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INTRODUCTION

Alonzo Church introduced the untyped A-calculus in the early 30’s, within an attempt to
give mathematics a logical foundation [Chu3z2]. In fact, he was unintentionally setting a
milestone for the study of the logical foundation of a new discipline: computer science.
The system turned out to provide a model of computation through A-definability (Church’s
thesis), a notion perfectly equivalent to other mathematical definitions of computability, as
proved by Stephen Kleene in [Kle36] and Alan Turing in [Tur3y]. Moreover, the late 60’s saw
the rise of an abstract theory of programming having the A-calculus as central core. Over the
last five decades A-calculi have played a prominent role in the conception, implementation
and analysis of functional programming languages, but also in a number of impressive
theoretical insights into the concepts of computation, program and proof. And nothing
suggests that this will not be the case in the decades to come.

This thesis is a contribution to the purely mathematical study of the untyped A-calculus,
as a term rewriting system having the p-reduction (the formal counterpart of the idea of
execution of programs) as main rule. The A-calculus is a rich field of research, which uses tools
from algebra, computability, rewriting theory, type theory and shares deep connections
with proof theory and category theory thanks to the Curry-Howard isomorphism [How8o].

Our main focus is on denotational semantics [Scoyo, SS71], namely the investigation of
mathematical models of the A-calculus giving the same denotation to 3-convertible A-terms.
Dana Scott discovered the first denotational model in 1969 [Sco69]. Since then, a large
number of such models, lying in many different categories, have been studied. In most
of them A-terms are interpreted as functions between some order-theoretic, algebraic or
topological structures. This is not the case for the denotational semantics that we study
in this thesis, which is called relational semantics. It has its roots in Jean-Yves Girard’s linear
logic [Gir87, Gir88], a major source of inspiration for recent developments in denotational se-
mantics. Relational semantics interprets A-terms as relations, where their inputs are grouped
together in multisets. As a result of this usage of multisets, relational models are resource-
sensitive, in that they represent explicitly the consumption of input resources during the
execution of programs.

We study a proper subclass of relational models, which we call relational graph models
(rgm’s). On the one hand, rgm’s rephrase in the relational setting the graph models a Ia
Plotkin-Scott-Engeler [Eng81, Lon83, Plog3]. On the other hand, they can be studied using
some (non-idempotent) intersection type systems, so they can be seen as a resource-sensitive
reformulation of filter models [BDS13, Part III]. Graph models and filter models were intro-
duced in the late 70’s and 80’s to study Scott continuous semantics respectively in a more
set-theoretical way and in a more type-theoretical way. In particular, the choice of handling
intersection types is perhaps not necessary here, but we find it convenient, so we fully em-
brace it. As a matter of fact, this thesis can also be seen as a work on intersection type theory.
The idea of using non-idempotent intersection types to study some relational models is not



exclusively ours. Most notably, it has been advocated by Luca Paolini, Mauro Piccolo and
Simona Ronchi in [PPRDR15].

The study of the untyped A-calculus is not restricted to the sole 3-rule. One is more
often interested in A-theories, which are congruences on A-terms that include (-conversion.
All A-theories form a complete lattice of cardinality 2%¢, mostly still unexplored. From the
point of view of computer science, observational equivalences have a certain relevance among
A-theories. Indeed, they provide an answer to a nontrivial question: when two programs are
equivalent? The answer is behavioural: they are equivalent if they look to behave in the same
way in every possible case of execution. Formally, two A-terms M and N are observationally
(or contextually) equivalent with respect to some fixed set O of observable terms when, for
every possible context of evaluation C[—], the A-term C[M] (3-reduces to an observable in O
if and only if C[N] B-reduces to an observable in O. The choice of O is not unique. The most
studied instance (not only for the untyped A-calculus) is the one where the observables are
A-terms in head normal form. This A-theory is denoted by J{*. An alternative choice is to take
as O the set of A-terms in 3-normal form. We call this last Morris’s observational equivalence.
Basically John H. Morris introduced it (together with the general notion of observational
equivalence) in his PhD thesis [Mor68] in 1968. This A-theory, which we call H*, has been
a bit neglected in comparison to H{*. This is why we decided to investigate it in this thesis.

Every denotational model induces a A-theory, defined by equating A-terms that have the
same interpretation. If in particular the A-theory is an observational equivalence, then the
model is declared fully abstract for that equivalence. The main aim of this work is to find
rgm’s fully abstract for H*. We address the problem in two different ways.

In Chapter 4 there are rgm’s in which -normalizability can be characterized. As we
handle the interpretation via intersection types, this reduces to characterize 3-normalizable
A-terms through some specific kind of typings. The characterization that we find involves
the occurrence of the empty intersection in some typing judgments. The (infinitely many)
rgm’s in which this characterization holds are called uniformly bottomless and they are all
fully abstract for H*. This approach to the full abstraction problem is similar to the one
used by Coppo, Dezani and Zacchi to find their filter model [CDZ87], so far the only fully
abstract denotational model for H* that has appeared in the literature.

In Chapter 5 we take a more radical approach, and as a payoff we get a much more
general, basically exhaustive, result: we find necessary and sufficient conditions on rgm’s to be
fully abstract for H*. Precisely, our main theorem states that an rgm is fully abstract for H"
if and only if it is extensional (i.e. a model of n-conversion) and A-Kénig. Intuitively an rgm
is A-Konig when every infinite computable tree has an infinite branch witnessed by some
type of the model. This witnessing can be seen as a property of non-well-foundedness on
the type. The theorem actually characterizes the full abstraction for H* in the whole class of
relational models. (Since extensional rgm’s coincide with all extensional relational models.)
The idea of characterizing a certain full abstraction property within a fixed semantics (in
this case relational semantics), rather than just finding some instances, is quite a novelty.
It has been first advocated by one of the co-authors of our result, Flavien Breuvart, in his
paper [Bre14], where a similar theorem is shown about 3(*.

Some further results on H " are proved in this thesis.



e We prove that H* satisfies the w-rule, a strong form of extensionality. This solves a
long-standing open question [Bar84, §17.4].

e We define yet another model of 3", which we call extensional Taylor expansion.

We also provide a couple of results concerning other A-theories.

¢ We show that the first rgm that appeared in the literature [HNPRo6, dCog], here called
rgm a la Engeler, induces the A-theory equating A-terms with the same Bohm tree, and
that this A-theory is minimal among the A-theories represented by rgm’s.

¢ We define a fully abstract rgm for J{*. To prove its full abstraction we rely on another
such relational model, introduced by Bucciarelli, Ehrhard and Manzonetto in [BEMo7].

Here is a more detailed plan of the manuscript, with credits.

Chapter 1
In this preliminary chapter we recall basic notions and results on the A-calculus.

A certain emphasis is given to the many ways of defining extensional versions of Bchm
trees. In 1968 Corrado Bohm proved that, as far as we consider -normalizable A-terms
M and N, we have M =4+ N exactly when their 3-normal forms, i.e. their Bohm trees,
only differs by n-conversion (Bohm'’s theorem). This fact was generalized in the 70’s mainly
by Hyland and Nakajima to characterize H*, and even H*, on all A-terms, even those
with infinite Bohm trees. The various notions of n-reduction on generic Bohm-like trees so
obtained play a prominent role here.

We also recall the linear resource calculus and the related notion of Taylor expansion of
A-terms. This calculus is an alternative syntax for the linear fragment of the differential A-
calculus, introduced by Ehrhard and Regnier in [ER03]. Despite not being the main focus of
this work, the linear resource calculus can be interpreted in rgm’s. This circumstance helps
us when proving some important facts about the semantics.

Chapter 2

We define the class of rgm’s and the corresponding class of intersection type systems (see the
informal introduction above). We show how the typing derivations can be used to interpret
A-terms. We also prove that they are suitable to model the linear resource calculus. Through
the notion of Taylor expansion, this last fact helps us to prove the approximation theorem for
all rgm’s, without using the technique of reducibility candidates.

The content of this chapter has been developed together with Giulio Manzonetto, with
the obvious exception of the basic generalities about relational semantics, which are mainly
due to Girard and Ehrhard. It was presented in [MR14], but with most of the proofs omitted.
We present all the technical details for the first time here.

Chapter 3

In the first part of this chapter we study an rgm that we call a la Engeler, since it can be seen
as a relational version of Engeler’s graph model [Eng81]. We find out that its A-theory is
the one equating A-terms with the same Bohm tree. Also, this is the minimal A-theory (with
reference to inclusion) that can be induced by any rgm. Actually, we focus on the preorder
theory induced by the model, namely the preorder defined by M T N if and only if the



interpretation of M is included in the interpretation of N. The preorder theory of the rgm a4
la Engeler is not just given by the usual order between Bohm trees, but turns out to involve
n-expansions on Bohm trees.

In the second part of the chapter we remark that the maximal A-theory represented by
rgm’s is H*. As a matter of facts, there is already in the literature an rgm fully abstract for
J*. It was introduced by Bucciarelli, Ehrhard and Manzonetto in [BEMo7y] and proved to
induce H{* in [Manog]. We define yet another rgm doing that.

Everything in this chapter is unpublished material by the author.

Chapter 4

In this chapter we introduce the notion of uniformly bottomless (extensional) rgm and show,
through a characterization of 3-normalizable A-terms, that such a model is fully abstract
for H . We see some examples, with a particular attention to the simplest of them, an rgm
built up from one single atomic type x satisfing x — * ~ .

Looking for reflexive objects in some cartesian closed category is not the only possible
approach to reformulate H*. At the end of this chapter we present a characterization of
HT that relies on an extensional version of the Taylor expansion of A-terms.

This chapter is a revisited version of results published with Giulio Manzonetto in [MR14].

Chapter 5
This chapter contains the main result of the thesis, as already described above: an rgm is
fully abstract for H* if and only if it is extensional and A-Konig. In order to prove this,
we study what distinguishes two A-terms that are equated in H* but not in H* (something
that we formalize with the notion of Morris’s separator) and then we extract such a difference
thanks to an ad hoc refined version of the Bohm-out technique.

As a byproduct of our version of the Bchm-out, we get another purely syntactic result,
already mentioned above: H* satisfies the w-rule.

The results in this chapter are a joint work with Flavien Breuvart, Giulio Manzonetto and
Andrew Polonsky published in [BMPR16] (with a minor error, fixed here). In particular,
applying the Bohm-out to prove the validity of the w-rule in H* is an idea of Polonsky.

Paris, October 2016

EDIT
In this revisited version of the manuscript we corrected a few minor errors and imple-
mented some useful suggestions received from the jury members.

Meanwhile - as if to prove how quickly a PhD thesis can become obsolete! - most of the
results in this manuscript were represented in a more suitable form in our article [BMR17].
Most relevantly, there we provided a brand new direct proof of the approximation theorem,
which avoids not only reducibility candidates, but even any reference to the resource calcu-
lus and the Taylor expansion.

Paris, July 2017



PRELIMINARIES

In this chapter we recall the notions and results on the A-calculus used throughout the thesis.
Of course, this is in no way intended to be an actual presentation of the field. We just want to
tix the notations and make this work as much self-contained as possible. As a matter of fact,
all definitions and theorems that we use in this thesis are properly stated within it, with the
exception of some basic notions from set theory (sets, functions, relations, orders), category
theory (categories, functors, natural transformations, products, monads) and theoretical
computer science (computable functions, rewritings, grammars). This basic notions can be
found in any standard manual, like [MLgy, Borg4a, Borg4b, BWqo] for categories or [Odi89]
for computability theory.

Nevertheless, here and there one will find some informal references to facts from proof
theory, type theory and semantics of the A-calculus that we will not even try to present.
Even if formally those facts are not used in any of our proofs, having an idea of them helps
to understand the whole picture.

It is needless to say that the reader should have some familiarity with the kind of proofs
typically encountered in the field of the logical foundations of proofs and programs. In
particular, this work contains a great number of proofs by induction on different kinds of
structures, and even a few ones by coinduction. We write IH as an abbreviation for inductive
hypothesis, whereas colH stands for coinductive hypothesis.

The symbol := is used with the meaning of equality by definition.

1.1 GENERALITIES

Sets

Given a set X we write P(X) for the set of all subsets of X and P¢(X) for the set of all finite
subsets of X. Given two sets X and Y their intersection is denoted by X NY, their union
by X UY, their cartesian product by X x Y, their disjoint union by X&Y and the relative
complement of Y w.r.t. X by X —Y. The empty set is represented by the symbol (.

Given a function f : X — Y, we denote its domain by dom(f) and its range (in the sense
of image of the domain) by rng(f).

Partial functions are written as f : X — Y, meaning that dom(f) C X.

We recall that given a structure (X, R) composed of a set X and a binary relation R on X,
an ideal of (X,R) is any non-empty subset Y of X that is downward closed (if xRy € Y then
x € Y) and directed (if x,y € Y then there is z € Y such that x,y Rz).

We write IN for the set of natural numbers.

Sequences of natural numbers

We call IN* the set of finite sequences of natural numbers. The symbol ¢ denotes the empty
sequence in IN*. Let ¢ = (n,...,ny), ¢’ = (my,...,mp) € IN* and let n € IN. We write



|| for the length k of ¢,

@.n for the sequence (ny,...,ng,n),

¢ ¢’ for the concatenation of ¢ and ¢’, namely (ny,...,ng, my,..., my),

¢’ < @ whenever @’ is a prefix of ¢, i.e. when ¢ = @' for some p € IN*. In particular
¢’ < @ if such a1 is not «.

Trees
A (naked) tree is a partial function T : N* — IN such that dom(T) is downward closed under
prefixes and for all 0 € dom(T) and n € IN we have o.n € dom(T) if and only if n < T(o).
The elements of dom(T) are called positions on T. For all 0 € dom(T), T(o) gives the
number of children of the node in position o. In particular o is a leaf of T when T(o) = 0.
A naked tree is computable (or recursive) if it is computable as a partial function.
We denote by T the set of all naked trees, by T,.. the set of all the computable naked

trees, by Tpe. the set of all infinite computable naked trees.

Multisets
Let X be a set. A multiset over X is any map m : X — IN. For all x € X the natural number
m(x) is the multiplicity of x in m. The support of m is the set {x € A | m(x) #0}.

A multiset m is called finite if its support is finite. We represent a finite multiset m by the
unordered list of its elements, possibly with repetitions, between square brackets, like this:
m = [x1,...,%n]. Accordingly the empty multiset, i.e. the function m : X — IN mapping all
elements of X to 0, is denoted by [].

We write M¢(X) for the set of all finite multisets over X. Given m, m’ € M¢(X), their
multiset union is the pointwise sum m+m’:x € X — m(x)+m/(x) € N.

Rewriting
Consider a reduction rule — in a rewriting system.

The R-reduction —»g is the transitive-reflexive closure of {—g}. In other words, given two
terms t,t’ of the system we have t —g t’ if and only if there are n € IN and terms
to,...,th_1suchthatto =t, t,_1 =t"and t; =g ti, 1 foralli€{0,...,n—1}. The term t
is in R-normal form (R-nf) if there is no t’ # t such that t —g t’. The term t is R-normalizable if
nfr(t) := {t’ |t =g t’ and t’ R—nf} is not empty. For a set X of terms nfg(X) := (Jycx nfr(t).

The R-conversion =g is the transitive-reflexive closure of {—g} U {r «}. So, given two
terms t, t’ we have t =g t’ if and only if there are n € IN and terms to, ..., tn—1 such that
to=t, th_1 =t"and (t; =g tiy1 or ti g tipr) forallie{0,...,n—1%

Categories
Given a (small) category C, the hom-set of two objects A and B of C, i.e. the set of morphisms
(also called arrows) in € from A to B, is denoted by C(A, B).

Given f € C(A,B) and g € C(B, C) their composition is written as go f € C(A, C). When-
ever f is an isomorphism we denote its inversion by f~1e @(B,A).

Consider two functors F,G : € — D and a natural transformation « : F — G. For every
object A of € the corresponding component of « is denoted by «a € D(FA,GA).
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1.2 UNTYPED A-CALCULUS

The untyped (or type-free) A-calculus [Chug1] studies the purely computational behavior of
functions. It is a formal system whose terms can be all considered to have the same status
of ‘functions freely applicable to one another’.

The A-calculus first appeared in [Chu32], as a fragment of a wider system conceived by
Church as a logical foundation for mathematics. Church’s idea was to take functions, rather
than sets, as primitive objects, but his system turned out to be logically inconsistent [SCK35].
Nevertheless, the fragment dealing only with functions became relevant in the study of the
logical foundations of computer science. The untyped A-calculus has a prominent role in
computability theory, since it can represent all computable functions (Church’s thesis). But
also in the theory of programming, as a suitable framework to study from an abstract
perspective many aspects of functional programming languages and their implementation.
Actually, the untyped A-calculus can be seen as a programming language on its own.

The terms of the system are built up from variables by means of two freely applicable
constructors: the application MN, intuitively corresponding to the operation of applying a
function M to (another function used as) an argument N; the A-abstraction Ax.M, which
allows the effective substitutions of arguments for the variable x in an expression M.

The syntax
We generally use the notation of Barendregt’s book [Bar84] for the untyped A-calculus.

We fix an infinite set Var. Its elements are called variables and denoted by x,y, z or occa-
sionally other lowercase Latin letters, possibly with apexes and pedexes.

The set A of A-terms is defined by the following grammar:

A: M,N:i= x | &x.M | MN for all x € Var. (1)

A A-term of the form MN is called an application . One of the form Ax.M is a A-abstraction.

We assume that the application associates to the left, namely we write M1M;M3 --- M,
for the A-term (- - ((M1M;)M3) - - - )My. Obviously the A-abstraction associates to the right,
in that Ax7.Ax3 ...Axn.M stands for the A-term Ax1.(Ax2.(...(Axn.M)...)). In fact, such a
A-terms will be always denoted by the compact notation Ax1x;...xn.M.

The set fv(M) of free variables of M € A is defined by induction on the structure of M as
follows: fv(x) := {x}, fv(Ax.M') := fv(M’) — {x} and fv(MiM;) := fv(M;) U fv(M3). When
a variable x occurs in M but x & fv(M) we say that x is bound in M.

A A-term M is closed whenever fv(M) = (). Closed A-terms are also called combinators. We
denote the set of all closed A-terms by A°.

Given M, N € A we denote by M{N/x} the capture-free simultaneous substitution of N
for all free occurrences of x in M. Formally M {N/x} is defined by induction on M as follows:
x{N/x}i= N, y{N/xd =y if y # %, (MiM2) {N/x} = My{N/x}MoN/x), (\y.M7) {N/x) =
Ay.M'{N/x} fory # x.

Let Ax.M € A and y not occurring in M, neither free nor bound. One may define in
this hypothesis the rewriting rule Ax.M —, Ay.M{y/x}, called x-rule. By convention we
consider a-convertible A-terms to be the same A-term, namely if M =, N then actually
M = N. For instance Axz.xxz = Ayz.yyz = Ayx.yyx. In other words, we assume the «-
convertion to be implicit in the syntax of the A-calculus.
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We also adopt the so-called variable convention [Bar84, Conv. 2.1.13]: when in the same
context (in the same definition, statement, proof, and so on) we are dealing with certain
A-terms My,..., M, the set of all variables that are bound in any of them is disjoint from
fv(Mj ---My), which is the set of all variables that are free in any of My,..., M. For
instance, if we are talking of M; = Ax.xy and M, = xx then the variable x occurring in M
is not the same as the one in M.

The dynamics

In the A-calculus the idea of computation is represented by the 3-rule, a rewriting rule that
defines the dynamics of substitution. It is the contextual closure of (Ax.M) N —g M {N/x}.
More explicitly, this means that —p is defined by the clauses: (Ax.M)N —pg M{N/x};
whenever M —g M’ then MN —g M/N, NM —g NM’ and Ax.M —g Ax.M’ for all
N € A and x € Var. See § 1.1 for the meaning of —5, =g and B-nf.

A A-term M is solvable if and only if it has a head normal form (hnf), which means that
M =g AX1 ... Xn. X M7 - - My, for some n, m € IN. Otherwise M is called unsolvable.

Also relevant is the n-rule, which is the contextual closure of Ax.Mx —,; M for x ¢ fv(M).
The n-conversion provides a way to axiomatize extensionality, the idea that every A-term
actually behaves like a function.

Here some notable closed A-terms:

n times
I (= Axx n o= Afx.m(x)---)) succ = Anfx.f(nfx)
K = Axy.x I = AXX] ... .Xn.XX]...Xn sum = Anmfx.nf(mfx)
S = Axyz.xz(yz) Y = Af(Ax.f(xx)) (Ax.f(xx)) Q = (Ax.xx)(Ax.xx)
F = Axy.y © = (Axf.(f(xxf))) (Axf.f(f(xxf))) ] = O(Azxy.x(zy))

The combinator I is called the identity and gives IM —pg M for all M € A. Schonfinkel’s
combinators K and S play a key role in combinatory logic. Notice that SKK —p I. In par-
ticular K is sometimes denoted by T, a reference to the truth value true. The other boolean
false is F. For every n € IN the combinator 1 is called the n-th Church’s numeral. We have
succn —g n+ 1 and sumnm —g n+m. For every n € IN clearly 1, —, L In particular
11 = 1 =, L. A prominent example of unsolvable A-term is Q, since Q —p5 Q. For every
M € A Church’s fixpoint combinator Y satisfies YM =g M(YM), whereas the more refined
Turing’s fixpoint combinator ® gives @M — g M(®M). Fixpoint combinators help us de-
fine solvable but not f-normalizable A-terms, such as Wadsworth’s combinator J. It has the
property J —pg Axy.x(Jy) —p Axy.x(Ay1.y(Jyi)) —p Axy.x(Ay1.y(Ady2.y1(Jyz2))) —p ...
and so on to infinity. The A-term J will play a prominent role in this thesis.

As already mentioned, the untyped A-calculus is a model of computation, like Turing
machines and recursive functions. This is established through the following notion. For any
k € N we say that f : N* — N is A-definable if and only if there exists F € A such that
Frng -y =g f(ng,...,ny) for all ny,...,n € IN. Kleene proved that f is A-definable
if and only if it is recursive [Bar84, Theorem 6.3.13], hence when it is Turing-recognizable.
Church’s thesis states that a function is (intuitively) computable if and only if it is A-definable.
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Bohm trees
A tree representation can be very handy when reasoning on 3-convertibility. This successful
approach was pioneered by Barendregt [Bar84] relying on a seminal work of Bohm [B6h68].

Let 711 and 7, be respectively the left and right projection operator for the cartesian
product of sets. Let £ := { Axj ... xn.x | X1,...,%Xn,x € Varand n € N } U {L}. A Bohm-like
tree is a partial function A : IN* — X x IN such that 71, 0 A is a naked tree and (m; 0 A)(0) =0
whenever (717 o A)(o) = L. We call [A] == (m2 0 A) the (naked) tree underlying A. For
convenience, with an abuse of language we will usually write A(c) to denote (711 0 A)(0).

Intuitively, a Bohm-like tree is just a labelled tree where every node is given a label of the
form Axj ...xqn.x or the label L, with the latter case possible only if the node is a leaf.

Just like A-terms, Bohm-like trees are considered up to «-conversion and with the variable
convention. We denote by A® the set of all Bshm-like trees.

Given a position ¢ € dom(A) on A € A2, the subtree of A at position @ is the Bohm-like
tree A, defined by A, () ;== A(@ ) for all P € IN*.

As an alternative, Bohm-like trees can be defined coinductively as follows: L & AB; for
all m € N if Ay,...,An € A® then Axq...xnXA1,..., A € AP for all n € N and
for all x1,...,xn,x € Var. This definition is formally different from the one above, since
these coinductive terms have nothing to do with functions of the form A : IN* — Z x IN.
Nevertheless, we will freely use one or the other depending on the need.

We denote by N the set of finite Bohm-like trees, also called (finite) approximants. Formally
A e Nifand only if A € A® and dom(A) is finite.

Finite approximants have an alternative definition through a rewriting system. They can
be seen as the f_L-nf’s of the A_L-calculus, which is the extension of the A-calculus obtained
by adding the constant L to the grammar (1) and the new rules Ax.L —, 1 and LM —, L
for all AL-term M.

We use upper case Latin letters A, B, ... for generic elements of A® and lower case Latin
letters a, b, ... for elements of N, possibly with pedexes and apexes.

The set A® can be given a structure of order. We set A < B if and only if A results from
B by replacing some subtrees with L. The intuitive reading of A <, B is that the Bohm-like
tree A is a less refined approximation of B.

We call A* := {a € N | a < A} the set of finite approximants of A € A®. Notice that
8 C N is an ideal of (N, < ) if and only if there exist A € A such that § = A*.

Some elements of A® can be used to represent the result of the (possibly infinite) com-
plete 3-reduction of A-terms. Let M € A. The Bohm tree of M is the tree BT (M) € AP defined
coinductively as follows:

if M is unsolvable then BT(M) := L; if M is solvable and M —pg Ax7...Xn X N7j - - Ny
then BT (M) := Ax1...xn.xBT(Ny)---BT(Ny,). Such a definition is independent of the hnf
AX1...Xn.Xx N7 -+ N, chosen in the second clause.

Notice that not every A € A® is the Boshm tree of a A-term, see [Bar84, Theorem 10.1.23].
In Figure 1 we provide some examples of Bohm trees.

One should think of BT (M) as the possibly infinite 3-normal form of M, with the unsolv-
able parts of M represented by the symbol L. In particular, whenever M has a 3-nf N then
actually BT(M) is N.
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Figure 1: Some examples of Bohm trees.

For every position o in BT(M), we want some A-term M such that BT(My) = BT(M),.
Of course, such an M is not unique. So we define a canonical one. Firstly, the principal head
normal form of a A-term M, denoted phnf(M), is the head normal form obtained from M
by the head reduction strategy [Bar84, Def. 8.3.10]. Then for any o on BT(M) we define the
subterm Mg of M at o by: My = M; Mj ¢ = (Mi41)s whenever phnf(M) = AX.yM; --- M,,.

Preorder and A-theories

The study of the untyped A-calculus is not restricted to the sole 3-rule. For a variety of
reasons, one may want to identify more A-terms than {3-convertibility does. So typically the
focus is on some equational extension of -convertibility. Such extensions are known as A-
theories, formally defined below. A further refinement consists in investigating inequational
extensions of 3-convertibility, which we call preorder theories.

Remember that a binary relation is a preorder if it is reflexive and transitive, whereas an
equivalence is a symmetric preorder.

A binary relation R on A is compatible (with abstraction and application) if it satisfies
MRN = AXMRAx.N and (MRN)A (M'RN’) = (MM’ RNN’) for all M,N,M’, N’ € A.

A preorder theory is any compatible preorder on A including =g.

A A-theory is any compatible equivalence on A including =g.

Given a preorder theory Cg, its induced equivalence =g is defined by M =g N if and
only if M Cg N and N Ty M, and it is always a A-theory. We often use the symbol T itself
when referring to the A-theory =g.

A A-theory is: consistent if it does not equate all A-terms (hence A x A is the only inconsis-
tent A-theory); extensional if it includes =, ; sensible if it equates all unsolvables. A preorder
theory is consistent, extensional or sensible if such is its induced A-theory.

We call A the least A-theory. It is in fact the A-theory just equating 3-convertible A-terms,
namely A= {(M,N) € Ax A |M =g N}.

We call An the least extensional A-theory. Such An is nothing but the transitive closure
of AU{(M,N) € Ax A | M =, N}. Actually, it is not complicated to prove that An =
{(M, N) e AxA [ M =g, N}, where =g, is the notion of convertibility of the rewriting
system defined by both the 3-rule and the n-rule.

More generally, given a A-theory T we denote by Tm the least A-theory including T U An.

The preorder theory Cg is defined as M Cg N if and only if BT(M) <, BT(N). By
antisymmetry of <, the induced A-theory is then: M =g N if and only if BT(M) = BT(N).
Notice that B is sensible, because when M and N are unsolvable BT(M) = L = BT(N).
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We call H the least sensible A-theory. In other words, J is the least A-theory that includes
{(M, N)| M, N unsolvables}. We have H C B (since B is sensible, H C B; moreover this
inclusion is proper, as BT (®) = BT(Y) but ® #4 Y).

The w-rule is a strong form of extensionality defined as follows:

for all M,N € A ((for allP e A° MP = NP) implies M = N).

The w®-rule is the restriction of the w-rule to combinators M, N € A°. Given a A-theory T we
denote its closure under the w-rule by Tw, and we say that T satisfies the w-rule if T = Tw.
An analogous notation is used for the w°-rule. By collecting some results in [Bar84, §4.1],
for all A-theories T we have: T C TJw; 7T satisfies the w-rule if and only if T satisfies the
wrule; T C T’ entails Tw C T'w.

Categorical semantics
Most of this thesis concerns denotational semantics of the untyped A-calculus. Among the
many notions of model for such system (weakly extensional A-algebras, A-models, syntacti-
cal A-models, categorical models, see [Bar84, Ch. 5]) we will only use the categorical one.
We recall that a cartesian closed category is a category C with finite products x and a
bifunctor — = — : €°" x € — € right adjoint to the product. For any product [ [;.r A; we
denote by n{[iEFAi : [lier At — Ay its i-th projection. The adjunction —x— 4 —= —
assures the existence of a bijection Aypc: C(A xB,C) — C(A,B = C) naturalin A, B and
C. We denote by Ev,5 : (A = B) x A — B the counit of the adjunction. Cartesian closed
categories provide the categorical semantics of the simply typed A-calculus.

Definition 1.2.1. Let C be a cartesian closed category. A reflexive object in C is a triple
(D,Abs,App) composed of an object D of € and morphisms Abs € C(D = D,D) and
App € C(D,D = D) such that App o Abs = idp—p. The reflexive object is extensional if
Abs o App = idp.

Definition 1.2.2. Let D = (D, Abs, App) be a reflexive object in a cartesian closed category.
For all M € A and for all finite sequence of variables xi,...,xn such that fv(M) C X, the
interpretation [M]]7, : D™ — D is given by induction on M as: [[x{] , := 72", [A.M]}, :=
Abs o Ao o (IM]57) and [MN] = Bvo o (app o [M]5, [N]5).

We could not find any reference for the following definition in the literature. Nevertheless,
we are convinced that it must have already appeared elsewhere, and that it is considered
by many as mathematical folklore.

Definition 1.2.3. Let D = (D, Abs,App) and D’ = (D’,Abs’, App’) be reflexive objects in a
given cartesian closed category. An isomorphism of reflexive objects f : D — D’ is an isomor-
phism f: D — D’ making the following two diagrams commute:

Abs App

D=D D D=D
1= fl f lf1 =f (2)
D/=D/ s’y pr A 5 pr
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Theorem 1.2.4. Let D and D’ be isomorphic reflexive objects in a cartesian closed category. Then
forall M, N € A and for all finite sequence of variables x1,...,xn such that fv(MN) C X we have

M) = N5 ifand only if [M]5, = [N]%,.
Proof. See Appendix A. O

When it comes to isomorphisms between extensional reflexive objects we do not need to
check the commutativity of the right diagram of (2) in Definition 1.2.3.

Lemma 1.2.5. Let D and D’ be reflexive objects in a cartesian closed category. In particular let D
be extensional. If the isomorphism f: D — D’ makes the left diagram of (2) commute, then f is an
isomorphism of reflexive objects.

Proof. See Appendix A. O

The research on denotational semantics of A-calculi has derived much benefit from the
discovery of Linear Logic (LL) by Girard [Gir87]. The natural deduction of propositional in-
tuitionistic logic can be embedded into LL. This is true in particular for its implicative frag-
ment, which corresponds to the simply typed A-calculus via the Curry-Howard (or proofs-
as-programs) isomorphism [How8o, SU06]. From the semantic perspective, this means that
from a categorical model of LL one must always be able to construct a categorical model of
the simply typed A-calculus, namely a cartesian closed category.

There are different categorical axiomatizations of LL, all of them sharing Bierman’s linear-
non-linear principle [Biegs], as explained in [Melog, Ch. 7]. We briefly recall here the categor-
ical model of LL known by the name of Seely category (skipping most technical details). The
notion is in fact a reformulation by Bierman [Biegs] of a definition of Seely [See89].

A symmetric monoidal category (smc) (8, ®,1,«,A,y,0) is composed of a category §, a bi-
functor ® : §® 8 — § (called tensor), an object 1 (the unity of the tensor), and natural
isomorphisms aapc @ (A®B)®C - A®(BXRC), Ay : TRA — A, pa : AR = A,
Orp i A®B — B® A that make commute some well-known diagrams axiomatizing associa-
tivity, left and right neutrality of 1 and commutativity (see for instance [Melog] or [MLg7]).
An smc as above is closed (smcc) if there exists a bifunctor — — — : 8% x 8§ — 8 right adjoint
to the tensor —®—. This provides a bijection Ay : S(A®B,C) — §(A,B — C) natural
in A,B and C. We denote by evap : (A — B) ® A — B the counit of this adjunction. In
particular one can define dual’, := A, A .ss(evap© 0an.s) : A = (A —o B) —o B. The smcc
is a s-autonomous category if there is an object L (called the dualizing object) such that for
every A the arrow dualy is an isomorphism. In such a case one also writes A* := A — L.
Finally, a Seely category is a x-autonomous category 8 with finite products (usually denoted
by & rather than x in this context, with T being the final object) and a symmetric monoidal
comonad (!,der,dig, m) : (§,®,1) — (8, &, T) that satisfies a further technical condition re-
lating dig and m, see diagram (72) in [Melog, § 7.3]. We refer to [Melog] for the unfolding
of what symmetric monoidal comonad means. We just recall that the counit der, : 1A — A
of the comonad is called dereliction, the comultiplication dig, : 'A — !'A is called dig-
ging, whereas the natural isomorphisms m3, : !A®!B — !(A&B) and m® : 1 — IT
making the functor ! monoidal go by the name of Seely isomorphisms. Also, using these
ingredients one can define prom,; : ![A — B — !A — B, which we call promotion. Let
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(8, ®,1,&,A,v,0,1,&,T,!, der,dig, m) be a Seely category. Then the co-Klesli category of ! on
8, here denoted by Kl(8), is a cartesian closed category. Remember that its objects are the
same as §, its morphisms are given by Kl(8)(A,B) = 8(!A,B) with der, € KI(8)(A,A) as
identity, and the composition of f € Kl(8)(A,B) and g € Kl,(8)(B, C) is provided by the ar-
row go !fodig, existing in 8. The product & of 8 lifts to a product in Kl(8), when taking as
i-th projection of & A just the morphism 7 ¢<F "¢ ca T &ier Al = Apin 8. As
concerns the closure — = —, it is defined on objects as A = B :=!A —o B (also known as Gi-
rard’s first translation [Gir87]), whereas given g € KI,(8)°P(A, A’) = KI,(8)(A’,A) = §(IA’, A)
and h € Kl,(8)(B,B’) = 8(!B, B’) the morphism

o der&i

g=heKI(8)(A=B,A'=B') = §((A=B),A’=B’') = §(!('A —-B), A" - B
is the following composition of arrows in 8:

i
deran o prom, g der,,r—B

(1A —oB) IA—oB IA—olB —9°" L 1A’ _oB/ A’ —oB’.

1.3 OBSERVATIONAL EQUIVALENCES

The problem of determining when two programs are equivalent is crucial in computer
science. For A-calculi and related systems, it has become standard to consider two terms M
and N as equivalent programs when they are observationally (or contextually) equivalent with
respect to some fixed set O of observable terms. This means that one can plug either M or N
into any context C[—] without noticing any difference in behaviour through the glasses of O:
the program C[M] reduces to an observable in O exactly when C[N] does. The underlying
intuition is that terms in O have a form with a certain stable amount of information, so they
can be used as observable outputs of the computation. The choice of the set O is not unique.

Several interesting preorder theories and A-theories are obtained when one applies this
approach to the untyped A-calculus, as we do now.

A context C[—] is a A-term with exactly one hole [—] occurring as a subterm in it. A way to
formally define this is by first adding the constant [—] to the grammar defining A-terms (1),
and then taking from the terms so obtained only those where [—] occurs once. Given a
context C[—] and M € A, we denote by C[M] the A-term obtained by replacing the hole
with M. It is important to stress that we do not apply the a-conversion and the variable
conventions to contexts. For instance, if we have the context Ax.[—] and the A-term xx, the
occurrences of x in both of them refer to the same variable. The reason is that we do want
to be able to capture bound variables when filling a hole.

A context E[—] is a head context if it has the form Ax7...xm.[—] M7 --- M, for m,n € N.
In particular such a head context is applicative whenever m = 0, namely if it has the form
1My - My

Consider a set O C A. We write M €g O when there exists M’ € O such that M —g M’.
The O-observational preorder CY is defined as

MLCYN ifand only if for every context C[-] (C[M] €0 = C[N] €p O).

Notice that we are not asking C[M] and C[N] to reduce to the same element of O.
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The O-observational equivalence =% is the equivalence induced by C® namely M =N if
and only if M C°N and N C9M.

It is easy to check that C© is a preorder theory, hence =¢ is a A-theory.

We have not asked any condition on O. Nevertheless, it seems reasonable to take some
set O closed by [3-convertibility. We are interested in two specific cases.

Hyland’s Observability
Let O be the set of A-terms in hnf. The corresponding O-observational preorder is denoted
by Cg¢- and the corresponding O-observational equivalence by =4+ . More explicitly

M Cg-N if and only if  for every C[-] (C[M] hasa hnf = C[N] has a hnf).

It is easy to realize that C"q¢- and H* are consistent, extensional and sensible.
It is a well-known fact that one can focus attention to head contexts.

Lemma 1.3.1 (Context Lemma). Let M, N € A. Then M Cq¢- N if and only if for all head context
E[—] whenever EIM] has a hnf then E[N] has a hnf.

Corollary 1.3.2. Let M,N € A®. Then M Cg- N if and only if for all applicative and closed
context X whenever MX has a hnf then NX has a hnf.

The A-theory J{* was extensively studied in the 70’s, primarily by Hyland [Hyl7s, Hyl76]
and Wadsworth [Wad76]. In particular Hyland proved that H* is the maximal consistent
sensible A-theory. The proof of this fact, as can be found in [Bar84, Theorem 16.2.6], can
also be straightforwardly adapted to the preorder case. So T+ is the maximal consistent
sensible preorder theory. We will make an extensive use of this maximality in this thesis.

The following characterization of Cg¢ comes from [Hyl76] (see also [Bar84] and [RPo4]).

Definition 1.3.3. Let M, N € A. We write M E}?{* N if and only if either k = 0, or M is
unsolvable, or k > 0 and

M =g AX7...Xn, YyMy-- My, N =g Ax1...%Xn, yNj---Np,

where 11 —mj; = n,; —m; and if, say, m; < m; (hence n; < n, and there exists p > 0
such that n; =ng +p and m; = my + p) then:

e either y is free or y = x; for some j < ny;
o M; Ck2" Ny forallie{l,...,mi}and xpn,+j CXZ' Ny, 4 forallj € {1,...,ph
(The case my > m; is symmetrical.)
Proposition 1.3.4. Let M,N € A. We have M. Cq¢« N if and only if M CX. N for all k € N.
For convenience, we reformulate Proposition 1.3.4 also in terms of approximants.

Definition 1.3.5. Let a,b € N —{_L}. Since elements of N are considered up to x-conversion,
it makes sense to write them as a = Ax7...Xpn.Xa7 - am and b = Axy... X yby - by
for some n,m,n’,m’ € N. We write a ~ b if and only if x =y, n—m = n’—m’ and
either x is free or x = x; for a certain j € {1, . ..,min(n,n’)}. When a ~ b we make use of
the following notation:
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o if m’ < mwesetbygi=xniforallie {1,...,m—m'};
o if m<m weset Qmyi=xmiforallie {1,...,m'—m}.

Example 1.3.6. We have Axyz.yy L ~ Axy.yI since they have the same head variable y and
3—2=2-—1. And if we call Axjx2x3.x2 aj az := Axyz.yy L and Axjx2.x2 by := Axy.yl
then according to the notation set above Axjx2x3.x2 bibz :=Axyzylz.

Notice that a ~ b is not an inductive notion, in the sense that in Definition 1.3.5 nothing
is asked concerning the relation between the a;’s and the b;’s. We are going to do that in
the following definition, which is moreover an order refinement of the idea.

Definition 1.3.7. Let a,b € N. We write a 3 b if and only if either a = L, or a ~ b and for
allie {1,...,max(m, m’)} we have a; 3 b;.

Definition 1.3.8. Let a € N and T € A®. We write a X T if and only if there exists b € T*
such that a X b.

One can easily check that Definition 1.3.8 is consistent with Definition 1.3.7 whenever
T = b € N. Finally, we can reformulate Proposition 1.3.4 as follows.

Proposition 1.3.9. Let M, N € A. Then M Cyg¢-N if and only if a X BT(N) for all a € BT(M)*.

Morris’s Observability
Taking hnf’s as observables is the most common choice. Such observational equivalence
is by far the most investigated in the literature [Hyl76, Wady6, GFHgg, Manog, Bre16],
at least concerning the untyped setting (for typed versions of the system, most notably
PCF [Milyy, Ployy, HOoo, AJMoo], one has some notion of values as observables). But in
this thesis we focus on a different observability.

Let O be the set of A-terms in B-nf. Then CY is called Morris’s observational preorder and
denoted by Cg¢+. More explicitly

M Cqc+ N if and only if for all C[—] (C[M] is f-normalizable = C[N] is B-normalizable).

The induced equivalence =Y is called Morris’s observational equivalence and denoted by =g+ .

It is easy to check that Cq¢+ and H™ are consistent, extensional and sensible. Notice also
that in the characterization of Tg¢+ here above one can replace the -reduction with the
pn-reduction, namely

M Cg¢+ N if and only if for all C[—] (C[M] is Br-normalizable = C[N] is [Sn-normalizable).

Even in this case we can focus our attention on head contexts.

Lemma 1.3.10 (Context Lemma). Let M,N € A. Then M Cqc+ N if and only if for all head
context E[—] whenever E[M] has a (3-nf then E[N] has a 3-nf.

Corollary 1.3.11. Let M,N € A®. Then M Ty« N if and only if for all applicative and closed
context X whenever MX has a p-nf then NX has a 3-nf.
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In [Bar84, Ch.16] the A-theory H* is denoted by Tnr and called Morris’s extensional the-
ory. That name aims to distinguish H* from the original Morris’s theory [Mor68], which is
defined likewise but further requires C[M] and C[N] to reduce to the same -nf. This origi-
nal version of H™" is clearly not extensional (it does not equate y and Ax.yx). As far as we
know, it was the very first instance of an observational equivalence ever introduced in the
literature. Anyway, it will not be considered in this thesis.

1.4 EXTENSIONAL BOHM TREES

Studying observational equivalences is not an easy task, especially because of the quantifi-
cation over all possible contexts appearing in their definition. This is the reason why since
the 70’s several attempts have been made to find alternative characterizations of J{* and
H*. We recall in this section those that use Bohm-like trees.

In the paper [Boh68] from 1968 Bohm presented his famous theorem (see [Bar84, § 10.4]):
if two 3-normalizable A-terms M and N have different 3n-nf’s then they can be separated,
i.e. there exists a context C[—] such that C[M] has a p-nf whereas C[N] does not. On the other
hand, if M and N have (3-nf’s that differ only for some n-conversions then they cannot be
separated (take for instance M = x and N = Ay.xy). Stated in contrapositive form, Bohm'’s
theorem says that as far as we consider only B-normalizable terms H* corresponds to An, and
in fact also to Bn (for such terms being (-convertible means having the same Bohm tree).
Can we extend this approach — looking at Bohm trees up to n-conversion — to all A-terms
in order to fully characterize 3" or other observational equivalences? The answer is yes,
provided we have some appropriate notion of n-reduction for generic Bohm-like trees.

There exist two distinct such notions. Both of them allow to reduce at once infinitely many
n-redexes, each occurring at a certain position on the tree. This is reasonable, as Bohm-like
trees are infinitary objects. The difference lies in what one considers to be an n-redex (in a
certain position on the tree). Take for instance BT (] ) in Figure 1. It looks like an infinitely
deep n-expansion of Ax.x. Shall we allow BT(]J ) to n-reduce to I? Or must we only reduce
finitely deep n-extensions? Both options are of interest: the first approach provides a model
of 3*; the more restrictive choice gives a model of H™.

We start by defining the reduction that takes infinitely deep n-expansions into account.
The definition is the same as [Bar84, Definition 10.2.10], where it is denoted by B >,; A. As
a matter of fact, what we are going to define is not a reduction rule in a formal rewriting
system, but rather an order on A®. Nevertheless, we prefer to denote it by B —»,, A, just to
stay close to the underlying intuition. In fact —», can be defined as an actual reduction in
an infinitary rewriting system, as recently shown by Severi and de Vries in [SdV16].

Remember that, given a Bohm-like tree A : IN* — % x IN, for convenience we use A(0)
instead of (77 o A)(o). For instance, if A is the tree L, i.e. formally dom(A) = {e} and
A(e) = (L,0), then with an abuse of language we directly write A(e) = L.

Definition 1.4.1. Let A € A® and T € T. We say that T extends A if and only if dom(A) C
dom(T), and whenever A(¢) = L then T(¢) =0 (namely ¢ is a terminal node in T).

Definition 1.4.2. Let A € A® and T € T such that T extends A. The Bshm-like tree (A ;T)
is defined on @ € IN* as follows.
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1. If ¢ € dom(A) and A(¢@) = L (hence T(¢) = 0 by Definition 1.4.1), we set
(A;T)((p) = 1.
2. If ¢ € dom(A), A(@) = AX.x and the number of children of the node ¢ in A is m
(A;T)@) == MY§. .. Y$p)-m_1-X
Notice that in particular if T(@) =m then (A;T)(¢) := A(@).

3. If = @’.m+1edom(T)—dom(A), ¢’ € dom(A) and m is the number of children
of the node ¢’ in A, then we set

(A;T)(@) = My§...yf(p) 197 -
4. If o =@’.1 € dom(T) —dom(A) and ¢’ & dom(A) we set
(AST)@) = AY§...yf(p) 1u7 -
5. If @ € dom(T) then also @ ¢ dom(A;T), i.e. (A;T) is undefined.
Notice that 1-5 above are all the cases that one must take into account, since T extends A.

Remark 1.4.3. Let A € A® and T € T such that T extends A. Then [(A;T)| =T.

Definition 1.4.4. Let A,B € A®. We say that B is an infinite n-expansion of A, denoted by
B —», A, if and only if there exists S € T such that B = (A;S). Notice that in such a case
in fact [B] =S, by Remark 1.4.3.

n times

——
Example 1.4.5. Let T: N* — N send (0,0,...,0) — 1 foreveryn € N. Then T € T and T
extends I. It easy to realize that BT(J ) = (I, T). Hence BT(]J ) —» L

We will make use of the following two lemmas.

Lemma 1.4.6. Let Axy ... Xn.XBy - By = AXy ... X/ X Aq - Ayyr. Then By —»y Ay for all
ief{l,...,m'} and Byyi oy Xnrgq forallie{l,..., m—m'}.

Proof. Straightforward. O

Lemma 1.4.7 ([Bar84, Lemma 10.2.14 (ii)]). Let A, A’,B € A® such that A’ —»,, A < B. Then
there is B’ € AP such that A’ < B’ —»,, B. Diagrammatically

where — denotes —»,, and the dashed lines are the ones given by thesis.

As already mentioned —», provides a model of J{*, and in fact even of T-.
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Theorem 1.4.8 ([Bar84, Theorem 19.2.9]). Let M, N € A.
1. M Cg¢« N if and only if there are A, B € AP such that BT(M) ne— A < B =, BT(N).
2. M =4« N if and only if there is A € A® such that BT(M) n« A —»y BT(N).

The notion that performs only finitely deep n-reductions can now be defined as a specific
case of B —» A.

Definition 1.4.9. Let A,B € A®. We say that B is a finitely deep (infinite) n-expansion of
A, denoted by B —f" A, if and only if B —», A and for all ¢ € dom(A) whenever
{11) € dom(A) | = (p} = () then the set {w € dom(B) |V = (p} is finite.

One can prove an analogue of Theorem 1.4.8(2) for ", that is M =4+ N if and only if
there is A € A® such that BT (M) ﬂ“e«— A —»a;i” BT(N). The analogue for Cq¢+ is not true.

Example 1.4.10. In Figure 2 we have two Bohm trees. The symbol n™(x) in a certain position
o on BT(P) denotes the fact that the subtree BT (P). is an n-expansion of depth n, namely
Ax1.x BT (P) 0y (Ax2.x1 (Ax3.x2 (- - (AXn-Xn—1%n) - - - ))). The A-terms P and Q exist by [Bar84,
Theorem 10.1.23]. We have BT (P) —)»fqi” BT(Q). So P =4¢+ Q.

Anyway, for Cgc+ and H* we will use a different characterization by Hyland and Lévy.
It has a more set-theoretical flavor, since it makes use of finite approximants.

Definition 1.4.11. Let M € IN. The extensional Bohm tree of M is the set

BT*(M) = | J nfyBT(M)* = {nfn(a) | a € BT(M/)* and M/ —, M}.
M= M

Notice that, despite the name, BT°(M) is not actually a Bohm-like tree.
Theorem 1.4.12 ([Hyl75]). Let M, N € A.

1. M Cgc+ N ifand only if BT¢(M) C BT¢(N).

2. M =g+ N ifand only if BT®(M) = BT¢(N).

A sketch of the proof of Theorem 1.4.12 is in Hyland’s original paper [Hyly5]. The reader
may want to see [RPo4] for a cleaner proof.

Example 1.4.13. It is easy to realize that BT¢(J ) C BT(I). So by Theorem 1.4.12(1) we get
J Cgc+ 1. On the other hand, BT¢(1) & BT®(J ), since I € BT¢(I) —BT®(J ). As a matter of
fact I Zgc+]J (taken C[]:=[] we have C[I] =1 with a f-nf and C[ J] = J without).

There is a way to obtain a characterization of Tg+ and H* starting from BT¢(—).

Definition 1.4.14. Let a,b € N. Then a <°Db if and only if there exist a’,b’ € N such that
an«—a’ < b’ —yb.

Definition 1.4.15. The Nakajima tree of M € A is NT(M) := BT¢(M) U {supge BTe(M)}.
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Theorem 1.4.16 ([Nakys]). Let M, N € A.
1. M Cg¢« N if and only if NT(M) C NT(N).
2. M =4+ N ifand only if NT(M) = NT(N).

Example 1.4.17. One can prove that I is the only element of BT¢(1) — BT¢(]J ). Moreover
sup_e. BT¢(J)=1= sup_e BT¢(I). Hence NT(J ) =BT¢(J)U{I}=BT¢(I)=NT(I).

Definition 1.4.14 is not the original version of Nakajima’s trees [Nakys], but rather a
reformulation in terms of finite approximants provided by Lévy [Levy6]. Anyway, we will
not use this model of {* in the thesis.

There is yet another way to define the extensional Bohm trees, as given in [vBBDCdVo2].
This alternative definition is not exactly equivalent to BT¢(—). In fact, it only provides a
model of HT, not of Cq¢+. It is based on a coinductive definition of what can be seen as the
normal form of a Bohm-like tree w.r.t. the notion —»af%” discussed above.

Definition 1.4.18. Let A € A®. The n-normal form of A, denoted by n(A), is defined coin-
ductively as follows: (L) = 1 and

AXT . oo Xn YA Al if (#) below holds
ﬂ(7\X1---Xn.yA1---Am): T]( 1 n-y A1 m 1) (#) .
AX1 .o X yn(Aq) - n(Am) otherwise

where Condition (#) is: xn € fv(yA71---Am_1), Am € N (i.e. Ay, is finite) and Ay =1 Xn.

Definition 1.4.19. Let M € A. The Bohm n-tree of M is BT (M) :=n(BT(M)).

Example 1.4.20. Examples of Bohm n-trees are: BT"(J ) = BT(]J ), BT"(Ay.xyy) = Ay.xyy,

BT " (Axy1y2.x(Az1.y1(Az2.21 (Az3.2223))y2) = BT™(I) =1, BT"(Ay.xLy) = x L.

Theorem 1.4.21 ([vBBDCdVoz]). For M,NeA, M =q4¢+ N if and only if BT"(M) = BT"(N).
On the other hand, BT"(M) <, BT"(N)is not equivalent to BT°(M) C BT¢(N) (i.e. to

M Cq¢+ N). E.g. BT¢(xL) € BT®(Ay.xyy) but BT"(xL) =xL £ Ay.xyy = BT"(Ay.xyy).

1.5 THE LATTICE OF A-THEORIES

The set of all A-theories, ordered by inclusion, forms a complete lattice.

The meet of two A-theories is their intersection. The join is the least A- ) A N

theory that includes their union. The minimum element of the lattice 7“]\ ) H N

is A, whereas the maximum is the inconsistent A-theory. The lattice of A THn B

A-theories is still largely unexplored, see [LSo4] as a reference. 5{ c() \BT]/
The picture on the right, where T is above T’ if T C T/, is taken % u/)

from [Bar84, Theorem 17.4.16] and shows some facts about the A-

theories under consideration. ? ¢ H+

The counterexample showing that An C Aw is based on Plotkin’s

terms [Bar84, Definition 17.3.26]. Since these terms are unsolvable, H*

they become useless when considering sensible A-theories.
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Figure 2: Example of finitely deep n-reduction: BT (P) —»»f{” BT(Q)

Take the two A-terms P, Q in Example 1.4.10, whose Bohm trees are depicted in Figure 2.
As we know, they satisfy P =4¢+ Q. The existence of P and Q entails that Bn C H™. Indeed,
when M —;; N then BT(M) can be obtained from BT(N) by performing an n-expansion of
at most depth 1 at every position (see [Bar84, Lemma 16.4.3]). As a consequence, M =g, N
entails that BT (M) can be obtained from BT(N) by performing possibly infinite many n-
expansions, but with a bound on the depth of all of them. Clearly this not the case of P and
Q, since at every level 2n of BT(P) there is an n-expansion of depth n. So P #3,, Q.

Perhaps more surprisingly, P and Q can also be used to prove that Bn C Bw, since
P =g, Q holds. The argument is due to Barendregt, see [Bar84, Lemma 16.4.4]. Recall
the following basic fact: for every M € A° there exists k > 0 such that MQ - -- Q, where
the application to Q) is repeated k times, becomes unsolvable (see [Bar84, Lemma 17.4.4]).
By inspecting Figure 2, we notice that in BT(P) the variable y is applied to an increasing
number of Q’s (represented by 1). So, when substituting some M € A° for y in BT (Py),
there will be a level k of the tree where MQ) - - - Q become _L, thus cutting BT (PM) at level k.
The same reasoning can be done for BT (QM). Therefore BT (PM) and BT(QM) only differ
because of finitely many n-expansions, which gives PM =g,; QM. Since Bn C Bw, we have
PM =3, QM. As this is true for all M € A°, by the w-rule holding in Bw we get P =5, Q.

About the relation between Bw and H™*, Sallé conjectured that Bw C H™* [Bar84, §17.4].

The fact that J{* satisfies the w-rule is clearly a consequence of its maximality. However,
there are several direct proofs: see [Bar84, §17.2] for a syntactic demonstration and [Wad76]
for a semantic one. The longstanding open question whether H" satisfies the w-rule will
be answered positively in Theorem 5.4.3.

1.6 LINEAR RESOURCE CALCULUS AND TAYLOR EXPANSION

All models of the untyped A-calculus studied in this thesis are resource-sensitive, in the sense
that they represent explicitly the consumption of resources by A-terms along the process of
B-reduction. For their technical development we derive much benefit from a reformulation
of the untyped A-calculus where the resource-sensitiveness is integrated in the syntax from
the beginning. It is the linear fragment of Ehrhard’s resource calculus [ERo6a], handled here
with the syntax proposed by Tranquilli in [Tra11].
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The linear resource calculus
The set A" of (linear) resource terms and the set A® of bags are defined by the grammars

AT: s,ta=x |Axt |tb AP b= [51,...,sn] where n > 0. (3)

Notice that in applications tb resource terms are in functional position, whereas bags are
in argument position and represent unordered lists of resource terms. Intuitively, in a term
t[s1 L, sn] each s; is a linear resource, meaning that t cannot duplicate nor erase it. We
will deal with bags as if they were multisets presented in multiplicative notation: by - b5 is
the multiset union of by and b,. Clearly, the neutral element of this multiplication is the
empty multiset [ ]. We write [s¥] for the bag [s, ..., s] containing k copies of s.

The a-equivalence and the set fv(t) of free variables of t are defined as done for the
ordinary A-calculus in § 1.2. Resource terms and bags are considered up to a-equivalence,
and we also apply the Variable Convention seen in § 1.2.

As a syntactic sugar, we extend all the constructors of the grammars (3) as pointwise
operations on (possibly infinite) sets of resource terms or bags. That is, given T C A" and
B, B’ C A’ we use the following notations: Ax.T := {Ax.t [t € T}, TB:={tb |t € T,b € B},
[T]:={t] |teTland B-B’':={b-b’ |b € B, b’ € B’}. For convenience, we also write Tb
for T{b} and B - b for B - {b}. Observe that Ax.0 =0, t0 =0, 0b =0, [#)] =0 and - b = 0. So
the empty set () annihilates any resource term or bag.

Given a relation —g € AT x P¢(AT) its context closure is the least relation in P¢(AT) x P¢(AT)
such that, when t —g T, we have

Ax.t —R AX.T, tb —R Tb, S([t] . b) —R S([T] . b), {t}U S —R TuUS.

We say that t € A" is in R-normal form if there is no T such that t —g T. When — is
confluent, nfg(t) € P¢(A") denotes the unique R-normal form of t, if it exists.

The degree of x in t, denoted by deg, (t), is the number of free occurrences of x in t. A
B-redex is a resource term of the form (Ax.t)[s1,...,sx| and its contractum is a finite set of
resource terms: when deg, (t) = k, it is the set of all possible resource terms obtained by
linearly replacing each free occurrence of x in t by exactly one of the s;’s; otherwise, when
deg, (t) #k, it is just (). Formally, we define —p as the context closure of:

{t{sp(])/m,...,sp(k)/xk} |pe Gk} if deg (t) =k,

(Ax.t) [S], cee, Sk] —B
1] otherwise

where &y is the group of permutations of {1,...,k} and x1,...,x, is a fixed arbitrary enu-
meration of the free occurrences of x in t. Note that the 3-reduction is strongly normalizing
on P¢(AT), since whenever t —pg T the size of t is strictly bigger than the size of each re-
source term in T. Moreover, the -reduction is weakly confluent, and therefore confluent
by Newman’s lemma.

There is no evident notion of n-reduction on P¢(A"). We will deal with this issue in § 4.5.

Taylor expansion
The Taylor expansion of a A-term, as defined in [ERo3, ER08], is a translation developing
every M € A as an infinite series of resource applications with rational coefficients. For our
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purpose it is enough to consider a simplified version T(—) : A — P(A") corresponding to
the support of the actual Taylor expansion, namely the set of those resource terms appearing
in the series with a non-zero coefficient. In other words, here a Taylor expansion will be a
possibly infinite set of resource A-terms.

Definition 1.6.1. Let M € A. The Taylor expansion of M is a set T(M) C A" defined by
T(x) = {x}, T(AMx.M) = AxT(M), T(MN) = T(M)M(T(N)).

The Taylor expansion is extended to finite approximants in N' by adding the clause (L) := 0
and to Bohm-like trees A by setting T(A) := (J,ca-T(a).

Examples 1.6.2. Here are the Taylor expansions of some A-terms:

-

= {)\xx[ “] InelN}

T(I)
)

Tyxyy) = {Ayx[y"][y*] In, ke N}
)
)

T(Ax.xx

T(Q) = {(AXX )[AXX 1], ...,Ax.x[x“k]] |k, ng,..., Nk EIN},
T(Y) = {?\f.(Ax flxx™1,..., x[x™]]) [)\x.f[x[x””],...,x[xn‘kI]] L,
Ax.f[x[x“h‘],...,x[x“hkh]]] ‘ k,ni, h,ny; € IN},
T(J) = {t[%zxy.x[z[y“”],...,z[y“”ﬂ] e,
?\zxy.x[z[y“h‘],...,z[y“hkh]]} ‘ teT(0), hking; € ]N}.
From the examples above it is clear that if a A-term M has a (3-redex, then there are
resource terms t € T(M) having [3 -redexes too. However each t has a unique 3-nf and
we can always compute nfg (T Uteg m) nfp (). For instance: T(I), T(Ax.xx) and

T (Ay.xyy) are already B-normal whereas nfﬁ( (Q)) = 0.
We will make use of the following lemma, whose proof is simple.

Lemma 1.6.3. Let a € Nand M € A. Then T(a) C T(BT(M)) entails a € BT(M)*.

There is a strong relationship between the Bohm tree of a A-term and its Taylor expansion,
as clarified by the following theorem.

Theorem 1.6.4 ([ERo6a]). Let M,N € A. Then nfg(T(M)) = T(BT(M)).
Corollary 1.6.5. Let M,N € A. Then BT(M) = BT (N) if and only if nfs (T(M)) = nfg (T(N)).

Theorem 1.6.4 will play an important role in this thesis. It can be read as a kind of com-
mutation: performing the Taylor expansion of M € A and then 3-normalizing is equivalent
to B-normalizing in the first place (something represented by taking the Bohm tree) and
then doing the Taylor expansion. Here some examples of applications of Theorem 1.6.4:

nfg (T(Y)) = {ALFL], MF[(FLD™], AF[E[(FID™ ], .. F[(FLD™]], ... }
nfg (T(])) = {Mzoxl], Axzoxl(Az1.zo[])"], ... }

26



The (full) resource calculus extends the one presented here above with a more general
notion of bag [31 Seee, STy, t!1 PR ,t!m], where resources of the form t' are considered as non-
linear (duplicable or erasable when substituted), and a more general -reduction accomo-
dating this idea. The calculus has been further studied in [PTog, PRDR10o, MP11]. It shares
some similarities with Boudol’s A-calculus with multiplicities [Boug3, BCLgg]. The syntax
of the resource calculus can be reformulated in a way very close to the common differen-
tiation in ordinary calculus. In such a case, it goes by the name of differential A-calculus, as
developed by Ehrhard and Regnier in [ER03, ERo6b, ER08]. (See for instance [Mani2] for
the formal translation between the resource calculus and the differential A-calculus.)
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RELATIONAL GRAPH MODELS

INTRODUCTION

In Scott’s continuous semantics [Sco72] programs are interpreted as functions. Also, the
interpretation of data types relies on some order. The kind of denotational semantics that
we use here, called relational semantics, does not have neither of these features.

Relational semantics interprets types as sets, and A-terms as binary relations. A program p
of type A — B is interpreted as a relation [[p]] between finite multisets of A and elements
of B (by convenience we are calling A the set that interprets a given type A). Intuitively

([cu,...,an},b) € [[p]] (4)

means that one among the possible executions of p can produce a piece of output b by
consuming exactly the resources aj,...,an. Let us point out two relevant features of this
semantics.

1. Finite multisets provide a resource-sensitive interpretation of inputs of programs: if m
is the multiplicity of a; in [a1, e, an], then the piece of information a; is used m
times in the specific execution represented by (4).

2. Such semantics carries some notion of non-determinism, since programs are interpreted
as relations rather than functions. According to (4) the resources aj, ..., an can pro-
duce the output b. But they may also produce some other output c, since one can have

([a1,...,an}, c) S [[pﬂ too.

This semantics is an offspring of the strict connection between A-calculus and linear
logic [Gir87]. The category Rel of sets and relations is suitable to model LL if one assumes
the operator M of finite multisets as the comonad interpreting !. Then the cartesian closed
category MRel arising from the co-Kleisli construction of My on Rel is a model of the simply
typed A-calculus. A relational model of the untyped A-calculus is a reflexive object in MRel.

Here we introduce the notion of relational graph model (rgm for short). Rgm’s form a proper
subclass of the class of relational models. They are a resource-sensitive reformulation of
the graph models a Ia Plotkin-Scott-Engeler [Ploy2, Eng81, Lon83, Plog3, Schg1]. A graph
model is a specific kind of reflexive object in the cartesian closed category of cpo’s and
Scott-continuous functions. Precisely, one of the form (P(D), C ) for a given infinite set D in
which P¢(D) x D is injected. The idea behind rgm’s is to replace P¢(D) with M¢(D). With
this choice, not the set M¢(D), but rather D itself turns out to be a reflexive object in MRel.

Rgm’s are the main subject of this work. We investigate them by employing a type-
theoretical approach. Indeed, we formalize the interpretation of A-terms in each specific
rgm by means of a corresponding type assignment system. A peculiar feature of such a sys-
tem is a non-idempotent operation defined on types, corresponding intuitively to the union
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of multisets. We denote this operation as an intersection, in accordance to a long standing
tradition [BDS13, Part III]. From this perspective, rgm’s remind one of the role played by
filter models in the context of Scott’s semantics.

PLAN OF THE CHAPTER In § 2.1 we collect the generic technicalities concerning MRel.
In § 2.2 we introduce the rgm’s. The type systems associated with them are presented in
§ 2.3. The usage of these systems to interpret A-terms is given in § 2.4. In § 2.5 we show that
rgm’s are also models of the linear resource calculus. We exploit this fact in § 2.6 to prove
the crucial approximation theorem that holds for every rgm.

2.1 RELATIONAL SEMANTICS

Relational semantics of linear logic and the A-calculus, first conceived by Girard in [Gir88],
has been mainly developed by Ehrhard and coauthors [BEMoy, BEM12, Ehri2]. We recall
here its main ingredients, referring to § 1.2 for the categorical notions that we mention.

In the category Rel objects are sets. Given two objects A and B we define Rel(A,B) =
P(A x B). In other words, morphisms in Rel are binary relations between sets. The composi-
tion in Rel is the usual composition of binary relations, i.e. forany f C AxBand g C B x C
we have gof := {(a,c) € AXC |(a,b)efand (b,c) € g forsomeb € B}. The inversion
of a morphism f: A — B is just its inverse relation f~! := {(b, a)eBxA |(ab)e f}.

Rel is a x-autonomous category. The tensor and its closure are both given by the cartesian
product of sets A® B := A — B := A x B. However, notice that the definition differs
on morphisms f and g, since — — — is contravariant in the first argument. So actually
f® g = f x g whereas f — g := f~ ! x g. The unit of the adjuction between ® and —o is
€Vap = {(((a,b), a),b) Jlae Aand b € B}. The unit of the tensor is the generic singleton
1 := {x}. The same goes for the dualizing object, namely L := {x}. For every object A we
have A* = A up to isomorphism, whereas for every f : A — B we have f* = f~!. Rel has
the disjoint unions of sets A W B as finite products and the empty set () as final object.

See § 1.1 for the notations on multisets that we are going to use hereafter.

One can see M¢(—) as an endofunctor on Rel by setting for all f C A x B

Me(f) = {([a1,...,an] , [b1,...,bn]) | n€Nand (ay,b;) € f for alli} )
The functor M¢(—) is a monoidal comonad on Rel. Its counit and comultiplication are
der, == {(lal,a) | a €A},

dig, = {(m1 4+ My, [m1,--- ,mn]) | n € N and m; € M¢(A) for all i}.
The Seely isomorphism m° : 1 — IT is just m® := {(x,[1)} C {«} x {[]}. The Seely isomor-
phism m? ; : !1A® !B — (A &B), namely m2 , C (M¢(A) x M¢(B)) x M¢(AWB), is

mZA'B = {<([a1/'”an]/ [b]’bm])’ [(]’a])l"'/(]/an)/(2/b1)/-..,(Z,bm)])}ZTZjH:-GB.

All this makes Rel a Seely category. So its co-Kleisli MRel := Kl (Rel) is a cartesian
closed category. The objects of MRel are sets. A morphism f € MRel(A, B) is any relation
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between M¢(A) and B, in other words MRel(A,B) = P(M¢(A) x B). The composition of
f € MRel(A,B) and g € MRel(B, C) is characterized as follows:

gof = {(Z?:] mi, x) | n €N and 3y,...,yn such that (mi,yi) €, ([y1,...,yn],x) € g}.

The identity of A is the relation ida = {([x],x) | x € A}. The product is the disjoint union
A @B and the exponential object A=-B is M¢(A) x B.

As it is customary in relational semantics, when dealing with an arrow coming out of a
product A & B, i.e. with a relation coming out of M¢(A & B), we silently compose it with
Seely’s isomorphism m7 ; , so to see it as a relation coming out of M¢(A) x M¢(B).

Every function f : A — B can be sent to a morphism fi € MRel(A, B) just by setting
fT:= {([x], f(x)) Ix € A}. Then the following result is easy to prove.

Lemma 2.1.1. Let the function f : A — B be bijective. Then fT € MRel(A, B) is an isomorphism,
with inverse (7 )T € MRel(B, A).

We call relational model of the untyped A-calculus any reflexive object in MRel. This makes
sense even despite the fact that the MRel has not enough points, as clarified in [BEMoy]. We
will briefly recall this issue in § 2.4.

2.2 RELATIONAL GRAPH MODELS

We define a class of relational models of the untyped A-calculus. As we will see in Chapter 3,
this class contains the relational model introduced by Hyland and others in [HNPRo6],
and up to isomorphism also the relational model of Bucciarelli, Ehrhard and Manzonetto
defined in [BEMo7] and further studied in [BEM12].

Definition 2.2.1. A relational graph model (rgm, for short) is a pair D = (D, 1) consisting of
an infinite set D and an injection i: M¢(D) x D — D.
An rgm D = (D, 1) is called extensional (ergm, for short) whenever i is bijective.

Proposition 2.2.2. Let D = (D, 1) be an rgm. Then (D, 1T, (1_1)T ) is a reflexive object in MRel.

If moreover D is an ergm then (D, if, (i~ )Jr ) is an extensional reflexive object in MRel.

Proof. The binary relation it C M¢(M¢(D) x D) x D is given by
it = { ([p],d) € M¢(M¢(D) x D) x D |i(p) = d}.
The binary relation (1_1 )T C M¢(D) x (M¢(D) x D) is given by

()" = {([d],p) €MD) x (WMD) x D) [i"(d) = p }.
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So we have

(7)o i = {(¥ymi,p) € M;(Mi(D) x D) x (Ms(D) x D) [n €N, (my,dy) €l
forallic{l,...n}, and([d1, dn],p) € (i)'}
= {([P1],p) € M;(W(D) x D) x (My(D) x D) | ([p1], 4 >eﬁand
([@].p) e ('}
= {([p1],p) € M;(Mi(D) x D) x (Mx(D) x D) |i(p1) = dy and i~'(d1) =p}
= {([p).p) € M:(M:(D) x D) x (M{(D) x D) | p € dom(i)}
= {([p).p) € M:(M:(D) x D) x (Ms(D) x D) | p € M(D) x D}

= 1dD:D

which means that (D = D) < D in the category MRel.
If moreover 1 is a surjective function, i.e. dom (1*1) =D, then

ifo (i7)" = {(wymid) €MD) xD [neN, (mypy) e (i) forallie,...n),

and ([p1,...,pn],d) €if }
d1],) € Ms(D) x D | ([r],p1) € (i) and ([pr], @) € it}
d1],d) € M¢(D) x D i~ (dy) =p and i(p) = d}

d) e M(D)xD |d e dom(i_])}
= {([d],4) e MD) x D |d e D}
= idp
so that (D = D) ~ D in the ccc MRel. O

According to Proposition 2.2.2 an rgm always provides a categorical model, which is in
particular extensional in the case of an ergm. In fact, from now on we have no serious reason

to distinguish between (D, 1) and (D, if, (i~" )T) Hence, with an abuse of language we say
that an rgm is a model of the untyped A-calculus.

Remark 2.2.3. Since every isomorphism f € MRel(X, X) has the form f = {([oc],i(oc)) | x € X}
for some bijective map 1, the class of ergm’s coincides with the one of extensional relational
models, meaning by that all extensional reflexive objects in MRel.

Theorem 2.2.4. Let M € A and fv(M) C {x1,...,xn}. The interpretation of M in D w.r.t. X is
the relation [M]%, C M¢(D)™ x D given inductively as follows.

[[xlﬂg = {(( ,...,H,[G],[],...,H),O‘) |oe D}, where [o0] stands in i-th position.

2. [P\X.M]]; = {(ﬁ, i(m,0)) | ((M,m),0) € [[M]]’%X}, where x & X by o-conversion.
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3. [MNH; = {((Tﬁo—i—-~+nfk),d) |k e Nand Jo1,...,01 € D such that

(o, i(lo, ..., 0k, 0)) € IMI%, and (i, o¢) € [NIF, forall 1 <0< k } )

Proof. A straightforward application of Definition 1.2.2. Remark however that we are also
composing with Seely’s isomorphism m?, following the custom recalled in § 2.1. O

Rgm’s can be built from a possibly finite amount of information, as formalized here below.
We will exploit such a practical benefit all over the rest of this work. The idea was pioneered
by Longo in [Lon83] for graph models. See Berline’s article [Beroo] on the subject.

Definition 2.2.5. A partial pair A = (A, j) consists of a non-empty set A that does not contain
any pair and a partial injection j : M¢(A) x A — A.
A partial pair A is extensional when j is a bijection between dom(j) and A.

Definition 2.2.6. Let A = (A,j) be a partial pair. The (free) completion A of a A is the pair
(A,j) defined as follows.

1. By induction on n € IN we define

4 Ao = A,
* Any1 = ((Mf(An) X An) _dom(J)) UA
and then we set
A= JAx
neN

2. The total function j : M¢(A) x A — A is defined as

Cma) = j(m,«) if (m, «) € dom(j)
’ (m, ) otherwise.

One can think A as a solution of the set-theoretical equation X = (Mf(X) X X) UA in
the unknown X . More precisely, the intuitive reading of Definition 2.2.6 is the following:
Clause 1 says that A is the least set X obtained by adding recursively to the basic set A
all elements of M¢(X) x X except for those that are already in dom(j); the reason for such
an exception is given by Clause 2, which specifies that (m, «) € dom(j) is intended to be
already represented in A by the object j(m, ).

Lemma 2.2.7. Let (A,j) be a partial pair and (A,j) its completion. Then j extends j, namely
dom(j) € dom(j) and j(x) =j(x) for all x € dom(j). In particular rng(j) C mg(j ).

Proof. Since A C A we have dom(j) = M¢(A) x A C M¢(A) x A = domj. The rest is by
definition of j. ]

Proposition 2.2.8. If A is a partial pair, then A is an rgm. If A is an extensional partial pair, then
A is an ergm.
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Proof. Let (m, o) and (m’/, o) be distinct elements of M¢(A) x A.

If (m, ), (m’,a’) € dom(j) then j(m, &) =j(m, &) #j(m’, ') =j(m’, o), as j is injective.

If (m, &), (m’,o’) & dom(j) then trivially j(m, o) = (m, &) # (m ,cx’) ]( o).

If (m,«) € dom( ) and (m/,«’) € dom(j) then j(m, «) # (m’, a’) = j(m ’) since the
subset rng(j) of A does not Contam any pair by Definition 2.2.5. So j is an m]ectlon.

Finally, let j be surjective, which means that A = rng(j), and consider d € A. We want to
prove that d € rng(j ).

If d € Ap = A =rng(j) then d € rng(j ) by Lemma 2.2.7.

If there exists n € IN such thaty € A, 1 — A then

d € (Mi(An) x An) —dom(j) € (M¢(A)xA)—dom(j) = dom(j)—dom(j).
Therefore by Definition 2.2.6(2) we get d =j(d) € rng(j ). O

Definition 2.2.9. Let D = (D,1i) be an rgm. We call atoms of D the elements of the set
Atp =D — (M¢(D) x D).

Proposition 2.2.10. Let A = (A, 1) be a partial pair. Then At = A.

Proof. Since A does not contain any pair we have A C A — (M¢(A) x A) = At.

The inclusion Atz C A holds because the completion only adds to the basic set A new
elements intended to be in M¢(A) x A: formally A1 —A = (Mg(An) X An) —dom(j) C
M¢(A) x A foralln € N, hence A—A C M¢(A) x A.So Atz = A — (M¢(A) x A) CA. [

A final technical observation. We asked that the underlying set A of a partial pair (A, j)
does not contain any pair. But when proving that (A, j) is an rgm (Proposition 2.2.8) we only
used the fact that rng(i) does not contain pairs. In fact, we could define partial pairs (A, j)
allowing elements of A —rng(j) to be pairs. But this formalization would entail some un-
pleasant consequences, in particular the need for a less intuitive definition of atoms allowing
also certain pairs to be considered as atoms. We have nothing to gain by doing that.

2.3 NON-IDEMPOTENT INTERSECTION TYPES

We study rgm’s using a notion of non-idempotent intersection types. Instead of the standard
interpretation provided by the reflexive object (and described in Theorem 2.2.4), we use an
intersection type assignment system to interpret A-terms. Such an approach is not a novelty
in denotational semantics, being typical of filter models [BDS13, Part III] (see also [RPo4])
and Krivine’s models [Krigo]. We just adapt it to the context of relational semantics. Also,
this approach is not mandatory. For instance, the content of Chapter 5 of this thesis was
presented in [BMPR16] using the interpretation shown in Theorem 2.2.4.

Definition 2.3.1. Let D be an rgm. The set T of types for D and the set | p of intersections
for D are mutually defined by the following two grammars

Tp: o =& | pu—0o lp: wuo=w | o uAu

where
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e xe Atp;
¢ the operation /\ is commutative and associative;
® w is a neutral element of A, i.e., forallpu € lp weset p A w = p.

The intersection w is called empty intersection.

Remarks. Here some observations to understand the definition above.

¢ Types are unary intersections, whereas in general intersections are not types. Indeed,
non-unary intersections may only appear on the left-hand side of the operator — .

¢ The intersection is not idempotent, i.e. for all o € Tp
oc/No # 0.
This differs from the traditional use of intersection types [BDS13, Part III].
Notations. We will usually use (possibly with some subscript or superscript):

¢ the Greek letters p and v to denote generic intersections;

¢ the Greek letters o, 7,7, d for those intersections which are in particular types;
¢ the Greek letters o and 3 for those types which are in particular atoms.
Since /\ is associative, we can write

AN oy = {(71/\---/\0Tl ifn>1,

w ifn=0.

By convention A takes precedence over the constructor —, that is
N0y =0 = (/\{‘:1 cri> — 0.

For all p € I p and for all 0 € T the expression

o€

means that o is one of the types occurring in the intersection p (up to associativity), i.e.
o € u if and only if p = /A" ;o and there exists i € {1,...,n} such that 0 = o; .
For all u,v € I p we write
H—v
for the intersection obtained from p by erasing all types o € v.

The notation o € p does not stand for a set-theoretical membership, but it is not am-
biguous. In fact, it relies on the following intuition: for any rgm D = (D, i), one can think of
intersections in | p as multisets in M¢(D), and types in T as elements of Atp U (M¢(D) x D).
The set D can then be recovered as T/ ~", for a certain equivalence ~” generated by the
injection i. Here below the formalization of this idea.
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Definition 2.3.2. Let D = (D, i) be an rgm. The function (—)° : Tp — D, together with its
auxiliary function (—)°: Ip — M¢(D), is defined by the following induction on o € T :

o «° =« forallx € Atp;

e (L—1)° = i(n® t°) forall u € lp and for all T € Ty, where
(o1 AN+ Non)® = [Gﬁ,...,(ﬂf] foralln € IN and for all 01,...,00 € Tp.

Definition 2.3.3. Let D be an rgm. The relation ~” C Tq x T is defined as:

o ~”t ifandonlyif o°=r1°

We also extend the relation ~* to intersections, in the sense that for all u,v € |

u~"v ifand only if p®=v°.

When there is no ambiguity concerning D we write ~” simply as ~.

Without loss of generality, from now on we suppose that D contains at most pairs in
M¢(D) x D. In this way, the following function depth : D — IN is well defined:

0 ifdeAtyp,

depth(d) :=
{ max{gl depth(d;) + 1 if d = ([d1,...,dn],dn+1) e M¢(D)xD.

Lemma 2.3.4. Let D be an rgm. The function (—)° : Tp — D is surjective.

Proof. Let d € D. We prove that d = 0° for some o € Tp. We proceed by induction on
depth(d).

Case depth(d) = 0. In this case d € Atp, hence d° = d by Definition 2.3.2.

Case depth(d) > 0. We have d = ([d1 ...,dn],dnH) for some n € IN. By IH there exist
01,...,0nt1 € Tp such that 0;° = d; forallie{1,...,n+1}. So

(A0t = ong1)” = ([08,...,08,05,.1) = ([d1,...,dn)dns1) = d
which concludes the proof. O

Remark 2.3.5. Clearly the equivalence ~ is a congruence on Tp w.r.t. A and —, meaning
thatif u ~*u/, v~*v’and 0 ~? o’ then also pAv 2?1/ Av' and p - o~ u’ — o’.

Definition 2.3.6. Let D be an rgm. An environment for D is a map I' : Var — |p such that
supp(l') :={x € Var | I'(x) # w } is finite. The set of all environments for D is called Envyp.

Notations. Let T € Envp such that supp(l') = {x1,...,xn} and T'(xiy) = pi for all i €
{1,...,n}. Then we denote I'" by

X7 IRT, eee s XntHn.

Accordingly, the environment mapping all variables to w is just omitted.
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. D . q
var Fx:p F?M:o lam r-"M:t o~%1 eq
x:0 F’x:0 I ?xmM:p—o rr*M:o

o FP M:AY 0y =0 I FP N:o; forallie{l,...,n}
A (AL ) F? MN: o

i=1

app

Figure 3: The intersection type systems for A and N.

Definition 2.3.7. Consider I', A € Envyp .

¢ The environment ' A A € Envyp is defined as

''NA: xeVar — T'(x) NAXx) €lp.

¢ The environment I' — A € Envyp is defined as
'—A: xeVar — T(x) —Ax)€elp.

D

¢ The equivalence ~~ is extended to environments as:

r~PA ifandonlyif T'(x) ~”A(x) for all x € Var.

Definition 2.3.8. Let D be an rgm. The type assignment system =" for A and N associated to D
is given in Fig. 3. When D is clear from the context we simply write - instead of +”.

Remark 2.3.9. The natural number n appearing in Rule app in Fig. 3 can be 0. So, given
M € A and a € N we have the inference rules

r-"mM:w—o Nr?a:w—o
F I MN:o F I ab:o (5)

whatever N € A and b € N are. For example, even if € is not typable in the system
associated to any rgm, one can always derive

X:W—>0FXx:w—o
X:w—0FxQ:—o0o
FAxxQ:(w—0)—0

for every o € Tp. In a way w plays the role of universal type, a common concept in tradi-
tional intersection type theory [BDS13, Part III].

Lemma 2.3.10. Let D be an rgm. If T' =" M : o is derivable then supp(I") C fv(M).

Proof. By a straightforward induction on the derivation of the sequent. O
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The inclusion in Lemma 2.3.10 can be strict. For instance we can derivex: w — o xy: o
where supp(x : w — o) = {x} C fv(xy), for any 0. More generally, one should realize that
whenever supp(I') C fv(M) then along the derivation of I' = M : 0 some subterm N of M
comes untyped as in (5). To be more precise, there must be a subterm PN of M such that
P is typed with some w — T by a subtree of the derivation, hence its argument N comes
untyped in a following instance of Rule app. As a consequence, any variable in fv(N) can
possibly not receive a multiset 1 # w in the environment I'. Still it can be free in M.

Definition 2.3.11. Let D be an rgm. A family {I }, _, of environments for D is a decomposition
of I' € Envp whenever I' = Aj¢qli.

The following result is essential throughout our investigation.
Lemma 2.3.12 (Inversion). Let D be an rgm. Let M,N € AUN.
1. If T'F" x : o is derivable then there exists T € T such that T =x: 7T and T ~"0.

2. The sequent T =" Ax.M.: o is derivable if and only if there exist T € T and p € | p such that
Ix:uF? M:tisderivableand u — t ~"o;

3. If T =7 MIN : o is derivable then for some n > O there exist 01,...,0n € Tp and a
decomposition {ri}?:o of T such that the sequents Ty F” M : Aoy = oand T3 P N : 0y
forallie{1,...,m} are derivable.

Proof. (1) We proceed by induction on the derivation of I' - x : 0. Such a derivation must
terminate either by an application of Rule var or by an application of Rule eq.

In the former case I' = x : 0, and we are done.

In the latter case there is a derivation of I' - x : T for some T ~ o. By IH then we have
'=x:v forsomey ~T~o0.

(2) We proceed by induction on the derivation of I' - Ax.M : o. Such a derivation must
terminate either by an application of Rule lam or by an application of Rule eq.

In the former case 0 = p — T and the sequent T',x : p = M : T is derivable.

In the latter case there is a derivation of I' - Ax.M : 1 for some T ~ o. By IH then the
sequent I',x : p = M : v is derivable for some p - vy ~ T ~ o©.

(3) We proceed by induction on the derivation of I' = MN : o. Such a derivation must
terminate either by an application of Rule app or by an application of Rule eq.

In the former case the thesis is clearly true for the definition of Rule app itself.

In the latter case there is a derivation of I' = MN : T for some T ~ o. By IH there exists
a decomposition {ri}?:o of T such that the sequents o - M : A' ;o; = Tand I - N: o
forall i € {1,...,n} are derivable. Then we can derive

AN o nog. ~ Al o
loFM:AMjog =1 Ajog—=T1T> AL ,0i =T

loFM:A joy =0 IMEN:oy forallie{l,...,n}
'-MN:o

which completes the proof.
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We do not claim sole authorship on the intersection type systems given in Definition 2.3.8.
In fact, they first appeared in the article [PPRDR15] by Ronchi, Paolino and Piccolo. Ronchi
and coauthors share with us the interest in these systems as models of the untyped A-
calculus. But the way we exploit them to interpret A-terms (the topic of the next section)
differs from theirs. As a matter of fact, the interpretation that they use is more adherent to
the traditional notion of Hindley-Longo syntactical A-model, as given in [HL.8o] and [Bar84,
§ 5.3]. Whereas ours is a bit less conventional.

Finally, we mention that an instance of these type systems — precisely the one where
~" is just the equality of types — was studied by de Carvalho in [dCog]. In particular de
Carvalho already recognized that specific type system to correspond to a relational model of
the untyped A-calculus. Incidentally we will have a closer look at this instance in Chapter 3.

2.4 THE TYPE-INTERPRETATION

Definition 2.4.1. Let D be an rgm. Let M € AUN. The type-interpretation of M in D is

defined as
M]* = {(F,G)eEnvaTD T I—DM:O'}.

Firstly, we show that the type-interpretation [-]? is equivalent to the traditional inter-
pretation [—];; provided by the reflexive object and described in Theorem 2.2.4.

Theorem 2.4.2 (Type-semantics Theorem). Let M € A and fv(M) C {x1,...,xn}. Then
1. [M]* = {(r,o) €Envp x T | (M(x1)%, ..., T(xn)%,0°) € [[zvq]f)},

2 M5 = {(r(x1)<>,...,r(xn)<>,o<>) e Mi(D)™ x D | (T, 0) € [Mﬂﬁ} :

Proof. (1) We must prove that (', ) € [M]? if and only if (F(x1 1,0, T (xn)S, GO) € [[M]]%.
We proceed by induction on M.

Case M = x;. By Definition 2.3.8 and Lemma 2.3.12(1) the sequent I' - x; : 0 is derivable if

and only if ' = x; : T for some T € Tp such that T ~ 0, i.e. T¢ = 0°. By Lemma 2.2.4(1)

this is equivalent to

(Fx1)® ..., Txn)%0°) = ([1,...,[Lx°L1,...,11,0°)
= (..., (L0, [)0°%) € [x]h,.

Case M = Ax.P. By Definition 2.3.8 and Lemma 2.3.12(2) the sequent I' - Ax.P : ¢ is deriv-
able if and only if I',x : p = P : 7 is derivable for some u — T ~ 0. By IH this is equiv-
alent to (M(x1),...,T(xn)® 1 0°) € [PI5;*. By Lemma 2.2.4(2) this fact is equivalent to
(F(x1 1,00, Txn)%,1 (1, 0'0)) € [[?\X.P]}’;‘D. This proves the thesis as i(pn®,0°) = (u — 0)°.
Case M = PQ. By Definition 2.3.8 and Lemma 2.3.12(3) the sequent I' - PQ : ¢ is derivable
if and only if there exist o7,...,0% € Tp and a decomposition {Fi}l;o of T such that

[oFP: /\]f:1 o >0 and TiFQ:o0y forallie{l,...,k} are derivable. (6)
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By IH then (6) is equivalent to
(Fo(m)o,...,l“o(xn)o, (A o5 — c)°) e [P35,
and
(1), ..., Ti(xn), 0%) € [Q]Y forallie{l,... k).

Since (AX_; 03 — 0)<> = ([0%,...,0%],0°), by Lemma 2.2.4(2) such a fact is equivalent to
(F(x1 1,0, T(xn)S, GQ) € [[PQ]]’;‘D.

(2) Firstly, we notice that for every (my,..., mn,d) € Mg(D)™ x D there exists (I',0) €
Envp x T such that (my,...,mn,d) = (T(x1),...,T(xn)® 0°). Indeed, as (—)° is surjec-
tive by Lemma 2.3.4, there exist uy,...,un € lp and o € T such that (my,...,my,d) =
(1S,...,1u%,0°). So one just takes ' :=x7 1 1,...,Xn : HUn.

Such observation justifies the first of the following two equalities:

[Mﬂ; = { (FQ(X1 )/'--/ro(xn)/ GO) S [[M]]% | (r, 0') c Env@ X TD}
= {(M°(x1),...,T%(xn),0°) € Mg(D)™ x D | (T, 0) € IM]”}

where the last equality is given by (1). O

Corollary 2.4.3. Let M,N € A and fv(MN) C {x1,...,xn}. Then [M]® C [N]? if and only if
[MI5, C [N,

A few words are maybe useful to contextualize our definition of [-]? in the more usual
scenario of denotational semantics and intersection type theory. In general, the categorical
interpretation of a A-term M in a reflexive object D gives a morphism [M]¥, : DX — D
such that Th(D) is a A-theory. If the category is well-pointed, like in the case of Scott’s
continuous semantics, then it is equivalent to interpret M as a point of D through a valuation
p: Var — D, namely as an arrow [M], : T — D from the terminal object T depending on p,
see [Bar84, §5.5]. For this reason, in the context of Scott models it has become standard to
consider the interpretation of M as an element of the domain. When the model is translated
into a type system (as in filter models), this interpretation becomes the set of the types of
M, as done in [Roc82, CDZ87, Beroo, RPog4, BDS13]. As shown by Koymans in [Koy82],
when the category is not well-pointed, points are no more suitable for interpreting A-terms,
since the induced equality is not a A-theory as a consequence of the failure of the &-rule,
which is M = N = Ax.M = Ax.N. In the algebraic terminology, the set of points gives
a A-algebra which is not a A-model [Bar84, §5.2]. Nevertheless, in [BEMo7] Bucciarelli and
others showed that a A-model can still be constructed from a reflexive object D of a non-
well pointed category, by considering the set of C¢(DY¥, D) of finitary morphisms from DY
to D (a technical notion) and valuations p : Var — C¢(DV?, D). For instance, this is the
approach followed in [PPRDR15]. However, in [Mano8] Manzonetto remarked that the use
of valuations in this context becomes redundant since [M], = [N], exactly when they are
equal under the valuation x — 7Y% sending x to the corresponding projection. By applying
this fact to the type-theoretical interpretation given in [PPRDR15], one can recover our
type-theoretical interpretation, i.e. Definition 2.4.1.

By Corollary 2.4.3 even the type-interpretation [—]? provides a model of the untyped
A-calculus. In particular for every given rgm:
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I. the type-interpretation is invariant under (3-reduction and -expansion;

II. when the rgm is extensional the type-interpretation is invariant under n-conversion;
III. the inclusion between type-interpretations of A-terms defines a preorder theory;
IV. the equality between type-interpretations of A-terms defines a A-theory:.

Points I-IV can now be considered certain. Nevertheless, in the rest of this section we
prove each of them more directly, in a way that is completely independent of the interpreta-
tion [—];, given by the reflexive object. We find this exercise of interest in itself, and a good
workout in the use of the type system. By the way, we will refine Point II, by revealing that
the invariance under n-reduction holds in every rgm, whereas only the n-expansion actually
requires an ergm.

Let us start with a basic lemma, which states the invariance under application of contexts.

Lemma 2.4.4 (Contextuality). Let D be an rgm. Let M,N € AUN and C[] a context. Whenever
[M]” < [N]? then [CMI]® < [CiNI] ™.
In particular [M]] D [[NHD entails [[C[M]]]D = [CINI]] P

Proof. We proceed by induction on the structure of C[].

Case C[] = []. Trivial.

Case C[] = C'[]Q. Consider (I', 0) € Envp x Tp such that I' - C/[M]Q : o can be derived.
By Lemma 2.3.12(3) we have a decomposition {ri}?:o of I and some o7,...,0n € Tp such
that Tp - C'[M]: Al_;o1 » ocand I F Q : o forall i € {1,...,n} are derivable. Then by TH

c =1

lo = C’/IN]: AI'_; 0y — 0 is derivable. Hence by app we also get ' = C’'[N]Q : o.

S N=1

Case C[] = PC’'[]. Consider (T, o) € Envp x Tp such that ' = PC/[M] : o can be derived.
By Lemma 2.3.12(3) we have a decomposition {ri}?:o of ' and some o1,...,0n € Tp such
that To F P: A" ;o1 - oand It - C'[M] : 0y for all i € {1,...,n} are derivable. Then by IH
the sequents I - C’[N] : oy for all i are derivable. Hence by app we also get I' - C’[N]Q : 0.
Case C[ | = .C'[ ]. Let ' - Ax.C'[M] : o be derivable. By Lemma 2.3.12(2) the sequent
Fx:pk C'M]:1for w - © ~ o is derivable. By IH then I')x : p = C’[N] : 7 for
i — T ~ o is derivable. From this we get I' = Ax.C’[N] : 0 by Rules lam and eq. O

It is now simple to prove Points III-IV above.
Definition 2.4.5. Let D be an rgm.
¢ The preorder theory induced by D is defined as
The(D) = {(M,N) e AxA [[M]® C[N]® }.
Whenever (M, N) € Th. (D) we write M Cp N.
* The A-theory induced by D is defined as
Th(D) = {(M,N)e AxA |[M]P =[N]” }.

Whenever (M, N) € Th(D) we write M =5 N.
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Theorem 2.4.6. Let D be an rgm. Then Th(D) is a preorder theory and Th(D) is a A-theory.

Proof. The reflexivity and the transitivity of both Cp and =q are trivial, as well as the
symmetry of =p .

Let us show that Ep is a congruence w.r.t. A-abstraction and application. (Then the same
thing immediately follows also for =g .)

Let M Cp N, ie. [M] C [N]. By applying Lemma 2.4.4 to M and N with the context
C[] =AMx.[] we get [Ax.M] C [Ax.N], i.e. Ax.M Cp Ax.N.

Let MCp Nand PCp Q, ie. [M] C [N] and [[P]] C [QI. By applying Lemma 2.4.4 to

M and N with the context C[ ] = []P we get [MP] C [NP]. By applying Lemma 2.4.4 to P
and Q with the context C[] = N[] we get [NP] C [NQ]. So we have [MP] C [NP] C [NQ],
hence MP Co NQ. O

Let us prove Point 1. We show the invariance of [-]? under B-reduction (correspond-
ing to the so-called subject reduction property of the type assignment system +”), under
B-expansion (corresponding to the subject expansion property of the type system), hence un-
der -convertibility (the so-called soundness of the semantics). A preliminary lemma stating
the invariance for substitution is needed.

Lemma 2.4.7 (Substitution). Let D be an rgm. Let M,N € AUN.

1. If the sequents T,x : N\I*_;vi F” M : o and Ty 7 N :vy; forall i € {1,...,n} are derivable
then the sequent T NN Ty 2 M{N/x} : o is derivable.

2. If the sequent T F® M{N/x} : 0 is derivable then there exist y1,...,Yn € Tp and a
decomposition {ri}?:o of T such that To,x : AI";vi F2 M : o and Ty =2 N : v for all
ie{1,...,n}are derivable.

Proof. (1) By induction on the structure of the A-term M.

Case M = L. This case does not need to be considered, as L cannot be typed.

Case M =y # x. By hypothesis I',x : Al' ;vi -y : 0is derivable. By Lemma 2.3.12(1) we
have I',x : AI' ;yi =y :1foratypet ~ 0.S5o0n =0and I' =y : 1. Hence the sequent
FAAM T M{N/x} : o is nothing but T = M{N/x} : 0. Since M{N/x} = y{N/x} =y,
such sequent is y : T -y : 0, which is derivable by Rules var and eq.

Case M = x. By hypothesis I',x : AT ;i - x : 0 is derivable. By Lemma 2.3.12(1) we have
I,x: A" vi =x:7foratype T~ 0. So I' is the empty environment, n = 1 and Al ;v; =
Y1 = T. Hence the sequent ' A" T = M{N/x} : 0 is nothing but I' - M{N/x} : 0. Since
M{N/x} = x{N/x} = N, such sequent is I'1 - N : o. It is derivable using Rule eq, because
1 = N : vy is derivable by hypothesis and vy = T~ ©.

Case M = Ay.P. By Lemma 2.3.12(2) the sequent I',y : u,x : AI*_;vi = P : Tis derivable for
some p — T ~ 0. By IH we can derive

(Ty:pu) AN T EP{N/x} o T, (7)
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For all i € {1,...,n} Lemma 2.3.10 gives supp(li) C fv(N). By the Variable Convention
y ¢ fv(N). Therefore y ¢ supp(li) for all i € {1,...,n}. So the sequent (7) is in fact
TAAM T,y pE P{N/x} : 7. In the end we can derive

TAAM Ty :pkEP{N/x}:t
TAAM T E M (P{N/x}) ip—
FAAM T E (AY.P){N/x} : 0

Case M = PQ. By Lemma 2.3.12(3) there are k € IN, a partition {Aj };(:o of I', a decomposi-
tion {Ij };(:0 of the set {1,...,n}and o1,..., 0k € Tp such that the following are derivable:
Ao, x 1 Nier,YiE P /\}‘Z1 05 = 0 and Aj,x: Nieryvi F Q05 forallj e{1,...,kh

By IH then Ao A Aier,Ii = P{N/x} : /\}‘:1 o; — o and A; ANieyli B Q{N/x} : oj for all
j €{1,...,k} are derivable. By applying Rule app we derive

N0 AN Nier, Ty FPAN/XIQ{N/x}: 0. (8)
Since /\}‘:OAj =T, /\}‘:0 Niey Tt = AT and M{N/x} = PQ{N/x} = P{N/x}Q{N/x}, the
sequent (8) is T AA T3 = M{N/x}: 0, whose derivability was to be proved.

(2) By induction on the structure of the A-term M.
Case M = L. This case must not be considered, as L cannot be typed.
Case M =y # x. As M{N/x} = y{N/x} =y, by hypothesis the sequent I' - y : o is derivable.
Then setting n.:= 0 and Iy := I the decomposition {Iy } of ' proves the result.
Case M = x. As M{N/x} = x{N/x} = N, by hypothesis the sequent T" = N : o is deriv-
able. We set n := 1 and we take Iy to be the empty environment and I'y := I'. Then the
decomposition {I, T } of T proves the result.
Case M = Ay.P. Since (Ay.P){N/x} = Ay.P{N/x}, by Lemma 2.3.12(2) there is a derivation
of I,y : uk P{N/x} : T for some type u — T ~ o.

By IH there are y1,...,Yn € Tp and a decomposition {Fi}inzo of T,y : u such that

Fo,x: A" qviFP:o (9
and
N ‘Yi (10)

forallie{1,...,n}are derivable.
From (10) Lemma 2.3.10 gives supp(li) C fv(N) for all i € {1,...,n} f. By the Variable
Conventiony ¢ fv(N). Therefore y ¢ supp(Ii) for alli € {1,...,n}. So

Ty) = My = u.
Then from the sequent (9) by Rules lam and eq we derive
To—(y:w),x:A\"1vi F Ay.P:o.

We are done, because {Fo —(y: u)} U {Fi}?:] is a decomposition of T".
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Case M = PQ. We have M{N/x} = PQ{N/x} = P{N/x}Q{N/x}.
By Lemma 2.3.12(3) there are k € N, a decomposition {Ai}]fzo of l'and o1,...,0c € Tp
such that the following are derivable:

A P{N/x} :/\1‘21 0y — 0 (11)
and forallie{1,...,k}
Ai F Q{N/x} : 0y (12)

From (11) by IH we have ny € IN, a decomposition {Ao; }?:00 of Ag and typesyo1,-- -, Yon,
such that

Aoo, X : /\]T‘:"ﬂxoj FP:AE Jjoi =0 (13)
and for all j € {1,...,n0}
Ao = N :vyoj (14)

are derivable.
Letie{1,...,k}. From (12) by IH we have n; € N, a decomposition {A;; };1;0 of A; and
types vi1,...,Yin, such that

Ao, x: ANy F Qo (15)
and for all j € {1,...,n}
Ay Ny (16)

are derivable.
From (13) and (15) by Rule app we derive

ANoBio, X No N vy F PQio (17)

Notice that {Ai;[1€{0,...,k} and j €{1,...,ni}} is a decomposition of T, as the union of
decompositions of Ay, ..., Ay, which in turn form a decomposition of I'. Such a decomposi-
tion then proves the result, because of the derivability of (14), (16) and (17). O

Lemma 2.4.8 (Subject reduction). Let D be an rgm. Let M,N € AUN such that M —g N. If
I' 2 M : o is derivable then T 2 N : o is derivable.

Proof. We proceed by induction on M.

Case M = L. This case does not need to be considered, as L cannot be typed.

Case M = x. In such a case N = x = M, so there is nothing to prove.

Case M = Ax.P. Then N = Ax.Q where P - Q. By Lemma 2.3.12(2) the sequent I',x : u F
P : T is derivable for some p — T ~ o. By IH we get the derivability of I''x : u - Q : .
Hence by applying Rules lam and eq we derive I' - Ax.Q : 0.

Case M = PQ and N = P'Q’ where P -5 P’ and Q —p Q’. By Lemma2.3.12(3) there
are a decomposition {ri}?:o of I' and types o07,...,0n such that o - P : Al* oy — ©
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and T3 - Q : oy for all i € {1,...,n} are derivable. By IH then Iy - P/ : AI' ;01 — o and
IFQ’:oiforallie({l,...,n}are derivable. By means of Rule app we derive I' - P'Q’ : 0.
Case M = (Ax.P)Q and N = P’{Q’/x} where P -3 P’ and Q —p Q’. By Lemma 2.3.12(3)
there are a decomposition {ri}?:o of 'and 01,...,0n € Tp such that Ty - Ax.P: A" ;01 —
cand T F Q : o; for all i € {1,...,n} are derivable. Applying then Lemma 2.3.12(2) we
get the derivability of Ty, x : A" ;7 = P : T where AI' ;14 = T~ Al' ;01 — 0. By IH the
sequents I'o,x : AI' 7y - P/:tand T+ Q’:ojforallie({l,..., n}are derivable. Hence
Rule eq gives us the derivability of

lo,x: A"yt = P'io (18)
and

Nk Q:1y forallie{l,...,n}. (19)
By (18) and (19), Lemma 2.4.7(1) assures that A ;T; - P’{Q’/x} : T is derivable. O

An alternative way to prove the subject reduction is the following. Firstly, one can start
by proving the statement for the case M — N. Then the result is obviously generalized
to the case M —p N, formally by an induction on the number of one step-reductions —g
that are in M —p N, starting by base 1. Now, to prove the statement for M — 3 N one can
distinguish two cases:

e the case where M = (Ax.P)Q and N = P{Q/x}, which is basically proved as the
analogous seen in the proof above (except for the fact that there is no use of an IH);

o the case where M = C[(Ax.P)Q] and N = C[P{Q/x}], which immediately follows
from the previous one by contextuality of the interpretation, i.e. Lemma 2.4.4.

Choosing between this way of formalizing the proof and the one used is nothing more than
a matter of taste. For instance, we use such an alternative style in the proof of the subject
reduction for the n-rule (Lemma 2.4.11).

Lemma 2.4.9 (Subject expansion). Let D be an rgm. Let M,N € AUN such that M —pg N. If
I' ® N : o is derivable then T =2 M : o is derivable.

Proof. We proceed by induction on M.

Case M = L. This case does not need to be considered, as L cannot be typed.

Case M = x. In such a case N = x = M, so there is nothing to prove.

Case M = Ax.P. Then N = Ax.Q where P - Q. By Lemma 2.3.12(2) the sequent I',x : pu
Q : 7T is derivable for some © — T ~ o. By IH we get the derivability of I',x : p - P : 7.
Hence by applying Rules lam and eq we derive I' - Ax.P : 0.

Case M = PQ and N = P’Q’ where P -3 P/ and Q —p Q’. By Lemma2.3.12(3) there
are a decomposition {ri}?:o of I' and types 01,...,0n such that Ty - P/ : A" ;01 — ©
and I - Q' : oy for all i € {1,...,n} are derivable. By IH then Iy - P : A ;0; — o and
I Q:oiforallie{l,..., n}are derivable. By means of Rule app we derive I' - PQ : o.
Case M = (Ax.P)Q and N = P’{Q’/x} where P -3 P’ and Q —5 Q’. By Lemma 2.4.7(2)
there are a decomposition {ri}?:o ofNand oy,...,0n € Tp such that T, x: A" ;yi FP': 0
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and i - Q' :yjforallie{1,...,n}are derivable. Hence by IH the sequents T',x : AT*_;v; I
P:oand I - Q:vy; forallie{l,...,n}are derivable. Then we can infer

Fx:NA\“1viFP:o
M=Ax.P: A" vi =0 NMEQ:vyy forallie{l,...,n}
N (MxP)Q:o

and we are done. O

Theorem 2.4.10 (Soundness for -conversion). Let D be an rgm. Let M,N € A UN such that
M =g N. Then [M]? = [N]?.

Proof. By hypothesis for some k € IN there is a finite sequence (Mi)]::o of A-terms such
that Mo =M, My =N and for all i € {0,...,k — 1} either My =g M7 or Miy1 —p M.
The result is proved by the following induction on k.
Base: k = 0. As M = My = N, the thesis trivially holds.
Step: k > 1. The IH is applied to the sequence (Mi)]f:1 so to get [M1] = [My].
Let us see that [My] = [M1]. In case My —p M7 we have [Mo] C [M;] by Lemma 2.4.8
and [M1] C [Mo] by Lemma 2.4.9. So [Mo] = [M1]. The case M1 —g My is dual.
We can conclude that [M] = [My] = [M;] = [My] = [N]. d

We now move to Point II, namely the invariance under n-conversion.

Lemma 2.4.11 (n-subject reduction). Let D be an rgm. Let M, N € AU N such that M —,, N. If
I' ® M : o is derivable then T =? N : o is derivable.

Proof. We prove the statement for the case M —;; N. Then the result is obviously general-
ized to the case M —,, N (formally by induction on the number of steps —, in —)).

Case M = Ax.Nx for x € fv(N). Let I' = Ax.Nx : 0 be derivable. By Lemma 2.3.12(2) we can
derive I',x : p = Nx : T for some p — 7 ~ 0. By Lemma 2.3.12(3) there exist types T1,...,Tn
and a decomposition {l}};o of the environment I', x : u such that

loFN:ALiTi— T (20)

and I F x: 7 for all i € {1,...,n} are derivable. Then for all i € {1,...,n} Lemma 2.3.12(1)
gives I7 = x :yy for yi ~ 7. Hence A" T} = x: A" ;vi.
Since supp(l) C fv(N) by Lemma 2.3.10 and x ¢ fv(N), we have I3 (x) = w. Thus

ANt = Ay = (AL )R = (AL T)x) = (Mx:p)x) = w.

Therefore A\T* ;T; - T ~ u — T ~ 0. And from the fact that A" T} = x: A" ;yvi=x:pn

we also get that Iy =T'. Finally from (20) by Rule eq we derive I' - N : 0.

Case M = C[Ax.N'x] for x ¢ fv(N’) and N = C[N’]. By the case above and Lemma 2.4.11.
O

Lemma 2.4.12 (n-subject expansion). Let D be an ergm. Let M, N € AUN such that M —,, N.
If T =% N : o is derivable then T =" M : o is derivable.
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lo FPt: AL 0120 I FP2s;:0; forallie{l,...,m}
r0/\(/\:11:1 ri) I—Dt[s1,...,sn] T O

app

Figure 4: The intersection type systems for A'.

Proof. We prove the statement for the case M —,; N. Then the result is obviously general-
ized to the case M —,, N (formally by induction on the number of steps — in —)).

Case M = Ax.Nx for x ¢ fv(N). Since i : M¢(D) x D — D is surjective, there exists (m, d) €
M¢(D) x D such that i(m, d) = 0. By Lemma 2.3.4 we have pu € | p such that u® = m and
T € Tp such that t¢ = d. Hence 0 =i(m,d) =i(u®,1t°) = (L — 1)° ie. 0 ~ u — 7. In the
end, if p = /A" ;y; we can derive

'EN:o
FEN:p—1T x:yibx:yiforallie{l,...,n}
Fx:pukENx:T
EAXNx:p—7T

Case M = C[Ax.N'x] for x ¢ fv(N’) and N = C[N’]. By the case above and Lemma 2.4.11.
]

Theorem 2.4.13 (Soundness for n-conversion). Let D be an ergm. Let M, N € A UN such that
M =, N. Then [M]? = [N]?.

Proof. Just like the proof of Theorem 2.4.10, only replacing the reduction —g with —,, and
Lemmas 2.4.8 - 2.4.9 with Lemmas 2.4.11 - 2.4.12 respectively. O

2.5 INTERPRETING THE LINEAR RESOURCE CALCULUS

Rgm’s are also models of the linear resource calculus presented in § 1.6. One way to prove
this is to show that the corresponding reflexive objects are linear in the cartesian closed
differential category MRel, in the sense of [Man12, § 4]. Here we do not follow that line. We
exploit directly the type assignment discipline instead.

Definition 2.5.1. Let D be an rgm. The type assignment system =? for A" associated with D is
given in Fig. 4. When D is clear from the context we simply write + instead of +7.

Remark 2.5.2. In Remark 2.3.9 we saw that from I' - M : w — o one can deduce ' MN : ¢
for no matter what N € A. This is not exactly the case for A". Of course, also the natural
number n appearing in Rule app in Fig. 4 can be 0. But the premises of this version of app
require a perfect matching between the number n of types o; that compose the intersection
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A*_;0i and the number n of elements of the bag [s1,...,sn] that we put in argument
position. So for t € A" all we can derive is

'?t:w—o
r?¢t[] :o

and not I' - tb : o for every b € M¢(AT).
Lemma 2.5.3 (Inversion). Let D be an rgm. Let t € AT and b € M¢(A").
1. If T +® x : o is derivable then there exists T € T such that T =x: T and T ~"0.

2. The sequent T' =" Ax.t: o is derivable if and only if there exist T € T and w € | such that
IMx:u B®t: 1 isderivable and w —tv ~o;

3. If T F"t[s1,...,snl: o is derivable then there exist o1,...,0n € Tp and a decomposition
{ri}?:o of T such that the sequents Ty > t : A" yoy — oand Ty F2 s; : oy for all
ie{1,...,n} are derivable.

Proof. Similar to the proof of Lemma 2.3.12. O

Definition 2.5.4. Let D be an rgm. Let t € A". The type-interpretation of t in D is defined as
" = {(r,c) €Envyp x Ty | T F? t:a}.

An analogue of Lemma 2.3.10 holds also for resource terms, as we state here below.

Lemma 2.5.5. Let D be an rgmand t € AT If T' =" t: o is derivable then supp(I") C fv(t).

We prove that this type-interpretation is invariant under -reduction (subject reduction
property) and under 3-expansion (subject expansion property), hence it provides a sound
model of the linear resource calculus. As is customary, we start with an appropriate substi-
tution lemma.

Lemma 2.5.6 (Substitution for A"). Let D be an rgm. Let t € A".

1. If the sequents T',x : A\I*_yyi FPt:oand Ty B sy vy forall i € {1,...,n} are derivable
then n = deg, (x) and, given an enumeration xi,...,xn of all occurrences of x in t, there
exists p € &y such that T AN Ty 2 t{s,1)/X1,. .., Sp(n)/Xn } : O is derivable.

2. Let n = deg,(x) and consider an enumeration x1,...,xn of all occurrences of x in t. If the
sequent T =2 t{s1/x1,...,8n/Xn} : 0 is derivable then there are y1,...,yn € Tp and a
decomposition {l}}{;o of T such that the sequents T',x : A\I*_;vi FPt: oand Ty F7 syt yy
forallie{1,...,n} are derivable.
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Proof. (1) By induction on the structure of t.
Case t =y # x. By Lemma 2.5.3.(1) we have I',x : AT* ;v{ =y : T for some T ~ 0. Hence
AN{Zqvi = w, thatis n = 0 = deg,, (x).

By hypothesis I' - y : ¢ is derivable, and we are done. (Notice that Gy = {0}, so formally
() is the permutation that we pick here.)

Case t = x. By hypothesis I',x : AI' ;vi F x : 0 is derivable. By Lemma 2.5.3.(1) we have
I,x: /A ;vi =x:7foratype T~ 0. S0 is the empty environment and Al* ;vi =v1 =T.
In particular n = 1 = deg, (x).

Obviously we take as p the only element of &1, i.e. 1 — 1. We must prove the derivability
of ' F x{s1/x1} : T, which is the sequent I'1 F s7 : 7. Since I'1 I s7 : o is derivable by
hypothesis and T ~ o, by applying Rule eq we are done.

Case t = Ay.s. By Lemma 2.5.3.(2) the sequent I',y : w,x : A{*_;vyi I s : T is derivable for
some u — T ~ 0. By IH we have n = deg_(x) = deg}\y's(x) and there exists p € G, such
that

(MY ) AN TR s{sp(1)/X1, -, Sp(n)/Xn } 1 T (21)
is derivable. For all i € {1,...,n} Lemma 2.5.5 gives supp(li) C fv(s;i). By the Variable
Convention y ¢ fv(si). Therefore y & supp(l;) for alli € {1,...,n}. So the sequent (21) is in
fact TAAY T,y ik s{sy1)/X1,..,Sp(n)/Xn } : T. S0 at last we derive

PAAM T,y b s{sp(1)/X1, .0, Sp(n)/Xn ) i T

PAA T E A (s{sp(1)/X1, .-, Sp(n)/Xn}) = T

F/\/\{‘:1 I“i F ()\U.S){Sp(”/X], .. .,sp(n)/xn} e

Case t = sry,...,1i] for some k € IN. By Lemma 2.5.3(3) there are a decomposition

{A]—}LO of T, a decomposition {Ij};;o of the set {1,...,n} and o1,...,0x € Tp such that
the following are derivable: Ag, x : Aic1, Vil s /\}‘Z1 0; — o and Aj, x : Nier;Yi 151 0] for
allj e{1,...,k}. Forallj €{0,...,k} we apply the IH so to get:

e deg (x) = [lol;

® po € 6“0‘ such that Ao/\/\ieloﬂ H S{spo(1)/x1""’SPO(HOU/XHO\} :/\}<:]Gj — ois
derivable;

. degrj(x) = || for allj €{1,...,k};

* pj Sy such that Aj A Aie;Ti F Tj{spj(l)/xh---/Spj(IIj\)/Xlljl} : 0 is derivable, for
allj €{1,...,k}

Firstly, we get

Kk 13
degyy, rgx) = deg (x)+) deg.(x) = ) || = n.
j=1 j=0
By applying Rule app we derive
ITo| 51 7%
/\j:OAj /\/\?:O /\iEIj Fi F s{spo(i)/xi i:()] [r)—{spi(i)/xi ié]L:] 0. (22)

We define
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r: {1,....n} — {1,...,n}
m € I — p;i(m)

Such p is well defined as a function, because {Ij };(:0 is a decomposition {1, ..., n}. Moreover
P € Gy, since all the pj’s are bijective. It is evident that

Lol 51 ]k Lol 51 ]*
s{spo(i)/xi}i 2 [Ti{spj(i)/xi}iél}j:1 = s{spy/xibiy [T)'{Sp(i)/xi}iél}j:1

= S s/l

Since in addition Af_,A; = T and AX_ Aiery Ti = AJLTi, the sequent (22) is exactly
FANY Ty ks [n,. . .,Tk] {sp“ VX100, sp(n)/xn} : 0, whose derivability was to be proved.

(2) By induction on the structure of the resource term t.
Caset =1y # x. In such a case n =0, hence t {51 /X1,.-, sn/xn} =t =y. So by hypothesis
'y : o is derivable. Then setting Iy := I' the decomposition {I} of I' proves the result.
Case t = x.In thiscasen = 1 and t{s1/x1} = s1. Hence by hypothesis I" - s7 : 0 is derivable.
We set Iy to be the empty environment, I'1 :=T" and y; := 0. The sequent Iy, x : y1 Fx: 0
is nothing but x : 0 I x : o, which is trivially derivable. So the decomposition {T, Ty } of T
proves the result.
Case t = Ay.s. Since (Ay.s) {51 /X1,..., sn/xn} = Ay.s {31 /X1,..., sn/xn},by Lemma 2.5.3.(2)
there is a derivation of I',y : s {51/x1,. . .,sn/xn} : T for some u — T ~ o.

By IH there are v1,...,vn € Tp and a decomposition {ri}?:o of T,y : u such that

To,x: A qviFs:o (23)
and
Fi = Si ' Yi

for alli € {1,...,n} are derivable.
For all i € {1,...,n} Lemma 2.5.5 gives supp(li) C fv(si). By the Variable Convention
y € fv(si). Therefore y ¢ supp(Ii) for alli € {1,...,n}. So
) = Ny = .

Then from the sequent (23) by Rules lam and eq we derive I'y — (y : u), x : AI*_;vi F Ay.P: 0.
We are done, because {Fo —(y: p.)} U {Fi}?:1 is a decomposition of T.
Caset =s[ry,..., 1¢] for some k € IN. We have a decomposition {Ii}];:o of theset{1,...,n}

such that s {s1/x1,...,8n/xn} = s{s]—/xj}jeIO [ﬁ {Si/xi}jeh e, rk{sj/xj}jelk}.

By Lemma 2.5.3.(3) there is a decomposition {Ai}]i(:O of ''and o7,...,0x € Tp such that
the following sequents are derivable:

Ao s {Si/xi}jelo Aoy =0 (24)
and forallie{1,...,k}

Ai H Ti {S]'/Xj}jeIi .04 . (25)
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From (24) by IH we have a decomposition {Ao; }‘]I:‘)l) of Ay and types vo1,...,Yon, such
that

Ago, x: /\glzo\ﬂ/oj F s: /\]le oy — 0 (26)
and forallj € {1,...,[Iol}
AOj H S5 Y05 (27)

are derivable.
Let i € {1,...,k}. From (25) by IH we have a decomposition {Aij}gljo of A; and types
Yi1,---,Yin; such that

AiO , X0 /\;I:ill Yij H Ti .0} (28)
and forallj € {1,..., L}
Ai]' H S5 1 Yij (29)

are derivable.
From (26) and (28) by Rule app we derive

/\]f:oAio , X! /\]fzo /\E1 Yy F sl md:o (30)

Notice that {Aij |1€{0,...,k} and j €{1,..., IIiI}} is a decomposition of T, as the union of
decompositions of elements of a decomposition of I'. Such a decomposition then proves the
result, because of the derivability of (27), (29) and (30). O

Lemma 2.5.7 (Subject reduction for A"). Let D be an rgm. Let t € A" and T € P¢(A") such that
t—pg T.If T F" t: o is derivable then there exists t' € T such that T =" t’ : o is derivable.

Proof. We prove the statement for the case t — T. Then the result is obviously generalized
to the case t - T (formally by induction on the number of steps —g).
The proof is by induction on t.

Case t = x. In such a case T = {x}, so taking t" := x the thesis is proved.

Case t = Ax.s. Then T = Ax.S where s = S. By Lemma 2.5.3.(2) the sequent I',x : p s : Tis
derivable for some p — T ~ 0. By IH there exists s’ € S such that I',x : p - s’ : Tis derivable,
hence by applying lam and eq also I' - Ax.s’ : o is derivable. We can take t’ := Ax.s’ € Ax.S.
Case t = sb and T = Sb where s —g S. Let b = [s1,...,5,]. By Lemma 2.5.3(3) we
have a decomposition {I}}LO of " and types o7,...,0n such that Iy = s : Al' oy — ©
and T} F si : oy for all i € {1,...,n} are derivable. By IH there exists s’ € S such that
lo Fs" : A'joi — o is derivable. So by app we derive I' F s’b : 0. Clearly we take
t’:=s’b € Sb.

Case t =s([r]-b) and T = s([R] - b) where r - R. Letb = [sy, ..., sn]. By Lemma 2.5.3(3)
we have a decomposition AU {ri}?:o of I'and 71,07,...,0n € Tp such that the sequents
loFs:TANY 01 20, AFr:tand i F s;:0i forallie{1,...,n}are derivable. By IH
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there exists r’ € R such that A+ r’ : T is derivable. So by app we derive I' - s([r’] ‘b) :0.In
the end we take t’ := s([r’] 'b) € s([]R] -b) and we are done.

Case t = (Ax.s)[s1,...,sn]. By Lemma 2.5.3(3) there are a decomposition {ﬁ}?:o of I and
01,...,0n € Tp such that o - Ax.s : A'_jo; = cand I3 Fs;: 0y foralli e {1,...,n}are
derivable. Applying then Lemma 2.5.3(2) we get the derivability of Iy, x : A" jTi Fs: T
where A" ;T3 = T~ /A\l'_ ;01 — 0. By Rule eq we derive

lo,x :N\i_1TiFs:o (31)
and
NkEsi:ty forall ie{l,...,n}. (32)

By (31) and (32), we can apply Lemma 2.5.6(1) so to get the equality deg (x) = n and the
existence of p € &,, making 'y AN (T s {sp(n/x], . ..,sp(n)/xn} : 0 derivable.

Since deg(x) = n, by definitionof t —g T we have T = UpeGn s {sp(] /X1, ,sp(n)/xn}.
So eventually t’ := s {s,(1)/X1,...,Sp(n)/xn } € T proves the thesis. O

Lemma 2.5.8 (Subject expansion for A"). Let D be an rgm. Let t € A" and T € P¢(A") such
that t —p T. If there exists t’ € T such that T =" t’ : o is derivable then T " t : o is derivable.

Proof. We prove the statement for the case t —pg T # (. Then the result is obviously gener-
alized to the case t g T # ) (formally by induction on the number of steps —3).

The proof is by induction on t.
Case t = x. In such a case T = {x}, so t’ = x = t and there is nothing to prove.
Case t = Ax.s. Then T = Ax.S where s —p S. Then t’ = Ax.s’ for some s’ € S. By
Lemma 2.5.3.(2) the sequent I','x : p = s’ : T is derivable for some p — T ~ o. By IH
then I',x : s : Tis derivable. By lam and eq we derive I' - Ax.s : 0.
Case t = sb and T = Sb where s — S. We have t' = s’b for some s’ € S. Let b =
[s1,...,8n]). By Lemma 2.5.3(3) we have a decomposition {I}}?:O of I' and types o01,...,0n
such that Iy - s" : AI' ;o3 = oand I F s; : 0y for all i € {1,...,n} are derivable. By IH
lo Fs: /A" ;01 = ois derivable. So by Rule app we derive I' - sb : 0.
Case t = s([r]-b) and T = s([R] - b) where r —g RR. In such a case t’" = s([r'] - b) for some
" € R. Let b = [sq,...,sn]. By Lemma 2.5.3(3) we have a decomposition AU {ri}?:o of
I'and T,07,...,0n € Tp such that the sequents Iy s : TAA ;03 = 0, AF 1’ Tand
liFsi:oyforallie{l,...,n}are derivable. By IH also A I r : T is derivable. So by Rule
app we can derive '+ s([1] - b) : o.
Case t = (Ax.s)[s1,...,sn] and T = U, cg,, s {sp(1)/X1,...,8p(n)/Xn}. In such a case t’ =
S {sp“)/m,...,sp(n)/xn} for some p € &,,. By Lemma 2.5.6(2) there are y1,...,yn € Tp
and a decomposition {ri}?:o of I'such that T',x : A\l';vi Fs:oand I F sy(4) @ yi for all
ie{1,...,n} are derivable. So one can derive

Fx: Ay viFs:o
M=Axs: A vi =0 MEspi):vi foralliefl,... n}

T (AS)[Sp(1),+--sSpn)] 1 O

which was to proved, since (Ax.s) [Sp(l Yreens sp(n)] =t m
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Theorem 2.5.9 (One-step soundness for the linear resource calculus). Let D be an rgm. Let
U,V € Pe(A") such that U —p V. Then U] "= [V]”.

Proof. The hypothesis U —g V means that V = J,c Vi where t —g Vi forall t € L.

Let (T',0) € [U], i.e. T t : o derivable for some t € U. By Lemma 2.5.7 there is t’ € Vy C
V such that T' -t : 0 is derivable. So [U] C [V].

Let (I',o) € [V],ie. Tk t': o derivable for some t’ € V. By hypothesis there exists t € U
such thatt’ € Vy and t —p Vi. By Lemma 2.5.8 then T I t : o is derivable. So [V] C [U]. O

Corollary 2.5.10 (Soundness for the linear resource calculus). Let D be an rgm. Let U,V €
P¢(AT) such that U =g V. Then [U] P [[VHZD.

Proof. For some k € IN there is a finite sequence (Ui)l;o of elements of P¢(AT") such that
Up =M, Uy =Vand forallie{0,...,k— 1} either U; —p Uiiq or Ujyg —p U; .
The result is proved by the following induction on k.
Base: k = 0. As U = Uy =V, the thesis trivially holds.
Step: k > 1. The IH is applied to the sequence (Ui)];] so to get [Uq] = [Uy].
Either Uy —p U7 or Uy —p Up. In either case [Up] = [U;] by Theorem 2.5.9.
In the end we have [U] = [Up] = [U;] = [Uy] = [VI. O

2.6 APPROXIMATION THEOREMS: FROM TAYLOR TO BOHM

The Bohm tree of a A-term M can be considered as the possibly infinite 3-normal form of M
(with the unsolvable subterms sent to _L). Accordingly, the elements of BT(M)* should be
thought of as finite approximations of the reduction of M. From this perspective, it is reasonable
to expect from a model to satisfy

M] = U [a] forall M € A. (33)
aeBT(M)*

Although not always true, this is indeed often the case. A property of such a kind is known
as Approximation Theorem for the given model. If at hand, Property (33) plays a key role in
the study of the model: it stands as a bridge from the possibly infinite nature of (3-reduction
of) A-terms to the finitary realm of finite Bohm-like trees.

Proving an Approximation Theorem is generally not an easy task. Sometimes it can
be shown by means of some ad hoc indexed refinement of (3-reduction, as first done by
Wadsworth in [Wad78]. As an alternative, the method of reducibility candidates a la Tait-
Girard [Tai6y, Giry2, GLT89] is the most widespread proof technique for the purpose. This
technique is ubiquitous in logic and the theory of programming (where it goes by many
names, such as logical relations [Rey83], saturated sets [Krigo], realizability interpretations [Kriog],
stable sets in Kripke structures [BDS13]). But it is much complicated. Also, it must be cleverly
adapted to each single model.

Here these complications are avoided thanks to the following crucial fact, which holds
for every rgm D:

M]” = |JWm®  forall MeA. (34)
teT (M)
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We call this result Taylor Approximation Theorem, as opposed to (33), which we rather call
Bihm Approximation Theorem from now on. The Taylor Approximation Theorem has great
advatages. Firstly, both inclusions in (34) are proved by a straightforward induction, not by
reducibility candidates. Moreover, the Bohm Approximation Theorem easily follows from
the Taylor one by Theorem 1.6.4 of Ehrhard and Regnier. Finally, another great benefit of
this approach lies in its generality, since the method works for all rgm’s.

In fact (34) is the main reason why the linear resource calculus and the notion of Taylor
expansion are taken into account in this work.

Definition 2.6.1. Let D be an rgm. Let A € A®. The type-interpretation of A in D is

[A]? = |

acA*

In particular, for all M € A we have [[BT( M)]] D U [a]?® .
a€BT(M)*

Every A-term M in 3-normal form can be seen as a finite Bohm-like tree. So both Defi-
nition 2.4.1 (type-interpretation of terms) and Definition 2.6.1 (type-interpretation of trees)
apply to M. Of course, we are using the same symbol [M]? for both because they coincide.
Indeed, Theorem 2.6.5 below states that [M]® in the sense of Definition 2.4.1 is equal to
[BT(M)]®, where the latter is [M]? in the sense of Definition 2.6.1 whenever the f-normal
form M is seen as a tree.

Definition 2.6.2. Let D be an rgm. Let X be in A or in A®. The type-interpretation in D of the
Taylor expansion 7 (X) is defined as

[r0]” = Ym™

teT (X)

For a Boshm-like tree A € A® we have in particular

Ta]” = Uw® = U U u® = U rw”. (35)

teT (A) acA* teT (a) acA*

Theorem 2.6.3 (Taylor Approximation Theorem). Let D be an rgm. Let M be in A or in N.
The sequent T =° M : o is derivable if and only if there exists t € T(M) such that T F” t: o is

derivable. In other words [[M]] P [T(M)]] D.

Proof. (=) The proof is by induction on the derivation of ' - M : 0. We proceed therefore
by a case analysis on the last rule applied in the derivation.

Case var. If Rule var is the last (and only, actually) rule applied, then I' = M : o has the
form x : 0 - x : 0. This case is trivial since T(x) = {x}.

Case lam. If Rule lam is the last rule applied, then ' - M : ¢ has the form ' - Ax.P:p — 7
and the sequent I',x : u = P : T is derivable. By IH there exists t' € T(P) such that the
sequent I',x : u = t’ : Tis derivable. By Rule lam we derive I' F Ax.t" : u — T.

Case app. If app is the last rule applied the derivable sequent I' = M : o has the form
To AN (A T3) FPQ: o, for some n > 0, with sequents I, FP: A" ;o = cand 1 - Q : 0y

i=1

54



forallie {1,...,n} derivable. By IH, there exists s € T(P) such that Iy - s: A* ;01 — ois
derivable, and for all i € {1,...,n} there exists t; € T(Q) such that I} F t; : 0y is derivable.
Therefore we can derive

loFs:AYj01 =0 TiFti:op Vie{l,...,n}
Neslty,...,thl: 0

app

So there is s [t1,...,tn] € T(PQ) such that ' - s[ty,...,tn] : 0 is derivable.

Case eq. Let ' - M : 0 be derived by an instance of Rule eq from a derivation of a sequent
' M : T such that T ~ o. By IH there exists t € T7(M) such that I' - t : T has a derivation.
By applying eq to such derivation we derive I' -t : o. O

Proof. («=) Lett € T(M) such that ' -t : 0 has a derivation. We proceed by induction on
this derivation. At that purpose we make a case analysis on the last Rule applied therein.
Case var. The derivable sequent I' - t : ¢ has the form x : 0 - x : 0 and x € T(M). Since
x € T(M) if and only if M = x by definition of the Taylor expansion, the thesis is trivially
proved.

Case lam. The derivable sequent I' - t : 0 has the form I' - Ax.t’ : p — T and the sequent
I',x:pkt': 7is derivable. By definition of Taylor expansion Ax.t € T(M) entails M = Ax.P
for some P € A such that t’ € T(P). By IH the sequent I',x : I P : T is derivable. By Rule
lam we derive I' - Ax.P: 1 — 1.

Case app. The derivable sequent I' - t : 0 has the form I'o A (Al T3) F s[ty,...,tn] : 0, for
some n > 0, where sequents Iy - t: A' ;o0; - cand Ii F s; : oj foralli € {1,...,n}
are derivable. Since s[ty,...,tn] € T(M), by definition of Taylor expansion M = PQ for
some P,Q € A such that s € T(P) and ty,...,tn € T(Q). By IH there exist derivations of
ToFP:AY 0y woand I} - Q: o foralliec{l,...,n}. Therefore we derive

ro'—Pi/\F:1O'i—>O' ril—Q:Gi Vieﬂ,...,n}
''-PQ:o

app

Case eq. Let I' I t : 0 be derived by an instance of Rule eq from a derivation of a sequent
'+ t: 7 such that T ~ 0. Since t € T(M) by IH the sequent I' - M : T has a derivation. By
applying Rule eq to such derivation we derive I' = M : o. O

Corollary 2.6.4 (Taylor Approximation Theorem for Bohm-like trees). Let D be an rgm and
A € AB. Then [A]"=[T(A)] ",

Proof. Applying in the order Definition 2.6.1, Theorem 2.6.3 and (35) we get

(Al = Ulad = U] = [TA]

acA* acA*

as was to be proved. O

Theorem 2.6.5 (Bohm Approximation Theorem). Let D be an rgm and M € A. The sequent
I'=" M : 0 is derivable if and only if there exists a € BT(M)* such that T =" a : o is derivable. In

other words [M]| P [BT(M)] .
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Proof. We have the following chain of equivalences

'EFM:o ifandonlyif 3Jte T(M)suchthatl'Ft:o (by Theorem 2.6.3)
if and only if 3t €nfgT (M) suchthatT"-t:0 (by Corollary 2.5.10)
if and only if 3t € T(BT(M)) such thatT"'+t:0 (by Theorem 1.6.4)
if and only if Ja € BT(M)*suchthatTa:oc (by Corollary 2.6.4)

which completes the proof. Notice that the second step of this chain of equivalences relies
on the fact that 3-normalization is strongly normalizing on A'. O

We conclude this chapter with some general facts concerning the preorder theory and
the A-theory of every rgm’s.

Theorem 2.6.6. Let D be an rgm.
1. Cg is included in The (D), namely BT (M) <, BT(N) implies M Cp N forall M,N € A.
2. B C Th(D), namely BT(M) = BT(N) implies M =5 N forall M,N € A.

Proof. (1) Let BT(M) <, BT(N). Since this is equivalent to BT(M)* C BT(N)*, by Theo-
rem 2.6.5 we have [M] = [BT(M)] = UaeBT(M)*[[a]] C UaeBT(N)*[[a]] = [BT(N)] = [N].
(2) It follows immediately from 1. O

Theorem 2.6.7. Let D be an rgm. Then [M1P = 0 for all unsolvable M € A. In particular the
theory Th(D) is sensible.

Proof. Let M be unsolvable. By Theorem 2.6.5 we have [M] = {J ¢ -[al = [L] = 0. O

Corollary 2.6.8. Let D be an rgm. Let M,N € A. Then [M]P C [N]? implies M Cq¢- N.

56



MINIMAL AND MAXIMAL RELATIONAL GRAPH THEORIES

INTRODUCTION

The study of the untyped A-calculus is not restricted to the sole (3-rule. In fact, one is
more often interested in A-theories, the equational extensions of 3-convertibility defined in
§ 1.2. As we mentioned in that section, the lattice of A-theories is still largely unexplored. A
further refinement consists in investigating inequational extensions of (3-convertibility, which
we called preorder theories in § 1.2.

Studying preorder or A-theories by pure syntactical methods can be very complicated.
Denotational semantics comes then in handy. Indeed, given a certain preorder or A-theory
one can search for models inducing it. In Chapters 4 and 5 we will go in such a direction,
by looking for rgm’s that induce Morris’s observational preorder and A-theory.

However, one can also undertake a reverse path, which starts from purely semantic con-
siderations rather than from some fixed theory. Just for the sake of convenience, let us call
semantics any class of uniformly defined denotational models. Scott’s continuous semantics,
stable semantics, relational semantics are examples of the idea. Given a semantics, one can
explore the range of preorder and A-theories represented by it, i.e. induced by some of its
models. Some natural questions then arise.

1. Is the given semantics incomplete, i.e. unable to represent all consistent A-theories ?

2. Can the semantics represent exactly the least A-theory A, or the least extensional
A-theory APn ?

3. Can the semantics represent the minimal sensible A-theory J?
4. Has the semantics a minimal representable A-theory?
5. Has the semantics a maximal representable A-theory?

This kind of problems are usually anything but trivial, because often a given semantics
can represent 2%° distinct preorder and A-theories and yet being incomplete. For instance,
the representabilities of AB, ABn and H are long-standing open problems. In particular
Question 2 was raised by Honsell and Ronchi for Scott’s semantics in [HRDR9gz]. Berline’s
article [Beroo] supplies a survey on these issues.

Now, rgm’s can be considered to form a semantics on their own. So it makes sense to ask
the questions above for such semantics.

Questions 1 and 2 have already been answered at the end of Chapter 2. As a matter of
fact, Theorem 2.6.7 states that rgm’s can only induce sensible A-theories. So

1. the semantics of rgm’s is incomplete, because unable to represent any A-theory that
does not equate two distinct unsolvable terms;
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2. in particular, the class of rgm’s cannot represent A and ABn, as these are not sensible.

In this chapter we provide answers to Questions 3-5.

As concerns Question 4, the minimal A-theory turns out to be B, namely the one equating
A-terms if and only if they have the same Bohm tree. Since 3{ C B, we also get an answer
to Questions 3: there is no rgm inducing 7.

More subtly, we focus on the minimal preorder theory represented by rgm’s. We denote
this preorder by T, and we characterize it as follows:

M C, N if and only if there exists T € A® such that BT(M) <, T —»n BT(N) .

According to the meaning of —», given in § 1.4, this reads as: the Bohm tree of M is
an approximation of a tree T obtained from the Bohm tree of N by performing up to
denumerable many n-expansions possibly of infinite depth.

The minimal preorder C, is induced by an rgm & that we call 4 la Engeler, because con-
ceived as a relational version of Engeler’s graph model [Eng81], [Bar84, § 5.4]. The model
€ already appeared elsewhere. It was in fact the very first relational model of the untyped
A-calculus introduced in the literature, precisely by Hyland and others in [HNPRo6]. Also,
the corresponding intersection type system was studied by de Carvalho in [dCoy, dCog].

As regards Question 5, the maximal A-theory represented by rgm’s is }{*. In fact, there is
in the literature an rgm that is fully abstract for J{*. It was introduced by Bucciarelli, Ehrhard
and Manzonetto in [BEMoy] and proved to induce {* in [Manog]. Here we provide another
one.

PLAN OF THE CHAPTER. In § 3.1 we define the model €. In § 3.2 we prove the equiva-
lence between C¢ and LT, except for the more technical lemma, to which a separate section
is devoted, namely § 3.3. In § 3.4 we reformulate the rgm D’ introduced in [BEMo7y], as an
isomorphic rgm D, built by completion upon one single atom and one single basic equation.

3.1 A RELATIONAL GRAPH MODEL A LA ENGELER

In this and the next two sections we study the rgm defined below.

Definition 3.1.1. We call rgm a la Engeler the free completion

& = (E0)

where E is a denumerable set E := {ocn}n N whose elements «,, are pairwise distinct and
not pairs, and () : M¢(E) x E — E is the empty partial function.

More explicitly, € is the rgm (E, §), where E is the union |J,,cn En of the sequence
defined by Eg = E and Eny1 = (Mf(En) X En ) U E, whereas ) is the inclusion map of
M¢(E) x E into E, meaning that

0(m,x) = (m,x) for all (m,x) € M{E) xE. (36)

Lemma 3.1.2. The equivalence ~* is the equality on types in T¢. In other words, for all o,T € T¢

we have o ~* if and only if 0 =T.
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Proof. By Proposition 2.2.10 we have Atg = At = E. By Definition 2.3.2 and (36) we get
1. «° = o« forall x € Atg;
2. (u—>1)° = (u°,t°) forallpelg and forall T € Te.

We prove that 0 ~*t implies o = T by induction on o. (The reverse implication is evident.)
Case 0 € Atg, i.e. 0 = « € E. By hypothesis a ~* 7, that is « = «® = t°. Then T cannot be
an arrow type, otherwise by Point 2 above T¢ = a would be a pair, contradicting the fact
thatx e E.Solett=B € Ateg.Intheendo=a=a®*=p°=p =r.

Case 0 = p — o'. Let p — o’ ~® 1, that is (0 — 0’)° = 1°. By Point 2 above then
¢ = (u®,0'°). Hence T ¢ Atg = E, otherwise T = T° would not be a pair. Sot =v — 1’
and still by Point 2 we have (u°,0’¢) = (0 — 0/)° = (v — 1/)° = (v°,7/°). By IH from
u® =v®wegetp=v,and fromo’®* =1t'"°wegeto’' =1v.Soo=p— o' =v—=1t' =1 O

Notation. All over this chapter - denotes the type system obtained from Definition 2.3.8
(the system in Figure 3 of Chapter 2) by throwing away Rule eq.

Lemma 3.1.2 says that Rule eq is essentially useless for deriving typings in +¢. Because of
this, the type system ¢ is equivalent to the type system . Here the word equivalent has a
strong sense. In fact, they are basically the same type assignment system: every derivation
in - is also a derivation in ¢, whereas every derivation in F* can be reproduced in  just
by erasing each instance of Rule eq. For instance, in ¢ the dummy rule eq allows to derive

var var var
x:op ANy = a3 F&oxiog Aoy — a3 y:rop FEyiog y:az FEyra app
x:op ANax > a3,y ANy FE xy:as
& eq
x:xg Noy >3,y ANop F xy:og eq
x:og Ao — a3,y Aoz F xy:oag
& eq
x:opNoy a3,y Nax F° xy:og L
am

yroag Aoy H¢ )\x.xy:(oq/\oc2—>oc3) — 03

which is represented in the system - simply as

var

var var
Xx:xp N w3 B xiag Aoy — o3 yrog Fy:rog yrox Fyran app

x:xp ANy > a3,y Noy F xy:os
yrog Aoy B Axxy: (g Ay = az) = ag

lam

In particular for all M € A we have
& €
M]E = {(F,G)eEanng T+ M:o} — {(F,G)eEanng | Fl—M:G}.

From now on we only use I~ in order to study the interpretation of A-terms in the model €.

As mentioned in the introduction of this chapter, the model € appeared for the first time
in a paper by Hyland and others [HNPRo6] . We name it rgm a la Engeler in analogy to the
traditional Engeler’s graph model E, introduced in [Eng81]. As a matter of fact, [E can be
defined as the free completion, in the sense of graph models, over the empty partial pair
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0:P¢(A) x A — A for any non-empty set A, as Longo showed in [Lon83] (for a presentation
more similar to ours see Berline’s article [Bero6], where [E is called €&).

The intersection type system F was introduced by de Carvalho in [dCoy, dCog], where
it went by the name of System R. De Carvalho recognized its semantic status of A-algebra
coming from a reflexive object of MRel. Most notably, he used System R as a tool to analyse
a notion of time of execution of A-terms in Krivine’s abstract machine [Krigz].

A close system was also investigated from a purely syntactic perspective by Bernadet and
Lengrand in [BL13] .

3.2 THE MINIMAL PREORDER AND A-THEORY

In this section we characterize Th-(€) and Th(€) (with the proof of the most technical
lemma actually postponed to the next section). Moreover, we prove them to be respectively
the minimal preorder theory and the minimal A-theory represented by the class of rgm’s.

Before investigating Th- (&), let us take a quick look at the preorders induced by some
related denotational models.

Two of them are Engeler’s graph model E, introduced in [Eng81], and Scott-Plotkin graph
model P, [Bar84, § 18.1 & 19.1]. Typically E is presented as a simplification of P, like in
the standard reference [Bar84, § 5.4]. The main reason is that they both induce the A-theory
B. But this is not relevant from our more refined perspective (studying the preorder theories
induced by models, not just their A-theories), since they have different preorder theories.
The model E induces Cg, as proved by Longo in [Lon83]. On the other hand, the model
Pw has the following preorder, as established in [Bar84, Th. 19.1.19]: for all M,N € A

M Cyp N if and only if thereis A € A® such that BT(M) n« A < BT(N). (37)

In [Roc82] Ronchi studied a filter model M where the order between types is the equality.
One can see a certain analogy with &, the rgm where the equivalence between types is the
equality. The model M induces the following preorder theory: for all M,N € A

M Ty N if and only if there exists A € A® such that BT(M) <; A —», BT(N). (38)

In some way this preorder is symmetrical to the one in (37). Indeed Cyp  possibly requires
to infinitely n-expand the Bohm tree of the A-term on the left hand side of the relation, whereas
Cov asks for the same on the right hand side. Here infinitely means that the n-expansions may
have infinite depth.

The rgm & can be considered as a relational version of [E, but at the same time also as a
relational/non-idempotent rephrasing of M. So it is natural to wonder if their preorder theories
share some similarities. We show that € behaves like M, namely it induces the preorder in
(38). Such a preorder is denoted by L, from now on, as formally defined below.

Definition 3.2.1. Let A,B € AB. Then A <, B if and only if there exists B’ € AP such that
A <, B’ -, R.

Remark 3.2.2. Let a,b € N. Then a <, b if and only if there exists b’ € N such that
a< | b’ 1 b.
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Definition 3.2.3. Let M, N € A. Then M C N if and only if BT(M) <, BT(N).
Examples 3.2.4.
e For all M, N € A such that BT(M) <, BT(N) obviously M C, N.

* AxyQ C,y,since BT(Ax.y Q) =Ax.y L < Axyx -5y =BT (y).

Consider the A-terms P and Q defined in Example 1.4.10. Then P C, Q.

J T I, because BT(]J) —», BT(I).

Let Y := Af.(Axy.f(xx)(Jy)) (Axy.f(xx)(Jy)). Then Y’ C, Y since

BT(Y') oy BT(Y)
I I
AMyp.f XA
RN |
Ayy.f Ax1.Y1 f
RN | |
Ays.f AX1.Y2  Ax2.xq f
PN | | |
Aygq.f AX1.Y3z  Ax2.xq : f
|

T N

7\X1 Ya 7\X2.X1
| |
AX2.Xq :

Our proof of the equality between C¢ and L, relies on the type system F. However we
have given a definition of T, that uses Bohm-like trees. Now, Bohm-like trees cannot be
typed, since they are possibly infinite objects. But finite approximants can, as we know from
the previous chapter. That is why now we reformulate T, also in terms of elements of N.

Theorem 3.2.5. Let M, N € A. The following two statements are equivalent:
1. MC,. N
2. forall a € BT(M)* there exists b € BT (N)* such that a < b.

Proof. (1 = 2) Let ae BT(M)* We seek be BT(N)*and b’ € N such that a <; b’ —,, b.
We proceed by induction on a.
If a = 1 we take b := b’ := 1 and we are done.
Let a = Ax7...Xn.XQa7 -+ am for some n,m € IN. Since a € BT(M)* we have BT(M) =
AX1...xn xBT(Mj)---BT (M) for Mq,..., My € A such that a; € BT(M;)* for all i.
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By hypothesis 1 there exists B =Ax7...xn.xBy---Bm € A® such that BT(M) < B and
B —y BT(N). (39)

In particular from (39) we get BT(N) = Axq...%;.xBT(Ny) - BT(N;,/) for some n’ < n,
m’ <m and Nj,...,N,/ € A.

Leti € {1,...,m'}. From (39) we get B; —», BT(N;) by Lemma 1.4.6 . Then by IH there
are b/ € N and b; € BT(N;)* such that a; <; b/ — b;.

Letie{1,...,m—m'}. From (39) we get Byn/+i —»n Xn/1i = BT (xn/4+i) by Lemma 1.4.6.
Then the IH gives an approximant by, ; € N such that an/i <1 b =0 Xnrgie

Intheend b :=Axj...xp/.xby---byprand b’ :==Axy...xn.xb]---b] givea <, b’ —, b.
(2 = 1) We are looking for a Bohm-like tree B such that BT(M) < B —»,, BT(N).

Take B := (BT(N); [BT(M)] ). All we need to prove is BT(M) <, B. As dom(BT(M)) =
dom(B) by definition of B, it is sufficient to prove that for all ¢ € dom(BT(M)) such that
BT(M)(¢) # L we have BT(M)(¢) = B(¢@). So consider such a .

We take an approximant a € BT(M)* such that ¢ € dom(a) and BT(M)(¢) = a(¢). By
hypothesis 2 there are b € BT(N)* and b’ € N such that a <; b’ —, b. Since a(p) =
BT(M)(¢) # L and a <, b/, surely

b'(¢) = a(e’) = BT(M)(¢') # L forall ' <o . (40)
As moreover b’ —,, b, from (40) we get
b(e’) =BT(N)(¢') # L forall ¢’ < ¢ such that ¢’ dom(b). (41)

Because of (40), all we need to prove is b’(¢) = B(¢). We perform a case analysis on the
various clauses in Definition 1.4.1 applied to B = (BT(N) ; [BT(M)] ).

The case ¢ € dom(BT(N)) with BT(N)(¢) = L must not be taken into account, for in
such a case we would have b(¢@) = L, contradicting (41).

For convenience let us denote T := [BT(M)].

Case ¢ € dom(BT(N)) and BT(N)(¢) = AX.x. Let m be the number of children of the node

@ in BT(N). Then by Definition 1.4.1(2) we have B(¢) = AXy§ YR o) mo1 X

By (41) we get b(@) = BT(N)(@) = AX.x. Asb’ —, b then b’(@) =AXz0...Z7(p)—m—1-X,
where the number of those A-abstracted variables z; is exactly T(¢) — m because (40) says
that b’(¢) = BT(M)(¢), hence the number of children of the node b’(¢) is supposed to be

[BT(M)] (¢) =T(@). In the end up to a-conversion b’(¢) = BT (N)(¢).

Case ¢ = @’ .m+1i € dom(T) —dom(BT(N)) and ¢’ € dom(BT(N)) where m is the
number of children of the node ¢’ in BT(N). By Definition 1.4.1(3) we have B(¢) =
AYE - YT (o) y?', where y?' is the i-th variable of n-expansion that is A-abstracted at the
father node B(¢’).

By (41) we have b(¢’) = BT(N)(¢’). Since b’ —, b then b’(@) := Azp ...z7(p)_1.2, Where
z is the i-th variable of n-expansion A-abstracted at the node b’(¢’). Here in particular the
number of those A-abstracted zi’s is T(¢) because (40) says that b’(¢) = BT(M)(¢), hence
the number of children of the node b’(¢) is supposed to be [BT(MH (@) =T(p).

It is clear that up to x-conversion b’(¢) = BT(N)(¢).

62



Case ¢ = ¢’.i € dom(T) —dom(BT(N)) and ¢’ ¢ dom(BT(N)). By Definition 1.4.1(4) we

have B(¢p) = Ayg .. YF (o)1 .yi“".
As b’ —, b and ¢’ ¢ dom(b), for certain b'(¢’) = Aup...ut(p/—1-u and b'(@) =
AV ... VT()—1-Ui, where in particular

e the number of those u;’s is T(¢’) because (40) says that b’(¢’) = BT(M)(¢’), hence
the number of children of the node b’(¢’) is [BT(M)](¢’) = T(¢").

e the number of those vi’s is T(¢) because (40) says that b’(¢) = BT(M)(¢), hence the
number of children of the node b’(¢) is [BT(M)] (@) =T(p).

In the end up to x-conversion b’(¢) = BT(N)(¢). O

We prove that the equivalence generated by T, is the equality of Bohm trees.
Lemma 3.2.6. Let M,N € A. Then MC.N and NC M if and only if BT(M) = BT(N).

Proof. The right-to-left implication is trivial. Let us prove the other one.

By hypothesis there are A, B & A® such that BT(M) < A —»y BT(N) < B —=»,; BT(M).
By Lemma 1.4.7 there exists B’ € A® such that A <, B’ —», B. Diagrammatically, using
the notation in the statement of Lemma 1.4.7, we have the following situation

BT(M) ——% A oo b B/
BT(N) ——— B (42)
BT (M)

The fact that BT(M) <, B’ implies [B’} = {BT(Mﬂ. From B’ —»,, BT(M) we get then
B’ = (BT(M); [B’]) = (BT(M); [BT(M)]) = BT(M). It is then clear that all the trees in
(42) are in fact BT(M). In particular BT(N) = BT (M). O

Lemma 3.2.7. Let D be an rgm. Let M, N € A. Then M C N implies M T N.

Proof. By Theorem 3.2.5 for every a € BT(M)* there exists b € BT(N)* such that a <, b.
This means that a <; b’ —,, b for a certain b’ € N. For every rgm D we have then [a] C
[b’] C [bl, the last inclusion in particular given by Lemma 2.4.11 (n-subject reduction). In
the end, using Theorem 2.6.5 (Bohm Approximation), we get

Ml = U e < Ul = [N]

a€BT(M)* beBT(N)*
thatis M CpN. O

Lemma 3.2.7 has the following relevant consequence. As soon as one finds an rgm induc-
ing a preorder included in C, two things can be concluded at once:
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* such rgm induces exactly the preorder ., because its preorder also includes C, ;

¢ the preorder T, is actually the minimal one represented by the class of rgm’s, because
no rgm can induce a strictly smaller preorder.

Now € is such an rgm. So basically what we need to show is the implication
MCEeN — MLC,N forall M,N € A.

A fact that greatly facilitates the proof is that M C¢ N implies M C4¢<N by Corollary 2.6.8,
hence a = BT(N) for all a € BT(M)* by Proposition 1.3.9.
The whole § 3.3 below is devoted to the proof of the following technical lemma.

Lemma 3.2.8. Let B € A® and a € N such that [a]® C Uy cp-[b]€ and a 3 B. Then there exists
b € B* such that a <, b.

Lemma 3.2.9. Let M,N € A. Then M C¢ N implies M CN.

Proof. We prove that M C N using the characterization 2 given in Theorem 3.2.5. So let us
consider an a € BT(M)* and show that there exists b € BT(N)* such that a <, b.
By Theorem 2.6.5 (Bohm Approximation) and the hypothesis M T¢ N we get

U [a® = MIE € INE = | [bI®.

aeBT(M)* beBT(N)*

In particular

[al® < |J [b1°. (43)

beBT(N)*
By Corollary 2.6.8, the hypothesis [M]€ C [N]€ entails M Cy14+N. So by Proposition 1.3.9

a

A

BT(N) . (44)

As (43) and (44) hold, Lemma 3.2.8 gives an approximant b € BT(N)* such thata <, b. O

Theorem 3.2.10. 1. The preorder Thc(€) is T, namely IM]€ C [N]€ if and only if M CN.
2. The A-theory Th(E) is B, that is IM]€ = [N]¢ if and only if BT (M) = BT(N).

Proof. (1) The left-to-right implication is Lemma 3.2.9. The other is given by Lemma 3.2.7.
(2) By Point 1 we have IM]€ = [N]€ if and only if M T, N and N C, M. This is equivalent
to BT(M) = BT(N) because of Lemma 3.2.6. O

The result here below provides and answer to Question 4 in the introduction.
Corollary 3.2.11. 1. The preorder T, is the minimal preorder theory induced by any rgm.

2. The A-theory B is the minimal A-theory induced by any rgm.



Proof. (1) By Theorem 3.2.10(1) there is an rgm that induces CT,. By Lemma 3.2.7 there
cannot be one inducing a preorder strictly lower than C,.

(2) By Theorem 3.2.10(2) there is an rgm that induces B. By Theorem 2.6.6(2) there cannot
be one inducing a A-theory strictly lower than B. O

It is worth noticing that, even when proved to exist, the minimal preorder or A-theory
represented by a given semantics is not always cleanly characterized as in Corollary 3.2.11.
For example, Bucciarelli and Salibra proved the existence of a minimal A-theory represented
by graph models in [BSo8], but they did not provide a characterization of this A-theory.

Corollary 3.2.12. There is no rgm D such that Th-(D) is C.
Proof. By Corollary 3.2.11(1), since T is strictly included in C, (see Examples 3.2.4). [

According to Corollary 3.2.12, from the point of view of the preorder theories there is no
rgm that corresponds to Engeler’s E, i.e. the graph model inducing Cx (nor to Plotkin’s
T [Plo78], another model known to induce the preorder T, as proved in [BL80]).

We can also answer Question 3 in the introduction. A long-standing open problem in
denotational semantics is whether there exists a model of the untyped A-calculus induc-
ing the minimal sensible A-theory, called J{ in § 1.2. Since H{ C B, as a consequence of
Corollary 3.2.11(2) the class of rgm’s does not help us to solve the problem.

Corollary 3.2.13. There is no rgm D such that Th(D) is the minimal sensible A-theory .

3.3 SEMANTIC SEPARATION OF APPROXIMANTS THROUGH Ir-SEPARATORS

This section is devoted to the proof of Lemma 3.2.8. It is proved in contrapositive form:
given an approximant a and a Bohm-like tree B such that a S B and a £ b for all b € B*,
we show that [a]® Z [Jycp-[b]®. This means to find a pair (T, 0) € Envg x T¢ such that
' a: o is derivable whereas for all b € B* the sequent I' = b : ¢ is not, written '/ b : 0.

Let us give the intuition behind the next definition. We are in the following situation. On
one side, by hypothesis a 3 B, i.e. there is b € B* such that a 3 b. This means that

for every position ¢ € dom(a) Ndom(b) such that a, # L we have a, ~ by, . (fact 1)
On the other side a £, b, which means that
however we n-expand b into some b’ we have a £, b’ . (fact 2)

One can realize that (fact 1) and (fact 2) are compatible with each other only if there is
a position ¢ such that a(@) # L and the node b(@) has a number of A-abstraction strictly
greater than the one of a(¢). For instance, consider a,b € N depicted in Figure 5. In this
example such a position is ¢ := (0,0). Indeed a, = u ~ Avauv = b, but at the same
time b(¢@) = Av.u has one A-abstraction more than a(¢@) = u. Definition 3.3.1 here below
captures this idea.
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Figure 5: Example of finite approximants with an r-separator.

Definition 3.3.1. Let a € N and B € A®. Let ¢ € IN* such that ¢ € dom(a) N dom(B) and
Qp = AX7...Xn.XQj - am for some n, m € IN. The sequence ¢ is an r-separator for a from
B if and only if there exists b € B* such that

by = Mi...Xnxbp1-boms where m—n =m'—n’ and n’ > n.
The r-separator ¢ is minimal if it has minimal length | ¢ | among r-separators for a from B.

Remark 3.3.2. Clearly if a position ¢ is an r-separator for a from B then a # 1 and B # L.
Lemma 3.3.3. Lef x € Var and a € N such that a 3 x. Then a <, x.

Proof. We prove the existence of some e € N such that a <, e -+ x by induction on a.

If a = 1 itis enough to take e :=x.

Leta=Ax...xpn.xaj - ay forsomen,m € IN. Since a X xthenn—m =0and a; = x4
forallie{1,...,n}. ByIH foralli € {1,...,n} there exists e; € N such that a; <, e; = Xi.
We take e := Ax7...xn.x €7 - en. So we get

a = AX]...Xp.X0Q7:-dn
<L AX71...Xp.X€1- ' -€en
= AXT X XXT X Ry X
which was to be proved. O

Lemma 3.3.4. Let a € Nand B € A® such that a 3 Band a £, b for all b € B*. Then there
exists an r-separator for a from B.

Proof. We proceed by induction on a. Remark that a # L, otherwise a <. b for all b € B*.
So there are x € Var and n, m € IN such that

a = AX1...Xp.X0A7 " Qm (45)

for some aj,...,am € N.

By hypothesis a 3 B,i.e. a 3 b for some b € B*. Consequently B # 1, as a 7 L. So there
arey € Var and n/,m’ € N such that B = Ax;...x/.yBy--- By for some By,...,B/ €
AE.
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By hypothesis a X B, i.e. there exists b = Axj...xp/.xb1---by, € B* such that a 3 b.
Thus in particular y = x and

n—-m = n—m. (46)

Two cases must be considered.
Case n’ > n. In such a case ¢ is an r-separator for a from B, and we are done.
Case n > n’ (hence m > m’). Firstly, we prove that there exists i € {1,..., m’} such that
ai £ r c for all ¢ € B}. By contradiction, let us suppose that for all i € {1,..., m’} there exists
ci € B} such that a; <, cy, ie.

a; <1 di —-q o (47)
for some d; € N. Let
C = AXj]...Xn/.XC1---Cmqp/ € B* (48)

Letie {1,...,m—m'}. Since a 2 b, we have a,,/4i = Xn/yi- Therefore am/ i <r Xn/4i

by Lemma 3.3.3. This means that there exists e; € N such that
Qm/+i SL € —n Xp/gi- (49)

In the end we have

O = AX7].e.XpXp/iglee Xn/XQ7 0 Qs Qg - - Qm by (45)
<L AT X X1 e XX dy s dmr €1 - ey by (47) and (49)
= AXT e X X/ ]+ e Xt X CT 0 C/ X1 X (m—m/) DY (47) and (49)
= AXT . X/ X/ ] e e X/ XCT ot Cp/ X/ 1 0t Xy by (46)
= AXT ... XprXCp vt Gy by n-rule
= ¢ by (48)

Hence a <, c. But ¢ € B¥, so by hypothesis a £, ¢, and we are in contradiction.
We have proved the existence of an i € {1,...,m’} such that a; £, c for all ¢ € B}.
Moreover from a 3 b we get a; < b;. So the IH can be applied to a; and B;. There is an

~

r-separator ¢ € IN* for a; from B;. Then clearly (i— 1) ¢ is an r-separator for a from B. [
Remember from Definition 3.1.1 that the atoms of € are named g, x1,..., Xn, ...

Definition 3.3.5. Let 0 € T¢. Then o terminates in o, whenever 0 = 1 — -+ = U — &n
for some k € N and uq,...,1x € le.

h times

. . —
Notation. For any h € N and o € T¢ we write w™ — o for the type @ — ... — ® — o.

Lemma 3.3.6. Let a € N and B € A® such that a 3 B. Suppose there is an r-separator for a from
B. Then there is (T, 0) € Enve X Tg such that T+ a: o is derivable and Tt/ b : o for all b € B*.

Proof. Let ¢ be a minimal r-separator for a from B. We do an induction loading, by proving:
there exists (T, o) € Enve x T¢ such that



1. ' a: ois derivable,

2. T'¥b:oforallb e B,

3. the type o terminates in «y|,

4. for all x € Var and for all y € T'(x) the type y terminates in o for a natural number t < |¢@|.

Remember from Remark 3.3.2 that a # 1. and B # 1. Let a = Ax7...xn.x Qg -+ - ay for
some n, m € IN. We proceed by induction on |¢|.

Base. Let [p| =0, i.e. ¢ = ¢. Since a = a,, by Definition 3.3.1 there is b € B* such that

b = b, = AX7...%X.Xb1 by (50)

where n”—m’ = n—m and n’ > n. More than this: in fact, every b € B* —{_L} has the

form (50) for some appropriate approximants b;’s.
Consider the deduction

X:wm—= o Fx:w™m— g
X:wMm— g xay...am: xo (51)

We distinguish two cases, depending on whether x is free or not in a.

e If x £x; forallie{l,...,n}, then from (51) we derive x : w™ — o - a: w™— «p. In
suchacaseweset N'=x: w™— &g and 0:= W™ — «p.

o If there exists k € {1,...,n} such that x = x) we derive from (51) the sequent
Foa:w! = (W™= ap) = w™F = «p . In this case we take T to be the empty
environment and o := w* ! — (wm—> oco) S W RS .

In both cases the pair (T, o) clearly satisfies Conditions 1, 3 and 4.

Let us check Condition 2. Obviously I' I/ L : 0. As regards every b € B* —{L}, sucha b
has the form (50). Then ' I/ b : 0, since the number n of arrows in ¢ is strictly lower than
the number n’ of A-abstractions appearing in (50).

Step. Let |p| > 0, i.e. ¢ = (k) for some P € IN* and some k € IN.
Since a 3 B, there is b € B* such that a < b, namely

b = )\X] ...xn/.xb1 ...bm/ (52)

withn’—m’=n—mand aq; 2 b; forallie {1,. . .,max(m,m’)}. In fact, every b € B* —{L}
has the form (52) for some appropriate approximants b;’s.

The path ¢ has length |¢] = 0 < |@|. By minimality of ¢ as an r-separator, ¢ is not an
r-separator from a to B. Hence n’ < n (and m’ < m).

Notice that k < min(m, m’) = m/, since ¢ € dom(a)Ndom(B) by Definition 3.3.1. The
fact that ¢ = (k) is a minimal r-separator for a from B = Axq...xn/.xB1...By, entails
that 1 is a minimal r-separator for ay from By. Also, ax 3 By, beca~use ax 2 by. As

[V | < |p| the IH can be applied to ax and By. Therefore there exists (F,?r) € Enveg x Tge
such that
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i TF ay : 0 is derivable,
ii. Tt/ c:GforallceB?,
iii. the type o terminates in oy,

iv. for all x € Var and for all y € F(x) the type y terminates in o fora t < (.

We type a as follows:

k—1

X:w —>(Nr—>wm*k—>oq(p|l—x:wk*1

—)6—>wm7k—>06|(p| Fl—ak:?r

TAx:w* T 56— w™ o o) Fxar...am: )

(F/\(x:wk*1—>(~r—>wm*k—> oqw))—(x] TR Xn tHR) F ATy = = = )

where for all i € {1,...,n} we are setting p; := (F/\ (x:w* T o5 0m ks oc|(p|)> (xi) .
We take 0 := 1 — -+ = un — )| and

I = (F/\(x:wk_]—>c~r—>wm_k—> oq(p|)>—(x1:m,...,xn:p.n).

It is immediate to check that the pair (I, o) satisfies Conditions 1, 3 and 4.

Let us prove Condition 2.

By way of contradiction suppose there is b € B* such that ' = b : 0. The case b = L is
impossible, since L is not typable. So b # L. Remember that in such a case b has the form
displayed in (52). Since n” < n, by Lemma 2.3.12(2) a deduction of ' - b : 0 can only come
from a deduction of the sequent

A xbr.. by ilng = = By = K (53)
where

A = (F/\ (x: " T2 6= 0™ =« ) — (Xn/41 S Hn/p 1, Xn tHn) - (54)
(Remark that in (54) we write := rather than ~ because in € the equivalence of types is

just the equality of types.)

Notice that, as a 3 B, the variable x is either none of the variables in {x1,..., Xmax(nn/) } =
{x1,...,xn} or it is in {x1,...,xmm(n,n/)} = {x1,...,xnl}.

We keep on backtracking a deduction by means of the Inversion Lemma. In particular
by Lemma 2.3.12(3) in any deduction of the sequent (53) the type of the variable x in head
position must terminate in o,|. Such type cannot be one in T'(x), because all types in there
terminate in o for t < [P | < || by Point iv of the IH. So, looking at (54) one realizes that
such a type can only be w* 1= & — 0™ *— o).

Fromn’—m’=n—mand k < m’ one getsn—n’ = m—m’ < m—k. Hence
. —~ . _ ~ S PR _ ! . I
W' 5T 5 o™ k—)oq(m = wk1—>0—>wmk(mm)—>wmm—>oc|(p|
_ ~ R ! o
= wk1—>0—>wmk(mm)—>w““—>oc|(p|.(55)
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The fact that the haed variable x is typed with the type in (55) implies that each of those
n—n’ intersections p;’s in (53) must be w. This assures us that actually

A =TA (x:w*T=5 = 0™ s ) -
In the end the only possible deduction of (53) is

k—1

X W —>Evr—>wm_k—>oc|q,|I—x:wk_1

0w s, THbi:0

Il .y k—1 ~ m—k . . yn—nm’
TA(x:w* 150> w — ) FXb1. byt — K|

whereas T I/ by : 0 by Point ii of the IH. This contradiction proves Condition 2. O

We can finally prove Lemma 3.2.8 used in the previous section.

Proof of Lemma 3.2.8. Let B € AP and a € N such that and a 3 B. Let us suppose that
a £, bforall b e B*. We must prove that [a]® ¢ [J,cp-[b]®. By Lemma 3.3.4 there
exists an r-separator for a from T. By Lemma 3.3.6 we have (I',0) € Envg x T¢ such that
(T, 0) € [a]® whereas (T, o) ¢ [b]€ for all b € B*. O

3.4 A FULLY ABSTRACT RELATIONAL GRAPH MODEL FOR H*

Beside &, the only other rgm previously appeared in literature was introduced by Bucciarelli,
Ehrhard and Manzonetto in [BEMo7]. It was further studied in [Manog, BEM12] and also
analyzed from the linear logic perspective in [Ehri2]. The model went by the name of D in
those articles, but here we prefer to rename it D’.

Notation. Let X be a set.

¢ We denote by M;(X) (@) the set of all sequences of elements of M¢(X) equal to the
empty multiset [ ] from a certain point on. In other words, an element of M;(X)(®) is
a sequence (Mn JneN Where my, € M¢(X) and there exists k € IN such that m,, = [ ]
foralln > k.

* We call ® the sequence constantly equal to the empty multiset, i.e. ([ LiL...,[],... )
Obviously ® € Me(X) (@) for every set X.

e For all s € M¢(X)(®) and for all m € M¢(X) we denote by m :: s the sequence
obtained from s by adding m as its first element. More explicitly, m :: (mnp)nen is
the function mapping 0 — m and n+1 +— m, for all n € IN. We assume that the
operator :: associates to the right. In particular each (mn)nen € Me(X) (@) has the
form mq::mpy oo iimy i ® for some p € IN.

Definition 3.4.1 ((BEMo7y]). The triple D’ = (D’, Abs’, App’) consists of the following.

e Firstly, by induction on n € IN we define:
- Dy =10,

- D = Mf(Dil)(w)'
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Then we set

* Abs’ = {([(m,s)],m::s) | m e M¢(D’) andseD’} € MRel(M¢(D’) x D', D).
e App’ = {([m::s}, (m,s)) | m e M¢(D’) andsED/} € MRel(D’, M¢(D’) x D).

Notice that D] = {®}. (In fact we could have started the sequence (Dy)n directly from
{®}, instead of 0).) So intuitively D’ is the hierarchy of elements of M(D") (@) built up start-
ing from ® . It may be worth remarking that D} is basically the set of the finite sequences
of natural numbers, if one thinks every natural number n represented as [®, ..., ®].

\ﬁ/—/
n times

It is straightforward to check App’ o Abs’ = {([(m,s)] , (m,s)) | m e M¢(D’),s € D’} =
idyi,(p/)xp/ and Abs’oApp’ = {([m::s], m::s)| me M¢(D’),se D’} ={([s], s) | s€
D’ } =idp/, hence D’ is an extensional reflexive object in MRel.

It is even easiest to realize that D’ is an ergm, if one see it as the pair (D', —:: —).

Theorem 3.4.2 ([Manog]). The model D’ is fully abstract for T+, i.e. its induced preorder theory
is Cgc. In particular it is fully abstract for H*, meaning that its induced A-theory is H*.

Corollary 3.4.3. The A-theory H* is the maximal A-theory induced by any rgm.

Proof. By Theorem 3.4.2 the theory 3{* is induced by some rgm. By Theorem 2.6.7 any other
A-theory induced by an rgm is sensible, so it cannot properly include the maximal sensible
A-theory JH*. O

Despite being an rgm, the model D’ does not look like one defined by completion of a
partial pair, i.e. the kind of rgm whose basic equations are easy to write down and study. In
the rest of this section we reformulate D’ as such an rgm D, built by completion upon one
single atom * and one single basic equation * ~ w — .

Definition 3.4.4. We call D, the rgm obtained as the completion

Dy = ({*}, ])
where * is not a pair and j: M¢({*}) x {} — {+} is defined just by j ([ ], x) := x.
Lemma 3.4.5. The rgm D, is extensional.
Proof. By Proposition 2.2.8, since the partial pair ({*},j) is extensional, i.e. j is surjective. []
Lemma 3.4.6. In D, the equivalence * ~ w — x holds.

Proof. By Definition 2.3.3 we have * ~ w — * if and only if *® = (w — %)°, which is true
since * = x° = (w — *)° =3[ ,*°) =3[ ,*) =j([ %) = *. O
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So more informally, D, is the ergm built upon one single atom * and the only basic
equational identification
¥ X W — %,

It is then clear that for all k € IN one has

k times

x >~ ‘W= oW ok,

as formalized in the next lemma.
Proposition 3.4.7. Let 0 € Tp,. Then y ~ x if and only if v is generated by the grammar
Y o= x| w—y

In particular @ — o ~ x implies that 1 = w and o ~ *.
Proof. The right-to-left implication is given by a trivial induction on the grammar:

e the type * is equivalent to itself;

e ify~x byIH, thenw - v ~ w — % ~ x (by Lemma 3.4.6).
The left-to-right implication is given by the following induction on .

¢ Since Atp, = {*} by Proposition 2.2.10, whenever y =~ * is an atom we have y = *.

e Lety =p — 0 ~ *. This means that j(u®,0°) = (0 — 0)° = % = x. Since j is surjec-
tive by Lemma 3.4.5 and j([ ],*) =j([ ],*) = * by Definition 4.4.1, the pair (u°, 0°)
must be ([ ],%). So p=w and o =~ %, which was to be proved. O

By Proposition 2.2.2 the reflexive object associated with D, is (@ 30, G-1 T) . For
convenience we rename it as (D, Abs, App ), ie. D = {x}, Abs := ]TT and App := (j ! )T.

In the rest of the section we prove the equivalence between D’ and D.. At this purpose,
remember the notion of isomorphism between reflexive objects in a cartesian closed cate-
gory, given in Definition 1.2.3, and the sufficient condition for extensional reflexive objects
provided by Lemma 1.2.5.

Definition 3.4.8. The function f: D — D’ is defined by induction on the rank of elements
of D as follows:

e f(x) == ®,
o f([dy,...,dn],d) = [f(di),..., f(dn)] :: f(d).

Remember that ([ ],%) € D, since ([ |,*) € dom(j). So we are avoiding the eventuality
f([1,*)=[]::f(x) =[]:: ® = ® = f(x). This idea is behind the proof of the injectivity of f.

Lemma 3.4.9. The function f: D — D’ is injective.
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Proof. Let d,d’ € D such that d # d’. Let k (respectively k') be the minimal natural number
such that d € Dy (respectively d’ € D},). We show f(d) # f(d’) by induction on n :=k +k’.

Notice that n >0, for if n = k = k’= 0 then d, d’e Dy = {*}, against the hypothesis d#d".
Case n = 1. One between k and k’ is 0 and the other is 1. Say, k = 0 and k’ = 1. Then
d € Dp ={x}, namely d = . Whereas d’ € D implies that d’ = ([*, cea, %], *) In particular
that [,...,*] has multiplicity { > 0, because ([ ], *) ¢ D by Definition 3.4.4. So we get

f(d") =F([x,...,x],%) =[f(x),.... f() ] f(x) =[®,..., @] m@#[] 1@ =® = f(x) = f(d) .
{ times { times { times

Case n > 1. At least one between k and k’ must be greater than 0. Say, k > 0. The fact that
d € Dy_q for some k—1 > 0 assures that d # *. So d = (m,e) for m € M¢(Dy_1) and
e € Dy_1. As concerns d’, there are two eventualities. If it has the form d’ = (m/, e’) then
f(d') =f(m’) :: f(e/). If d’ = x then f(d’) = f(x) = ® = [] :: f(*). In the latter case let us set
e’ := . So it is clear that in both eventualities we can write f(d’) = m :: f(e’) for a certain
m € M¢(D) and some e’ € Dy/—y.Since k—1+k’ —1 < k+k’ =n we can apply the IH to

e and e’, so to get f(e) # f(e’). Therefore f(d) = f(m):: f(e) # m:: f(e’) = f(d’). O
Lemma 3.4.10. The function f: D — D’ is surjective.

Proof. Take d’ € D’. Let n be the minimal natural number such that d’ € DJ,. Notice that
n >0, as D] = (. We prove the existence of d € D such that f(d) = d’ by induction on n.
Casen =1. We have d’ € D7 ={®}. So we take d := x, since f(*) = ®.

Casen > 1.Letd = my::mp:: --- iimyp it ® € D, with m, # []. Notice that p > 0
because d’ # ®, since ® € D} whereas the minimal n such that d’ € D}, is not 1. In
particular let m; = [d{1, el d{ki] forallie{l,...,p}

Forallie{l,...,ptandj €{1,...,ki}let us call ni; the minimal natural number such that
d{j € D{Hj. It is clear that ni; < n —1. So by IH there exists di; € D such that f(di;) = di’j.
We set d := ([dn,...,d]k]], ([d21/---/d2k2]; "'([dp]/"-/dpkp] , *) ))

The fact that k, > 0 assures that d € D (remember that ([ ], ) is not an element
of D by the free completion given in Definition 3.4.4). By Definition 3.4.8 finally f(d) =
[f(di1),..., f(di,)] oo e [f(dm),...,f(dpkp)] sfx) =mpi o imp e =4l O

Corollary 3.4.11. The morphism fT< MRel(D,D’) is an isomorphism in MRel.

Proof. The function f: D — D’ is a bijection by Lemmas 3.4.9 and 3.4.10. Then the relation
fTC M¢(D) x D’ is an isomorphism in MRel because of Lemma 2.1.1. O

D=D 2 D

Lemma 3.4.12. The morphism f7€ MRel(D,D’) makes l[f’f1:>ff] lff commute.
[D'=D’] 225, p’

Proof. Remember from § 1.2 that given a Seely category § and two morphisms in its co-
Kleisli g € KI,(8)°P(A,A’) = KIi(8)(A/,A) = §(!A/,A) and h € KI(8)(B,B’) = §(!B,B’),
then g = h is the composition of arrows in &

! , /
[(IA—oB) —A=b A g P8 ya g 1920 yar gy LB a g
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We are interested in the case where 8§ = Rel, hence Kl(§) = Kl (Rel) = MRel, the arrow
g € KIi(8)°P(A,A’) is (fT)”'e MRel®(D,D’) = MRel(D’,D) = P(M(D’) x D) and the
arrow h € KI,(8)(B,B’) is ft € MRel(D,D’) = P(M¢(D) x D).
We have f1 = {([d},d/) | f(d) = d/} and (fJf)f1 = {([d’],d) | f(d) = d’}. Hence
M((F) ) = {([[@fl- [a]], [0 dn]) [ nEN and f(di) = af forall i }
S M(M(D7)) x M¢(D)
and
Me((#1) ) — 1 = Mf((ff)”)L?? i = Jvtf((f*)")_1x ft =
{([ar,-,an], [[ai],-- [an]]) [n €N and f(di) = d{ forall i} x £ =
{(([ar,.. anl, 1), ([[af],--- [a]] @) [neNf(d) =, f(di) = df foralli } =
{(([av, anl1@), ([[f@)],..., [f(an)] |, f(@)) [nEN,ddi,...,dneD ]} C
(M(D) x Me(D) ) x (Me(Me(D")) x D)

By pre-composing with promy, , o der,p_» and post-composing with der,,s — D’ we get

[W;»fq = {([([a1, - an], )], ([f(d1), .., f(dn)], F(D)) [nEN,d,di €D }.

Remembering how Abs’ is given in Definition 3.4.1, the lower side of our diagram is

-1
abs/o |11 =] = {([([ar,...,dn],@)], [f(d1),..., f(dn)] :: (D)) [nEN,d,di €D }.
(56)
As concerns the upper side of the diagram, we have

abs = j' = {([(ma)],jmd) | meM(D)anddeD},

from which we get

toabs = {([([ar,--. dn], @)], (([dr,....dn],@))) [neN,d,di €D} (57)

Our thesis is the equality between (56) and (57). Clearly it is enough to show that for every

neNandd,di,...,dn € Dwehave f(j([di,...,dn],d)) = [f(d1),...,f(dn)] :: f(d).
We distinguish two cases.

Case n = 0 and d = *. In this case j([di,...,dn],d) = j([ ] %) = % by Definition 3.4.4.

Then using Definition 3.4.8 we obtain

fG([d1,...,dn],d)) = fx) = ® = [Ju@ = [1::f(x) = [f(d1),...,f(dn)] :: f(d).

Case n > 0 or d # =. In this case j([di,...,dn],d) = ([d1,...,dn],d) by Definition 3.4.4.
So by Definition 3.4.8 we get

f(j([di,...,dn],d)) = f([di,...,dn],d) = [f(d1),...,f(dn)]::f(d)
which completes the proof. O
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Proposition 3.4.13. The morphism f1 € MRel(D,D’) is an isomorphism of reflexive objects be-
tween (the reflexive object associated to) D, and D’.

Proof. The fact that f T is an isomorphism in MRel is given by Corollary 3.4.11. Moreover D,
is extensional by Lemma 3.4.5 and the diagram in the statement of Lemma 3.4.12 commutes.
Hence f1 satisfies the hypothesis of Lemma 1.2.5. O

Theorem 3.4.14. The rgm D, is fully abstract for H*, namely Th(D,) = H*.

Proof. By Proposition 3.4.13 and Theorem 1.2.4 we have [[M]]%* = [N]]’%* if and only if
[MI%,, = [NI%,, . So Th(D..) = Th(D’), which is 3* by Theorem 3.4.2. O
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THE FULL ABSTRACTION PROBLEM FOR MORRIS’S PREORDER

INTRODUCTION

Looking for characterizations of observational equivalences can be a complicated task, no
matter what mathematical framework one has at hand. Relational semantics is not immune
to this problem. Consider for instance the relational model D’ defined in § 3.4. It is fully
abstract for J{*, as proved in [Manog]. However, the proof of this fact relies on realizability
candidates, the tricky technique briefly recalled at the beginning of § 2.6.

In this and the next chapter we search for characterizations of Morris’s observability,
namely the preorder theory that we called Cg+ in § 1.3.

In order to be fully abstract for Morris’s preorder, an rgm must satisfy

[M]] € [[N] <= forall contexts C[] if C[M] has a p-nf then C[N] has a p-nf.  (58)

The right-to-left implication is true for all extensional rgm’s. We prove this by exploiting
the notion of extensional Bohm tree BT¢(—), which characterizes T4+ as recalled in § 1.4.

The hard work is to find conditions on ergm’s giving the left-to-right implication in (58).
In this thesis we address the problem in two different ways. These two modus operandi
are not equally powerful. The stronger one — strong enough to catch all rgm’s inducing
Morris’s preorder theory — will be the subject of Chapter 5. In this chapter we use a more
conventional, but still interesting approach to the issue. Here is the idea in a nutshell. On
the one hand, CTg¢+ concerns B-normalization. On the other hand, we deal with [—] by
means of a fype system. It seems then reasonable to look for rgm’s in which the notion of
B-normalizability can be characterized in terms of derivable sequents of the system. More
precisely, we find an infinite class of ergm’s D, which we call uniformly bottomless ergm’s,
satisfying for all M € A something like this:

M has a B-nf <= thereis (I',0) € Envp x Tp such that TF” M : ¢ and P(T, 0)

where P(—,—) is a certain property that only mentions typings. Roughly, the property
P(T, o) states a certain constraint on the occurrence of the empty intersection w in I" and o.
In the end, assuming the hypothesis [M] C [N], one can get

CM] hasa f-nf <= thereis (I',0) such that '+ C[M]: 0o and P(T, o)
=  thereis (I, 0) such that T+ C[N] : 0 and P(T, o) (59)
<= C[N] has a p-nf

where (59) is given by [C[M]] C [C[N]], an obvious consequence of [M] C [N].

So all uniformly bottomless ergm’s satisfy (58), i.e. they induce Morris’s preorder theory.
The simplest one among them is denoted by D, and turns out to be built up from a single
atom = and the basic equation x* — x ~ *.
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The (categorical) semantic approach is not the only one possible when trying to reformulate
H*. At the end of this chapter we show what could be called a syntactic characterization of
H*. It relies on an ad hoc version of the Taylor expansion (§ 1.6) taking n-conversion into
account, and therefore called extensional Taylor expansion.

PLAN OF THE CHAPTER. In § 4.1 we define the uniformly bottomless ergm’s. In § 4.2
we provide some examples. In § 4.3 we show that these ergm’s solve the full abstraction
problem for Morris’s preorder theory. In § 4.4 we take a look at the example of D, , with a
particular attention to the role that the atom * plays in it. In § 4.5 we present the extensional
Taylor expansion of A-terms, providing another model of Morris’s equivalence.

4.1 UNIFORMLY BOTTOMLESS RELATIONAL GRAPH MODELS

We need to formulate a certain notion of occurrence of the empty intersection w in the
unfolding of types. Roughly, the fact that when a type o is unfolded by means of ~ so to
have a certain number k + 1 of arrows

O~ Ho — = pg — 0 (60)

then one of those pi’s is w, or otherwise w can be found by keeping unfolding deeper
and deeper some type inside one of those pi’s. The idea is formalized in Definition 4.1.1
below. This is done in fact in a slightly more general way than the informal description
above: firstly, the value called k in (60) will vary level by level of the unfolding; secondly, the
definition will also carry a notion of polarization of the occurrence of w.

Notice that an unfolding like in (60) is always possible if the rgm is extensional. In fact, for
convenience all over this chapter we will always consider ergm’s, even when the hypothesis
of extensionality is not strictly necessary.

Definition 4.1.1. Let D be an ergm, f : IN — IN and o € T . We define at the same time the
meaning of w €~ UNF (o) and w €t UNF }}(o) by mutual induction on n € IN.

e We write w €~ UNF}(o) if and only if whenever 0 ~ pg — -+ = pen) — 0’
there exists i € {O,...,f(n)} such that either u; = w or there is T € pyi such that
w et UNFIT (1)

e We write w €t UNF} (o) if and only if whenever 0 ~ o — .-+ —= pgq) — 0’ there
existi e {O,...,f(n)} and T € y; such that w €~ UNF ?H (7).

When w €~ UNF9(o) we say that w f-occurs negatively in o, denoted by w €; o. Similarly,
whenever w €* UNF{(o) then w f-occurs positively in o, denoted by w € o .

For any p € Ip we say that w f-occurs negatively in u, denoted by w € u, if there exists
o € psuch that w €; 0. Similarly one defines w E]f .

Examples 4.1.2. Here are a couple of simple examples.

e In the rgm D, (Definition 3.4.4) we have * ~ w* — x for all k € IN, by Proposi-

tion 3.4.7. It is then clear that w € x forevery f:IN - N. If 0 := w — w — * — *
then w e]ﬁrcrfor every f : IN — IN such that f(0) = 2,sincec ~ w = w — (W — *) = *.
On the other hand, w €; o for every f : IN — IN such that f(0) # 2.

78



* Consider the rgm ({«,B,v}, j) with the partial map j defined by j([ ], «) := p and
j([B,B,V],y) =oa.Since B ~ w—=a ~ w— BABAY =y wehave w €, 3 for
every f : N — IN such that f(0) = 0. Also w €] B for every f : N — IN such that
f(0) = 1 and (1) = 0. Since & ~ B /AR /Ay — y we can then state that w €; « for
every f : N — IN such that f(0) =0, f(1) =1 and f(2) =0.

Notations. We employ the following helpful notations.

* By the expression w €P UNF (o) we mean no matter which between w €™ UNF (o) and
w €~ UNF (o). In other words, that apex p (standing for polarity) is always intended
to be an element of the set {+, —}.

e When f: N — IN is a constant function, i.e. there is k € IN such that f(n) = k for all
n € N, we prefer to replace the pedex f with k in all the expression in Definition 4.1.1,
namely writing w €P UNF (o), w €} o, and so on.

Definition 4.1.1 is consistent, in the sense that the truth value associated to the expression
w €P UNF (o) is unique, because independent of how o is unfolded using ~” . In fact, not
only w €P UNF(—) is a function on To, but it can also be seen as a function on Tp/ ~".
This is formalized in Lemma 4.1.3 below.

Lemma 4.1.3. Let f: IN — IN. Let D be an ergm and o,y € T such that 0 ~vy. Then w €} o
if and only if w €} .

Lemma 4.1.4. Let f,g : N — IN such that g(n) < f(n) for all n € IN. Let D be an ergm and
o € T such that w €} o. Then w €F o.

Corollary 4.1.5. Let D be an ergm, 0 € Tp and k € N. If w €} o then w €}_, o.
Remark 4.1.6. One has w €P UNF (o) if and only if w €P UNF E“ (o).

Definition 4.1.7. Let D be an ergm and f: N — IN. A type o € Ty is f-bottomless if and only
if w ¢F 0and w &, 0. In particular if f is a constant function k we say that o is k-bottomless.

We can now present the main notion of this chapter.

Definition 4.1.8. An ergm D is uniformly bottomless if and only if for all k € IN there exists a
k- bottomless type o € Tp.

In order to understand the concrete examples of uniformly bottomless ergm’s presented
in the next section, it may be useful to take into account also the following notion.

Definition 4.1.9. An ergm D is strongly bottomless if and only if for all f : IN — IN there exists
an f-bottomless type o € Tp.

Proposition 4.1.10. A strongly bottomless ergm is uniformly bottomless.

Proof. Among all functions f : IN — IN there are in particular all the constant ones. O
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4.2 EXAMPLES

Let us see some examples of uniformly bottomless rgm’s.

Example 4.2.1. We call J the free completion

F = (Fj)

of the partial pair (F,j) defined as follows. The elements of the denumerable family
F = {x}U { 3 }

are pairwise distinct and are not pairs. The partial function j : M¢(F) x F — F maps

neN, k<n

([1,%) = =,
forallmeNand O0<k<n
([BR]. BY") = By,

foralln e N
([BR]. %) = B,

and is undefined on any other (m, a) € M¢(F) x F.
The rgm J is extensional, since j is surjective. Notice that the total injection j maps

([ 1, *) — *
([B8], %) = B3
]

([B1], ([B3], %) = By

n+1 times

([Bx], (([Bx], (- (([BR], ) ---))) = B%

By convenience let us rename oy := By for all n € IN. Then one can think of J as the
ergm relying on the basic equational identifications

* oW — k

and for alln € IN

n+1 times

Kn =X O&n — -0 — Kpn — *.

Clearly J is uniformly bottomless, since for all k € IN the atom «y is k-bottomless.
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Example 4.2.2. We call § the completion
§ = ( G, ) )

of the partial pair (G,j) defined as follows. The 2X° elements of the family

G = {«}u{pr*}
are pairwise distinct and are not pairs. The partial function j : M¢(G) x G — G maps
([ 1, *) ok,
forall f:IN — IN, for all n € IN and for all 0 < k < f(n)
([B?+1,f(n+1)] ) B?,k—1) s B?,k )
forall f:IN — IN and for allm € IN
([B?H,f(nﬂ)} ) *) - O,

and is undefined on any other (m, a) € M¢(G) x G.
The rgm § is extensional, since j is surjective.
Notice that for all f: IN — IN and for all n € IN the total injection j maps

neN, kg<f(n)

fe NN

f(n)+1 times
1, 1 1,f(n+1 1,f(n+1 r
Brm T G ) -

By convenience let us rename of := B?’f(n) for all n € IN. Then one can think of G as
the ergm relying on the basic equational identifications

*x ~ W — Xk

and for every f: N — IN

f(0)+1 times

o« o~ af = = al = ok
f(1)+1 times

ol o~ e N e g

f(n)+1 times

n+1

n ~ n+1
o — o =k

Clearly G is strongly bottomless, since for all f : N — N the atom «$ is f-bottomless. Hence
§G is uniformly bottomless by Proposition 4.1.10.
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Example 4.2.3. Let §"*¢ be defined just like the rgm G above, but considering only recursive
functions from IN to IN. In other words, we repeat the construction given in Example 4.2.2
but restricting to the set of Xy atoms

G = {*}U {oc}‘}

Of course §"€ is not strongly bottomless, like G is. Nevertheless, it is uniformly bottomless.
Indeed, all constant functions are computable, so for all k € IN we get a k-bottomless type
«® € Tgre by taking f(n) :=k for all n € N.

neN

£ € NN, f computable -

Remark 4.2.4. Let the ergm D be embedded into the ergm D’, in the sense that there exists
an injective homomorphism of rgm’s f : D — D’. If D is uniformly bottomless then also D’
is. The reason is that for all k € IN the fact that a certain type oy € Ty is k-bottomless in D
implies that f(oy) € To/ is k-bottomless in D’.

Considering for instance the rgm’s in Examples 4.2.1-4.2.3, it is easy to realize that J is
embedded into §"¢¢, which in turn is embedded into G.

4.3 FULL ABSTRACTION FOR MORRIS’S PREORDER THEORY

In this section we prove a theorem of full abstraction: every uniformly bottomless ergm D
induces Morris’s preorder theory Cqg+.

The core of the proof is Lemma 4.3.1, which exploits typings to characterize the A-terms
having (3-nf. This lemma is analogous to a classical result [BDS13, Theorem 17B.15(i)] that
characterizes 3-normalizable A-terms by typability in the intersection type systems associ-
ated with certain filter models.

Let us give some intuition to Lemma 4.3.1. As explained in the introduction, we need
some property P(—, —) giving for all M € A

M has a B-nf <= thereis (I',0) € Envp x Tp such that TF” M : o and P(T,0) .

Remember that by Bohm Approximation (Theorem 2.6.5) typing M is equivalent to typing
some a € BT(M)*. Now, suppose that M does not have a -nf. This means that every
a € BT(M)* must contain L. Of course, those occurrences of 1. must appear in argument
positions in a. So, when trying to type a, some variable x in a gets a type of the form

L oor W = =T, (61)

or at least this must be the case up to type equivalence ~®. Notice that (61) corresponds to
the basic case of the common idea of negative occurrence of w. Such a negative occurrence of
w remains fixed in the environment I" of the final sequent I' - a : o if x is not A-abstracted
in a; or it becomes a positive occurrence in o, in case x gets A-abstracted in a.

As an instance, consider M = Ax.y QI(xyQ). Up to type equivalence ~*, any derivable
sequent I' F Ax.y QI(xyQ) : o has:

* a negative occurrence of w in I'(y), because the free variable y must receive a type
of the form w — p — v — 7 by Rule var (when in head position, y takes three
arguments, namely €, I and xyQ, and the first of them is an unsolvable);
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* a positive occurrence of w in o, because the A-abstracted variable x must receive a
type of the form p’ — w — 1’ by Rule var (when in head position, x takes two
arguments, namely y and €, and the second of them is an unsolvable).

It seems that we could have here some very rough characterization of non-3-normalizability
of a A-term M. for every derivable typing T = M : o the intersection w occurs positively in o or
negatively in T, at least up to type equivalence. So its negation should now look like a very
rough characterization of $-normalizability of M.: there exists a typing I' = M : o such that w
does not occur positively in o nor negatively in T, at least up to type equivalence.

This intuitive idea can be further refined. Since a -normal form has an upper bound
k € IN on the number of arguments of all its head variables, one does not even need to
talk of (positive or negative) occurrences of w, but rather formalize the idea of (positive or
negative) occurrence of w up to k arguments. Which is exactly what we did with the notion
that we denoted by w €} o.

In the end, what we actually obtain is

Mhas a B-nf <<= for all k € N big enough there exists (in correspondence with k)
a pair (T, 0) € Envp X Tp such that TH” M : 0 and P(T, 0, k)

where the property P(—, —, —) is given by
P(T,0,k) <= w ¢; o and w ¢, T'(x) forall x € Var.

This whole informal reasoning has one major issue. We are always talking of derivable
sequents up to type equivalence ~®. But in general ~® can mess up the polarities of the
occurrences of w in the typing.

For instance, consider the rgm’s defined in Examples 4.2.1-4.2.3. They all have a type *
such that * ~ w — *. Hence at any moment in a typing derivation we can turn (via Rule
eq) the type *, which satisfies w ¢, * for every f : N — IN, into another one w — * that on
the opposite satisfies w €; w — * for every f : N — IN (and vice versa).

So actually the informal reasoning above makes sense only if D has some stability of
polarities modulo ~®. That is exactly the purpose of our notion of uniformly bottomless
ergm: for all k € IN such a stability is provided up to k arguments by a k-bottomless type oy.

Lemma 4.3.1. Let D be a uniformly bottomless ergm. Let M € A. The following facts are equivalent.
1. M has a (3-normal form.
2. There exists a € BT(M)* that does not contain 1 .
3. There exists t € nfgT(M) that does not contain the empty bag [].

4. For some t € nfgT (M) there exists n € IN such that for all k > n there is (I',0) €
Envp x To satisfying:

e T2 t: 0 is derivable,

Owgé{f(r,
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e w ¢, I'(x) forall x € Var.

5. There exists 1 € IN such that for all k > n there is (I', 0) € Envp x T satisfying:

e "2 M : o is derivable,
°* w §é]f o,

* w ¢, I'(x) forall x € Var.

(Remark: in Conditions 4 and 5 the pair (T, ) depends on k. We do not write something like (T'x, oy )
just to keep the notation the less heavy as possible.)

Proof of (1 = 2). If N is the 3-nf of M, then N itself is a finite Bohm-like tree not containing
1 and such that N € BT(M)*. O

Proof of (2 = 1). For all a € BT(M)* there is M’ € A such that M =g M’ and BT(M’) = a.
In particular in case a is finite and does not contain L the corresponding M’ is in -nf, so
it is the B-nf of M. O

Proof of (2 <= 3). By Definition 1.6.1 Statement 2 is equivalent to the existence of a resource
term t € T(BT(M)) that does not contain [ ]. By Theorem 1.6.4 the set T(BT(M)) is nothing
but t € nfgT(M). O

Proof of (4 <= 5). By Theorem 2.6.3, namely Taylor Approximation Theorem, we have
M] = [vm] -

Since T(M) =p nfgT (M), by Corollary 2.5.10, i.e. the soundness of the linear resource
calculus, we have

[TM)] = [nfgT(M)] .
By transitivity
M = [nfeT(M)] .

In other words, a sequent I' = M : ¢ is derivable if and only if there is some t € nfgT(M)
such that I' - t : o is derivable. (Notice that this fact is true in general, even in case M is
unsolvable, hence nfg T(M) =0.)

It is then clear that Condition 4 is equivalent to Condition 5. Indeed, all the other proper-
ties stated in 4 and 5 only concern I', 0 and k, independently of M or t. And these properties
are the same in 4 and 5, so there is nothing to prove. O

Proof of (3 = 4). Forall k € N, let oy € Tp be a fixed k-bottomless type.
(By the way, we remark that the proof of (3 = 4) is the only one requiring the hypothesis of
existence of such kind of types.)

We prove that the implication holds more generally for any -normal form t that does
not contain [ ], regardless the fact that t € nfgT(M).

We proceed by structural induction on t.



Case t = yb,---bp for some p > 0. Since [ ] does not occur in t by hypothesis, for all
ie{l,...,p} we have b; = [si1,...,Sin,] for some n; > 0, and moreover [] does not occur
in sy; forall j €{1,...,n¢}

By IH Condition 4 holds for all si;. Let ni; € IN be the natural number corresponding
with si; as in 4. In order to prove that Condition 4 holds for t, we set

n = max nyj.
i

Letk > n. Forallie{l,...,p}and j € {1,...,n;} we have k > n > ny;, so there exist [};
and Tyj such that w ¢, Tij(x) for all x € Var, w éi Tij, and If; = sy @ Ty; is derivable.

We define p; := /\]Ti]’fij forallie{1,...,p}. Notice that for alli € {1,...,p}

TN TR (62)

Also, setting

lo == (y:ps = = yp — 0x) (63)
and

M= ToA (A AR Ty), (64)
we derive

o Fy:p] — = HUp — Ok Fij l_sij 1T iEﬂ,...,p}, j e{l,...,ni}
M=yby---bp:ox

Let us show that the pair (I', ox) € Envp x T is the one that we are seeking in correspon-
dence with k.

As oy is k-bottomless, w ¢ oy holds by Definition 4.1.7. So we are left to show that
w &, T'(x) for all x € Var.

Firstly, let us prove that

w & W — o — Hp — Ok (65)
According to Definition 4.1.1, the expression (65) means that whenever
B — o = Hp = Ok = Vo —> =+ — Vg — 0

then for all i € {0,...,k} we have v; # w and w ¢ UNF ] (1) for all T € v;.
Since f>' = f when f is a constant function, by Remark 4.1.6 we have w ¢* UNF] (t) if
and only if w ¢ UNF$(1). So proving Condition (65) is equivalent to prove what follows:
whenever

M1 — -- = Hp = Ok =~ Vo — -+ — Vg — 0 (66)

then for all i € {0,...,k} we have v; # w and w ¢ tforall T € v; (ie. w & vy).
Now, when (66) holds then for all i € {0,...,p — 1} we have

Vi iq] - (67)



By Lemma 4.1.3 from (62) and (67) we get w ¢, v; foralli€{0,...,p—1}

Moreover (67) implies vi # w for alli € {0,...,p — 1}, because i1 # w, as an intersec-
tion of ni 1 > 0 types.

By (66) we also have

Ok =~ Vp — -0 = Vpyp — 0 (68)

As oy is k-bottomless, w ¢, oy holds by Definition 4.1.7. By Definition 4.1.1 this means
that for all i € {p,...,p + k} we have v; # w and w &, v;.

In the end we have proved something even stronger than what was to be proved, namely:

whenever

Wl — = Hp = 0k = Vo= — Vi —> = Vpyp —d

then for all i € {0,...,p + k} we have v; # w and w ¢I vi. And we needed to prove this
only for all i € {0,...,k} in order to get (65). A fortiori (65) holds.
From (63) and (65) we get that w &, To(x) for all x € Var. By IH for all i and j we also
have w ¢, Tij(x) for all x € Var. So from (64) we conclude that w ¢, T'(x) for all x € Var.
In the end t validates Condition 4.

Case t = Ay.t'. By hypothesis [ ] does not occur in Ay.t’. Therefore [ ] does not occur in t'.
So by IH Condition 4 holds for t’. Let n be the natural number in correspondence with t’
given by Condition 4.

In order to show that also Ay.t’ satisfies Condition 4, in correspondence with such term
we take 7 itself.

Let k > n. By Condition 4 for t/, there are (F, y u) € Envp and o € T such that
I'y:ukt': o is derivable, w ¢, T'(x) for all x € Var, w ¢, pand w %I 0. We infer

Ny:ukt:o
NEAyt:p—o

Let us show that the pair (I',ip — o) € Envp x T is the one that we are looking for in
correspondence with k. All we need to prove is

wE p—o. (69)

By Definition 4.1.1 this means that whenever p — 0 ~ po — -+ — i — o’ then for all
1e{0,...,k}and for all T € yu; we have w ¢~ UNF]L(T) . Since ?' = f when f is a constant
function, by Remark 4.1.6 we have w ¢~ UNF ]L(T) if and only if w ¢~ UNF %(T), ie. wé T.
So to prove (69) is equivalent to prove the following:

whenever 1 — 0 ~ pg — --- — ux — o’ then for alli € {0,...,k} and for all T € u; we
have w ¢, T . This is true, as in fact something even stronger holds. Indeed, by w &, u
and w ¢, o given by TH, we have the following:

whenever © — 0 ~ po — -+ — Ury1 — o' thenforalli e {0,...,k+1}and T € p; we
have w ¢, 7. And we needed to prove this only for all i € {0, ..., k} in order to get (69). A
fortiori (69) holds.
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Proof of (4 = 3). We define the function arg : nfg(A") — IN by taking as arg(t) € IN the
maximum number of consecutive applications occurring in t. As t is in normal form, this
is equivalent to say that arg(t) is the maximum number of arguments of any variable in t.
In other words, it is the maximum number of children of any node in the tree structure of
t. For example, arg(x) = 0 and arg(Ax.y[x, x, x] [Avz.zV][y, V]| [x] [x, y, x[x]] ) = 4.

We replace Hypothesis 4 with the following equivalent version:

IV. for some t € nfgT(M) there exists n > arg(t) such that for all k > n there is (T',0) €
Envp x T satisfying:

o I'-? t: o is derivable,
cw¢l o,

e w ¢, IN(x) forall x € Var.

Notice that not only trivially (IV = 4), but the implication (4 = IV) is also true. Indeed,
given a natural number n in correspondence with t as in Condition 4, one simply takes
max (n,arg(t)) as the one in correspondence with t that validates Condition IV

We prove (IV = 3) proceeding by induction on t.

Case t =yb,---b, for some p > 0, where for all i € {1,...,p} we have b; = [Si_], . ..,sini]
for some n; > 0.

We want to apply the IH to every si;. At this purpose, we prove that Condition IV holds
for each si; when taking as n exactly the same n given by hypothesis in correspondence
with t. Such a candidate makes sense, as arg(si;j) < arg(t) <.

Let k > n. In correspondence with k we have an environment I" and a type o satisfying
all the properties in IV. In particular, from the derivation of I' = yb,---bp : 0 we get by
Lemma 2.3.12 the derivability of

loFy:w == pp =0 Tyksyimy forallie{l,...,phje{l,...,ny}
'Eyby---bp:o

where y; = /\;1:11T-1j foralli e {l,...,p}, To = (y:8) withd ~puy = --- = pp — o and
I'=To N\ (/\f:1 /\j“:"1 Fij) . We show that for every si; the environment I7; and the type Ty
are the ones that we are seeking in correspondence with k.

By hypothesis for all x € Var we have w ¢, T'(x), thatis w ¢, To(x) A (AP, /\]71;1 My (x)).
So w ¢, Tij(x) for all x € Var. Also from that, w ¢, To(y), i.e. w ¢, 6. By Lemma 4.1.3,
this entails

W & W Up — O (70)
We have
p < arg(sy) < arg(t) < n < k. (71)

(We remark that (71) is the only reason why we introduced arg(—) in this proof.)
So from (70), (71) and Definition 4.1.1 for all i € {1,...,p} we get:

LW #w;



2. w¢ UNF]L(TU) forallj e{1,...,nq}.

Remembering that f>' = f when f is a constant function, by Remark 4.1.6 the expression
w ¢~ UNF]L(TU-) in Point 2 is equivalent to w ¢ UNF%(’tij), which is w &, Ti;. This
completes the proof of the fact that IV holds for all s;;.
Soforallie{l,...,ptand j € {1,...,ni} by IH the term s;; does not contain [].
Moreover from Point 1 for all i € {1,...,p} we get n; > 0, hence b; # [].
Sot=1yb;---b, does not does not contain [ ].

Case t = Ay.t’. By hypothesis in correspondence with Ay.t’ there exists 1 > arg(Ay.t’)
satisfying Condition IV.

We want to apply the IH to t’. At this purpose, we prove that Condition IV holds for
t” when taking as n exactly the same n given by hypothesis in correspondence with Ay.t’.
Such a candidate makes sense, as 1 > arg(Ay.t’) = arg(t’).

Let k > n. Since k+1 > k > n, by Condition IV there is (I',0) € Envp x Tp such that
' Ay.t’ : o is derivable, w ¢, ; 0 and w ¢, I'(x) for all x € Var.

By Lemma 2.3.12 we get the derivability of I''y : u = t' : ¢/ with 0 ~ p — o’. We
show that the environment (I',y : n) and the type o’ are the two that we are seeking in
correspondence with k.

Firstly, we prove that w ¢; 0. Let 0/ ~ po — --- — w — o”. Then

O~ pu—=0 ~ pu—p = ... = e = o’ (72)

Since w ¢, 11 0, from (72) we get

1. p#w,

2. w Zwforallie{l,..., X},

3‘ (,U¢E+‘| U,
4. W& gy foralliedl,... k)

By Corollary 4.1.5 Point 4 implies w ¢, p; for all i € {1,...,k}. This fact together with
Point 2 proves that w ¢ o.

We now prove that w ¢ (F,y : u) (x) for all x € Var.

Since w &, ¢ I'(x) for all x € Var, by Corollary 4.1.5 we have w ¢, T'(x) for all x € Var.
Which means that w ¢, (T, y : p)(x) for all x € Var — {y}.

We are left to show that w ¢, (T, y: u)(y), ie. w ¢, pn.Since o~ p— o’ andk+1>1,
the fact that w ¢ ; o assures that 1 # w and w &, ; . The latter expression implies
w &, u by Corollary 4.1.5.

This completes the proof of the fact that Condition IV holds for t’. Then the IH assures
that t’ does not contain [ ]. Hence Ax.t” does not contain []. O

Theorem 4.3.2. Let D be a uniformly bottomless ergm. For all M, N € A the following statements
are equivalent.

1. [M]”c [N]”.
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2. M Cogc+ N.
3. BT¢(M) C BT¢(N).
(In particular the hypothesis of uniformly bottomlessness is needed only for the implication 1 = 2.)

Proof. (1 = 2) Consider a context C[—] such that C[M] has a 3-normal form. By Lemma 4.3.1
(specifically the implication (1 = 5) stated therein) there is a natural number n € IN such
that for all k > 7 there exists (', o) € [[C[M]] (in correspondence with k) satisfying w ¢ o
and w ¢, T'(x) for all x € Var.

By hypothesis [M] C [N]. As [-]? is contextual (Lemma 2.4.4) we get [C[M]]] € [CIN]].
Therefore all those (I', 0) mentioned above (in correspondence with a give k > n) belong
also to [[C[N]]. By applying Lemma 4.3.1 again (specifically the implication (5 = 1) stated
therein), we conclude that C[N] has a $-normal form.

(2 <= 3) This equivalence is Theorem 1.4.12(1).

(3 = 1) By hypothesis the rgm D is extensional. Hence

M] = U ™M’ by Theorem 2.4.13 (n-soundness)
M/ =y M
= BT(M by Theorem 2.6.5 (Bbhm Approximation)
U [BT(M)] by 5 PP
M=y M

= U [nanT(M’ )]] by Theorem 2.4.13 (-soundness)
M/, M
= [BTe (M)ﬂ by definition of BT¢(M).

So the hypothesis BT¢(M) CBT¢(N) implies [[Mﬂ = [[BTQ(M)H - [BTe(N)]] = [[N]] O
Corollary 4.3.3. A uniformly bottomless ergm D is fully abstract for Morris’s preorder theory, i.e.
The (D) is Tae+ . In particular it is fully abstract for Morris’s A-theory, namely Th(D) = H* .

Corollary 4.3.4. The rgm’s F, G and G"*¢ defined in Examples 4.2.1-4.2.3 are fully abstract for
Morris’s preorder theory and A-theory.

In [MR14] we have already given a sufficient condition to make an ergm fully abstract
for Morris’s preorder theory. That condition was less refined than the notion of uniformly
bottomless ergm. We conclude this section by discussing this fact.

Firstly, in [MR14] we formalized what does it mean for w to occur positively or negatively
in a type o, as follows.

Notation. Given a certain polarity p € {4+, —} we denote by « p the other polarity. In other
words «p € {+,—}—{p}

Definition 4.3.5. Let D be an ergm and o € Tp. The two expressions w €P o are defined for
both polarities by mutual induction as follows.

* we w—oforany o€ To.

e IfwePothenw €P u— o forany p € lp.
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e fwePothenwe™PoAp—tforanyt€ Tpand p € lp.

Notice that the notion above speaks of occurrences of w, but not up to equivalence of
types. This is why we had to introduce a notion of preservation of w-polarity up to equiva-
lence of types.

Definition 4.3.6. An ergm D preserves w-polarities if and only if for all o, T € Tp the hypoth-
esisw €P 0 and o~ 1 imply w €P 7.

Finally we showed that an ergm satisfying such a property induces Morris’s preorder.

Theorem 4.3.7 ([MR14, Corollary 4.6]). Every ergm D preserving w-polarities is fully abstract
for Morris’s preorder T+ .

Let us see how this theorem is related to what has been done so far in this chapter.

Firstly, the following proposition clarifies the link between the notion denoted by w €P o
and the more refined one written as w €f 0. We omit the proof, but the statement should
seem quite evident to the reader.

Proposition 4.3.8. Let D be an ergm and o € Tp. There exists \p € [o]~ such that w €P  if
and only if there exists f : IN — IN such that w € o.

The result of full abstraction provided by Theorem 4.3.7 turns out to be encompassed by
the one in Corollary 4.3.3. In other words, the class of uniformly bottomless ergm’s contains
all ergm’s preserving w-polarity. This is given by the result here below.

Theorem 4.3.9. Let D be an ergm. Then the following chain of implications holds, meaning that
I=2=3=4

1. D preserves w-polarities.

2. There exists 0 € T such that w ¢ P and w ¢~ P for all P € [o]~.
3. D is strongly bottomless.

4. D is uniformly bottomless.

Proof. (1 = 2) An atom o € Aty satisfies w ¢ « and w ¢ « by definition. Then by
preservation of w-polarity whenever 1 ~ « we also have w ¢+ { and w ¢~ .

(2 = 3) By Proposition 4.3.8 the hypothesis 2 implies that w ¢¥ o for all f : IN — IN. Hence
for every f : N — IN the type o is an f-bottomless type.

(3 = 4) This is Proposition 4.1.10. O

The rgm’s F and §"*¢, defined respectively in Examples 4.2.1 and 4.2.3, satisfy Condition 4
in the chain of Theorem 4.3.9, but not Conditions 1-3. The rgm G defined in Examples 4.2.3
satisfies Conditions 3 and 4, but not Conditions 1 and 2. In the next section we study an
rgm satisfying all four Conditions 1-4.

90



4.4 THE RELATIONAL GRAPH MODEL D,

In this section we focus on an rgm fully abstract for Morris that strikes for its simplicity.

Definition 4.4.1. We call D, the rgm obtained as the free completion

D, = ({x},j)
where x is not a pair and the partial injection j : M¢({x}) x {x} = {x} maps j([*],x) :==*.
Lemma 4.4.2. The rgm D, is extensional.
Proof. By Proposition 2.2.8, since the partial pair ({x},j) is extensional, i.e. j is surjective. []
Lemma 4.4.3. In D, the equivalence x ~ x — % holds.

Proof. By Definition 2.3.3 we have * ~ x — x if and only if » = «®° = (x = *)® =
(%1 %%) =5[], %) =j([x],*) = *. M

So more informally, D, is the ergm built upon one single atom * and the only basic
equational identification
* ok = k.

It is then clear that for all k € IN one has

k times

TR e B
as formalized in the next lemma.
Lemma 4.4.4. Let 0 € Tp,. Then v ~ x if and only if vy is generated by the following grammar:
Y = x| vy—=y

In particular @ — o ~ % entails that o ~ x and the intersection W is one single type T >~ *.
Proof. The right-to-left implication is given by a trivial induction on the grammar:

¢ the type * is equivalent to itself;

* ify; ~¥x and vy, ~* by IH, theny; = v2 ~ x = x ~ » (by Lemma 4.4.3).
The left-to-right implication is given by the following induction on v.

¢ Since Atp, = {x} by Proposition 2.2.10, whenever y ~ x is an atom we have y = .

* Lety = — 0 ~ *. This means that j(u°®, 0°) = (L — 0)° = x® = *. Since j is surjec-
tive by Lemma 4.4.2 and j([x],%) = j([x],*) = * by Definition 4.4.1, the pair (u°, 0°)
must be ([],%). So p~+ and o ~ %, which was to be proved. O

Proposition 4.4.5. The ergm D, is uniformly bottomless.

Proof. For all k € N we have w &, x and w &, «, as a consequence of Lemma 4.4.4.
Therefore = is a k-bottomless type. ]
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Corollary 4.4.6. The model D, is fully abstract for Morris’s preorder Cgc+ and A-theory HT.
Proof. By Proposition 4.4.5 and Theorem 4.3.3. O]

Remark 4.4.7. One may also observe that D, is an ergm preserving w-polarity, in the sense
of Definition 4.3.6. So in fact D, satisfies all Conditions 1-4 in the chain of Theorem 4.3.9.

So far the filter model D 4, of Coppo, Dezani and Zacchi [CDZ87] was the only deno-
tational model known to induce Morris’s observability. The construction of D.q, relies on
two atomic types and, as any filter model, on a subtyping preorder <. In comparison to
that, the fact that D, only requires one atom and relies on an equivalence of types can be
regarded as a valuable simplification.

We show two interesting properties of the atom x.
Firstly, the type % provides a characterization of the A-terms having a linear normal form,
according to the notion of linearity below.

Definition 4.4.8. A A-term M € A is called linear if and only if
* every y € fv(M) occurs once in M ;
e for every subterm Ax.N of M the bound variable x occurs once in N.

We recall that in general supp(T") C fv(N), by Lemma 2.3.10.
Lemma 4.4.9. Let N € A be in -normal form. Let (T', o) € Envp, x T, such that

* the sequent T'="* N : o is derivable,
* I'(x) >« forall x € supp(Tl'),
® 0~ x%.

Then N is linear and supp(T") = fv(N).

Proof. We proceed by structural induction on N.

Case N =y Ny --- Ny for some k € N. By Lemma 2.3.12(1),(3) the derivability of ' N : o
entails the derivability of

rol—y:[,n — = U — O ri)'l—Nij:Tij i€{1,...,k},j€{1,...,n1}
'EFyNy---Ny:o

where I' =Ty A (AE, /\]T‘:i] M), Wi == /\)TL:i]Tij forallic {1,...,k}and Ty = (y : y) for some
Y € Tp, suchthaty >~ pu; — -+ = pu — o.

In particular p; — -+ = u — o ~ vy = lo(y) C I'(y). By hypothesis I'(y) ~ x. So
Hp — -+ — Hg — 0 = %. By Lemma 4.4.4 this implies that for all i € {1,...,k} we have
ni = 1 and the intersection p; is composed of a single type T; >~ .

In the end what we actually have is for all i € {1,...,k} the derivability of the sequent

i F Nj:1i for some 1; >~ % and for some I} € Envyp, such that

I = oA (A T). (73)
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Also notice that Nj is in 3-nf, as a subterm of the 3-normal A-term N. In order to apply the
IH to N;j we are only left to prove that that

li(x) ~ % forall x € supp(li) . (74)

We have supp (i) C supp(I') and Ti(x) C I'(x) by (73), and T'(x) ~ x by hypothesis. There-
fore (74) is true.
By IH each Nj is linear and

supp(li) = fv(Ny). (75)
Let us prove the linearity of N. We have to show that
1.y ¢ U, fv(Ny),
2. fv(Ny)Nfv(N;) =0 foralli,j € {1,...,k} such that 1 #j.

By (73) and the fact that I'(y) is the unitary intersection I'p(y), we have

k k
y ¢ supp(Al 1) = (Jsupp(l) = [J fv(No),
i=1 i=1

where the last equality holds by (75). So 1 is proved.

Consider i,j € {1,...,k} such that i # j . By way of contradiction let x € fv(N;) Nfv(N;) =
supp(T:) Nsupp(Tj), where the last equality holds by (75). Then by (74) we get I (x) ~ %
and Tj(x) ~ . Hence x A\ x C I'(x), against the hypothesis that I'(x) ~ x. So 2 is proved, and
with that the linearity of N.

Finally let us see that supp(I') = fv(N). It is a simple consequence of (75), as

k k k
supp(l') = U supp(li) = {yju U supp(li) = {yju U ftv(Ny) = fv(N).
i=0 i=1

i=1

Case N = Ax.N’. By Lemma 2.3.12(2) the derivability of I' = Ax.N’ : 0 implies the one of

Mx:pk N:t (76)

for some p € Ip, and T € Tp, such that p -+ T ~ 0. By hypothesis ¢ ~ *. Hence
by transitivity of ~ we get that u — T ~ %. By Lemma 4.4.4 this implies that T ~ *
and the intersection p is composed of a single type y ~ *. Also notice that N’ is in -nf,
as a subterm of the B-nf N. So we can apply the IH to N’. We get that N’ is linear and
supp(Tl', x : ) = fv(N’).

As a consequence of the latter fact, we have

supp(l) = supp(l,x:p)—{x} = fv(N')—{x} = fv(Ax.N’),

as it was to be proved.

We are left to show that Ax.N’ is linear. Since N is linear by IH, all we need to prove is
that x occurs exactly once in N’. Of course, it cannot occur more than once, because that
would contradict the fact that N is linear. Moreover x € supp(I', x : n) = fv(N’). So x occurs
at least once in N’. O

93



Theorem 4.4.10. Let M € A. Then M has a linear 3-normal form if and only if one can derive
=" M:o with 0 ~ % and T'(x) ~ % forall x € supp(T).

Proof. (<) Let ' M : 0 be derivable for some o ~ x and I'(x) ~ x for all x € supp(T).
For all k € N we have w ¢, and w ¢, *. By Lemma 4.1.3 then w &, 0 and w &, I'(x)
for all x € supp(I'). So Condition 5 in the statement of Lemma 4.3.1 holds for M. The rgm
D, is uniformly bottomless, so Lemma 4.3.1 can be applied. Then the implication (5= 1)
of such lemma assures that M has a 3-nf. By subject reduction (Lemma 2.4.8) the sequent
I'=nfg (M) : o is derivable. Finally, by Lemma 4.4.9 we conclude that nfg (M) is linear.

(=) Suppose that M € A has a linear 3-nf. Let I' € Envp be defined as

Mg {* if x € fv(nfg(M)),

. (77)
w otherwise.

We prove that I' = nfg (M) : x is derivable. After that, one can conclude by subject expansion
(Lemma 2.4.9) that ' = M : x is derivable. We proceed by induction on nfg(M).

Case nfg (M) =y Ny --- Ny for some k € N. Foralli € {1,...,k}let I} € Envp be

N {* if x € fv(N;),

w otherwise.

As Nj is a linear (3-nf, by IH the sequent I - Nj : % is derivable. Then we can derive

k times
Yy:ixby:x *:m_>*eq
k times
y:*l—y::ﬁ—h& MENi:x forallie{l,...,k}

(y:*)/\(/\‘f]l})l—pr--Nk:*

To conclude, notice that (y : x) A\ (/\{‘:] Fi) is exactly the environment I" as defined in (77).

Case nfg (M) = Ax.N. By Definition 4.4.8, the linearity of Ax.N implies that x occurs free in
N. Hence fv(N) = fv(Ax.N) U {x}. Moreover obviously N is a linear 3-normal term. Then by
IH we have the derivability of I',x : x = N’ : x, where

Mx) = * ifxe fv()\x.N),
w otherwise.
By deriving
Mx:*xE N %
' Ax.N:x — % *A—J*_”(eq
' Ax.N: %
we get the thesis. O

We conclude this section by showing that in D, the type * separates I from its infinite
n-expansion J. This remark is a preamble to a key result of the next chapter.
The following lemma is easy to check.
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Lemma 4.4.11. Let x € Var. Then BT(Jx)* = {L} U {Ayxb | y#x and b € BT(Jy)*}.
Lemma 4.4.12. Let 0 € T, such that o ~ x. Let x € Var. Then (x: 0, 0) ¢ [JXHD*.

Proof. By Theorem 2.6.5 (i.e. Bohm Approximation) we have (x 1o, 0') o4 [[] x]] if and only
if (x: 0, 0) ¢ [a] for every a € BT (] x)*. We prove the right hand side of this equivalence
by induction on a. According to Lemma 4.4.11 there are only two cases to consider.

Case a= 1.As [a] =[L] =0, clearly o ¢ [a].

Case a = Ay.xb for y # x and b € BT(Jy). By way of contradiction we suppose that
x : 0 - Ay.xb : o is derivable. By Lemma 2.3.12(2) this is equivalent to the derivability of
x:0,y:pukxb:1 forsomep €lp, and T € Tp, such that p — T ~ 0. Since 0 ~ x by
hypothesis, we get p — T ~ . Hence by Lemma 4.4.4 the intersection u is a single type
Y =~ % and T~ x. By Lemma 2.3.12(3) we get the derivability of

[ToFx:v—T NEb:d; forallie{l,...,n}
x:0,y:ykFxb:t (78)

where v := AI'_;6; for some n € N and Al* jI5 = (x: 0,y :v). By Lemma 2.3.12(1) then
lo = x: 0 for atype o/ ~ v — 1. So we have (x : /) ANA Ty = (x: 0,y :v). This
implies that 0’ = ocand Al' ;T3 = (y:v). Hencen =1and v =08; =v. In the end (78) is

X:0Fx:v—oT y:ykFb:y
x:0,y:ykFxb:t

This is a contradiction, because b € BT(Jy ), so by IH one cannot derivey: y F b : . O

Proposition 4.4.13. Let 0 € T, such that o ~ . Then o € [[Iﬂg*— 077 D,

Proof. We have 0 ~ * ~ « — x =~ 0 — 0 € [I]. Therefore o € [I].

By way of contradiction let ¢ € [[J]]. By Theorem 2.4.10 this is equivalent to ¢ €
[[?\x.]xﬂ, since ] =g Ax.Jx. In other words, the sequent = Ax.Jx : o is derivable. By
Lemma 2.3.12(2) this is equivalent to the derivability of x : p+ Jx : T for some p € I p, and
T € Tp, such that p -+ T ~ 0. Since o ~ » by hypothesis, we get 1 — T ~ %. Hence by
Lemma 4.4.4 the intersection p is a single type vy ~ x and T ~ x. So we can derive

x:ykFEJx:T o
x:yFJx:y

In the end ((x 1Y), y) € [[] xﬂ contradicts Lemma 4.4.12. O

4.5 A SYNTACTIC MODEL OF MORRIS’S THEORY: EXTENSIONAL TAYLOR EXPANSION

In this section we take a break from relational semantics and study a model of H™ of a
very different kind. In § 1.4 we recalled two notions of extensional Béhm tree of a A-term M,
namely BT¢(M) and BT"(M). Both provide a syntactic characterization of Morris’s equiv-
alence. Here we present yet another such characterization. But rather than relying on the
approximation a la Bohm, this new characterization exploits the Taylor expansion of Ehrhard
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and Regnier recalled in § 1.6 (and already used in alternative to the notion of Bohm tree in
§ 2.6, when proving the Approximation Theorems for rgm’s).

We introduce the notion of extensional Taylor expansion T™"(M) of a A-term M and prove
that T7(M) = ‘J’(BT“(M)) (Theorem 4.5.32). This result is deliberately conceived as an
analogue of Theorem 1.6.4, the key result by Ehrhard and Regnier stating that

nfs (T(M)) = T(BT(M)). (79)

By the way, (79) is not just a source of inspiration: we actually use it to achieve our result.

As a byproduct, we obtain a new syntactic characterization of H*, which is M =5+ N
if and only if 77 (M) = T"(N) (Corollary 4.5.34). For technical reasons, on this occasion
we prefer to use BT"(—) instead of BT ¢(—). As a consequence, T"(—) is not a model of
Morris’s preorder Cgc+. (See § 1.4 for the reason why BT "(—) is not refined enough to get
Morris’s observational theory also inequationally.)

Notation. By convenience, all over this section we denote the empty multiset [ | by the
symbol 1. Notice that such a notation is consistent with the fact that [ ] is the neutral
element of the union of multisets.

Let us give an overview of the situation that we are dealing with. In order to obtain an
analogue of (79) in the extensional setting, we want the extensional Taylor expansion of
M to be the n-normal form of nfgT (M), just like BT"(M) is the n-normal form of BT(M).
But defining an n-reduction on P(nfg(A")) is not an easy task. As a first attempt, one may
consider the naive definition

—n = U (=) where Ax.t [x*] —;, t whenever x ¢ fv(t)
keN

and then extend it pointwise to sets of resource terms. This correctly reduces T(Ay.xy) =
{Myx[y*] | k € N} to the set {x}, which is what one would expect. But the fact that
Ay.x1 —y, x is a problem. Indeed Ay.x 1 also belongs to T(Ay.x€2), so this Taylor expan-
sion would n-reduce to {x, Ay.x1}, whereas x ¢ T(nf;(Ay.xQ2)) = {Ay.x1}. Similarly,
Ay.x1[y] as an element of T(Ay.xzy) is supposed to n-reduce to x 1, whereas as an element
of T(Ay.xyy) it should be considered already n-normal.

These examples reveal that, while the (-reduction of T(M) can be performed locally by
reducing each term individually, the n-reduction of nfgT(M) must be a global operation,
that considers the whole set of terms before deciding whether a term should reduce or not.

Here is how we handle the issue. We divide the computing of the n-normal form of the
set nfg T(M) into two phases.

* We first define a labeling £L(—) on nfgT(M), as a global operation annotating on each
empty bag 1 occurring in each t € nfgT(M) the following piece of information:

— whether that 1 comes from a finite n-expansion of some variable (for instance
Ay.x1 € T(Ay.x(Az.yz)) should be labeled as something like Ay.x 1,,(,,), meaning
that 1 comes from an n-expansion of the variable y);

— the set of free variables that were forgotten by taking 1 in the Taylor expansion
(for instance Ay.x 1[y] € T(Ay.xyy) should be labeled as Ay.x1Y[y]).

96



* Then we define a local reduction —« on elements of £(nfzT(M)) that exploits the
extra information annotated by £(—) to perform the n-reduction only when it is safe.

The labeling £(—) relies on a certain homogeneity in the structure of the resource terms
belonging to nfg T(M). As shown in [BHP13], this homogeneity is captured by the following
definedness relation < between (3-normal resource terms.

Definition 4.5.1 ([BHP13, Def. 9]). The relation < is the smallest subset of nfg(A") x nfg(AT)
satisfying the rules

t<t’ b=xb’ Jdt’eb’Vteb,t <t/
AX] oo XY < AXT ..o XnWY tb < t'b’ 1<b b <Db’

Remark 4.5.2. The relation =< is not a preorder, since it is transitive but not reflexive. For

instance, x[y1[yl, ylyl1] £ x[y1lyl, yly] 1], because y1ly] Z ylyl1 and ylyl1 £ yxlyl. See
[BHP13] for more properties of this relation.

The well-known notion of ideal used hereafter is recalled in § 1.1.

Proposition 4.5.3 ([BHP13, Lemma 12]). Let S be an ideal of (nfg(A"), < ). Then S has one of
the following forms: {x} for some x € Var, or Ax.T for some ideal T, or TB for some ideal T and
some set of bags B such that | JB is an ideal.

The following key definition is sound precisely because of Proposition 4.5.3.

Definition 4.5.4. Let S be an ideal of (nfg(A"), <) and t € S. The labeled (B-normal resource)
term £ (t,S) is given by the following induction on t (and accordingly on the structure of S,
as given by Proposition 4.5.3).

L {x}) ==x%x  L(Axt,AxT) == axL(t,T),  £L(tb,TB) := £(t,T)L(b,B),

L([t,...,t],B) == [£(t1,UB),...,L(tx, UB)] fork >0

. . / /
R (1,]13) _ 1;‘1(X) if there exists t’ € | JB such that t’ —,/ x (o)
1VB)  otherwise

where the reduction —,,» appearing in Condition (e) is defined as
At =t whenever x ¢ fv(t) and k€ IN .

We also set
L£(S) = {£L(tS) | teS}.
The labeling £(—) can be applied to nfg T (M) thanks to the following result.
Proposition 4.5.5. [BHP13, Lemma 23] Let M. € A. Then nfgT (M) is an ideal of (nfp(AT), <).

Remark 4.5.6. Actually the definition of £(t,S) will be only used when S = nfgT(M) for
some M € A. Under this hypothesis the case £(1,B) is applied when B = M¢(T(N)) for
some B-normal N € A, hence | JB = T(N). Then Condition (e) becomes
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there is t € T(N) such that t —,/ x’

which holds exactly when N —, x.

Examples 4.5.7. Here are a couple of examples of labeling of resource terms.

o Let t = Ayx11 and S = nfgT(Ay.xQy) = {Ayxa[y™] | n € N}. Then we have
L£(t,8) = Ay.L(x,{x}) £(1,{1}) £(1, {[y"] IneN}) = ?\y.x101g(y).

o Let t = Ayxaz and S = nfgT(Ay.xyy) = {Ayx[y"][y™] | n,m € N}. We have
L£(t,8) = M.L(x,{x}) L(1, {[y"] Ine N})L(1, {[y™] ImeN}) = ?\y.xﬁ’](y)ﬁ]
More generally

(y)”

L(T(Ayxyy)) = {?\y.m}’](y)ﬁ’]w)} U {)\y.mﬁ(y)[ym“] ImEJN} U

{Ay.x[y“”h:;’l(y) Ine lN} U {Ay.x[g““] [y™*t] Inme ]N} :

Definition 4.5.8. Let t be a labeled resource term. The set fv(t) of the free variables of t is
defined like the usual definition of fv(—) for resource terms, but with the addition of the
clauses fV(1T’§(X)) = {x} and fV(1V) =V.

Remark 4.5.9. Let T € A®. Then x € fv(T) if and only if x € f:/(t) for every t € L(T(T)).

Definition 4.5.10. The reduction —,¢ on labeled 3-normal resource terms is given by
Ax.t 1T’§(X) —ne t whenever x ¢ f;(t)

Ax.t [XTH_]] —e t whenever x ¢ f;(t) and n € N.

Examples 4.5.11. We have £(Ay.x1[y], nfgT(Ay.xzy)) = ?\y.xﬁl(z)[y] —qe XI5,y On the
contrary £ (Ay.x1[yl, nfg T (Ay.xyy)) = Ay.XIE(y)y is already in n‘-normal form.

Proposition 4.5.12. The reduction — . is strongly normalizing and confluent.

Proof. The reduction —nt is strongly normalizing since the size of the term decreases. It is
moreover weakly confluent, and therefore confluent by Newman’s lemma. O

Notation. Given a labeled term t, we write "t7 for the resource term obtained from t by
erasing all its labels.

Definition 4.5.13. Let M € A. The extensional Taylor expansion of M is given by
T M) = "nf L(nfgT(M))"

Remark 4.5.14. In the definition above, the B-reduction and the n‘-reduction are separated,
and performed in that specific order, because the reduction B Un' is not confluent: for
instance Ax.I[x,x] —,¢ I whereas Ax.I[x,x] —g 0.
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We need some other technical tools. Remember that our aim is to prove the equality
TN(M) = T(BT"(M)), i.e. "'nf e L(nfgT(M))" = T(BT"(M)). By (79), it is enough to show
that "nf, £(T(BT(M)))" = T(BT"(M)). The difficulty lies in that, on the one hand, BT" (M)
isn (BT(M)), something defined coinductively on BT(M), whereas on the other hand the
n'-reduction works on a set of (labeled) resource terms coming from BT(M)*, which is a
set of finite approximants, not a coinductively defined object. In order to fill this gap, as
an intermediate step we recharacterize n (BT(M)) in the style of "nf, (£(—)". Basically we
mimick on sets of finite approximants what we have done so far in this section for sets of
resource terms. In particular, even for sets of finite approximants we want the n-reduction
to act like a global operation; therefore, we introduce a labeling £(—) on ideals of (N, <)
in the spirit of Definition 4.5.4.

Notation. Given M C N, we denote by M | its downward closure w.r.t. <, that is the set
{a € N | there exists b € M such that a ng}.

We adopt for sets M € P(N) the same syntactic sugar that we used for P(AT) since § 1.6,
by extending all the constructors of the grammar of N as pointwise operations on P(N). For
instance, MIN stands for {ab laeMand b e N } As another example, the ideal BT (Jx)*
can be written as {AZO.X(BT( ]zo)*)}i = Azo.X(BT(Jzo)*) U{L}.

Remark 4.5.15. When M is an ideal of (N, <) then M = M | and all its elements have a
similar syntactic structure, except for L.

Definition 4.5.16. Let IM be an ideal of (N,<,) and a € M. We define the labeled finite
approximant €(a, M) by induction on a as follows.

E(x{x}) = x, E(Ax.a,(AxM) ) = Ax.E(a,Ml),
&(ac, MN)|) = &(a,M])&(c,N),

e (J_ ]M) :: J_:;( X) if there exists a L-free a € M such that a -, x, (o)
! V(M)

We extend the definition to M by setting

otherwise.

eM) = {&(a,M) | aeM}.
If a is a labeled approximants we call "a™ the term obtained from a by erasing all its labels.

Notice that in the case (IMIN) | of Definition 4.5.16 the set IN is already downward closed.
This is the reason why it is not necessary to write €(ac, (IMIN) ) := €(a,M])E(c,IN]).
Remark 4.5.17. For every M € A the set BT(M)* is an ideal of (N, < ). In fact, the definition
of &(a,M) will be only used when M is some BT(M)*. Under this hypothesis the case
&(L,M) is only applied when M = BT(N)* for some N € A. Then Condition (o) is simply
equivalent to N — x.

Definition 4.5.18. Let a be a labeled finite approximant. The set fv(a) of the free variables of
a is defined like the usual definition of fv(—) for finite approximants, but with the addition
of the clauses fV(J_:;(X)) :={x} and fv(LY):=V.
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Remark 4.5.19. Let T € A®. Then x € fv(T) if and only if x € f:/(t) for every t € E(T%).

Definition 4.5.20. The reduction —c on labeled finite approximants is given by the rules
Ax.aJ.ﬁ(X) —ne a ifx ¢ f;(a), Ax.ax —pe a if x ¢ R/(a).
Proposition 4.5.21. The reduction —ye is strongly normalizing and confluent.

Proof. The reduction —e is strongly normalizing since the size of the term decreases. It is
moreover weakly confluent, and therefore confluent by Newman’s lemma. O

After some technical lemmas, we show that the n®-reduction on £(BT(M)) computes ex-
actly the finite approximants of the coinductively defined tree BT" (M) (Proposition 4.5.26).

Lemma 4.5.22. Let x € Var M € A such that M —, x. For all a € M* either £(a, M*) = L0
or £(a, M*) —pe x.

Proof. We have M = Ax7...xn.x N7 -+ Ny with Ny —pg x; and x € fv(x Ny ---N;_1) for all
ie{l,...,n}. Consider a € M*. We proceed by induction on a.

Case a = L.Insuch acase &(a, M*) = (L, M*) = J_;]‘(X) by Definition 4.5.16, since there is
M € M* such that M —;; x (M is 3-normal, so it can be seen as a finite approximant).
Case a = Axj...xp.xa7---an with a; € Nf forallic{1,...,n}. By [Hforallie {1,...,n}
either €(ay, N¥) —ne xi or E(ai, N) = J_?(X_l). So by Definition 4.5.16 and Definition 4.5.20
E(a,M*) =Ax1...xnxE(ar, Nf) - - E(an, NJ,) —ne x. O

Notation. Given two sets of terms X, Y and a reduction — we write X = Y if and only if
e forall t; € X thereis t; € Y such that t; —, ty,
e forall t; € Y there is t; € X such that t; — t;.

Lemma 4.5.23. Let T = AXy.z Ty - - - Tx11 be a Bohm like tree such that Ty 1 is finite, Tk 1 —n Yy
andy & fv(z Ty -- - Ty). Then E(T*) =e 8((7\72.sz T )

Proof. Firstly we prove that given a € T* there exists a’ € (AX.zT]---T¥) | such that
E(a, T*) —pe E(a’, (AX.zT) - -- T{:) 1). We split into cases depending on a.

Case a = L. We have &(a,T*) = &(L, T*) = &(L, (ARy.zT; - -- T¢TE, 1)1 ). As by hypothesis
Tk41 is finite, Tx41 —q yand y & fv(zTy---Ty), we have T = AXy.zTq -+ TeTp1 —y
AXy.z Ty - - - T. It is then clear that there is a L-free ¢y € T* such that ¢; — z if and only if
there exists a L-free c; € (AX.zT] --- T}) | such that c; —y z. Therefore by Definition 4.5.16
E(L, AWRy.zTf - TETE )L ) = &(L, (AR2T; -~ T) | ). In the end we assume a’ := L.

Case a = AXy.zaj---axq1 with a; € T for all i € {1,...,k+ 1}. By Definition 4.5.16
€(a,T*) = AXy.z&€(ay, Tf) - - E(ax, T )E(ak 1, T, ;). By hypothesis Ty 11 — y, hence by
Lemma 4.5.23 either &(axy1, Tkr1) = J‘?](y] or &(ak+1, Tkt1) —ne Y. By Remark 4.5.19 the

fact thaty ¢ fv(zT; - Ty) implies y ¢ f:/(zé’(a],TI*) -+ &(ak, T})). So in both cases we get
E(a, T*) —ne AXz&(ay, Tf) - E(ax, T) = 8(%7?.2(11 ey, (AXZT - TE) L ) We assume
a’:=MX.zaj---ax and we are done.

Secondly, we prove that for every a’ € (AX.zT;---T) | there exists a € T* such that
E(a, T*) —pe E(a’, (AX.zT] - T5) ) ) Again, we split into cases depending on a’.
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Case a’ = L. It is enough to take a := | and repeat the argument in Case a = L above.
Case a’ = AX.za]---a; with af € T} forall i € {1,...,k}. Obviously L € T¢,, so it
makes sense to assume a := AXy.zaj---a; L € T*. Since by hypothesis Ty is finite and
Tk+1 —n y, we have

E(LTeyy) = J_ﬁ(y) . (80)
Moreover by Remark 4.5.19 from the hypothesis y ¢ fv(zT; - - - Ty) we get
y ¢ fv(z€(a}, ) - &la, T)) . (81)
We then have
E(a, T*) = My.z&(a], Tf) -~ Elay, T E(ar 1, T ) by Def. 4.5.16
= Ai‘y.z&(a{,Tj)---E(aﬁ,Tﬁ)J_fl(y) by (80)
—ne AX.zE(af, Ty)---E(ay, T) by (81)
= &(a’,AX.zT; - T)). by Def. 4.5.16
and we are done. O

Corollary 4.5.24. Let T = AXy.z Ty - - - Tic1 be a Bohm like tree such that Ty 11 is finite, Ty 1 —n
yandy ¢ fv(zTy - Ty). Then nfpe (E(T*)) = nfpe (E((ARZTS - TE) L)),

Proof. Let t € nfye(&(T*)), namely let t; € &(T*) be such that t is the n®nf of t;. By
Lemma 4.5.23 there is t, € E((AX.zT; ---T) | ) such that t; —ye t,. Hence, by confluence
of —»ye, the term t is also the n®-nf of t,. So t € nfye (E((AX.2T; - T) ] )). This proves that
nfye (E(T*)) C nfpe (E((AXZTS - TE)L)).

Let t € nfye (E((AXZTy -+ TE) L)), ie. let to € E((AX2T -+~ T¢) | ) be such that t is the
né-nf of t. By Lemma 4.5.23 there is t; € £(T*) such that t; — t2. Then clearly t is also
the n°-nf of t;. So t € nfye (E(T*)). Eventually nfye (E(T*)) D nfye (E((AX2T -+ TE)))). O

Lemma 4.5.25. Let T € AB. Then fe (E(TF))T = n(T)".

Proof. We proceed by coinduction on T.
If T= 1 then "nfye(E(T*)) " ="nfe(E{LY)) T ={"E(L, L)} = {TL97) = {1} =n(T)*
Otherwise, the Bohm-like tree T can be written in a unique way as

T = MX1...xny1.-.ymz Ty - - T T{ -+ T,
for some n, m, k € N such that:
1. T/ is finite, T/ -y yiand y; € fv(zTy - T Ty -+ T)_;), foralli e {1,...,m};

2. Ty is infinite, or Ty is finite but does not n-reduce to x,, or x € fv(z Ty -+ Ty).
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The following equalities hold:

fe(E(TH))T = ne(EAX.ZT -~ TE) )™ by 1 and Cor. 4.5.24
= e( AX.zE(Ty) -+ E(TE))
U{S(J_ (AXzT--- T )} by Def. 4.5.16
= '—?\x.znfne(E(Tj‘))-~-nfne(8(T§))
U {nfpe(E(L, AKXz T ---TE) 1))} by def. of nf,,(—)
= M.z 'nfpe(E(TF)) - "nfe(E(TE))
U {nfne(E(L, ARz T} - T )7} by def. of "—"
= Mazn(T)*---n(T)”
U{nfpe(&(L, AKXz Ty -+ - TH) )} by colH
= Azn(Ti)* - n(T)”
U {nfye (LVAX2 T Tyl by 2 and Def. 4.5.16
= AMzn(T)* - n(T)* U {1} by def. of "—" and nf,(—)
= n(T)* by def. of n(—)
and we are done. O
Proposition 4.5.26. Let M € A. Then "nfcE(BT(M)*)" = BT"(M)*.
Proof. Since BT"(M) :=n (BT(M)), the result follows directly from Lemma 4.5.25. O

Now that all technical tools are in place, we are finally able to prove that the exten-

sional Taylor expansion of a A-term M is equal to the Taylor expansion of BT"(

rem 4.5.32).

M) (Theo-

The key passage is a sort of commutation between the n-normalization and the Taylor
expansion. In fact, it is at this purpose that we have introduced also the n®-reduction: Propo-
sition 4.5.31 below states that performing the Taylor expansion and then ne—normalizing is
equivalent to n®-normalizing in the first place and then doing the Taylor expansion.

Lemma 4.5.27. Let M € A such that M —,, x. Then forall t € T(M

Proof. By hypothesis M = Axj ..
xXi Q fV(X M] s Ml_
We have t = Ax7...xn.xbg -
If n =0 then £(t,T(M))
If n > 0 then by Definition 4.5.4

L(t,T(M)) = Axj..

Suppose by = [t1,..., tk
Let us see that

L(,T(Mn)) =0 Axq..

n
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XnXMq---
1) foralliel,...

Xn.X L(bl,Mf((.T(M] ))) ce

Xn—-1-X L (bl, Mf(T(M] ))) ce

) we have £(t,T(M)) — ¢ X.

n

My, for some n € IN, with M; —, x; and
,n}. We proceed by induction on t € T(M).

-bn where b; € M¢(T(M;)) for every i € {1,...,n}

= L(x,{x}) = x by Definition 4.5.4. So the thesis is proved.

L (ba, Me(T(Mn))) -

] for some k € IN. Remember that t; € T(M,,) for all j € {1,...,k}.

L (bnfn Mf(T(Mnfl ))) . (82)



At this purpose we distinguish two cases, depending on k.
If k = 0 then by Definition 4.5.4

L(ba METMn)) = L(1L,M(T(Mn)) = 17| (83)

because My, —y x, implies that there is s € [JM¢(T(Mn)) = T(My) such that s — xq.
Therefore

L(t,TMyp)) = Ax1...xn.xL(bl,Mf(‘I(Mm)---L(bn_l,Mf(tr(Mn,1)))ﬁ;*gm by (83)

=t AXT X120 (by, Me(T(M1))) -+ £(bn—q, Mg(T(Mn_1))) by Def. 4.5.20

So (82) is proved.

Let us consider the case k > 0. Since My, —y, xn, for every j € {1,...,k} the IH can be
applied to tj € T(My), so to get £(tj, T(Mn)) —,¢ xn. Therefore
L(6T(Mn)) =gt Ax1coxnx &by, Me(T(M1)) -+ £(bnsg, M(T(Mn1))) [xK]

=t A X1 X L (by, ME(T(M1))) -+ L(bnq, Mg(T(Mn—1)))

So even in this case (82) is proved.
By iterating on the bags bn_4,...,b; the reasoning done above for b, ultimately one

concludes that £(t, T(M)) —¢ x. O
Lemma 4.5.28. Let T = AXy.zTy - - - Tiq1 be a Bohm like tree such that Ty, 1 is finite, Ty 11 —n Y
andy ¢ tv(zTy --- Ty). Then L(‘J’(T)) =t L(‘I(?\i.zﬂ ---Tk)).

Proof. We first take t € T(T), namely t = AXy.zby - by, with b; € Mg(T(T;)) for all
ie{l,...,k+ 1}, and show that L(t,‘]’(T)) e L(t’,ﬂ’(?\%.zﬂ . -Tk)) holds when we take
t':=AXzby by € L(T(ARzTy - - - Ty)). By Definition 4.5.4 we have

L(t,T(T) = MyzL(by, Me(T(T1))) -+ £ (brya, Me(T(Ticy1))) - (84)
By Remark 4.5.9 we have that y ¢ fv(zTy - - - Ty) implies
y & fv(2L(be, Me(T(T1)) -+ £(bi Me(T(Tw))) ) - (85)

Suppose that by, = [t1,...,tn] for some n € IN. We split into cases depending on n.
Case n = 0. The finite Bohm-like tree Ty 11 is also L-free, because Ty 1 —y y. Therefore
there exist s € T(Tx41) = U M¢(T(Tic41)) without empty bags such that s —,,+ y. Hence

L (b, Me(T(Tis1))) = L(1, Me(T(Ti1))) = 1y - (86)
We have
L(6TM) = MyzL(by, Me(T(T1))) -+ L (bieyr, Me(T (Tic1))) by (84)
= A)Z'y.zﬁ( L Me(T(T ))) - 'L(bk, Mf(‘T(Tk))) 13(13) by (86)
=t Az L(by, Mg(T(T1))) - - L(by, Me(T(Tic))) by (85)
= L(AXzby - by, T(ARy.2Ty -+ Ty)) by Def. 4.5.4
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so we are done.
Case n > 0. In this case t; € T(Ty41) for i € {1,...,n} and by Definition 4.5.4

L (bia, Me(T(Ti1))) = [L(t1, T(Tew1)), o, Lltn, T(Tier1)) | - (87)

Since Ty 1 —n y, by Lemma 4.5.27 then

L(ty, T(Ter1)) —qe y forevery ie{1,...,n}. (88)
Therefore
vy (t,‘T(T)) = Axy.z L (bl, Me(T(Tq ))) Y (bk_H, Me(T (T s ))) by Def. 4.5.4
e AXY.Z2L(by, Me(T(T1))) -+ L (b, Me(T(Ti))) [y™] by (87) and (88)
—nt ?\i'.zL(bi, Me(T(Tq ))) e L (bk, J\/[f(‘J'(Tk))) by Def. 4.5.10

as it was to be proved.

Secondly, we must show that for every t’ € T(AX.zT; ---Ty), namely for every t’ of
the form AX.zb,---by with b; € M¢(T(Ty)) for all i € {1,...,k}, there exists t € T(T)
such that £(t, T(T)) —,¢ £(t/,T(AX.2T; --- Ty)). At this purpose it is enough to assume
t:= AXy.zby - - - by 1. The proof then proceeds exactly like Case n = 0 above. O

Corollary 4.5.29. Let T = AXy.z Ty - - - Txy1 be a Bohm like tree such that Ty 1 is finite, Ty 1 —n
yandy ¢ fv(zTy -+ Ty). Then nf o (£(T(T))) = nf, ¢ (L(TAR2Ty -+ T))).

Proof. Let t € nf, . (‘J’(L(T))), namely let t; € T(L(T)) be such that t is the n%nf of t;. By
Lemma 4.5.28 there is t; € £(T((AX.zT; - Ti)|)) such that t; — ¢ t>. Hence, by confluence
of —¢, the term t is also the ntnfof t,.So t € nf (L (‘J’(()\i’.le - Ty) L))). This proves
that nf, ¢ (T(£(T))) C nf o (L(T((AX2T, -+ Ti)))).

Let t € nf ¢ (L(T((AR2Ty -+ Ti) 1)), ie. let tp € L(T((AX.2Ty -+~ Ti) })) be such that t is
the n‘-nf of t,. By Lemma 4.5.28 there is t1 € T(£(T)) such that t; —,¢ t2. Then clearly t is
the n-nf of t;. So t € nf ¢ (T(L(T))) and nf,« (T(£(T))) 2 nf,e (L(T(AKzTy -+ Ti) ). O

Lemma 4.5.30. Let T € A®. Then nf L(T(T)) = T(Tnfe&(TH)T).

Proof. We proceed by coinduction on T.
In case T = L we have

nf L(T(L) = f, L(0)7 = § = T(L) = T(Tnfe€(L, 1%)7) = T(Tnfne&(L*)7).

so the thesis is proved.
Otherwise, the Bohm-like tree T can be written in a unique way as

T = A1...xny1...ymz Ty T T{ - T,
for some n, m, k € IN such that:
1. T/ is finite, T/ »q yiand y; € fv(zTy -+ T Ty --- T/ ), foralli €{1,...,m};

2. Ty is infinite, or Ty is finite but does not 1-reduce to x,1, or x € fv(z Ty - - Ty).
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The following equalities hold:

"0 L(T(T)7 = "nf e L(TAR2 Ty -+ Tie))”

= rnfnzL(Ai.Z Mf( (T] )
= '_I’lfn/z (7\)?2 Mf(L
= "AX.z M¢(nf, (L

=AX.z Mf ( '_nfnz

= AX.zM(T ("nfye
— T(AK.znfye(T€

"AX.znfpe (€

(
=T ("AX.znfye(
"AX.znf, (

=7(
("
(
(r7\x znfe
("nf
(
(

T
T
T
T
T

and we are done.

—_— — —

—~ o~ —~ —
—_
—_— — — — —

_
%

—

oA A A
T T

*

—_— — — —

=

r (?\x 28 T
rnfne& (Ax1 .

mbgE(T))

= Me(T (i)™

- Me(L(T(T)

- Mi(nf e (L(T(Tic))) ™
ne

rE(LARZTS -

by Cor. 4.5.29.
by def. of T(—)
by def. of £(—)
by Def. 4.5.10
by def. of "—"
by colH

by def. of T(—)
by def. of "—"
since T(L) =10

)
)
)7) U fr(reu ARz T¢)7) by Def. 4.5.16
)T U {TE(L AR 2T -
{
N

-TE)7}) by def. of T(—)

Proposition 4.5.31. Let M € A. Then "nf £L(T(BT(M)))" = T("nfyE(BT(M)*)T).

Proof. We just apply Lemma 4.5.30 for T = BT(M).

We can finally prove the main result of the section.

Theorem 4.5.32. Let A-term M. Then T"(M)

Proof. We have the following chain of equalities

so we are done.

Corollary 4.5.33. Let M,N € A. Then BT"(M)* C BT"(N

"nf,  L{nfzT(M)

nf, £(T(BT(M)
T(Tnfye&(BT(M)*)7)

T(BTT(M)*)

T by Def. 4.5.20
by Def. 4.5.16
by 1 and Cor. 4.5.29.
O
O

— T(BT(M)).

by Def. 4.5.13
by Theor. 1.6.4

by Prop. 4.5.31
by Prop. 4.5.26

)* if and only if TN(M) C TN(N).

Proof. (=) Using Theorem 4.5.32, the definition of the Taylor expansion for Bohm-like trees

and the hypothesis we get

T (M) = T(BT"(M))

aeBT"(M

U 7t ¢

U ‘I = T(BT"(N)) = T"(N).
aeBT(N
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(<) Using Theorem 4.5.32, the definition of the Taylor expansion for Bohm-like trees and
the hypothesis we get

N

U 7@ = 7BT"(M)) = (M) € T"(N) = T(BI"(N)) = |J T(a).
aeBT" (M)* a€eBT"(N)*

So given any a € BT"(M)* we have T(a) C T(BT"(N)). By Lemma 1.6.3 we can conclude
that a € BT (N)*. O

Corollary 4.5.34. Let M, N € A. Then M =q¢+ N if and only if T"(M) = T"(N).

Proof. As seen in § 1.4 we have M =4¢+ N if and only if BT"(M) = BT"(N), which is
BT"(M)* = BT"(N)*. This is equivalent to 7™ (M) = T"(N) by Corollary 4.5.33. O
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CHARACTERIZING MORRIS’S THEORY: A-KONIG RELATIONAL
GRAPH MODELS

A key aim of this thesis is to find models of Morris’s observational theory. The notion of
uniformly bottomless ergm, seen in Chapter 4, provides us with plenty of such models
(actually infinitely many of them). However, that notion is only a sufficient condition for the
full abstraction. In this final chapter we achieve a much more complicated goal. We give
an exhaustive answer to the problem within our semantics: we find necessary and sufficient
conditions on rgm’s to be fully abstract for Morris’s theory. (Actually, these conditions will
extend immediately to all relational models.)

Results of full abstraction are rarely as exhaustive as this, at least in the context of the
untyped A-calculus. As a matter of fact, in the literature there is only one other charac-
terization of an observational theory in a given class of models. Such result concerns the
observational theory with head normal forms as observables, namely J{*. In [Bre16] (first
published as [Bre14]) Breuvart presented a necessary and sufficient condition on Krivine’s
models to induce Cg¢+. Krivine’s models [Krigo] are a (large) subclass of Scott’s continuous
semantics, which is not the one that we use here. Nevertheless, there are some informal sim-
ilarities between Krivine’s models and rgm’s, specifically the fact that both semantics can be
handled using intersection types. So it should not be surprising if we state that Breuvart’s
theorem was of inspiration for the one that we provide here.

Here the full abstraction problem is considered inequationally, that is w.r.t. C"g¢+. However,
at the end of the process we will also find out that solving the problem inequationally is
equivalent to solving it equationally. So there is no harm if we refer just to the equational
theory H " in this introduction. We have already seen in Chapter 4 that all ergm’s validate at
least the equations of H, as a consequence of the fact that the extensional Bohm trees form a
syntactic model of H". Once again the difficult part is to find a condition guaranteeing that
an ergm does not equate more than that. So we need to analyze the equations in H* — H*
(remember that the A-theory of any rgm is sensible, hence included in the maximal sensible
A-theory H*). The purpose is to avoid these equations: whenever (M, N) € H* —H* we
wish to separate M and N in the model, namely we want [M] # [N].

We show that if two A-terms M, N are equal in H* but not in K%, then their B6hm
trees are similar — meaning that their nodes can be equated by some n-conversions — but
with the following relevant fact: there must exist a position o where they differ because
of an infinitely deep n-expansion. In other words, BT(M) and BT(N) are equal up to some
conversions —»y, and in particular in at least a position o the infinite n-expansion cannot
be finitely deep, i.e. BT(N)s —», BT(M)s but BT(N)s 74»}1“ BT(M). . Such a position is
called Morris separator for M and N. One may notice here a certain analogy with the notion
of r-separator introduced in § 3.3: in that case the existence of an r-separator characterized
the fact that (M, N) € H{* — (=;); here the existence of a Morris separator will characterize
the fact that (M, N) € H* — H™.
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Thanks to an ad hoc refined version of the Bchm-out technique, we prove that it is always
possible to extract such a difference existing in position o by means of a suitable context.
Precisely, we define a context C[—] such that BT(C[M]) = I whereas BT(C[N]) —», I and
BT(C[N]) 74»2” I, i.e. BT(C[N]) is an infinitely deep n-expansion of I. This allows us to
reduce the quest for a fully abstract ergm of H™ to another problem: separating in an ergm
the A-term 1 from all its infinitely deep n-expansions.

For this purpose, we introduce the notion of A-Konig model. Let us explain the rough idea.
For every infinite computable tree T let us call Bt € A® the infinite n-expansion of I with
underlying tree T. One should realize here that these Bt’s are exactly all infinitely deep
n-expansions of L. Intuitively an rgm is A-Konig when every infinite computable tree T has
an infinite branch (which always exists by Konig’s lemma) witnessed by some type ot of
the model. The definition of such a witness is given by a refined version of the unfolding of
types exploited in Chapter 4, and it assures that o1 — o1 ¢ HBT ]] . Since on the other hand
oT — 0T € [[Iﬂ, the separation is achieved.

In the end the main result of this chapter, arguably of the thesis, states that an rgm is fully
abstract for H* if and only if it is extensional and A-Konig (Theorem 5.6.2). This actually
characterizes the full abstraction for H* in the whole relational semantics (Corollary 5.6.3).

As a byproduct of our version of the Bohm-out, we get another purely syntactic result.
We show that H* satisfies the w-rule, the property of extensionality recalled in § 1.2 which
is stronger than the n-rule, as explained in § 1.5. This gives a positive answer to a long-
standing open problem (cf. [Bar84, § 17.4]).

PLAN OF THE CHAPTER. In order to approach gradually to the desired necessary and
sufficient condition for the full abstraction, in § 5.1 we make some heuristic considerations
inspired by the weaker condition already found in Chapter 4. In § 5.2 we associate with
every infinite recursive tree T a closed A-term Jt such that BT (]t ) is the (only) infinitely
deep n-expansion of I whose underlying naked tree is T (namely, BT (]t ) is the Bohm-like
tree called Bt in this informal introduction). In § 5.3 we introduce the notion of Morris
separator, and show how to perform a Bohm-out whenever such a separator exists. In § 5.4
we use the Bohm-out Lemma to prove that the A-theory H* satisfies the w-rule. In § 5.5 we
introduce the notion of witness for an infinite computable tree T and prove that the set of
witnesses for T is exactly the difference [I] —[J1]. In § 5.6 we give the notion of A-Kénig
rgm. Then we use the Bohm-out Lemma and the characterization of [1] — [J+ ] mentioned
above to conclude that an rgm induces the preorder Cg¢+ if and only if it is extensional and
A-Konig. We also provide examples of A-Konig ergm (some which are not already contained
in the class of fully abstract models from the previous chapter).

5.1 BY WAY OF A PREAMBLE: TWO CANDIDATE FULLY ABSTRACT MODELS?

This section features mainly informal considerations. Readers only interested in the formal
results can skip to § 5.2.

To introduce the main idea of this chapter, it may help to start from what we have
achieved so far, i.e. the notion of uniformly bottomlessness developed in § 4.1-4.3. For every
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k € IN it provides the model with some type oy satisfying the following property: when oy
is unfolded as

~ 0 0
Ok ¥ pg — o — MR — Tk
O U A VI s 2

with GEH € U]f:] ult for alln € N, then p* # w for alln € N and for all i € {0, ..., k}. As
explained in § 4.3, this property helps us to characterize 3-normalizability within the model.
Even if in this chapter we do not exploit 3-normalizability to achieve the full abstraction,
nevertheless a question arise: do we really need all those intersections puI* to be non-empty?
Can we refine the notion by requiring as few non-empty ' as possible along the unfoldling?

For instance, one may ask a model to have for all f : N — IN a type o that can be
infinitely unfolded as

oF = py = =, & Tk
U B 1 1
O = Ho 77 My 7 Tk
n ~ n n n
of = ug == u,, o T

with o1 € H{(n for all n € IN. Does this condition provide enough control on the pro-

liferation of w to assure a clear separation in the model (i.e. using typings) between what
is -normalizable and what is not? We could also weaken this condition by requiring the
existence of such a of not for every f : IN — IN, but just for every computable f : N — IN.
What about this weaker alternative?

Here are two concrete examples of rgm’s satisfying these two conditions.

Example 5.1.1. We call £ the free completion

L = (LI])

of the partial pair (L, j) defined as follows. The 2%¢ elements of the family

neN, k<f(n)

L= {*}U{ ]‘}’k}feNN

are pairwise distinct and are not pairs. The partial function j : M¢(L) x L — L maps
([1,%) = =,

forall f:IN — N, for alln € IN and for all 0 < k < f(n)

(L1 6757) = e,
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forall f:IN — NN and foralln € N
([Bn+1,f(n+1)] *) N n,0
f s f ’

and is undefined on any other (m, a) € M¢(L) x L.
The rgm £ is extensional, since j is surjective.
In particular notice that for all f : IN — IN and for all n € N the completion j maps

f(n) times

([ ],([ ],([ ],([ﬁ?ﬂ,f(nﬂ)},*))...)) — E)Tfl,f(n)‘

By convenience let us rename «f* := B?’f(n) for all n € IN. Then one can think of § as the
ergm relying on the basic equations

and for every f: N — IN

f(0) times

ol > W o W al oo
f(1) times

L T S T A I
f(n) times

aFf W oo ok

Example 5.1.2. Let £"¢ be defined just like the rgm £ above, but considering only recursive
functions from IN to IN. In other words, we repeat the construction given in Example 5.1.1
but restricting to the set of Xy atoms

e = {x}u{ptt}

In this case also by convenience we rename ' := B?'f[n) for all n € IN.

neN, k<f(n)

f € NN, f computable

Is any of these two models fully abstract for H*? Clearly, neither £ nor £"*¢ is uniformly
bottomless. So we cannot answer the question for the moment. But we will at the end of
this chapter. Anyhow, £ and £"*¢ seem to be good candidates. After all, in both rgm’s we
have [I] # [J]. Indeed it easy to realize that, for the constant function f:n € N — 0 € IN,
one has oy — o & [a] for every a € BT(] ), hence by the Bohm Approximation Theorem
af — o € [I] —[J]. Now, the property [1] # [J] may not be enough to get the full
abstraction, but it is a clue. In fact, more than a clue: it is a starting point towards the
solution, as it will be clear in the rest of this chapter.
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BT(J1)

“ZT(0)-Y1 x AZ1 o ZT(Te1)YTe
AWT (0,021 AWT(Te-1,0)-21 == * AWT(Te-1, T(Te-1)-1)-ZT(Te-1)

AN ANAN

Figure 6: The Bohm tree of J1, an infinite n-expansion of I following T € Ty.. To lighten the nota-
tions in this figure we write To rather than T(o) and we let Wy :=w1,..., wn.

5.2 INFINITE N-EXPANSIONS OF I

So far we have made use of Wadsworth’s combinator J [Wady6]. In particular, we have
regarded its Bohm tree as a kind of paradigmatic infinite n-expansion of the identity. But
BT(]) is not the only possible such n-expansion. In fact, for each T € Tg. there exists one
and only one infinite n-expansion of I that follows T, meaning that T is its underlying naked
tree, as in Figure 6. For every T € TS, we define here a A-term Jt such that BT (Jy) is the
infinite n-expansion of I following T.

Let us fix an effective encoding @ : N* — IN. By that we mean that @ is bijective and both
@ and @ ! are computable functions.

Proposition 5.2.1. The function P: N x N — N defined by (@, n) — @(¢.n) is computable.

Proof. We describe how to compute P on any given (m,n) € N x N. Since @' is com-
putable, we can compute @ ' m.
In case @ 'm is undefined we set P(m,n) to be undefined.
If @ 'm = ¢ then, by computability of @, we can compute @(¢@.n). In the end we set
P(m,n) :=@(p.n). O
By Church’s thesis Proposition 5.2.1 gives the following fact.
Lemma 5.2.2. There is Cons € A such that Cons @ Tt =g @(@.n) forall ¢ € N* andn € N.

Notation. From now on @ stands for @, for all ¢ € IN*.
Let #: A — N be a Godel numbering, i.e. any encoding of all A-terms into IN.

Theorem 5.2.3. [Bar84, Proposition 8.2.2.] Let (Mn )neN be a sequence of closed A-terms such that
n € N — #M,, € N is computable. There exists M € A° such that MTt =g My, for alln € N.

Lemma 5.2.4. Let T € T,... Then there exists ET € A° such that for all ¢ € dom(T)

E'® =g ATXX1...XT(p)X (r (Cons@@)m) (r (Consp T(¢)—1 )XT(@))
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Proof. Let X := @[dom(T)] = {n € N | there exists ¢ € dom(T) such thatn =@¢ }.
Consider the function

nex

1

#(Mxvq ...XT(@qn).X(T (ConsTO0) x1> (r (ConsT(@ 1) —1)x1(@1n )) eN.
In other words we are sending each n € X to the Godel number of the closed A-term

ATXX] oo XT()- X (r (Cons@@)m) (r (Cons@T((p)—UxT(q,)) e A° (89)

where ¢ is the only element of dom(T) such that n = @, hencen =79.

The computability of this partial function from IN x IN to IN follows obviously from the
partial computability of T, @' and #.

By applying Theorem 5.2.3 to this function we get E™ € A° such that for every n € X the
A-term E'm, namelyE"@, is (3-corvertible to (89). O

Definition 5.2.5. Let T € T,... We define the closed A-terms |J":= @ (Ars.E'sT).

rec*

Lemma 5.2.6. Let T € T,... For every ¢ € dom(T) we have

J'0 =p Axxi...x7(g)-x (JT9.0x1) -+ (JT@.T(9) =1 X7(¢)) -

Proof. We have

Jo = O(Mrs.ETst) @ by Def. 5.2.5
=B ()\rs. ETsr) ()\Ts E'st) @ by Def. of ®

=3 ET@]’ by Def. 5.2.5

=p AxX1...X7()X(JT (Cons@0)x71) - (JT (Cons @ T(9) —1) x7(¢)) by Lem. 5.2.4

=g AxX1...%X7() X (JT@0%x1) -+ (JT@.T(@) — 1 x7(¢)) by Lem. 5.2.2
which was to be proved. O

Lemma 5.2.7. Let T € T,,.. For every ¢, @' € dom(T) we have JToo’ =g JTeq@’.

rec*

Proof. We proceed by coinduction on ¢’ € IN*.

JTe@" =g AXXT...XT(pe) (] (p(p’0x1) (]T(p(p’.T((p(p’)—1 xT(q,(p/)) by Lem. 5.2.6

=g AxX1 .. X7, ()X (JT0@0x1) - (JTo @  Top(@) =1 X7, () by colH
=p JTo@’ by Lem. 5.2.6
as we had to prove. O

Definition 5.2.8. Let T € T,... Then J1 := J'e.

rec*

Theorem 5.2.9. Let T € Tye.. Then J1 = Axx1...x7(e)-% (J10) X1) - (Jrp700 )20y XT(6)) -
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Proof. We have

Jr = J'e by Def. 5.2.8

=p AxX1...xX7(e)-x (JTO) x1) -+ (JT(T(9)—1) x7(¢)) by Lem.5.26
=p AXXT...XT(e). X (JT@ExX) -+ (JHT@DEx(()) by Lem. 5.2.7

= Axx1.x7(e) X (Jrgy ¥1) - (JTriony XT(e) by Def. 5.2.8
and we are done. O
Corollary 5.2.10. Let T € T .. Then the naked tree underlying BT (Jr) is T.

Proof. We check the result by coinduction on BT (Jt) . By Theorem 5.2.9 we have
BT(]T) = AX X1+ XT(g)- X BT(JT<O> X]) s BT(JTU(&),U XT(E)) .

So the number of children of the root of [BT(]T)] is T(e). Also, foralli € {0,...,T(e) — 1}
we have T3 = [BT(J71,,)| = [BT(J1,, xi+1)]| by colH. This proves the thesis. O

In particular given T € Ty, then BT (J7) is the tree depicted in Figure 6.

rec

Then BT (Jv) —»n L In particular whenever T € TS, then

rec

Proposition 5.2.11. Let T € T ..
BT(Jv) —»n I but BT(Jr) Afi" L

Proof. According to Definition 1.4.1 we must prove that BT ( ]T) = ( I; [BT ( ]Tﬂ ) By Corol-
lary 5.2.10 this is equivalent to BT (J1) = (I;T). In order to prove this equality we show
that for every ¢ € dom(T) = dom(BT(Jv)) = dom(I; T) we have (I;T)(¢) = BT (J1)(®).

* Clearly € € dom(I), I(¢) = Ax.x and the number of children of the node ¢ inI'is 0. Then
by Point 2 of Definition 1.4.1 we have (I;T)(e) = Axyg ... Y5 (y_1-x = BT (J7)(e).

e Forallie€{0,...,T(¢)—1} we have (i) = .1 € dom(T) —dom(I), ¢ € dom(I) and the
number of children of the node ¢ in I 'is 0. Then by Point 3 of Definition 1.4.1 we get
(L)) =Ayg’ - Y5y 1-¥i = BT(J7) (1) -

e For any ¢ € dom(T) of length at least 2 we have ¢ = ¢’.1i € dom(T) — dom(I) with
@’ & dom(I). So by Point 4 of Definition 1.4.1 we get (I, T)(@) = Ayg .. YF (o)1 .y‘{" =

BT (J71) ().
So eventually (I;T) = BT (Jt). This completes the proof of BT (J1) —» I.
Finally, the fact that BT (J1) 4" I whenever T € Tg, is trivial to prove. O

Remark 5.2.12. At this point it should be clear that {BT(J1)};.y is actually the family of all
A-definable Bohm-like trees that are infinite n-expansions of I In particular its subfamily
{BT(J1)}+ cTeo contains exactly what we call the infinitely deep n-expansions of I.

Examples 5.2.13. Here are some examples.

o If T € T, — TS, then BT(Jr) is the finite n-expansion of I following T. For instance,

by taking the partial map T :IN* — IN that only sends ¢ — 0 we get J1 =p L. As an-
other example, if T maps € — 3 and (2) — 1 then J1 =g Axyoy1y2.xyoy1(Azoy2 zo).
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n times

—
e Let T: N* — N send (0,0,...,0) — 1 foreveryn € IN. Then T € TS, and J1 =].
Pay attention: not only BT (Jt) = BT(J), but actually the two terms Jt and J are the
same. In other words, our uniform definition of the function J_ : T € T, + J1 € A°

generalizes the definition of the combinator J given by Wadsworth in [Wad76].

An even more explicit definition of Jt can be found in § 2.1 of our paper [BMPR16].

5.3 SEPARATING THE INSEPARABLE: BOHM-OUT THROUGH MORRIS SEPARATORS

The Bohm-out technique [Bar84, RPo4], which first appeared in [Boh68], builds a context C[]
from any two A-terms M and N. This is done so that C[M] and C[N] extract (instances of)
M. and Ng, namely the subterms of M and N lying at a certain position o on BT (M) and
BT(N). The technique is usually used to separate M and N according to some notion of
separation, provided that their inner structures are sufficiently different.

As explained in the introduction of the chapter, we are interested in the case where
M Cg¢- N (hence M and N have a similar structure, meaning that in every position o on
which both BT(M) and BT(N) are defined the number of abstractions and applications
can be matched via n-expansions), but M [Z5:+ N. We rephrase the traditional Bohm-out
technique for such a case, so to extract I from one of the two A-terms, and something with
Bohm tree BT (Jt), for T infinite recursive, from the other (Theorem 5.3.8). Actually, rather
than consider directly the hypothesis M [Z4¢+ N, it suffices to focus first on the situation
where M is 3-normal, N is not 3-normalizable and M Cq« N. Notice that these M and N
are not separable in the sense of [Bar84], from which the pun in the title of this section: we
separate the inseparable.

We start by providing a notion of Morris separator, as a sequence o € IN* witnessing that
we are in the situation described above.

Notation. We generally use for Bohm trees the same notions and notations introduced for
naked trees. Except for the following convenient abuse of language: we write o € BT(M) to
indicate that 0 € dom(BT(M)).

Remember that for M € A and ¢ € BT(M) the subterm M is defined in § 1.2.

Definition 5.3.1. Let M,N € A and o € BT(M)NBT(N). Then o is a Morris separator for
M, N, written
o: M Zg.ﬁ N ’

if there exists i > 0 such that for some p > i we have
Ms =g AX1...XnYyMj---Mp and No =g Ax1...Xnip YNy - Npyp

where Ny, i =8 J1Xn+i for some T € Tpy..

Lemma5.3.2. Let M,N € A If 0: M g+ Nand o = (k) T then T: Myy1 Zgc+ Nygr.

Proof. Simply because (My11)_ =Mg and (Nyy1), = No. O
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BT (M) = Ax.x BT(N) = Axw.x
N SNT——
Az.y Avzo.X y‘ Azo T ?\\@v\
X/\z v/ \Zo X  Az1.29 Aviz1.vg Aviz1.20

}\22.21 )\Vzlz.\}] 7\\)222.21 7\\1222.\)1 7\\)222.21

Figure 7: The Bohm trees of two A-terms M, N such that M is 3-normal, M Cq¢« N, but M Z5+ N.

Example 5.3.3. Consider two A-terms M and N with Bohm trees as in Figure 7. There exist
exactly two Morris separators for M, N. They are ¢ and (1, 0), as explained here below.

* The empty sequence ¢ € BT(M)NBT(N) is a Morris separator since (2) ¢ BT (M),
whereas N5y =3 J1,w, where T, is the complete binary tree (formally T; : N* — IN
is given by o — 2 for every sequence o whose elements are only 0’s and 1’s).

¢ The sequence (1,0) € BT(M) NBT(N) is a Morris separator because (1,0,0) ¢ BT (M),
whereas N 00y =3 Jz1.

Proposition 5.3.4. Let M, N € A such that M is 3-normal, N is not 3-normalizable and M CTq¢- N.
Then there exists a position o € BT (M) N BT(N) such that o : M Zg¢+ N.

Proof. Since M is 3-normal, the finite tree BT (M) is L-free. Hence, as M Cg¢+ N, also BT (N)
is L-free. But at the same time N is not 3-normalizable by hypothesis. So the tree BT (N)
must be infinite. By Konig’s lemma there exists f € TI(BT(N)). Since BT (M) is finite there
exists n € IN such that

o = (f(0),...,f(n—1)) € BTMM)NBT(N) and (f(0),...,f(n)) ¢ BT(M). (90)

(Notice that such o is simply ¢ in case n =0.)
Since M Cg¢+ N, by Proposition 1.3.4 and (90) there exist mq,n; € IN and p > 0 such that

Mo =p AX7...Xn; UMy - My, and No =g A1 ... Xn4pYN7 - Ny 4p -

Moreover, still by Proposition 1.3.4 if we set j := f(n1) + 1 —m; we have xn, +j Tgcx Ny, 45
By the characterization of T4+ in terms of n-expansions of Bohm trees, we have then
BT (N, +j) =#n Xn,+j- Since BT (N, 1) is infinite, BT (N, 4j) #n Xn,+j. We conclude by

Remark 5.2.12 that Ny, +j =8 J1Xn,4j for some T € Te.. O

The combinators known as projectors Uy} and tuplers Py, will be used (among others re-
called in § 1.2) to build the Bohm-out context. For all n, k € IN such that k > n they are

UL = AX1...xnxx P, = AX7...Xn.AZ.Z2X7 " Xn .

These combinators enjoy the following properties, whose proofs are straigthforward.

Lemma 5.3.5. Let n,k € N such that k > n, and let X1,...,Xn,Y1,...,Yi—n € A°. Then
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1. (PkX1 ‘--Xn)Y1 Yieen =g Azz Xy Xp Y1 Yeen;
2, (AZ.ZX1 ~-Xn) un

Let us explain the main idea. When U} is substituted for y in AX.y My --- My, it extracts
an instance of My, meaning by this, My possibly with some of its free variables replaced by
combinators. For instance, consider the A-term N whose Bohm tree is given in Figure 7. The
context [—]U$ extracts from N the subterm yx where x is replaced by U3. The idea of the
Bohm-out technique is to replace every variable along the path o with the correct projector.

The issue is when the same variable occurs several times in o and we must select dif-
ferent children in these occurrences. For example, to extract N(j oy the first occurrence of
x should be replaced by U3, the second by Ul = L. The problem was originally solved by
Bohm in [Boh68] by first replacing the occurrences of the same variables along the path by
different variables using the tupler, and then replacing each variable by the suitable projec-
tor. In the example under consideration, the context [-]P3QU3U] QQU? extracts from N
the instance of N; oy where z, is replaced by I.

Notice that finite n-differences can be destroyed during the process of Bohming out. In
contrast, we show that infinitely deep n-differences can always be preserved.

Notation. Let M € A. Then M™™ denotes the sequence of A-terms containing n copies of M.

Lemma 5.3.6 (Bohm-out). Let M,N € A such that M Cq« N and let 0 : M Zge+ N be a
Morris separator. Let § contain the variables in £v(MN). Then for all k € IN large enough there is
X € (A°)" such that M{Pk/g’})z =p I and N{Pk/g})z =g¢ J1 forsome T € T..

Proof. We proceed by induction on o.
Case 0 = €. Since € : M [Zq¢+ N, there exist i > 0 and p > 1 such that

M =g Ax1...xnyMy---My  and N =g Ax7...Xn4p. YNy ---Npyyp
with
Nm+i =8 Jrxn+i forsomeT e Tr. . (91)

Since T is infinite and computable, there exists j € {0,...,T(e) — 1} such that Ty is still
infinite and computable. Also notice that

(JTXn+i){UjT+(i)/Xn+i} =p Ax1...xTe.JT - (92)

For any k > n+m+p let us set X := PE“U].TL?)“PQNk*m*pU‘%HI“T(E) . Notice that X
depends on k (we will make this explicit using a pedex, i.e. by Xk, only when needed).
We split into cases depending on whether y is free or y = x; for some j € {1,...,n}. We

consider only the former case, as the latter is completely analogous. On the one side

AXT XYy My - M ) {P /X =

(A1 ... xn PxM] M{n)f =g where M := M¢{Py/§}
(PLMy - MZU P remoryk | pTe) = where M’ := M{{Py/x}
(AzzM{ - - MT’T’IU).TE)NPQ”k_m_p)U‘;1+iI“T(£) =8 by Lem. 5.3.5(1)

T(e)q~
Ujﬁ)l T(e) =p I by Lem. 5.3.5(2).
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On the other side we get

(A1« oo Xnap Xy N7 - N ) {P /G X =

(A1 o xmap PRNT - NJ )X =5 for Nj := N¢{Py/§}
(AXms1 - o X PINY NI VUSSP @Rm=puk (DT =5 for N o= N{{Py/x1, ..
(PENY - N YQ R mopyk 1Tl = for N := Ny {U/ S /xnsr, -,
(AzzNJ - N, QrmePgk 1eTle) = by Lem. 5.3.5(1)
N;’{JrlI”T = Nimt1 {UH1 /xnﬂ}I”T =g by Lem. 5.3.5(2)

( ]TXTL—H) {Uj_f_i)/xn—i—i} T =B by (91)

()m e XTe ]Tm) | QLG by (92).

Case 0 = (i)T. By Lemma 1.3.4 there are n,m,n’,m’ € IN such thatn—m =n’—m’ and
M =A1...xnyMq---M;y, and N = Axq...xq yN7 Ny,

where Mj Cg¢« Nj for all j € {1,...,min(m, m’)} and either y is free or y = x; for some
j €{1,...,min(n,n’)}. Suppose that, say, n < n’ (the case n’ < n is analogous). Then we
set p:=n'—n=m'—m, sowecanwrite n’ =n+p and m’' =m+yp.

Notice that i+ 1 € {1,...,min(m, m’)} and by Lemma 5.3.2 we have 7: Mi1 Zgc+ Niyg.
Since moreover Mi 1 Cg¢« Ni41 and all the free variables of Mi1Nj; are among U, X,
the IH can be applied to M7 and Nj; 7. For any h large enough we get Vh € (/\O)*
such that M4 {Ph/y,x}Yh =p Tand Niiq {Ph/y,x}Yh =g J7 for some T € TS.. For any
k > max(h,n+m+7p), we set X := P,V PQ*"mPUK Y.

We suppose that y is free, the other case being analogous. On the one side we have

(?\x1 XnyMy - ){Pk/g’}% =

(?\X1 Xn PkM7 MY ) Nnﬂ’QNk m= pU1+1 =g  where M := Mg{Pk/g’}
(PMY - M PLPQ M PUR Y =4 where M := M}{Py/x}
(AzzMf - - MAPPQ ™ P Uk Y =g by Lemma 5.3.5(1)

M/ 1Yk = Mip {Pk/y,x}Yk =5 1 by Lemma 5.3.5(2) and IH.

On the other side, we have

AXT e Xnap Y NT - N ) {Pr /G X =
)P;“*Pﬂ*k mPUK Vi =p  where Nj = N¢{Py/i}

(

(A1 e X PENT - Np

(PNY - N/ Q™ PUk Y =g where N{' := N/ {P,/X}

(AzzN{ - N;’HpQNk mP UK Y = by Lemma 5.3.5(1)

N{’H\?k = Niyg {Pk/y,x}Yk =3 JT by Lemma 5.3.5(2) and TH
which completes the proof. ]

Corollary 5.3.7 (Bohm-out). Let M, N € A such that M is 3-normal, N is not (3-normalizable
and M Cg¢+ N. Then there is a closed head context C[—] such that C[M] =g I and C[N] =g J7
for some T € T.. In particular when M, N € A° the context C[] is closed and applicative.

rec*
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Proof. Letys,...,yn contain the variables in fv(MN). By Proposition 5.3.4 there is a Morris
Separator o : M Zg¢+ N. By Lemma 5.3.6 for k large enough we have X ¢ (A%)" such that
M {Pk/g}f =p I and N {Pk/g’}f =5 Jr1 for some T € T.. The head context C[ ] :=
(Ay1 ... yn.[]) Py™ X proves the thesis, since

CM] = (A\y1...yn.M)P"X =5 M{Py/§}X =p I
and
CIN] == (Aq...xn.N)P"X =5 N{P/G}X =5 Jr.
Clearly C[] is closed and applicative when M and N are closed. ]

Theorem 5.3.8 (Morris Separation). Let M, N € A such that M Cg¢« N whereas M L g¢+ N.
There is a closed head context C[—] such that C[M] =g I and C[N] =g J1 for some T € Tg5. . In
particular when M, N € A° the context C[—] is closed and applicative.

Proof. Since M IZ4¢+ N, by Corollary 1.3.11 there is a closed head context E[—] such that E[M]
has a B-nf whereas E[N] does not. From M C4¢+ N we obtain E[M] Cq« E[N]. Therefore we
can apply Corollary 5.3.7 to the A-terms E[M] and E[N], and get a closed head context D[—]
such that D[E[M]] =g I and D[E[N]] =g Jt for some T € T7g.. So the closed head context

C[—] := D[E[-]] gives us the thesis. When M, N are closed, all the contexts can be chosen
closed and applicative. O

5.4 INTERMEZZO: H" AND THE W-RULE

Before going on with the quest for an exhaustive solution to our full abstraction problem,
we wish to show that our Bochm-out (Corollary 5.3.7) is of interest in itself, independently
of the semantic problem that we are confronting here. In this brief section we use it to
achieve a purely syntactic result. We prove that H* satisfies the w-rule, the strong form
of extensionality recalled in § 1.2. As recalled there, for any A-theory T one has T - w if
and only if T+ w® where w® denotes the restriction of w to closed A-terms. So we want to
prove that for all M, N € AO

(MZ =g¢+ NZ forallZe A°) implies M =g¢+ N.

Lemma 5.4.1. Let M, N € A° such that M has a B-nf whereas N does not. Then, there exist n > 1
and closed A-terms Z1,...,Zn € A° such that MZ has a B-nf whereas NZ does not.

Proof. We distinguish two possible cases.
Case M LCgc+ N. By Corollary 5.3.7 there exist n € N and Zj,...,Z, € A° such that
MZ = p Iand NZ =g J1 for some T € T%.. Since T is infinite and computable, there exists
j € {O, e, T(e)—1 } such that T is still infinite and computable.

If n > 1 we are done.

If n =0 just take Z; := UjTjEi) and conclude since ]TU].TE) =p AX1 "'XTE‘]TU)‘
Case M iZg¢+ N. In this case by Corollary 1.3.2 there are n € N and Z1,...,Z, € A% such
that MZ =g AX1...Xm.XiMj - -- My for some m, k € N and NZ =g U for some unsolvable
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U. Then we have MZI™ =g T and NZI™ =g U’ for some unsolvable U’. If n+m > 1 we
are done.
If n4+m = 0 just take Z; :=1T and conclude since U'I is still unsolvable. O

Lemma 5.4.2. Let M, N € A®. Suppose that MZ =qc+ NZ for all Z € A°. Then M =g¢+ N. In
other words H* F w®.

Proof. By Corollary 1.3.11 the hypothesis states that
forall Z € A® and for all Y € (A°)" MZY has a B-nf if and only if NZY has a 3-nf. (93)
Still by Corollary 1.3.11 the thesis is equivalent to
forall X € (A°)* MXhas a B-nf if and only if NX has a B-nf.

We distinguish two cases depending on the length k of X (but notice that this is not a proof
by induction on k).

Case k = 0. Lemma 5.4.1 is exactly the contrapositive of what we have to show here. So
there is nothing more to prove.

Case k > 0. This is given by the hypothesis (93) itself. O

As a consequence, we get our main result, which solves positively a long-standing open
problem (see [Bar84, § 17.4]).

Theorem 5.4.3. H" satisfies the w-rule.

5.5 WITNESSING TREES

If an rgm D is extensional, every o € T is equivalent to an arrow type. So we can always
try to unfold it following a function f : IN — IN, in the following sense. Starting from o = oo,
at every level { € IN we consider op ~ po — -+ = W) — 0p and, as long as there is a
O¢r1 € We(g), we can keep unfolding it at level £ + 1. Obviously there are two possibilities.
If at some level ¢ we have ) = w, then the process is forced to stop and o cannot be
unfolded following f. If this process continues indefinitely, then we consider that o can
actually be unfolded following f. This idea is made rigorous in Definition 5.5.1 below by
means of a coinduction.

Notation. Let f : IN — IN. Then f>* denotes the function defined by
nelN —~ f(n+k)eN.

Definition 5.5.1. Let D be an rgm. Let T € Ty, and f € TI(T). Then o € Ty is a witness for T

rec

following f if and only if there are pyo, ..., 1) € D and o’ € Tp such that

0 =~ uo—)-'-—)pf(o)ﬁﬁl

and there exists T € (1o that is a witness for Ti¢(o)y following f='.
We say that o is a witness for T whenever there exists an f € T1(T) such that o is a witness
for T following f.
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Notice that in this definition we do not ask f to be computable, despite T being com-
putable.

Notation. We denote by
* Wq ¢ (T) the set of all witnesses for T following f,
e Wq (T) the set of all witnesses for T.

If the model D is clear from the context, we simply write W¢(T) and W(T).

Definition 5.5.1 is consistent, because it is independent of the arrow type po — --- —
o) — 0 (equivalent to o) that we choose. This is formalized in Lemma 5.5.2 below.
Actually, we could also get rid of ~ in Definition 5.5.1 and just write 0 = py — --- —

(o) — o therein. That would be enough for our purposes. Nevertheless, even with such
a choice we would need Lemma 5.5.2, so it makes no great difference.

Lemma 5.5.2. Let D be an rgm. Let T € Te. and f € TI(T). If 0 € Wop ¢(T) and vy ~ o then
Y € Wop ¢ (T).

Proof. We proceed by coinduction on T. By Definition 5.5.1 0 >~ o — -+ - — pg(o) — 0’ and
there exists T € wg(p) such that T € We»s (T<f(o)>). Asy >~ 0 ~puy — - = Heo) — 0,
there must exist vo,---,v¢o) € Ip and y' € Tp such thaty ~ vy = -+ = v¢o) = v'. In
particular v¢ (o) =~ pe(o). Hence there is 1 € v¢(g) such that P ~ 7. Since T € W1 (T<f(0)>),
by colH we have that 1} € W¢z1 (Tie(0)))- So v € We(T). O

As explained in the introduction of the chapter, in an ergm W (T) is constituted by those
0 € Tp such that 0 — o ¢ [J1]. To prove this, we first need a couple of technical lemmas.

Lemma 5.5.3. Let D bean rgmand T € T,.. If a € BT(J1x)* and T' - a : o is derivable then
I'=x:v for some y ~ o.

Proof. By Lemma 2.3.10 supp(I') C fv(a) = {x}. Since x is in head position in a we have
{x} Csupp(l). So supp(l') ={x}, namely I' = x : n for some p € | p.

Clearly a # L, since a is typable. So by Theorem 5.2.9 we have a = Ax7 ... xm.xa7---am
with a; € BT( ]T<H>xi)* forallie {1,...,m}, and in fact m = T(0). From the derivability of
X F AX7 ... Xm.X a7 Qm 0 0 we get by Lemma 2.3.12(2) the derivability of the sequent
X:IW,XT IO, e, Xm i Mm F Xap---am iTforsome g — - — g — T > 0.

By (applying m times) Lemma 2.3.12(3) we get a decomposition

{a} u {Tylie{l,...,m}and je{1,...,ni}}
of the environment x : |, X7 : Wy,...,Xm : Lm making the following sequents derivable:
AFx:vg— - = Vi =T (94)
and forallie{1,...,m}and forall j € {1,...,ni}
My ait vy, (95)

n
where v; = /\5;1Yij~
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By Lemma 2.3.12(1) from (94) we get A=x:7vy foracertainy >~ vo = -+ = vjn = T.

Since a; € BT(]Tﬁ_Uxi)*, by Lemma 5.5.3 from (95) we get v{ ~ /\)T‘:iﬂ“ij (xi) ~ uyi.
Hencey ~¥>vop— - > v > T~ 1o = —> bm — T =~ 0.

By Lemma 2.3.10 from (95) we get supp(Ii;) C fv(ai) # x, hence T (x) = w, for all i and
j. In the end

po= Tx) = (AAAL, /\]Ti1 M) (x) = AX)AAL, /\}21 Nix) = Ax) = v.
This completes the proof of the fact that I' = x : v for some y ~ o. O

Lemma 5.5.4. Let D be an rgm. Let T € TS and o € Wy (T). For all a € BT(Jrx)* we have

rec

(x: 0,0) ¢ [al. Equivalently, for all a € BT (J1)* we have o0 — o ¢ [a].

Proof. Let a € BT(J1x)*. We prove x: 0/ a: o by induction on a.
Case a = L. Trivial.
Case a = Ax7...Xm.Xaj - an. We have n = m = T(e) by Theorem 5.2.9. Notice that n > 0,
since the naked tree T underlying BT (J1x) is infinite.
By hypothesis there exists f € TI(T) such that 0 € W¢(T). So f(0) < n and considering

0o ~ HO_>"‘_>P~f(O)_>”'_>un*1_>OJ (96)

there exists T € () such that T € W, (T<f(0)>).
By way of contradiction let x : 0 - a : 0 be derivable. From (96) the sequent

X100 F AX7 .o Xn X Q1o Ant o >ttt = We(0) —> c = Un—1 —> O
is derivable by applying rule eq. Then by Lemma 2.3.12(2) the sequent
"

X:0,X]: V0, e, Xn i Vn—1 F xay---an: o

is derivable for 0" ~ ¢’ and v{ ~ y; foralli€{0,...,n—1}L
By (applying n times) Lemma 2.3.12(3) we get a decomposition

{A} @] {FU |[i€{0,...,n—1} and j E{],...,Tli}}
of the environment x : 0,%7 : Vg,...,Xn : Vn—1 making the following sequents derivable:
/

! / / /
Al Xxivy = = Vgo) = = = V] = O

and foralli€{0,...,n—1}and for all j € {1,...,n4}

My B oaier:vij, (97)
where
vi = Al;yy forsome ni € N. (98)

Since T € o) ~ V(o) X Vé(oy there exists v¢(0); € v;(o) such that y¢(0); ~ T. In
particular we get from (97) the derivability of

Feoy; F ar0)+1: Ye(0)j - (99)
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Since ag(g)4+1 € BT(]TMO))xf(O)H )*, by Lemma 5.5.3 and (99) we have T¢(g)j = X¢(0)41 : Y
for some y ~ v¢(o) ;. By applying rule eq to (99) we then derive

Xf0)+1:Y B oapoyp1 v (100)

Since T € Wez1 (Tre(o))) and v =~ v¢(0); ~ T, by Lemma 5.5.2 we have v € Wez1 (Tif(o)) ).
Therefore by IH we should have x¢(9)4+1 : Y I/ af0)+1 : v, contradicting (100). O

Proposition 5.5.5. For any ergm D and any tree T € Ty,

W@(T) = {O'GT@ |G—>O'€|IJT]]}

Proof. (C) By Lemma 5.5.4 when ¢ € W(T) we have 0 = ¢ & U, cpr(y,)-[al = [J7], where
the last equality is given by Theorem 2.6.5 (B6bhm Approximation).
(2) Let n:=T(¢). Consider 0 € Tp such that x : o I/ Jt : 0, which is equivalent to

X:0 F AX7...Xn. X (]T<O> x1) e (JT<n71> xn) 1o (101)

by Theorems 5.2.9 and 2.4.10. We coinductively construct f € TI(T) such that o € W¢(T).
Since D is extensional, there exist 1g,...,un—1 € lp and 0’ € Tp such that 0 ~ py —
+ — Un_1 — 0’. There must exist i < n and T € p; such that x{;1 : Tt/ JTmXiH DT,
because otherwise one would contradict (101) by deriving

X:0kFx:0o
X:O0hFXito = = Un_1 — 0" Xip1 :TI—]waiH ;1T forallie{0,...,n—1}forall T € y;

X:10,X1 Mo, e, Xn f o1 B X (Jrg %) o (J7y Xn) 1 07

X:0 F AX7...Xn. X (]T<O> X1)"'(]T<n,1> Xn) iHo = — fn_1 — 0

X:0 F AX7...Xn. X (JT<0> x1) - (]T<n71> Xn): 0O

By colH there exists g € TT(T;;)) such that T € Wy (T;;)). We define f : N — N by setting
f(0):=1and f(n+1):=g(n) foralln € N. Fromi<n =T(¢) and g € TT(T;)) we get that
f € TI(T). From T € u; and T € Wy (T(4y) we obtain o € W¢(T). O

At the end of § 4.4 we proved that o € [1]P~— [J]P+ whenever o ~ x. That was a
foretaste of what we have just seen: we were demonstrating that every o ~ % is a witness
in D, for the tree that underlies BT(]). Indeed, one can remark the resemblance (even for
what concerns the proofs) of Lemma 4.4.12 and Proposition 4.4.13 there respectively to
Lemma 5.5.4 and Proposition 5.5.5 here.

5.6 A-KONIG RELATIONAL GRAPH MODELS

As we prove in this section, the following notion (together with extensionality) characterizes
the observability in the sense of Morris within the class of rgm’s.

Definition 5.6.1. An rgm D is A-Konig if and only if W (T) # 0 for every T € T¢e,

rec*
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The name is a clear reference to Kénig’s Lemma, which is indeed indispensable to assure
the existence of the infinite branch f of T followed by the witness.

Here are the main ideas behind the proof of the characterization.

1. The ‘Morris Separation” (Theorem 5.3.8) allows to reduce our specific full abstraction
problem to the search for an rgm separating I from Jt for all T € T,

rec*

2. Let D be a A-Konig ergm. Since every T € T7g. has a non-empty set of witnesses W, (T)
and Proposition 5.5.5 gives Wy (T) € {0 € Tp | 0 — o & [Jr]}, there is a type o
such that 0 — o € [I] — [Jt]. Thus, D separates I from all the J1’s for T € Tps.. So D

rec*
is inequationally fully abstract for Morris’s observability for what we said in Point 1.

3. Proposition 5.5.5 provides another inclusion, i.e. Wp(T) 2 {c € Tp |0 — o & [J7]}.
As a consequence of this, A-Konig ergm’s turn out to be all possible fully abstract rgm’s
in the sense of Morris. Indeed, a model D inducing H* must separate I from Jr for
all T € T, So such a D makes the set {0‘ eETp |lo—>0¢ [[]T]]} non-empty. In the
end Wy (T) is non-empty for all T € Ty, , i.e. the model is A-Konig.

rec 7/

4. By the way we find out that an rgm induces the preorder theory Cg¢+ if and only if it
induces the A-theory H ™. In other words, in this context the inequational approach to
the problem is perfectly equivalent to the equational one, not a refinement of it.

Theorem 5.6.2. Let D be an rgm. The following statements are equivalent.
1. Th(D) = K, namely M =4¢+ N ifand only if [M] "= [N]” for all M,N € A.
2. the rgm D is \-Konig and extensional.
. . , D D
3. The(D) is Toer, namely M Caes N if and only if [M]7C [N]~ forall M,N € A.

In other words, an ergm is A-Konig if and only if it is inequationally fully abstract for Morris’s
observability, which is the case if and only if it is equationally fully abstract for Morris’s observability.

Proof. (1 = 2) Obviously D must be extensional since H" is an extensional A-theory. By
contradiction let us suppose that D is not A-Konig. Then there exists T € Tyg. such that

rec

Wq, (T) = (. By Proposition 5.5.5 then [I] = [Jt]. This is impossible since I #g¢+ J7.
(2 = 3) The fact that M Cq¢+ N implies [M] C [N] is given by the implication 2 = 1 in The-
orem 4.3.2. (Notice that such implication is proved therein relying only on the extensionality
of D, an hypothesis that we have also here.)

We are left to show the opposite implication in 3. By the way of contradiction let us
assume that [M] C [N] but M Zg¢+ N.

By maximality of Ty« among the sensible preorders, [M] C [N] implies M Cg¢- N.

We can then apply Theorem 5.3.8 (Morris Separation) and get a context C[—] such that
CM] =g I and C[N] =g J1 for some T € T5..

By Theorem 2.4.10 (-Soundness) C[M] =g I implies [C[M]H = [[Iﬂ

Since B C Th(D) by Theorem 2.6.6(2), from C[N] =g JT we get [[C[N]ﬂ = []Tﬂ.
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By Lemma 2.4.4, i.e. contextuality of [—], from [M] C [N] we obtain

[ = [cm] < [cN] = [Ie] - (102)

By Definition 5.6.1 there exists 0 € Wq(T). By Proposition 5.5.5 we have 0 — o ¢ [Jt].
Hence 0 — o ¢ [I] by (102). Clearly this is a contradiction.

(3 = 1) Trivial. O

Actually, we have characterized the full abstraction fo H* in the whole relational seman-
tics, not only for what concerns rgm’s. This follows immediately from Remark 2.2.3.

Corollary 5.6.3. A relational model D is (in)equationally fully abstract for Morris’s observability if
and only if it is a A-Konig ergm.

Proof. Any reflexive object D in MRel fully abstract for T must be extensional, since such
is H*. By Remark 2.2.3 then D is necessarily an ergm. We then apply Theorem 5.6.2. O

In § 5.1 we have defined two ergm’s £ and £'*¢, wondering if they are fully abstract for
Morris’s observability (preorder theory or A-theory, the distinction has become pointless).
We can now answer that question: only one of them is!

Theorem 5.6.4. The rgm L defined in Examples 5.1.1 is fully abstract for Morris’s preorder theory
and A-theory.

Proof. Let T € Ty, and take any f € TI(T) (there exists at least one such f by Konig’s

Lemma). Then a¢ € W, ¢(T) simply by the definition of the model £. So the ergm £ is
A-Konig and Theorem 5.6.2 gives the thesis. O

It is clear that in defining £ we have put plenty of atoms a not really necessary in order
to make it a A-Konig rgm. We can minimize that number of atoms as follows.

Example 5.6.5. For every T € Ty5. choose a function fr € TT(T), which exists of course by
Konig’s Lemma. Let £’ be defined just like the rgm £, but considering only the selected
functions. In other words, we repeat the construction given in Example 5.1.1 but restricting
to the set of X atoms

U= {x}u{p™ e}

Theorem 5.6.6. The rgm L’ defined in Examples 5.6.5 is fully abstract for Morris’s preorder theory
and A-theory.

neN, kg f(n)

fe{fr:NoN | TeTg}

Proof. Just like the proof of Theorem 5.6.4. O

On the contrary, £"¢ turns out not to induce Cq¢+. The reason is a classical result in
recursion theory, known as the failure of the recursive version of Konig’s Lemma: there is an infi-
nite computable tree, sometimes called Kleene’s Tree, with no infinite computable branches.

Theorem 5.6.7 (Kleene, [Odi8g, Theorem V.5.25]). There exists Tieene € Tpee Such that every
f € TT(Tkieene) s 10t computable.

124



Lemma 5.6.8. Let T € Moo and f: IN — IN. If Wiree ¢ (T) # 0 then oc(f) € Weree ¢ (T).

rec

Proof. By hypothesis there exists 0 € Wgrec ¢ (T). We proceed by induction on o.
Case 0 € At grec. We have 0 = B{L"k where h : N — IN is a computable function, n € IN

and k < h(n). Firstly, we prove the existence of an atom of the form ocg such that o ~ ocg.

By definition of the model Bﬁ’k ~ wk — Bﬁ’h(n) — *. Then clearly Ba’k ~ B?’e(n) = ap
whenever { is the function defined as {(n) := k and {(m) := h(m) for all m # n. Of course
such an atom ' exists since { is computable. Finally, it is easy to realize that o}' ~ oc?>n,
where the latter atom exists since also {*™ is computable.

So we have o ~ ocg. We show that f = g, so that af = ocg ~ 0 € Wgree ¢ (T) implies
oc? € Wgree ¢ (T) by Lemma 5.5.2.

By way of contradiction suppose f # g. Let m := min{n € N | f(n) # g(n)}. By
definition of £ we have

g(m) times k times

af ~ W o oAl WS TS @ ok (103)

for every k € IN. As f(m) # g(m), the intersection in position f(m) + 1 on the right hand
side of (103) is not the one in position g(m) + 1, namely cxg‘“. So it must be w. Clearly
this contradicts the hypothesis ocg € Wgrec ¢ (T), which requires such intersection to contain
a witness for the tree Ti¢(0),.. f(m))-

Case 0 ¢ At grec. Let h € IN be the minimal natural number giving 0 = vg — -+ = v — of

g
for some «§ € Atgree. Let 0 = vo = -+ = Vi = 4 > po — -0 = pgo) = T We
distinguish two subcases.

Subcase f(0) > h. In this case
g(m) times k times
Bhel = - = lpo) =2 T ~ &) ~ W = - =5 @ = a) =W > - = @ = *

for every k € IN. Since (o) must contain a witness for T¢((), in particular o) ~ oc;. So
océ e W rec, ot 1 (T¢(0)) by Lemma 5.5.2. This implies ocg € Wgree ¢ (T). Finally, the fact that
g = f is proved just like we have done in the basic case 0 € At ;rec above.

Subcase f(0) < h. In this case v¢(o) =~ H¢(0). By hypothesis there exists o1 € wg(g)
such that 07 € Wgrec ¢>1 (Tf(o)). So there is 71 € v¢(o) such that Ty ~ oy, and T1 €
W grec ¢21 (T¢(0)) by Lemma 5.5.2. Since T; is a subtype of o, the IH can be applied to it.
We obtain that a9, € W grec ¢21 (Tr(0)). Therefore o) € W gree ¢ (T). O

Corollary 5.6.9. Let f : N — IN be non-computable. Then W grec ¢ (T) = ().

Proof. By way of contradiction suppose there is 0 € Wgrec ¢ (T). By Lemma 5.6.8 then of €
Wree ¢ (T). But o does not even exist as a type of £ since f is not computable. O

Theorem 5.6.10. The rgm L"¢¢ defined in Examples 5.1.2 is not fully abstract for Morris’s preorder
theory and A-theory.

Proof. Take any f € TT(Tyeene) (there exists at least one such f by Konig’s Lemma). By The-
orem 5.6.7 the function f : N — IN is not computable. Hence W;rec ¢ (T) = (0 by Corol-
lary 5.6.9. So the ergm £ is not A-Konig and Theorem 5.6.2 gives the thesis. O
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APPENDIX

Despite being most probably mathematical folklore, we could not find any literature ref-
erences for Definition 1.2.3, namely the notion of isomorphic reflexive objects in a cartesian
closed category. Hence any formal proofs of Theorem 1.2.4 and Lemma 1.2.5 given in the
preliminaries. Just for the record, we provide those proofs in this appendix.

Let us remind Definition 1.2.3 here below.

Definition A.o.11. Let D = (D, Abs,App) and D’ = (D’,Abs’,App’) be reflexive objects
in a given cartesian closed category. An isomorphism of reflexive objects f : D — D’ is an
isomorphism f: D — D’ making the two diagrams

D=D " sp_* .p=p

1= fl lf lf‘: f (104)

/ Al
D/=D’ 2 s p/ P LoD

commute.
We recall some very basic facts from category theory.

Lemma A.o.12. A final object in a category is unique up to isomorphism. Moreover, given two final
objects in the category the isomorphism from one to the other is unique.

Proof. Let T and T’ be final. Let tyx be the only morphism from an object X to T, and tj
the only one from X to T. Then tysot; : T — T is the only morphism from T to T, i.e.
tyrot; =ty = idt. Switching T and T’ we get by the same argument t; o ty/ = t], = idy/.
So t; : T — T’ is an isomorphism. Moreover it is the only one possible, as T’ is final. O

Lemma A.o.13. Let {X;}. c1 be a family of objects of a category. If existing, a product of the family
is unique up to isomorphism. Moreover, considered two such products {m; : V — Xi}, cp and
{ml: V' = X}, ¢ there exists a unique isomorphism from one to the other. In particular, whenever
their vertexes V and V' are equal then the two products are equal, namely ; = 7} forall i € L

Proof. The statement is an instance of Lemma A.0.12, since a product of the family {X;}, -
is a final object in the category of cones from any object to {Xi}iel' In particular, let
{m: V> Xi}iel and {n] : V — Xi}iel be two products with the same vertex V. The
unique isomorphism from the former product to the other must be the identity idy. Such
isomorphism is also the arrow associated with the cone {m; : V — X}, ¢1 according to the

universal property of the product {7[{ V= Xi}i cr- Som{ =miocidy =m forallie . O
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Remember that every category C gives a functor C(—,—) : €°* x € — Set defined on
morphisms f € €°?(A,A’) = €(A’,A) and g € C(B, B’) by the function

C(f,g): C(A,B) — C(A’,B’)
h — gohof

Lemma A.o.14. Let f : D — D’ be an isomorphism of reflexive objects in a cartesian closed category
C. Then for all M € A and for all finite sequence of variables x1,...,xn such that ftv(M) C X we

have 10 [M] S0 (1-1)" = [M]5.
Proof. Let D = (D, Abs,App) and D’ = (D’,Abs’, App’) . We proceed by induction on M.

Case M = x; for some i € {1,...,n}. Let us call 7t; the i-th projection of the product D™
and 7t/ the i-th projection of the product (D’)™. By Definition 1.2.2 we have [x;]¥, = 7t; and
[xil%, = 7{. So the thesis is

n /

fomo (f_1) = . (105)
We show that the cone

{fomo(fq)n: (D’)“—>D’}i€{1w/n} (106)
is a product of the family containing n times D’. Once we have that, since also the cone
{n/: (D)™ = D'}, e(1,...n) 18 @ product of that family and the two cones have the exact
same vertex (D’)", then they are equal by Lemma A.0.13, and in particular we get (105).

Proving that (106) is a product means to associate with every given family of arrows
{gi : X — D/}i€{1,...,n} a unique r : X — (D’)™ making for every i € {1,...,n} the
following diagram commute

X s (D)™

gi /T (107)
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Let h be the morphism associated with the family of arrows {f~' o g; : X — D’}
by the product {m; : D™ — D }
here below commute

ie{l,...n}

ie(1,...n) » Namely the only h making the central diagram

X h y D™ — 5 (D)™
\\ . /
\ \

gi

ldD/

v

D/
Then clearly v := f™ o h makes (107) commute.
In order to prove the unicity of r, suppose to have another 1: X — (D)™ such that

fomo(f ) "oF = g
forallie{1,...,n}. Then

T © (f_])no T = flog. (108)
Since h is the only arrow such that t; o h = f~! o g;, from (108) we get (f_1)n or =h.
We conclude that T = id(p/jnoT = fho (1) 0T = floh = 1.
Case M = Ax.P. The adjunction —x— -4 — = — assures, inter alia, that the bijection
Aagc: C(AxB,C) = C(A,B = C)isnatural in A, B and C. In particular the diagram

AD“/D,D

¢(D™ x D, D) ¢(b™,D = D)

eufwnxf%ﬂl lqa‘y3f1¢ﬂ

e(D™ x D/, D) —222 L o(D™ D! = D)

commutes. So for all g: D™ x D — D we have

(F1= ) oAlg o ()" = A(fogo (F)"xf ")) = A(fogo (r)™).

(109)
We deduce that
fo [[AX.P]]; o(f71)" = foAbso /\([[Pﬂ X’i) o (f] )n by Definition 1.2.2
= Abs’o (f7'=f)o /\([[P]];; Jo (f~1)™ by Definition A.0.11
Abs’ o A(f o [P]5% o (1)) by (100)
Abs’ o A([[P]%7) by IH
[Ax.P] 7;/ by Definition 1.2.2
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Case M = PQ. The adjunction —x— - — = — assures, inter alia, that the bijection
/\;;C : C(A,B=C) — C(A xB,C)isnatural in A,B and C. In particular the diagram

—1
AD:D,D,D

¢(D=D,D=D) ¢((b=D)xD,D)

(:’(D:>D,D:>f)l ‘/G((D:>D)><D,f)

—1

/\ ’
¢(b=D,D=D’) —=>* ¢((D = D) x D,D’)

commutes. This means that for all g € ¢(D = D,D = D) we have

foA () oidpap)xp = A ((D =f)ogo idD:>D). (110)

By taking in particular as g the identity idp—p we get

foA (idpop) = A(D=f)
= A((flof) = (idp o f))
= AN (f=D)o (f'=1) (111)

where the last equality depends on the fact that the bifunctor — = — is contravariant in
the first argument and covariant in the second one.

Exploiting once again the fact that /\;}3’C : C(A,B=C) — CG(AxB,C)isnaturalin A,B
and C, we get the commutativity of the following diagram

—1
/\DiD,D/,D/

¢(D=D,D'=D’') —————— ¢((D= D) xD’,D’)

G(D:>D,f:>D’)l ‘/G((DiD)xf,D’)

-1

¢(D=D,D=D’) _ozoper e((D=D)xD,D’)
This means that for all g € ¢(D = D,D’ = D’) we have
idps o A'(g) o (D =D)xf) = /\_1<(f:> D) ogo idDéD).
By taking in particular as g the morphism f~'= f we get
A5 o (D=D)xf) = A((f=D)o (F'=1)),
The last equality and (111) give by transitivity

fo A (idpsp) = AT(f'= 1) o (D=D)xf). (112)
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Also, remember that for all objects A,B of € and for every g : X x A — B the morphism
A(g) : X = A = B is the only one that makes the following diagram commute:

(A=B)x A 2", B

g
Alg) x A {

XxA

Since A is an isomorphism, this is equivalent to say that for all h : X — A = B the morphism
A~T(h): X x A — B is the only one that makes the following diagram commute:

Evas

(A=>B)xA————B

{/\1 (h) (113)
hx A

XxA

In particular this implies that
Evag = Evagol(idase xA) = A '(idass). (114)
Now, we are interested in
foPQlyo(f )™ = foEvppo ([P} oApp, [Q} e (f )"
= foBvpno(Appx D)o [P15, [Q]5)e ()" (15)

We have

foEvppo (App X D) = foA '(idp=p)o (App X D) by (114)
= A(f ' f)o((D=D)xf)o(App x D) by (112)
= AT(f = f)o (App x f) as —x —is functor
= Evpipro((f'=f) x D’) o (App x f) by (113)
= Evpipo((f'=f)oApp) x (D' of) as —x —is functor
= Evp/p o (App’of) x (D' of) by Definition A.0.11
= Evp/p o (App’ x D’) o (f x f) as —x —is functor

So continuing from (115) we get

fo[PQ]5 o (F")" = BEvpipo(App’ xD)o (fxf)o([P]s, [Q]5 Ve (F )™
—  Evprpro(App’ x D)o (fo [P}, fo [Q]5 ) o (f )"
( )
(Ap )

(
< = =

o (ro P50 ()" fo [l o (F)")
<

= Evpipro App x D

= Evorpro (App’ x D)o ([P [QI5)
- [[PQ]] D’
where the penultimate equality is clearly given by IH. O
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We can now prove Theorem 1.2.4 from the preliminaries, restated here below.

Theorem A.o.15. Let D and D’ be isomorphic reflexive objects in a cartesian closed category. Then
forall M, N € A and for all finite sequence of variables x1,...,xn such that fv(MN) C X we have

M) = N5 ifand only if [M]5, = [N]%,.
Proof. Let f: D — D’ be an isomorphism of reflexive objects. Let us prove the equivalence
MI5 = [N]}, <= fo[M]Lo(f D)™ = fo[N]5o(f)". (116)

from which the thesis immediately follows by Lemma A.o.14.
The left-to-right implication of (116) is obvious. The right-to-left implication follows from
the fact that f and (f*] )TL are isomorphisms, since we have

Fo[MI5e ()" = fo[NJ5o ()"

=
flofoMpo(f ") of™ = flofo[NJpo(f ") of® =
idp o [M]5, 0 (F1of)™ = idp o [N]5o(f'of)" =
M]J}, eidpn = [[N]7, cidpn =
M5 = IND%
which concludes the proof of (116). O

We are now going to prove Lemma 1.2.5, i.e. the fact that when it comes to isomorphisms
between extensional reflexive objects we do not need to check the commutativity of the right
diagram of (104) in Definition A.o.11.

Definition A.0.16. Let C be a category. A morphism f € C(A, B) is an epi if and only if for
every object C and for all morphisms g, h € C(B, C) whenever gof =hof then g =h.

Lemma A.o.17. Let (D,Abs,App) and (D', Abs’, App’) be reflexive objects in a cartesian closed
category. Let Abs be an epi. If the isomorphism f : D — D’ makes the left diagram of (104)
commute, then f is an isomorphism of reflexive objects.

Proof. By Definition 1.2.1 we have App o Abs = idp—p and App’ o Abs’ = idp/—p'. So the
outermost diagram in (104) commutes, i.e.

(f'=f) o App o Abs = App’ o Abs’ o (f'=f). (117)

By hypothesis the left one also commutes, meaning that Abs’ o (f~'= ) = f o Abs. Therefore
from (117) we get

(f71:> f) o App o Abs = App’ o foAbs.

Since Abs is epi, the last equality entails (f*] = f) o App = App’ o f, which is the commuta-
tivity of the right diagram of (104). O

Lemma A.0.18. Let (D, Abs,App) be an extensional reflexive object in a cartesian closed category.
Then Abs is an epi.
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Proof. Consider two arrows g,h : D — C such that goAbs = hoAbs, from which we

get goAbs o App = h o Abs o App. Since Abs o App = idp by Definition 1.2.1, which means

goidp = hoidp, i.e. the thesis g = h. O
We can finally prove Lemma 1.2.5 from the preliminaries, restated here below.

Lemma A.o.19. Let D and D’ be reflexive objects in a cartesian closed category. In particular let D
be extensional. If the isomorphism f : D — D’ makes the left diagram of (104) commute, then f is
an isomorphism of reflexive objects.

Proof. By Lemma A.0.17 and Lemma A.0.18. O
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Title: Relational Graph Models and Morris’s Observability

ABSTRACT

This thesis is a contribution to the study of Church’s untyped A-calculus, a term rewriting
system having the 3-reduction (the formal counterpart of the idea of execution of programs) as
main rule. The focus is on denotational semantics, namely the investigation of mathematical
models of the A-calculus giving the same denotation to 3-convertible A-terms. We inves-
tigate relational semantics, a resource-sensitive semantics interpreting A-terms as relations,
with their inputs grouped together in multisets. We define a large class of relational mod-
els, called relational graph models (rgm’s), and we study them in a type/proof-theoretical
way, using some non-idempotent intersection type systems. Firstly, we find the minimal and
maximal A-theories (equational theories extending [3-conversion) represented by the class.
Then we use rgm’s to solve the full abstraction problem for Morris’s observational A-theory,
the contextual equivalence of programs that one gets by taking the (-normal forms as
observable outputs. We solve the problem in different ways. Through a type-theoretical
characterization of $-normalizability, we find infinitely many fully abstract rgm’s, which
we call uniformly bottomless. We then give an exhaustive answer to the problem, by showing
that an rgm is fully abstract for Morris’s observability if and only if it is extensional (a model
of n-conversion) and A-Konig. Intuitively an rgm is A-Konig when every infinite computable
tree has an infinite branch witnessed by some type of the model, where the witnessing is a
property of non-well-foundedness on the type.

Titre: Modeles de Graphe Relationnels et Observabilité a la Morris

RESUME

La these contribue a 1’étude du A-calcul non-typé de Church, un systéme de réécriture dont
la regle principale est la (3-réduction (formalisant I'exécution d’un programme). Nous nous
concentrons sur la sémantique dénotationnelle, ’étude de modeles du A-calcul interprétant
de la méme fagon les A-termes (-convertibles. On examine la sémantique relationnelle, une
sémantique sensible aux ressources qui interprete les A-termes comme des relations avec les
entrées regroupées en multi-ensembles. Nous définissons une classe de modeles relation-
nels, les modeles de graphe relationnels (rgm’s), que nous étudions avec une approche issue
de la théorie des types et de la démonstrsation, par le biais de certains systemes de types
avec intersection non-idémpotente. D’abord, nous découvrons la plus petite et la plus grande
A-théorie (théorie equationnelle étendant la 3-conversion) représentées dans la classe. En-
suite, nous utilisons les rgm’s afin de résoudre le probléme de I'adéquation complete pour
la A-théorie observationnelle de Morris, a savoir I’equivalence contextuelle de programmes que
’on obtient lorsqu’on prend les -formes normales comme sorties observables. On résoudre
le probleme de différentes fagons. En caractérisant la 3-normalisabilité avec les types, nous
découvrons une infinité de rgm’s completement adéquats, que nous appelons uniformément
sans fond. Puis, nous résolvons le probleme de fagcon exhaustive, en prouvant qu’un rgm est
completement adéquat pour I'observabilité de Morris si et seulement si il est extensionnel
(il modele I'n-conversion) et A-Konig. Moralement un rgm est A-Konig si tout arbre récursif
infini a une branche infinie témoignée par un type non-bien-fondé.
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