s,  is not used in any other rules. When o = u, the only other
use of § is to type crash forms (like B(fix(M))).

Lemma 39 (Basic properties of typing).

1. IfT'F2 M :UNV then there exist I'r, I'a, n1 and ny such that I' =T'1 N Ty,
n=n1+ng, 1 M :U and 'y 2> M : V.

2. If TR M :U and U = V then there exists A such thatI' ~ A and A}, M :
V.

3 IfTF2 M :U and U CV then there exist A and m such that ' C A, m <n
and AP M V.

4. IfT', M : A then Dom(T') = fu(M).

5. IfT'F2 cMy ... My« F with m arity of ¢ and k < m, then there exist ', ...,
Ty, n1, .., ng, A1, ..., Ay and G such that T = (... (Fy N Ts)...) N T,
n=mny+...+ng, foralli, I; F2 M;: A; and F = A1 — A, — G.
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6. If Ty F) My 2 Ay, ..., D B2% My - A, m arity of ¢ and k < m, then
(...C1NTa) ... )NTy FrrtFe oM oo Myt Ager — ... Ay — F for every
Ak+17 ) Am: G.

Proof.
1. Straightforward.
2. By induction on U = V.
3. Corollary of 1 and 2.
4. By inductionon I' -, M : A.
5. By induction on k.
6

. By induction on k.

5.3.2 Soundness

Lemma 40 (Substitution lemma).
IfT,z: U2 M : A and AFD N : U, then there exists I such that T" =~ TNA
and T =1+ M{z = N}: A

Proof. By inductionon I'z : U -, M : A. O

Theorem 27 (Subject reduction).
IfT 2 M : A and M —_, M', then there exists I” and n' such that T C T,
n>n' and I'+2 M': A.

Proof. First by induction on M —_ M’ then by induction on A. See Appendix A.
O

Theorem 28 (Soundness).
IfT'F, M : A, then M € SNa.

Proof. Corollary of Theorem 27: We prove by induction on n that if ' F) M : A
then M € SNa.
Let M’ be a term such that M —_, M’. By Theorem 27, there exist IV and n’
such that n’ <n and I FZ' M’ : A. By induction hypothesis, M’ € SNa.
Therefore M € SNa.
O

5.3.3 Completeness

Lemma 41 (Anti-substitution lemma).
IfT F M{x:= N}: A, then there exists T'1, T's and U such that T’ = T'1 NIy,
N,z:UF, M:AandTy -, N:U.

Proof. First induction on M, then by induction on A.
O

Lemma 42 (Typing accumulators).
IfT,xy : Uy, 2y : Uy by M 2 F and accug (M, {xq,...,2,}) (we have n =0

orn = 1), then for all G there exists U{, ..., U} such thatT,x1 : U{,... 2, : U},
M:G.
Proof. By induction on accu, (M, {x1,...,2,}). See Appendix A. O
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Lemma 43 (Typing normal forms).
If M cannot be reduced by —,, then there exist I' and F' such thatI' -, M : F.

Proof. By induction on M, using Lemma 36. See Appendix A. O

Theorem 29 (Subject expansion).
Assume T xq : Uy, ...,z Uy by, M A and E = {xq,...,2,}:

o If M ~>pg o M then there exists TV, Uy, ..., U}, such that T =T’ and
Moo :Uf,...;2n : U b, M : A.
o If M =g o M then there exists IV, Uy, ..., U], and B such that T ~T" and

Moa :Uj,...;2n : U b, M: B.

Proof. First by induction on M ~»g o M’ and on M =g, M’, then by induction
on A. See Appendix A. O

Theorem 30 (Completeness).
If M € SNa then there exist I' and A such that ', M : A.

Proof. Corollary of Theorem 27 and Lemma 43: By induction on the size of longest
reduction sequences of —, from M.

o If M cannot be reduced by —, then by Lemma 43 we can conclude.

e If M can be reduced by —, then by Lemma 37, there exists M’ such that
M =, M’'. By Theorem 24.3, we have M —_, M’. Hence we can use the
induction hypothesis: There exist IV and A’ such that IV -, M’ : A’. By
Theorem 29, there exist I' and A such that I' =, M : A.

O

Corollary 2. Theorem 26 is true.

Proof. Corollary of Theorems 28, 30, and 29: Assume M =, M’. By Theorem 30,
there exist I and A’ such that IV F_, M’ : A’. By Theorem 29, there exist I" and A
such that I' =, M : A. Therefore, by Theorem 28, M € SNa.

O

5.4 Conclusion

We have introduced a calculus with constructors, matching, and a fixpoint opera-
tor that allows to naturally write recursive functions that can be used in strongly
normalising terms. To facilitate proofs of strong normalisation (by — ), we have
introduced a refined reduction =, that preserves strong normalisation both ways.
This was proved via a typing system with non-idempotent intersection types.

Also, accu,() and ~», could be used to define our own notion of reducibility
candidates to prove strong normalisation of a polymorphic type system over the
A-calculus (a la System F'). Moreover, for some specific M we could have a typing
rule for fix(M). And then the soundness lemma in the proof of strong normalisation
of the system for this rule would be just a use of =7,.

5.5 Confluence

In this section, we prove confluence of — .

Definition 45 (Parallel reductions).
Assume M and M’ are terms, we define M |— M’ with the rules of Figure 5.5.
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M| M M|»M N|-N
zl=mecl=e N M| e M MN |— M'N'

M |— M Vi M;|— M]
fix(M) |— fix(M") (121 M, ... cn@y.My) | = (cr@1. M7, . .., cn2y, . M,)

M|—- M N|— N M|—-M  N|—=N
Az.M)N |- M'{z := N'} fix(M)N |— M'N'fix(M")

N=N;...N,, N =Nj...N, marityof ¢; M;|— M, Vj,N; |- N/
(1@ My, .., oy My) (e N) | = M{a; :== N'}

Figure 5.5: Parallel reductions

Lemma 44 (Properties of |—).
1. For every M, M |— M.
2. If M —_, M’ then M |— M'.
3. If M |— M’ then M—*, M'.
4. If M |— M’ and N |— N', then M{x := N} |- M'{z:= N'}

Proof. 1. By induction on M.
2. By induction on M —_ M.
3. By induction on M |- M.
4. By induction on M.

Definition 46 (Definition of M*).
Assume M is a term. We define the term M* by induction on M as follows:

x =

c* =

(A\z.M)* = Ax.M*

fia(M)" = fu(M)

(c1@1.My, ..., codn.M,)" = (@1 My*, .. ety Mo™)

((\z.M)N)* = M*{z:= N*}

(fizx(M)N)* = M*N*fix(M*)

(121 My, ... ,cnx}.Mn)(ci]V) = MYz = ]\7*} with good arity
(MN)* = M*N* in all other cases

Lemma 45 (Propery of M*).
If M |— M' then M’ |— M*.

Proof. By induction on M.

Corollary 3. Theorem 23 is true.

Proof. By Lemma 45, |— has the diamond property: For every M, M; and My, if
M |— My and M |— M, then there exists M3 such that M; |— Ms and My |— M3
(we choose M3 = M™*). Hence, |— is confluent. By Lemmas 44.2 and 44.3, — is
confluent.

O
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5.6 Example in Caml

To illustrate the fixpoint operator presented in this chapter in a real programming
languages, we have to choose a functional language with strict evaluation (which
Haskell, for example, is not). Here we choose OCaml.

Assume we have the following code:

let rec fixl f x =f (fix] f) x

let rec fix2 f x =fx (fix2 f)

let eif bxy =if b then x else y

let rec factl x = if x = 0 then 1 else x * factl (x — 1)

let fact2 = fix] (funf x —> if x = 0 then 1 else x x f (x — 1))

let fact3 =
fix2 (fun x —> if x = 0 then fun f —> 1 else fun f —> x * f (x — 1))

let rec factd x = eif (x =0) 1 (x * factd (x — 1))
let facth =fix] (funfx —>eif (x=0)1 (x *x { (x — 1)))

let fact6 = fix2 (funx —>eif (x =0) (funf —> 1) (funf —> x * f (x — 1)))

This gives various implementation of the factorial function. Each implementation
has been made with the following choices:

e How the recursion is done: Either with the usual way of coding recursive
functions, or with the usual fixpoint operator or with the fixpoint operator
presented in this chapter (and with the coding style that go within).

e How branching is done: Either with the usual way of branching (if ...then
...else ...) which is lazy or with a branching eif that is strict (it always
calculates the two possibilities).

With the usual branching it always terminates on a positive argument. However,
with a strict branching, only the implementation that uses the fixpoint operator of
this chapter terminates on a positive argument. This is a way to illustrate strong
normalisation.
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Chapter 6

Conclusion

In the previous chapters, we have studied systems of non-idempotent intersection
types and their applications:

e In Chapter 2, we have introduced the simplest version of the typing system
of intersection types that we use. We have proved that a simpler measure on
the typing trees gives a bound on the longest S-reduction sequence and that
it characterizes strong normalisation. Moreover we have used it to define a
denotational semantics and we have showed that we can use it to prove strong
normalisation in other typing systems.

e In Chapter 3, we have adapted the typing system of Chapter 2 to a calculus
with explicit substitutions. By the fact that we have a better control on the
erasure of terms, we have a more precise result on the bound of size of the
longest reduction sequence.

e In Chapter 4, we have refined the types of Chapter 2, this gives us a more
refined result on the bound of the size of the longest [-reduction sequence
while still remaining in the pure A-calculus. Moreover, the typing of a term
can give information about the normal form.

e In Chapter 5, we have adapted the typing system of Chapter 2 to a richer
calculus with constructors, matching and fixpoints.

We have proved that, by removing idempotency of the intersection in the inter-
section types, a typing tree gives more quantitative information about the typed
A-term. We could wonder, what happens when we remove other properties. For
example, by removing the commutativity of the intersection (the type AN B is no
longer equivalent to B N A), we could describes the execution of side effects in a
A-calculus with references:

e M : AN B means that M will do an action described by the type A, then it
will do the action described by the type B.

e M : BN A means that M will do the action described by B and then, it will
do the action described by B.
This could be a lead for a further work.
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Appendix A

Full proofs

Lemma 15. — g, terminates.

Proof. By a polynomial argument.

We define m, (M) as follow: if z ¢ fo(M), then m,(M) = 1. Otherwise we

have:
my(x) = 1
mm(MlMg) = mg:(Ml) —+ mz(Mg) xT € fU(M1)7£L' S fU(MQ)
my (M M>) = mg(M) z & fo(Maz)
my (M M) = my(Ma) x ¢ fo(My)
my(M[y :=N]) = my(M)+my(M) x (mz(N)+1) z¢€ fo(M),z € fo(N)
mg(M[y == N]) = my(M) x (mz(N) +1) z ¢ fo(M),z € fo(N)
mg(Mly := N]) = mg(M) z ¢ fu(N)
We also define S(M) as follow:
S(x) =1
S(M; My) = S(My)+ S(Ms)
S(Az.M) — S(M)
S(M[z:=N]) = SM)+m,(M)x S(N)
Finally, we define I(M) as follow:
I(x) = 2
I(Za.M) = 2I(M)+2
I(M; My) = 2I(My) + 2I(My) + 2
I(M[z:=N]) = IM)x({I(N)+1)

[
If we consider n = (S(M
n and = does not change it.

,1(M)) in lexical order, then — gy, strictly decreases

Hence — g y;, terminates. This lemma and proof are a special case of [KR11]. O

Lemma 17 (Typing of explicit substitution).
Assume T,z : AF" M : B and A ™ N : A. Then, there exists T such that
I"'=TNA and I’ "™ M[z := N]: B.

Proof. By induction on B:

e If B = F, then the result is trivial : we use the (Subst) rule.

e If B = By N By, then, by Lemma 16.1, there exist I'y, I's, A1, Az, n1 and ngy
such that F:F1 ﬂFg, A= A1 ﬂAQ, n =nj + na, Fl,.’ﬂ : A1 Mo Bl and
Ty,z: Ay ™ M : By. By hypothesis, A F™ N : A. Hence, by Lemma 16.1,
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there exist Ay, As, my and ms such that A = A1 N Ay, m = mq + ma,
Al Fm™1 N A1 and AQ Fm2 N AQ.

By induction hypothesis, there exist I} and T such that T} ~ 'y N Ay,
Iy ~ToNAg, T} FM ™ Mz := N]: By and T4 F"27™2 M[z := N]: By. So
we have ') N T, Fratmitnetme Ny .= N]: By N By with ny+mi+ng+ms =
n+m, IINT,~ (T1NA)NT2NA) = (T1NT2)N(A1NA) =~ TNA and
B = B; N Bs.

O

Theorem 8 (Subject Reduction for AS).
Assume T'F™ M : A. We have the following properties:

1.

If M —5 M’, then there exist T' and m such that T C IV, m < n and
'™ M A

2. If M —4 M’, then there exists I” such that T ~T" and I"F" M’ : A
3. If M —y, M', then there exist IV and m such that ' C TV, m < n and

D VW
If M = M’, then there exists T such that T =T and TV F" M’ : A

Proof. First by induction on M — 5 M’ and M = M’, then by induction on A.
For modularity, the triplet (— g, R,7) can be one of the following triplets: (— 5
y R, <)v (_>S’ ~, :)7 (—>W7 G, S)v (Ev ~, :)'
e If A = Ay N Ay, then there exist I'1, I's, ny and ny such that ' = T’y N Ty,

n=ny+ne, ['1F" M: A and I's F™2 M : As.

By induction hypothesis (on (M —5 M’, A1) and (M —5 M’, As)), there
exist T, TS, my and my such that Ty R T, Ts R T%, my 7 ny, ma v ng,
T/ Em M : Ay and T F™2 M7 : Ay,

Hence, Ty NTY Fmtmz A/ o Ap N Ay with A = A; N A, mq +ma 7 n,
I RT) NT%.

(Az.M1)My — 5 My[x := Ms] and A = F : There exist I'y, I's, n1, ny and B
suchthat ' =Ty NIy, n=n1+no+1, 'y F" Az.M; : B— F and I'y ™2
M, : B. Hence, there exists U such that BC U and I'1,z : U F™ M, : F.

— If U = C, then by using Lemma 16.4 there exist A and m such that m <
ng, 'y C Aand A F™ My : C. Hence I'y N A F™H™ Mz = M) : F
withny+m<n, F=Aand ' CT{NA.

— IfU =w, thenT'1 NIy pritne Ml[{,E = MQ] :Fwithni+ns <n, A=F
and I' - Fl N FQ.

ylz .= N] =y vy, ¢ # y and A = F : there exist I'1, I's, n1, no and B such
that T =T1Nly,n=n1+ny, 1 F"*" N: Band I'y,z:w k" y: F. So we
have 'y "2 y : A with T' C (T3, 2 : w) and ng < n.

zlx := N] =g N and A = F : there exist I'1, I's, n1, no and B such that
I'=T1NTey,n=mn1+ny, [1 F"™ N : Band I's,z: B F" z : F. Hence
I'; = () and B = F and ny = 0. Therefore I' = I'; and n; = n. So we have
T'F" N:AwithT =T.

(M My)[z := N| =g Mz := N]|Ms[z := N| with € fo(M), z € fu(Ms)
and A = F: Then there exist I'y, I's, I's, 'y, A1, Ao, B, ni, ng, nz and ny
such that: Fl,l‘ : Al Fa M1 :B—> F FQ,.%' : A2 2 M2 : B, F3 Fns N . A17
LyF"™ N:As,n=ni+ny+n3+ngand I'= (1 NTC3) N (T3NTy). Hence
(Fl N Fg) N (FQ N F4) Fn1+n3+n2+n4 Ml[fﬂ = N}Mg[l’ = N] . F.
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o (MiMs)[x := N|] =g Mi[x := N|M, with =z ¢ fu(Mz) and A = F: Then
there exist 'y, I's, '3, U, Ay, B, ni, no, and ng such that: I'y,x: U F™
M1 : B— F I‘Q,x:w 2 M2 : B, Fg s N . Al, n = ni + ng + ng,
' =(1NTy)NT3, U = A or U = w. Hence (I'1 NT'3) N[y Fratnstnz
M|z := N]M;: F.

o (MiMs)[x := N| =g M1 Mz := N] with « ¢ fo(M), z € fu(Mz) and A =
F: Then there exist 'y, 'y, I's, Ay, B, n1, no and ng such that I'y, z : w F™
Ml : B*)F, FQ,ZZAl "2 M2 : F, F3 s N . Al, n = np + ng + ns,
I'= (Fl N Fz) N ].—‘37 Hence Fl N (FQ N ].—‘3) |_n1+n2+n3 MlMg[.’E = N] . F.

e For M[z := Ni|ly := Na] = My := N[z := Ny| with z # y, x ¢ fu(Nz),
y ¢ fv(N1) and A = F: There exist I'1, T'a, n1, ne, U and B such that
Fr=T1Nly,n=n14+n, U=BorU=w,T1,y:UF" Mx:=N|: F
and 'y F™2 N5 : B. Therefore, there exist I's, I'y, ng, ng, V and C such that
F17yIU:F30F4, ny = N3 + N4, V:COI'V:(,V’, Fg,(EZV'—n3 M F
and I'y F™ N; : C. By the fact that y ¢ fv(N;) and by Lemma 16.2, we
have 'y = I'y,z : w. Hence, there exists I's such that I's = I's,z : U and
I =TsNTy. So, T,y :U,z:VF*» M : F. Hence, (I's,x : V) Ny Fratne
M]ly := Ny] : F. By the fact that ¢ fv(N3) and by Lemma 16, 'y =T'g, z :
w. Hence, (T'5,z: V)NTy =5 Ny, 2z : V. Therefore, (I's N T'y)Ty Fratn2tna
Mly := No][z := Ny] : F with ng+ng +ng =nand (5 NTy)NTy~T.

e The other rules follow the same patterns, especially for the propagation of
an explicit substitution over another explicit substitution. Now concerning
the congruent closure of the rules, all cases are straightforward but for the
following one:

e Mz := N]| =y, M'[lz := N] with M —, M', z € fo(M), z € fo(M') and
A = F': Then there exist I'y, I's, B, nq, no such that: I'y,z : BF" M : F and
I'yF" N:B, n=mny+nyand I' =T NIT'5. By induction hypothesis, there
exist '}, C and n/ such that Ty C T, BC C,n} <ny and T,z : C ™1 M’ :
A. Then there exist T, and n}, such that Ty C T, n, < ng and Iy F"2 N : C.
Hence T, NT% "+ M'[z := N] : F with n} + n <nand T C Ty NT%.

O

Lemma 20 (Most inefficient reduction).

Assume I' B0 M+ A. If M can be reduced by — 5 and not by — g, then there

exist M' and I such that T ~ T/, M =5 M’ and I" F00 M+ A.

Lemma 22 (Shape of a normal form).
If M cannot be reduced by — g, then

e cither we have acc(M),
e or M is of the form Ax.Mj.

Proof. By induction on M.
e If M is of the form Az.M;, then we can conclude.
e If M is a variable z, then we have acc(M).

e If M is of the form M7 Ms: Then, M; cannot be reduced by —g- By induction
hypothesis on M7, either we have acc(M;) or Mj is of the form Ax.Ms.
— If acc(M), then acc(MyMa).
— If M is of the form Az. M3, then M — 4 Ms{x := Ms}. Contradiction.
O]
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Lemma 23 (Applicability of =). If M can be reduced by —5, then M can be
reduced by =,.

Proof. We prove by induction on M that if M can be reduced by — 4 then:
e If M is of the form Ax.M;, then there exists M’ such that M =, M’.

e If not, then there exists M’ such M ~;, M’.
Therefore, in both cases there exists M’ such that M =, M’.

e If M is a variable, then M cannot be reduced by — 4. Contradiction.

o If M is of the form Az.M;: Then, M; can be reduced by — 4. By induction
hypothesis, there exists M{ such that My =, Mj. Therefore, M =, Az.Mj.

e If M is of the form M;Ms: Therefore, we are in one of the following cases:

M, is of the form Az.Ms5 and x € fv(Ms): Therefore, M ~; Ms{zx :=
Ms}.
M is of the form Az. M3, x ¢ fv(M3) and Mz can be reduced by — 4: By
induction hypothesis, there exist M} such that My =, M}. Therefore
M is of the form Az. M3, x ¢ fv(M3) and M> cannot be reduced by — 4:
Then, M ~-j Ms.
My is not of the form A\z.Mj3 and M; can be reduced by — g By induction
hypothesis, there exist M] such that My ~»p M{. Therefore, M ~,
M! Ms,.
M is not of the form Ax.M3z and M; cannot be reduced by — g By
the fact that M; is not of the form Ax.Mjs, My can be reduced by —g5-
By induction hypothesis, there exist MJ such that My =) M). By
Lemma 22, we have acc(M;). Therefore, M ~;, Mj M.

O

Lemma 24 (Structure of a normal term). M cannot be reduced by — s if and only
if struct(M) is well-defined. Moreover, if we have acc(M), then struct(M) is of the

form k.

Proof. By induction on M.

e If M is of the form z: x cannot be reduced by — 4, struct(z) is well-defined
and struct(z) = Vv which is of the form k.

e If M is of the form Az.Mj:

If Az.M; cannot be reduced by —: Then, M; cannot be reduced by
—. By induction hypothesis, struct(M;) is well-defined. Therefore,
struct(Az.M) is well-defined and we do not have acc(Ax.My).

If struct(Ax.My) is well-defined: Then, struct(M;) is well-defined. By
induction hypothesis, M; cannot be reduced by — 4. Therefore, Az.M;
cannot be reduced by — 4.

e If M is of the form My Ms:

If My Ms cannot be reduced by — 5: Then, M; and M> cannot be reduced
by —4. By induction hypothesis, struct(M;) and struct(Mz) are well-
defined. By Lemma 22, we have acc(Mj) or M; is of the form Az.Ms. If
M is of the form Ax.Mjz, then M M, —g Ms{z := Msy}. Contradiction.
Hence, we have acc(M;). By induction hypothesis, struct(M7) is of the
form k. Therefore, struct(M;Ms) is well-defined and struct(M; M) =
struct(My )struct(Mz) which is of the form &'
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— If struct(M;Ms) is well-defined: Then, struct(M;) and struct(Ms) are
well-defined, and struct(M) is of the form k. By induction hypothesis,
My and My cannot be reduced by — g If M is of the form Ax.Mj3, then
struct(M;) = Astruct(Ms) which is not of the form k. Contradiction.
Hence, M is not of the form Ax.M3. Therefore, M7 M, cannot be reduced
by —4.

O

Lemma 29 (Substitution lemma).
IfT,2:UF" M : A and AF™ N : U, then there exists I such that T/ ~ T NA
and T/ Bt M{z := N}: A.

Proof. By induction on I,z : U ™ M : A.

oForm withT'=(),n=0 M =2, U =Fand A = F: We
have z{z := N} = N. By hypothesis, A ™ N : U. Therefore, A F™
M{z:= N}:Fwithn+m=mandTNA=()NA=A.

.Fory:Fl—Oy:F withy #z, I'=(y: F),n=0, M =y, U = w, and

A = F: By hypothesis, A v N : w. Hence, A = () and m = 0. We have
y{z := N} =y. Therefore, y: F FY M{z:= N} : F with n+m = 0 and
F'NnA=w:FNn()=(y:F).
Fl,ZL'IUl FnlMSAl F27$:U2|7n2M:A2
e For with' =T1NTy, n =n1+
I'iNlg,z:U; NU, Fratne Af . A1 N A,
ng, U =U; NUy and A = A; N As: By hypothesis, A ™ N : Uy N Us. By
Lemma 28.1, there exist Ay, Ag, my and mo such that A = A1NAs, m = my+
mo, A1 F™ N : Uy and Ay ™2 N : Uy, By induction hypothesis, there exist
I} and T% such that T) &~ Ty N Ay, T &~ TN Ay, T) Ft™ M{z:= N} :
Ay and Ty Fm2tm2 M{z:= N} : As. Therefore, Iy NI} Fritmatnatms
M{z:= N}: A NAy with T\ NT, ~ (T3 NA)N(TeNAy) ~ (T NC)N
(A1 NA3)=TNA and ny +my + ny + mg =n+m.
Fe:Uy:VE"M,:F BCV
e For with M = \y.My, z # vy, y ¢ v(N)
z:UF" Xy M;:B— F
and A = B — F. We have (A\y.M1){z := N} = \y.Mi{z := N}. By
induction hypothesis, there exists I such that I = (I',y : V)NA and IV -*+™
Mi{y := N}:F. By Lemma 28.5, Dom(A) C fv(N). Therefore, y ¢ Dom(A)
and T,y : V)NA = (T NA,y: V). There exist a unique I’ and a unique
V' such that (I'",y : V') = I, Therefore, I" ~ TN A and V ~ V’. Hence,
B C V'. Therefore, I ="t \y.My{z:= N}: B — F.
Ty :Uy:VE"M :[v] input(V)
e For with M = A\y.My, y ¢ tv(N), A =
Loz :UF" Ay.My : [Av]
[M] and y # z: We have (A\y.M1){z := N} = My.Mi{z == N}. By
induction hypothesis, there exists I'" such that I ~ (T, y : V)NA and I F"**+™
Mi{z:= N} : [v]. By Lemma 28.5, Dom(A) C fv(N). Therefore, y ¢
Dom(A) and (I',y : V)NA = (I'N A,y : V). There exist a unique I'’ and a
unique V' such that (I, y : V') =T". Therefore, I ®* TNA and V = V'. By
Lemma 25.10, we have input(V”). Therefore, I' F"T™ Ay M {z := N} : [Av].
Fl,l‘ZUl}_nlMllB—)F FQ,J}IUQ"”QMQZB
e For withI' =T'1NTy, n=
I'yNDy,x: U NUy Ft2 T NN,y - F
ni+ns+1,U=U,NUy, M = M{Ms and A = F: We have (MlMg){x =
N} = My{z := N}Ms{x := N}. By hypothesis, A F™ N : U NUs.
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By Lemma 28.1, there exist Ay, As, my and mgy such that A = Ay N Ay,
m = mi +mo, Ay F™ N : Uy and Ay F™2 N : U,;. By induction hy-
pothesis, there exist I} and I'y such that I} &~ 't N Ay, T = 'y N Ay,
ry Fvtm AMf{e:= N} : B— F and 'y F"2%t™2 Mo{x:= N} : B. There-
fore, T (T, Fratmitnatma+l VoL - B owith T AT, ~ (T3 N1 Ay) N (D N
A= (T1NTy)N(ATNA)=TNAandny +m;+ns+me+1=n+m.
Fl,.’L‘ZUl |_7l1 Ml[k] FQ,ZC:UQ "nz MQZ[U]
e For with I' = T1 NIy, n =
F1 OFQ,SC : U1 N U2 FnlJrnz MlMQ : []CU]

ny +ne, U =U NUy, M = MiMy and A = [kv]: We have (M;M){x :=
N} = Myj{z := N}Ms{z := N}. By hypothesis, A ™ N : U; NU,. By
Lemma 28.1, there exist Ay, Ag, my and mo such that A = A1NAs, m = my+
mo, A1 F™ N : Uy and Ay ™2 N : Uy, By induction hypothesis, there exist
I} and T such that I} ~ T1NAy, T ~ ToNAg, T Ft™ Mi{x = N} : [k]
and I'y F"2tm2 Mofx .= N} : [v]. Therefore, Iy N T Fratmatnatmz Ap N,
[kv] with T NTH =~ (T NAN)NTaNAy) = (TiNT)N(ATNA)=TNA
and nq +mq +ng9 +me =n+m.

O

Theorem 14 (Subject Reduction).
IfTF* M @ A and M —4 M', then there exist I and n’ such that I' C 1",

n>n' and TV -V M’ : A.

Proof. First by induction on M — 45 M ' then by induction on A.

e If A is of the form A; N As: Then, there exist I'y, I's, ny and ny such that
Fr=T1NTy,n=n1+ny, 1 F™ M : A; and I's ™2 M : A;. By induction
hypothesis on (M —53 M’, A;) and (M —5 M', Az), there exist I', I'y, n}
and n}, such that T'y C T, 'y C T, ny > nj, no > nH, T i MY Ay and
I 72 M’ : Ay. Therefore, I, N T, F™1tm2 M0 Ay N Ay with T =T, NTy C
i NT% and n = ny + ng > nj + nb.

e For e My)My = Mi{z = My} with M = (Ax.M;)M; and A is of the
form F:

Then, we are in one of the following cases:

— There exist T'y, T'g, v and k such that T' = T; NTo, Ty F Ax.M; : [k],
Ty b My : [v] and F = [kv]. An abstraction Az.M; cannot have [k] as a
type (it is either an arrow B — G or of the form [Avq]). Contradiction.

— There exist I'y, I's, n1, ng, Bsuchthat ' =1 N9, n =ny +ngy + 1,
I'y ™ Ax.M; : B— F and I's F™2 M5 : B: Then, there exists U such
that B C U and T'y,z: U F™ M; : F. By Lemma 28.3, there exist T
and n} such that Iy C Iy, ny > nfy and I'y F™2 M, : U. By Lemma 29,
there exists I such that IV ~ Ty NT% and IV ™17 My {z:= My} : F
withD =T1NTy, CTiNT, ~ TV and n = ny+na+1 > ny+ng > ng +nh.

My —5 My . . .
e For with M = Ax.M; and A is of the form F', we are in

one of the following cases:

— There exist B, G and U such that F =B -G, BCU and I',z: U "
M; : G. By induction hypothesis, there exists I'} and n’ such that
(T,z:U) CTy, n>n'and T - M/ : G. There exist a unique I and
a unique U’ such that T} = (I, 2 : U’). Therefore, ' C TV and U C U".
Hence, B C U’. Therefore I" pn' Ax.M{:B — G.
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— There exist U and v such that input(U), F = [Av] and T',2 : U F™ M; :
[v]. By induction hypothesis, there exist I'} and n’ such that (I',z : U) C
I'yn>n"and ') F* Mj : [v]. There exist a unique I'' and a unique U’
such that I} = (I",z : U’). Therefore, I' C TV and U C U’. Hence, by
Lemma 26.5, we have input(U’). Therefore, IV F™ Az.M] : [Av].
e For p with M = M;M> and A is of the form F, we are in
M1M2 _>B M1M2

one of the following cases:

— There exist I'y, I's, ny, no and B such that ' =T'1 NIy, n =ny +no+1,
I'y " My : B — F and I'; F™ M5 : B. By induction hypothesis, there
exist T and n} such that Ty C T, ny > n} and T} ™ M| : B — F.
Therefore, I’y N Ty ritne+l M{Ms: FwithT =T1NTy CT, NIy and
n=ny+ny+1>n)+ns+1

— There exist I'y, I's, n1, no, k and v such that ' =T1 N Ty, n = ny + no,
F = [kv], T1 F™ M : [k] and Ty "2 My : [v]. By induction hypothesis,
there exist I} and n/ such that Ty C T}, ny > n} and T} ™ M{ : [k].
Therefore T} N Ty pritne M{Ms : [kv] withT =T7NTy CTY NT5 and
n =mny +ny >nj + ns.

My —5 My . . .
e For with M = MyMs and A is of the form F, we are in
M1M2 —>ﬁ MlMQ/

one of the following cases:

— There exist I'y, 'y, n1, no and B such that ' =T1 NIy, n =n; +no+1,
'y W™ My : B— F and I's ™ My : B. By induction hypothesis,
there exist I, and n} such that T'y C T, ng > n) and Ty F"2 M} : B.
Therefore, I'y N T ritny+l MM} :FwithT =T1NTy CTyNTY and
n=mny+ny+1>n;+nh+1.

— There exist I'y, I's, ny, no, k and v such that ' = 'y NIy, n = ny + no,
F = [kv], Ty ™ M, : [k] and Ty "2 My : [v]. By induction hypothesis,
there exist Ty and nj such that Ty C T, ng > n} and T F"2 M} : [v)].
Therefore, [y N T F™1+m2 My M : [kv] with T =Ty NIy € Ty NTY and
n=ny +ng >ny +nh.

O

Lemma 30 (Anti-substitution lemma).
IfTF,, M{x:= N}: A, then there exist ', A and U such that:
e I'x=IT"NA.
oI ax: Uk, ,M:Aand A+, N :U.
e For ally ¢ Dom(A), T'(y) =T"(y).

Proof. First by induction on M, then by induction on A.

o If A is of the form A; N Ay: Then, there exist I'y and T'y such that ' =
Ny, Iy by M{z:= N}: Ay and Ty b  M{x:= N} : As. By induction
hypothesis on (M, A;) and (M, As), there exist I}, T, Ay, Ay, Uy and Us
such that:

- Fl %F/lﬁAl anng %F§0A2
—T,x:Up b M 2 Ay, Thyx: U Hyg M 2 Ag, Ay Ho g N @ Uy and
AQ I_ns N : UQ.

— For all y ¢ Dom(A1), T'1(y) =T (y).
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— For all y ¢ Dom(Asz), T'y(y) = T'h(y).

Therefore, with TV =T7 NT%, A =A; N Ay and U = Uy N Us:

—I'=T1NTe~ T NA)NTENA) = (T NTH) N (AL NA,).

— We have T/ NTL,2: U NUz . M : AjNAs and, by Lemma 28.1,
A1 N Ay I—nsNiUlﬂUQ.

— Assume y ¢ Dom(A; NAy). Then, y ¢ Dom(A;) and y
Therefore, I'(y) = (I't N T2)(y) = T'i(y) NTa(y) = Ty
(T NT3)(y).

If M =z and A is of the form F: Then, M{x := N} = N. Therefore, with
I'=(),A=Tand U =F:

-I'=(nT.

— Wehaver: Fk z:Fand ' N :F.

— Assume y ¢ Dom(T"). Therefore, I'(y) = w = ()(y).

If M is of the form y with y # x and A if of the form F: We have M{z :=
N} =y = M. Hence, I' = (y : F). Therefore, with IV = (y : F), A = () and
U=uw:

—F)=(y:F)n ().

— Wehave y: F,x:wt,, M : F and, by the rule (w), F, N :w.

— Assume z ¢ Dom(()). Therefore, I'(z) = (y : F)(2).

If M is of the form Ay.M; with y # x and y ¢ fv(N), and A is of the form
B — F. We have (A\y.Mj){xz := N} = Ay.Mi{xz := N}. Therefore, there
exists V such that I,y : V b Mi{z:== N}: Fand V =B or V = w and
output(B). By induction hypothesis, there exist IV, A and U such that:

- Tyy:V)=T'NA.

— Wehave IV, 2z : Ut My : Fand Ak N :U.

— For all z ¢ Dom(A), (T,y: V)(z) =T'(z).

There exist a unique I' and a unique V' such that (I';y : V') = I". By
Lemma 28.5, Dom(A) C {v(N). Therefore, y ¢ Dom(A). Hence, (I',y :
VHYNA=(T"NA,y: V). Therefore, (T,y: V)=T"NA=T"NAy: V).
Hence, ' = T N A and V = V’. By the fact that y ¢ Dom(A), we have
V=0y:V)y =T(y) =", y:V')(y) = V'. Therefore:

— We have T = T N A.

— We have I,y : V,z:U o My : F and A ko N : U. Therefore,
IMax:Uk, Ay.M;: B— F.

— Assume z ¢ Dom(A). Then, I'(z) = I"(2) N A(z) =T"(2) Nw =T"(z).
If z € Dom(T"): Then, z € Dom(I") and I'(z) = T,y : V)(2) =I'(2) =
(I y: V)(2) = T"(2).

If z ¢ Dom(T"): Then, z ¢ Dom(I'"”) and I'(z) =T"(z2) = w.
If M is of the form Ay.M; with y # x and y ¢ fv(N), and A is of the form
[A]. We have (Ay.M71){z := N} = MAy.M1{x := N}. Therefore, there exist
Vand Fsuchthat T,y : V F Mi{z := N} : [v] and input(V). By induction
hypothesis, there exist IV, A and U such that:

- Ty:V)=T'NA.

— Wehave I,z : Ut  M;:[v]and A+ N :U.

— For all z ¢ Dom(A), (T,y: V)(z) =T'(z).

There exist a unique I' and a unique V' such that (I',y : V') = I". By
Lemma 28.5, Dom(A) C fv(N). Therefore, y ¢ Dom(A). Hence, (I',y :
VHIiNA=(T"NA,y:V’). Therefore, (I,y: V)= I"'NA=T"NAy: V).

¢ Dom(As).
)N Tay) =
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Hence, I' ® T N A and V = V’. By the fact that y ¢ Dom(A), we have
V=>0y:V)(y) =T"(y) =", y:V')(y) = V'. Therefore:

— We have I' = I N A.

— We have Ty : V,z: U bk, My : [v] and A F o N : U. Therefore,
I x: Uk Ay My [Av].

— Assume z ¢ Dom(A). Then, I'(z) = T"(2) N A(z) =T"(2) Nw =T"(2).
If z € Dom(T"): Then, z € Dom(I"”) and I'(z) = (T,y : V)(2) =T"(2) =
T y:V)(z)=T"(2).

If z ¢ Dom(T"): Then, z ¢ Dom(I'”) and I'(z) =T"(2) = w.
e If M is of the form M;Ms and A is of the form F: We have (Mj;Ms){x :=
N} = Mi{z := N}My{z:= N}. We are in one of the following cases:

— There exist I'1, I'y and B such that ' =T, NTy, T'y F, Mi{z:= N}:
B — F and T'y b, Mo{x:= N} : B. By induction hypothesis, there
exist T, T'h, Ay, Ay, Uy and Us such that:

x* [y~ TiNAy and Ty = T, N As.

* We have I,z : Uy by My : B— F, Th,2:Us by My : B, Ay
N : U1 and AQ }_ns N : UQ.

* For all y ¢ Dom(Ay), T'1(y) = T (y).

* For all y ¢ Dom(As), T'2(y) = T'5(y).

Therefore, with I' =TY NTL, A= A1 NAy and U = Uy NUs:

* We have I NI, : Uy NUz b, MiM;y : F and, by Lemma 28.1,
AlﬁAg |_ns N:UlﬁUQ.

* Assume y ¢ Dom(A; N Ag). Then, y ¢ Dom(A;) and y ¢ Dom(A»).
Therefore, I'(y) = (I't NT2)(y) = T1(y) NT2(y) = Ti(y) NTh(y) =
T NT3)(y).

— There exist 'y, 'y, k and v such that T' =Ty NTq, F = [kv], T'; k4
Mq{z := N} :[k] and I'; -, Ma{z := N} : [v]. By induction hypothe-
sis, there exist T}, TS, Ay, Ag, Uy and Us such that:

* Fl ’R‘J].—‘/lﬂAl and FQ%FQQAQ

x We have I'j,z : Uy b, My : [k], Ty, 2 : Uy by My i [v], Ay b N :
U1 and AQ l_ns N : UQ.

x For all y ¢ Dom(A4), Ty (y) =T (y).

* For all y ¢ Dom(Ay), Ta(y) = T4 (y).

Therefore, with IV =T, NT,, A =A; NAy and U = U; NUs:

* We have ') NT%, 2 : Uy NUs by M1 My : [kv] and, by Lemma 28.1,
A1 N As l_ns N :U;NUs.

* Assume y ¢ Dom(A; N Ay). Then, y ¢ Dom(A;) and y ¢ Dom(As,).
Therefore, T'(y) = (T1 NT2)(y) = T1(y) NT2(y) = Ti(y) NTh(y) =
(T, (T ().

ns

O
Lemma 31 (Typing accumulators).
IfT'E M : F, input(T') and acc(M), then F is of the form [k].
Proof. By induction on acc(M).
e For with M = z: Then, I' = (x : F). Hence, input(F). Therefore,

acc(x)
F = [V] which is of the form [k].
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acc(M)
e For —————— with M = M;Ms: Then, we are in one of the following cases:
acc(M; M)

— There exist I'y, I'y and A such that ' = T'y NIy, I F My : A— F
and I's F My : A. By Lemma 27.10, we have input(I';). By induction
hypothesis, A — F' is of the form [k]. Contradiction.

— There exist I'1, 'y, k and v such that ' = T'1NTy, F = [kv], 'y = My : [k]

and T's F My : [v]. Then, we can conclude.
O

Lemma 32 (Typing normal forms).
If M cannot be reduced by — 5, then there exist I' and v such that T+, M : [v].

opt .

Proof. By induction on M.
By Lemma 22, either M is of the form Az.M; or we have acc(M). Hence, we
are in one of the following cases:

e M is of the form Az.M;: By induction hypothesis, there exist I and v such that
[ oot My 2 [v]. Therefore, I' = M : [v] and input(I"). There exist a unique
I'; and a unique U such that I' = (I'y, 2 : U). Hence, input(I'y) and input(U).
Then, I'y - Az. My : [M] with input(T'y). Therefore, I'y ¢ M : [Av].

e M is a variable z: Then, x: [V] F_ . M : [V].

opt .

e M is of the form M; My with acc(My): Then, M; and Ms cannot be reduced

by —4. By induction hypothesis, there exist I'1, Iz, v1 and vy such that

[y Fope Myt [1] and Ty o, My @ [v]. Therefore, Ty =, My : [v1],

Ty b My : [vg], input(T';) and input(I'y). By Lemma 31, vy if of the form ;.

By Lemma 27.11, we have input(I'y NT'3). Hence, I'y N T b, M1 My : [kyvs]
with input(T'y N T'2). Therefore, 'y N Ty ko, M : [k1va].

O

Theorem 16 (Subject Expansion).
IfT" &, M' 2 F and M =y, M', then there exists T' such that T' C T' and
'+, M:F.

opt .

Proof. We prove by induction on M =, M’ and M ~», M’ that if I - M : F
and input(I"”), and if we are in one of the following cases:

e We have M ~-;, M’

e We have M = M’ and output(F).
Then, there exists I" such that ' C TV, input(T"), and T' -, M : F.
x € fV(Ml)
e For with M’ = My{z := Ms}: By Lemma 30,
(>\$M1)M2 M h Ml{JC = MQ}

there exist 'y, I'y and U such that IV ~ Ty N Ty, Ty,2:U F,, My : F
and I'y F,, My : U. By Lemma 28.4, U is of the form A. Therefore,
Fl l_ns )\ZCMl :A— F. Hence, Fl n FQ l_ns ()\.’I,‘Ml)MQ . F' with Fl QFQ g I’
and, by Lemma 27.10, input(I'; N Ts) (because IV C T’y NT).

xT ¢ fV(Ml) M2 =h Mé

or
()\.I‘Ml)MQ ~“h ()\J?Ml)MQI
of the following cases:

with M’ = (Az.M;)MJ: Then, we are in one
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— There exist I'y, T, and A such that IV = T'y N T%, Ty F, Az My
A — F and T ., M} : A. Therefore, by the fact that there are no
subsumptions, there exists U such that I'1,z : U =, M, : F' and we have
either U = A or U = w and output(A). If U = A then, by Lemma 28.4,
x € fv(My): contradiction. Hence, U = w and output(A). Therefore, A
is of the form G. By Lemma 27.10, we have input(T';) and input(I'}). By
induction hypothesis, there exists I'y such that input(T's), I's C Ty and
Iy kg My : G. By Lemma 27.11, input(I'y N T'y). Therefore, I'y N T2 F, o
(Ax.M1)My : F with Ty NTy C Ty NT, =T and input(T'y NTy).

— There exist 'y, T's, k and v such that IV =T N Ty, Ty b, Ax. My : [K]
and Ty b M/ : [v]. An abstraction Axz.M; cannot have [k] as a type (it
is either an arrow A — G or of the form [Av1]). Contradiction.

x ¢ fv(My) My cannot be reduced by —4
T

()\.Z‘Ml)MQ ~h M1
x ¢ Dom(I"). Hence, I" = (I, : w). By Lemma 32, there exist I'y and G
such that I'y -, Ms : G. Hence, input(I'z), output(G) and I'y kg Ms : G.
Therefore, IV F , Az.M; : G — F. By Lemma 27.11, we have input(T' N T'y).
Therefore, IV N Ty (Ax.M1)Ms : F with IV N Ty C TV and input(I¥ N Ty).
M1 ~h M{
e For with M’ = M{Ms, we are in one of the following cases:
My My ~+p, My Ma

— There exist I}, I'; and A such that I =T} NTy, T}k,  M{ : A= F
and I'y ko My : A: Then, by Lemma 27.10, input(I'}) and input(T'z).
By induction hypothesis, there exists I'; such that T'y C I'}, input(T';)
and I'y F,, M7 : A — F. By Lemma 27.11, input(I'y N T'2). Therefore,
Fl N FQ l_ns M]_MQ : F' with Fl N FQ g F/l N FQ =1 and input(Fl N FQ)

— There exist I'}, I'y, k and v such that IV =Ty NTy, F = [kv], T b, M7 :
[k] and T’y b M3 : [v]: Then, by Lemma 27.10, input(I'}) and input(T'y).
By induction hypothesis, there exists I'; such that I'; C I}, input(T'y)
and I'y F,, M; : [k]. By Lemma 27.11, input(I'y NT'3). Therefore,
Fl N Fg '_ns MlMQ : U{Z’U} with Fl ﬂFQ Q F’lﬂfg = FI and input(Fl n Fg)

acc(My) My =y M}
e For with M’ = M; M), we are in one of the two fol-
My My ~p, My M;
lowing cases:

— There exist I'y, I'; and A such that IV =Ty NTy, Iy My : A= F
and Iy F o M) : A. By Lemma 27.10, input(I';). By Lemma 31, A — F
is of the form [k]. Contradiction.

— There exist I'1, I'y, k and v such that IV = T'; NTY, F = [kv], T'1 Fq
M : [k] and T b, M} : [v]. By Lemma 27.10, input(I'y) and input(T%).
By induction hypothesis, there exists I'y such that T'y C T, input(T'2)
and 'y F . My : [v]. By Lemma 27.11, input(I'y NT'3). Therefore,
Fl n Fg Fns M1M2 : [k’l}} with Fl ﬂI‘g Q Fl OF/Q = F, and input(Fl n F/2)

with M’ = M;: By Lemma 28.4,

e Fo

M ~sp M’
o For ——: Trivial.
M =, M
My =5, My
e For with M’ = Az. M/ and output(F): We have output(F),

Az. My =5, \x.M]
so F' is not an arrow A — G. Therefore, there exist U’ and v such that
F = M}, input(U’) and I,z : U’ F . M7 : [v]. Hence, input(I”,z:U’). By
induction hypothesis, there exists I'; such that T'y C (IV,z : U’), input(T'y)
and I'y F,, M; : [v]. There exist an unique I' and a unique U such that
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Iy = T,z : U). Therefore, T C TV, U C U’, input(I') and input(U). Hence,
'k Az. My : [Av] with input(T).
O

Lemma 33 (Refined Substitution Lemma).
IfT,z:UFM, M : A and AT N : U, then there exists T such that:
e I"~T'NA.
o IV R1Em Mg = N} : A
e For ally ¢ Dom(A), T'(y) =T"(y).

Proof. By induction on I'yz : U =, M : A.

e For 0 ..o withl'=(),n=0,U=F, M =xand A= F: We have
x:Fk oz F
M{z := N} = N. Therefore, with I" = A:
- A=(nNA.
— AFT M{z:= N}:Fand n+m=m.
— Assume y ¢ Dom(A). Then, A(y) =w = ()(y).

OForm withe #y, T'=(y: F),n=0,U =w, M =y and
A =F: We have M{z := N} =y = M. By hypothesis, A - N : w. Hence,
m =0 and A = (). Therefore, with IV =T = (y : F):

- (y:F)=T=TnJ().
—y: FFY. M{z:= N}:Fand n+m=0.
— Assume z ¢ Dom(()). Then, (y: F)(z) =I'(z).
F1,$ZU1 }_ZSIMAl FQ,I’:UQ'_;L:M:AQ
e For with' =T1NTy, n=n1+
I'iNle,z:U; NU, |—ﬁ§+n2 M: AN A,
ne, U = Uy NUy and A = Ay N Ay. By hypothesis, A F% N : Uy NUs.
By Lemma 28.1, there exist Ay, Ay, my and mo such that A = A; N Ao,
m=my +mg, Ay F% N : Uy and Ay F2 N : Us. By induction hypothesis,
there exist I} and T', such that:
— T ~T1NAand Th = To N As.
— Iy Frtm Ml = N} Ay and T) F2t™2 M{z = N} : As.
— For all y ¢ Dom(A1), T'1(y) = T (y).
— For all y ¢ Dom(As), T'y(y) = Ty (y).
Therefore, with TV =T NT%:

- I"lﬁF’ ~ (FlﬂAl)O(FgﬁAg) ~ (Fl ﬂFg)ﬂ(AlﬂAg) =T NA.

— We have Iy NTY Fratmatnatmz Nplg.— N} : AyN Ay and n+m =
ny + miq + n9 + mo.

— Assume y ¢ Dom(A) = Dom(A; NAg). Then, y ¢ Dom(A;) and y
Dom(Az). Therefore, I'(y) = (T'1 NT2)(y) = T'i(y) NTa(y) = T (y)
Ly(y) = (ML NIY)(y).

Fz:Uy: V.M :F
rF,x:U}—ZS)\y.MlzB%F

B — F and V = B or V = w and output(B). We have (A\y.My){z := N} =

Ay.Mi{z := N}. By induction hypothesis, there exist IV such that:

-~ (T,y:V)NA.
— IVrEm My {x:= N}:F.
— For all z ¢ Dom(A), (T,y: V)(z) =T'(z).

¢
N

with M = Ay.My, y ¢ fv(N), y # z, A =

e Fo
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By Lemma 28.5, Dom(A) C fv(N). Therefore, y ¢ Dom(A) and (I',y :
V)NA=TNA,y:V). There exist a unique IV and a unique V' such that
I = (I"y: V). Hence, I,y : V) = I,y : V)NA = (TNA,y: V).
Therefore, TV ~ TN A and V' = V. We have y ¢ Dom(A), so V = (T, y :
M (y) =T"(y) = (I'",y : V')(y) = V'. Therefore:
-I"=TnNnA.
— Wehave 'y : V b™ M {x := N} : F. Therefore, I F'F™ A\y.M{x := N}:
B — F.
— Assume z ¢ Dom(A). Then, I'(2) = (TN A)(z) = T'(2) N A(z) =
I'(z) Nw =T(2).
If z € Dom(T"): Then, z € Dom(I"’) and T'(y) = (T,y : V)(2) =T'(2) =
(I, V)(2) = T"(2).
If z ¢ Dom(T"): Then, z ¢ Dom(I'"”) and I'(z) =T"(z2) = w.
Fya:Uyy:VER M :[v] input(V)
For with M = A\y.M;, y ¢ fv(N), y #x
T,z :UFpg Ay My 2 [\
and A = [M]. We have (A\y.M;){z := N} = \y.Mi{z := N}. By induction
hypothesis, there exist I such that:
I~y V)NA.
— VEm M {x = N} [vl.
— For all z ¢ Dom(A), (T,y : V)(z) =T"(z).
By Lemma 28.5, Dom(A) C fv(N). Therefore, y ¢ Dom(A) and (T,y :
V)NA=(TNA,y:V). There exist a unique I and a unique V' such that
I =T,y : V). Hence, I,y : V') = T,y : V)NA = (TNA,y: V).
Therefore, TV ~ TN A and V/ = V. We have y ¢ Dom(A), so V = (T, y :
Vi(y) =T"(y) = I,y : V')(y) = V'. Therefore:
-I"~=TnA.
— Wehave Iy : V E2F™ My{z := N} : [v]. Therefore, I FF™ Ay Mi{z := N}:
[Av].
— Assume z ¢ Dom(A). Then, I''(z) = (T N A)(z) = I'(2) N A(z) =
I'(z)Nw =T(z).
If z € Dom(T"): Then, z € Dom(I"”) and I'(y) = T,y : V)(2) = V(z) =
(I, y: V)(2) = T"(2).
If z ¢ Dom(T"): Then, z ¢ Dom(I"”) and T'(z) =T"(z2) = w.
Fl,(EZUl}_;LSlMlZB—)F FQ,.’I?ZUQ"Z:MQZB
For withT'=T1NTy, n=
Fl ﬁFQ,I : U1 N U2 ngl+n2+1 M1M2 - F
ny+ny+1, U=UNUy, M = MMy and A = F. We have (M1 Ms){z :=
N} = Myj{x := N}Ms{xz := N}. By hypothesis, A ' N : U NUs.
By Lemma 28.1, there exist Ay, Ay, my and mo such that A = Ay N Ay,
m=my +mg, Ay F2 N : Uy and Ay F22 N : U, By induction hypothesis,
there exist I} and T, such that:
- Fll k:l“lﬂAl and F/Q %FQOAQ.
— D)t Ny B — Foand T FP2 72 M, @ B.
— For all y ¢ Dom(A1), T'1(y) =T (y).
— For all y ¢ Dom(Asz), T'y(y) = Ty (y).
Therefore, with TV =T} N T%:
- I"lﬁF’ ~ (FlﬂAl)O(FgﬁAg) ~ (Fl ﬂFg)ﬂ(AlmAQ) =T NA.
— We have I') N T Fratmitnetmatl Af L= N}Mo{z:= N} : F and
n+m=mni;+mq+ng+ms+ 1.
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— Assume y ¢ Dom(A) = Dom(A; N Ag). Then, y ¢ Dom(A;) a
Dom(As). Therefore, I'(y) = ('t NT2)(y) = Ti(y) NTa(y) =
[3(y) = T NTY)(Y).

Fl,CC : U1 ngl M1 : [k] FQ,II? : U2 F;LSQ M2 : [’U]

e For —  with I =Ty Nl n =
I'nlg,z: U NU, |—281+n2 MiMs : [k"l}]

ny +ng, U =U NUz, M = My My and A = [kv]. We have (M;M){z :=
N} = My{x := N}Ms{xz := N}. By hypothesis, A -2 N : Uy NUs.
By Lemma 28.1, there exist Ay, Ag, mq and msy such that A Ay N A,
m=mi + ms, A1 Friv N2 Up and Ag F172 N : Us. By induction hypothesis,
there exist I} and T, such that:

— Fll ~T'1NA; and FIQ ~TyNAs.

— Tf Fratma A (k] and T FR2t™2 My - (o).

— For all y ¢ Dom(Ay), T'y(y) = Ty (y).

— For all y ¢ Dom(Az), T2(y) = I'y(y).
Therefore, with TV =T} NT%:

- TNy = (T1NA)NT2NA) = (T NT2)N (AT NAY) =TNA.

— We have Ty NTY Fratmitnetme Apfy = N}My{z:= N} : [kv] and

n—+m=mnji+mip+ ng + mo.

dy ¢
()ﬂ

— Assume y ¢ Dom(A) = Dom(A; NAy). Then, y ¢ Dom(A;) and y ¢
Dom(Az). Therefore, I'(y) = (T'1 NT2)(y) = T'1(y) NTa(y) = ( )N
I (y) = T NI5)(y). -

Lemma 34 (Measure of normal forms).
IfU'F* M : F, M cannot be reduced by — g, input(l') and output(F), then
n = 0.

Proof. By induction on M: By Lemma 22, M is of the form Azx.M; or acc(M).
Therefore, we are in one of the following cases:

e M is of the form Ax.M;: We have output(F), so F is not an arrow A — G.
Therefore, there exist U and G such that input(U), output(G) and T,z : U -
M; : G. Hence, input(T', z : U). By induction hypothesis, n = 0.

e M is a variable x: Then, n = 0.

e M is of the form M; M, with acc(M;): Then, we are in one of the following
cases:

— There exist I'y, I's and A such that ' = T'' NIy, 't - My : A—> F
and T's - My : A. By Lemma 27.10, we have input(T’;). By Lemma 31,

A — F is of the form [k]. Contradiction.
— There exist 'y, I's, ny, ng, k and v such that I' =Ty N Ty, n = ny + no,
= [kv], Ty F™ My : [k] and 'y "2 M5 : [v]. By Lemma 27.10,
input(T’y) and input(T'e). By induction hypothesis, n; = 0 and ns = 0.

Therefore n = 0.

O

Theorem 18 (Refined Subject Reduction).
IfU -y, M 2 F and M =y, M', then there ewists T such that T C T' and

st M F
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Proof. We prove by induction on M =, M’ and M ~», M’ that if T' FI,
input(T’), and if we are in one the following cases:

e We have M =, M’ and output(F).

e We have M ~~;, M'.
Then, there exists I such that T' C T, IV F21 M’ : F and then, by Lemma 27.10,
we have input(I").

M : F,

x € tv(My)
e For with M = (Ax.M;)Ms, we are in one of
()\LL‘Ml)MQ ~h Ml{LL' = Mg}
the following cases:

— There exist I'1, I's, n1, no and A such that ' =Ty NIy, n = nq +no+1,
Iy Fpd Az My : A— Fand I'g F)2 My : A: By the fact that there are no
subsumptions, there exists U such that I'y,z : U Fl2 My : Fand U = A
or U = w and output(A). By Lemma 28.4, if U = w, then z ¢ fv(M;):
contradiction. Therefore, A = U. By Lemma 33, there exist I such that
I"~T1NTyand IV F22F72 My{z:= My} : F with I CI".

— There exist I'y, T'y, k and v such that I' = I'y N Ty, F = [kv], T'1 Fq
Az. My : [k] and Ty F,, Mo : [v]. An abstraction Az.M; cannot have [k] as
a type (it is either an arrow A — G or of the form [Av]). Contradiction.

x ¢ fV(Ml) My =, Mé

T
? (Al‘Ml)Mg ~h ()\.I‘Ml)Mé
following cases:

— There exist I'1, I's, n1, no and A such that ' =T'1 NIy, n = ny +ng + 1,
Ty F2E Ax My 0 A — Fand Iy F2 My @ A: By the fact that there are no
subsumptions, there exists U such that I'j,z : U FJl My : Fand U = A
or U = w and output(A). By Lemma 28.4, if U = A, then = € fv(M;):
contradiction. Therefore, U = w and output(A). Hence, A is of the form
G. By Lemma 27.10, input(I'y) and input(T'y). By induction hypothesis,
there exists I'y such that I's C T and I'y F7271 M} : G. Therefore,
[y ML Emtre (\g My)MY : F with T =T, NIy CTyNTY.

— There exist 'y, T's, k and v such that T = T'; NTo, F = [kv], T'1 F
Ax. My : [k] and T'g b, Mo : [v]. An abstraction Az.M; cannot have [k] as
a type (it is either an arrow A — G or of the form [Av1]). Contradiction.
x ¢ fv(My) My cannot be reduced by —5

e For with M = (A\x.M;1)Ms, we
(Ale)MQ ~h M1
are in one of the following cases:

— There exist I'1, I's, n1, no and A such that ' =T'1 NIy, n = ny +ng + 1,
Iy Fpd Ax. My A— Fand I'g F22 My : A: By the fact that there are no
subsumptions, there exists U such that 'y, : UF" My : Fand U = A
or U = w and output(A). By Lemma 284, if U = A, then z € fv(M;):
contradiction. Therefore, U = w and output(A). Hence, A is of the form
G and 'y = (T'y,z : U). By Lemma 27.10, input(T’y) and input(T's). By
Lemma 34, no = 0. Therefore, I'y Fﬁ;*m My :Fwithl'=T1NI'y CTI}y.

— There exist 'y, 'y, k and v such that T =Ty N Ty, F = [kv], T'1 F
Ax. M : [k] and Ty b, Mo : [v]. An abstraction Az.M; cannot have [k] as
a type (it is either an arrow A — G or of the form [Avq]). Contradiction.

M1 ad M{

e For with M = My Ms, we are in one of the following cases:
M1M2 ~h M{Mg

— There exist I'1, I's, n1, no and A such that ' =Ty NIy, n =nq +no+1,
Ty FY My i A— Fand Te F'2 My : A: By Lemma 27.10, input(T'y) and
input(T'2). By induction hypothesis, there exist I'j such that I’y C T

with M = (Az.M7)Ms, we are in one of the
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and Ty F™ =Y M] : A — F. Therefore, Iy N Ty F71+"2 MM, @ F with
=Nl CTNTs.

— There exist I'y, I's, n1, no, k and v such that ' =T1 N Ty, n = ny + no,
F = [kv], Ty F2 My : [k] and Ty F72 M, : [v]: By Lemma 27.10,
input(T';) and input(I'y). By induction hypothesis, there exists I'j such
that Iy C Iy and Ty FP2=1 M] : [k]. Therefore, Ty N Ty F71tn2—1
M{Mg : [k’U] with I' = Fl N FQ Q Fll OFQ.

acc(My) My =), M}
e For , we are in one of the following cases:
M7 My ~>p, M1M2/

— There exist I'1, 'y and A such that I' =T, NIy, I'y H . My : A= F
and Ty ko My : A. By Lemma 27.10, input(I';) and input(T's). By
Lemma 31, A — F is of the form [k]. Contradiction.

— There exist I'y, I's, n1, no, k and v such that ' =T'1 NIy, n = ny + no,
F = [kv], Ty F2 My @ [k] and Ty F72 M, : [v]. By Lemma 27.10,
input(I'y) and input(T'y). By induction hypothesis, there exists I'y such
that Ty C Ty and T% F"2=1 M} : [v]. Therefore, I'y NTY Fritn2—1
MlMé : []CU] with I' = Fl N FQ g Fl OF’2

Mo~y MY
e For ———: Trivial.
M =, M’
M1 =h M{ .
e For with M = Az.M; and output(F): By the fact that we

Ax. My =, )\JZM{
have output(F'), F is not an arrow A — G. Therefore, there exist U and v such
that input(U), F = [Av] and T,z : U F7, M : [v]. Hence, input(T',z : U). By
induction hypothesis, there exists I'; such that (I',z : U) C T’y and 'y F71
M : [v]. There exist an unique I and a unique U’ such that I'; = (I, z : U’).
Therefore, I' C IV and U C U’. By Lemma 26.5, we have input(U’). Hence,

I = Ao M ).
O

Lemma 37 (=, can be used on a non-normal form).
If M can be reduced by —, then there exists M’ such that M =, M'.

Proof. By induction on M, we prove that if M can be reduced by —, then:

o If M is of the form Az.M;, B, fix(My) or cM; ... M, with m arity of ¢ and
n < m: then there exists M’ such that M =, M’.

e In all other cases, there exists M’ such that M ~», M’. Therefore, by Theo-
rem 24.1, we have M =, M’.
Assume M can be reduced by —,.
Therefore we are in one of the following cases:

e M is a variable z or M is a constant c¢. Therefore, M cannot be reduced by
—,. Contradiction.

o M is of the form Az.M;. Therefore, M; can be reduced by —,. Hence,
by induction hypothesis, there exists Mj such that M; =, Mj. Therefore,
M =, \x.Mj.

e M is of the form (¢121.My, ..., cp@;,.M,). Therefore, there exist ¢ such that
M; can be reduced by —,. Hence, by induction hypothesis, there exists M
such that M; =, M/. Therefore, M =, (c121.Ma, ..., c;@;.M], ... cndy.My).

e M is of the form fix(M;). Therefore, M; can be reduced by —,. Hence,
by induction hypothesis, there exists M; such that M; =, Mj. Therefore,
M =, fix(M7).
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e M is of the form (Az.M;)Mos.
— If z € fv(My), then M~ Mi{x:= Ms}.
— If x ¢ tv(M;) and M> can be reduced by —: By induction hypothesis,
there exists M} such that My =, M. Therefore M ~-, (Ax.M;)MS3.
— If x ¢ fv(M;) and My cannot be reduced by —, then M ~», M.

e M is of the form M;Ms and M € CF.
— If « = s, then M ~~4 M.
— If & = u: Then either M; or Ms can be reduced by —,,.

If M; can be reduced by —,,, then by induction hypothesis, there exists
M such that My =, Mj. Therefore M ~-, M{Ms,.

By a similar argument, if M can be reduced by —, then there exists
M}, such that M ~-,, My M.
e M is of the form (clfl.Ml,...,cnfn.Mn)(Ciﬁ) with N = Ni...N,,, ©; =
Y1 ... Ym and m arity of c.

— If there exists j such that ¢ # j and M; can be reduced by —,: Therefore,
by induction hypothesis, there exists M such that M; =, M}. Hence
M ~>qo (er1. My, ..., cjf;.Mj’-, R cnx}.Mn)(ciN).

— If there exists j such that y; ¢ fv(M;) and N; can be reduced by —,:
Therefore, by induction hypothesis, there exists IV J’ such that N; =, NV ]’
Hence M ~~q (c121. My, ..., cpn@pn.My)(cNy ... N]’- ... Np).

— If for all j # ¢, M cannot be reduced by —, and for all j, if y; ¢ fv(M;)
then N; cannot be reduced by —,: Then M ~~, M;{Z; := N}.

M is of the form BM; and M; is not of the form Ax.Ms, B, fix(Ms) or
¢Ny ... N, with m arity of ¢ and n < m:

— If M; can be reduced by —: By induction hypothesis, there exists M
such that M ~, M/. Therefore, BM; ~~, BM].

— If M; cannot be reduced by —,: By Lemma 36, we have accu,(Mi).
We can also deduce that ‘B can be reduced by —+,. Hence, by induction
hypothesis, there exists B’ such that B =, B’. Therefore M ~-,, B’ M;.

M is of the form fix(M;)Msy: Therefore M ~~, M;Myfix(Mj).

M is of the form cM; ... M, with m arity of ¢ and n < m: Therefore, there
exists ¢ such that M; can be reduced by —,. Hence, there exists M/ such
that M; =, M. Therefore, M =, cMy...M! ... M,.

M is of the form M;M; and M; is not of the form Ax.Ms, B, fix(M;),
¢Ny ... N, with m arity of ¢ and n < m:

— If M; can be reduced by —,: By induction hypothesis, there exists M
such that My ~», Mj. Therefore, M ~~, M{Ms.

— If M; cannot be reduced by —,: By Lemma 36, we have accu,, (M;). We
can also deduce that M; can be reduced by —,. By induction hypothesis,
there exists M) such that My =, M}. Therefore M ~-, M;M}.

O

Lemma 40 (Substitution lemma).
IfTz:UF2 M : A and AFD N : U, then there exists I such that IV =~ TNA
and T =7 M{x = N}: A.

Proof. By induction on I';x : U F) M : A.
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'Forx:Fl—gx:F with M =2, A=F and I' = (): We have M{z:= N} =

N. By hypothesis, A F* N : U. We also have TN'A = ()N A = A and
n+m=04+m=m.

'Fory:Fl—gx:F with M =y, ' = (y: F), U = w and y # 2: We have

y{x := N} = y. By the fact that U = w, we have m = 0 and A = (). We
alsohave TNA=TN()=T=(z:F)andn+m=0+0=0=n.
Nz:Uy:VF. M :F BCV
e For with M = Az.M,, A = B — F and
To:UF A\y.M,: B = F
y ¢ tv(N): We have (Ay.M1){z := N} = y.Mi{z:= N} and T,z :U,y:
V)= (T,y:V,z:U). By induction hypothesis, there exists I such that I ~
(T,y:V)NA and IV F2t™ Mi{z := N} : F. By Lemma 39.4, y ¢ Dom(A).
Hence, A = (A,y : w). There exists I and V' such that IV = (I, y : V').
Hence, I,y : V) = I'NA,y: V' Nw). Therefore, I *x TNA and V = V.
Hence, BC V' and I -2t \y.My{z:= N}: B — F.
MN,z: Uy F* My F Ta,xz:UsF2 My: B FQ,B:G
e For with M = MM,
[y NTy,z: Uy NUy T2t AL M, - G
'=I1Nly,n =n+n+1, G = Aand U = Uy NUs: We have
(MiM3){x := N} = Mi{z := N}My{x:= N}. By Lemma 39.1, there exist
A1, Ag, my and mg such that A = Aj N Az, m =mq +ma, Ay F N Uy
and Ay F'2 N : Us.
By induction hypothesis, there exist I} and Ty such that T} ~ 'y N Ay,
Loa TonAg, T Ft™m A{z:= N} : F, Th) Fut™ pMoly:= N} -

B. Therefore, Ty N T Fritmitnetnetl ppfy .= NIMy{z:= N} : G with
Ny~ (TiNA)NT2NA) = (T1NT)N(ALTNA)=TNA, ny+my +
ng+mo+1l=ni+ny+mi+me+1l=n+m-+1.

e We use similar proofs for the other rules.

Theorem 27 (Subject reduction).
IfTF2 M : A and M —, M’, then there exists TV and n' such that T' C TV,
n>n' and V2 M : A

Proof. First by induction on M —_ M’ then by induction on A.

e If A is of the form A; N Ay: By Lemma 39.1, there exist I'1, I's, ny and no
such that ' =Ty NIy, n = ny +ng, 't F2 M : Ay and 'y F22 M @ As.
By induction hypothesis on (M —, M’ , A;) and (M —, M’, As), there
exist Ty, T, nf and n} such that T'; C T, T's C T, nf < nyg, nh < na,
T/ 0 M2 Ay and T F12 M’ : Ay. Therefore, I N T Fo ™™ M : Ay N Ay
with Ty NTy C Ty NTY% and nf + nb < ny + no.

e For (\e.M1)Ms —, M{z = N} with A is of the form F: There exist I'y,

Iy, ny, n2, Gand Bsuch that ' =11 Ny, n=n1 +no+ 1, I'1 F3* M; : G,
[y F22 My : B and GQ,B : F. Hence, there exist Ay, Fy and U such that
G=A —F,A CU,and I'1,z: U F2* M, : Fy. Therefore, Ay = B and
F) = F. By Lemma 39.3, there exist I'; and m such that T's C T',, m < ng
and T, F™ M5 : U. By Lemma 40, there exists A such that A ~ T'; N T
and A Rt My {x = My} : F with Ty NTo C A and ny +m < nj +ng <
n1 + n9 + 1
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e For fix (My)Ms —,, M Mofix(Mo) with A is of the form F: There exist I'q,

s, n1, ng, G and B such that I'=T7 NTs, n =ng +ng, I'1 F2 fix(M,) : G,
Iy 22 My : B and GQ,B : F. Therefore, G # 6. Hence, there exist I's,
Ty, n3, ng, F1, Ay, Az, F5 and F3 such that I'y = I's N Ty, ny = ng + ng,
F3 "Zs M1 : Fl, Fl@aAl : FQ, F4 "Z4 ﬁX(Ml) : AQ, FQ@QAQ : Fg, and
G = Ay — Fj. Therefore, Ay = B and F3 = F. Hence, [3 Ny F23tn2
M1M2 : FQ. Therefore, (FgﬂFg)ﬂF4 F23+n2+n4 MlMQﬁX(Ml) . F with
n3+n2—|—n4=n1+n2=nand (1—‘301—‘2)01—‘4%1—‘101—‘2.

e For (121 My, . .., cngi. M, )(czﬁ) with A is of the form F, 2; = y1 ...y, and
N = Ny ...N,,: we adapt the proof for a simple S-redex.

M e CF
e For ———— with A is of the form F: Then we have o = s and we cannot
M —, M
type such a M if a = s. Contradiction.
M —, M
e For with A is of the form F': Therefore, there exist B,

Ax. My —,, A\x. M,
G and U such that F = B - G, B C U and I'x:U +} M, : G. By
induction hypothesis, there exists IV and n’ such that (I',z : U) C TV, n’ <n
and T’ % M] : G. There exists a unique I'; and a unique U’ such that
IY =T,z : U. Hence I' C I';y and U C U’. Therefore, B C U’ and
I FY A\z.M|: B — G.

Mi —a Mz/
e For with

(c121.My, ... cn.20.M,) —,, (c121.My, ..., c;z;.M], ... cpan.M,

A is of the form F': We adapt the proof in the previous case.

e If A is of the form F', the other propagation rules are straightforward.

Lemma 42 (Typing accumulators).

IfT,ay : Uy, oyxn i U by M 2 F and accug (M, {z1,...,2,}) (we have n =0
orn = 1), then for all G there exists U{, ..., U} such thatT,x1 : U{,...,x, : U},
M:G.

Proof. By induction on accu, (M, {x1,...,2n}).

e For ) Thenn =1,21 =xandI' = (). Wealsohavez : G+, z: G.

accug (z, x
Therefore, I'x : G F, x : G.
accuy (M, E)
e For : Then, there exist 'y, 'y, H and A such that (T, z; :
accu, (M1 My, E)
Uyy..ohxyy 1 Uy) =T1NT, T by, My : H Ty, My : A and HQ,A :

F. There exist T}, T, Vi, ..., Vo, W1, ..., W, such that Ty = (T}, :
Viyooy @y 2 Vi), T = (T, 21 : Wh,...,2y : W,,). Therefore, I' = Ty NTY%,
U, =VinWy, ..., U, =V, NW,. By induction hypothesis, there exist
Vi, ..., V!, such that T,z : V{,...,2p: V) b, My : A— G. Therefore,
(T, N T2y VAW, zaV! AW, b, MyMs : G.
accu, (N, E)
e For ————————: There exist I'1, I'y, Vi, ..., V,, W1, ..., W,,, H and A

accuy (BN, E)
such that I' :FlﬁI‘z, U1 = VlﬁWh ,Un = VnﬂWn,Fl,xl : Vl,‘..,xn : Vn |_o¢
B:H, g,z Wh,...,xn : Wby, N: Aand HQ, A : F. Hencel'y,z1 : Vi, ..,z : Vi
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B : V — G. We can also prove that A is of the form Fj. By induction hy-
pothesis, there exist W7, ..., W), such that Ty, zq : Wi, ... 2, : W), -, N : V.
Therefore, Ty NTo,zy : VINW], ... zp: V, "W BN : G.

CM1 SN MnH—l € CF
e For with m arity of ¢: Then n = 0, @« = w and
accuy, (eMy ... My 41, €)
there exist I';, I's H and A such that ' =Ty NI, I'1 F, ¢My... M, : H,

o, Mpy1: Aand HQ, A : F. We can prove that H is of the form ¢B and
(¢B)QuA : G. Therefore Ty NTo b, cMy ... Mpyy1: G.
BN € CF

r—

accuy, (BN, ¢)
with m arity of ¢ and m’ < m: Then a = u, n = 0 and there exist I'y, T'y, H
and Asuchthat ' =Ty Ny, M F, B :H, T'oF, N: Aand HQ,A: F. We
can prove that A is of the form Fj. Therefore, F} is either of the form B — Fy
or Fy = 0. Hence, I'; -, B : F; — G. Therefore, I'y NTy -, BN : G.

B(cN) € CF

accuy (B(cN), €)
and for all 7, ¢; # ¢: Then a = u, n = 0 and there exist I';, I'y, H and A
such that ' =Ty NIy, I, B : H, s -, cN : A. We can prove that A is
of the form Fj. Therefore, F} is of the form ¢B. Hence, I'y I, B : cB = G.
Therefore, Iy NTy F, B(cN) : G.

e Fo with N is of the form \x.M;, B’, fix(M;) or ¢Ny ... Ny

e For with N = Ny ... Ny, marity of ¢, B = (c127. M1, . .., Ty M)

O

Lemma 43 (Typing normal forms).
If M cannot be reduced by —,, then there exist I' and F' such that I' =, M : F.

Proof. By induction on M.
Assume M cannot be reduced by —,. By Lemma 36, we are in one of the
following cases:

e M is of the form Ax.M;: By induction hypothesis, there exist I' and F' such
that T' -, M; : F. There exist IV and U such that T' = T,z : U. Let
A:= vifU = wand A := U otherwise. Hence, A C U. Therefore
'k, My :A— F.

e M is of the form B with B = (c121.M;, . .., c,25,.M,,). By induction hypoth-
esis, we can type each M;. By a similar argument from the previous point we
can type each A\z;.M;. Therefore, there exist I" such that I' - B : vV — V.

e M is of the form fix(N): By induction hypothesis, there exist I" and F' such
that I' =, N : F'. Therefore I' -, fix(N) : 4.

e M is of the form cM; ... M, with m arity of ¢ and n < m: By induction
hypothesis, there exist I'y, ..., I'y, Fi, ..., F, such that for all ¢, I'; I,
M; : F;. Let Fyq1 := V, ..., F,, := V. Therefore, there exist I such that
F'_a CMl...MnZFn+1 —...=>F, —>cFk...F,.

o We have accuq,(M): We adapt the proof of Lemma 42.

Theorem 29 (Subject expansion).
Assume T,y :Uyy.oyxn : Uy by M2 A and E = {xy,..., 20}

o If M ~>p o M then there exists IV, Uy, ..., U}, such that T =T’ and
M :Uf,...,¢n U, M Al
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o If M =g o M then there exists TV, Uy, ..., U], and B such thatT ~T" and
oo :Uj,...;zn : U F, M : B.

Proof. First by induction on M ~»g o M’ and on M =g, M’, then by induction
on A.

o If A is of the form A; N Ay: Then, there exist I'y, I's, V4, ..., V,, Wh,
..., Wy such that ' = T'h' NIy, Uy = Vi NWq, ..., U, = V, N W,,
Ty, : Voo a2 Vi by M2 Ay and To, ey c W, ooy c Wy By MY 2 As.

— For M ~»g, M': By induction hypothesis on (M ~»g ., M', A1) and
(M ~pg.o M', Ag), there exist T, T, V{, ..., V!, W/, ..., W), such that
M,ey Vi ooy Vo M 2 Ay and T,y W, ooy W) M
As. Therefore
DNtz - VINW, ..., VoNW,  F M: A NAy with T =T NT%.

— For M =g, M’: By induction hypothesis on (M =g, M’', A1) and
(M =g M, Ay), there exist I}, Ty, V{, ..., V), W{, ..., W], By and
Bs such that
M,xy Voo ey Vo by M 2 By and T,y : WY, .o,z - W) F M
Bs. Therefore Ty NTh, 2 : VINW], ..., V. N W/ -, M : By N By with
I ~T NI

x € tv(My)

e For with A is of the form F: Thenn = 0. By
()\LUM1>M2 W@,a Ml{l' = Mg}

Lemma 41, there exist I'y, I'; and U such that ' = I''NI'e, 'y, 2 : U =, M7 : F
and T's F, My : U. We have z € fv(M;) = Dom(I'y,x : U). Therefore U
is of the form B and B € U. Hence I'y -, Ax.M : B — F. Therefore
Fl ﬂFQ Fa ()\Z‘M)N - F.

€T ¢ fV(Ml) M2 7L>o¢

e For with A is of the form F and = ¢ E: Then
(Az.My) Ms ~py(a1,),0 M1

ftv(Msy) = {z1,...,2,}. By Lemma 43, there exist I'y and B such that I'; -,
M, : B. Since E = fv(M,), there exist Vi, ..., V, such that I'y = z; :
Vi,o..y@p 2 V. Since x ¢ F and z ¢ {v(M;), we have T,z : Uy,..., 2, :
U, =T,21 : Uh,...,2p : Up,x : w. Therefore, I'xy : Uy,...,xy : U, F,
Ax.M;: B — F. Hence, Iz : Uy NV, oo 2 : U NV By (A M1)Ms 2 F

x ¢ fV(M1> M2 :>E,a Mé

e For with A is of the form F and « ¢ E: There
(Ax.M1)M2 ~p o (Az.My)M,

exist I'y, o, Vi, ..., Vo, Wi, ..., W, and B such that ' =Ty NIy, U =

inwy, ..., U, = VoW, I'i,z1 V1, ..,z Vy, By Az My 0 B—= F

and T'o, 2 : Wh,... 2 : W, b, M} : B. Since x ¢ E, there exist U such
that BC U and I'y, 2y : Vi, ...,y : Vi, : U B, My : F. Since x ¢ fv(My),
we have U = w. By induction hypothesis, there exist I'y, Wy, ..., W/ and
B’ such that I'y = T, and Ty, 21 : Wi, ...,z : W/ F, My : B’. We have
B’ C U because w = U. Hence I'y,z1 : Vi,...,2y: Vy, B, Az My : B' — F.
Therefore Ty NTh,z : VAINWT,...,xn : Vo NW! F, (Az.My)Ms : F with
Fl ﬂFg %Fl OF’2

e For the three rules who are applied to a matching redex, we adapt the rules
for a simple S-redex.

(o3

e For fixc (M) M~y 0 My Mafix (M) with A is of the form F: Then n = 0.

There exist I'y, I's, G and B such that I' = I't N Te, I'1y F, MiM,y : G,
Iy F, fix(M;) : B and GQ,B : F. There exist I's, T'y, H and C such
that I'y = I's NIy, I's -, M; : H, 'y -, My : C and HQ,C : G. Hence
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F3|’1I‘2 I_a ﬁX(Ml) : C — F. Therefore (Fgﬁfg)ﬂf;l |_a ﬁX(Ml)M2 : F
with I' &~ (Fg N Fg) N F4.

e For the rules that propagate ~», and =, with A is of the form F: Straight-
forward.

e For the rules that have ~», as their conclusion and =, and accu,(, ) as their
premises with A is of the form A: We adapt the proof of Lemma 42.
M ~sp o M M € CF

e For and : Trivial.
M =E,a M’ M M0 M
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Appendix B

A simple presentation of de
Bruijn indices

B.1 Definitions

Assume we have a triplet (Var, O, .S) such that :
e Var is a set, O € Var and S : Var — Var.
e Vr € Var,O # Sx.
e Vz,y € Var,Sx =Sy =2 =1y.
e Vr € Var,x = OV Jy € Var,z = Sy.

Definition 47 (Terms).
We define Term the set of terms M with the following grammar:
M,N == z|MN|\M
x € Var

Definition 48 (Free variables of a term).
If M € Term we define fu(M) a finite subset of Var by induction on M as
follows:
fo(z) = {=z}
Jo(MN) = fo(M) U fo(N)
foAM) = {x € Var|S(z) € fuM)}

Definition 49 (Size of a term).
If M € Term we define |M| an integer defined by induction on M as follows:

|| =1
IMN| = |M|+|N|+1
AM| = |[M|+1

B.2 Binding

Definition 50 (Mapping).
If M € Term, then for all f : Var — Var, we define map(M, f) the term defined
by induction on M as follows:

map(z, ) = f(z)
map(MN>f) = map(M, f)map(]\ﬂ f)
map(AM, f) = AImap(M, f)
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with f': Var — Var the unique function such that :
o)y =0
f(8@) = S(f(x)) (Vz € Var)

Theorem 31 (Size after a map).
Assume M € Term and f : Var — Var. Then we have |map(M, f)| = |M].

Proof. By induction on M.
O

Definition 51 (Successor of a term).
If x € Var then map(xz,S) = S(x). Therefore, if M is a term, we can write
S(M) for map(M,S).

Definition 52 (Binding).
If M € Term, then for all f : Var — Term, we define bind(M, f) the term
defined by induction on M as follow:

bind(z, ) = f(x)
bind(MN,f) = bind(M, f)bind(N, f)
bind(AM, f) = Abind(M, f')
with f': Var — Term the unique function such that :
fo)y =0

f'(S) = S(f(x)) (Vae Var)

Theorem 32 (A mapping is a binding).
Assume M € Term and f : Var — Var. Then f : Var — Term and bind(M, f) =
map(M, [).

Proof. By induction on M.

O
Theorem 33 (Binding with identity).
Assume M € Term, then id : Var — Term and bind(M, id) = M.
Proof. By induction on M.
O

Theorem 34 (Compare two bindings).
Assume M € Term. Then for all f,g : Var — Term, if we have Yz €
fo(M), f(x) = g(x) then bind(M, f) = bind(M, g).

Proof. By induction on M.

O
Lemma 46. Assume M € Term and f : Var — Var. Then fo(map(M, f)) =
{f(z) [ = € fu(M)}.
Proof. By induction on M.
O
Corollary 4. YM € Term, fu(S(M)) = {S(z) | x € fu(M)}.
Theorem 35 (Free variables of a binding).
Assume M € Term and f : Var — Term. Then:
fo(bind(M, f)) = Uxer(M) fu(f(x))
Proof. By induction on M.
O
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Lemma 47. Assume M € Term, f : Var — Var and g : Var — Term. Then
go f: Var — Term and bind(map(M, f), g) = bind(M, g o f).

Proof. By induction on M.
O

Lemma 48. Assume M € Term, f : Var — Term and g : Var — Var. We write
h: Var — Term defined by:
Vo € Var,h(z) = map(f(x),9)
Then we have map(bind(M, f), g) = bind(M, h).

Proof. By induction on M.
O

Theorem 36 (Composition of bindings).
Assume M € Term, f: Var — Term, and g : Var — Term. We write h : Var —
Term defined by:
Yz € Var,h(z) = bind(f(z), g)
Then we have bind(bind(M, f),g) = bind(M, h).

Proof. By induction on M.

B.3 Substitutions

Definition 53 (Substitution).
Assume M € Term, x € Var and N € Term.
We write M{xz := N} for bind(M, f) with f : Var — Term defined as follow:

flx) = N
fly) = v (Wy#o
Theorem 37 (Properties of substutions).
Assume M, N, My, My, Ny, No € Term and x,y € Var. Then:
o Ifx ¢ fuM), then M{x:= N} =M.
o Ifx € fuM), then fuM{x := N})= (fuM)— {z})U fu(N).
e z{r:= N}=N.
o Ifx#y, theny{x:= N} =y.
o (MiMs){x:= N} =DM{z:= N}My{z:= N}.
o AMM){x:= N} =AM{S(z):= S(N)}.
o M{z:= z} =M.
o Ify ¢ fu(M) then M{x := y}{y:= N} =M{x:= N}.
o bind(M{z := N}, f) = bind(M,h) with f,g: Var — Term, g(x) = bind(N, f)
and for ally € Var, if ¢ £y then g(y) = f(y).

e bind(M{z := N}, f) = bind M, f){f(z) == bind(N, f)} with f : Var —
Term, f(x) € Var and for all y € fu(M), if f(x) € fu(f(y)) then z =y.

o Ifx#y, and x ¢ fu(Ns) then M{z := N1Hy:= No} = M{y:= No}{z :=
Nl{y = NQ}}

o Ifz # vy, y ¢ foN) and = ¢ fu(N3) then M{z:= Ni}{y := Na}
M{y = NQ}{(ﬁ = Nl}
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Proof. Straightforward.
O

Definition 54 (Abstraction).
Assume x € Var and M € Term. We write Ax.M for Abind(M, f) with f :
Var — Term defined as follow:

flz) = O
fly) = Sly) (Vy#u)

Theorem 38 (Properties of abstraction).
Assume M, N € Term and x,y € Var. Then:

foQx. M) = fu(M) — {z}.

bind(Ax.M, ) = Af(x).bind(M, f) if f: Var — Term, f(x) € Var, and for
all y € fu(M), if f(x) € fo(f(y)) then z =y.

My M){z:= N} =M yM{z:= N} ify#x andy ¢ fu(S(N).

If y ¢ fu(M) then \e.M = \y.M{z := y}.

If \e.M = Ay.N then M{x:= y} =N and if v # y then y ¢ fu(M).

If \e. M = \z.M then M = N.

Proof. Straightforward.

O
Definition 55 (Terms built with usual abstraction).
Assume we have E an infinite subset of Term.
We write Ty the smallest subset of Term such that:
e Forallxz e Var, x € Tg.
e Forall M,N €Ty, MN € Tg.
e forallzr e E, M € Tg, \x. M € Tg.
Theorem 39 (Shapes of A-terms).
Assume E is an infinite subset of Var and M € Term.
Then M € Tg.
Proof. By induction on |M]|.
O

Definition 56 (Equivalence between A-terms).
Assume M and N are terms.
For all x,y € Var we define < x,y >: Var — Var defined as follow:

<z,y>(x) = y
<zy>(y) = =z
<zy>(2) = z (Vzé{z,y})

We define M =, N with the rules of figure B.1.

Theorem 40 (Relation between equality and a-equivalence).
Assume M, N € Term.
Then M = N if and only if M =, N.

Proof. One way is by induction on M € Ty,, and the other way is by induction on

M =, N.
O
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M=,M N=,N M=, N
T =aX MN =, M'N’ Az M =, \xz.N

r#y y¢iv(M) map(M,<wz,y>)=4 N
Ax.M =, A\y.N

Figure B.1: a-equivalence

B.4 [-reduction

Definition 57 (S-rededuction).
We define the B-reduction — 5 with the congruence extension of the following
rule:
(AM)N — bind(M, f)
with f defined as follow:
f(0) = N
f(S(x)) = x (Yxe Var)

Theorem 41 (S-reduction and abstraction).
Assume x € Var and M € Term. Then we have :
(Az.M)N —5 M{z:= N}

Proof. Straightforward.

O
Theorem 42 (Free variables and S-reduction).
Assume M, M" € Term and M — 5 M' then fu(M') C fu(M).
Proof. By induction on M — 5 M'.
O
Theorem 43 (S-reduction and binding).
Assume M, M" € Term, f: Var — Term and M — 5 M'. Then:
bind(M, f) — 5 bind(M', f)
Proof. By induction on M — 5 M'.
O
Corollary 5.
Assume M, M', N € Term, x € Var and M —3 M'. Then:
M{z:= N} —g M'{z:= N}
Az. M —5  Az.M’
Theorem 44 (S-reduction and mapping).
Assume M, M' € Term, f : Var — Var and map(M, f) — 5 M.
Then, there exists M" € Term such that M — 45 M" and map(M", f) = M".
Proof. By induction on M — 4 M'.
O

Corollary 6. Assume M,M’', N € Term and z,y € Var. Then:

o If M{z := y} —4 M' then there exists M" € Term such that M — 5 M" and
M = M"{z = y}.
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rekE M —, M’
(\e.M)N =5 M{z = N} MN =, M'N

N —p N’ M — 5 M
MN =, MN'  Aa.M =, Az M’

Figure B.2: Usual p-reduction

o If \e.M —5 M’ then there exists M" € Term such that M — 5 M" and
M = z.M".

Definition 58 (Usual S-reduction).
Assume E is an infinite subset of Var.
We define the reduction —  with the rules of figure B.2.

Theorem 45 (Comparaison bewteen the two reductions).
Assume M, M' € Term and E is an infinite subset of Var.
Then M —p M’ if and only if M — 5 M'.

Proof. One way is by induction on M — M’ and the other way is by induction
on M € Tg.
O

B.5 Semantics

Assume we have a 4-uplet (C,U, inj, prj) such that:
e (' is a cartesian closed category and U : C.

e inj: (U=U)—=U:Candprj:U — (U= U) such that prjoinj = idy=yp.

Definition 59 (Environments).
If X : C then we write Envx the set of p such that for all x € Var, p(x) : X —
U:C.

Definition 60 (Interpretation of terms).
Assume X : C, p € Envx, and M € Term. We define [M], : X — U by
induction on M as follow:

[z], = plz)
[MN], = ev <prjo[M],,[N],>
AM], = injoA([M]y)
with p' € Envyxxy defined as follow:
pPO) = m

p'(S(x)) = plx)om (Vze Var)

Lemma 49. Semantics of a mapping

Assume XY : C, p1 € Envx, p2 € Envy, o : X =Y :C, f: Var — Var, and
M € Term such that for all x € Var, p1(f(z)) = p2(z) o p.

Then [map(M, f)|p1 = [M]p2 0 ¢.

Proof. By induction on M.
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Corollary 7. Assume X : C, p € Envx and M € Term. Then [S(M)]p' = [M]pom,
with p' € Envxxy defined as follow:

p'(O0) = m
p'(S(z)) = p(x)om (Vz € Var)

Theorem 46 (Semantics of a binding).

Assume X,Y : C, p1 € Envx, p2 € Envy, ¢ : X =Y : C, f: Var — Term,
and M € Term such that for all x € fo(M), [f(x)], = p2(z) o .

Then [bind(M, f)lp, = [M]p, 0 ¢

Proof. By induction on M.
O

Corollary 8. Assume X, Y : C, p € Envy, ¢ : X =Y : C, M € Term. Then
(M, = [M], 0@ with p € Envx defined by p'(z) = p(x) o ¢.
Theorem 47 (Soundness).

Assume X : C, p € Envx, M, N € Term and M — 4 N. Then [M], = [N],.

Proof. By induction on M — 4 N.

Theorem 48 (Semantics of a substitution).
Assume X : C, p € Envx, © € Var and M,N € Term. Then [M{z:= N}|, =
[M], with p' € Envx defined as follow:

p'(x) = [N],
P'ly) = ply) (Vy#x)

Proof. Straightforward.

Theorem 49 (Coherence).
If U is final then U =~ 1.
If 1y = mo(rel.U x U) then U is final.

o Assume x,y € Var, x # vy, and for all X : C and p € Envx, [z], = [y],. Then
U is final.

If there exists X : C and p € Envx such that [AXO], = [AAS(O)],, then U is
final.

Proof. Straightforward

Theorem 50 (Free variables and semantics).
Assume X : C, p1,p2 € Envx, M € Term and for all x € fu(M), p1(z) = p2(x).
Then [M],, = [M]

P1 P2

Proof. Straightforward
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