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Abstract

Moving from the abstract definition of monads, we introduce a version of the
call-by-value computational A-calculus based on Wadler’s variant, without let, and
with unit and bind operators. We call the calculus computational core and study its
reduction, and prove it confluent. In particular, the reduction rules are the relation
obtained by orienting the monadic laws from left to right. The rules induced by
associativity and identity make the behaviour of the reduction, and the study of
its operational properties, non- trivial. This happens in the setting of any monadic
lambda-calculus, independently of the syntactic representation of the calculus that
internalizes them. Hence, the focus of our operational analysis is on two crucial
properties: returning a value and having a normal form. The cornerstone of our
analysis is factorization results. Weak factorization can be achieved by considering
the surface reduction relation, a contextual closure of calculi based on linear logic.
We expose the operational role of the rules associated with the monadic laws of
identity and associativity. We then analyze the property of having a normal form
(normalization), and then a family of normalizing strategies, i.e. sub-reductions
that are guaranteed to reach a normal form, if any exists. To deal with that we
rely on a quantitative analysis of the number of S .-steps.

In a second part, we study a Curry style type assignment system for the com-
putational core. We introduce an intersection type system inspired by Barendregt,
Coppo, and Dezani system for ordinary untyped A-calculus, establishing type
invariance under conversion. Finally, we introduce a notion of convergence, which
is precisely related to reduction, and characterize convergent terms via their types.

In the last part, we study the semantics of an untyped lambda-calculus equipped
with operators representing read and write operations from and to a global store.
We adopt the monadic approach to model side-effects and treat read and write as
algebraic operations over a monad. We introduce an operational semantics.

The intersection type assignment system is indeed derived by solving a suitable
domain equation in the category of omega-algebraic lattices; the solution consists
of a filter-model generalizing the well known construction for ordinary lambda-
calculus. Then the type system is obtained out of the term interpretations into
the filter-model itself. The so obtained type system satisfies the “type-semantics”
property (the semantics of a term is precisely the set of types that can be assigned
to it) by construction.

Finally, we prove that types are invariant under reduction and expansion of
term and state configurations, and characterize convergent terms via their typings.



CONTENTS

Preface

The Computational Core e its Reduction Theory

Introduction and Preliminaries

1.1 Introduction to the Calculus . . . . . . . ... .. ... ... ...

1.2 Preliminaries . . . . . . . . . .o
1.2.1 Basics in Rewriting . . . . . . . . ... o000
1.2.2 Basicson A-calculus . . . ... ... ... ... ... ...

The Computational Core A,

2.1 Concrete Models of the Computational A-calculus . . . . . . . ..
2.2 The Computational Core A\, . . . . . . . . ... ... ... ....
2.3 Reflexive T-object and A.-model . . . . . . . .. ... ... ....
2.4 The Reduction Relation . . . . .. .. ... .. ... ... ....

Relating A\, with Other Calculi

3.1 The Computational Core and let-notation . . . ... .. ... ..

3.2 The Operational Propertiesof 5. . . . . .. ... ... ... ...
3.2.1 Computational versus Bang Calculus . . . . .. .. .. ..
3.2.2  Computational versus Call-by-Value . . . . . . ... .. ..

3.3 The Computational Core and the Original Moggi’s Calculus

Operational properties
4.1 Route to Confluence of A, . . . . . . . . . .. ... ... ... ..
4.1.1 Recap: Confluence Properties of 3., o, andid . . ... ..
4.2 Weak and Surface Reductionof A, . . . . . . . ... .. ... ...
4.2.1 Weak Reduction:
the impact of Associativity and Identity . . . . .. .. ..
4.2.2 Surface Reduction . . . . . . .. ...
4.3 Surface and Weak Factorization . . . . . . . . . ... ... ....

23
23
24
25
26
27



CONTENTS

4.3.1 Surface Factorization of A\, (modularly) . . . . .. ... .. 39

4.3.2 A Closer Look to id-steps, via Postponement . . . . . . . . 41

4.3.3 Weak Factorization . . . . . ... ... ... ... ..... 42

4.4 Returning a Value. . . . . . . . . ... L 44
4.4.1 Values via Weak 5. Steps. . . . . .. ... ... 45

4.4.2 Values via 05, Root Steps . . . . . . . ... ... ... .. 45

4.4.3 Observational Equivalence . . . . .. .. .. ... ... .. 47

5 Normalization 49
5.1 TIrrelevance of ¢ Steps for Normalization . . . . . . .. .. ... .. 50
5.2 The Essential Role of o Steps for Normalization . . . . . . . . .. 51
5.3 Normalizing Strategies . . . . . . . . . ... ... .. 53
5.3.1  Uniform Normalization of Weak and Surface Reduction . . 53

5.3.2 Normalizing Strategies . . . . . . . . ... ... ... ... 56

6 Conclusions and Related Work 59
II Intersection Type Discipline for )\, 63
7 Introduction 65
8 Intersection Types for A, 67
8.1 The Intersection Type Assignment System . . . .. ... ... .. 67
8.2 Subject Reduction and Expansion . . . . . . ... ... ... ... 70
8.3 Type Interpretation over \.-Models . . . . . .. ... ... .... 74
8.3.1 Beyond Strictness . . . . . ... ... L. 76

8.4 The Filter-Model Construction . . .. ... ... ... ... ... 79
8.5 Soundness and Completeness of the Type System . . . . . . . .. 82

9 Characterization of Convergence 85
9.1 Equivalence . . . . . . .. ... 85
9.2 Characterization of Convergence . . . . . . . . . . ... ... ... 87

10 Conclusion and Related Work 91
10.1 Related Work . . . . . . . .. ..o 91
10.2 Further Developments . . . . . . . ... ... ... ... ..... 92
10.3 Conclusion . . . . . . . . . ... 92

III Instantiating the Monad: the case of Store Monad 95

11 Introduction to the case of Store Monad 97
12 An Imperative \-calculus 101
12.1 An Untyped Imperative A-calculus. . . . . . ... ... ... ... 101
12.2 Operational Semantics . . . . . . . . ... . ... .. ... ... 102
12.3 Convergence . . . . . . . . . ..o 107



CONTENTS

13 Store Monad

13.1 Denotational Semantics . . . . . . . . .. ... L.
13.2 The Filter-Model Construction . . . . . . . . ... .. ... ....
13.3 Deriving the Type Assignment System . . . . . ... ... .. ..
13.4 Typing Configurations . . . . . . .. .. .. ... .. .. .....

14 Characterization of Convergence

14.1 Type Invariance . . . . . . . . . . ..o
14.2 The Characterization Theorem . . . . . . . . . . . . . . . . . ...

15 Conclusions and Related Work

15.1 Discussion and Related Work . . . . . . . . . . . .. .. ... ..
15.2 Conclusion . . . . . . . . s

Overall Conclusions
Bibliography

A General Properties of the Contextual Closure

A.1 Properties of the Syntax A' . . . . .. ... ... ... ... ...
A.1.1 Shape Preservation for Internal Stepsin A' . . . . . . . ..
A.1.2 Surface Factorization, Modularly . . . .. ... ... ...
A.1.3 Restriction to Computations . . . . . ... ... ... ...

Operational Properties
B.1 Properties of Reductionin A\, . . ... .. ... .. ... .. ...
B.2 Normalization of A\, . . . . . . . . . . .. ...

Relating Calculi

C.1 Equational Correspondence between A\, and A\« . . . . . . . . ..

C.2 (Com,—,) and (Com”, —4,) are Isomorphic . . . . . ... .. ..

C.3 Equational Correspondence between A\, and Moggi’s Ac-calculus .
C.3.1 Translation of \,into A\¢ . . . . . . . . .. ... ... ...
C.3.2 Translation of A\¢ into A\, . . . . . . ... ... ... ...

111
111
116
125
131

137
137
143

149
149
152

153

155

163
164
164
165
166

167
167
171






PREFACE

An niive addressing This preface is supposed to be a preamble to the technical
contents that follow, without having any ambition of formality. On the contrary,
in the following pages, we essentially present the doubts, questions, and objectives
that ground the thesis work. This is the result of three years of research on how to
frame the investigation of the properties of monadic programs using intersection
type theory. Soon, in the course of the speculation, it will be realised that the
formalisation of an intersection type theory that could extend the results already
existing in the literature has to pass through a metalanguage that is as minimal
as possible but able to encapsulate the requirements for being monadic. So here
it is the first, main objective: extending results that were conceived for functional
programs into the word of non-functional programs, as framed via the notion of
monads. Let us first dwell on what it means to be monadic, which will be coupled
with other terms such as “with effects” or computational. Each of these synonyms
stresses the impure component of the program itself, but from slightly different
angles. But let us go step by step.

From functional to non-functional. Monads are pervasive structures in
many fields, especially those between computer science and mathematics, and, in
particular, they are a fundamental concept in extending functional programming.
Functional programming is a paradigm that treats computations as the evaluation
of mathematical functions, avoiding mutable data and changing-state. For each
input, a certain output is intended, without caring about the world around.
Functional programs will work the same way in every place and time, and will
only rely on themselves.

Let us call effects the intercommunications with the outside world. Through
effects, functional reality is augmented by means of additional structures and
operations to create and manage them. Roughly speaking, the codomain of
functions is embellished by means of these additional structures.

What kind of effects are we talking about? An instance is the ability to handle
exceptions, i.e. messages that are raised if something goes wrong and allowing
to decide how to proceed. Another simple and preliminary example includes
writing and/or reading strings from a screen (interactive input/output), or,
in general terms, the use of an auxiliary structure, a store, to save information
and to extract it when necessary. Other kinds of computational effects are
nondeterminism, that is the possibility to create more branches from a single
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input, or a probabilistic choice, that is giving a weight to each of these branches.

For this reason, functional programming is very sensitive to effects: if you add
them to the theory, you soon realise that there is a need for a more general and
elegant framework than a mere case-by-case description of them.

Monads are the key concept to satisfy this general drive. A monad in functional
programming is seen as a type constructor, i.e. a bridge that takes programs
from the functional world into the enriched, non-functional world, all of course
regulated by specific monadic laws. This makes it possible to control effects
uniformly without the need to write ah hoc code. Monads has been incorporated
in functional programming languages like Haskell in order to handle non-functional
aspects in a purely functional language.

Monads. The concept of a monad was first introduced by Godement in
1958 (although, more precisely, he discussed comonads in [God58]). Godement
was studying sheaf theory, which is a way to capture local data about a manifold
and, in doing so, obtaining global properties. His definition was also named triple,
which is still used nowadays when it comes to the the definition of Kleisli triple.
The concept was later renamed “monad” by Mac Lane [Mac97], because of the
analogy with monoids. Monads are frequent in many branches of mathematics:
from universal algebra (very interesting is the connection with Lawvere theories,
see [HP07]) to mathematical analysis (since Cauchy completions are monads).
Monads also gave birth to a new way to describe non-functional programming in
theoretical computer science, since Moggi’s work in the late 80’s. In the technical
report [Mog88] and in subsequent papers [Mog89, Mog91|, Moggi gave a unified
account of computational effects as monads.

Extending the A-calculus. The A-calculus is collection of formal theories
whose definition is given by three constructors and a single computational rule,
namely [-reduction; let us call this the “standard” or pure A-calculus. The
grammar of the A-calculus allows to write pure programs only, hence the connection
with functional programming, i.e. programs that can be described as mathematical
functions. A-calculus originated from certain systems of combinatory logic that
were conceived around 1930 as a foundation of mathematics by Church and Curry.
Nowadays, the “bible” of pure A-calculus is certainly [Bar85]. When one moves to
functions with embellished codomain, as in the monadic setting, one must also
try to mirror this by enriching the calculus syntax and, consequently, by adding
computational rules to manage effects: hence the name impure. This dichotomy
is well quoted at the beginning of one of Wadler’s paper [Wad95]: “shall I be
pure or impure?”. In fact, two approaches can actually take place: extend the
pure paradigm with extra features or accept to be impure tout court. The latter
approach will be the one adopted by us, motivated by the fact that in Kleisli
categories there is no distinction between pure and impure functions, as every
function has an embellished codomain. By the way, in [Wad95] the reader will
find another cornerstone for the investigation in this thesis. Indeed, our calculus,
that we baptize computational core has more affinity to Wadler’s formulation
of monads than to the computational A-calculus by Moggi, although both are
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semantically equivalent.

Operational analysis. Reduction and operational semantics of the compu-
tational A-calculus have been studied in the context of call-by-need calculi, e.g.
in [MOTW99, AFM*95], and confluence of reduction of Moggi’s A\c has been
established recently in [Ham18], essentially depending on the strong normalization
property of the calculus. However the calculus we consider here is untyped, and
not strongly normalizing, syntactically different, simpler, and strictly speaking
not a sub-calculus of any of its ancestors, as it does not have neither the let, nor
functional application as primitive constructs. By the way, the calculus we are to
propose should not be labelled as a particular, quirky calculus, at all. In fact, its
theory of reduction shares essential properties with other well established calculi
in the literature. Some connections with different calculi are detailed, but there
would be many others with which it would be worthy to undertake an analysis and
comparison, both syntactic and semantic. In fact, the study of reduction theory
of the computational core is not only aimed to investigate its properties, but
also to stress the similarities with other systems and shed new light on them. In
addition, we stress the didactic approach to the analysis of the computational core
reduction theory: the reader will notice that the study of factorization, confluence,
and normalization is carried out with different techniques, from the most powerful
ones such as van Oostrom’s decreasing diagrams [vO94] to the more classical ones
such as Takahashi’s parallel reduction [Tak95]. This multiplicity of approaches
represents not only a learning experience, but also a set of techniques that can be
put into practice in the study of calculi comparable to the one presented here.

Intersection type theory. Intersection types were introduced in the late
70’s by Dezani and Coppo [CDC80] to overcome the limitations of Curry’s type
discipline and enlarge the class of terms that can be typed. This is reached by
means of a new type constructor, the intersection. A complete introduction to
intersection type disciplines can be found in [BDS13|. From there, we will adopt
the BCD intersection type system, hence our systems will be equipped with a
subtyping pre-order with a distinguished top element. The historical fortune of
this type system is certainly its expressiveness, i.e. allowing to capture various
properties of A-terms that had escaped all previous typing systems.

One of the motivations for investigating intersection types is that, when
including a universal type (usually denoted by w) that can be assigned to any
term, types are invariant under term conversion, instead of just reduction. By this
property, the term meaning, namely its functional behaviour, is fully characterized
by the set of its types. So, establishing such a system for the computational
core, opens the way to study the case of (untyped) A-calculi with effects by well
established mathematical tools.

Intersection type disciplines allows to theoretically characterize weakly nor-
malizing terms, for instance, and also in this thesis we will reach a similar
characterization. In a nutshell, intersection types are able to strictly connect
the reduction behaviour of programs with their denotational semantics: we will
see how through our theories of intersection types we can qualify the terms that

iii
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converge to a value, and in the case of the store monad we will also be able to
characterise these through a particular type.

Another interesting aspect of intersection type disciplines is their idiosyncratic
semantic flavour. Intersection types have a semantics based on duality, which is
related to (actually is a restriction of) Abramsky’s domain theory in logical form
[Abr91]. By this duality, type theories give rise to filter A-models. Intersection type
assignment systems can then be viewed as finitary descriptions of the interpretation
of terms in such models, hence the meaning of a term is the set of types that can
be assigned to it. The filter-model presented in [BCD83] is a new A-model which
is useful to study completeness properties of type assignment systems for terms of
the pure A-calculus.

It turns out that filter-models have the structure of an algebraic lattice with
countable basis, where types are in one-to-one correspondence with the compact
points of such a domain.

Indeed, each inverse limit space obtained by the classical Scott’s D, con-
struction [Sco80], starting from a countably based lattice, is isomorphic to a
filter-model; a comprehensive reference is certainly [AS08]. In this thesis we will
deal with a filter-model that is isomorphic to a variant of the construction of D,
where the monad functor is involved in the domain equation.

In this thesis we intensively use such models, and in Part III we show how to
derive a type assignment system for an imperative lambda calculus (that is an
extension of the computational core) out of its D., model.

Thesis organization. This PhD thesis consists in three main parts. Each part
is provided with its own thematic introduction and is concluded by a discussion
of the results presented and a reference to the existing literature. This is done to
keep the parts stand-alone as much as feasible, exploiting the incremental nature
of the work. In the course of the thesis, in the introduction and conclusion of each
part, time and space will be spent to provide most appropriate references to the
topics. Since several macro-areas are touched upon, such as monads, reduction
theory, and intersection types, it is not appropriate to condense the entire state of
the art into a single section, like a large and varied grab bag.

Part I deals with the reduction theory of the computational core: this part first
presents preliminaries on the lambda calculus and rewriting theory, but also on
monads, because framing of the calculus has a strong foundation in the intended
semantics.

Part II presents an intersection type system for the computational core, leading
to the result of completeness. The most important result of the second part is
certainly the characterisation of the convergent terms.

This result is also mirrored in Part III, where the subject of study is an
extension of the computational core, namely a monadic calculus whose monad is
the store monad. This part is intended to be a case study in which the generic
monad is instantiated. In this case the type system is not presented ex abrupto
but is elegantly derived from the filter-model that is obtained by solving a suitable
domain equation.

The preliminaries presented in each part, for example aspects of domain theory,
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type theory, and other needed knowledge, are not described in detail. In fact, this
thesis has no ambition to be introductory or a good manual on basics, for which
historical and better established texts are cited.
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CHAPTER 1

INTRODUCTION AND
PRELIMINARIES

1.1 Introduction to the Calculus

The A-calculus has been historically conceived as an equational theory of functions,
so that reduction had an ancillary role in Church’s view, and it was a tool
for studying the theory (3, see [Bar85, Ch. 3]. The development of functional
programming languages like Lisp and ML, and of proof assistants like LCF, has
brought a new, different interest in the A-calculus and its reduction theory.

The cornerstone of this change in perspective is Plotkin’s [Plo75], where the
functional parameter passing mechanism is formalized by the call-by-value rule (3,
allowing contraction only if the argument term is a value, that is a variable or an
abstraction. In [Plo75] it is also introduced the notion of weak evaluation, namely
no reduction in the body of a function (aka, an abstraction). This is now the
standard evaluation implemented by functional programming languages, where
values are the terms of interest (and the normal forms for weak evaluation in the
closed case). Full g8, reduction is instead the basis of proof assistants like Coq,
where normal forms are the result of interest. More generally, the computational
perspective on A-calculus has given a central role to reduction, whose theory
provides a sound framework for reasoning about program transformations, such
as compiler optimizations or parallel implementations.

The rich variety of computational effects in actual implementations of functional
programming languages brings further challenges. This dramatically affects the
theory of reduction of the calculi formalizing such features, whose proliferation
makes it difficult to focus on suitably general issues. A major change here is
the discovery by Moggi [Mog91] of a whole family of calculi that are based on a
few common treats, combining call-by-value with the abstract notion of effectful
computation represented by a monad, that has shown to be quite successful. But
Moggi’s computational A-calculus is an equational theory in the broader sense;
much less is known of the reduction theory of such calculi: this is the main purpose
of the current chapter.
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The computational calculus. Since the seminal work [Mog91], computational
A-calculi have been developed as foundations of programming languages, formal-
izing both functional and non-functional features: see e.g. [WT03, BHMO02] to
mention two, starting a thread in the literature that is still growing. The basic
idea of computational A-calculi is to distinguish wvalues and computations, so that
programs, represented by closed terms, are thought of as functions from values
to computations. Intuitively, computations embody richer structure than values
and do form a larger set in which values can be embedded. On the other hand,
the essence of programming is composition; to compose functions from values to
computations we need a mechanism to uniformly extend them to functions on
computations, while preserving their original behaviour over the (image of) values.

To model these concepts, Moggi used the categorical notion of monad, ab-
stractly representing the extension of the space of values to that of computations,
and the associated Kleisli category, whose morphisms are functions from values
to computations, which are the denotations of programs. Syntactically, following
[Wad95], we can express these ideas by means of a call-by-value A-calculus with
two sorts of terms: walues, ranged over by V, W, namely variables or abstractions,
and computations denoted by L, M, N. Computations are formed by means of
two operators: values are embedded into computations by means of the operator
[-] written return in Haskell programming language, whose name refers to the
unit of a monad in categorical terms; a computation M x (Az.N) is formed by the
binary operator x, called bind (>>= in Haskell), representing the application to M
of the extension to computations of the function Ax.N.

The monadic laws. The operational understanding of these new operators
is that evaluating M = (Az.N), which in Moggi’s notation reads letz:= M in N,
amounts to first evaluate M until a computation of the form [V] is reached,
representing the trivial computation that returns the value V. Then V is passed
to N by binding x to V', as expressed by the equation:

[V]*x Az.N = N{V/z} (1.1)

This is the first of the three monadic laws in [Wad95]. To understand the others,
let us define the composition of the functions Axz.M and Ay.N as

(Az.M) e (\y.N) = Ax.(M x (A\y.N))

where we can freely assume that x is not free in V; this is named Kleisli composition
in category theory. Now the remaining laws are:

M xMxfz] =M (1.2)
(L*Ax.M)*xAy.N = L*Ax.(M*Ay.N) with o ¢ fv(N) (1.3)

Equality (1.2) (identity) implies that (Az.M) e (Az.[x]) = Az.M, which paired
with the instance of (1.1): (Ax.[z]) ® (A\y.N) = Az. N{z/y} =, \y.N (where =, is
the usual congruence generated by the renaming of bound variables), tells that
Az.[z| is the identity of composition e.
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Equality (1.3) (associativity) implies:
(Az.L) @ (\z.M)) @ (A\y.N) = (Az.L) o (\z.M) @ (A\y.N))

namely that composition e is associative.

The monadic laws correspond to the three equalities in the definition of a
Kleisli triple (see [Mog91]), that is an equivalent presentation of monads [Mac97].
Indeed, the calculus in [Mog91] is the internal language of a suitable category
equipped with a (strong) monad 7', and with enough structure to internalize
the morphisms of the respective Kleisli category. As such, it is a simply typed
A-calculus, where T' is the type constructor associating to each type A the type
T A of computations over A. Therefore, [-] and * are polymorphic operators with
respective types (see [Wad92, Wad95]):

[]:A—=TA x:TA—- (A—=-TB)—TB (1.4)

The computational core. The dynamics of A-calculi is usually defined as a
reduction relation on untyped terms. Moggi’s preliminary report [Mog88] specifies
both an equational and, in §6, a reduction system even if only the former is
thoroughly investigated and appears in [Mog91], while reduction is briefly treated
for an untyped fragment of the calculus. However, when stepping from the typed
calculus to the untyped one, we need to be careful and avoid meaningless terms
to creep into the syntax, so jeopardizing the calculus theory. For example: what
should be the meaning of M * N where both M and N are computations? What
about (Az.N) %V for any V? Shall we have functional applications of any kind?

To answer these questions, in [dT20], as well as in Chapter 2, typability is
taken as syntactic counterpart of being meaningful: inspired by ideas in [Sco80],
the untyped computational A-calculus is a special case of the typed one, where
there are just two types D and T'D, related by the type equation D = D — T'D,
that is Moggi’s isomorphism of the call-by-value reflexive object (see [Mog88], §5).
With such a proviso, we get the following syntax:

VW e=uxz | Ae. M (Val)
M,N,L:=[V]| M*V (Com)

If we assume that all variables have type D, then it is easy to see that all
terms in Val have type D = D — T'D, which is consistent with the substitution
of variables with values in (1.1). On the other hand, considering the typing of [-]
and * in (1.4), terms in Com have type T'D. As we have touched above, there
is some variety in notation among computational A-calculi; we choose the above
syntax because it explicitly embodies the essential constructs of a A-calculus with
monads, but for functional application, which is definable: see Chapter 2 for
further explanations. We dub the calculus computational core, noted A,.

From equalities to reduction. Similarly to [Mog88] and [SW97], the reduc-
tion rules in the computational core A\, are the relation obtained by orienting
the monadic laws from left to right. We indicate by (., id, and o the rules

5
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corresponding to (1.1), (1.2) and (1.3), respectively. The compatible closure of
these rules, denoted —,, has been proved confluent in [dT20], a proof reported
here in Section 4.1, which implies that equal terms have a common reduct and
the uniqueness of normal forms.

In [Plo75] call-by-value reduction —p, is an intermediate concept between
the equational theory and the evaluation relation g, , that models an abstract
machine. Evaluation consists of persistently choosing the leftmost (,-redex that
is not in the scope of an abstraction, i.e. evaluation is weak. The following crucial
result bridges the reduction (hence, the foundational calculus) with the evaluation
(implemented by an ideal programming language):

M =3V (for some value V) if and only if Mg V' (for some value V') (1.5)

Such a result (Corollary 1 in [Plo75]) comes from an analysis of the reduction
properties of —3,, namely standardization.

As we will see, the rules induced by associativity and identity make the
behaviour of the reduction—and the study of its operational properties—non-
trivial in the setting of any monadic A-calculi. The issues are inherent to the rules
coming from the monadic laws (1.2) and (1.3), independently of the syntactic
representation of the calculus that internalizes them. The difficulty appears clearly
if we want to follow a similar route to [Plo75], as we discuss next.

Reduction vs evaluation. Following [Fel88], reduction —, and evaluation 3>,

of A\, can be defined as the closure of the reduction rules under arbitrary and
under evaluation contexts, respectively. Consider the following grammars:

Ci=()|[M.C]|CxV | M*(Azx.C) (arbitrary) contexts

Eu=() | ExV evaluation contexts

where the hole () can be filled by terms in Com, only. Observe that the closure
under evaluation context E is precisely weak reduction.

Weak reduction of \,, however, turns out to be non-deterministic, non-confluent,
and its normal forms are not unique. The following is a counter-example to all
such properties—see Section 4.2 for further examples.

(([2] * 2) * Ax. M) % Ay. [y] > ([2] x 2) x Ax. (M % A\y. [y])

w

([2] *x 2) * Ax. M

Such an issue is not specific to the syntax of the computational core. The
same phenomena show up with the let-notation. Evaluation contexts are now
generated by

Eet := () | letx:=Ej;in N

and examples similar to the one above can be reproduced. We give the details in
Example 4.2.3.



1.1. Introduction to the Calculus

Content and contributions. The focus of this part is an operational analysis
of two crucial properties of a term M:

i M returns a value (i.e. M —* [V], for some V value).

ii M has a normal form (i.e. M —* N, for some normal N).

The cornerstones of our analysis are factorization results (also called semi-
standardization in the literature): any reduction sequence can be re-organized so
to first performing specific steps and then everything else.

Via factorization, we establish the following key result, analogous to (1.5),
relating reduction and evaluation:

M =7 [V] (for some value V) <= Mg} [V'] (for some value V') (1.6)

We then analyze the property of having a normal form (normalization), and
define a family of normalizing strategies, i.e. sub-reductions that are guaranteed
to reach a normal form, if it exists.

We already discussed evaluation. Let us discuss more in detail some of the
other aspects.

Factorization. While —, cannot be factorized w.r.t. weak reduction,
factorization can be achieved by considering the surface reduction relation, which
is less constrained and better behaved than weak reduction. It disallows reduction
under the [-] operator, only. Intuitively, weak reduction does not act in the
body of a function, while surface reduction does not act in the scope of return.
The name surface is reminiscent of a similar notion in calculi based on linear
logic [Sim05, EG16], and actually we will see (Section 3.2.1) that there is a
correspondence, with the [-] operator behaving like a box.

Identity and associativity. Our analysis exposes the operational role of
the rules associated to the monadic laws of identity and associativity.

i To compute a value, only (. steps are necessary.

ii To compute a normal form, B. steps do not suffice: associativity (i.e. o
steps) is necessary.

Normalization. The study of normalization is more complex than that of
evaluation, and requires some sophisticated techniques. We highlight some specific
contributions.

o We define two families of normalizing strategies in A,. The first one, quite
constrained, relies on an iteration of weak reduction .. The second one,

more liberal, is based on an iteration of surface reduction -+,,. The definition
and proof of normalization is parametric on both.

7
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e The technical difficulty in the proofs related to normalization comes from
the fact that neither weak nor surface reduction is deterministic. To deal
with that we rely on a fine quantitative analysis of the number of (. steps,
which we carry-on when we study factorization in Section 4.3.

Some of the most challenging proofs in this part are those concerned with nor-
malization via surface reduction. The effort is justified by the interest in having
a larger and more versatile strategy. The definition of strategy is not an actual
abstract machine but subsumes several ones, each following a different reduction
policies. It thus facilitates reasoning about optimization techniques and parallel
implementation.

A roadmap. Let us summarize the structure of this part.

Section 1.2 contains the background notions which are relevant to our concern-
ing.

Chapter 2 gives the formal definition of the computational core \,, via
the categorical definition of computational monad, and its reduction.

In Section 3.2 and Section 4.2, we analyze the properties of weak and
surface reduction. We first study —4_, and then we move to the whole \,, where
associativity and identity also come to play. In Section 4.1 we deal with the proof
of confluence of the calculus. In Section 4.3 we study several factorization results.
The cornerstone of our construction is surface factorization (Theorem 4.3.1). We
then further refine this result, first by postponing the id steps which are not .
steps, and then with a weak factorization. This further phase is motivated by the
properties which we analyze in Section 4.2.

In Section 4.4 we study evaluation, and analyze some relevant consequences
of this result. We actually provide two different ways to deterministically compute
a value. The first is the one given by Equation (1.6), via an evaluation context.
The second way requires no contextual closure at all: simply applying 5. and o
rules will return a value, if possible.

In Chapter 5 we study normalization and normalizing strategies. The
conclusions and related works are presented in this part last chapter, Chapter 6.

1.2 Preliminaries

1.2.1 Basics in Rewriting

In this section we recall some standard definitions and notations in rewriting (see
for instance Terese [Ter03] or Baader and Nipkow [BN9S]).

Rewriting System. An abstract rewriting system (ARS) is a pair (A, —)
consisting of a set A and a binary relation — on A whose pairs are written ¢t — s
and called steps. A —-sequence from t is a sequence of —-steps. We denote by
—* (resp. —=; =) the transitive-reflexive (resp. reflexive; transitive) closure of
—, and use < for the reverse relation of —, that is, u < t if t — u. We write
t =% s for a —-sequence t = t; — ... — t, = s of kK € N steps. If —, =, are

8
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binary relations on A then —; - —5 denotes their composition, i.e. t —1 - —9 s if
there exists v € A such that t —; u —9 5. We often set —15:=—1 U —.

A relation — is deterministic if for each t € A there is at most one s € A such
that t — s. It is confluent if <* - —* C —*. <*,

We say that u € A is —-normal (or a —-normal form) if there is no t such
that u — t. Confluence implies that each t € A has unique normal form, if any
exists.

Normalization. Let (A4,—) be an ARS. In general, a term may or may not
reduce to a normal form. And if it does, not all reduction sequences necessarily
lead to normal form. A term is weakly or strongly normalizing, depending on if
it may or must reduce to normal form. If a term ¢ is strongly normalizing, any
choice of steps will eventually lead to a normal form. However, if ¢ is weakly
normalizing, how do we compute a normal form? This is the problem tackled by
normalization: by repeatedly performing only specific steps, a normal form will be
computed, provided that ¢ can reduce to any. We recall three important notions
of normalization:

Definition 1.2.1 (Normalizing).

1. t is strongly —-normalizing (or terminating): every mazimal —-sequence
from t ends in a normal form (i.e., t has no infinite —-sequence).

2. t is weakly —-normalizing (or just normalizing): there exist a —-sequence
from t which ends in a normal form.

A reduction — is strongly (resp. weakly) normalizing if each t € A is. A reduction
— is uniformly normalizing if its weakly normalization implies its strongly
normalization.

The restriction to a subreduction o+ C — is a way to control that in a term
there are different possible choices of reduction. A normalizing strategy for — is

a reduction strategy which, given a term t, is guaranteed to reach its —-normal
form, if any exists.

Definition 1.2.2 (Normalizing strategies). A reduction — C— is a normalizing
strategy for — if = has the same normal forms as — whenevert has a —-normal
form. As a consequence, every mazimal <>-sequence from t ends in a normal
form.

Factorization. In this part, we will extensively use factorization results.

Definition 1.2.3 (Factorization). Let (A, —) be a rewriting system with — =
= U= The relation — satisfies e-factorization, written Fact(g>, —), if

Fact(gr,—): (aUp)" C &5 =7 (Factorization)

e

The relation — postpones after o, written PP(5>, =), if

* *

PP(gr, ) =" o' C o =" (Postponement)



Chapter 1. Introduction and Preliminaries

It is an easy result that e-factorization is equivalent to postponement, which
is a more convenient way to express it.

Lemma 1.2.4. The following are equivalent (for any two relations <>, —)

1. Postponement: PP(g>, - ).

2. Factorization: Fact(g>, +).

Hindley [Hin64] first noted that a local property implies factorization. Let
—= U We say that - strongly postpones after -, if

SP(g>, =) : = C 2T (Strong Postponement)

Lemma 1.2.5 (Hindley [Hin64]). SP(g+, —) implies Fact(z, ).

Observe that the following are special cases of Strong Postponement. The first
is linear in —>. We refer to it as linear postponement.

1. - C - =7
! I

2. - C o2 —

7 e’ = e

Linear variants of postponement can easily be adapted to quantitative variants,
which allow us to “count the steps”, and will be useful to establish termination
properties. We do this in Section 4.3.3.

Diamonds. We recall also another quantitative result, which we will use.
Fact 1.2.6 (Newman [New42]). Given an ARS (A,—), (1) implies (2).

1. Quasi-diamond: Yt € A, (t; <t — t3) implies (t, =ty or exists u such
that t| — u < tQ).

2. Random Descent: Vt € A, all mazximal sequences from t have the same
number of steps, and all end in the same normal form, if any exists.

If a reduction is quasi-diamond, then it has Random Descent.

Postponement, Confluence and Commutation Both postponement and
confluence are commutation properties. Two relations > and » on A commute if

NI G SR (Commutation)
A relation — on A is confluent if it commutes with itself. Postponement
and commutation can also be defined in terms of each other, simply taking —

for < and & for » (5 postpones after o if and only <« commutes with =).

As propounded in [vO20b], this fact allows for proving postponement by means
of the decreasing diagrams technique [vO94]. This is a powerful and general
tool to establish commutation properties, which reduces the problem of showing
commutation to a local test; in exchange of localization, the diagrams need to be
decreasing with respect to some labelling.

10
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Definition 1.2.7 (Decreasing). Let > = Ugex b and » = U;c; ;. The pair
of relations >, » is decreasing if for some well-founded strict order on the set of
labels L = K U J the following holds, for each k € K,j € J:

Gy Sy T hgy) (G <)

where (LY ={i€ KUJ |3l € L.1>1i}.

Theorem 1.2.8 (Decreasing Diagrams [vO94]). If a pair of relations >, » is
decreasing, then > and » commute.

Modularizing Confluence. A classic tool to modularize a proof of confluence
is Hindley-Rosen lemma, stating that the union of confluent reductions is itself
confluent if they all commute with each other.

Lemma 1.2.9 (Hindley-Rosen). Let —1 and —, be relations on the set A. If —
and —o are confluent and commute with each other, then —1 U —4 is confluent.

Like for postponement, strong commutation implies commutation.
Lemma 1.2.10 (Strong commutation [Hin64]). Strong commutation

—1 =9 C =% <=7 implies commutation.

1.2.2 Basics on A-calculus

We recall the syntax of A-terms, and some relevant notions about the A-calculus,
taking Plotkin’s call-by-value (CbV) A-calculus [Plo75] as a concrete example.
A-terms and values are generated by the grammars

V o= x| x.M (values Val) M,N ==V | MN (terms \)

where x ranges over a countable set of variables. Terms of shape M N and
Ax.M are called applications and abstractions, respectively.

Reduction.

« Contexts (with one hole ( )) are generated by
Cu= ()| MC|CM | Xz.C (Contexts)

C(M) stands for the term obtained from C by replacing the hole with the
term M (possibly capturing free variables of M).

e A rule p is a binary relation on A, which we also denote +,, writing
R—, R. Ris called a p-redez.

» A reduction step —, is the closure under context C of p. Explicitly, if
T,S € Termthen T —., S if T'= C(R) and S = C(R'), for some context C
and R —, R

11
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The Call-by-Value A-calculus. CbV A-calculus is the rewrite system (A, —3,),
the set of A-terms A, equipped with the g,-reduction, where the reduction —g, is
the contextual closure of the rule —g,:

(Az.P)V g, P{V/z} (V € Val).

Notice that here S-redexes can be fired only when the argument is a value.

Weak evaluation (which does not reduce in the body of a function) evaluates
closed terms to values. In the literature about CbV, there are three main weak
schemes: reducing from left to right, as defined by Plotkin [Plo75], from right to
left [Ler90], or in an arbitrary order [LMOS8]. Left contexts L, right contexts R,
and (arbitrary order) weak contexts W are, respectively, defined by

L= () |Lt]oL R:=()|tR|Rv W= () | W | tW

In general, given a rule —, on A, weak reduction 3, is the closure of —, under
weak contexts W; non-weak reduction =, is the closure of —, under contexts C
that are not weak. Left and non-left reductions (|—>p and :)p), right and non-right
reductions are defined in a similar way.

CbV Weak Factorization. Factorization of — g, allows for a characterization of
the terms which reduce to a value. Convergence below is a remarkable consequence
of factorization.

Theorem 1.2.11 (Weak Left Factorization [Plo75]).
o Left Factorization of —p,:  —§5 C 5"+ 775,"
« Convergence: T =5 V if and only if T —p,” V.
The same results hold for &> and g, in place of S,

Recalling that for closed terms the normal forms of —> are exactly the values,

it means that given M a closed term, M has a [3,-reduction to a value, if and only
if 5p,-reduction from M terminates.

12



CHAPTER 2
THE COMPUTATIONAL CORE A,

The title of the following section might lead the reader to think that he has not yet
entered the part of the text dedicated to reduction theory and, therefore, to a a
purely syntactical investigation. Actually, we think that the most appropriate way
to introduce the syntax of the computational core is through a description of the
monads and the intended model, since these concepts will have a great influence
on the design of the calculus itself. The “semantic” nature of the computational
core syntax will ensure that the terms of the grammar are only those that are
needed, i.e. avoiding redundancies, and reaching the requirement of minimality
whenever possible. This is why the calculus is called computational core, precisely
because it aims to be the heart of any calculus with effects.

2.1 Concrete Models of the Computational \-
calculus

The computational A-calculus, denoted Ag, has been introduced in the seminal
works [Mog89, Mog91]. It is a typed calculus derived from the categorical con-
struction of a monad (7,1, 1) (see [Mac97] chap. VI) over a cartesian category C,
equipped with some more structure to model Kleisli exponents, which represent
internally the morphisms in Cr(A, B) = C(A, T'B), where Cr is the Kleisli category
of the monad. For the precise definition see [Mog89], Defs. 3.2 and 3.5, or [Mog91]
Defs. 3.2 and 3.9; see also Definition 2.1.2, Proposition 2.1.3, and Proposition 2.1.4
below.

As said before, in Moggi’s construction C is cartesian. When looking at
Wadler’s type-theoretic definition of monads [Wad92, Wad95], that is at the basis
of the implementation of monads in Haskell language, a natural interpretation
of the calculus is into a cartesian closed category (ccc), such that two families
of combinators, or a pair of polymorphic operators called the “unit” and the
“bind”, exist satisfying the monad laws, namely (the syntactic counterpart of)
the three equations in Definition 2.1.1 below (see also Proposition 2.3.3). This
is more directly expressed by defining the interpretation of Wadler’s version of

13
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the Ac-calculus into a (locally small) subcategory of Set which is a ccc: here C
will be called a concrete ccc. Examples are the category Dom of Scott domains
with continuous functions, and its subcategory Alg of algebraic lattices with a
countable basis.

Definition 2.1.1. (Computational Monad [Wad95] §3)

Let C be a concrete ccc. A functional computational monad, henceforth
functional monad over C is a triple (T, unit, ) where T is a map over the objects
of C, and unit and = are families of morphisms

unity 1 A —=TA *ap: TAX (rB)* - TB

such that, writing xa g as an infix operator and omitting subscripts:

Left unit : unitax f = fa
Right unit : m*unit = m
Assoc : (m*xf)xg = mxAd.(fdxg)

where X is functional abstraction in the metalanguage: Nd.(f dx g) means d
fdxg.

This definition is the semantic counterpart of the type theoretic one in [Wad95],
but for the x which is curried in [Wad92] and Wadler’s subsequent papers, so that
it has type TA — (A — TB) — T'B; we adopt here the uncurried form to avoid
the cumbersome double exponent.

Leaving aside the discussion about different ways to define a Ac-model over
a ccc in general, for which the interested reader might consult [Pow00] and the
literature cited there, we limit ourself to show that a functional monad is indeed
a strong monad and a Ac-model in the sense of Moggi. Clearly Definition 2.1.1
is quite close to the notion of a Kleisli triple (T,n, "), which is an equivalent
definition of a monad.

Definition 2.1.2. (Kleisli triple [Mog91], Def. 1.2)

A Kleisli triple over a category C is a structure (T,n, ") where T : Obj. — Obj
is a map over the objects of C, and there are a family of morphisms na: A — TA
of C and a map _', we refer to as the extension map of T, sending any morphism
f:A—=TB inC to a morphism fT:TA — TB of the same category, such that:

floma=f  mhy=idra,  flogh=(fTog) (2.1)
where g : C' — TA.

In case of concrete ccc, Definition 2.1.1 coincides with the notion of Kleisli
triple just given. In fact, the equivalence is obtained by relating maps 1 and _f to
unit and x operators, as follows:

unitx = nx axf= f(a)

The first equality is just a notational variation of the coercion of values into
computations. The latter, instead, establishes the connection between the x
operator with the map _f.

Let state and prove this equivalence formally.

14
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Proposition 2.1.3. A functional monad (T, unit,*) over a concrete ccc C induces
a Kleisli triple over C.

Proof. Take ny = unity and fT = XNov.axx f:TA — TB for f: A— TB. By the
equation (Left unit) the following diagram commutes:

A
unita

TA TB

fi=Az.zxf i

By definition we have that nl, = Xz.z x unit,; therefore by (Right unit), for all
a € T'A we have:

nha=Nz.xxunity)a = a*unity = a

Finally by (Assoc) the following diagram commutes:

C A
unito g unity 4
TC n »TA n ~TB
g f
ich idTB

TVC (ffog) =XAy.yx Az gax f)

~-TB
namely for all ¢ € T'C"
(ffog)le=cxRz.gaxf)=(cxg)f
O

The above proof relies on the inter-definability of extension and bind by the
equation ffa = ax f. On the other hand by looking closely to this equation, we
see that what we have constructed is the morphism:

T=Nfz.xxf :TB* - TB™ (2.2)

internalizing the Kleisli map. This is the essential step in the construction of what
is called a C-monad in [Pow00], §5.

Since then we have not completely exploited the fact that C is a ccc. As such
it has all finite products, so that for any A, B the morphism

tap: AxTB —T(Ax B)
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is definable in terms of x, pairing and projections as
tap =Nz (mx)* Ny. unit (m z,y) (2.3)

which is such that:
t(a,m) =m* Xy.unit(a,y) (2.4)

Then t is a tensorial strength in the sense of [Mog91], Def. 3.2, as stated in
the following proposition.

Proposition 2.1.4. Given a monad (T, unit,*) the t defined in Equation (2.3)
commutes with the natural isomorphisms r4 : 1 x A — A and aapc: (A X B) X

C— Ax (BxC):
i) tiaorra="Tra
it) Taapcotaxpe =tapxco (ida X tpeo)oaapre
Moreover:
iii) tapo (ida X unitp) = unitaxp
) tapo(ida x pup) = paxpoTtapotars

where idg = XA .z, pa = (idpa)' = X 2. 2 xidpp and for any f : A — B,
Tf = (unitg o )1 = N z. 2 % (unitg o f)
Therefore (T, unit,*,t) is a strong monad.

Proof. By definition unfolding and straightforward calculations. n

2.2 The Computational Core \,

The computational A-calculus was introduced by Moggi in [Mog89, Mog91] as a
meta-language to describe non functional effects in programming languages via an
incremental approach. The basic idea is to distinguish among values of some type
D and computations over such values, the latter having type T'D. Semantically
T is a monad, endowing D with a richer structure such that operations over
computations can be seen as algebras of T

The monadic approach is not only useful when building compilers modularly
with respect to various kinds of effects [Mog91], to interpret languages with
effects like control operators via a CPS translation [Fil94], or to write effectful
programs in a purely functional language such as Haskell [Wad95], but also to
reason about such programs. In this respect, typed computational lambda-
calculus has been related to static program analysis and type and effect systems
[WT03, BHMO02], PER based relational semantics [BKHBO06], and more recently
co-inductive methods for reasoning about effectful programs have been investigated
[DGL17].

We aim to investigate the monadic approach to effectful functional languages
in the untyped case. This is motivated by the fact that similar, if not more elusive
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questions arise for effectful untyped languages as well as for typed ones; but also
because the untyped setting is the natural one where studying program analysis
via type assignment systems in Curry style, like in the case of intersection types
(as we do in Part IT), which we advocate. Indeed, working out the approach in
the untyped case lays the foundation for doing the same also for typed languages,
either by seeing intersection types as refinement types, or by looking at them as to
the formulas of the endogenous logic of domain theoretic interpretations of types
[Abr91]. The tools we use to establish program equivalence are the classic theory
of reduction and intersection type assignment, which we exploit for defining the
logical semantics of programs.

As already said in the introduction, it might appear nonsense to speak of
monads w.r.t. an untyped calculus, as the monad T interprets a type constructor
both in Moggi’s and in Wadler’s formulation of the computational A-calculus
[Mog91, Wad95]. However, much as the untyped A-calculus can be seen as a
calculus with a single type, which is interpreted by a retract of its own function
space in a suitable category as formerly observed by Scott [Sco80], the untyped
computational A-calculus A, that we are going to introduce formally, has two
types: the type of values D and the type of computations T'D. The type D is
a retract of D — T'D, written D <D — TD, that is an appropriate space of
functions from values to computations [Mog89]. Since we are interested in an
extensional model, instead of retractions we consider type isomorphisms. In fact,
in [Mog89], §5, the semantics of the untyped computational calculus is given by
two kinds of reflexive objects in the category of Ac-models, which are the solution
of either the equation D =T'D — T D in case of call-by-name, or

D=D—TD (2.5)

in case of call-by-value.

Since the distinction among values and computations is central in Ao, which
has been conceived as a generalization of Plotkin’s call-by-value A-calculus, we
adopt Equation (2.5) in defining the corresponding untyped calculus, which leads
to the syntax of our calculus in Definition 2.2.1.

Now we formally introduce the syntax and the reduction of the computational
core, shortly A, already presented in [dT20]. The notation in use for returned
values is line with [Wad95], another notation could be !. Playing with syntactical
changes would be convenient both to present the calculus in a more familiar
fashion, and to establish useful connections between A\, and two well known calculi,
namely Simpson’s calculus [Sim05] and Plotkin’s call-by-value A-calculus [Plo75].
This topic will be detailed in Chapter 3.

Definition 2.2.1 (Terms of \.). The terms consist of two sorts of expressions:
Val: VW = x| .M (values)
Com: M,N == [V]|MxV (computations)

where x ranges over a denumerable set Var of variables. We set Term := ValUCom;
fv(V') and fv(M) are the sets of free variables occurring in V' and M, respectively,
and are defined in the obvious way. Terms are identified up to clash avoiding
renaming of bound variables (a-congruence).
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Because of Equation (2.5) it is easy to see that, if we assume that all variables
x have type D, then any value term V' has type D and any computation term has
type T'D. Indeed omitting contexts, we have:

xr:DFM:TD
z:DbFx:D
XM :D—=TD=D
(2.6)
V:D M:TD V:D=D-—=TD
V]:TD MV :TD

Remark 2.2.2 (Application). In the grammar presented in Definition 2.2.1 there
is no functional application at all.

In fact, while VW might be included, yielding a term of type 7'D, none among
MV, VM and M N have a type in the calculus; indeed these are not well formed
terms according to Definition 2.2.1.

This may seem a strong limitation because we apparently cannot express
iterated application, since (VW )N is not well formed. Nonetheless, the application
among computations is definable:

MN =M % (Az.N x z) for 2z ¢ fv(N) (2.7)

Remark 2.2.3 (Let constructor). With respect to Moggi’s A\¢-syntax, we do
not have the let construct, which is considered as syntactical sugar for bind and
abstraction:

letx:=NinM = Nx*xAx.M

Last but not least, there is a deeper reason for not having functional application
as primitive, a reason connected to the actual implementation. The reason is
that the bind * itself represents an effectful form of application, such that by
redefining the unit and bind one obtains an actual evaluator for the desired
computational effects [Wad95]. Indeed one should keep in mind that both [-]
and x are abstractions of concrete realizations of such operators, depending on
the effects, and hence on the monad we want to model. Adding application as
primitive, and consequently the (3, rule, extends the calculus by a kind of a pure
application that is in general different than the impure one, that is effectful and
represented by the bind: this is an advantage when designing a programming
language, but not with a foundational calculus.

2.3 Reflexive T-object and )\ .-model

We end this introduction to A, grammar by defining the notion of \.-model in a
concrete cce, by analogy to that of environment A-model in [Mey82].

Definition 2.3.1 (Reflexive T-object and A\.-model). Let C be a concrete cce, and
(T, unit, x) a functional monad over C. Then an object D € Obj, is T-reflexive
if there exist the C-morphisms ® : D — TDP and U : TDP — D such that
PoV =idrpo.
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2.3.  Reflexive T-object and \.-model

A X-model in C is a tuple M(D) = (D,T,®,V) where T is a monad, D
is a reflexive T-object via ® and V. Then, setting Term-Envp = Var — D
as the set of variable environments ranged over by p, we define a pair of maps
[-17P : Val x Term-Envp — D and [-]*P : Com x Term-Envp — D, such that:

i) [2]; = p(2)

ii) [Ax.M]J? = Ww(Xd € D.[M]ZE. )
iii) [[VI]}P = unit[V]D

iv) [M > V]IP = [M]ZP  o([V]?)

where plz — d](z) = d and plz — d|(y) = p(y) if y Z x. Finally we say that M
is extensional if also Vo ® = idp.

As in case of environment A-models, these interpretations [1P and [-]*P are
well defined depends on the fact that )\d € D[M]7D., 4 € TDP, which is easily
established by induction over M. In the following we shall write D for a A.-model
M(D) whenever the context is unambiguous, and call it just a model.

By M{V/x} and W{V/x} we denote the capture avoiding substitution of = by
Vin M and W, respectively. This means that x is not bound in M, W and that V/
is free for x in M, namely fv(V)N BV(M) = 0, and similarly for W. Since we have
a denumerable set of variables and identify a-congruent terms, such conditions
can always be satisfied.

Lemma 2.3.2. Let D be a model. Then for all V,W € Val and M € Com, and
for all p € Term-Envp:

[[W{V/x}]]f = [[W]]f[m[[v]]g] and HM{V/JJ}]]TD HM —[V1P]
Proof. By an easy induction over W and M. O

For any model D and M, N € Com, we write D = M = N if for all p €
Term-Envp it holds [M]T? = [N]7TP. Then we write = M = N if D= M = N
for any model D.

Proposition 2.3.3 (Monad laws). For all V € Val and M, N, L € Com it holds
that:

i) E[V]*x(Ax.M) = M{V/z}
it) | M *x Ax.jx] =M
iti) E (LxAx.M)* A\y.N = Lx Ax.(M * \y.N) where x ¢ FV(N).

Proof. By definition unfolding and easy calculations. E.g. for arbitrary D and
p € Term-Envp:

[V]I* e M)[FP = unit[V]) « @(¥(Ad € DML 4))
= wunit[V]? xXd e D.[M]}D.,
= (M e D[MED, IV
= [M]}5 ple—[VIP] — [[M{V/x}]]fD

using Definition 2.3.1, equations ® o ¥ = idypp, Left unit and Lemma 2.3.2. [
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Chapter 2. The Computational Core \,

2.4 The Reduction Relation

Henceforth, but just in this part, we will use a slightly different notational variant
of the computational core, representing the bind constructor just as an application:

VM : =M%V

Note that, recalling Remark 2.2.2, this notational variation could be misleading,
since it seems that a functional application is taking place: this is not the case as
the bind operator is not just a functional application. This choice is to make the
rewriting treatment more readable and connection with other calculi more visible.

In conclusion, this allows to present the calculus in a more familiar fashion
and it also enlightens some issues left aside in the literature. But in [dT20], as
well as in Part II and Part III, the bind operator is explicitly presented, as in the
referred [Wad95]. In the authors’ opinion, the bind notation is convenient when it
comes to a semantical analysis, thanks to the its connection with monad laws. In
addition it useful to stress that the bind operator has a operational flavour, too:
it is a chronological point of view about the evaluation, as clearly understandable
in the connection with let constructor in Remark 2.2.3.

Definition 2.4.1 (Reduction). The relation A\, = B.Uid U is the union of the
following binary relations over Com:

Be) Az M)([V]) —p. M{V/x}
id) Az [z)M g M
o) (M.N)((AeM)L) —, M. Ay.N)M)L forx & fv(N)

The substitution is defined as aspected. The reduction —, is the contextual closure

of \., where contexts are defined as follows:

C:

O [P CVE] (Ae.OM Contexts

Remark 2.4.2. Let us continue with the Remark 2.2.2 and with the fact that the
application VW can be introduced in our calculus. In fact, as remarked in [dT20],
the only form of application which is admissible is VW, that is a computation
with type T'D. By adding these new terms to Com, we have to consider the
axiom of f,-conversion, namely (Ax. M)W = M{W/x}. However, this introduces
redundancies in the calculus; let VW be defined as abbreviation of V[W], then
by Equation (1.1) and taking V = \z.M:

Az M)W = (A& M)[W] =5, M{W/x} (2.8)
Remark 2.4.3 (. and 3,). We are now in place to show how a [3,-reduction
is simulated by a [.-reduction, simulated possibly in more steps. Observe that

the reduction relation —, is only on computations, therefore no computation N
will ever reduce to some value V'; however, this is represented by a reduction
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2.4. The Reduction Relation

N —7* [V], where [V] is the coercion of the value V' into a computation. Moreover,
let us assume that M —* [Az.M’]. We have:

MN = (AzzN)M
=% (Az.z[V])[Az. M']
o QM)
—g, M'{V/x}

where, if z & fv(N) then z & fv(V).

Surface and weak reduction. As we shall see in the next sections, there are
two natural restriction of —.: weak reduction >, which does not fire in the scope

of A\, and surface reduction <., which does not fire in the scope of [-]. The former
is the evaluation usually studied in CbV A-calculus (Theorem 1.2.11). The latter
is the natural evaluation in linear logic, and in Simpson’s calculus, whose relation
with A, we discuss in Section 3.2.1.

Surface and weak contexts are, respectively, defined by the grammars

O JVS| (e S)M Surface Contexts

S
W= ()| VW Weak Contexts

For p € {B.,id, 0, A\.}, weak reduction >, is the closure of p under weak contexts
W, surface reduction 4+, is its closure under surface contexts S. Non-surface
reduction =g, is the closure of p under contexts C that are not surface. Similarly,
non-weak reduction — , is the closure of p under contexts C that are not weak.
Clearly, *,C +,. Note that >4, is a deterministic relation, while 535, is not.

Example 2.4.4. To clarify the difference between surface and weak, let us consider

the term (Az.I[x])[Ay.I[y]], where I = Az.[z]. We underline the fired redex.

o (A dla)) My Iyl] s A [2]) My I[y]];

o (AzI[z])[MyI[y]] g (Az.[x])[Ay L [y]];

o O]y ly)) . (I [2]) Myl

Remark 2.4.5 (Uniqueness of weak contexts). As we recalled in Section 1.2.2; in
CbV weak contexts can be given in three forms, according to the order in which
redexes which are not in the scope of abstractions are fired: L, R, W. When the
grammar of terms is restricted to computations, the three coincide. So in the
computational core there is only one definition of weak context.

In Section 3.2 and Section 4.2, we analyze the properties of weak and surface

reduction. We first study — 4., and then we move to the whole \,, where o and id
also come to play.
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Chapter 2. The Computational Core \,

Computations are closed under reduction. The set of computations Com
is closed under substitutions and reduction:

Proposition 2.4.6.
1. If M € Com and V' € Val then M{V/x} € Com.

2. If M € Com and M —, M' then M' € Com, for p € {B.,0,id}. The same
property holds for surface reduction >, and weak reduction »,.

Proof. Ttem 1 follows by observing that in M{V/z} we just replace the value x
by another value V. Item 2 follows by item 1 and by induction over contexts. [J
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CHAPTER 3

RELATING A, WITH OTHER
CALCULI

We relate the computational core to other well-known calculi: Sabry and Wadler’s
refined computational calculus, Simpson’s linear calculus, Plotkin’s CbV, Moggi’s
original computational calculus. These connections are done in order to place
the computational core in the existing literature, and transferring already known
properties from these calculi to the computational core .

3.1 The Computational Core and let-notation

It is natural to compare the core calculus A, with other untyped computational
calculi with the let-constructor, as already mentioned in Remark 2.2.3. A useful
reference is [SW97], where Moggi’s untyped calculus A\c [Mog88] is refined into a
variant, called A+, that we display in Figure 3.1.

Values: VW = x| .M
Computations: M,N := [V]]|letz:=MinN |VW

Reduction —,;= is the contextual closure of the following rules.

(c.B) (Az. M)V — M{V/z}
(c.m) Ve — V xz & fv(V)
(c.let.p) letz:=[V]inN — N{V/z}
(c.let.n) letz:=Min[z] — M x & fv(M)
(clet.ass) lety:=(letx:=LinM)inN — letx:=Lin(lety:=MinN)

Figure 3.1: \,«: Syntax and Reduction

To state a correspondence between A\, and \,,;+, consider the translations in
Figure 3.2. The translations induce an equational correspondence (in the sense of
[SF93]) by adding n-equality to ..
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Chapter 8. Relating A, with Other Calculi

() A — A ()% s A = A
() = = ()° = =
(Ax.M)* = Xz.(M)* A M)° = Xx.(M)°
(VW)* = Ve[ (v = [v°]
(VD) = [V°] VW] = vewe
(letz:=MinN)* = (Ax.N®)M* (xM)° = lety:=Minzy
(M. N)M)° = letz:=M°in N°

where in the last two clauses for (-)°, y & fv(M) and M # [W] for any value W.

Figure 3.2: Translations

More precisely, let —, be the contextual closure of the rule
Ax.(Viz]) =, V
Let =, be the reflexive-transitive and symmetric closure of the reduction —, =
—o U =+, and similarly for =,,;» with respect to —,;;-.
Proposition 3.1.1. The following hold:
1. M =, (M°)* for every term M in \.;

2. (P*)° =ux P for every term P in A+,
3. M =, N implies M° =+ N°;

4. P =, Q implies P* =, Q°.
Proof. By induction over the definition of the translations, see Appendix C.1 for
a detailed proof, and Proposition C.1.1 for another, more informative one. O]

In Proposition 3.1.1 we consider =,, which includes 7-conversion, since

M #, ((xM)°)* = (Ay-2[y])(M°)*
(where =, is the reflexive-transitive and symmetric closure of —,) and so condition
(1) in Proposition 3.1.1 would not hold if we replace =, with =..

It is natural to wonder if there is a Galois connection as defined in [SW97].
This amounts to replace =, with = and =,,;» with —> . in Proposition 3.1.1.
The answer is negative because the condition corresponding to (1), namely M —7,
(M°)*, fails since M /47, ((#M)°)*. The lack of a Galois connection means
that the two calculi do not have the same reduction theory, even if they share
the same convertibility theory, and have the same denotational semantics, by
Proposition 3.1.1

3.2 The Operational Properties of .

Since [-reduction is the “engine” of any A-calculus, we continue such comparisons
by focussing on the properties of —4, and its surface and weak restriction. We
do so by relating it first with the reduction —4 of Simpson’s linear A-calculus
[Sim05], and then with — g, of Plotkin’s CbV calculus.
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3.2. The Operational Properties of (3,

3.2.1 Computational versus Bang Calculus

We call bang calculus the fragment of Simpson’s linear A-calculus [Sim05] without
linear abstraction. It has also been studied in [EG16, GM19] (with the name bang
calculus, which we adopt), and it is closely related to Levy’s Call-by-Push-Value
[Lev99].

When considering only /. reduction, it is easy to see that (Com,—g,) is the
restriction of the bang calculus to computations. Therefore, 5. has the same
syntactical properties, which we review below.

The bang calculus. We briefly recall the bang calculus (A', —4,).
Terms A' are defined by
T,5,Q,P:=xz|TS | Xe.T|\T (Terms A')
Contexts (C) and surface contexts (S) are generated by the grammars:

()| TC|CT | Ax.C|!C (Contexts)
()|TS|ST | Xx.S (Surface Contexts)

C:
S

The reduction —, is the closure under context C of the rule

(Az.P)IQ =4 P{Q/x}

Surface reduction 5+, is the closure of the rule — 4 under surface contexts S.
Non-surface reduction 5+ is the closure of the rule 3 under contexts C that
are not surface. Surface reduction factorizes —g,.

Theorem 3.2.1 (Surface Factorization [Sim05], Prop. 5.2). In (A}, —pg,):

1. Surface Factorization of —4:  —% C &5 - =25 -
2. Boxes: T —3!Q if and only if T4 P

Surface reduction is non-deterministic, but satisfies the diamond property of
Fact 1.2.6.

Theorem 3.2.2 (Confluence and diamonds [Sim05]). In A':

o the relation —p, is confluent;

o the relation <+, has the quasi-diamond property.

Restriction to Computations. The restriction of the calculus above to com-
putations, i.e. (Com', —p,) is exactly the same as the fragment of A\, with S.-rule
as unique reduction rule, i.e. (Com,—z,).

First, observe that the set of computations Com defined in Chapter 2 is a
subset of the terms A', and moreover it is closed under — 5, reduction (exactly as
in Proposition 2.4.6). Second, observe that the restriction of context and surface
contexts to computations, give exactly the grammar defined in Chapter 2. Then
(Com',—3,) and (Com, —4,) are in fact the same (modulo replacing the ! operator
with [-]), and:
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Chapter 8. Relating A, with Other Calculi

e M —p N if and only if M —5, N.
e M 55 N if and only if M o5 N.

Hence, —+4, in the computational core inherits all the syntactical properties of
the reduction —5,, and in particular, surface factorization and the quasi-diamond
property of s+5,. We will use both extensively.

Fact 3.2.3 (Properties of 5. and its surface restriction). In A,:
—g, 15 non deterministic and confluent,
8. s quasi-diamond, and so is confluent,

— g, satisfies surface factorization.

3.2.2 Computational versus Call-by-Value

(Com, —p,) is also isomorphic to the kernel of Plotkin’s CbV A-calculus, that is
the restriction of —4, to the the terms Com"” C A which are defined as follows.

Val” : VW = x| .M
Com": M,N,L == V|VM

The isomorphism between (Com, —4,) and (Com", —g,) is given in Appendix C.2.
Observe also that the restriction of weak context to Com’ gives exactly the
grammar defined in Chapter 2, and this for all three weak contexts (L, R, W),
which all collapse to the same shape. Summing up:

Fact 3.2.4 (Properties of 3. and its weak restriction). In A,:
wra. 15 deterministic,
—g, satisfies weak factorization: — —% C " s

Call-by-value versus its kernel. Interestingly, the kernel of the CbV (and
hence —4,) is as expressive as CbV A-calculus, as we discuss below. This result
was already shown by Accattoli [Acc12].!

With respect to its kernel, Plotkin’s CbV A-calculus is more liberal in that
application is unrestricted (left-hand side need not be a value). The kernel has the
same expressive power as CbV calculus, because the full syntax can be encoded
into that of the restricted one, and because the kernel can simulate every reduction
sequence of the full calculus.

Formally, consider the translation (-)® from the CbV A-calculus to the kernel.

PeQ* if P i lue;
@)=z OwP)r=iep (PQr={"¢ S A vae;

(Ax.zQ®)P* otherwise.
Proposition 3.2.5 (Simulation of the CbVA-calculus into its kernel). For every
term P in the CbV X-calculus, if P —5, () then P*® —>§U Q°.

!Precisely, Accattoli studies the relation between the kernel calculus Ayker and the value
substitution calculus A\ysup, i.e. CbV and the kernel extended with explicit substitutions. The
syntax is slightly different, but not in an essential way.
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3.8. The Computational Core and the Original Moggi’s Calculus

3.3 The Computational Core and the Original
Moggi’s Calculus

Moggi’s type free calculus in [Mog89] §6, called A¢ (a name we have been using
here for Moggi’s typed calculus) is clearly the ancestor of A,, but the usage of unit
and bind in place of the let-constructor is not a little change.

On the one hand we have defined reduction by orienting the three monad
laws: this is simpler than having six rules plus 7 as in Moggi’s case. By the way,
relating the two calculi is not straightforward. Indeed the untyped A¢ includes
application of arbitrary terms and admits terms like let z:= M in N for non values
N; also sorts are not preserved by reduction, and a non-value may reduce to a
value, as in CbV A-calculus: however, if this is not disturbing in case of the latter,
it produces a semantic mismatch when monads are involved, since D and T'D are
different domains, in general.

In [dT19], and here in Appendix C.3, we report the grammar and reduction
theory of A¢ and formally define a translation (-)° : A, — A¢, where (V. M)°
is equal to (letx:= (M)%in (V)°z). Actually, the translation will be formalized
between Moggi’s calculus and the notational variant of the computational core
where one has M x V' that will be in use in Parts II and III. By the way, this
translation preserves conversion, but not reduction, for similar arguments that we
have encountered when dealing with ;.

In the opposite direction, we have a translation (-)* : Ac — A, that is as
(n)® = (n)*“™ and (v)* = [(v)*"¥] where in Moggi’s terms n is a non value, v is
a value, and the translations (n)*™ and (v)*"® into Com and Val, respectively,
are mutually defined. E.g. in case of the let-expressions we have four clauses:

(letz:=ninn/)*¢m = X\

)
(letz:=vinn/)*cm = )\
(letz:=ninv)*cm = X\
(letz:=vinv/)*fom = )\
This translation preserves reduction when 7 is dropped from reduction in the
untyped A¢; otherwise, we must add 7. rule to the reduction relation, hence losing
confluence (see Example 4.1.4).

By this, both the confluence proof of A¢ in [MOTW99] §8.3, where it is called
coMP, and the proof by checking critical pair using the tool PolySOL in [Ham18],
cannot be used in our case, and we have preferred to prove confluence of A\, from
scratch, although following a standard pattern: see e.g. [AFM195]. Confluence
of cOMP is established in [MOTW99] via a translation from a call-by-need linear
A-calculus, but without 7, facing a similar difficulty as we mention at the end of

Section 4.1, where we treat a way to prove confluence of ..
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CHAPTER 4

OPERATIONAL PROPERTIES:
CONFLUENCE, FACTORIZATIONS,
AND RETURNING VALUES

4.1 Route to Confluence of )\,

A fundamental property of reduction in ordinary A-calculus is confluence, estab-
lished in the Church-Rosser theorem.

Although the most essential notions of rewriting properties have already been
presented in Section 1.2.1, in the following, before the most crucial results, the
definitions of the properties we are going to prove will be covered again.

In this section we focus on proving confluence of — for the A -calculus, i.e.
without any differentiation on in which kind of context the reduction is taking
place. This is a harder task since reduction in A, has three axioms instead of just
the ( rule of the A-calculus, whose left-hand sides generate a number of critical
pairs. Before embarking into the proof, let us see a few examples, some of them
could be a rephrase of already presented examples for different purposes.

Example 4.1.1. In this example we see how outer reduction by ¢ may overlap
with an inner reduction by .. Representing the given reductions by solid arrows,
we see how to recover confluence by a reduction and a relation represented by a
dashed arrow and a dashed line, respectively:

o

(Ay. N)((A\z. M) [V]) - (Az. (Ay. N)M)[V]
i 5
Ay N)(M{V/x}) =---mmm oo ((Ay. N)M){V/x}

where x ¢ fv(IN), which is the side condition to rule o; therefore the two terms in
the lower line of the diagram are syntactically identical.
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Chapter 4. Operational properties

Example 4.1.2. In this example we see how outer reduction by o, overlapping
with outer id, can be recovered by an inner reduction by id:

g

(Az. [z])((Ay. N)M) - (Ay-(Az. [a]) N)M

o PR

2

(A\y. N)M

Example 4.1.3. Here the outer reduction by ¢ overlaps with an inner reduction
by id. This is recovered by means of an inner reduction by [,:

O\y. N) (. [2]) M) “ - (\z.(My. N) [2]) M
id iﬁc
(e NOM = (. N{a/y))M

where = & fv(N) as observed in Example 4.1.1, and therefore A\x. N{z/y} is the
renaming by x of the bound variable y in Ay. N: then the dashed line represents
a-congruence.

Example 4.1.4. We end by considering the issue of weak and full extensionality,

that have not been treated in Section 2.4. Weak extensionality, also called &-rule

of the ordinary A-calculus, is reduction under abstraction. This is guaranteed by

the contextual closure, but only in the context of computation terms.
Concerning extensionality an analogous of n-rule is:

ne) Av.(Ve]) =V, 2 & FV(V) (4.1)

This involves extending reduction from Com to the whole Term. However the
reduction obtained by adding 7. to —, is not confluent:

(A=) (A (y[e])) M) s (AN (yla])M
e 3
;
(AzN)(yM) ------- e e e e - .7

After having inspected the above examples, one might by tempted to conclude
that the reduction in Definition 2.4.1 enjoys the diamond property, namely it is
confluent within (at most) two single steps, one per side (for the diamond property
see Equation (4.3) below: we say here ‘at most’ because — is not reflexive).
Unfortunately, this is not the case because of rule ., that can multiplicate redexes
in the reduced term exactly as the -rule in ordinary A-calculus. Even worse, rule
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o generates critical pairs with all other rules and with itself, preventing the simple
extension of confluence proofs for S-reduction to succeed.

Following a strategy used in case of call-by-need calculi with the let-construct
(see e.g. [AFMT95, MOTW99]), we split the proof in three steps, proving conflu-
ence of 8. Uid and o, separately, and then combining these results by means of
the commutativity of these relations.

Confluence of 5.Uid. In this first step we adapt the parallel reduction method,
originally due to Tait and Martin Lof [Bar85], and further developed by Takahashi
[Tak95]. See e.g. the book [Ter03] ch. 10. Let’s define the following relation —e-:

Definition 4.1.5. The relation —e» C Term x Term is inductively defined by:
1. x -5z
2. M —e> N = \x.M —» \z.N

Vs V' = [V] - [V]

M —» M andV —e» V' = VM - V'M'

M - M andV —» V' = (Ax.M)[V] —» M'{V'/z}

SIS

M - M’ = (Ax.[z))M —> M’

By Item 1 - Item 4 above, relation —e— is reflexive and coincides with its
compatible closure. Also —4.iq C —e-; intentionally, this is not the case w.r.t. the
whole —.

Lemma 4.1.6. For M,M' € Com and V,V' € Val and every variable x, if
M —e» M' and V —» V', then M{V/x} —o» M'{V'/z}.

Proof. By an easy induction on the definition of M —e» M’ and V —e» V'. [

Now, by means of Lemma 4.1.6 one easily proves that —e+» C —7 ;.

The next step in the proof is to show that the relation —e— satisfies the triangle
property TP defined in Section 1.2.1 :

VPAP*VQ. P - Q = @ — P* (4.2)
where P, P*, () € Term. TP implies the diamond property DP, which for —e— is:
VP,Q,R.P-+Q & P—-+ R = 3AP'. Q - P & R -+ P (4.3)

In fact, if TP holds then we can take P’ = P* in DP, since the latter only depends
on P. We then define P* in terms of P as follows:
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4. (Az.M)[V])* = M*{V*/z}
5. (Az.[z])M)* = M*, it M £ [V] for V € Val
6. (VM) =V*M*, M # [W] for W € Valand V # \z.[z]

Lemma 4.1.7. For all P,QQ € Term, if P —e~ ) then ) —» P*, namely —o>
satisfies TP.

Proof. By induction on P —e— (). The base case * —e+ x follows by z* = =x.
All remaining cases follow by the induction hypotheses; in particular, if P =
(Ae.M)[V] —» M'{V'/z} = Q because M —» M’ and V —e» V' then by
induction M’ —e» M* and V' —e» V*, so that M'{V’'/x} - M*{V*/z} = P*
by Lemma 4.1.6. [

According to [Bar85], Def. 3.1.11, a notion of reduction R is said to be
confluent or Church-Rosser, shortly CR, if —7, satisfies DP; more explicitly in our
setting for all M, N, L € Com:

M—=*N & M—="L=3M e ComN—="M & L—'M
Corollary 4.1.8. The notion of reduction B.Uid is CR.

Proof. As observed above —g.g € —e+, hence M —7% ;; N implies M —e»* N,
where —e+* is the transitive closure of —e+, and similarly M —e+™ L. By

Lemma 4.1.7 —e+ satisfies TP, hence it satisfies DP. By an easy argument
(see e.g. [Bar85] Lemma 3.2.2) we conclude that N —e»* M’ and L —e»* M’ for
some M’, from which the thesis follows by the fact that —e-» C —7 ;4. O

Confluence of 0. To prove confluence of o (more properly of its contextual
closure) we use Newman Lemma (see [Bar85], Prop. 3.1.24). A notion of reduction
R is weakly Church-Rosser, shortly WCR, if for all M, N, L € Com:

M —gr N & M —g L=3M € Com.N—=, M & L—35 M

Lemma 4.1.9. The notion of reduction o is WCR.

Proof. 1t suffices to show the thesis for the critical pair My —, M, and M; —, M3
where:

M, = (Az.P)((Ay.N)((Ax.M)L))
M, = (Ay.(Az.P)N))((Az.M)L)
M; = (Az.P)(Az.((A\y.N)M))L)

Then in one step we have:
My =, (Az.(A\y.((Az.P)N))M)L) = M,

but
M; —, (Ax.(Az.P)((A\y.N)M)))L —, M,

where the two reduction steps are necessary. O
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Recall that a notion of reduction R is strongly normalizing, shortly SN, if there
exists no infinite reduction M —g M; —r My —g --- out of any M € Com.

Lemma 4.1.10. The notion of reduction o is SN.

Proof. Given M € Com, let’s denote by the same M the expression obtained by
marking differently all applications in M, say .1, ..., (every term is finite, so it
is the number of application constructors). For example M = (Az.[z])((A\y.[y])[2])
becomes with this slight change of notation (Ax.[z]) «1 ((A\y.[y]) =2 [2]).

We say that .; is to the right to .; in M if there exists a subterm V .; L of M
such that .; occurs in L. Finally, let’s denote by g1/ the number of pairs (u;, ;)
such that .; is to the right of .; in M.

If a term includes an o-redex (Ay.P).; ((Az.N).; L), which is contracted to
(Az.(Ay.P) .; N) . L, then .; is to the right of .; in the redex, but not in the
contractum. Also it is easily seen by induction on terms that, if .; is not to the
right of .; in M and M —, N, the same holds in N.

It follows that, if M —, N then §M > N, hence ¢ is SN. The described
counter-clockwise movement is depicted in the image below:

"] 2
/\j AN
V 2 o AT L

/N T\

Ax L .1

| /\

N V N

Corollary 4.1.11. The notion of reduction o is CR.

Proof. By Lemma 4.1.9, Lemma 4.1.10 and by Newman Lemma, stating that a
notion of reduction which is WCR and SN is CR. O

The last step to confluence Finally we show that —4,4 and —, commute.
Lemma 4.1.12. Reductions —a.,iq and —, commute.

Proof. By Lemma 1.2.10, two strongly commuting relations commute, and com-
mutativity is clearly symmetric; hence it suffices to show that

NﬁcidH M —, L = dP € Com. N—); F’ﬁci(ﬁL L

We can limit the cases to the critical pairs, that are exactly those in Examples 4.1.1
to 4.1.3, which commute. O

Theorem 4.1.13 (Confluence). The notion of reduction A, = 5.Uid Uo is CR.

Proof. By the commutative union lemma (see [BN98|, Lem. 2.7.10 and [Bar85],
Prop. 3.3.5, where it is called Hindley-Rosen Lemma), if —44 and —, and are
both CR (Corollary 4.1.8 and Corollary 4.1.11), and commute (Lemma 4.1.12),
then =, = =34 U —, is CR. O
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Chapter 4. Operational properties

Consequence of Theorem 4.1.13 is the unicity of the normal form of a term, if
any. Also, by construction and Proposition 2.3.3, convertible terms, related by
the reflexive, symmetric and transitive closure =, of —,, namely its convertibility
relation, are equated in any model of \..

The image below aims to recap the process in proving the confluence of \.:

Parallel reduction { 7 Beid C—esC —>Ec7:d

Takahashi traslation | —o= has i‘P @
B. U idis CR
, o is CR
ﬁc U ud Newman lemma

strongly commutes with o

Hindley-Rosen lemma

B. U td U ois CR

b, U id and o
commute

4.1.1 Recap: Confluence Properties of 3., o, and id

Finally, we briefly revisit the confluence of A\, in order to analyze the confluence
properties of the different subsystems. In fact, in Chapter 5 we will use confluence
of =45, (Theorem 5.3.4). Sketching the following proof we highlight other ways
by which the confluence could have been proved.

Proposition 4.1.14 (Confluence of §., o and id).

1. Each of the relations —g,, —d, —>» 15 confluent.
2. (=, U—4) and (—p, U —,) are confluent.

3. (—=p. U=, U —q) is confluent.

4. (=5 U —4q) is not confluent.

Proof. 1. The confluence of —p, is stated in Theorem 3.2.2; —, is locally
confluent and terminating, and so confluent (Corollary 4.1.11); —q satisfies
the diamond property of Fact 1.2.6, and so is confluent.

2. It is easily verified that —5, and —4 strongly commute or as in Corol-
lary 4.1.8, and so also —_ and —,. The claim then follows by Hindley-Rosen
Lemma.

3. —p, U —ig strongly commutes with —, (Lemma 4.1.12). This point is
delicate because to close a diagram of the shape <, - —iy may require a

— 3, step, (see Example 4.2.7). The claim then follows by Hindley-Rosen
Lemma.

4. A counterexample is provided by the same diagram which is mentioned in
the previous point Example 4.2.7, requiring a —3_-step to close. O
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4.2. Weak and Surface Reduction of A,

4.2 Weak and Surface Reduction of )\,

The aim of studying factorization is to investigate evaluation and normalization.
The factorization theorems that will be presented in Section 4.3 are based on
both weak and surface reductions. The construction which we develop in the
next sections demands more work than one may expect. This is due to the fact
that the rules induced by the monadic laws of associativity and identity make
the analysis of the reduction properties non trivial, as seen for confluence. In
particular—as anticipated in the introduction— weak reduction does not factorize
Ao, and has severe drawbacks, which we explain next. Surface reduction behaves
better, but also has some issues. For this reason, we will use a combination of
both, surface and weak reductions. In the rest of this chapter, we examine their
respective properties.

4.2.1 Weak Reduction:
the impact of Associativity and Identity

Weak (left) reduction (Section 1.2.2) is one of the most common and studied way
to implement evaluation in CbV, and more generally in calculi with effects.
The closure &*3, of 8. under weak context is a deterministic relation, as

expected. However, when including the rules induced by the monadic equation of
associativity and identity, the reduction is non-deterministic, non-confluent, and
normal forms are not unique.

This is somehow surprising, given the prominent role of such a reduction in
the literature of calculi with effects. Notice that the issues only come from ¢ and
id, not from [.. Summing up:

1. &ia and *s.iq are non-deterministic, but are both confluent.

2. W, wroBes wroid and 5>, are non-deterministic, non-confluent and normal

forms are not unique. That is, adding o, weak reduction loses confluence
and uniqueness of the normal form.

Example 4.2.1 (Non-confluence). An example of the non-determinism of &g is
the following:

V(Ayly)N) g (Azlz)(V((Ayly)N))wria(Az.lz) (VN)

For an example of non-confluence of weak reduction (Point 2 above), consider

T = V((Ax.P)((M\y.Q)L)) where V = Az.z[z] and P = Q = L = z[z]. Then,

My = (Az.VP)(Ay-Q)L) o T eV ((Ay.(Az.P)Q)L) = Ny

MigoMy = (.02 VP)Q)L # V(A P)Q)L = Ny 7 Ny

where Nyz».Ms, and Miy. Ny, and both M, and N, are ».-normal.
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Chapter 4. Operational properties

Reduction —4, (like —p,) admits weak factorization
* * *
—5. & Wh W8
This is not the case for —,. The following counter-example is due to van Oostrom

[vO20a] .

Example 4.2.2 (Non-factorization [vO20al]). —, does not admit weak factoriza-
tion. Consider the reduction sequence

M = My Ily)(z[2]) 55 5. (M- [y])(2[2]) e 2[2]

No weak step is possible from M.

Let: Different Notation, Same issues. We stress that the issues are inherent
to the associativity and identity rules, not to the specific syntax of \.. Exactly
the same issues appear in Sabry-Wadler’s A,,;+ (Section 3.1).

Example 4.2.3 (Evaluation context in let-notation). In let-notation, weak reduc-
tion corresponds to sequencing. The evaluation context is

Eet = () | let 2 =Ejet in M

We write o+ for the closure of the A« rules (in Section 3.1) under E,;. We
observe two problems, the first one due to the rule c.let.ass, the second one to the
rule c.let.n.

1. Non-confluence. Because of the associative rule (c.let.ass), the reduction
<*mix 18 mon-deterministic, non-confluent, and normal forms are not unique.

Consider the following term, where R=P =Q =L = 2z

T =1letz=(letx=(lety=Lin Q) in P) in R

There are two weak redexes, the overlined and the underlined one. So
T <+ letz=(lety= L in Q) in (let z = P in R)
—mi- lety=Lin (letx=Q in (let z=P in R)) :=T"
T -+ let z=(lety=Lin (letz=Q in P)) in R
—mi+ let y=1Lin (let 2= (letz=Q in P) in R) :=T"

Neither 7" nor T” can be further reduced. In fact, they are two different normal

forms with respect to the reduction .

2. Non-factorization. Because of the c.let.n rule, factorization w.r.t. se-
quencing does not hold. That is, a reduction sequence M —% .. N cannot be
reorganized as weak steps followed by non-weak steps. Consider the following

variation on van Oostrom’s Example 4.2.2:
M = let y =(zz) in (let = = [y| in [z])
Feletn let y = (22) in [y| weley (22) =N

No sequencing step is possible from M, so it is impossible to factorize the reduction
form M to N as M5 « = o IV

mil*
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4.2. Weak and Surface Reduction of A,

4.2.2 Surface Reduction

In A,, surface reduction is non-deterministic, but confluent, and well-behaving.

Fact 4.2.4 (Non-determinism). For p € {\., 5., 0,id,00,, fid, oid}, <>, is non-
deterministic (because in general more than one surface redex can be fired).

We now study confluence of surface reduction. We will use confluence of 5,4,
(point 2. below) in Chapter 5 (Theorem 5.3.3).

Proposition 4.2.5 (Confluence of surface reductions.).

1. FEach of the relations $3,, s*d, 5% 1S confluent.
2. (g5, Ugrid) and (525, Ugro) are confluent.

3. (598 U 596 U 5¥ia) is confluent.

S

4. (396 U o>d) is not confluent.

Proof. We rely on confluence of -+, (by Theorem 3.2.2), and on Hindley-Rosen

Lemma (Lemma 1.2.9).
We prove commutation via strong commutation (Lemma 1.2.10). The only
delicate point is the commutation of —», with >4 (points 3. and 4.).

1. o, is locally confluent and terminating, and so confluent. -4 satisfies the
diamond property of Fact 1.2.6, and so also confluence.

2. It is easily verified that 533, and g strongly commute, and similarly for
<+s. and 5*,. The claim then follows by Hindley-Rosen Lemma.

3. 58, Ug*a strongly commutes with £+,. This point is delicate because
to close a diagram of the shape <« %4 may require a 5, step, see
Example 4.2.7 . The claim then follows by Hindley-Rosen Lemma.

4. A counterexample is provided by the same diagram which is mentioned in
the previous point Example 4.2.7, requiring a »g.-step to close. O

Example 4.2.6 (Surface reduction). Let us give an example for non-determinism
and for confluence.

1. Consider the term (Az.R)((Ay.R')N) where R and R’ are any two redexes.

2. Consider the same term as in Example 4.2.1: T = V((Az.P)((A\y.Q)L)).
Then,
M2 <?o‘ Ml <?0' T5_>cr N15_>0 N2

Now we can close the diagram:

My = (Ay.(Az.VP)Q)L o (My.V((Az.P)Q))L = N,
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Chapter 4. Operational properties

Example 4.2.7. In the following example, where M = N = z!z, the o-redex
overlaps with the id-redex. The corresponding steps are surface and the only way
to close the diagram is by means of a [, step, which is also surface.

g

(Ay. N)((Az. [z]) M) » (Az.(\y. N) [z]) M
id Be
_ ¥
My N)M - (Az. N)M{z/y}

Note that = & fv(V), and therefore Ax. N{z/y} is the renaming by z of the bound
variable y in A\y. V.
This is also a counterexample to confluence of (—, U —q) and of (2, U oid)-

In Section 4.3, we prove that surface reduction does factorize —, similarly to
what happens for Simpson’s calculus (see Theorem 3.2.1). Surface reduction also
has a drawback: it does not allows us to separate —5, and —, steps. This fact
makes it difficult to reason about returning a value, treated in Section 4.4.

Example 4.2.8 (An issue with surface reduction). Define A = \z.z[z]. Consider
the term

A((Az.[A]) ()
which is normal for —4, and in particular for 545, but

A((Az (A (z(2])) 520 Az A[A]) (2[2]) 525 (A2 A[A]) (2[2])

Here it is not be possible to postpone a step -, after a step +4,.

4.3 Surface and Weak Factorization

In this section, we prove several factorization results for \,. Surface factorization
is the cornerstone of the following developments.

Theorem 4.3.1 (Surface Factorization of \.). A, admits surface factorization:
M —* N implies M " - 2 N

We then refine this result first by postponing id steps which are not also (.
steps, and then by means of weak factorization (on the surface steps). This further
phase serves two purposes: (1.) to separate —5, and —, steps, by postponing
o steps after the &>, steps and (2.) to perform a fine analysis of quantitative

properties, namely the number of /. steps. We will need (1.) to define the
evaluation relation, and (2.) to define the normalizing strategies.
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4.8. Surface and Weak Factorization

Technical lemmas. In this rewriting investigation, we often exploit some basic
properties of the contextual closure, that we collect here. If a step T —, T" is
obtained by closure under non-empty context of a rule —,, then 7" and 7" have
the same shape, that is, both terms are an application (resp. an abstraction, a
variable, or a returned value, i.e. a computation of shape [V] for some value V).

Fact 4.3.2 (Shape preservation). Let —, be a rule and —, be its contextual
closure. Assume T'= C(R) —, C(R') =T" and that the context C is non-empty.
Then T and T" have the same shape.

An easy-to-verify consequence is the following.

Lemma 4.3.3 (Redexes preservation). Assume T, S and v € {f.,0,id}. T is
a y-redex if and only if S is a y-redex.

Proof. For v € {0, .}, see Corollary A.1.2. For v = id, see Lemma B.1.1. O

Notice the following inclusions, which we will use freely.

Fact 4.3.4. >, C . and . C 3., because a weak context is necessarily a

surface context (but a surface context need not be a weak context).

4.3.1 Surface Factorization of \, (modularly)

We prove surface factorization of A\.. We already know that surface factorization
holds for —4, (Theorem 3.2.1), so we can rely on it, and work modularly, following
the approach proposed in [AFG21]. The tests for call-by-name head factorization
and call-by-value weak factorization in [AFG21] easily adapt, yielding the following
convenient test. It modularly establishes surface factorization of a reduction
—g, U —,, where —, is a new reduction added to — .. Details are in the
Appendix.

Proposition 4.3.5 (A modular test for surface factorization). Let —5. be S.-
reduction and —., be the contextual closure of a rule —.. The reduction —5, U —,
satisfies surface factorization if:

1. Surface factorization of —,: =3 C 7 - 27
2. ., is substitutive: R —., R implies R{Q/x} —, R'{Q/x}.

3. Root linear swap: =g, - +,C >, - —>EC.

We will use the following easy property (which is an instance of Lemma A.1.4
in the Appendix).

Lemma 4.3.6. Let —¢, —., be the contextual closure of rules —¢, —.
e = C oy = implies p¢ - 534 C 574 — -
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Chapter 4. Operational properties

Root Lemmas. Lemmas 4.3.7 and 4.3.8 below provide everything we need to
verify the conditions of the test, and so establish surface factorization of ..

Lemma 4.3.7 (0-Roots). Let v € {o,id, 8.}. The following holds:

M=, L, N implies M >, - —, N.

Proof. We have L = (Ax.Ly)((A\y.L2)L3) —» (Ay.(Ax.L1)Lo)L3. Since L is a
o-redex, M is also a o-redex (Lemma 4.3.3). So M = (Az.M)((A\y.My)M3z)—

(Az.L1)((Ay.Lo)Ls) = L, where for only one i € 1,2,3 M;=p,L; and otherwise
M; = L, for i # j (by Fact A.1.1). Therefore M = (Az.M;)((A\y.M2)M;s) —,
Lemma 4.3.8 (id-Roots). Let v € {o,id, 5.}. The following holds:

M= U g N implies M g - —., N.

Proof. We have U = IN 4 N. Since U is an id-redex, M also is (Lemma 4.3.3).
So M = IP—,IN and P-p,N. Therefore M = IP iy P=g N O

—s"Y sty

Let us make explicit the content of these two lemmas. By simply instantiating
~v Lemma 4.3.7 and Lemma 4.3.8 we know the following:

Fact 4.3.9. 1. t—=,p —, q implies t —, - =5 q and so (Lemma 4.3.6 )
t=2oDsr0q tmplies to5- —5 q, (i.e. Strong Postponement holds).

2. t= P o q implies t —, - —i5 q and so (Lemma 4.5.6 ) t=2i4 P304
implies <35+ —4 q.

3.t =9p. Do q implies t—4 - =5 q.
Therefore, by instantiating v, we have:

Fact 4.3.10. 1. t=3i4 P —ia q tmplies t —iq - =5 ¢, and so (Lemma 4.5.6 )
t=2id P<riaq implies toig- —ig q (i.e. Strong Postponement holds).

2. t=op —id q implies t —q - =5 q, and so (Lemma 4.5.6 ) t=2;p<riaq implies
lsrid =, ¢

3.t =Pp. P rid ¢ tmplies t —iq - =5 .

Now we are ready to combine everything, by using the modular test.
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4.8. Surface and Weak Factorization

Surface factorization of —4 U —,. Surface factorization of —iy, follows
immediately from the root lemmas.

Lemma 4.3.11 (Surface factorization of ido). Surface factorization of —q U —,
holds, because:

1. Surface factorization of —, holds.
2. Surface factorization of —q holds.
3. Linear swap: —gid - 530 C 590 —iy
4. Linear swap: o - s%id C srid- —

Proof. (1) follows from Fact 4.3.9, point 1, by (linear) Strong Postponement.
(2) follows from Fact 4.3.10, point 1, by (linear) Strong Postponement. (3) is
Fact 4.3.9, point 2. (4) is Fact 4.3.10, point 2. O

Surface factorization of A\, modularly. We now use the test for modular
factorization (Proposition 4.3.5)

Theorem 4.3.1 (Surface Factorization of \,). A\, admits surface factorization:

M —! N implies Mo* - 2 N

Proof. All conditions in Proposition 4.3.5 hold, namely

1. Surface factorization of —4 U —, holds.
2. Substitutivity: g and >, are substitutive.
3. Root linear swap. For § € {id,c}: =g5, - ¢ C e - =5

Indeed: (1) is Lemma 4.3.11, (2) is immediate, (3) is point 3. in Fact 4.3.9 and
Fact 4.3.10. []

4.3.2 A Closer Look to id-steps, via Postponement

We establish a postponement result on which evaluation and normalization rely.
Observe that the rule —4 overlaps with —5,. We define as —, a —q step that

iIs not a —g, step.
= hd N g, (¢ rule)

Clearly, =, =—3, U =, U —,.
In the proofs, it is convenient to split — 4, in steps which are also —4 steps,
and those which are not.
g1 =g () g, (81 rule)

g2 =g N i (52 rule)

Notice that —5, = —p1 U — 4.

We prove that —, steps can be postponed after both —43, and —, steps, by
using the Decreasing Diagrams technique (Theorem 1.2.8). The proof closely
follows van Oostrom’s proof of the postponement of 7 after 5 (in [vO20b])
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Theorem 4.3.12 (Postponement of ¢). If M —.,* N then M —,5.* - —,* N.

Proof. Let @« =—, and let » =—51 U =33 U —,.
We equip the labels {51, 52, 0,:} with the following order

B2 <1 L < p1 L<o

We prove that the pair of relations >, B is decreasing by checking the following
three local commutations hold (the technical details are in Appendix):

1. =, - —p2 C —p" - —p - =" - = (see Lemma Lemma B.1.4)

L

2. =, - —p € —p" - =7 (see Lemma Lemma B.1.3)

L

3. =, - =6 C (=5 U—4)" = (see Lemma Lemma B.1.5)

Hence, by Theorem 1.2.8, the relations > and » commute. Otherwise stated, —,
postpones after =g, U —,:

= =ep. S e

Or, equivalently (Lemma 1.2.4)

—, C =57 =7

L

Corollary 4.3.13 (Surface Factorization, revisited).
If M —=* N then Ms—>§,3c csng. N.

Proof. Immediate consequence of Theorem 4.3.12 and of surface factorization of
B.o reduction. O

4.3.3 Weak Factorization

Surface factorization (Theorem 4.3.1) and ¢-postponement (Theorem 4.3.12) imply
a result of weak factorization, from which we then obtain evaluation via weak [,
steps (Theorem 4.4.5).

Remarkably, weak factorization of a $,3.-sequence has the property that
the number of . steps is preserved. This property has no role with respect to
evaluation, but it will be crucial when we investigate normalizing strategies in
Chapter 5. For this reason we include it in the statement of Theorem 4.3.15.

Quantitative Linear Postponement. The condition in Lemma 1.2.5 — Hind-
ley’s strong postponement — can be refined into quantitative variants, which
allow us to “count the steps” and are useful to establish termination properties.

Lemma 4.3.14 (Linear Postponement). Given an ARS (A,—), assume — =
U,
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4.8. Surface and Weak Factorization

e If & C o —>7, then M —=* N implies Mo* - =*N and the two

e

sequences have the same number of <> steps.

o Assume (for 1 € L an index set) ==z U =, > =U o, = =U = If
! ]

(#) = =2xCok-—5 (U kel)

Then M —* N implies Mo>* - —*N and the two sequences have the same
number of —; steps for each | € L.

Observe that in (#), the last step is —;, not necessarily —;.

Weak Factorization.
Theorem 4.3.15 (Weak factorization).

1. M55 N implies Mgy - = 55, N, where all steps are surface.
Moreover, the two sequences have the same number of 5. steps.

2. Mgy N implies Mgh - 55 N.
Moreover, the two sequences have the same number of 5. steps.

Proof. In both claims, we use Lemma 4.3.14. Linearity allows us to count the 3.
steps. In the proof, we write &> (resp. 53) for wop, (resp. w04.).

1. Let — = & N\ @ (i.e. = is a surface step whose redex is in the scope of

A). We prove linear postponement:

#) = wCw o

Assume M—Sz»N. M and S have the same shape, which is not [U], otherwise
no weak or surface reduction is possible. We examine the cases.

o The step Si» N has empty context:
— S 5, N. Then S = (Ae.P")[V] s P{V/z} = N, and M =
(Az.P)[V]=(Az.P")[V]. Therefore (Ax.P)[V] 5, P{V/x}5P'{V/x}.

— S+, N. Then S =V ((A\z.P)Q) —, (\z.VP)Q,
and M = Vo((Ar.Py)Qo)—V ((Az.P)Q) (where exactly one among
Vo, Po, Qo reduces).
Therefore, M = Vo((Ar.Fy)Qo) —o (Az.VoFy)Qo+(A2.V P)Q.

o The step Si» N has non-empty context. Necessarily, we have S = VQ=>V @',
with Q7@

— Case M = MyQ—VQmVQ', then MyQwp My Q'—V Q'
— Case M = VMa—VQwmV Q. We conclude by i.h..
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Observe that we have proved more than (#), namely we proved
=i wk © Wk s (j, k€ {B,0})
Therefore, we conclude that the two sequences have the same number of (3, steps,

by Lemma 4.3.14.
2. We prove %, - w3

N

wB. " wre » and conclude by Lemma 4.3.14. ]

Observe that in particular the following holds

M35, [V] implies M5, - 5% - s 50s, [V]

and the two sequences have the same number of (3, steps.

4.4 Returning a Value

In this section we focus on values, which are the terms of interest in CbV A-calculus.
Recall that for weak reduction, values are exactly the normal forms of closed
terms, i.e. of programs. In a computational setting, we are interested in knowing
if a term M returns a value, i.e. if M —* [V] for some value V.

If M returns a value, is there a deterministic reduction which is guaranteed to
return a value? The answer is positive. In fact, there are two such reductions:
775, and g, as we see in Theorem 4.4.2. Recall that —,5, = (g, U ),

indicating the relations which are directly obtained by orienting the monadic laws
(—p, and —, are their contextual closure).

Fact 4.4.1. o Reduction g, is deterministic.

e Reductions —g,, —,, and their union g, are deterministic.
Theorem 4.4.2 (Returning a value). The following are equivalent:
1. M returns a value, i.e. M —* [V].

2. The mazimal 3»s,-sequence from M is finite and ends in a term [W].

3. The mazimal — g, ,-sequence from M is finite and ends in a term [W].
Proof. 1. = 2. is Theorem 4.4.5, which we prove in Section 4.4.1.

2. = 3. is Proposition 4.4.10, which we prove in Section 4.4.2.
3. = 1. is trivial. O

In the rest of the section we prove Theorem 4.4.2. Note that our analysis is
not restricted to closed terms.

Remark 4.4.3. An open term may well return a value. For example, [\z.[z]].
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4.4.1 Values via Weak (5. Steps

The factorization results allow us to prove that &»3.-steps suffice to return a value.

This is an immediate consequence of surface factorization (Theorem 4.3.1), ¢
postponement (Theorem 4.3.12), and weak factorization (Theorem 4.3.15), and
the fact that internal steps, ¢ steps, and ¢ steps cannot produce a return value.

Lemma 4.4.4. If M —, [V] with a step which is not Mg»s.[V], then M = [W].

Proof. Indeed, one can easily check the following
o If M —, [V], then M = [W].
o If M —, [V], then M = [W].
o If M —5.[V], then M = [W].

Notice that =g, C ., and so =5, C 5% 5. [l

Theorem 4.4.5 (Values via (. steps). The following are equivalent
1. M —=* V] (for some V € Val);
2. My [U] (for some U € Val).

Proof. Point 2 trivially implies Point 1.
Let us show that Point 1 entails Point 2.
If M =7 [V] then by Corollary 4.3.13 Mg} 5 - =2

—s Uﬁc

. %L
By weak factorization (Theorem 4.3.15.1-2), and since —

V.

C =, we have
Mps, M'py - s vs. - =2ap. — V]

By iterating Lemma 4.4.4 from [V] backwards, we have that all terms in the

sequence from M’ to [V] are returned values. So in particular, M’ has shape
[U]. m

Remark 4.4.6. Theorem 4.4.5 was already claimed in [dT20] and here it is
Lemma 9.1.4, for closed terms, involving a convergence predicate. However, the
inductive argument in [dT20] did not suffice to produce a proof, here with this
operational investigation we have fixed that proof.

4.4.2 Values via ¢, Root Steps

We show also an alternative way to evaluate a term in A,. Let us call root steps
the relations — 3., —, and 4. They suffice to compute a value (in fact the first
two suffice), without need for a contextual closure.

Note that this property holds only because terms are restricted to computations
(for example, in Plotkin’s CbV A-calculus, (IT)(II) has a reduction step, but it is
not itself a redex, so (II)(I1) #3,).

Closed computations have the following property, which is immediate.
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Fact 4.4.7 (Closed Computation). If M is a closed computation, then

o cither M has shape [V] (i.e. M is weak-normal and surface-normal),

e or M is a B.-redex, or is a o-redex.
As a consequence, every closed normal form is a return [V].

More generally, the same holds for any computation which returns a value
(Corollary 4.4.9).

Lemma 4.4.8. Assume Myg»j [W]. Then
o either M = [W],
o or M = (\z.P)M" and M'35 [U], for some value U.

Therefore M has shape Vo(Vi...(V,[U])), where each V; is an abstraction, and
moreover Vo(Vi...(Vo—1( Az, Po)[U]) )wrs. Vi (Va...(Vie 1 Po{U /).

Corollary 4.4.9 (Progression via root steps). Assume M returns a value (M —*
[W]). Then M is either a [.-redex, or a o-redex, or it has shape [U].

Corollary 4.4.9 states a progression results: a —,3.-sequence from M may only
end in a return value. We still need to verify that such a sequence terminates.

Proposition 4.4.10 (week steps and root steps). If Mgy [W] then M w5 , [W].
Moreover, the two sequences have the same number of 5. steps.

Proof. By induction on the number k of 4, steps. If k& = 0 the claim holds
trivially. Otherwise, M >3, M5 [W] and by i.h.
(#) Ml '_>Z’CU [W]
o If M is B.-redex, then M 3, M, and the claim is proved.
o If M is a o-redex, observe that by Lemma 4.4.8,

— M = Xxg.Py(...(A\xp—1.Pr1 (A2 P,)[U])), and
— My = Mxo.Po(...(\ep—1. Py (P {U /2, }).

We apply to M all possible —, steps, obtaining

M =% Ay 1.(..P1) ( Az P)[U]) =0 Azp.(Axy_1.(...Py1)Py))[U] =
M'" which is a f.-redex, so M" 5, Axp_1.(...P—1) (Po{U/ 20 }).

We observe that My —* Ax,_1.(...P—1)(Po{U/x,}). We conclude, by using
(#), and the fact that +—,4, is deterministic. O

The converse is also true and immediate. Putting together Proposition 4.4.10
and Theorem 4.4.5, we can finally prove that root steps — 5, and —, suffice to
compute a value, without need for contextual closure.

Theorem 4.4.11 (Values via root 5.0 steps). The following are equivalent

1. M —=* V] (for some V € Val);
2. M}, [U] (for some U € Val).
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4.4.3 Observational Equivalence

In this section we summarize some consequences of Theorem 4.4.5. We recast the
notion of observational equivalence introduced by Plotkin for CbV A-calculus in
A.. Informally, two terms are observationally equivalent if they can be substituted
for each other in all contexts without observing any difference in their overall
behaviour. For a computation M, the “behaviour” of interest here is whether the
term returns a value. As we have seen, if M is a program, then M returns a value
whenever its evaluation by &>, terminates. We write this M |} (the evaluation of
M halts). Since >4, is a deterministic reduction, halting is deterministic.

Following [Plo75], we define

Definition 4.4.12 (Observational equivalence.). M = N if, for each context C,
C(M) |} if and only if C(N) .

An easy argument, similar to that in [Plo75] gives:
Theorem 4.4.13 (Adequacy). If M —* M’ then M | if and only if M’ |.
Corollary 4.4.14. If M =, N then M = N.
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CHAPTER 5

OPERATIONAL PROPERTIES:
NORMALIZATION

Normalization and Normalizing Strategies In this chapter we study nor-
malization and normalizing strategies in \..

Reduction —, is obtained by adding —, and —, to —3,. What is the role
of ¢ steps and o steps with respect to normalization in \,? Perhaps surprisingly,
despite the fact that both —, and —, are strongly normalizing (Lemma 5.1.3
below), their role is quite different.

1. Unlike the case of terms returning a value, which we studied in Section 4.4,
B. steps do not suffice to capture A.-normalization, in that ¢ steps may turn
a f.normalizable term into one that is not A -normalizable. That is, o steps
are essential to normalization in A, (see Section 5.2).

2. ¢ steps instead are irrelevant for normalization in A, in the sense that they
play no role, in the sense that a term has a A\.-normal form if and only if it
has a of.-normal form (see Section 5.1).

Taking into account both Point 1 and Point 2, in 5.3 we define two families
of normalizing strategies in A,. The first one, quite constrained, relies on an
iteration of weak reduction 3*.. The second one, more liberal, is based on an

iteration of surface reduction <»,. The interest of a rather liberal strategy is that

it provides a more versatile framework to reason about program transformations,
or optimization techniques such as parallel implementation.

Technical Lemmas: preservation of normal forms. We collect here some
properties of preservation of (full, weak and surface) normal forms, which we will
use along the section. The easy proofs are in Appendix B.2.

Lemma 5.0.1. Assume M —, N.

1. M s B.-normal if and only if N is B.-normal.
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Chapter 5. Normalization

2. If M is o-normal, so is N.

Lemma 5.0.2. If M —, N, then: M is >3.-normal if and only if so is N.

Lemma 5.0.2 fails if we replace g, with g#4,. Indeed, M —, N for some M
<+p.-normal does not imply that N is ¢+, -normal, as we will see in Example 5.2.1.

Lemma 5.0.3. Let —=—, U —4, and e € {w,s}. Assume M -5 N. Then, M
is e-normal if and only if N is e-normal.

5.1 Irrelevance of : Steps for Normalization

We show that postponement of ¢ steps (Theorem 4.3.12) implies that —, steps
have no impact on normalization, 7.e. whether a term M has or not a \.-normal
form. Indeed, saying that M has a \.-normal form is equivalent to saying that M
has a S.0-normal form.

On the one hand, if M —}; N and N is of.-normal, to reach a A,-normal
form it suffices to extend the reduction with ¢ steps to a -normal form (since
—, is terminating, Lemma 5.1.3). Notice that here we use Lemma 5.0.1. On the
other hand, the proof that A.-normalization implies S.c-normalization is trickier,
because o-normal forms are not preserved by performing a ¢ step backward (the
converse of Lemma 5.0.1.2 is false). Here is a counterexample.

Example 5.1.1. Consider
(Az.zla])(I(z[2]) = (Az.z[z])(2[2])

where (/\xx[lx])(z[z]) is o-normal (actually A-normal) but (Az.x[z])(I(z[2])) is
not o-normal.

Consequently, the fact that M has a A,-normal form N means (by postponement
of —,) that M —% , P —7 N for some term P that (in Lemma 5.0.1) is guaranteed
to be f.normal only, not o-normal. To prove that M has a S.c-normal form is
not even enough to take the o-normal form of P, because a ¢ step can create a
Beredex. To solve the problem, we need the following technical lemma.

Lemma 5.1.2. Assume M —* N, where k > 0, and N is or-normal. If M is not
o-normal, then there exist M' and N’ such that either M —, M' —, N’ —>f‘1 N
or M —, M" —5 N' —F1N.

We also use the fact that —, and —, are strongly normalizing (Lemma 5.1.3).
Instead of proving that —, and —, are —separately— so, we state a more general
result (its proof is in Appendix B.2).

Lemma 5.1.3 (Termination of gid). —iq U —, is strongly normalizing.
Now we have all the elements to prove the following.

Theorem 5.1.4 (Irrelevance of ¢ for normalization). The following are equivalent:
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1. M is \,-normalizing,

2. M is of.-normalizing.

Proof. (1) = (2): If M is A\.-normalizing, then M —* N for some N A.-normal.
By postponement of ¢ steps (Theorem 4.3.12), for some P we have

M =5, P—= N (5.1)

For any sequence of the form (5.1), let w(P) = (w,(P), wy(P)), where w,(P)
and w,(P) are the lengths of the maximal t-sequence and of the maximal
o-sequence from 7', respectively. Both w,(P) and w,(P) are well-defined
because —, and —, are strongly normalizing (Lemma 5.1.3).

We proceed by induction on w(P) ordered lexicographically to prove that
M —% , P' =7 N for some P' S.o-normal (and so M is S.o-normalizing).
By Lemma 5.0.1.1, P is f.-normal in (5.1).
o If w(P)=(0,h) then P = N, so P is o-normal and hence f.0-normal.
o If w(P)=(k,0), then P is o-normal and hence f.0-normal.

o Otherwise, w(P) = (k,h) with k,h > 0. By Lemma 5.1.2, M —7 |
P —* N for some P" with w(P’') < w(P): indeed, either w(P’) =
(k,h—1), or w(P") = (k—1,h). By i.h., we can conclude.

(2) = (1): If M is B.o-normalizing, then M —% _ N for some N [.o-normal.
As —, is strongly normalizing (Lemma 5.1.3), N —* P for some P (-normal.
By Lemma 5.0.1.1-2, P is also f.normal and o-normal. Summing up,
M —* P with P A-normal, that is, M is A.-normalizing. O

5.2 The Essential Role of o0 Steps for Normaliza-
tion

In A, for normalization, o steps play a crucial role, unlike ¢ steps. Indeed, o

steps can unveil “hidden” f[.-redexes in a term. Let us see this with an example,

where we consider a term that is S.-normal (no further (. step is possible), but is
diverging in A, and this divergence is “unblocked” by a o step.

Example 5.2.1 (Normalization in \,). Let A = Az.z[z]|. Consider the o step
M. = A((Ay.[A])(2[2]) =0 (Ay.A[A])(2[2]) = N,
M, is f.normal, but not A\-normal. In fact, M, is diverging in \.:
M, =5 N, =3, N, =5, ...

Note that the o step is weak and that NV, is normal for >, but not for +4,.

The fact that a o step can unblock a hidden [ .-redex is not limited to open
terms. Indeed, \z.M. is closed and [.-normal, but divergent in \.:

A2 M, =5 AN2.N, =5, A2.N, =3, ...
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Chapter 5. Normalization

The example shows that, contrary to ¢ steps, o steps are essential to determine
whether a term has or not normal form in A,. This fact is in accordance with
the semantics. First, it can be shown that the term M’ above and A[A] are
observational equivalent. Second, the denotational models and type systems
studied in [Ehr12, dT20] and here in Part II interpret M’ in the same ways as
A[A], which is a S.-divergent term. It is then reasonable to expect that the two
terms have the same operational behavior in A\,. Adding o steps to §.-reduction
is a way to obtain this: both M’ and A[A] are divergent in A,. Said differently,
o-reduction restricts the set of normal forms in A,, so as to exclude some [.-normal
(but not of.normal) forms that are semantically meaningless.

Actually, o-reduction can only restrict the set of terms having a normal form:
it may turn a f.-normal form into a term that diverges in A,, but it cannot turn a
fe-diverging term into a A,-normalizing one. To prove this (Proposition 5.2.3), we
rely on the following lemma.

Lemma 5.2.2. If M is not 8.-normal and M —, L, then L is not 3.-normal
and L —5, N implies M —p5, - —- N.

Roughly, Lemma 5.2.2 says that ¢ step on a term that is not S.-normal cannot
erase a (.redex, and hence it can be postponed. Lemma 5.2.2 does not contradict
Example 5.2.1, because the former talks about a ¢ step on a term that is not
B.normal, whereas the start terms in Example 5.2.1 are S.-normal.

Proposition 5.2.3. If a term is o B.-normalizing (resp. strongly o B.-normalizing),
then it is S.-normalizing (resp. strongly B.-normalizing).

Proof. As —3, C —p,.,, any infinite S.-sequence is an infinite of.-sequence. So, if
M is not strongly S.-normalizing, it is not strongly of.-normalizing.

We prove now the part of the statement about normalization. If M is of,-
normalizing, there exists a reduction sequence s : M —7% , N with N of.-normal.
Let |s|, be the number of steps in s, and let |s|g, be the number of j. steps after
the last o step in s (when |s|, = 0, |s|a. is just the length of s). We prove by
induction on (|s|,, |s|s,) ordered lexicographically that M is S.-normalizing. There
are three cases.

1. If s contains only 3. steps (|s|, = 0), then M —} N and we are done.

2. Ifts: M —5,, L —+ N (s ends with a non-empty sequence of o steps), then
L is f.normal by Lemma 5.2.2, as N is 8.-normal; by i.h. applied to the
sequence ' : M —% L (as ||, < |s|,), M is B.-normalizing.

3. Otherwise, s : M —7% L —, P —5, Q =% N (L —, P is the last o step
in s, followed by a f, step). By Lemma 5.2.2; either there is a sequence
s M =5, L —p R—,Q —% N, then |§'|, = |s|, and |85, < [s]s,;
or s : M =}, L =5 Q —3 N and then [§'|; < |s|,. In both cases

(1'|o, 15'l.) < (I8, |8]3.), S0 by @.h. M is Se-normalizing. O
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5.3. Normalizing Strategies

5.3 Normalizing Strategies

Irrelevance of ¢ steps (Theorem 5.1.4) implies that to define a normalizing strategy
for \,, it suffices to define a normalizing strategy for o3.. We do so by iterating
either surface or weak reduction. Our definition of of.-normalizing strategy and
the proof of normalization (Theorem 5.3.4) is parametric on either. The difficulty
here is that both weak and surface reduction are non-deterministic. The key
property we need in the proof is that the reduction which we iterate is uniformly
normalizing (see Definition 1.2.1). In Section 5.3.1 we establish that this hold
for both, weak and surface reduction. While uniform normalization is easy to
establish for the former, it is non-trivial for the latter. The proof is rather
sophisticated. Here we recap the fruits of the careful analysis of the number of j.
steps in Section 4.3.3.
In Section 5.3.2 we formalize the strategy and tackle normalization.

Notation. Since we are now only concerned with of. steps, for the sake of
readability in the rest of the section, we often write — for —,4,, s> and & for

<05, and >44., respectively.

Understanding uniform normalization The fact that o> and > are uniformly

normalizing is key in the definition of normalizing strategy and deserves some
discussion.

Assume we iterate surface reduction. The heart of the normalization proof
is that if M has a —-normal form N, and we perform surface steps, the process
terminates, that is, we reach a surface normal form. Notice that surface factoriza-
tion only guarantees that there exists a —>-sequence such that if M —* N then

M*U=*N, where U is g#-normal. The ezistential quantification is crucial here
because ¢+ is not a deterministic reduction. Uniform normalization of o+ turns

the existential into an universal quantification. If M has a normal form (and so a
fortiori a surface normal form), then every sequence of —-steps will terminate.

The normalizing strategy then iterates this process.

5.3.1 Uniform Normalization of Weak and Surface Reduc-
tion

We prove that both weak and surface reduction are uniformly normalizing, i.e.

for e € {w,s}, if a term M is w»-normalizing, then it is strongly -»-normalizing.

In both cases, the proof relies on the fact that all maximal *-sequences from a

given term M have the same number of . steps.

Fact 5.3.1 (Number of j. steps). Given a —,p,-sequence s, the number of its .
steps is finite if and only if s is finite.

Proof. The left-to-right implication is obvious. The right-to-left is an immediate
consequence of the fact that —, is strongly normalizing (Lemma 5.1.3). O
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A mazimal ->-sequence from M is either infinite, or ends in a e-normal form.
Theorem 5.3.3 states that for e € {w, s}, all mazimal ->-sequence from the same

term M have the same behaviour, also quantitatively (with respect to the number
of S, steps). The proof relies on the following lemma. Recall that weak reduction
is not confluent (see Example 4.2.1); however, >3, is deterministic.

Lemma 5.3.2 (Invariant). Given M, every sequence My, S where S is g, -
normal has the same number k of (. steps. Moreover

1. the unique mazimal >, -sequence from M has length k, and
2. there exists a sequence Myrsf L o35 S.

Proof. The argument is illustrated by Figure 5.1. Assume that k is the number of
B steps in a sequence 5: Mgy 5 S where S is g5, -normal. By weak factorization

(Theorem 4.3.15.2) there is a sequence M35* L»% S which has the same number

k of j3. steps. Since S is 5>s.-normal, so is L (Lemma 5.0.2). Hence, M 535, *L is a
maximal g -sequence from M, which is unique because g, is deterministic. [

Theorem 5.3.3 (Uniform normalization).

1. The reduction .5, is uniformly normalizing.

2. The reduction s+,p, s uniformly normalizing.

c

Moreover, all mazimal 5>,5,-sequences (resp. all mazimal 5>,p,-sequences) from
the same term M have the same number of . steps.

Proof. We write — (resp. w», 5) for =44, (resp. wop., s708.)-

Claim 1. Assume M is a term such that Mg * N, where N is i»-normal, and
s0, in particular &g -normal. By Lemma 5.3.2, M5 Lyi N where My L is
the (unique) maximal &»g,-sequence from M. We prove that no y>-sequence from
M may have more than k (. steps. Indeed, every sequence s : M>*N’ can be
factorized (Theorem 4.3.15.2) into Mg L'grs N’ with the same number of 3,
steps as s, and Mph L' is a prefix of Mg, "L (as 525, is deterministic).

We deduce that no infinite w>-sequence from M is possible (by Fact 5.3.1).

Claim 2. Assume that M —*N with N >-normal. Recall that - is confluent
(Proposition 4.2.5.2), so N is the unique w»-normal form of M.
First, by induction on N, we prove that given a term M,

(#) all sequences M —>*N have the same number of 3, steps.
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Figure 5.1: Weak reduction
Figure 5.2: Surface reduction

Let s1, 59 be two such sequences. Figure 5.2 illustrates the argument.
By weak factorization (Theorem 4.3.15.1), there is a sequence M »*S; 4 * N

(resp. M*Sy=3* N) with the same number of (. steps as s; (resp. $3), and
whose steps are all surface. Note that S; and Sy are w»-normal (by Lemma 5.0.3,
because N is in particular g»-normal), and so in particular 4>g,-normal. By
Lemma 5.3.2, M»*S; , M5*S, have the same number k of [, steps, and so do
the sequences s} : Mg, F Lips Sy and s 0 Mgrp.” Lyt So.

To prove (#), we have to show that the sequences s : S o *N has the same
number of (. steps s : So— *N.

By confluence of -, (Proposition 4.2.5.1), S; &% S3 ¢« S, for some Ss,
and (by confluence of -, Proposition 4.2.5.2) there is a sequence t: S3o>* N. By
Lemma 5.0.2, since 57, S are m»-normal, terms in these sequences are g>-normal,
and therefore all steps are not only surface, but also - steps. That is, 51 % Ss,
So = aSs, and t: S * N. We conclude that S;,.5;, 5 and N have the same

shape (Fact 4.3.2).
We examine the shape of N, and prove claim (#) by showing that s] and s/
have the same number of f3. steps as t (note that the sequences Sy 3% S; and

So =z &S5 have no . steps).

o N =[V]. In this case, N = 5; = Sy, and the claim (#) is immediate.

e N=(Az.P)Q, and S; = (A\z.P;)Q; (for i € {1,2,3}). We have P,—*P and
Qi="Q. Since P and () are ->-normal, by i.h. we have:

— the two sequences P, —* P and P, o) Ps—* P have the same number
of f. steps, and similarly Q" Q and Q1% Q3" Q. Therefore s
and t have the same number of 3. steps.

— Similarly, s§ and t have the same number of (3, steps.

This completes the proof of (#). We now can conclude that - is uniformly
normalizing. If the term M has a sequence s : M *N where N is g>-normal, then
no o>-sequence can have more . steps than s, because given any sequence M o*T'
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then (by confluence) T—*N, and (by #) M *T "N has the same number of
B. steps as s. Therefore, all -+>-sequences from M are finite. n

5.3.2 Normalizing Strategies

We are ready to deal with normalizing strategies for A,. Our definition is inspired,
and generalizes, the stratified strategy proposed in [Guel5, GPR17], which iterates
weak reduction (there called head reduction) according to a more strict discipline.

Iterated e-reduction. We define a family of normalizing strategies, paramet-
rically on the reduction to iterate, which can either be surface or weak reduction.
Let e € {w,s}. The reduction > is defined as follows, by iterating +-reduction

in left to right order.

1. If M has o>-steps:

MM
MM
2. Otherwise, if M is s>-normal:
PP PP

M = [Ax. Pl [\z.P'] M := (Ar.P)Q>(Az.P")Q
V' is of.-normal Q?Q’
M = VQE)VQ'

Theorem 5.3.4 (Normalization). Assume M has a —,p,-normal form N. Let
e € {w,s}. Then every mazximal o> -sequence from M ends in N.

Proof. By induction on the term N. We write — for —,4,.
Assume s = M, My, M5, ... is a maximal or-sequence from M.

We observe that

(**) every maximal —>-sequence from M is finite.

Indeed, from M —* N, by e-factorization, we have that M- U —* N. Since N

is g»-normal, so is U (by Lemma 5.0.3) and (**) follows by uniform normalization

of = (Theorem 5.3.3).

Let s C s be the maximal prefix of s such that M;—-> M, ;. Since it is finite, &'
is M, ..., My, where M, is e-normal. Let §” = My, My, ... be the sequence such
that s = s's".

We observe that all terms in §” are e-normal (by repeatedly using Lemma 5.0.3
from My), so My = M1 = ..., and (by shape preservation, Fact 4.3.2) all

terms in s” have the same shape as M;,.
By confluence of — (Proposition 4.1.14), M; —* N. Again, all terms in this
sequence are e-normal, by repeatedly using Lemma 5.0.3 from Mj. So, M} —* N,
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and (by shape preservation, Fact 4.3.2) M) and N have the same shape.

We have established that M and all terms in s” : M}, M. 1,... have the same
shape as N. Now we examine the possible cases for V.

o N = [z], and M}, = [z]. Trivially M "My = N.

e N = [Ax.Np] and M, = [\z.P] with P —* Np. Since Np is of.normal,
by i.h. every maximal >-sequence from P terminates in Np, and so every
maximal —-sequence from [Az.P] terminates in [Az.Np] = N. Since the
sequence 8" = My, M1, ... is a maximal >-sequence, we have that s = s's"

is as follows
M?*Mk = [Ax.P]?*[Mc.NP] = N.

e N = (Ax.Np)Ng and M, = (\x.P)Q, with P —* Np and () —* Ng. Since
Np and Ng are both of.-normal, by i.h.:

— every maximal —-sequence from P ends in Np. So every —-sequence
from (Az.P)Q eventually reaches (Ax.Np)Q;

— every maximal ;>-sequence from () ends in Ng. So every —-sequence

from (Az.Np)Q eventually reaches (Az.Np)Ng = N.

Therefore s is as follows

M* M, = (Ar.P)Q* (A\e.Np)Q*(Az.Np)Ng = N.

e N =xNg and M}, = xQ). Similar to the previous one. O
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CHAPTER 6

CONCLUSIONS AND RELATED
WORK

On the Computational Core. The computational A-calculus has been con-
structed as the theory of a categorical model; similarly in Section 2.1, we base
the definition of the A -calculus on strong monads over concrete ccc’s possessing
a call-by-value reflexive object. As remarked, models having unit and bind as
primitive operators are rather different from Moggi’s Ac-models: this is discussed
in [Pow00], where in particular the concept of a C-monad seems the appropriate
generalization of our functional monad, which is based on a self enriched, concrete
ccc.

Since here our focus has been on operational properties and reduction theory,
we chose the computational core A, [dT20] among the different variants of compu-
tational calculi in the literature inspired by Moggi’s seminal work [Mog88, Mog91].
Indeed, the computational core A\, has a “minimal” syntax that internalizes Moggi’s
original idea of deriving a calculus from the categorical model consisting of the
Kleisli category of a (strong) monad. For instance, A, does not have to consider
both a pure and a (potentially) effectful functional application. So, A, has less syn-
tactic constructors and less reductions rules with respect to other computational
calculi, and this simplifies our operational study.

In Section 3.1 we have considered the relationship between A\, and A+ from
[SWO7], proving that there is an equational correspondence provided that the
analogous of rule n is added to A,. We showed that such a result cannot be
strengthened to a Galois connection in the sense of [SW97].

Let us discuss the difference between A\, and Moggi’s A\c. As observed in
Chapter 1 and Chapter 2, the first formulation of Ao and of its reduction relation
was introduced in [Mog88|, where it is formalized through the let operator. Indeed,
this operator is not just a syntactical sugar for the application of A-abstraction. In
fact, it represents the extension to computations of functions from values to com-
putations, therefore interpreting Kleisli composition. Combining let with ordinary
abstraction and application is at the origin of the complexity of the reduction
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rules in [Mog88]. On the other side this allows to internalize extensionality. On
the contrary, adding the n-rule to A, breaks confluence.

Beside using let, a major difference of A\, with respect to Ao is the neat
distinction among the two syntactical sorts of terms, restricting the combination
of values and non-values since the very definition of the grammar of the language.
In spite of these differences, in [dT19] §9 and here in Appendix C.3, it has been
proved that there exists an interpretation of A into A, that preserves the reduction,
while there is a reverse translation that preserves convertibility, only.

On the reduction relation. We studied the properties of reduction in the
computational core )\, focusing on two questions: how to reach values and how to
reach normal forms. We faced issues caused by identity and associativity rules,
and dealt with them by means of factorization techniques. We assessed the role
of associativity as computational and not merely structural, and investigated in
depth the structure of normalizing reductions.

We found out that o-reduction plays at least three distinct, independent roles:

o o unblocks “premature” f.-normal forms so as to guarantee that there are
not A.-normalizable terms whose semantics is the same as diverging terms,
as we have seen in Section 5.2;

« it internalizes the associativity of Kleisli composition into the calculus, as a
syntactic reduction rule, as explained in Chapter 1 after Equation (1.3);

o it “simulates” the contextual closure of the [.-rule for terms that reduce to
a value, as we have seen in Theorem 4.4.2.

Related Work. Sabry and Wadler [SW97] is the first work on the computational
calculus to put on center stage the reduction. Still the focus of the paper are the
properties of the translation between that and the monadic metalanguage—the
reduction theory itself is not investigated.

In [HZ09] a different refinement of A\, has been proposed. The reduction rules
are divided into a purely operational system, a structural and an observational
system. It is proved that the purely operational system suffices to reduce any
closed term to a value. This result is similar to Theorem 4.4.5, with weak [,
steps corresponding to head reduction in [HZ09]. Interestingly, the analogous
of our rule ¢ is part of the structural system, while the rule corresponding to
our id is generalized and considered as an observational rule. Unlike our work,
normalization is not studied in [HZ09].

Surface reduction is a generalization of weak reduction that comes from linear
logic. We inherit surface factorization from the linear A-calculus in [Sim05]. Such a
reduction has been recently studied in several variants of the A-calculus, especially
for semantic purposes [AP12, CG14, AG16, EG16, GM19, Guel9].

Regarding the o-rule, in [CG14] two commutation rules are added to Plotkin’s
CbV A-calculus in order to remove meaningless normal forms—the resulting
calculus is called shuffling. The commutative rule there called o3 is literally the
same as ¢ here. In the setting of the shuffling calculus, properties such as the fact
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that all maximal surface 3,0-reduction sequences from the same term M have the
same number of (3, steps, and so such a reduction is uniformly normalizing, were
known via semantical tools [CG14, Guel9], namely non-idempotent intersection
types. In this part we give the first syntactic proof of such a result.

A relation between the computational calculus, [Sim05] and other linear calculi
are well-known in the literature, see for example [EMS09, SW97, MOTW99.

In [dT20], Theorem 8.4 states that any closed term returns a value if and only
if it is convergent according to a big-step operational semantics. That proof is
incomplete and needs a more complex argument via factorization, as we do here to
prove Theorem 4.4.5 (from which that statement in [dT20] and here Lemma 9.1.4
in Part II easily follows).
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CHAPTER 7

INTRODUCTION

The first, main concern of this part is the definition of an intersection type
assignment system for the untyped computational A-calculus A..

Intersection types are an extension of Curry’s simple types introduced in the
80’s, such that relevant classes of A\-terms are characterized by means of their types:
see [BDS13] Part I1I, and the references there. The motivation for investigating
intersection types is that, when including a universal type, usually denoted by
w, that can be assigned to any term, types are invariant under term conversion,
instead of just reduction; by this property the term meaning, namely its functional
behaviour, is fully characterized by the set of its types. So, having such a system
for the computational A-calculus, opens the way to study by well established
mathematical tools the case of (untyped) A-calculi with effects.

Intersection types are naturally interpreted as predicates over a A-model,
and indeed intersection type systems have been originally conceived as a way
to characterize strongly normalizing, weakly normalizing and solvable terms
namely having head normal form. In order to develop analogous systems for the
computational A\-calculus, we introduce an intersection type assignment system
with two sorts of intersection types, namely value types ranged over by d, and
computation types ranged over by 7, whose intended meanings are subsets of
D and T D, respectively. We then define the minimal type theories Thy, and
Theom axiomatizing the preorders over value and computation types, respectively,
and construct a type assignment system which is a generalization of the BCD
type system for the ordinary A-calculus in [BCD83]. Then, the subject reduction
property smoothly follows, and can be established along the lines of the analogous
property of system BCD.

We are looking at BCD type system because it defines a logical semantics of
A-terms, whose meaning are just the sets of types that can be assigned to them,
which turn out to be filters of types. Such a model, named filter model, has the
structure of an algebraic lattice with countable basis. This fact is at the heart of
the proof of completeness of the system, namely that the denotation of a term
belongs to the interpretation of a type in any model if and only if the type can be
assigned to the term in the type system.
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However, the type interpretation over a T-model is much more problematic
than in case of intersection types and A-models. The issue consists of ensuring that
computation types are closed under the two basic operations of the monad 7', that
is unit and bind, which we dub monadic type interpretations. As we shall see in the
technical development, the natural clauses lead to a non inductive definition, hence
difficult to handle. To solve the problem we cannot resort to the correspondence of
intersection types to compact points in D and T'D, because there is no information
about the compacts of T'D, since the monad T is a parameter.

The solution we propose is to restrict type interpretation to the case of T-
models that are (pre-)fixed points of the functor F(X) = (X — TX), existing as
inverse limit constructions if 7" and therefore F' is an w-continuous functor. What
one obtains in this way is an instance of Scott’s D, model, which is the co-limit of
a chain of approximant domains D,,. By interpreting types as admissible subsets
of the D,, by induction over n, we obtain admissible subsets of D, and T'D., by
the very same co-limit construction.

Coming to the filter model construction, we build over the fact that such
models can be seen as inverse limit domains, whose structure is determined by the
type preorder, that is the type theory one considers: see in particular [DHA03] and
[BDS13], Section 16.3. To avoid the rather inelegant shape of domain equations
arising from non-extensional filter models, we show here how an extensional T-
model can be constructed as a filter model, that is itself a limit model satisfying
the domain equation D = D — T'D. This eventually leads to the completeness
theorem, of which subject expansion is a corollary.

To substantiate our claims, we consider a straightforward adaptation of Abram-
sky’s idea of convergence for the lazy A-calculus, as the only observable property
of terms [Abr90, AO93]. We then relate convergence to reducibility to the trivial
computation of a value; eventually we show that convergent terms are exactly
those that have a type different than the universal type of computations. We
conclude that the filter model is computationally adequate.

Summary. The part is organized as follows: In Chapter 8 we introduce the
type assignment system, and in Section 8.2 we establish the subject reduction
and expansion theorems. After that we interpret types over A,-models. The
filter model construction is introduced in Section 8.4 and it is used to prove the
soundness and completeness of the type system in Section 8.5.

The convergence predicate is defined in Section 9.1; it is related to the reduction
relation and the characterization theorem is established. Finally in section 10 we
discuss related work and propose some further developments.

What is presented in this part is a revised version of [dT20] and of the
unpublished paper [dT19]. We assume familiarity with A-calculus, intersection
types and domain theory, for which we refer to textbooks such as [AC98] and
[BDS13] part III.
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CHAPTER 8
INTERSECTION TYPES FOR A,

8.1 The Intersection Type Assignment System

Intersection types are an extension of Curry’s simple type assignment system to
untyped A\-terms, obtained by adding new types o A ¢’ to be assigned to terms
that have both type o and ¢’. Intersection type assignment systems form a whole
family in the literature; of special interest to us is the system in [BCD83|, usually
called BCD: see [BDS13] part III. In BCD it is introduced a notion of subtyping
together with a universal type w, that can be assigned to any term, leading to a
notion called below type theory.

Definition 8.1.1 (Intersection types and Type theories). A language of intersec-
tion types T s a set of expressions o,0’, ... including a constant w and closed
under the intersection type constructor: o A o’.

An intersection type theory (shortly a type theory) is a pair Th = (T, <)
where T is a language of intersection types and < a pre-order over T such that w
is the top, A is idempotent and commutative, and

/ "
c<o <o

a/\alga,
oc<o No"

A type theory is a presentation of a meet-semilattice with w as top element;
in particular A turns out to be monotonic. Different type theories give rise to
different structures and hence to different type systems. We adapt BCD type
theory to the case of A\, where two sorts of types correspond to the two sorts of
terms.

Definition 8.1.2 (Intersection types for values and computations). Let TypeVar
be a countable set of type variables, ranged over by «:

ValType: 6 == a|d—=7|IANI|wyy  (value types)
ComType: 1 == T6|TAT|weom (computation types)
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Chapter 8. Intersection Types for A,

Intersection types from Definition 8.1.2 are better understood as predicates
of values and computations, respectively, or as refinement types of the two types
of A\, that is, using the notation in [MZ15], 6 © D = D — T'D in case of values,
and 7 C T'D in case of computations.

In the definition of language ValType and, consequently, Com Type, the set of
TypeVar (also called atoms) is left unspecified and it is a parameter.

Definition 8.1.3 (Type theories Thy, and Theen). The intersection type theories
Thya = (ValType, <va) and Theom = (ComType, < com) are the least type theories
such that:

J S Val WVal Wval S Val WVal = WCom

5/ SVal o T SCom 7—/

O=T)NO0—=7) <yud—=(TAT)
(5—>T§Va15/—>7/

) SVal 5,

T < Com Wcom TOSANTY <Com T(5 AN 5/) S
T < com T

Remark 8.1.4. By writing =y, for <y, N g;;l, and similarly =¢,;,, We see
that all the axioms but § <y, wyy and 7 <cpm Weom are actually equalities. In
particular, if 7 #com Weom then for a finite set of §; we have 7 =com A; T =com

T(N; 6;).

Type theories Thy, and The,., depend on each other. Except for the distinction
among value and computation types, theory Thyy; is exactly the same as the type
theory of BCD. Theory The,, treats T as a type modality and as a morphism
of meet-semilattices: hence it is monotonic and preserves meets. An important
feature is that Twyy is strictly smaller than we,,, in general; this is consistent
with the interpretation of Twy,; as the largest type of convergent terms. Indeed in
Corollary 9.2.4 we shall prove that we <cgom Twve is not derivable from the system
in Definition 8.1.3 by exhibiting a type interpretation such that this inequality
doesn’t hold.

Lemma 8.1.5. If 7 € ComType is such that T # com Weom then for some 6 €
ValType we have T =com T; hence T < com TWyar.

Proof. By induction over 7. The only non trivial case is when 7 = 7y A 75. From
T1 A\ To F Com Wcom it follows that at least one of them is different than weyp,:
if say 71 =com Weoom then 71 A 7o =com T2 #com Wcoom SO that 7 =gy T2 by
induction. Finally, if both 7, and 7, are not equated to w¢,, then by induction
TI ATy =com 101 ATy =com T(61 ANd2) <com Twya, for some 01,09 € ValType. [

We are now in place to introduce the type assignment system for \..

Definition 8.1.6 (Type assignment). A basis is a finite set of typings I' =
{z1 :61,... 2y 1 0p} with pairwise distinct variables z;, whose domain is the set
dom (T') = {x1,...,z,}. A basis determines a function from variables to types
such that T'(x) = if x : 0 € ', I'(z) = wyw, otherwise.
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A judgment is an expression of either shapes: 'V 6 or ' M : 1. It is
derivable if it is the conclusion of a derivation according to the rules:

x:0el Le:0FM:7

— (Aa) (= 1)

'x:6 'XeM:6 =1

'EVv:é . '-M:T6 THV:d—7
———— (unit) (— E)
LE[V]:TS I'EMxV .1

where Tz : 0 =T U{x: 0} withx :d €T, and the rules:

'P:0c THP:o 'FP:0c o</
W LAY <7 ()
I'EP:w I'FP:oNo I'EP:o

where either P € Val, w = wyy, 0,0 € ValType and < =<y, or P € Com,
W= Weom, 0,0 € ComType and <= <com.

In the proof texts we write ' H V : § and ' H M : 7 to mean that these
judgments are derivable. Because of rule (w), it is not true in general that if
['F P : o then fv(P) C dom (I'); however under the same hypothesis we have that
I'Tfv(P)F P:o, where, for X C Var,I' [ X ={x:0|z:0€Tl & z € X} (the
restriction of " to X).

Among the elementary properties of the system, we state the admissibility of
the following rules.

Lemma 8.1.7 (Weakening and Strengthening). The following rules are admissible:

''P:0 T'CIY Fx:0FP:o 0 <yud

I'+-P:o (W) Fx:0FP:o

where P € Term and o is either in ValType or in ComType according to the sort
of P.

Proof. Admissibility of rule (W) is proved by a straightforward induction over
the derivation of I' = P : ¢. Concerning rule (S) we also reason by induction over
the derivation of ',z : 6 F P : o, where x is not bound in P as it is element of
dom (T', z : §). It follows that in the derivation the only judgements in which z
is the subject of the right hand side typing are either instances of rule (<) or
instances of (Az), that is of the shape IV, x : § -z : § for some I” D T". In the first
case the thesis follows by induction. In the second case we obtain a new reduction
with the same conclusion by replacing (Az) by the inference

/ ! /(A:I/‘) !
IMaz:0Fx:0 0" <va 0
INz:8Fax:0
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8.2 Subject Reduction and Expansion

In this section we establish the minimal requirement for a sound type system,
namely that types are preserved by reductions. Moreover, we prove that types are
preserved by subject expansion, which is a characteristic property of intersection
type systems with universal type w.

The next lemma is an extension of the analogous property of BCD type systems,
also called Inversion Lemma in [BDS13] 14A.1.
Lemma 8.2.1 (Generation Lemma). Assume that § # wyy and T # Weom, then:

i) TRz 0 D(x) <yud

it) TEF XM :0 <
El],(;i,TZ'. Vi e I F,(L’i(sil_MZTZ’ & Aie[ai%TiSVal(S

i) CEV] 136 Vie L TEV 6 & Ner T <com T

W) TEM*V:ire
E'[,(Si,TZ'. VZEIFFMT(% & F|_V61—>TZ & /\iGITi SComT

Proof. The implications <= are immediate. To prove the implications = we reason
by induction over the derivations, by case-distinctions on the last rule. Parts i)
and ii) are the same as for ordinary intersection types and A-calculus; part iii) is
immediate by the induction hypothesis, hence we treat part iv) only.

If the last rule in the derivation of I' = M xV : 7 is (— E) just take I as a
singleton set. If it is (<) then the thesis follows immediately by induction and
the transitivity of <g,,. Finally, suppose that the derivation ends by

FrFEM*xV:rT THFMxV 1"
MV 7 AT

(A)

and 7 = 7/ A 7”. Then by induction we have

31,6, 7,.Vie LTEM:T6, & THEV: 6 =7 & N7 <comT

>y Tt
el

and

3,60, 7 Vi€ JTFM T8 & TRV -7 & N7/ <com T

) ]’
jet
From this the thesis immediately follows by observing that

/ / 7 " / " / "
/\TiSComT & /\Tj <Com T :>/\Ti/\/\7'j <com T NT".
iel jeJ iel jed
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We observe that the statements of Lemma 8.2.1 could be stronger, since
whenever we say that if ' = P : o then IV - @Q : ¢’ it is always the case that the
derivation of the latter judgment is a subderivation of the former. Furthermore
the inverse of all implications hold.

The following lemma, necessary to the subsequent proofs, establishes a fun-
damental property of intersection type theories including arrow types, known as
extended applicative type structures, or EATS [CDHL84]. It has been stated the
first time in [BCD83], 2.4 (ii), and it has been widely covered for intersection type
theories in [BDS13] with the name S-soundness (Definition 14A.4).

Lemma 8.2.2. Let T # com Wcoom, then:
/\(6i—>7'i)§va15—>7'<=>3<]g[.<]7é®&5§Val/\5j& /\TjSComT
iel JjeJ JjeJ

Proof. By induction over the definition of <y, and <cgpp- O

Lemma 8.2.3 (Substitution lemma). If 'z : § = M : 7 and ' =V : 0 then
I'EM{V/z}:T.

Proof. By induction over the derivation of I',x : 6 = M : 7. For the induction to
go through, one has to show the auxiliary statement that if ',z : § = W : ¢’ for
some W € Valthen I' - W{V/x} : §'. Details are routine. O

Theorem 8.2.4 (Subject Reduction). If ' M : 7 and M — N thenT'F N : 1.

Proof. Let us assume that 7 # wce,, since the thesis is trivial, otherwise. The
proof is by induction over the definition of M — N, using Lemma 8.2.1. We treat
just the interesting cases.

Case (f.): then M = [V]x (Ax.M’) and N = M'{V/x}. From the hypothesis
' M : 7, by iii) and iv) of Lemma 8.2.1 we have that there exist a finite
set I and types d;, 0. and 7; for all 7 € I such that:

1. IV 6] with 9] < d;;
2. 'FXe. M :6; — 7 with Nicr 7o <com T

By ii) of the same lemma for all i € I there is J; such that for all j € J;:
3. I'yw: oy = M : 7y with Ajey, 0i5 — Tij Svar 0i = 73

In virtue of Lem. 8.2.2, we may assume w.l.o.g that the non empty J; have

been chosen so that d; <va Ajey, 055 and Ajey, Tij <com 7; for all @ € 1.

It follows that 0] <y, §; <vu 0;; for all 7 and j so that by ((a)) we have
I' FV :§; by rule (<). It follows by Lem. 8.2.3 and ((a)) that I' F
M'{V/x} 1 7555 now Nier Njes, Tij <com T, so that I' = M'{V/xz} : 7 by
repeated applications of rule (A) and (<).

Case (0): then M = (Lx Ax.M’) x \y.N" and N = L * Ax.(M' x Ay.N’) where
x & fv(N'). As before from I' - M : 7 and Lem. 8.2.1 we know that there
exist I, d;, 7; such that for all i € I:
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4. T'F L% x.M' : To;

5. I'FAy.N":6; = 7; with Nic; i <com T
From (4) it follows that for all ¢ € I there are .J;, d;;, 7;; such that for all
j S Jz

6. T+ L:T6,;

7. T XM 5ij — Tij with /\jGJi Tij <cCom T(Sl
Reasoning as in case (3.), we obtain from (7) that for all j € J; there exist
Kj, 6ijk7 Tijk s.t.

8. F,ZL’ : 5z'jk: M Tijk with /\kEKj 5ijk — Tijk SVal (51']‘ — Tij

Assuming as before that the J; and the K; have been suitably chosen, by
Lem. 8.2.2 we have that

9. 0 <va Njes, 05 and Aje s, Tij <com T'0;
10. 0ij <vai Arek, ik and A, Tijk < com Tij

Therefore, for all 7, j, k we have 6;; <vyy 0ix and 75 <com 10;; hence from
(8) by (S) and (<) we have I',x : ¢;; = M’ : T6;. On the other hand by
admissibility of rule (W), from (5) and the fact that ¢ FV(N’), we have
that I,z : 0;; = Ay.N' : 6; = ;. Hence for all
F,x(SUI—M’T(Sl F,$5Z]|_)\yN,5l—>TZ
F,ZE . 5” F M/*Ay.N/ LT
Fl‘LT@] F"/\I’(M/*AyN/) 5@]—>Tz
I'E LxXx.(M xMy.N'): 7

Now the thesis follows by rules (AI) and (<), using Ajcr 7o <com T-

Case id is immediate from Lem. 8.2.1; all cases dealing with the compatible closure
are easy consequences of the induction hypotheses. O]

Toward the proof of subject expansion, we need a lemma that is the inverse of
Lem. 8.2.3.

Lemma 8.2.5 (Expansion Lemma). If T'+ P{V/z} : 0 with V € Val, P € Term
and either o € ValType or o € ComType according to the sort of P, then then
there exists 0 € ValType such that:

'v:6 and Tyz:0FP:o

Proof. 1f o is either wyy or weem then the thesis is trivial. Otherwise, let us
assume w.l.o.g. that x ¢ fv(P{V/x})Udom (I') and that V is free for z in P, that
is fv(V) N BV(P) = ), which is a necessary condition for the substitution P{V/x}
to be capture avoiding. Then we proceed by induction over P{V/z}, and by cases
of P.
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Case P = x: then o is some 0 € ValType; since clearly x{V/x} = V then
['F V :§ by the hypothesis, and I,z : § =z : 0 by (Az), where I,z : § is a
basis since z ¢ dom (I').

Case P =y # x: then we trivially have y{V/z} = y, so that we obtain the thesis
by taking 6 = wyy.

Case P = \y.M: then P{V/x} = \y.(M{V/z}); in particular since free variables
in V' cannot be caught in P{V/xz} by the binding \y, we freely assume that
y & fv(V). From the hypothesis I' b A\y.(M{V/x}) : o, by ii) of Lem. 8.2.1,
it follows that there exist I and d;, 7; such that I',y : §; = M{V/z} : 7; for
all i € I and Njer 0 = 7 <va 0.

By induction for all ¢ € I there exist ¢ such that I,y : 6; = V : 4] and
Iy : 6px 0, = M : 7. Sincey ¢ fv(V), from I'y : §; = V : 0] we
obtain I' = V' : §.. Taking § = A;c; 6. we obtain I' = V' : § by rule
(AI) and Ty : é;,x : § & M : 7, by (S5). ; on the other hand we get
iz :0bF Ay.M :0; — 7 for all i € I by rule (— I) and (AI). Hence we
conclude by rule (<).

Case P = [W]: then P{V/z} = [W{V/x}] and the thesis follows by iii) of Lem.
8.2.1 and the induction hypothesis.

Case P = M x W: then P{V/z} = (M{V/x}) » (W{V/x}). By iv) of Lem.
8.2.1 and induction, there exist I and d;,7; and 4§}, 6 such that T' =V : 47,
Low:oj = M:Toand Uyw i 03 FW 6 — 7 foralli € I and j = 1,2,
such that A;c; 7 <com 0. Take 6 = 0] A dh: then T'H V @ 6 by (AI) and
Cx:0FM:Téand Tz : 0 W : §; — 7 for all i € I by (5). Now
Lyaz:0F MxW : o follows by (— E), (A) and (<).

O
Theorem 8.2.6 (Subject Expansion). If '+ N :7 and M — N then ' M : 1.

Proof. The proof is by induction over M — N, assuming that 7 # com weom- The
only interesting cases are the following.

Case (f.): then M = [V]|x (Ax.M’) and N = M'{V/z}. By Lem. 8.2.5 there
exists  such that ' FV : dand 'z : 6 - M’ : 7. Then I' - [V] : T
by rule (unitl) and I' F Ax.M' : § — 7 by rule (— I). We conclude that
CE[V]*(Az.M') : 7 by rule (— E).

Case (0): then M = (Lx Ax.M") x \y.N" and N = L x \x.(M' = A\y.N').
By iv) of Lem. 8.2.1, from I' = N : 7 there exist [,d;, 7; such that for all
ie€lwehave ' L:T6, I'FAx.(M' A y.N'):6; = 7; and Nier i <com T-
By ii) of Lem. 8.2.1 for all ¢ € I there exist .J;, d;;, 7;; such that ',z : §;; -
M’ x Xy.N": 75 and Ajey, 0i5 — Tij <va 0; — 7;. From this and by iv) of
Lem. 8.2.1, for all j € J; there are K}, ;jx, Tijr such that for all £ € K;
we have 'z : 0;; F M' : Té;5, and I',z @ 65 & Ay.N'" : 655 — 75 and

Nker; Tijk < Com Tij-
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Now, by Lem. 8.2.2, from Ajcj, 0ij — Tij <va 0; — T; we have that there
exists ) # J! C J; such that for all j € J/, §; <y 0;; and 7i; <com 7.
Hence we obtain that T'0; <con 10;; so that I' = L : T'0;;, for all ¢ and the
appropriate j. On the other hand by rule (— I) we know that T' - Az.M" :
dij = T;;1, so that by rule (— E) we deduce I' = L x Ax. M’ : T'6;;, for all
¢ and the appropriate j, k.

From I'z : 6;; = Ay.N' : ;5 — 7, and the fact that x ¢ fv(Ay.N')
we have that I' = Ay.N' : 0;;, — 7y, that combined with the above,
yields I' = (L * Az.M") « A\y.N" : 7, by rule (— E). But we know that
/\jeJi/’keKj Tijk <Com /\jerg Tij <com Ti, for all © € I: thus the thesis follows
by (A) and (<) since Ajer i <com T-

]

8.3 Type Interpretation over )\ -Models

To interpret value and computation types we extend the usual interpretation of
intersection types over A-models to A,-models. Let (D,T,®,¥) be such a model,
as defined in Definition 2.3.1; then for d,d" € D we abbreviate: d - d' = ®(d)(d').
Also,if X CDand Y CTDthen X =Y ={deD|Vd e X.d-d €Y}.

Definition 8.3.1. Let ¢ € TypeEnvy, = TypeVar — 2P a type variable inter-
pretation; the maps [-]P : ValType x TypeEnvy — 2P and []*P : ComType x

TypeEnvy, — 2TP are type interpretations if:
[a]f = ¢(a) [0 =] = [3¢ = [7]¢°
lwval? = D [6nd]2 = [o]f n[o]?
[weomlé? = TD [T ATTEP = [rIEP n[F]EP

Moreover the following implication holds:

d € [6]¢ = unitd € [TO]¢"
We say that [-]TP is strict if

[[Té]]gD = {unitd | d € [0]¢}

In the following, if D is a T-model then we assume that [-]” and [-]7? are type
interpretations satisfying all conditions in Definition 8.3.1 but are not necessarily
strict.

Lemma 8.3.2. Let D, [[]*P, and £ € TypeEnvy as above.
The couple (D, &) preserves <y and <com, that is: for all 6,8 € ValType and for
all 7,77 € ComType, one has:

6 <vad = [0]f €678 and 7 <comT = [7I{° C [P

Clearly any strict type interpretation is a type interpretation. Let us define
(strict) truth and (strict) validity of typing judgments.
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Definition 8.3.3 (Truth and validity). We say that 'V :§ and '+ M : 7 are
true in a T-model D w.r.t. the type interpretations [-|” and [-]*P if

1. p,E EP T if p(x) € [D(x)]¢ for all x € dom (T)
2. TEPV 6 if p,& EP T implies [V]5 € [0]7
3. TEP M:7if p,& EP T implies HM}]ZD € [[T]]ETD

We say that T'+=V 1§ and T' = M : 7 are valid, written T =V : 6 and T =M : T,
respectively, if U =PV : 6 and T =P M : 7 for any T-model D and type
interpretations [-]P and [-]*P.

Finally we say that ' =V : 0 and I' = M : 7 are strictly true in D, written
FTEPV:6 and T =P M : 7, respectively, if the interpretations [-]° and [-]TP
are strict; also they are strictly valid, written T' =g V 2 0 and T =g M @ 71, if
strictly true for any D.

Unfortunately, the type system in Definition 8.1.6 is not sound w.r.t. arbitrary
type interpretations. The difficulty comes from rule (— E), because in general
[T6]¢P 2 {unitd | d € [6]¢} and inclusion might be proper. In case of strict type
interpretations, however, this is an equality and the soundness of type assignment
is easily established.

Theorem 8.3.4 (Soundness w.r.t. strict interpretations).

'FV:o = T'EV:d and THFM:7 = ' M7

Proof. By simultaneous induction on the derivations of 'V :dand I' - M : 7.
Rules (AI) and (w) are sound by the definition of type interpretation. Rule (<) is
sound by Lemma 8.3.2, as we proved that (D, &) preserves <y, and <g,p,; rule
(unitl) is immediate by induction.

Rule (= I): if p,§ =D T and d € [0]¢ then p[z — d], & =P T2 : §; by induction
[,x:6 P M : 7 which implies

.M, - d = [M];2.q € [7]¢"
Hence [Az.M]? € [6 — 7] by the arbitrary choice of d.
Rule (= E): let p,¢ =P T and assume by induction that [M]7P e [T6]";

because of strictness we have that [M]” = unitd for some d € [d],
therefore

[MV]EP = [M]2P % [V]D = wnitd = [V]) = [V]2 -d € [r]¢”

since [V]? € [0 — 7] by induction.
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8.3.1 Beyond Strictness

The hypothesis of strictness of type interpretation is quite restrictive (although
it suffices for proving computational adequacy: see Section 4.4.3). Consider for
example the state monad SX =[S — (X x S),], where S is some domain of
states (e.g. S C L — D where L is some set of locations, and it is ordered by
s Cg s if s(¢) Cp s'(¢) for all £ € L), and according to [Mog91] define:

unitsd = Xs € S.(d, s) axs f=AseS. let(d,s'):=asinfds
Given some d € D and ¢ € L, let a = unitsd € SD and
f=Ads.(d,upd,(s,d)) € D — SD,
where upd, (s, d) is the update of s in £ to d. Now a s = (d, s) and therefore

(axs f)s = fds = (d, updy(s,d))

namely axs f = Ns.(d, upd,(s,d)) which is a defined computation that is not
Lsp but different than unitg d, therefore it does not belong to the strict type
interpretation of any non trivial type S4.

We will discuss with deep details the case of state monad in Part III.

Definition 8.3.5 (Monadic type interpretation). Let D be a T-model; then type
interpretations [-JP and [-]TP are monadic if for any d € D and a € TD

W'.de [0 = T8]Y & ae[TV]{P = axde [To]:".

By the very definition, monadic type interpretations are not inductive; in
particular [T0]{" depends on itself and also on [T¢'[{” for any ¢’. To turn this
definition into an inductive one, we make essential use of the correspondence
among intersection types and the category of w-algebraic lattices.

Henceforth D is the category of w-algebraic lattices, which is a particular
category of domains (see e.g. [AJ94] and [AC98], ch. 5). Objects of D are
lattices whose elements are directed sup of the compact points ¢ € K(D) C D
they dominate, where c is compact if whenever X is directed and ¢ C | | X there is
some x € X s.t. ¢ C x; moreover (D) is countable.

Suppose that the monad T is an w-continuous functor over D, so that the
functor F(X) = X — TX is such. Let Do, = lim, D, where Dy is some fixed
domain, and D, = F(D,) = [D,, — T'D,] is such that for all n, D, < D, is
an embedding. As a consequence we have Do, >~ F(Dy) = [Doo — T Dy and we
call ® the isomorphism. Also, by continuity of T', we have that D, = lim._ T'D,,.
If z € Dy, we write x,, for its projection to D,; if x € D,, then we identify x with
its injection into D,,. We fix the notation for the standard notions from inverse
limit construction. For all n € N the following are injection-projection pairs:

° 87’L:D’rl_>-D77,—i-1777—77,:1)71-4-1_>-Dn
e Let m>n. eppm: Dy = Dy, T 2 Dy — Dy,

* Enoo i Dy = Do, oo i Dog = Dy
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For definitions see any standard text on domain theory, e.g. [AC98]. The following
lemma lists some well known facts. We set the following abbreviation x,, = Too ().

Lemma 8.3.6. Let z,y € D:

1. x=l,x,

2. ifx € D, then x = x,

8. -y = UnTns1(yn)

4. ify € Dy, then x -y = xp41(y)
where T, = Toon(T).

To these we add:

Lemma 8.3.7. Let x € Dy, andy € TD.:
1. (unitz), = unit,1x

2. (Y*T)py = Yo * Tp

3. axd=1Ll,(a,*dyi1).

If X C D, we write X,, = {x, | # € X}, similarly for Y,, when Y C TD..
By means of this we define a notion of approximated type interpretation such

that each type turns out to denote certain well behaved subset either of D,, or
T D,, according to its kind, called admissible subset ([AJ94] sec. 2.1.6).

Definition 8.3.8. A predicate on (i.e. a subset of) a domain D is admissible if
it contains L and is closed under directed suprema. We write as Adm(D) the set
of all admissible predicates on a domain D. Fiz a domain D and a subset X C D;
we define the following operator:

cp(X) =P € Adm(D) | P 2 K(X)}
where IC(X) are the elements of KK(D) bounded above by the elements of X.

Our goal is to show that the type interpretations are admissible subsets of
either D,, or T'D,, provided that the {(«) are such. To enforce admissibility of the
¢(a)) we have introduced the clp operator.

Lemma 8.3.9. The operator clp : D — ZD is a closure, and clp(X) is an
object of D for all X C D, hence it is admissible and algebraic.

Next we define the notion of approximated type interpretation, that in the
limit is a monadic type interpretation (Theorem 8.3.14).
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Chapter 8. Intersection Types for A,

Definition 8.3.10. Let £ € Term-Envp__; then we define a family of approximated
type interpretations [[5]]?” C D, and [[T]]?D" C T'D,, inductively over n € N, and
then over types:

[[a]],f "= Can (é(a)n) [[wVal]]gDn =D, [[wcom]]TDn =TD,
[6 A 5’]]5 n= [0 N[O [ ATIEP = I8P N PR
[0 — 7] = [6 — 71" = {d € Dyyy | ¥d' € [0]7". d(d') € [7]{P}
[To]i™ = TDy
[76]; 7+ = {unitd € TD, | d € [0]{"} U
{axd € D,y | 30" d € [§ — TJ™ & ae [T0]FP}

The use of ¢lp, in the definition of [«] ED " can be avoided if {(«),, is admissible,
for which it suffices that £(«) is admissible. We say that £ is admissible if all ()
are such. Clearly clp(é(a)) = &(a) if £ is admissible.

Lemma 8.3.11. Let £ € Term-Envp__. For all n € N, every element of the
families [[6]]5 " and [[T]]TD" is an admissible predicate on D,, and T D,,, respectively.
Moreover, they are algebmz'c domains. In addition, every such admissible predicate
s an w-algebraic sublattice of D,, and T D,,, respectively.

Lemma 8.3.12. Fiza & € Term—EnvD

Define €5 = ¢, | [[5HD" and 70 = 7, [[6]] , where e, [ [0]¢™ = en([6]¢™), that is
the image of ﬂ5]]D" via &,; similarly for m, | [0]¢"

Then, for all § € ValType (£° 7r5) is injection-projection pair.

nr'n

Define e1° = Te? and 71° = T'x°. By functoriality of T and Lemma 8.3.12
they are an injection-projection pair, too. This implies that the following subsets
of Dy, and T' D, do exist.

Definition 8.3.13.

1. [6]P> = lim,_[5]P"

2. [To]P> = lim [To]{"

Theorem 8.3.14. Let £ € Term-Enuvp,, be admissible. Then the mappings [H]?‘”
and [[-]]?D‘X’ are monadic type interpretations; in particular:

1. d € [0]¢> = unitd € [[T(S]}TD“
2.30.de[§ =T8¢~ & a€ T8> = axde [To]{" >

Proof. By Definition 8.3.10 [0 — 7']]?"+1 = [6]¢" = [[T]]?D". Let d € [0 — TH?”+1
if and only if d = |,, d,,11 where d,,1 € [§ — 7']]?”+1 for all n. Similarly,d’ € [[6]]?”
if and only if ' = |, d,,, where d,,., € [6 — 7']]?”+1 for all n. Now, by
Lemma 8.3.6, d - d' = |, d,+1(d},) and as seen so far d,,1(d],) € HTHTD” Hence,
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L, dnt1(d)) € lim%[[T]]ZD” = [[T]]gTD“’.

Now we prove the monadicity of the type interpretation. Let d € [[(5]]g >, In
particular, [[5]]5"" = lim, [[5]]?”, thus d = ||, d,, where d,, € [6]¢". Since unitd, €
[[Té]]gTD” by definition, and since wnit is continuous, unitd = unit (L], d,) =
L, unitd,. As built so far, |, unitd, € lim, [[Té]]gD" = [[Té]]?D‘”. So clause (i) is
satisfied.

Let a € [[T(S’]]?D“’ and d € [0/ — T(S]]gD”“. According to (iii) in Lemma 8.3.7, we
have a xd = |,(a, * d,11). By construction a, € [[T(S’]]gD” and d,11 € [0 —
T(5]]?"“. By definition a, * d,4+1 € [[Td]]gTD"“7 thus a x d € limg[[Tﬂ]gD" =
[T (5]]2”j . So clause (ii) is satisfied. O

Remark 8.3.15. As long as the monad 7' is generic and no algebraic operations
are considered, the only effects are produced by the trivial computations [V];
hence in the term model for the pure core calculus the type interpretation is
actually strict. However the closure properties of the monadic interpretations are
necessary conditions for type interpretation in the general case, and do actually
hold in case of the state monad studied in Part III.

8.4 The Filter-Model Construction

Let (L, <) be an inf-semilattice; a non empty F' C L is a filter of L if it is upward
closed and closed under finite infs; F(L) is the set of filters of L. The next
proposition and theorem are known from the literature, e.g. [DP90, AC98]:

Proposition 8.4.1. If (L, <) is an inf-semilattice then F(L) = (F(L),<) is an
algebraic lattice, whose compact elements are the filters Ta={d € L|a <d'}.
Hence F(L) is w-algebraic if L is denumerable.

Any D € |D| arises by ideal completion of K(D) taken with the restriction
of the order C over D; dually it is isomorphic to the filter completion of IKC7(D),
that is KC(D) ordered by T, the inverse of C.

Theorem 8.4.2 (Representation theorem). Let D € |D|; then K(D) is an
inf-semilattice and D ~ F (K (D)) is an isomorphism in D.

Let Th = (T,<) be a type theory. Elements of F(T) are the non empty
subsets ' C T which are upward closed w.r.t. the preorder < and such that
if 0,0’ € F then 0 A ¢’ € F. This definition, coming from [BCD83], is not the
same as that of F(L) because < is just a preorder, and infs do exist only in
the quotient 7,<, which is indeed an inf-semilattice. The resulting partial order
F(Th) = (F(T), <), however, is isomorphic to (F(7,<), ).

Lemma 8.4.3. Let 7)< be the quotient of the pre-order Th = (T,<), whose
elements are the equivalence classes [0] = {0’ € T | 0 < o’ < o}, ordered by
the relation [o] S [0'] & 0 < o', Then (T)<,S) is an inf-semilattice; moreover
F(Th) ~ F(T)<) is an isomorphism in D.

Proof. Proving that < is well defined and (7/<, ) is an inf-semilattice is routine.
The isomorphism F(Th) ~ F(7,<) is given by the map F' +— {[o] | c € F}. O
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By Theorem 8.4.2 and Lemma 8.4.3, any D € |D| is isomorphic to the filter
domain Fp = F(Tp) of some intersection type theory Thp = (Tp, <p), called the
Lindenbaum algebra of KC(D) in [Abr91].

Definition 8.4.4.

For D, E € |D]|, the functional type theory Thp—r = (Tp—p, <p—sg) is the least
type theory such that Tp— g includes all expressions of the form § — ¢ for 0 € Tp
and € € Tg and <p—g is such that

Wp—E <p—Eg Wp — WE ((5—)8)/\((5—)8/) SD—)E6—>(€/\€/)

8 <pspd e<gpe

(5—)8§D—)E(5l—>8/

Also Thp—sg is continuous if

el

Remark 8.4.5. The theory Thp— g is an extended abstract type system, shortly
eats (see e.g. [ACI8| ch. 3), but for the sorts of type expressions. It is continuous
if it is a continuous eats.

Proposition 8.4.6. Let Thp— g be a continuous functional type theory. Then the
domain Fp—sg = F(Thp—g) is isomorphic to [Fp — Fg|, namely the domain
of Scott continuous functions from D to E.

Proof. First if u € Fp—g and d € Fp then
uw-d={ee€Tg|Id—>ccuded}eFp
Then the isomorphism Fp—p ~ [Fp — Fg] is given by

" (u)=ANde Fp.u-d U (f)={N\0 —e)|Vielcef(15)} (82)

el

To prove that " o U7 = idz, — 7, and U7 0 &7 =idg, ., it is enough to show
this for compact elements, which is obtained by simple calculations. O

Definition 8.4.7. Let Th = (T, <) be a type theory and T a unary symbol; then
Th' = (TT, <T) is the least type theory such that TT is defined by the grammar

pu=To|eN¢ |wr
and, for o,0’ € T
o <T wp oc<o =To<'Td¢ ToANTo' <" T(o A o)

Clearly Theom = (Thya)” that we abbreviate by Thl,; also, by Theorem 8.4.2,
if Thp is the theory of some D € |D| then Frp = F(Th},) is again a domain with
theory Th},, and TD = Fpp is a well defined, total map T : |D| — |D|.
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In the following we abbreviate Fp = F(Thp) and Frp = F(Th},). We also
suppose that the set of atoms TypeVar, is non empty and fixed, and in one-to-one
correspondence to the compacts K(Dy) of some fixed domain Dy; also assume
that ag <y a. in the theory Thy,, if and only if e £ d in Dy.

Finally, we enforce extensionality of the resulting T-model (see below) by
adding to Thy, some axioms that equate each atomic type « to an arrow type, for
which we have similar choices that is either all (in-)equations o = vy wyy — Ta
by analogy to Scott’s models, or a =y, ayy — Ta by analogy to Park’s. No

matter which is the actual choice, we ambiguously call Th?,, the resulting theory
and D, = F(ThY,,) its filter domain.

Lemma 8.4.8. We have that Th',,, = Thp,—stp. and it is a continuous functional
theory. Therefore D, ~ [D, — TD,].

Proof. By hypothesis Th',, = Thp,; by definition Thcom = (Th',)* = Thrp,.
By Definition 8.1.3 we have that Thp, = Thp,—Tp,. To see that Thp, —stp, is a
continuous functional type theory it suffices to show that condition (Equation (8.1))
holds in Thy, (similar to the analogous proof for system BCD). Hence

D, ~ F(Thp,—stp,) ~ [F(Thp,) — F(Thrp,)] ~ [D, — TD,]
by Proposition 8.4.6. O

Lemma 8.4.9. Let T : |D| — |D| be as above. Define unith : Fp — Frp and
*]z;,E : Frp X Fp—teg — Frg such that:

unit d= t{T6€Trp|dedt txge= t{reTrp|Ié—sTceToct}

Then (T, unit”, ") is a monad over D.

Corollary 8.4.10. Let &7, U7 be defined by (Equation (8.2)). Then (D,, T,®” &%)
is a T-model.

Next we show that D, is a limit T-model, hence it admits a monadic type
interpretation by Theorem 8.3.14. Let’s stratify types according to the rank
map: 7(a) = r(wyw) = r(weem) = 0, (0 A ¢’) = max(r(o),r(c")) (for o Ao’ €
ValType U ComType), r(§ — 7) = max(r(d) + 1,7(7)) and r(T9) =r(d) + 1. If T
is any language of intersection types, we set: 7, = {o € T | r(0) < n}.

Lemma 8.4.11. Let <,= < [T, x T, (for both <yu and <com) and Th, and
D,, = F(Th,) be the respective type theories and filter domains. Then the D,
form a denumerable chain of domains such that D, = lim. D,, is a limit T-model.

Proof. Recall that D,, = F(Th!). Define €, : D, = Dyy1, m, : Dyy1 — D, as

follows:

en(d) = {0 € ValType, , |30 €d. & <,41 6} for d € D,, = F(Th])
m(e) = {0€e|r(d) <n} for e € Dy = F(Th! )

Let d € D, and e = ¢,(d). Both ¢,(d) an m,(e) are filters. Clearly d C
en(d) N ValType,,, hence d C m,(e).
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Vice versa if § € m,(e) then r(d) < n and for some ¢ € d, § <,; J. But
<ps1| ValType, x ValType, = <,, hence §' <, § which implies § € d as the
latter is a filter. We conclude that ,(e) = d, and therefore 7, o g, = idp, by the
arbitrary choice of d.

On the other hand if d = m,(e) for some arbitrary e € D,,.1 and § € €,(d) it
follows that there exists ¢’ € e such that r(§’) < n and ¢’ <, 41 6, which implies
that 0 € e being e a filter w.r.t. <,.;.

In conclusion ¢, o m, E idp,,, where E is the point-wise ordering induced by
subset inclusion. Combining with the previous equation we conclude that (&, m,)
is an injection-projection pair, and hence D, C lim. D,. To see the inverse
inclusion just note that any filter d € D, is the union of all its restrictions to the
rank n, namely in D,,, and hence is a filter in D. O

Remark 8.4.12. It is not the case that D,, C D,,: indeed let 6 - 7€ d € D,
and take any ¢’ such that r(0’) = n; hence r(JAY — 7) =n+1land IAY — 7 & d.
But 6 = 7 <,41 0 Ad — 7, therefore the latter type belongs to any filter in D,
including d. Then we see that ¢,, cannot be just set theoretic inclusion. The very
same example shows that m,(e) C e is a proper inclusion in general.

8.5 Soundness and Completeness of the Type
System

In the following, let us fix a T-model D and assume that [-]7? is a monadic type
interpretation. Also we assume & € TypeFEnvp, is admissible and p € Term-FEnvp.

Lemma 8.5.1. Let D, [[]*P, and £ € TypeEnvy, as above.
The couple (D, &) preserves <y and <com, that is: for all 6,8 € ValType and for
all 7,7 € ComType, one has:

60 <yud = [[(5]]? - [[5’]]? and T <com T = [[T]]?D C HT’]]?D
Theorem 8.5.2 (Soundness).

'FV:6o = TEV:) and TFM:7 = I'EM:7

Proof. By simultaneous induction on the derivations of 'V :dand ' - M : 7.
Rules (AI) and (w) are sound by a quick inspection on the definition of type
interpretation. Rule (<) is sound by Lemma 8.5.1, as we proved that (D,¢)
preserves <y, and <gom.

In order to prove soundness of rule (— I), assume I';z : 6 = M : 7 and
p,§ = T, one has to show that [Az.M]? € [0 — 7]¢. Let d € [4]2, the
thesis is equivalent to say that [M]{2,, € [7]{”, by the arbitrary choice of
d, because in any model this is the same as [Az.M]? - d € [r]{P. If we set
Fp ={e€ D |3M,p. e = [Mx.M]?} then the semantic interpretation of rule
(— 1) says that {e € Fp |Vd.;d € [0]f = e-d e [r]{P} C [6 — 7]¢.

For what concerns rule (unitl), suppose that the assertion is true for the derivation
of 'FV 6, namely I' =V : 6, and p, £ = T". To prove that I' |= [V], one has to
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show that [[V]]77 € [To]{7, that is equivalent to unit [V]? € [T6]f" and this
true by (i) of Theorem 8.3.14 Soundness of rule (— E) follows a very similar path,
invoking propriety (ii) of of the same theorem. O

Recall that D, = F(Th},,). Let & € TypeEnvp_ be defined by &y(o) = {d €
D, | a € d} U{ twyu}, that is admissible. Also let [-]P+ and [-]*P* be the
monadic interpretations of Definition 8.3.13.

Lemma 8.5.3.
[[6]]50* = {d €D, ‘ o€ d} and [[T]]g;D* — {CL eTD, | e CL}.

Proof. D, is a T-model by Corollary 8.4.10, and [-]P* and [-]*P+ are monadic,
hence Lemma 8.5.1 applies. O

Lemma 8.5.4 (Type Semantics Theorem). For any p € Term-Enuvp, :

1 [V]P-={6 € ValType | L. p,& =T & T'HV 1 4}

2. [M]IP ={r € ComType | L. p,& =T & ' M : 7}

Proof. By Theorem 8.5.2 and the fact that D, is a T-model and type interpreta-
tions are monadic, both inclusions D follow by Lemma 8.5.3. To see inclusions C
we reason by induction over V' and M.

Case V = ux: if § € [2])* = p(x) take ' = z : §. Then clearly I' -z : . On the

other hand p,& | = : ¢ if p(x) € [[5]]?0* that is if § € p(x) by Lemma 8.5.3,
which holds by hypothesis.

Case V. = Az.M: if 6 € [Az.M]}*, recall from Definition 2.3.1and Proposi-
tion 8.4.6 that:
e M2 = wF(Nd. [M]70, )

plz —d]
= MNet( = m) | Viel.ne M0 50}

By induction for all i € I there exists I'; s.t. plz — 1 6;],&§ E I'; and
Iy B M : 7;. This implies that p(x) € 1 §; hence there is no theoretical
loss in supposing that I'; = I,z : §;. Let I = A;c; ', be the pointwise
intersection of the I'; it follows that I,z : 6; = M : 7; for all i € I.
Therefore by (— I) we have I'' - \x.M : 6; — 7; for all i € I, so that by
(AI) we conclude that IV = Ax.M : A\;c;(6; — 7;), and the thesis follows by
Nier(0; = ;) <ya ¢ and rule (<).

Case M = [V]: if 7 € [[V][IP* = wnit[V]DP* = 1{T6¢ | 6 € [V]P*}. By
induction there is I" such that p,& =T and I' = V' : §, from which it follows
that I' = [V] : T by (unitl).

Case M = M'«xV: if 7 € [M'x V]I where:

[M' > VTP = M7+ [V]D = t{r 136 =7 e[V]).T6 e [M])P}
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By induction there exist IV and I such that:
p, S ET & TVEM T and p, S ET & T"EFV 7T

Now let I' = IV A T"; we have that p,& | I' implies that I"(x) € p(z)
for all € dom (I') by Lemma 8.5.3, and similarly I (y) € p(y) or all
y € dom (I"); hence for all z € dom (I') = dom (I") U dom (I"") we have
['(z) =T"(2) AT"(2) € p(z) since p(z) is a filter. It follows that p,& T
and, since I' <y IV, I” that both I' - M’ : Té and ' =V : § — 7, from
which we obtain I' = M’ xV : 7 by (— E).

[
Theorem 8.5.5 (Completeness).
'eV:6 = THV:§ and TEM:7 = T'EFM:T.

Proof. We show the second implication as the first one is similar. Assume that
' = M : 7, then in particular we have I' =P+ M : 7. Let pr € Term-Enuvp,
be defined by pr(z) = 11I'(x). By construction, we have pr,&, = I" and hence
[M]LP € [7]&P". Thus, 7 € [M]2P* by Lemma 8.5.3. Therefore, there exists I”
such that pr,& = 1" and I = M : 7 by Lemma 8.5.4.

Without loss of theoretical generality, we can assume X := domI' = dom I’ =
fv(M). For all z € X, I''(z) € pr(xz) = 1T'(z) implies that I' <y, I". From this
last consideration we conclude that I' - M : . O

Subject expansion, already proved in Theorem 8.2.6, can be also obtained as a
corollary of the above theorem:

Corollary 8.5.6 (Subject expansion). If '+ M : 7 and N — M then T'F N : 7.

Proof. Since M — N, for all model D and every p, [N]? = [M]? by Proposi-
tion 2.3.3. In particular, by assuming D = D, [N ZFD* =M ZFD*.

-M:7 = 7¢e[M]P by Theorem 8.5.2 and Lemma 8.5.3

= TCE [[N]]EFD*

= dlV.pr, & EMand IV M : 7 by Lemma 8.5.4
= I'FN:71 as in proof of Theorem 8.5.5.

[]
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CHAPTER 9

CHARACTERIZATION OF
CONVERGENCE

In this chapter we introduce a big-step operational semantics that is proved to
be equivalent to the reduction relation introduced in Section 2.4. By means
of this convergence predicate, we reach the main result of this part, that is a
characterization of convergent programs by non trivial typings, Theorem 9.2.1.
Methodologically, we obtain this result using the Tait’s computability method.

9.1 Equivalence Between Big-Step and Small-
Step Operational Semantics

Operational semantics of A-calculi, as well as of programming languages, consists of
giving meaning to terms via a definition of their execution. This can be done either
by a small-step reduction relation (more precisely by considering some reduction
strategy), or via an evaluation relation of terms to their values, often called
convergence predicate. Both are examples of structural operational semantics in
Plotkin’s sense [Plo04], but serve different purposes. Instead of describing the
evaluation process in detail, which is also defined on open (sub)-terms, convergence
is a relation among “programs”, that are closed terms and the closed values to
which programs evaluate. Having treated reduction for A, in Part I, we now
introduce a convergence predicate, whose definition is inspired by the analogous
relation for the call-by-value A-calculus.

In denotational semantics using domain theoretic models, computational
adequacy is the property that divergent programs are precisely those interpreted
by L. This notion is relative to the operational semantics at hand and to the
observational notion of convergence. For this to make sense in the present setting,
we introduce a notion of convergence inductively, and relate it to the reduction
relation, that is the small-step operational semantics that we have introduced and
deeply discussed in Part I.
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Chapter 9. Characterization of Convergence

Henceforth in this section, terms are closed if not otherwise stated. Let Com®
and Val® be the set of closed computations and values, respectively.

Definition 9.1.1 (Convergence). The convergence relation |} C Com® x N x Val,
1s defined as follows:

MU,V N{V/z} .V
M+ (AN Yinsnsr V

Vido V

Notation:
MV < dn. M|,V

M| & VMUV

The notation M |, V' could have been written as M J},, [V], in the sense that a
term of the shape [V] is a sort of weak normal form of M w.r.t. the reduction
— which is defined among computations, not among computation and values.
By choosing the definition above we intend to emphasize that [V] is the “trivial”
computation of V, that is terminated; in the context of A. this is not the same
as V', and we want to save the idea that convergence relates programs, namely
computations, to their results, that are values. The two concepts are related as
stated in the lemma:

Lemma 9.1.2. M |V = M —* [V]

Proof. By hypotheses M |} V', that is M {},, V for some n € N. Then we reason
by induction over n. If n =0 then M = [V] and trivially [V] —=* [V].
Otherwise, M = M’ « \y.N |, V and for some W € Val’:
M, W N{W/yh i,V
M X y.N |,V

wheren =p+q+1

By induction M" —* [W] and N{W/y} —* [V] so that
M' % y. N =* [W]*\y. N = N{W/y} =* [V].
[

The inverse implication does not hold. Indeed if N — N’ then
[Az. N| — [Az. N’], that is Az. N" is a more refined value than Az. N; however,
[Az. N| §f Ax. N’. We can only prove the weaker statement as in Lemma 9.1.4,
which nonetheless suffices. Before doing so, let us establish an useful equivalence
lemma between weak [.-reduction and the big-step predicate. This equivalence
can be proved following the sufficient requirements that are established in [Ciol3],
§ 3. In our case, we prefer to prove it directly.

Lemma 9.1.3. Mpgi (W] =M I W

Proof. By induction over the length of Mg [U].
If Mg [W], then M = [W], and the thesis is trivial since [IW] |}y W. Otherwise,
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suppose that Mg>g, Nos" 1 [W]. Now we proceed by induction on the contextual

closure.
The first case to consider is if My>s N where >3, is a root step. Then

M = [V]*Az.P and N = P{V/x}. We conclude as follows

VIJV  N=P{V/z} | W by ih.
M=[V]*xAx.P W

The second case is the case in which the reduction M > N is not a root step.
That is M = M'*\z.P and there exists N’ such that M’ N and N = N'xA\z.P.
By first induction hypothesis N = N’ x Ax.P || W, and it is possible if

Ny U P{U Jz} J W
N'xdz.P | W

Since M'z5, N’ by second induction hypothesis M’ || U’ and then M = M’
Ax.P | W O

Lemma 9.1.4. M —»* N and N4V = IW. M 4 W and [W] —* [V].

Proof. It M —* N and N || V, by Lemma 9.1.2 it means that M —* N —* [V],
that is M —* [V]. By a very similar argument as in Theorem 4.4.5, there exists a
reduction path from M to [V] and a value W such that Mg»g" [W] and [W] —* [V].

It remains to prove that Mg [W] = M || W and this follows by Lemma 9.1.3.
0

Theorem 9.1.5. M| < 3V. M —* [V]

Proof. Immediate consequence of Lemma 9.1.2 and Lemma 9.1.4. n

9.2 Characterization of Convergence

In view of Theorem 9.1.5, the predicate M |} is non trivial. Indeed consider the
closed term:
Qeom = [(Az.[z] * 2)] * (A\z.[z] * x)

that is a translation of the well known term 2 = (Az.xzx)(Az.zz) from ordinary
A-calculus. Then the only reduction out of €2¢,y, is

Qeom — ([x] x 2){\x.[z] xz/2} = Qoom by f.

which is not of the shape [V] for any V' € Val, hence Q¢ §f- The main purpose
of this section is to show that typing in our system characterizes convergent terms.
We say that 7 € ComType is non trivial if T # com Weom- Then we want to show:

Theorem 9.2.1 (Convergence characterization). For all M € Com” we have:

M| < dnon trivial 7. = M : 1.
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Chapter 9. Characterization of Convergence

Towards the proof, and following the pattern of Tait’s computability method,
we introduce some auxiliary notions.

Definition 9.2.2. Let T : TypeVar — P Val’ be a map; then define 18]z C Val
and ||z € Com® by induction as follows:

i) ol =Z()
i) |6 = 7|z ={V € Val | VM € |T§|z. M xV € |77}
iii) |T6|r = {M € Com® |3V € |6|z. M | V}
W) |wyalz = Val’ and lweom|z = Com®
v) [0 AN |z =10]zN ||z and |7 AT |z = |T|z 0|7 |7
Lemma 9.2.3. Let Z be arbitrary. Then:
i) 6 <va &' = [0]z C|¢'|z
1) T <com T = |77 C |7'|2

Proof. By checking axioms and rules in Definition 8.1.3. The only non trivial
cases concern the arrow and T-types.

Let Ve |(6 = )N = )|z = |0 = 11|zN|d — 7|z, then for all M € |T'6|7 we
have M *V € ||z for both i = 1,2; hence M xV € |r1|z N|12|z = |71 A T2z

Suppose that 01 <yg 02 and let M € |T'd;|z; then there exists V' € [01|7 such that
M | V. By induction |d;|z C |d2|z so that immediately we have M € |T'95|7.

Let M € |ToyATdq|z = |T1|zN|Td2|z. Then there exists Vi € 61|z and V; € |da|z
such that M || V; and M | V5. By Lemma 9.1.2 we have M —* [V]; for
both 7 = 1,2 and these terms are in normal form; hence V; = V5, by Theorem
4.1.13. It follows that there exists a unique V' € 91|z N |d2|z = |01 A d2lz
such that M —* [V], hence M € |T(6, A 02)|z.

Suppose that dy <y d1 and 71 <gom T2. Let V€ |07 — 7|z and M € |Ts|7;
by the above M € |T;|7 so that M xV € |r1|z. By induction ||z C |72z
hence M xV € |13|7 so that V' € |0y — To|7 by the choice of M.

O
Corollary 9.2.4. A type 7 € ComType is non trivial if and only if T <com Twya-

Proof. By contradiction, if Twyu =com Woom then |Twyalr = |weom|z for any Z
by ii) of Lem. 9.2.3. But [Twyylz = {M € Com® | M|} # Com” = |weom|z since
Qcom{f- The remaining part of the thesis now follows from Lem. 8.1.5. O

We are now in place to show the only if part of Theorem 9.2.1.

Lemma 9.2.5. M| = 3 7 non trivial . - M : 1

88
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Proof. If M |} then M —* [V] for some V € Val’ by Lemma 9.1.2; now F V : wyy
so that = [V] : Twyy by rule (unitl); it follows that = M : Twy, by Theorem
8.2.6, where Twyy; is non trivial by Cor. 9.2.4. O

We say that a subset X C Com® is saturated if for all M € Com’, M — N
and N € X imply M € X.

Lemma 9.2.6. For all 7 € ComType and L the set |T|r is saturated.

Proof. By induction over 7. The case 7 = w¢,y, is trivial; the case 7 = 7 A 1y is
immediate by induction. Let 7 = T'§: then by hypothesis there exists V' € |d|7
such that V| V. By Lem. 9.1.2 we have that N —* [V]] so that M —* [V] and
we conclude by Lem. 9.1.4. O]

Lemma 9.2.7. Let ' b M : 7 where I' = {x; : 61,...,2% : 0k} and M €
Com. For any Vi,...,Vi € Val and I, if V; € |6;|z for all i = 1,...,k then
MA{Vifa1} - AVi/2i} € [Tz

Proof. We strength the thesis by adding that if I' = W : § for W € Val, then
W{Vi/x1} - {Vi/xr} € |6z under the same hypotheses. Then we reason by
simultaneous induction over the derivations of ' = M : 7 and I' F W : §. The
cases of (Az) and (w) are straightforward; cases (unitI) and (A) are immediate
by induction; case (<) follows by induction and Lemma 9.2.3. Let us abbreviate

M{V )&} = M{Vi )1} -+ {Vi/)} and similarly for W{V /Z}.
Case (— I): then the derivation ends by:

Dy:0 =M :7
X XyM 6 — 7

(= 1)

where W = Ay.M’ and § = & — 7. Let M” = M'{V /Z} and assume that
y & @; to prove that (A\y.M"){V /Z} = A\y.M" € |8’ — 7’|z we have to show
that N x A\y.M" € |7'|z for all N € |T¢'|7.

Now if N € |T¢'|z then there exists V' € |0’|z such that N | V’'. This
implies that the hypothesis that V; € |§;|7 for all x; : §; € I now holds for
the larger basis I', y : 0’ so that by induction we have M"{V"'/y} € |7'|;. But

N x Ay M" —=* ([V]') * \y.M" — M"{V'/y}
and the thesis follows since |7/|7 is saturated by Lemma 9.2.6.
Case (— E): then the derivation ends by:

=M 75§ THFW :6—>1
LMW' :r

where M = M’ « W'. Let M" = M'{V )z} and W” = W'{V /Z}, so that
(M'xW"{V )z} = M" xW". By induction M” € |T'§|z and W € |6 — 7|1
and the thesis follows by definition of the set |0 — 7|7.
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We can now finish the proof of Theorem 9.2.1.

Proof. By Lem. 9.2.5 it remains to show that if = M : 7 for some non trivial 7
then M. Since M € Com® and the basis is empty, the hypothesis of Lem. 9.2.7
are vacuously true, so that we have M € |7|z for all Z. On the other hand, by
Cor. 9.2.4, we know that 7 <gym Twyy since 7 is non trivial. By Lem. 9.2.3 it
follows that M € |7|z C |Twyalz = {N € Com” | N|}} and we conclude. O

In the next corollary we write [M]"P+ for M € Com® omitting the term
environment p which is irrelevant.

Corollary 9.2.8 (Computational Adequacy). In the model D, we have that for
any M € Com®:
MU/ = [[M]]TD* 7é J—TD*

Proof. By Lemma 8.5.4, [M]|"P~ = {r € ComType | = M : 7}. By Theorem 9.2.1
M} if and only if = M : 7 for some non trivial 7; but

J—TD* - TwCom C TT g IIM]]TD*

where the inclusion Twg,, C T7 is strict since 7 is non trivial. O
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CHAPTER 10
CONCLUSION AND RELATED WORK

10.1 Related Work

The main inspiration for our intersection type system is [BDS13]. In [dT19] we
study the type interpretation over a A\.-model, which is problematic since it is
not inductive. We show there that if the Equation (2.5) is solved in a category
of algebraic domains by the inverse limit construction, then such interpretation,
which we call monadic, exists, and the type system is sound and complete w.r.t.
monadic type interpretations.

Intersection types have been used in [DP00] in a A-calculus with side effects
and reference types. In their work a problem appears, since left distributivity of
the arrow over intersection (a rule in [BDS13], that is an axiom of the theory Thyy,
in Definition 8.1.3 above) is unsound. This is remedied by restricting intersection
introduction to values. However, Davies and Pfenning’s work is not concerned
with monads, so that value and non-value terms and types are of the same sorts.
On the contrary, by working in a system like in Definition 8.1.6, these types are
distinct: we conjecture that, if actual definitions of unit and bind for the state
monad are consistent with their typings, a type system can be constructed that is
an instance of ours, such that it is sound without imposing any ad hoc constraint.

The convergence relation in Section 9.1 is the adaptation of a similar concept
introduced in [Abr90, AO93] for the lazy A-calculus, which represents the only
observable property in the definition of the applicative bisimulation. It shares
some similarity with the convergence relation considered in [DGL17], where
Abramsky’s idea is extended to a computational A-calculus very similar to A..
However, differently than in Abramsky’s work and the relation in Definition 9.1.1,
the authors define their predicate as a relation among syntax and semantics,
co-inductively defining the interpretation of terms.

Theorem 9.2.1, characterizing convergent terms by non trivial typings, is
evidence of the expressive power of our system. However, since convergence is
undecidable, non-trivial typability in the system is also undecidable. If the system
should be useful in practice, say as a method for abstract interpretation and static
analysis or program synthesis, then restricted subsystems should be considered,
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like bounded intersection type systems recently proposed in [DMRU12, DR17a,
DRI17b].

10.2 Further Developments

Concerning future developments, we see at least three lines of research. The type
system we have presented is about a generic monad 7": what about typing calculi
with specific monads, like partiality, exceptions, state (developed in Part IIT), or
input-output? The question itself of what means to instantiate the A\ -calculus and
the type assignment system to a particular one, knowing of sufficient conditions
guaranteeing that good properties studied here are inherited, is both of theoretical
and practical interest.

The \.-calculus is pure, namely without constants. To formalize data types we
need algebraic terms and suitable typing rules; in the framework of intersection
type systems, types provide a logical semantics to terms, which is the consequence
of type invariance under conversion, and, at the same time, can be seen as
a denotational semantics in the category of algebraic domains: see the filter
model construction in [BDS13] and Abramsky’s domain logic theory [Abr9l]. A
natural question is then what kind of algebraic and co-algebraic specifications
and principles are sound in the logical semantics, when induced by an intersection
type system with monads.

The computational A-calculus has been proposed as a foundation for the static
analysis of effectful calculi and programming languages. In [WTO03], extended
version of the previously published [Wad98], this is compared to Lucassen and
Gifford [LG88] and Talpin and Jouvelot [TJ94] type and effect discipline (see
[NNH99] chap. 5 for an exposition, and the relation to other static analysis tech-
niques). The same topic has been treated by Benton and others in [BHMO02] and
[BKHBO06]. While it is known that intersection types and abstract interpretation
are related, see [Jen95] and [CF93], we do not know of any research work relating
intersection types to effect systems. Now that we have introduced intersection
types for the computational A-calculi, we have the right theoretical framework to
investigate this topic.

10.3 Conclusion

Starting with the general domain equation of the type-free call-by-value computa-
tional A\-calculus we have tailored term and type syntax and defined a type theory
and an intersection type assignment system that is sound and complete w.r.t. the
interpretation of terms and types in a class of models. This class is parametrically
defined w.r.t. the monad at hand, as well as the system itself that induce a family
of filter models. If the monad is the trivial one, originating from the identity
functor, then our system collapses to BCD. The filter model we have obtained is
for a generic monad; we conjecture that the model is initial in a suitable category,
to which all its instances belong. We leave this question to further research. In
the end we have proved that our Curry style, simple type assignment system, is
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expressive enough to characterize convergent terms by their typings.
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CHAPTER 11

INTRODUCTION TO THE CASE OF
STORE MONAD

The problem of integrating non functional aspects into functional programming
languages goes back to the early days of functional programming; nowadays, even
procedural and object-oriented languages embody more and more features from
declarative languages, renewing interest and motivations in the investigation of
higher-order effectful computations.

Since Strachey and Scott’s work in the 60’s, A-calculus and denotational
semantics, together with logic and type theory, have been recognized as the
mathematical foundations of programming languages. Nonetheless, there are
aspects of actual programming languages that have shown to be quite hard to
treat, at least with the same elegance as the theory of recursive functions and of
algebraic data structures; a prominent case is surely side-effects.

Focusing on side-effects, the method used in the early studies to treat the
store, e.g. [FF89, Tof90, WF94] and [SRI91], is essentially additive: update and
dereferentiation primitives are added to a (often typed) A-calculus, possibly with
constructs to dynamically create and initialize new locations. Then, a posteriori,
tools to reason about such calculi are built either by extending the type discipline
or by means of denotational and operational semantics, or both.

The introduction of notions of computation as monads and of the computational
A-calculus by Moggi in [Mog91] greatly improved the understanding of “impure”,
namely non functional features in the semantics of programming languages, by
providing a unified framework for treating computational effects: see [Wad92,
Wad95], the introductory [BHMO02], and the large body of bibliography thereafter;
a gentle introduction and further references can be found e.g. in [Gav19]. The key
idea is to model effectful computations as morphisms of the Kleisli category of a
monad in [Mog91], starting a very rich thread in the investigation of programming
language foundations based on categorical semantics, which is still flourishing.
The methodological advantage is that we have a uniform and abstract way of
speaking of various kinds of effects, and the definition of equational logics to
reason about them. At the same time computational effects, including side-effects,
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can be safely embodied into purely functional languages without disrupting their
declarative nature, as shown by Wadler’s [Wad92, Wad95] together with a long
series of papers by the same author and others.

Monads alone model how morphisms from values to computations compose,
but do not tell anything about how the computational effects are produced. In
the theory of algebraic effects [PP02, PP03, Pow06], Plotkin and Power have
shown under which conditions effect operators live in the category of algebras of
a computational monad, which is equivalent to the category of models of certain
equational specifications, namely varieties in the sense of universal algebra [HPO7].

Initiating with Parts I and II, we have approached the issue of modelling effects
in an untyped computational A-calculus, studying its operational semantics by
introducing a reduction relation and a syntactical convergence predicate that is
characterized in terms of an intersection type assignment system.

Our approach was limited to a calculus without constants, where the unit and
bind operations are axiomatized by the monadic laws from [Wad95].

In the present part, we add to the calculus syntax denumerably many operations
get, and sety, indexed over an infinite set of locations, to access a global store, and
define an operational semantics in SOS style, which turns out to be the small-step
correspondent to the big-step operational semantics proposed in [Gav19], chap. 3.
From there, we call the calculus A,).

Reasoning about such a calculus is challenging. One possible approach has
been investigated in [DGL17], generalizing Abramsky’s functional bisimulation
to computational A-calculi. In the present work, we advocate a more abstract
method based on the denotational semantics and domain theory.

Following [Mog88|, Aim, can be modelled into a domain D satisfying the
equation D = D — SD, clearly reminiscent of Scott’s D = D — D reflexive
object, where S is instantiated to a variant of the state monad in [Mog91], called
the partiality and state monad in [DGL17].

The method we follow is to solve such equation in the category of w-algebraic
lattices, whose objects and morphisms can be described via intersection type
theories, that are the “logic” of such domains in the sense of [Abr91]: see also
[ADCHO04]. Intersection types denote compact points in such a domain, there-
fore we can recover from the domain theoretic definition of the monad all the
information needed to build a sound and complete type assignment system.

Exploiting the above approach, subtyping and typing rules are derived in a
uniform way, leading to a type assignment system which enjoys the “type-semantics’
property, namely that denotational semantics of terms is fully characterized by
their typings in the system. Then, the results we obtain are type invariance under
reduction and expansion, and the characterization by a single type of convergent
computations, where we say that a term converges if it evaluates to a value and a
final state, whatever the initial state is.

Y

Summary and results. In Section 12.1 we outline the syntax of the untyped
imperative A-calculus A, and in Section 12.2 we illustrate its reduction rela-
tion. The convergence predicate and its relation w.r.t. evaluation is shown in
Section 12.3. In Section 13.1 we deal with solving the domain equation thoroughly.
To do this we consider the state and partiality monad S. In the same section,
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we tackle the solution of the domain equation by breaking the circularity that
arises out of the definition of the monad S itself. We conclude the section by
modelling algebraic operators over the monad S and formalizing the model of
Aimp- In Section 13.2, we solve the domain equation by inductively constructing
type theories that induce a filter-model.

Section 13.3 explains how to derive the type assignment system from the
filter-model construction. We conclude establishing the type semantics theorem
for our calculus.

In Section 13.4 we present how to type configurations and illustrate the
type system w.r.t. the operational semantics. Its type invariance is proved in
Section 14.1. Then, in Section 14.2 we treat the second main result of this part,
namely the characterization of the convergence predicate by a single type.

Finally, Section 15.1 is devoted to the discussion of our results and to related
works.

We assume familiarity with A-calculus and intersection types; a comprehensive
reference is [BDS13], Part III. Notions from domain theory, computational monads,
and algebraic effects, are shorty recalled in the following; for further references
see e.g. [AC98|, [BHMO02|, and [Gav19] chap. 3.

What follows is a revised and extended version of [dT21b] and [dT21a].
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CHAPTER 12
AN IMPERATIVE A-CALCULUS

12.1 An Untyped Imperative A-calculus

Imperative extensions of the A-calculus, both typed and type-free, are usually based
on the call-by-value A-calculus, enriched with constructs for reading and writing
to the store. Aiming at exploring the semantics of side effects in computational
calculi, where “impure” functions are modeled by pure ones sending values to
computations in the sense of [Mog91], we consider the computational core A, to
which we add syntax denoting algebraic effect operations a la Plotkin and Power
[PP02, PP03, Pow06] over a suitable state monad.

Let L = {ly, /1,...} be a denumerable set of abstract locations. Borrowing
notation from [Gav19], chap. 3, we consider denumerably many operator symbols
get, and sety, obtaining:

Definition 12.1.1 (Term syntax).

Val: VW = x| e.M
Com: M,N == [V]|MxV
| get,(Az. M) | sety(V,M) (¢ € L)

As for A\, terms are of sorts either Val or Com, representing values and compu-
tations, respectively. The new constructs are get,(Az.M) and set,(V, M). The
variable x is bound in Ax.M and get,(Az.M); terms are identified up to renaming
of bound variables so that the capture avoiding substitution M{V/z} is always
well defined; FV (M) denotes the set of free variables in M. We call Val’ the
subset of closed V € Val; similarly for Com".

With respect to the syntax of the “imperative A-calculus” in [Gav19], we do not
have the let construct, nor the application VW among values. The justification is
the same as for the computational core. These constructs are definable:

letz:=MinN = M * (\z.N) VW = [W]xV

where = is syntactic identity. In general, application among computations can be
encoded by MN = M * (Az. N % z), where z is fresh.
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In a sugared notation from functional programming languages, we could have
written:

letx:=WinM = get,(\x.M) =V, M = sety(V, M)

representing location dereferentiation and assignment. Observe that we do not
consider locations as values; consequently they cannot be dynamically created
like with the ref operator from ML, nor is it possible to model aliasing. On the
other hand, since the calculus is untyped, “strong updates” are allowed. In fact,
when evaluating set,(V, M), the value V' to which the location ¢ is updated bears
no relation to the previous value, say W, of £ in the store: indeed, in our type
assignment system W and V may well have completely different types. This will
be, of course, a major challenge when designing the type assignment system in
the next sections.

12.2 Operational Semantics

We define the operational semantics of our calculus via a reduction relation
(M,s) — (N,t), where M, N € Com and s,t are store terms, which are defined
below.

Definition 12.2.1 (Store and Lookup terms). Let V' vary over Val; then define:

Store > s = emp | upd,(u, s)
Lkp>u == V| lkp,(s) ¢ € dom(s)
dom(emp) = 0
dom(upd,(u,s)) = {€} U dom(s)

Store terms represent finite mappings from L to Val. emp is the empty store,
that is the everywhere undefined map; upd,(V, s) is the update of s, representing
the same map as s, but for £ where it holds V.

To compute the value of the store s at location ¢ we add the expressions
lkp,(s) € Lkp, whose intended meaning is the lookup (partial) function searching
the value of ¢ in the store s; more precisely lkp,(s) picks the value V from the
leftmost outermost occurrence in s of a subterm of the shape upd,(V, '), if any.

To avoid dealing with undefined expressions like lkp,(emp), we have asked that
¢ € dom(s) for the lookup expression lkp,(s) to be well formed. Then the meaning
of store and lookup terms can be defined axiomatically as follows.

Definition 12.2.2 (Store and Lookup Axioms). The axioms of the algebra of
store terms and well formed lookup expressions are the following:

1. lkpy(updy(u, s)) = u
2. lkpy(updy (u, s)) = lkpy(s) if £ # €
3. updy(lkp,(s),s) = s
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4. upd,(U, upd,(W, s)) = upd,(U, s)
5. upd£<U7 updf’<W7 8)) = Updg/(W, updE(Ua S)) ng 7& v

We write = s = t to stress that the equality s = ¢ has been derived from
the above axioms using reflexivity, symmetry, transitivity, and congruence of
equational logic.

The equalities in Definition 12.2.2 are folklore for terms representing the
store in the literature: see e.g. [Mit96], chap. 6; also they are essentially, albeit
not literally, the same as those ones for global state in [PP02]. This is a non
trivial and decidable theory; since we have not found any good reference to
establish the properties we shall use in the subsequent sections, we devote the next
paragraphs to the study of this theory. The main results are Theorem 12.2.10 and
Corollary 12.2.11.

Lemma 12.2.3. ¢ € dom(s) = 3V € Val. lkp,(s) =V

Proof. By induction over s; since dom(s) # () we have that s Z emp and the
lookup expression lkp,(s) is wellformed, so that there are two cases to consider:

s = upd,(u, s'): then by axiom 12.2.2.1 we have lkp,(upd,(u,s’)) =u. fu=V €
Val then we are done; otherwise, u = lkp,(s”), and the size of s” is strictly
smaller than that of s, so that the thesis follows by induction.

s = updy (u, s"), with ¢’ # ¢: then lkp,(updy (u, s")) = lkp,(s") by axiom 12.2.2.2,
and the thesis follows by induction.

[
As expected, the relation - lkp,(s) =V is functional:
Lemma 12.2.4. If+ lkp,(s) =V and &= lkp,(s) = W then V =W.
Proof. By induction over the derivations of lkp,(s) = V. O

Definition 12.2.5. We say that s,t € Store are extensionally equivalent, written
s ~t, if there exists L. C L such that:

1. dom(s) = L = dom(t)
2. Yl € L. lkp,(s) = lkp,(t)
Lemma 12.2.6. Fs=t=s~1

Proof. The thesis holds immediately of the axioms 12.2.2.3-12.2.2.4; then the
proof is a straightforward induction over the derivation of s = t. m

Toward establishing the converse of Lemma 12.2.6 let us define s\ ¢ € Store
by:

emp\{ = emp
upd,(u, )\ £ = s\ /¥
\¢ =

updy (u, s\ 0) if 0 #¢
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Lemma 12.2.7.
1. s\ (=5 (¢ dom(s)
2. dom(s \ ) = dom(s) \ {¢}
3 set=(s\0)~(t\0)

Proof. Parts (1) and (2) are immediate consequences of the definitions; part (3)
follows from (1) and (2). O

Lemma 12.2.8. ¢ € dom(s) = F s = upd,(lkp,(s),s \ {)

Proof. By induction over s. By the hypothesis ¢ € dom(s) we have that lkp,(s) is
well-formed, and s Z emp; so that we have the cases:

s = upd,(V, s'): then we have = lkp,(s) = V by Definition 12.2.2.1 so that
= upd, (V. s") = upd,(lkp,(s), s)
Now if £ € dom(s") we have

updy(lkp(s), s')

upd,(lkp,(s),s' \ £) by Lemma 12.2.7.1
upd,(lhp (), 5\ €) by s\ L= updy(V, ) \ £ = '\ ¢

If instead ¢ € dom(s") then lkp,(s") is well formed and

updy(lkpy(s),s') = updy(lkp,(s), upd,(Ikp,(s'),s"\ £)) by induction
= upd,(lkp,(s),s \ ¢) by axiom 12.2.2.4

s = updy(V,s') and ¢’ # (: in this case ¢ € dom(s) = dom(upd,(V,s')) implies
¢ € dom(s'), so that

updy (‘/7 5/)

updy (V, upd,(lkp,(s'), s \ ¢)) by induction

upd,(lkp,(s"), upd, (V,s' \ €)) by axiom 12.2.2.5

upd, (lkp,(s'), upd, (V,s') \ £) by definition of upd, (V,s") \ ¢

updy(lkpy(s), updy (V, s') \ £)  as & lkp,(updy (V,s")) = lkp,(s')
by axiom 12.2.2.2

Next, we define nf(s) € Store, a normal form of s, by:

nf(emp)
nf(upd,(u, s))

emp

updy (u, nf(s \ £))

In nf(s) each ¢ € dom(s) occurs just once.

Corollary 12.2.9. | s = nf(s)
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Proof. By simultaneous induction over s and the cardinality of dom(s). If
dom(s) = 0 then s = emp = nf(emp). Otherwise, suppose s = upd,(u,s),
then

nf(upd,(u,s")) = wupd,(u,nf(s"\ ¢)) by definition of nf

Now if ¢ ¢ dom(s") then s’ \ ¢ = s by Lemma 12.2.7.1 and + ¢ = nf(s") by
induction, and we are done.
If ¢ € dom(s') then, recalling that s = upd,(u, s'):

s = updy(lkp,(s), s\ ¥) by Lemma 12.2.8
= upd,(lkp,(s),nf(s\ ¢)) by 2 and by ind. since |s| > |dom(s \ ¢)|
= upd,(lkp,(s),nf(s" \ £)) since s\ € = upd,(u,s')\ =5\ ¥
= updy(u,nf(s"\ ¢)) since lkp,(s) = lkp,(upd,(u,s")) = u
= nf(s) by definition of nf

Theorem 12.2.10 (Completeness of Store Axioms). s =1t s~t

Proof. The only if part is proved by Lemma 12.2.6. To prove the if part, assume
s~ t and let L = dom(s) = dom(t), which is finite; then we reason by induction
over the cardinality of L. If L = () then s = emp = t and the thesis follows
by reflexivity. Otherwise, let ¢ € L be arbitrary; by Lemma 12.2.7.3 we have
that s\ ¢ ~ t \ ¢, therefore we may assume by induction F s\ ¢ = ¢\ ¢ since
L\ {l} = dom(s\ £) = dom(t \ ¢) has cardinality |L| — 1. Now

s = upd,(lkp,(s),s\ ¢) by Lemma 12.2.7.3
upd,(lkp,(t), s\ ¢) by the hypothesis s ~ ¢
upd,(lkp,(t),t\ ¢) by induction

=t by Lemma 12.2.7.3

]

The consequence of Theorem 12.2.10 is that each store term is equated to a
normal form:

Corollary 12.2.11. If s € Store with non empty dom(s) = {l1,...,{,} then there
exist Vi, ..., V, € Val such that

= s = upd,, (V1,-- - updy, (Vy,, emp)---)
Therefore the algebra of stores and lookup terms is decidable.
Proof. Observe that, if dom(s) = {¢1,...,¢,} is non empty then
nf(s) = updy, (uy, - - - upd, (un, emp)---)

By Lemma 12.2.3 we know that there exists V; € Val such that - u; = V; for all
t=1,...,n, and these are unique for each u; by Lemma 12.2.4. Then we have

Fnf(s) = updgl(Vl, ce upden(Vn, emp)---)
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(VIx (Az.M), s) = (M{V/x},s) (Be)
N,
(M, 5) = (N, 1) -
(M xV,s) — (N *V,t)
pels) =V (get-red)

(get,(Ax.M),s) = (M{V/z},s)
(sety(V, M), s) — (M, upd,(V,s)) (set-red)

Figure 12.1: Reduction relation.

where the only differences among the left and the right hand sides are in the
ordering of the ¢;, which is immaterial by axiom 12.2.2.5. By Corollary 12.2.9 we
conclude that

= s = upd, (Vi,- - upd, (V,,emp)---)

Combining this with Theorem 12.2.10, we conclude that F s = ¢ if and only if
dom(s) = L = dom(t) and nf(s) ~ nf(¢), which is decidable as nf is computable
and extensional equality is decidable.

O

The reduction relation. A configuration is a pair (M, s), with M € Com and
s € Store; then the one-step reduction is the binary relation over configurations
inductively defined by the rules in Figure 12.1.

The reduction relation is deterministic, reflecting the strictly sequential nature
of evaluation for programming languages with side-effects. A configuration of
the shape ([V],?) is irreducible, and it is the result of the evaluation of (M, s)
whenever (M, s) —* ([V],t), where —* is the reflexive and transitive closure of
—. Infinite reductions exist; consider the term:

Q. = [(M\x.[z] % z)] * (Az.[z] x x)

which is such that (Q,s) — (€, s), for any s.

Not every irreducible configuration represents some properly terminating
computation; the simplest example is (get,(Ax.[z]), emp), because lkp,(emp) is
undefined. In general, the set of blocked configurations can be inductively defined
by:

(B,s) == (get,(Az.M),s) for £ ¢& dom(s)
| (B*V,s)

Example 12.2.12. To see how the mutation of the value associated to some
location ¢ is modelled in the operational semantics, consider the following reduction,
where we omit external brackets of configurations for readability:

sety(W, sety(V, get,(Ax.[2]))), s
set(V, gety(Az.[z])), upd,(W, s)
gety(Az.[z]),  upd,(V, upd,(W, s))
[V]v updé(‘/v UPdZ(W7 3))

USN
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where the last step is justified by the equation
lkpy(upd,(V, upd, (W, 5))) =V

Then we say that the value W, formerly associated to ¢, has been overridden by
V' in upd,(V, upd,(W, s)). Indeed & upd,(V, upd,(W, s)) = upd,(V, s).

Example 12.2.13. Define the abbreviation: M; N = M x A_.N for sequential
composition, where _ is a dummy variable not occurring in N; then, omitting
external brackets of configurations as before:

sety(V, [W]); get,(Az.N), s
= sety(V,[W]) % A_.get,(A\z.N), s
— (W] *A_.get,(Az.N), upd,(V,s)
— get,(Az.N), upd,(V,s)
— N{V/z}, upd,(V,s)

Notice that, while the value W is discarded according to the semantics of sequential
composition, the side-effect of saving V' to the location ¢ binds x to V in N.

12.3 Convergence

Following [PS98], in [Gav19] the operational semantics of the imperative lambda
calculus is defined via a convergence predicate. This is a relation among configura-
tions and their results, which in [Gav19] are semantical objects. To adapt such
definition to our syntactical setting, we use store terms instead.

Recall that Val® and Com® are the sets of closed values and computations,
respectively. We say that s € Store is closed if V € Val® for all the value terms V
occurring in s; we denote the set of closed store terms by Store’. We say that the

configuration (M, s) is closed if both M and s are such; we call a result any pair
(V,s) of closed V' and s.

Definition 12.3.1 (Big-step). The relation (M,s) | (V,t) among the closed
configuration (M,s) and the result (V,t) is inductively defined by the rules in
Figure 12.2.

As suggested by the name used in 12.3.1, convergence is nothing else than the
big-step semantics corresponding to the small-step semantics we have defined via
the reduction relation in Figure 12.1.

Lemma 12.3.2. (M,s) —»* (N,t) = (M +V,s) =* (N« V,t)

Proof. By induction over the definition of (M,s) —* (N,t). The base case
(M,s) = (N,t) is obvious. Otherwise, (M, s) — (M',s") —* (N,t) for some M’, s';
then (M xV,s) — (M’ xV,s') by rule (x-red), and (M’ xV,s") —=* (N xV,t) by
induction. [

Lemma 12.3.3. (M,s) — (N,s') & (N,s) 4 (V,t) = (M, s) | (V,1)
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(Val-conv)
(V],s) 4 (V. s)
(L)Y Vs) NV} Hy
(M x (Az.N),s) | (W, t)
lkp,(s) = (M{V/z},5) I (W.1) (get-conv)
(getg()\x M),s) | (W;t)
(M, upd,(V, 5)) I} (W, 1) (set-conv)

(sete(V, M), s) I (W,1)

Figure 12.2: Convergence predicate.

,8) — (N, ¢).

Ax.M'),s) — (M'{W/x},s); by hypothesis we know
(V. t), then:

Proof. By induction over

(M
Case (Be): (M = [W]x(
that (M'{IW/y}.5) §

(Val-conw)
(W],8) & (W, s) (M{W/y},s) I (V1)

(W]*Ay.M',s) § (V.1)

(%-conw)

Case *-red: (M’ *W,s) — (N'xW,s") because (M';s) — (N, s).
In this case we have W = Az.L, since W € Val’. By hypothesis (N %
Ax.L,s") | (V,t), so there exist W', s” such that
(N, )4 (W', ") (LAW' [}, s") 4 (V.1)
(M"x Xx.L,s") | (V. 1)

Since (M’,s) — (N',s') and (N',s") || (W', §"), by induction hypothesis
(M',s") |} (W', s") and therefore we have the derivation

(%-conv)

(M',s") b (W', ") (L{W' [}, ") 4 (V. 1)
(M"x Xz.L,s") | (V. 1)

The remaining cases (get,(Ax.M"),s) — (M'{W/x},s) where lkp,(s) = W, and
(sety(W, M"), s) — (M', upd,(W, s) = §'), easily follow by induction.

(x-conv)

]

Proposition 12.3.4. For all M € Com®, V € Val®, and s,t € Store®, we have:
(M, s) 4 (V1) <= (M,s) > ([V]1)

Proof. The only if part is proved by induction over the definition of (M, s) | (V, 1),
the case (Val-conv) is trivial. Consider the case (x-conv). We know by induction
that
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HI, (M,S) —*([V],s)
HIy (N{V/x},s') =" (W]1)

(M xAXx.N,s) —* ([V]*Az.N,s') by (HI;) and Lemma 12.3.2
= (N{V/az},s") by S
=" ((W],1) by (HI)

The cases of (get-conv) and (set-conv) are immediate by induction hypothesis.
The if part is proved by induction over (M, s) —* ([V],t). The base case is
(M = [V],s = t) then ([V],s) § (V,s) by (Val-conv). Otherwise, there exists
(N,s') such that (M,s) — (N,s’) =* ([V],t). By induction (N,s") § (V,t) so

that (M,s) | (V,t) by Lemma 12.3.3.
0

Proposition 12.3.4 justifies the name “result” we have given to the pairs (V,t);
indeed, since the reduction relation is deterministic, the same holds for convergence,
so that computations can be seen as partial functions from stores to results:

(V;1) if (M, s) § (V. 1)

M(s) = { undefined else (12.1)

Notice that M(s) is undefined if either the reduction out of (M, s) is infinite, or if
it reaches some blocked configuration (B, ).

The convergence predicate essentially involves the stores, that are part of
configurations and results, and are dynamic entities, much as when executing
imperative programs. However, when reasoning about programs, namely (closed)
computations, we abstract from the infinitely many stores that can be fed together
with inputs to the program, and returned together with their outputs. This
motivates the following definition:

Definition 12.3.5 (Convergence). For M € Com” and s € Store” we set:
LM e W (M) b (Vo)
2. M| <= Vs Store".(M,s)

The definition of (M, s) | is similar to that in [PS98|, but simpler since we
do not treat local states. The definition of M | is equivalent to (M, emp) |}. To
see why, consider the term P = get,(Az.[z]); the configuration (P,s) converges if
and only if lkp,(s) is defined; in particular, the configuration (P, emp) is blocked
and it does not yield any result. Conversely, if a given configuration (M, emp)
converges, either no get operation occurs as the main operator of a configuration
(N, s") in the convergent out of (M, emp), or if any such operation does, with say
N = get,(Ax.M’), then there exists a term of shape sety(V, N’) in a configuration
that precedes (N, s') in the reduction path, “initializing” to V' the value of ¢.
Therefore, if (M, emp) | then (M, s) |, for any s.

We say that (M, s) is divergent, written (M, s) 1, if not (M, s) |}. By Proposi-
tion 12.3.4 a divergent configuration (M, s) either reduces to a blocked configura-
tion or the unique reduction out of (M, s) is infinite.

109






CHAPTER 13
STORE MONAD

13.1 Denotational Semantics

We illustrate a denotational semantics of the calculus A, introduced in Sec-
tion 12.1 in the category of domains. The model is based on the solution of the
domain equation:

D=[D—[S—(DxS5).]] (13.1)

where S is a suitable space of stores over D, and SD = [S — (D x S).] is a
variant of the state monad in [Mog91], which is called the partiality and state
monad in [DGL17].

Before embarking on solving the equation (13.1), let us recall definitions
of monad S (for a general definition of monad see Definition 2.1.1), algebraic
operators, and fix notations.

The partiality and state monad. We recall Wadler’s type-theoretic definition of
monads [Wad92, Wad95], that is at the basis of their successful implementation in
Haskell language, a natural interpretation of the calculus is into a cartesian closed
category (ccc), such that two families of combinators, or a pair of polymorphic
operators called the “unit” and the “bind”, exist satisfying the monad laws. In
what follows, C will be a concrete cce, namely with sets as objects and certain
maps as morphisms. Examples that are relevant to us are the category Dom
of Scott domains with continuous functions, and its full subcategory w-ALG of
algebraic lattices with a countable basis.

Now, let us look closer how monads model effectful computations. Let X be
an object in Dom; then T'X is the domain, or the type, of computations with
values in X. In general T'X has a richer structure than X itself, modeling partial
computations, exceptions, non-determinism etcetera, including side-effects. The
mapping unity : X — TX is interpreted as the trivial computation unity(x) just
returning the value x, and it is an embedding if T" satisfies the requirement that all
the unitxy are monos. Now a function f: X — TY models an “impure” program
P with input in X and output in Y via a pure function returning the computation

f(z) e TY.
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To relate Equation (13.1) to the monad S we have to be more precise about
the domain S of stores. Given a domain X, let X | be the lifting of X, namely the
poset X U{L} (with L ¢ X) where x Cx, 2’ if either x = 1 or 2 Cx 2’. Then
we define (X )Y as the domain of stores over X with locations in L. Such a poset,
ranged over by ¢, can be seen as the domain of partial maps from locations in L
to points of X, where ¢(¢) = L represents the fact that ¢ € dom(c). It is ordered
pointwise, that is ¢ E(x . ¢" if () Cx, ¢'(¢) for all £ € L.

Remark 13.1.1. In [dT21a] the domain of stores over X was just defined as
XU, This definition is sound w.r.t. the interpretation of terms, but it equates the
everywhere undefined store, which is the interpretation of emp in Definition 13.4.1,
with any store ¢ such that ¢(¢) = Lx for any £. As we will see such a distinction
is crucial when establishing the characterization of convergence in Theorem 14.2.6,
while it was erroneously stated in [dT21b].

We also notice that the similar definition of the store space over X as (X%),
would not be sufficient for our proposes. Indeed, although the everywhere undefined
store is now distinct from all the others, the stores £ — L x and ¢ — 1 x with
1 x being the infimum of X, would be identified, even if ¢ # ¢, which is equally
wrong.

The definition of FX = (X )" is clearly functorial by setting F'(g) = g, o _:
(XY — (Y)Y, where forany g: X =Y g, (z) =g(x)ifz € X,and g, (L) = L
else. The functor F' is locally continuous, being the composition of lifting and
exponentiation, that are both such.

We are now in place to properly define the partiality and state monad S in
terms of Definition 2.1.1.

Definition 13.1.2. (Partiality and state monad) Given the domain S =
(X 1)T representing a notion of state, we define the partiality and state monad
(S, unit,x), as the mapping

SX =[S = (X x 5)4]

where (X x S) | is the lifting of the cartesian product X x S, equipped with two
(families of) operators unit and * defined as follows:

unit x = N¢.(z,5)

where we omit subscripts.

Remark 13.1.3. A function f: X — SY has type X — S — (Y x §),, which
is isomorphic to (X x S) — (Y x S); if f is the interpretation of an “imperative
program” P, and it is the currying of f’, then we expect that fz¢ = f'(z,¢) =
(y,<') if y and ¢’ are, respectively, the value and the final store obtained from the
evaluation of P(z) starting in ¢, if it terminates; fz¢ = f'(z,¢) = L, otherwise.
Clearly, f’ is the familiar interpretation of the imperative program P as a state
transformation mapping.
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A domain equation. Evidently, the domain F X = (X ) depends on X itself;
in contrast, while defining S X the domain .S has to be fixed, since otherwise the
definition of the x operator does not make sense, and S is not even a functor. A
solution would be to take S = FD, where D = [D — S D], but this is clearly
circular.

To break the circularity, we define the mixed-variant bi-functor G : Dom®? x
Dom — Dom by

GX,)Y)=[FX = (Y x FY),]

whose action on morphisms is illustrated by the diagram:

FX' Fy - X
G(fv g)(Oé): (0%
\
(Y x FY'), X FaL Y x FY),

where f: X' - X, ¢g:Y =Y and a € G(X,Y). Now it is routine to prove that
G is locally continuous so that, by the inverse limit technique, we can find the
initial solution to the domain equation (which is the same as Equation (13.1)):

D =D — G(D, D) (13.2)
In summary we have:

Theorem 13.1.4. There exists a domain D such that the state monad S with
state domain S = (D)% is a solution in Dom to the domain equation:

D=[D—SD|
Moreover, it is initial among all solutions to such equation.

Proof. Take D to be the (initial) solution to Equation (13.2); now if S = FD =
(D)) then SD = G(D, D). O

Algebraic operations over S. Monads are about composition of morphisms
of some special kind. However, thinking of f : X — SX as the meaning of a
program with side-effects does not tell anything about side-effects themselves,
that are produced by reading and writing values from and to stores in S.

To model effects associated to a monad, Plotkin and Power have proposed in
[PP02, PP03, Pow06] a theory of algebraic operations. A gentle introduction to
the theory can be found in [Gav19], chap. 3, from which we borrow the notation.

Suppose that T is a monad over a category C with terminal object 1 and
all finite products; then an algebraic operation op with arity n is a family of
morphisms opy : (TX)" — TX, where (T'X)" =TX X --- x TX is the n-times
product of T'X with itself, such that

opy oIl fT = floopy (13.3)
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where f: X — TX and I, fT = fTx --- x fT: (TX)" — (TX)". In case of the
concrete category Dom, 1 is a singleton and products are sets of tuples, ordered
componentwise. Then opy is an operation of arity n of an algebra with carrier T'X;
since f1 : TX — TX, we have that (IL,f ) {(z1,...,2,) = (fT(z1),..., fT(zn)),
and Equation (13.3) reads as:

opx (f1(@1).- - (@) = fT(opx(a1,. .. 20))

namely the functions fT are homomorphisms w.r.t. opy.

Algebraic operations opy : (TX)" — TX do suffice in case T is, say, the
nondeterminism or the output monad, but cannot model side-effects operations in
case of the store monad. This is because read and write operations implement
a bidirectional action of stores to programs and of programs to stores. What is
needed instead is the generalized notion of operation proposed in [PP02] (and
further studied in [HP06]); such construction, that is carried out in a suitable
enriched category, can be instantiated to the case of Dom as follows:

op: Px (TX)* - TX = (TX)* — (TX)"

where P is the domain of parameters and A of generalized arities, and the rightmost
“type” is the interpretation in Dom of Def. 1 in [PP02]. For such operations
Equation (13.3) is generalized as follows (see [Gav19], Def. 13):

op(p, k) [ = f1(op(p,k)) = op(p, fT o k) = op(p, Aa.(k(z) « f))  (13.4)

where f: X - TX, pe Pand k: A— TX.

Denotational semantics of terms. Given the monad (S, 7, ) and the domain
D from Theorem 13.1.4, we first interpret the constants get, and set, as generalized
operations over S. By taking P =1 and A = D we define:

lget,] : 1 x (SD)P? — SD ~ (SD)? = SD by [get]ds =d(s(¢))s

where d € D is identified with its image in D — S D, and ¢ € S = D¥. On the
other hand, taking P = D and A = 1, we define:

[set)] : D x (SD)* = SD ~ D x SD — SD by [set;](d, c)s = c(s[l — d])

where ¢ € SD =S — (D x S), and ¢[¢ — d] is the store sending ¢ to d and it is
equal to ¢, otherwise.

Then we interpret values from Val in D and computations from Com in
SD. More precisely we define the maps [-]” : Val — Term-Env — D and
[-15P : Com — Term-Env — SD, where Term-Env = Var — D is the set of
environments interpreting term variables:

Definition 13.1.5. A \;,,-model is a structure D = (D,S, [-]7,[-]°") such
that:

1. D is a domain s.t. D= D — SD wvia (9, V), where S is the partiality and
state monad of stores over D;
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2. for all e € Term-Env, V € Val and M € Com.:

[z]Pe = e(x)
[Me.M]Pe = W(Ade D.[M]*Pe[x s d))
[IV]]®Pe = unit([V]Pe)
[MxV]Pe = ([M]*Pe)x D([V]e)

[get,] 2([Aa.M]7e)
= [sete([V]Pe, [M]*Pe)

[get,(Ax.M)]5Pe
[seto(V, M)]5Pe

By unravelling definitions and applying to an arbitrary store ¢ € S, the last
two clauses can be written:

[get (A M)[*Pec = [M]PP(elx — <(0)])
[sete(V, M)]*Pec = [M]*Pe(s[C — [V]Pe])

We say that the equation M = N is true in D, written D = M = N, if
[M]*Pe = [N]5Pe for all e € Term-Env.

Proposition 13.1.6. The following equations are true in D:

1. [V]* (Aze.M) = M{V/x}

2. M xAx.jz) =M

3. (LxAx.M)*Ay.N = L* Az.(M x A\y.N)

4. get,(Ae.M) W = get,(Ax.(M * W))

5. sety(V, M)W = sety(V, M W)
where x ¢ FV(Ay.N) in (3) and x ¢ FV (W) in (4).
Proof. By definition and straightforward inferences. For example, to see (4),
let ¢ € S be arbitrary and ¢ = e[z — ¢({)]; then, omitting the apices of the
interpretation mappings [-]:

[get,(Ae.M) x W]e< = ([W]e)'([M]e') <

On the other hand:
[get,(\a.(MxW))e = ([Aa.(MxW)]e) <(€) ¢ = [MxW]e' ¢ = ([W]e") ([M]e') <

But z ¢ FV(W) implies [W]e’ = [W]e, and we are done. O

Equations (1)-(3) in Proposition 13.1.6 are the monadic laws from Defini-
tion 2.1.1, Equations (4)-(5) are instances of Equation (13.4).
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13.2 The Filter-Model Construction

In this section we recap some basic facts about intersection types and algebraic
lattices with countable basis, which are well known from the literature; then we
apply these results to the domain equation studied in the previous section and
build a filter-model of A;,,.

Recall from domain theory that a non-empty subset X C D of a partial order
(D,Cp) is directed if for all z,y € X there exists z € X with 2 Cp z pJdy. D is
said to have all directed sups if the sup || X € D exists whenever X is directed.
We often write | |T X to stress | | X is directed. A point e € D is compact if for all
directed X, e Cp [T X implies e Cp « for some = € X; the set of compact points
of D is denoted K (D).

Here we consider the category w-ALG of w-algebraic lattices. w-ALG is the
full subcategory of Dom of complete lattices (D, Cp) such that K (D) is countable
and D is algebraic, namely d = | [T{e € K(D) | e Cp d} is a directed sup for all
d € D. In case of algebraic domains the upward cones of compact points form a
basis for the Scott topology over D; therefore abusing terminology the set K (D)
is often referred to as a “basis” for such a topology.

As a complete lattice, D has arbitrary sups, but a morphism f : D —
E € w-ALG is just a Scott-continuous map preserving directed sups, that is
FIUTX) = Ul s f(); a continuous function does not necessarily preserve the sup
LY for arbitrary Y C D.

Definition 13.2.1. An intersection type theory, shortly itt, is a pair Thy =
(L4, <) where L4, the language of Tha, is a countable set of type expressions
closed under N, and wa € L4 is a special constant; <, is a pre-order over L4
closed under the following rules:

a<sgd p<uf

o <qwap aNp <y« alNp<up
aAB<sd Af

In the literature, the operator A is called intersection, and w4 the universal
type. Informally, Th, is identified with the set of inequalities @ <4 (3, so that,
abusing terminology, we shall also say that <4 is a type theory. Clearly, the
quotient £4/<, is an inf-semilattice, with A as inf and wy as top element. Being
the meet commutative and associative, we shall write aq A - - - A oy, omitting braces
and abstracting from the order; also we use the notations A} ; a; and A;cr ; for
a3 A+ Ay, where I = {1,...,n}; in particular A;cy @; = wa. Finally we write
a=4 it a<y B <4 a;since a A a =4 a, we assume that in the type expression
Nicr @; all the a; are distinct.

Definition 13.2.2. A non empty F' C L4 is a filter of Tha if it is closed under
A and upward closed w.r.t. <y, let Fa be the set of filters of Tha. The principal
filter over a is the set {f € L4 | a <4 [B}.

For any X C L, we write T4 X for the least filter in F4 including X; this
can be equivalently defined as N{F € Fa | X C F} or as the set {8 € L4 |
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In,aq, ..., an, € Xo ALy <4 B}; in particular the principal filter over « is
T4 {a}, also written 14 «, coinciding with the upward closure of {a}. The
mapping 1 - is evidently a closure operator; in the following we shall write just
17X and T« whenever A is understood.

The Theorem 13.2.4 is the fundamental fact about intersection types and
w-algebraic lattices; before its proof, we recap some basic properties of the poset
(Fa, C) in the following lemma.

Lemma 13.2.3. Consider the poset (Fa,C) and let X C Fa be a family of filters:
1. the sets N X and T(UX) are the inf and the sup of X in Fa, respectively;
2. if X is directed w.r.t. C, then 1 (UX) =UX.

Proof. Part (1) is immediate; in particular, that N X is a filter follows by the
fact that any ' € X is such, and the intersection of filters must satisfy the same
closure properties of all the elements of X. Note that the closure 1 is necessary
in T (UX): take X = {T«, 10}, with types «, 8 € L4 unrelated w.r.t. <,, then
aApB ¢TaUTp.

Part (2): any directed X is non empty, hence there is an F' € X such that
wa € F CUA, hence Y& is nonempty. If a € X then there is an F' such that
a€e FFCUAX; hence if a <4 B then f € F CJAX as F is a filter.

Let a, 8 € JX; then there are F, F' € X such that o € F' and § € F'. By
hypothesis there exists an F” € X such that ' C F” D F’, hence «, f € F” and
therefore a A € F" CUX. O

In view of Lemma 13.2.3, we write | | = 1(UJY) for the sup of an arbitrary
family of filters ), and || X = U X for a directed family X'

Theorem 13.2.4 (Representation theorem). The partial order (Fa, C) of the
filters of an intersection type theory Thy is an w-algebraic lattice, whose com-
pact elements are the principal filters. Vice versa, any w-algebraic lattice A is
isomorphic the poset (Fa, C) of filters of some intersection type theory Thy.

Proof. To prove the first part note that, by Lemma 13.2.3.1, we know that (Fa, C)
is a complete lattice. Let X C F4 be directed; then 1o C UX = | [T X and,
since a € Ta, there exists F' € X such that o € F'; it follows that T« C F, since
F is upward closed w.r.t. <,. This proves that T a € K(F4); vice versa let
F e K(F,) and let X = {ta | o € F'}, then X is directed since if o, § € F then
aAfeFand taCtaAf D13; moreover F =X = || X. By assumption
F' is compact, hence for some a € F we have F' C T, but also Ta C F as F'is a
filter, hence F' = Ta.

By the above we conclude that K (F4) = {Ta | @ € L4} which is countable as
L4 is such. Finally from the equality F = |'{ta|a € F} =U{ta|a € F} we
conclude that (Fa, C) is w-algebraic.

To the second part, let L4 = {ay | d € K(A)} (where each ag4 is a new type
constant) which is countable by hypothesis, and take Thy = {ag <4 a. | e C d}.
By observing that ag Ag e =4 @ge, where dUe € K(A) if d,e € K(A), and that
wa =4 o, we have that Thy is an intersection type theory and that £4/<, is
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isomorphic to K°(A) ordered by the opposite to the ordering of A. From this it
follows that F4 is isomorphic to the ideal completion of K(A), which in turn is
isomorphic to A by algebraicity. m

The above theorem substantiates the claim that intersection type theories are
the logic of the domains in w-ALG. The theory Thy is called the Lindenbaum
algebra of A in [Abr91]; Theorem 13.2.4 is the object part of the construction
establishing that intersection type theories, together with a suitable notion of
morphisms among them, do form a category that is equivalent to w-ALG; such
equivalence is an instance of Stone duality as studied in [Abr91] w.r.t. the category
of 2/3 SFP domains, when w-ALG is viewed as a subcategory of topological
spaces: see e.g. [ADCHO4].

The second part in the proof of Theorem 13.2.4 is the most relevant to us: it
provides a recipe to describe a domain via a formal system, deriving inequalities
among type expressions that encode “finite approximations” of points in a domain,
hence of the denotations of terms if the domain is a Aj,,-model. Therefore, we
seek theories Thp and Thg such that:

fD = [.FD — [-/—"S — (.FD X .FS)J_H (135)

The first step is to show how the functors involved in the equation above,
namely the lifting, the product, and the (continuous) function space can be put
in correspondence with the construction of new theories out of the theories which
determine the domains combined by the functors. As this is known after [Abr91],
we just recall their definitions, and fix the notation.

Definition 13.2.5. Suppose that the theories Tha and Thg are given, then for
a € Ly and § € Lg define:

La, a; = alag Nd| |wa,
Laxpg ©m = axf|rmA7n |waxs
Lasp ¢ = a—= BN |wass
Lz o = ((:a)|oNo' |war

Then, we define the following sets of axioms:
I.a<pd =>a <y o
2. WaxB <axB wa X wp and all instances of
(ax B)A(d xB") <axp (and)x (BAS)
3. wa—p <a—pwa — wp and all instances of
(@ = B)A (= B) <ampa— (BAS)
4. war <ur (0 :wy) and all instances of
(o) N(l:a"y <qp ({:aNnd)

118



13.2. The Filter-Model Construction

Finally, the theories Thaxp, Tha—p and Thar are closed under the rules:

a<sd p<pp o <sqa B<pf a<ad

ax f <axp o xf a— f<aspa = (0:a) <ap(l:d)

In the semantics of Ay, functional application and abstraction play a central
role; below we define such operations in the case of domains of filters, toward
establishing some properties of them.

Definition 13.2.6. If X € Fa—p and Y € Fy, we define:
X Y={elp|dpeY p—1¢ecX}
We write ¢ =4 ¢ if p <a ¥ <4 . For a map f: Fa — Fp, define

A(f)=Tasple— v € Lasp | e f(Tap)}

Lemma 13.2.7. If X € Fa—sp andY € F4 then X -Y € Fg. Moreover, the
map _ - _ s continuous in both its arguments.

Proof. We have X 3 wy—p < wy — wp and that wy € Y, hence wg € X - Y.
Since — is monotonic in its second argument, X - Y is upward closed. Finally, if
Y1, € XY then ¢; € Y and ¢; — 1, € X for i = 1,2 and some ¢4, ¢9; then, by
antimonotonicity of — w.r.t. its first argument, p; — ¥; < 1A — 1; € X being
X upward closed, and ¢1 Ay = Y1 Aha = (01 A2 = Y1) A(p1 Apa = 1h) € X
since X is closed under intersections.

Concerning continuity, we have to show that X - Y =[] Z where Z = {1 ¢ - 1
V| peX & ¢ €Y} Inclusion from left to right follows by observing that if
X € X Y then vy — x € X for some ¢ € Y, and of course y € T (¢ — x) - T 9.
Viceversa if x € | | Z then for finitely many ;, x; we have that A\; x; < x, ¥; € Y
and ¥; = x; € X. It follows that y; € X - Y for all 7, hence the thesis since X - Y
is a filter by the above. O

Lemma 13.2.8. If f : F4 — Fp is continuous then A(f) € Fa—p. A() is itself
continuous and such that:

Af)- X =f(X)  AAY(X-Y))=X
Proof. Easy by unfolding definitions and by Lemma 13.2.7. O
Now we can establish:
Proposition 13.2.9. The following are isomorphisms in w-ALG:
Fa, = (Fa)u, Faxp = Fax Fg,
Fa—p = [Fa— Fal, Far = (Fa)k.

~

Proof. That F4, = (Fa)L is a consequence of the fact that wa <4, wa, is strict,
hence 1wy, is the new bottom added to F4. Faxp = Fa X Fp is induced by the
continuous extension of the map 1 (a x ) — (1T «, 1T f), that is clearly invertible.
That Fa—p = [Fa — Fp| is immediate by Lemma 13.2.8.
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Finally, to see that F,u = (F4)¥ let us define the maps F + ¢p from Fr to
(FA)t and ¢ — F, from (Fa)¥ to Fuu by

se(0) = [{ta|(l:a)e Fy={a|(l:a) € F}
and
Fo=[[{t{t:a)laec)} =1{{t:a)|acc()}

Then it is routine to prove that these maps are morphisms of w-ALG and inverse
each other. O]

The next step is to apply Proposition 13.2.9 to describe the compact elements
of D = Fp and of S = Fg and the (inverse of) their orderings. Alas, this cannot
be done directly because of the recursive nature of the Equation (13.5), but it can
be obtained by mirroring the inverse limit construction, e.g. along the lines of
[ADCHO04, AS08]. Although possible in principle, such a construction requires
lots of machinery from the theory of the solution of domain equations; instead
we follow the shorter path to define the type theories below simply by mutual
induction:

Definition 13.2.10. Recall that S = (D )Y and let us abbreviate C' = (D x S),
and SD = S — C'; then define the following type languages by mutual induction:

Lp: § == §=>7|INY |wp
Ls: o == ({:0)]ocN0"|ws 0, € Lp,
Lo: Kk == IxXo|kAK |we
Lsp: T == 0= k|TANT |wsp

Then the respective itt’s Thp = (Lp,<p), Ths = (Ls,<s), The = (Lc, <¢)
and Thsp = (Lsp, <sp) are defined according to Definition 15.2.5.

We assume that A and x take precedence over — and that — associates to
the right so that 6 — 7 A 7' reads as 6 — (7 A7) and ¢ — ¢’ — §" x ¢” reads as
§ = (0! = (8" x a")).

Remark 13.2.11. We observe that, in the language Lg we have both types
(¢ :wp) and (¢ : wp, ), where wp and wp, are not equated in Thp, . Therefore,
(0 :wp,) =wg, but (¢ : wp) is strictly smaller than wg.

In comparison to the theory Thg in [dT21b, dT21a] the key difference is that
in those papers there was no distinction among wp and wp, (as the latter is not
included in the type syntax) so that the equation wg = (¢ : wp) was part of the
theory. The present change essentially amounts to drop such an equation.

The following definition will be essential in the technical development:
Definition 13.2.12. For any o € Lg define dom(c) C L by:
wonie: ) = { ) 93 4o, o

otherwise
dom(oc ANo') = dom(c) U dom(c’)
dom(wg) = 0
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Remark 13.2.13. Let us observe some relevant properties of store types.

The set dom(c), which is always finite, is computable because it is decidable
whether 6 #p, wp,. Indeed, Lp C Lp, and any type § € Lp, \ Lp is either an
intersection of wp, or it can be equated to a type &' Awp,, with 6’ € Lp, that is
clearly equal to ¢'.

If o <5 ¢’ then dom(o) 2 dom(c’), as a consequence

o <g ({:wp) & L€ dom(o)

In fact, the = part follows since then dom(c) D {{} = dom({{ : wp)). Vice versa,
by definition of dom(c) and of Thp, , o0 = (¢: 0) Ao’ for some o’ € Lg and § € Lp.
So that, (€:0) Ao’ <g (£ :6) <g (¢ :wp).

From the above observations we deduce that o <g (¢ : wp) is decidable.

Remark 13.2.14. Observe that the only constants used in Definition 13.2.10 are
the w’s; also we have plenty of equivalences ¢ = 1, namely relations p < ¥ < @,
involving these constants, that are induced by the definition of the itt’s above.
For example 6 — wsp = wp is derivable since wp <p d — wsp <p wp are axioms
of Thp; similarly, ws — we = wsp.

However, none of the theories above is trivial, because of the strict inequalities:

(i) (¢:wp) <g wg, for any ¢ € L;
(i) wp X wg <g wc;

(111) wg — Wp X Wg <sp Wg — Wg =Sp Wsp-

Therefore, Twg C 1 Aier(li - wp), for any non empty I, and Twe C 1 (wp X wg),
that is Twe corresponds to the new bottom element added to Fpyxs = Fp X Fg
in .FC = f(DxS)L = (fD X fS)L-

Theorem 13.2.15. The theories Thp and Thg induce the filter domains Fp and
Fs which satisfy Equation (13.5).

Proof. By Proposition 13.2.9 we have
Fp—ssp = [Fp — Fsp] = [Fp = [Fs — (Fp x Fs)1]]

where Fg = Fp, yu. Then the thesis follows since Fp = Fp—gp by construction.
O

Remark 13.2.16. The choice of not having atomic types in L£p is minimalistic,
and parallels the analogous definition 5.2.1 of [AO93], where the only constant in
the domain logic of a lazy A-model D = [D — D], is t (true), corresponding to
our wp, and having ¢t £ (¢t — t), in the theory.

As a more detailed description of Fp would show, by relating its construction
to the solution of Equation (13.2) in Theorem 13.1.4, the reason why the w’s
suffice is that Fp is (isomorphic to) the non trivial initial solution to the domain
equation.
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Adding atomic types £ to Lp also leads to a filter-model Fpr of A, which is
however not isomorphic to [Fp — S(Fpr)]. To restore the desired isomorphism
it suffices to add axioms { =p wp — wg — (£ X wg) for all atomic &: these
correspond to the axioms £ = w — ¢ in [BCD83], which are responsible of
obtaining a “natural equated” solution to the equation D = [D — D] of Scott’s
model: see [ASOS].

The \;,,, filter-model. According to Definition 13.1.5, to show that Fp is a
Aimp-model it remains to see that Fsp = SFp can be endowed with the structure
of a monad, which amounts to say that the maps unit” : Fp — Fgp and
*7 : Fsp X [Fp — Fsp] — Fsp are definable in such a way to satisfy the monadic
laws. This follows by instantiating Definition 13.1.2 to filter domains:

unit" X LANY € Fo.(X,Y))=1{oc 2> dxo€Lsp|de X}  (13.6)

On the other hand, observing that Fsp x [Fp — Fsp|] — Fsp = Fsp X Fp — Fsp,
for all X € Fsp, Y € Fp and Z € Fg we expect that:

(X*TY) - Z =let(UV)=X -Zin(Y-U)-V
B Y -U)-V X -Z=UxV#"1cwc
B To we otherwise

Hence we define X »7 Y by

Mo—d"xo"€Lsp|F, 0.0 xceX & =0 =8 xd" €Y}
(13.7)

Lemma 13.2.17. Both unit" X and X ¥ Y are continuous in X and in X and
Y, respectively.

Proof. By definition, unit’ (16) = t{oc = & xo|o € Ls & & € 16}; on the
other hand if §y <p d; then 161 C 19y, therefore

unit” (16y) MHo—=d xoloels & § et}
MHo—=0"xoloeLls & §" €Tdp}

unit” (10y)

1N

Hence unit” (1) C unit” (1(6 A &) 2 unit” (16") for all 6, ¢'; this implies that the
family {unit” (1) | § € X} is directed for any filter X. Now

unit" X = unit’ (Usex 19) as X = [Il.x 10 = Usex 10

Mo =0 xo|o€Ls & § € Usex 16} by def. of unit”

= Usex T{o = xo|oeLls & 0 et} as{1d|J € X} is directed
Usex unit” (16) by def. of unit”

= by unit” (16) by Lemma 13.2.3.2
and the above remark

The proof of the continuity of X »” Y is similar. O

122



13.2. The Filter-Model Construction

The final step is to define the interpretations of get, : (Fp — Fsp) — Fsp =
Fp — Fsp and sety : Fp X Fsp — Fsp, which also are derivable from their
interpretation into a generic model D.

Definition 13.2.18. Let X € Fg, { € L:
X -{t}y =t{6€Lp|({l:6) e X}

The above operation represents the application of the “store” X to the location
¢. Observe that if X =1wg then there is no (¢ : d) € X, hence the closure 1 is
necessary.

According to Definition 13.1.5, for any X € Fp and Y € Fg we must have:

get (X) Y =X - (Y -{(}) Y

where we assume that _ - _ associates to the left. Now, let Z = {r € Lsp | 36 €
(0:6) €Y & 6 - 7€ X} then

X-(Y-{) - Y=2-Y

If 7 = wgp then 6 — 7 = wp, which trivially belongs to any filter; if instead
T # wsp then 7 = A\jo; = k;and 0 = 7 = N\jer 0 = 0; = k; € X if and only if
0 — o0, > k; € X for all 1 € I. From this we conclude that

Z-Y = {k€Lleg|IoeY |o—reZ}
= {keLlc|I:)Noc€EY.d—>0—KkeE X}
and therefore the appropriate definition of get] (X) is

getl (X) 1 {((t:6)No) s ke Lsp |6 — (0 — k) € X} (13.8)

Similarly, again by Definition 13.1.5, for any X € Fp, Y € Fsp and Z € Fs we
expect:
set/] (X,Y)-Z =Y - (Z[l = X])

where Z[¢ — X] is supposed to represent the update of Z by associating X to /,
namely:

ZI— X =t{{:8) | de X} U{{':8) | {{':0)eZ & (' +£/1}
Then
Y-Zl—X]) = MHr|Jo—>reZl— X].c 5 keY}
Mr|Jo'eZde X ()N Nd" —-KreY & (& dom(d')}

and therefore we define:

set] (X,Y) d:efT{U’ —KE€Lsp | EX ((:0)Nd =reY & (& dom(d')}

(13.9)

Lemma 13.2.19. Both get] (X) and set] (X,Y) are continuous in X and in X
and Y, respectively.
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Proof. We know that get] (X)-Y = X - (Y - {{}) - Y, hence by Lemma 13.2.7 to
prove that it is continuous in X it suffices to show that Y - {¢} is such in Y, as
the composition of continuous functions is continuous. Now

Y {6} = t{6]{:0)eY}
{01 (0:6) € Usey To}
Usey T{0 | (€:0) € Ta}
= Usey(To-{f})
= Usey(to - {f})

by directness of {to - {¢} | 0 € Y} and Lemma 13.2.3.

The proof of continuity of set] (X,Y) is similar, using set] (X,Y) - Z =
Y - (Z[¢ — X]), the continuity of application and the fact that Z[¢ — X]
Lsex Z[¢ —10] that is easily seen. O

Eventually we have:

Theorem 13.2.20. The structure F = (Fp,S, [-]72, [[]72) is a Nimp-model
where, for e : Var — Fp the interpretations [V]"Pe € Fp and [M]”sPe € Fsp
are such that:

[z]7Pe = e(2)
[Mz.M]7Pe o — o | o€ [M]Pe[x — 14}
[[V]]7sre Mo —=dxo€eLsp|de[V]Pe}
[MxV]*re = 1{oc— 0" x0o"|35,0.0 = § x o' €[M]’re
& & — o — 8" xo"e[V]'re}
lget, \z.M)]7sre = 1{(({:8)ANo) = Kk € Lsp | § = (0 = k) € [Nz.M]'Pe}
[seto(V,M)]7sre = {0’ = k|36 € [V]'Pe. ((:0) Ao’ — Kk € [M]75re
& ¢ dom(o')}

Proof. By an easy induction over M, we can show that
T
[M]” e[z — X] = |_|6€X[[M]]fe[a: — 1]

It follows that the function A X € Fp. [M]”sPe[z + X] is continuous. Therefore,
applying the clauses of Definition 13.1.5 to the model F, we get:

[z]7Pe = e(z)
[Dx.M]"Pe = ANX € Fp. [M]7Pe[z — X))
[[VI)7ere = unit” ([V]7Pe)
[M«V]7re = ([M]75Pe) " ([V]7Pe)
[get,( A\x.M)]7spe = get] ([Az.M]”Pe)
[sete(V, M)]7sPe = set] ([V] Pe, [M]75Pe)

Then the thesis follows by equations (13.6)-(13.9). O
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13.3 Deriving the Type Assignment System

The definition of a type assignment system can be obtained out of the construction
of the filter-model. The system is nothing else than the description of the
denotation of terms in the particular A;,,-model F, which is possible because
both [V]/Pe € Fp and [M]”sPe € Fsp, and filters are sets of types.

Types are naturally interpreted as subsets of the domains of term interpretation,
namely Fp or Fsp according to their kind; by applying to the present case the
same construction as in [BCD83] and [Abr91], originating from Stone duality for
boolean algebras, we set:

Definition 13.3.1. For A= D, S,C, and SD, and p € L, define:
[e]” ={X € Falpe X}

Such interpretation is a generalization of the natural interpretation of intersec-
tion types over an extended type structure [CDHL84], which in the present case
yields:

Proposition 13.3.2. For A= D, S,C, and SD, and 1 € L4 we have:

[o Al =Tel” N[wl”,  [wal” =Fa and o <= [¢]” C[y]”
Moreover:

L7l ={XeFp|VWe[d]F.X-Ye[r]"}

2. [(: )] ={XeFs| X -{} €[0]"}

3. [6 x o]F = {X € Fpxs | m(X) € [0]F & m(X) € [0]7}

4. o= k] ={XeFsp |V e[o]. X Y €[x]"}

where, for X € Fpxs = (FpxFs), m(X)={0€ Lp|To € Ls. I xo € X} and
similarly for mo(X).

Proof. The first part is immediate from the definition of type interpretation and
of filters.

To see (1) observe that 1¢ € [¢]”. Hence, if X € [§ — 7]” then § — 7 € X,
which implies that X- 10 = 17 € [7]”. Viceversa if X -Y € [r]” forall Y € [¢]"
then in particular X- 1§ = 17 € [r]”, which implies that for some ¢ € 16,
0" — 7 € X; but then § <p ¢’ so that 0’ — 7 <p § — 7 and therefore § - 7€ X
as X is upward closed.

All the other cases are similar and easier. We just remark that in part
(3) m(X) is a filter: indeed it is nonempty and upward closed because X is
such. If 41,0 € 7 (X) then 0; X 01,09 X 09 € X for some o7 and o9; then
X5 (51 X 01) A (52 X 02) = ((51 /\52) X (0'1 /\0'2), so that d; A dy € ’/Tl(X). ]

Let us define the notion of typing context in our setting.

Definition 13.3.3. A typing context I' is a finite set {x1 : 01,..., 2, : 6,} where
n > 0, the x;’s are pairwise distinct, and §; € Lp for all i.
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Lz:0FM:71
— (var) (M)
Fx:0kFx:6 T'FXeM:6—>r7
EVveé 'M:0—dx0 THV:d -0 =8 xd”
(unit) (%)
TH[V]ic—dxo TEM*V:io—0d xo
Fz:0FM:0—k 'cV:6 TEFM:({((:0)No)— K L& dom(o)
(get) (set)
Tk gety(Ae.M): ((£:0)No) = Kk TEsety(V,M):0 =k

Figure 13.1: Intersection type assignment system for A,

We can now build the type assignment system as the description, via type
derivations, of the semantics of terms and types in the model F. First, type
contexts I' = {xy : d1,...,2, : 0, } are put into correspondence with environments
er : Var — Fp by setting er(x;) = Tpd; and er(y) =Twp if y € dom(I"). Second,
typing judgments translate the statements:

PV :§ < ([V] Per) € [§]7 < 6 € [V] Per
and similarly, T = M : 7 <= 7 € [M]”5Per.
Third and final step, typing rules of the shape
F1}_P1:<;01 Fnl_Pngpn

'EQ:vy

are the translations of equations

[Q) er =t{v | p1 € [A]er, & -+ & ¢n € [Pa]er, } (13.10)

from Proposition 13.3.2 and Theorem 13.2.20. We take advantage of the factor-
ization of the right hand sides of Equations (13.10) into a set of types U and its
closure TU, by adding the rules:

THP:p THP:y THP:p o<t

R trrione rrpg
(13.11)

Therefore, we are left to translate set inclusions

[Q er 2{¢ |1 € [P]7er, & -+ & ¢, € [P]7er,} (13.12)
where 1 is neither an intersection nor an w:

Definition 13.3.4. (Intersection type assignment system for \;,,,) The sys-
tem is obtained by adding to the rules in Equation (13.11) the rules in Figure 13.1.

The rules in Definition 13.3.4 are obtained by instantiating the inclusion (13.12)
to Equations (13.6) - (13.9). By such a construction, we obtain for our type system
the analogous of the “Type-semantics theorem” for intersection types and the
ordinary A-calculus (see [BDS13], Thm. 16.2.7). Toward such a theorem we define
the following concept:
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Definition 13.3.5. If e € Term-Envz then for any type context I':
eE"TevVe:del. e(x) C 5]

It is immediate by Definition 13.3.1 that e 7 I if and only if § € e(x) for all
x:0 €I'. On the other hand, from the very construction of the type system, we
have:

Lemma 13.3.6. Let QQ € Term and I' be any typing context, then

[Q er ={¢ |TFQ: v}

Proof. The proof is based on Theorem 13.2.20 that characterizes [Q]7 in terms
of operations over filters: it will be used without explicit mention below.
The inclusion [Q]7 € {¢ | T F Q : ¢} is shown by induction over Q.

Case Q = x: then [z]7 = ep(z). If x : 6 € T for some § then ep(z) =710 and
I'Fx:d for all &' > § by rules (var) and (<). Otherwise, © ¢ dom(T")
implies that er(x) =Twp so that I' - x : ¢ for any § = wp by rules (w) and

(<).
Case (Q = A\z.M: then by Definition 13.2.6 we have
[Me.M]Ter = AAX € Fp. [M]7*Per[z — X])
Mo — 7| 7€ [M] er[r —1d]}
By definition of the 1 _ operator, the filter above consists of intersections
Nier 0; — 7; such that 7, € [M] er[x — 1] for all i € I. Observing that
er[t =1 0;] = erus, we have by induction that I,z : §; H M : 7, and

therefore I' = A\x.M : 6; — 7; by rule (\) for all i € I. Hence I' - Az.M :
Nier 0; — 7; by repeated use of rule (A).

Case Q = [V]: then [[V]]7er =t{oc = d x o | § € [V]Zer} by Equation (13.6).
By induction we have I' = V' : § and the thesis follows by rule (unit).

Case Q = M x V: then, by Equation (13.7), [M % V]”er is the filter

Mo —=6"xo"|35,0. 00 xo €[MJFer & § =o' — " xo" € [V]7er}

As in the case of A-abstraction, the types in such a filter have the shape
Nicr 0 — 0! x o/ and 0; — &, x o/ € [M]"er and 6! — o} — ! x o €
[V]”er for all i € I. Therefore by rule (x) we have

'EM*V o, — 0! x o for all i € I and we conclude by repeated use of
rule (A).

Case Q = get,(Az.M): then by Equation (13.8) we have that [get,(Az.M)]” er
is the filter

H{:8)Ao) = k|6 — (0 = &) € [Me.M]Ter)

Reasoning as above we know that § — (0 — k) € [MAz.M]” er implies that
o — K € [M]” ers.s; hence by induction ',z : 6 = M : 0 — &, from which
the thesis follows by rule (get).
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Case Q = sety(V, M): then by Equation (13.9) we know that [set,(V, M)]” er is
the filter

o' = k|36 [V]Ter. (6:6) Ao’ =k € [M]Ter & (€& dom(d)}

By induction ' F V : g and I' = M : (¢ : §) Ao’ — k; now condition
¢ & dom(o’) allows to apply rule (set), and we are done.

The inclusion [Q]]. 2 {¢ | T F Q : ¢} is proved by induction over the
derivation of I' = @ : . The cases of rules (w), (A) and (<) are immediate by the
induction hypothesis and the fact that [Q]7 is a filter.

Case (var): then Q@ =x, ¢ = and x : 0 € T'; hence
[x]7er = ep(x) =163 6

Case (\): then Q@ = Az.M, ¢ =0 — 7 and the premise is
I,z :dF M : 7. By induction 7 € [M]”er..s; on the other hand, as
observed above, [Az.M]7er =t{§ — 7| 7 € [M]"er[z — 16]}, and ep|x —
18] = er u.s, hence we conclude that § — 7 € [Az.M]”er.

Case (unit): then @Q = [V], ¢ = ¢ — J X ¢ and the premise is I' - V' : §.
By induction § € [V]%er hence 0 — 6 x o € unit’ [V]Zer = [[V]]7er by
Equation (13.6).

Case (x): then Q@ = M xV, ¢ = 0 — ¢" x ¢” which is derived from the
premises ' W M : 0 - 0’ xo'and ' FV : 0 — ¢ — § xo”. By
induction 0 — ¢ x o’ € [M]”7er and &' — o' — 6" x 0" € [V]”er so that
o— 0" xo" € [M]7erx" [V]7er = [M xV]Zer by Equation (13.7).

Case (get): then Q = get,(Ax.M), p = (({ : 6) A o) — K and the premise is
Iz:0F M: o — k. By induction 0 — k € [M]”er s so that, by
reasoning as in case (\), we have that § — o — x € [A\x.M]”er, from which
we conclude ({¢ : 6) A o) — k € get] ([Az.M]"er) = [get,(A\x.M)]”er by
Equation (13.8).

Case (set): then @ = sety(V, M), ¢ = 0 — k and the premises are I' =V : § and
D' M:({(¢:9)No)— k; also we know that ¢ & dom(c). By induction
e [[V]7er and ({£:6) Ao) — k € [M]”er. Then we conclude that ¢ =
o — k € set] ([V]7Per, [M]"Per) = [set(V, M)]”sPer by Equation (13.9).

O
Definition 13.3.7. Over TypeEnv” we define the ordering:
eC e & Ve Var e(x) C€(x)

The poset (TypeEnv”,C) is a cpo, with bottom e, such that e, (z) = twp for
all z € Var. We extend the definition of directed sups in Fp to directed families
£ C TypeEnv”, putting:

Vo € Var. (|_|T5)(x) i U e(z)

ecf
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Handy notations in the next lemmas are: I'(z) =dif z: d € I', I'(z) = wp
otherwise; and for contexts I' and IV we define the context

TAT ¥ (z:6eD |2 ¢ dom(I)}
U {z:del’”|z¢gdom()}
U {z:0N0|z:0el & x: €I’}

As a consequence (I' ATV)(z) = T'(x) AT (z).
Lemma 13.3.8.
1. For all e € TypeEnv” the set £ = {ep | e =7 T} is directed and e = ||" €

2. For all Q € Term and directed &, the family of filters {[Q]7e | e € £} is
directed and

[QI (L'e) =L [l
Proof. Part (1): by Definition 13.3.5 and the definition of e we have that
e =" T < Vo € Var. I'(2) € e(x) <= Va € Var. er(z) =1T(z) C e(z)
namely er C e if and only if e =7 I'. In particular

(er Uer)(xz) = 10(x) U 1T(x)
= T([(z) AT (x))
= T AT)(x)

hence er U epr = epar by the arbitrary choice of x € Var. Since I'(x) € e(z)
and I"(x) € e(z) imply that I'(x) AT'(z) = (T AT)(z) € e(z) as e(x) is a
filter, we have that e =" I and e =7 IV imply that e =" T' AT”, so that we
conclude that &€ is directed.

From the above it follows that | |£€ C e; to see the inverse it suffices to
observe that if § € e(x), then ef,.51 € € so that

0 € €{$;5}(JJ) C U ep(r) = (I_lT‘c:)(x)

eref

for any x € Var, therefore e C | | €.
Part (2): we reason by induction over @) € Term.

Case Q = z: then {[Q]7¢| e € &} = {e(x) | e € £}, which is directed by
the hypothesis that £ is such. Then

[QIF(Le) = (J'&)@) = Uelx) = _([QI7¢)

ec&
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Case Q = \v.M: let X = {[Mx.M]7e | e € £}, and recall that [Az.M] e =
Mo — 7| 7€ [M] e[r —16]}. Let Fy, Fy € X, namely F; = [Mxz.M]”e;
for some e; € £ and ¢ = 1,2. By directness of £, there exists e3 € £
such that ey, e; C es; then take 3 = [Ao.M]7e; € X.

W.lo.g. a non trivial element F; for ¢ = 1,2 has the shape §; =
Njes 5](2) — Tj(z) where TJ@ € [M]” ez |—>T5§Z)] for all j € J;. Now
the set {ey, ez, e3} is directed with sup ez, so that by induction the
set of filters {[M]”e;[x — 1 5](-i)] | i = 1,2,3} is directed with sup
[M]” es[z —1 §J(-i)], for all j € J;. This implies that 51(;') — T]@ €
[Az.M]”es for all j € J;, and hence §; € [Ax.M]” e3 as the latter is a
filter. We conclude that Fi, F5 C F3, so X is directed. Now
[RI* ) = t{0—=r1]re M7 E)x—1d]}
= 0= 7|7 €Uee[M] elx — 14}
by induction and (L' &)z = 16] = [ ¢ e[z 1]
= Ueee 1{0 = 7| 7 € [M]7 e[z —14]}
since & is directed
= Ueeg[P\m'M]]]:e
= UZGEHQHIG

Case Q = M V: then {[M xV]”e | e € £} is directed since {[M]7¢e | e €
E}and {[V]7e | e € £} are such by induction, [M*V] e = ([M]”e)x"
([V]Ze), and the operator x> is continuous by Lemma 13.2.17, and
hence monotonic. Now

[RI7WE) = [M]7LE) " [VITUE)
= (Wees[M]7e) " (Uoee[V]F€') by induction
= Uewes([M]Fe)+" [V]7€) by continuity of _ %7 _
= Uwee([M]7e") %7 [V]7€") by directness of £
= UereelQ]7€”

The remaining cases of [V], get,(Az.M) and set,(V, M) are similar, using
the continuity of unit” (_), get/ (_) and set] (_, ), respectively.

[
Theorem 13.3.9 (Type semantics). For all V € Val and M € Com:
1L [V]Pe={6€eLp| M. e T & T'HV:6}
2. [M)Psre={r€Lsp |T.e T & ' M :7}
Proof. Recall that e =7 T if and only if er C e:
[V]7re = [V]'2(LW{er |e EZ T}) by Lemma 13.3.8.1
= Uepce [V Per by Lemma 13.3.8.2
= Ugpce [V Per as {[V]"Per | er C e} is directed
by Lemma 13.3.8.2
Uepcetd | T'HV 26} by Lemma 13.3.6

= {§|IL.THV:§ & e " T}
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The proof in case of [M]”5Pe is similar. O

13.4 Typing Configurations

After having obtained a type system for \;,,, out of its denotational semantics,
and more precisely from the filter-model F, we now look at the relation among the
type system and the operational semantics, as presented in Sections 12.2 and 12.3.

However, there is still a mismatch among the type system and the reduction
semantics, or its equivalent formulation in terms of convergence, which is due to
the fact that the former deals with terms only, whereas the reduction is a relation
among configurations (M, s), with M € Com and s € Store. Therefore we fill the
gap by defining the interpretations of store terms and configurations.

Definition 13.4.1. Let D = (D, S, []?, [-]°P) be a Nimp-model, where S = (D, )~.
Then we interpret store terms by the maps [-]° : Store — Term-Env — S and
[-1¥ : Lkp — Term-Env — D where:

[emp]®e = Lg
[updy(u, s)]%e = ([s]%e)[¢ — [u]*e]
[V]te = [V]7e
[ikpo(s)]Pe = [s]%et

where, if ¢ € S, ¢ € L and d € D, then the map <[ — d] is the updating of < that
associates d to L.

By instantiating Definition 13.4.1 to the filter-model F we obtain:
[emp]7se = tws
[upd,(u, s)]"se = ([s]7=e)[t — [u]"e]
= T {{t:0) [0 €[s]7se} U {o€[s]"5e |l & dom(o)})
[VIPre = [V]7Pe
[tkpe($)]7ve = ([s]7e) - {€} = 1{ ] (£: 6) € [s]"5e}

From the interpretations of store and lookup terms in F and using the same
method as in the previous section, we obtain the following typing rules:

L (upd,) Pl 20 13.13
I'F upd,(V,s) : (€:0) wh T & upd,(V,s) : (¢ :6) (upd,) (13.13)
and
CEs:(:0)
(tkp) (13.14)

Ik lkpy(s) : 0

Remark 13.4.2. Interpreting store and lookup terms into S and D, respectively,
provides a model of the theory axiomatized in Definition 12.2.2. Indeed, by
Theorem 12.2.10 the equation s = ¢ is derivable if and only if s ~ ¢, namely s
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and t are extensionally equivalent: dom(s) = dom(t) and for all ¢ in their domain
lkp,(s) = lkp,(t), where we stress that this is syntactic identity.

Since the interpretation of store terms is functional and [lkp,(s)]¥e = [s]°e,
we immediately conclude that if - s = ¢ then [s]%e = [[t]%e for all e € Term-Env.
The vice versa does not hold: that [s]%e ¢ = [V]Pe = [W]Pe = [t]%e ¢ does not
imply that V = W: take e.g. V = Az.[z] and W = Ay. ([y] x V).

Finally, notice that [emp]®e = Lg # [upd,(V,s)]°e for any V,s. In particular,
if '+ emp : o then 0 = wg, while I' - upd,(V, s) : (¢ : wp) # ws.

Remark 13.4.3. By the same technique used in the proof of Theorem 13.3.9,
we can show that [s]"Se = {oc € Ls|I. e =7 ' & T'F s: 0}, and similarly
for [lkp,(s)]7=e; hence semantically equal store and lookup terms have exactly
the same types. As argued in Remark 13.4.2, the interpretation maps [[-]° and
[-J* provide a model of the equational theory of such terms in any A,,-model D,
hence in F. Therefore if - s = ¢ then s and ¢ have the same types.

On the other hand, by Corollary 12.2.11 any s € Store with s # emp can be
equated to a term of the form:

updel(Vl, T Updzn(vm emp) T )

with distinct locations /¢4,...,/¢,, so that we may focus on the typing of these
terms.

If s # emp thenn > 0 and I' H V; : §; for some ¢; and each 1 < ¢ < n, so
that we can derive I' = s : (¢; : §;) for all i by either using rule (upd,) or (upd,).
Hence, by repeated use of (A), the judgment I' = s : Aj<;<,,(4; : ;) can be derived,
expressing that s associates to each ¢; a value of type §;. In summary, the following
rule is derivable:

I'Evicd - THEV,:4,
I & updy (Vi,- - upd, (V,,, emp)---): /\ (i + 6) (13.15)
1<i<n

Vice versa, if s has type Aj<;<, (¢ : 0;) then lkp, (s) = V; has type d;, by rules (<)
and (lkp).

Recall that [M]*Pe € [S — (D x S),] and that [s]|°e € S; therefore, the
following definition of the semantics of a configuration (M, s) is quite naturally
the functional application of the meaning of M to that of s:

Definition 13.4.4. Given a \i,,-model D and the interpretation maps [-]° and
[-1% from Definition 13.4.1, we interpret configurations (M, s) into C = (D x S),.

by
[(M,5)]%e = [M]*Pe ([s]%)

Once again we look at the instance F of D, where:
[(M,s)]7ce = ([M]7*Pe) - ([s]"Se) = 1{x | 3o € [s]"5e.0c — K € [M]5Pe}
from which we derive the typing rule for configurations:
'M:0—kx I'ks:o
I'E(M,s):k

(conf) (13.16)
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For the reader convenience the rules of the full system are reported in Fig-
ure 13.2.

INlustrating the type system w.r.t. the operational semantics. So far the
type assignment system has been obtained by means of abstract concepts; here we
turn to a more concrete understanding of such rules, looking to the operational
semantics. The discussion is informal and includes some examples; the technical
analysis of the typing system and operational semantics is deferred to the next
sections.

Definition 13.4.4 perfectly matches the operational interpretation of (M, s) as
the application M (s) in Section 12.3 (see eq. (12.1) and the comments thereafter),
where it returns a pair (V,t) if (M, s) | (V,t) and it is undefined, otherwise. Such
a correspondence, together with the interpretation of typings, provides the basis
for illustrating the typing rules in Figure 13.2.

As usual the interpretation of types are sets or, equivalently, properties of
terms. In the present setting this is the content of Proposition 13.3.2, hence the
intended meaning of a typing judgment I' = @) : ¢ is that () satisfies the property
¢ under the hypothesis that x satisfies I'(z) for all x € dom(T).

Since term variables range over values and are values themselves, in a typing
context I" we only have typing judgments of the form z : § with 6 € Lp.

Rules for w, intersection, and subtyping

F'FQ:¢ THQ:¢ FrFQ:o o< ¢
— (W) — (M) — (<)
'-Q:w 'CQ:pANop '@ :¢

Rules for Val and Com terms

Ix:6M:71
— (var)
Dz:0Fx:6 'EXxeM:0—T
'EV:é . 'EM:0—6x0 THEV: =0 =6 xd"
(unit) (%)
'EV]io—=dxo F'EMxV:io—§ xo
Fz:0FM:0—=k PV TEM:(((:0)No)— K L& dom(o)
(get) (set)
['F get,(Ae. M) : ((¢:0)No) — K I'Fsety(V,M):0— Kk
Rules for Store, Lkp terms and configurations
'Ev:o CEs:(0':6) ¢+
(updy) ; (upd,)
U'F upd,(V,s): (€:6) I'F upd,(V,s) : (€' :6)
CkEs:(0:6) 'FM:0—k I'Fs:o
— L (lkp) (cony)
['F lkp,(s): 0 I'E(M,s):k

Figure 13.2: Type assignment system for A,
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Rules for w, intersection and subtyping Rules for w,, intersection and
subtyping are the same as in [BCD83], instantiated to the four kinds of judgment
of the present system. The universal types w, are interpreted as the whole set
of terms that can be typed by a type of sort L4 (see Definition 14.2.2); they are
usually called trivial types since do not carry any information about their subjects,
but for the sort in the language. Intersection and subtyping are understood set
theoretically, which justifies rules (A) and (<). In particular if ¢ = ¢’ then
'EQ:¢impliessT'HQ: .

Rules for Val and Com terms Coming to the rules for values and com-
putations, rule (var) is obvious. About rule (A) we observe that in our syntax
abstractions have the shape Ax.M where M € Com, so that they represent func-
tions from values (the variable z can be substituted only by terms in Val) to
computations. Also, abstractions are values and by rule (\) are assigned functional
types 6 — 7 € Lp if 0 is the type of x and 7 € Lgp is a type of M, as usual.

We observe that 6 <p wp <p, wp,, therefore any value V has wp, as its type
by rule (<).

Rules (unit) and (x) are instances of the corresponding rules in pure compu-
tational A-calculus in [dT20], specialized to the case of the state monad. The
term [V] represents the trivial computation returning V; as a function of stores
it is such that [V](s) = (V,s) behaving as the constant function w.r.t. the value
V', and as the identity w.r.t. the store s; therefore if § is a type of V' any type
0 — § x o can be assigned to [V] by rule (unit).

In rule (x) the first premise says that applying M to a store s of type o yields
a result M(s) = (W, t) such that W : ¢’ and ¢ : ¢’. We abbreviate this by saying
that (W, t) = [W](t) has type 0’ X ¢’. In the second premise the value V of type
0" — o' — §" x ¢” is the currified version of a function of type ¢’ x o’ — ¢§" x o”
(which is not a type in our formalism) sending (W, t) to some new result of type
0" x ¢”. By the operational semantics of the x operator, we then conclude that
for arbitrary s of type o, (M % V')(s) yields a result of type 0” x ¢”, hence the
typing M xV : 0 — §” x ¢” in the conclusion of the rule.

Rules for Store, Lkp terms, and configurations Since there is no rule
explicitly typing emp, ' = emp : wg is the only typing of emp in the any context
I', up to =5.

According to rule (get), the result of (get,(Ax.M))(s) has type & if s has type
(€ : 6) A\ o, hence it has both type (¢ : §) and 0. As we have seen above, if s has
type (¢ :0) and § # wp, then lkp,(s) =V for some value V' of type §. Now, from
the operational semantics we may argue that (get,(Ax.M))(s) = (M{V/z})(s);
hence if s has type o then a sufficient condition to produce a result M (s) of type
Kk is to assume that = in M has type 0, as required in the premise of the rule.

Rule (set) is the central and subtlest rule of the system. Reasoning as before,
we argue that

(sete(V, M))(s) = M (upd,(V, 5))

and we look for sufficient conditions for the result having type x whenever s has
type 0. Now if V' has type 0 as in the first premise, then upd,(V,s) has type
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(¢ : §); moreover, as discussed with reference to the derived rule (13.15), it has
also type o, because ¢ ¢ dom(o), namely the side condition of the rule, so that it
suffices that M has type (£ : ) A 0 — K to conclude, which is the second premise.

The rules (set) and (get) are dual, in a sense. Consider the derivation:
Iz:0FM:0—k
(get)
FEV:S I'Fget,(Ae.M): ((¢:6)No) — K & dom(o)
[ F sety(V, get,(Ae.M)) : 0 — K

(set)

Since (¢ : d) is strictly smaller than wg for any 0, it follows that wg — k < (¢ :
0) No — k for any 0 and o. Indeed, as a consequence of Theorem 14.2.6, we know
that I' t/ get,(A\x. M) : wg — wp X wg.

In fact, get,(Az.M) 4 because (get,(Ax.M), emp) is a blocked configuration.
But if the term get,(Az.M) is placed in a suitable context, as in the conclusion of the
derivation above, then the type ws — wp X wg is derivable for set,(V, get,(Ax.M))
depending on the typing of M. E.g. consider M = [z], one can take 0 = wg and
K = wp X wg; from the derivation above, we see that M’ = sety(V, get,(Ax.[z]))
has type ws — wp X wg. On the other hand, (M’, emp) converges:

(Mlv emp) - (geté()‘x'[m])a updf(va emp)) — ([V]> updf(va emp))

It remains to explain why the side condition ¢ ¢ dom(o) in rule (set) is not
only sufficient, but also necessary. Recall that ¢ ¢ dom(o) implies that there exists
no d € Lp such that o <g (¢: 0), see Remark 13.2.13. Therefore, if o = A;{¢; : ;)
where 0 € Lp, then for all ¢ we have ¢; # ¢. This means that from the side
condition no information about the value associated to ¢ by stores of type o is
recorded in the type.

Therefore the typing M : ((¢ : 0) A o) — k in the second premise does not
depend on any information about the value of the store at ¢, but for the § in
(€ :§), which is the type of V' in the first premise.

Dropping the side condition we could have, say, M : (¢ : 6) A (¢ : §') — Kk where
(C:6)N(L:0"y=(L:5NJ), with both 0,0 € Lp, and hence we could derive the
type (¢ : ") — & for set,(V, M) in the conclusion. Now this says that if s has type
(€ : 9" then (set,(V,M))(s) = M (upd,(V,s)) will have type k, notwithstanding
that the value of upd,(V, s) at ¢ is V, of which we only know that it has type 9,
not ¢'.

We further illustrate the point in the next example.

Example 13.4.5. A key issue in defining the system in Figure 13.2 is how to type
terms like M = sety(W, set,(V, get,(Az.[z]))) from Example 12.2.12, exhibiting the
strong update property of the calculus. Let us abbreviate N = set,(V, get,(Az.[z])),
and suppose that =V : § and - W : §'; we want to derive - M : ¢ — & for
suitable o and k. Suppose that the derivation ends by (set), then

FW:d EN:{l:)No—rk (& dom(o)
FM=sety(W,N):0—k

where the derivation of the second premise is

(set)
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Chapter 13. Store Monad

FV:d bFget(Azfz]): (0:0)AN{:YNo— K (%)
F N = sety(V, get,(Ax.[x])) : (0 : 0"y No — K

and (%) is £ & dom((€ : ') A o). Since ¢ ¢ dom(c), (x) implies that ¢’ = wp, , and
therefore, 0 > k =ws Ao —- k= ({:wp, ) \No — K.
On the other hand, for all o:

(set)

x:0F[x]:0 =K
F get,(Az.[z]) : ((: ) No— 0 X o

(get)

Hence, M has type 0 — 0 X 0.

Now, suppose that - s : o: hence - (M, s) : 6 X 0. From Example 12.2.12,
we know that (M,s) —* ([V], upd,(V, upd,(W,s))); since we expect that the
types are preserved by reduction (see Theorem 14.1.4), we must be able to type
F[V]: 0o — & x o, which is plain by (unit) and the hypothesis that - V' : §, and
F upd,(V, upd,(W, s)) : o.

Let us assume that o # wg (otherwise the thesis is trivial). Then o = A;{¢; : §;)
with 0; # wp, for all 7, so that ¢ ¢ dom(o) implies that ¢ # ¢; for all i. Therefore
s (¢ 2 9;) for all i by (<) and

Fos: (62 0;)
F upd, (W, s) = (4 = ;)
F updg(V, updf(I/V, 3)) : <€i : 5@')

(upds, )
(ude)

Now by repeated applications of (A) we conclude - upd,(V, upd,(W,s)) : o, as
desired.

On passing we observe that upd,(V, upd,(W, s)) = upd,(V, s) in the algebra of
store terms, and that the latter has the same types as the former.

Remark 13.4.6. From the example above, we realize that the following rule is
derivable

'EM:0—k (& dom(o)
Ik sety(V,M):0— K

By adding this rule to the assignment system, we could restrict type for values
just to 6 € Lp. We prefer the present system to save the symmetry among the
rules (set) and (get).

(set’)
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CHAPTER 14

CHARACTERIZATION OF
CONVERGENCE

14.1 Type Invariance

A characteristic property of intersection types for ordinary A-calculus is invariance
both under reduction and expansion of the subject. The analogous results are
proved for the pure computational A-calculus in [dT20]. Here we extend such
results to the present calculus w.r.t. the typing of algebraic operations.

A preliminary lemma states a fundamental property of subtyping of arrow
types, both in Thp and in Thgp:

Lemma 14.1.1. Let T # wsp and k # wc, then:

1. Aiel(5i—>n) <pd—=T <=
EngI:];é@ & 5§D /\je]éj & /\jeJTj SSDT

FICLJ#D & 0<s5Nesoj & Njeskj <c K

Proof. By induction over the definition of <. O

The next lemma is an extension of the analogous property of the system in
[BCD83], also called Inversion Lemma in [BDS13] 14.1 because it is the backward
reading of the typing rules.

Lemma 14.1.2 (Generation lemma). Assume that 0 # wp, 0 # wg, and T # wsp,
then:

I.TFz:d < T'(x)<p$é
2.THX e M:60 < 3,6, Viel.Ux:0F-M:7, & Nici0i =7 <pd

3 TH[V]: T <=
EII,(L,JZ-. VZGIFI_V(SZ &
Nier 0i = 0; X 03 <sp T
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4. TEMXxV 17 <=
=0, — 0 xo0,,6/,0/. Yiel. T-M:0,—6 xo! &

FFV:(%’—)UQ’—}(&XO’Q & /\ig[TiSSDT

5 Tk get,(Ae. M) : 7 <~
3[,(51',01‘,/'61‘. Viel. F,.T : 61 FM: g; — K; &
/\ie[(<€ : 5z> No; — Hi) SSD T

6. I'Fsety(V,M) : 7 <—
Al,0;,0i, k. Yie I.TEM:{({:6)No; = K &
LV 6 & Ner(oi = ki) <spT &
t & dom(Niej 0:)

7 I'kFs:0o —
a1,1;,6;. Vi € 1. V. lkp&(s) =V, &
FI—Vl(Sl & Ugs/\i€1<£135i>

8 Tk likpy(s):0 < 3,6, Viel.Tks:({:0;) & Nies0i <p o

9. '+ updy(V,s) : 0 <=
3[,51,&',6. Viel. 5:/\i61<£i . (51> where gz 7&6 &
PEV:0 & (0:6) NNl 2 0:) <o

10. T'H(M,s) 1 k <=
dl,0i,k;. Yiel.TFM:0;, =k &
'ts:o; & Nierki <k

Proof. The implications < are immediate. To see the implications = we reason
by induction over the derivations, by distinguishing some cases based on the last
rule. Parts i) and 2 are the same as for ordinary intersection types and A-calculus;
part 3 is immediate by the induction hypothesis, hence we treat part 4, 5, and 6,
only.

4. If the last rule in the derivation of ' = M x V' : 7 is (x) just take I as a
singleton set. If it is (<) then the thesis follows immediately by induction and
the transitivity of <gp. Finally, suppose that the derivation ends by

I'EMxV . TEMXxV:m
F'EMxV i A

(N)

and 7 = 7 A 7». Then by induction we have 31,7, = 0; — 9; X 0},0!, 0. Vi €
I.TEFM:0,—=0'xd! & THV 6! =0 = 0; xo, & Nermi <sp 11 and
3,15 =05 = 65 x0,,07,0]. ¥ € JTFEM:o; =6 xof & I'FV:§ —
o7 = 05 x 05 & Nier7j <sp To. From this, the thesis immediately follows by

observing that

AN7i<spr & N7j<spmo=> A=A N7 <spTi AT
i€l jed i€l jed

5. If the last rule in the derivation of T' b get,(Ax.M) : 7 is (get) just take [
as a singleton set, as before. Also case subsumption case is a routine proof by i.
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h. Let’s suppose the derivation ends by
I'FEgety(Ae. M) 7 T'F get,(Ae. M) : 7y
L'k get,(Ax.M) : 11 ATy

()

Then by induction we have:

05,00,k Vi€ L. Do :0; - M:o; — Kk & Ner({(€:0;) Aoy — ki) <sp 71
and 3.J,0;,0j,K;. Vj € J. Do :0; =M :0; =k & Nje,({(0:6;) Noj — k;) <sp
Ty Since T # wsp then also 7, 75 # wsp, hence w.l.o.g. we can suppose that for
1 = 1,2 there exist ¢; and k; such that 7; has the shape 7; — &;.

By Part (2) of Lemma 14.1.1 we know that 3] C I. I # 0 & &, <g
/\iEfUi VAN <£ : (51> & /\iejlﬁli SC l'{l and Elj Q J. j 7é @ & OTQ SS /\jeja'j A <£ :
d;) & Ajejkj <c K2 By this, the thesis follows by observing that (02 N 6 N
Niei i) N Nier 0i A Njeg 03 = Nier ki ANN\jeg ks Ssp T AT =T

6. As in the previous parts, let’s discuss just about the case in which the last
rule in the derivation is (A):

IF'Esetf(V,M) i1 DTl seto(V,M) : 1

(A)
Ik sety(V, M) : 10 ATy

then, by induction we have:

3],67;70'1',/11'. Viel. T'HM: <€ : 5z> No; — K & T'HV: 51 & Aie[(ai —
ki) <sp 11 & L& dom(\iep 04)

3J,05,05,k;.Vj € JTEM:({:6;) Noj = k; & TEV :0; & Njes(o; —
kj) <sp T2 & (¢ d0m</\jEJ ;).

The thesis by similar use of Part (2) of Lemma 14.1.1 as in the previous
point and by the fact that by Definition 13.2.12 we have that ¢ & dom(\;c; o) U

dom(\;e s 0;), hence £ & dom(N;c; 05 A\ Njey 0j)- O
Lemma 14.1.3 (Substitution and expansion).
L IfT,x:0FM:7andTFV :§ then T F M{V/z}: 7.
2. If ' M{V/z} : T then there exists 6 € Lp such that:
'v:6 and T,z:0-M:71

Proof. Both parts are proved by induction over derivations, using Lemma 14.1.1
and Lemma 14.1.2. O

We are now ready to establish the type invariance property w.r.t. reduction
and expansion:

Theorem 14.1.4 (Subject reduction).
'E(M,s):k & (M,s) — (N,t) = T'(N,t) :k

Proof. Let us assume that k # we since the thesis is trivial, otherwise. The proof
is by induction over the definition of (M,s) — (V,t), using Lemma 14.1.2. We
treat the interesting cases. From the hypothesis I' - (M, s) : k and by Part 10 of
Lemma 14.1.2 we have that there exist a finite set I and types o;, k; such that for
all e € I:
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(a) ' M :o0; — Ky
(b) 'k s: oy
(¢) Nier ki <c k.

Case ([V]x (A\x.M"),s) = (M'{V/x},s):
By ((a)), and using Parts 3 and 4 of Generation Lemma 14.1.2, for all i € [

there is J;, 045, 0;;, 075, o7 such that for all j € J;:

(d) T'EV 6 with Ajey, 6 <p 045, where T' = [V] 1 035 — 6}; X 0y
(e) I' = Ax.M' - 5@']’ — Tij with AJEJi Tij <c 0; = K, where Tij = 0 —

1 "
51'3' X o).

By applying Part 3 of Generation Lemma 14.1.2 to ((e)), for alli € I, j € J;,
there is a finite set K, 0k, 52{;‘1{7 i such that for all £ € Kj;:

(f) F,JI : 6ijk =M Oijk — 67{_/]]6‘ X O';;k with /\keK(éijk — Ok — 6;;’“ X
Oiik) Ssp 0ij = Tij-

Set ok — 03, X 0ii =t Tijr- In virtue of Lemma 14.1.1, we may assume
w.l.o.g. that there exists a not empty set K C K;; such that d;; <p NieTz Oijik
and A,cz Tijk <sp Tij-

By ((e)) we have: (5;] <p (51']' <p 6ijk =I'+V: 5Uk

By ((f)) we have: Ajcs Ajes, Nock <sp Tij <sp 0i — K.

In conclusion, by Substitution Lemma 14.1.3, I' = M'{V/z} : 0; — k;, hence
by (conf) T' = (M'{V/x},s) : k;; now by repeated applications of rule (A)
and (<), I'F (M'{V/z},s) : k.

Case (set,(V, M), s) — (M, upd,(V, s)):
By applying Part 6 of Generation Lemma to ((a)):
Vi € 1. 3J;,0,,0;, kij such that for all j € J;:

LTEM :(0:0;5) Noij — Kij
2. TEV 16

3. Njes,(0ij = ki) <sp i — K;
4. L & dom(\jey, 0ij)

By Parts 3 and 4 of Generation Lemma 14.1.2 and Lemma 14.1.1: there
exists J € J;

0; <g /\ Ojj & /\ Rij <c Ki
jeJ jeJ
Moreover, by (upd,) and (A): I' F upd,(V,s) : o; A (€ : 6;;). We conclude by
(conf) and (<).
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Case (get,(Ax.M),s) — (M{V/x}, s) where lkp,(s) = V:

By applying Part 5 of Generation Lemma to (a), for all i € I there exist
Ji, 61']‘, 045, Rij such that for all ] € Jl

F,l’ : 5'L’j =M O35 — Kij & /\ (<£ : (51J> Aaij — Kij) <sp 0; = K;
J€J;

By Lemma 14.1.1 there exists J € J;

g; SS /\<£(SU>/\O'U & /\I{Z‘j SC K;

jeJ jeJ

By Part 7 of Generation Lemma 14.1.2 we know that there exist at least
one V such that lkp,(s) =V and I' - V : ¢;;. We conclude by applying
Substitution Lemma 14.1.3 and then routine arguments.

All other cases are immediate by Lemma 14.1.2. m

In order to prove Subject Expansion, we have to to establish some properties
of stores, relating store terms with their types.

Lemma 14.1.5.
(a) 0 & dom(o) = [T'Fs:0 <= D'k upd,(V,s): o]
(b) I'Fupd)(V,s):0 & 0 <g ({:0) #ws=TFV:4

Proof. ((a)) The if part is immediate by induction over the derivation of I" -
upd,(V,s) : o. For the only if part, when o = wg the thesis follows by (w).
Otherwise, let 0 = A;jc;(¢; : 0;). Then I # () and for all i € I we have
d; # wp and then ¢; # ¢ because ¢ ¢ dom(c). Therefore, for all i € I,
D'k s :d6) by ()and I' F upd,(V,s) : (¢; : 6;) by (upd,), and we
conclude by (A).

((b)) By hypothesis 0 = Ajer(li : 6;) <s (£: ), where w.l.o.g. we assume that

in A;jer(¢; @ 9;) the ¢; are pairwise distinct. Then there exists exactly one

i" € I such that (¢y : ;) <g (¢ :9), so that ¢y = ¢ and 6y <p 0. Now

' upd,(V,s) : o implies that I' b upd,(V, s) : (€; : 0y) = (€ : 6;) which is
derivable only if I' = V' : 6. Then from ¢y <p § we conclude by (<).

]

Proposition 14.1.6. 'Fs:0 & Fs=t=TFt:0o

Proof. By checking axioms in Definition 12.2.2. The only interesting case is when
s = updy(V, upd,(W,s")) and t = upd,(V,s"). If £ & dom(c) then T' - s : o iff
ks :oiff '-t:0 by Part ((a)) of Lemma 14.1.5.

If ¢ € dom(o) then there exist 0 # wp and o’ such that ¢ = (¢ : ) A ¢’ and
¢ & dom(c’). By the above and that I' - o < ¢/, we have that I' - s’ : ¢'; by Part
((b)) of Lemma 14.1.5, 'V : ¢, hence I' = t = upd,(V, s') : (¢ : &) by (upd;). By
Part ((a)) of Lemma 14.1.5 I' - ¢ : ¢/, hence we conclude by (A). O
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We are now in place to prove the Subject expansion property of the typing
system.

Theorem 14.1.7 (Subject expansion).
'FE(N,t):k & (M,s) = (N,t) = I't(M,s) :k

Proof. The proof is by induction over (M,s) — (N,t), assuming that k # wc.
The only interesting cases are the following.

Case: M = [V]* (Az.M') and N = M'{V/z} and s = t.
By the last part of Lemma 14.1.2, 3l,0;,k;. Vi€ . T H N :0; = Kr; &
L'-t:o; & Aierki < k. By Lemma 14.1.3, for all ¢ € I there exist J; such
that TV :6;and T,z : 6; - M': 0; = k;. Then T+ [V]:0; — §; X 0; by
rule (unit) and I' F Ax. M’ : 6; — 0; — K; by rule (\). We conclude that
I'F[V]*(Az.M') : 0 — k by rule (x) and (A).

Case (get,(Az.M"),s) — (M'{V/z}, s) where lkp,(s) = V.
As before, by the last part of Generation Lemma 14.1.2, and by Lemma 14.1.3,
dl,04,k;.Yie I.TEFN:0;, -k & I'Fs:0, & Aierki < K, and for
all i € I there exist ¢; such that 'V : §; and 'z : ; - M’ : 0; — k;.
Since I' F V' : §; we derive by rule (upd,) that I' = s = upd,(V,s") : (€ :§;),
where we can assume w.l.o.g. that s = upd,(V,s’) where | ¢ dom(s") by
Definition 12.2.2. By I'z : §; & M' : 0, — k; and by (get) we obtain:
I'F get,(Ae.M") : ({¢: ;) No;) = K;. By thisand I'F s : (€ :5;) A oy, we
conclude that I' = get,(Az.M’) : k by (conf) and (<).

Case (set,(V,M'),s) = (M', upd,(V, s)).
By the last part of Lemma 14.1.2, 31,0;,k;. Vi € . T N : 0; —» K; &
' oupdy(V,s) : 05 & Nerki < k. We distinguish two cases. Suppose
¢ & dom(o;), then
'EViwp TEM:({({:wp)Ao;) = K

['Fseto(V,M') : 05 — K

(set)

By lemma 14.1.5.(i) we know that I' - s : 0;. Hence, the thesis follows by

(conf) and (A).

Otherwise, suppose ¢ € dom(c;). By lemma 14.1.5.(ii), we have that there

exist ¢; such that o; < (¢ : ¢;) and T' = V : 4;. We can assume wlog

o; = (0 :0;) \ o} with ¢ & dom(c}):

L'Elkpy(V,s):op = Tk lkp(V,s): ol

= I'kFs:o] since ¢ ¢ dom(o}) and by 14.1.5.(b)
= T'F (sety(V,M'),s) : K

The thesis follows by application of (conf) and (A).
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TFW:¢§
(unit)
FT'FV:sd TH[W]:(((:8)Ao)—=d8 x({£:0)A0o) L ¢ dom(o) Tz:6FN:o—k
(set)
Tk sety(V,[W]):0 =8 x ((£:68) Ao) 'k gety(Ax.N): ((€:8) No) = &

T+ sete(V,[W)]); gety(Az.N) : 0 = K

Figure 14.1: Type derivation in Example 14.1.8

Example 14.1.8. In Example 12.2.13 we have seen that
(Setf(va [WD ; getZ(Ax‘N>7 5) —>* (N{V/:Ij‘}, updé(v7 S))

where M; N = M x A\_.N. To illustrate subject reduction, let’s first specialize the
typing rule (%) to the case of M; N as follows:
'-M:0 =90 x0 T'HEN:o' =6 xo"
I'M;N:o—6§ xd’

Now, consider the derivation of I' & set,(V, [W]); get,(Ax.N) : 0 — kK as in
Figure 14.1; therefore, assuming I' - s : ¢ we conclude

I

I'F (sety(V,[W]); gety(Ax.N),s) :
by rule (conf).
The obvious substitution lemma implies that the following rule is admissible:

'Fv:6 T'e:0FN:o—«k
I'FN{V/z}:0—k

On the other hand, we have that ¢ ¢ dom(o) implies that o = A;c;(¢; : 0;) and
¢ #£¢; for all i € I. Therefore, by (upd,) and (A), from the assumption that I' - s
we have I' - upd,(V, s) : o, hence I' = (N{V/x}, upd,(V, s)) : k by (conf).

Notice that the typing of W does not take part to the derivation of ' -
(N{V/z}, upd,(V,s)) : k, which corresponds to the fact that W gets discarded in
the reduction from (set,(V, [W]); get,(Ax.N), s) to (N{V/x}, upd,(V, s)).

14.2 The Characterization Theorem

The main result of the chapter is Theorem 14.2.6 below, where convergent terms
are characterized by typeability with a single type in the intersection type system
from Section 13.4:

VM e Com®. M| <= F M:ws— wp X wg

To prove the only-if part it suffices the equivalence of the big-step and the small-
step operational semantics, namely reduction, established in Proposition 12.3.4,
and Theorems 14.1.4 and 14.1.7; more precisely, the needed part of this theorem is
subject expansion, and in particular that if I' - ([V],¢) : k and (M, s) —* ([V],?)
then '+ (M, s) : k.
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Lemma 14.2.1.
VM e Com’. M| = +M:ws— wp X ws
Proof. First note that

M| = (M,emp)|
= AV t. (M, emp) | (V1)
= 3JV,t. (M, emp) =* ([V],t) (*)

by Proposition 12.3.4. Now consider the type derivation:

e

(unit)
FV]:ws = wp X wg Ft:wg

F([V],t) : wp X ws

(w)

(conf)

By (*) and Theorem 14.1.7, we have that = (M, emp) : wp X wg so that = M :
Ws — Wp X wg since wp X wg #¢ we and, as observed in Section 13.4, - emp : wg
is the only typing of emp in the empty context up to =g. O

The proof of the if part of Theorem 14.2.6 is more difficult. We adapt to the
present calculus the technique of saturated sets used in [Kri93] to denote certain
sets of terms of ordinary A-calculus, that are closed by [-expansion. Saturated
sets correspond to Tait’s computable predicates (see [vB95] Definition 3.2.2) and
are called “stable” in [BDS13], §17.2.

Definition 14.2.2 (Saturated sets). Let &, & be new symbols and let M(s) = @
if (M,s)ft. Then define |- | as a map associating to each type a subset of closed
terms, stores, or their combinations, depending on the its kind, plus the symbol

&
1. |wp, | = Val’ U {&}

2. 16| € Val® by |wp| = Val®, and
0 = 7| ={V VW € |o]. [W]+xV e |7|}

3. |o| C Store® by
(0 :wp, )| = |wg| = Store® and
|(0:0)| ={s |l € dom(s) & TV €|d].lkp,(s) =V}
where § is not an intersection and § # wp,,

(00N = |(C:6)|N[(€:d)]

4. |k € (Val® x Store®) U {#} by
lwe| = (Val® x Store®) U {#} and |0 x o| = || x |o]

5. |7] € Com® by |wsp| = Com® and
lo — k| ={M | Vs € |o|. M(s) € |r|}

6. | N = |p| D¢ for ¢ of any sort.
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Remark 14.2.3. Definition 14.2.2 is of interest on itself, because it provides an
interpretation of types in Lp and Lgp as sets of terms and of subtyping as the
subset relation.

Differently from [Kri93], in the above definition the interpretation of a type
does not depend on a mapping I for type variables, since in this setting the
only atoms are the w’s. Nonetheless, the interpretation of types ¢ and 7 are, in
general, non trivial subsets of Val” and Com", respectively. First, observe that
lwe| # |0 x of for all § and o, since # & |6 X o|. As a consequence, we have that

Me|o—dxd|eVselo|I(V,t)e|d xa'|l.(M,s) | (V,t)
For example, the interpretation of the type wp — (ws = wp X wg) is
{V VM, s. ([W]*V)(s) € |wp X ws]|}

therefore, \z.[z] € |wp — (ws = wp X wg)|, but Az.Q,. does not belong to such
set because ([W]x Ax.Q.)(s) = Q.(s) = & for any W.
Lemma 14.2.4. For any ¢,¢" of any kind, if ¢ < ¢ then || C |¢/|.
Proof. By induction over the definition of type pre-orders. O]

The saturated sets yield a sound interpretation of type judgments as stated in
the next lemma:

Lemma 14.2.5. LetT'F M : 7 withT = {x1 : 61,..., 2, : §,} and M € Com. For
any Vi,...,V, € Val®, if V; € 16| fori=1,...,n then M{Vi/x1}---{V,/z,} €
7]

Proof. By induction over the derivation of I' - M : 7. We abbreviate M =
M{Vi/z1}---{V,/x,}. The thesis is immediate if the derivation consists just of
(var), and it follows immediately by induction hypothesis if the derivation ends
by either (A), (unit) or (A). In case it ends by (<) we use Lemma 14.2.4. The
following are the remaining cases.

Case (x): then M = M'xV, 7 =0 — 6" x ¢” and the derivation ends by:
'EM:0c—d0x0 THEV:d =0 =06 x0"
'EM*V:io—0d" xo"
By induction M’ € |0 — ' x 0|, hence for all s € |o| there exists a result
(W, s") € |8 x o'| such that (M’ s) |} (W,s'). Now

(M, s) | (W,s)
= (M',s) =* ([W],s) by Prop. 12.3.4
= (M'%V,s)—=* ([W]xV,s) (¥
Also by induction, we know that V € |§' — ¢’ — " x ¢”|, therefore there
exists (U, t) € |8"” x ¢”] such that ([W]*xV,s") |} (U,t); on the other hand:
(W]*V,s) 4 (Ut
= ([W]*V,s)—=*([U],t) by Prop. 12.3.4
= (M'*V,s) =" ([UL,t) by (%)
= (M'%V,s) | (U,t) by Prop. 12.3.4

Then we conclude that M’ xV = M' %V € |0 — §" x ¢”|.
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Case (get): then M = get,(Ax.M'), 7 = ((¢ : §) No) — k and the derivation ends
by:
Lz:0FM 00—k
I'F get,(Ae.M"): (((:0)ANo) — K

Assume s € (¢ : 0) ANa| = |{(¢ : 0)] N |o|. Since z : ¢ is in the premise
context, we have & € Lp by context definition. By induction hypothesis for
all V € |6| we have M'{V/z} € |0 — K|.

We have to prove that (get,(Az.M"))(s) = (get,(\x.M'))(s) € |k| if s € [(£:
6) Aol =[{¢:0)| N o]

So we have to handle just two cases: ¢ is an intersection or not. The most
interesting case is when ¢ is not an intersection. By hypothesis we have:

(a) se€|(l:0) =€ dom(s) & TV € |d]. lkp,(s) =V

(b) s€lo| & V€6 = (M{V/x})(s) € ||

Since lkp,(s) = V, (gety(A\x.M'"),s) — (M'{V/x},s), and by Proposi-
tion 12.3.4 we have (get,(Az.M’))(s) = (M'{V/z})(s) € |x|

Now consider the remaining case when ¢ is an intersection, that is d = A,y 0;,
where every §; is not an intersection. By definition we know that V € |§] <
Vi € 1.V € |d]|. Reasoning as in the previous case, we conclude that
get, Az M) € |(l; : ;) No — k|. But (£: ;) Ao — k< (0 : Ny 0;) Ao —
k= (l:0) No — k. We conclude by Lemma 14.2.4.

Case (set): then M = sety(V, M'), T = 0 — k and the derivation ends by:

F'EV:d TEM:(((:6)No) =k (& dom(o)
L'k sety(V,M'): 0 — kK

In this case M = set,(V,M’). Now, let s € || be arbitrary: then
(SGtg(V, W)a 8) - (W7 updf(v> S))

so that sety(V, M’)(s) = M'(upd,(V, s)). From the side condition ¢ ¢ dom(c)
and the hypothesis s € |o| we deduce that for some set of indexes J, labels
in dom(o) ={¢; | 7 € J} and types 6; € Lp:

ol =T A 0 = (V14 : 65)]

jedJ jeJ

where ¢ # (; for all j € J. By the Equation 2 in Definition 12.2.2 we have,
for all j € J:

lkpgj(updg(v, s)) = lkp,,(s) € [0;| and £; € dom(s)
hence upd,(V,s) € |o| as well. On the other hand
lkp(updy(V,5)) =V € |¢]
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by induction, so that upd,(V,s) € |(¢ : §)| and hence
updy(V, s) € [{(€: 6)| N[o| = |(£: ) Aol
It follows that
sety(V, M')(s) = M'(upd,(V,s)) € |x|

since M’ € |((¢: 0) A o) — k| by induction.

Theorem 14.2.6 (Characterization of convergence).
VM € ComP. M| <= FM:ws— wp X wg

Proof. The only-if part is Lemma 14.2.1. To show the if part, by Lemma 14.2.5
FM:ws — wp X wg implies M € |wg — wp X wg|, where the typing context
I' = () and no substitution are considered since M is closed.

Recall that |wg| = Store® and |wp x wg| = Val® x Store®. Therefore, for any
s € Store” we have M (s) € |wp X wg|, namely there exist V € Val® and t € Store”
such that (M, s) | (V,t), hence M |. O
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CHAPTER 15

CONCLUSIONS AND RELATED
WORK

15.1 Discussion and Related Work

The calculus and its monadic semantics But for the operators get, and
sety, the calculus syntax is the same as in Part I, where we considered a pure
untyped computational A-calculus, namely without operations nor constants.
Therefore, the monad T and the respective unit and bind were generic, so that
types cannot convey any specific information about the domain T'D, nor about
effects represented by the monad. However, the reduction relation in Section 12.2
is strictly included in that one considered there, which is the compatible closure of
the monadic laws from [Wad95], oriented from left to right. In contrast, here we
just retain rule (5.) and take the closure under rule (x-red). On the other hand,
we have shown in Part I that the reduction rules corresponding to the (right)
identity and associativity of the bind operator are not essential when considering
convergent terms.

The algebraic operators get, and set, come from Plotkin and Power [PP02,
PP03, Pow06]. The algebra of store terms is inspired to [PP02], where the store
monad in [Mog91] is generated by the update and lookup operations. Such a
construction, however, does not perfectly match to ours, because here the set L
of locations is infinite.

We have borrowed the notation for get, and set, from the “imperative A-calculus”
in chapter 3 of [Gav19], where also a definition of the convergence predicate of a
configuration to a result is considered. Such a definition is a particular case of
the analogous notion in [DGL17, LG19] for generic algebraic effects. Tt is stated
in semantic terms, while we preferred the syntactical treatment in the algebra of
store terms in Section 12.2.

Intersection types and computational effects Intersection types are an
extension of Curry simple types, whose intended meaning is that of predicates
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of untyped terms. In particular, intersection types embody a form of ad hoc-
polymorphism, where one may consider the conjunction of semantically unrelated
types. As an instance of the Leibnitz’s law of identity of indiscernibles, terms can
be identified with the set of their properties, namely types. As a consequence,
updating the value associated to a location may radically change the types of the
store itself.

On the other hand, intersection types are a description of the value of a term,
which in our setting is the result of evaluating a configuration. This is the proper
reading of the typing rule (set): in the type of M we do not keep track of all the
intermediate changes of the store s when evaluating (M, s). Rather we foresee the
property of the final store in the result of (M, s), if any, under the assumption
that s satisfies the hypothesis expressed in the antecedent of the arrow type of M.

Our store types are not reference types, and indeed we do not consider the
locations among the values, nor we have a construct for dynamic allocation. This
makes difficult the comparison to [DP00] and to the subsequent [DCRDRO7].
In Pfenning’s and others work, intersection types are added to the Hindley-
Milner type system for ML to enhance type expressivity and to strengthen
polymorphism. However, the resulting system is unsound, which forces the
restriction of intersection types to values and the loss of subtyping properties, that
are essentially those in Lemma 14.1.1. The issue is due to reference types in ML,
where the type of a location is its “intrinsic” type in the sense of Reynolds [Rey00].
In contrast, our store types are predicates over the stores, namely “extrinsic”
types, telling what are the meanings of the values associated to the locations in
the store.

Type and effect systems A further line of research is to use our type system
to investigate a semantic understanding of type and effect systems, introduced in
[GL86] and pursued in [TJ94]. In the insightful paper [WT03] a type and effect
judgement I' - e : A, ¢ is translated into and ordinary typing I' e : T A, where
T is a monad. This has fostered the application of type systems with monadic
types to static analysis for code transformation in [BKHB06, BKBH09], but also
raised the question of the semantics of the types T°A.

In the papers by Benton and others, the semantics of monadic types with
effect decorations is given in terms of PERs that are preserved by read and write
operations. Such a semantics validates equations that do hold under assumptions
about the effects of the equated programs; e.g. only pure terms, neither depending
on the store nor causing any mutation, can be evaluated in arbitrary order, or
repeated occurrences of the same pure code can be replaced by a reference where
the value of the code is stored after computing it just once. Such properties are
nicely reflected in our types: if Ax.M has type 6 — 0 — ¢ X o, and dom(o)
includes all the ¢ occurring in M, then we know that the function represented
by Axz.M is pure; similarly if M : 0 = § X 0 and N : ¢ — ¢ X o then for any
P :0 — Kk both M; N; P and N; M; P will have the same types, and hence the
same behaviour. In general this suggests how to encode regions with store types
in our system.
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Filter-model construction Since [BCD83] we know that a A-model can be
constructed by taking the filters of types in an intersection type system with
subtyping. The relation among the filter-model and Scott’s D, construction
has been subject to extensive studies, starting with [CDHL84] and continuing
with [DHA03, ADCHO04, ABD06, AS08]. In the meantime Abramsky’s theory of
domain logic in [Abr91] provided a generalization of the same ideas to algebraic
domains in the category of 2/3 SFP, of which w-ALG is a (full) subcategory,
based on Stone duality.

A further research direction is to move from w-ALG to other categories such
as the category of relations. The latter is deeply related to non-idempotent
intersection types [dC18, BEMO7] that have been shown to catch intensional
aspects of A\-calculi involving quantitative reasoning about computational resources.
If the present approach can be rephrased in the category of relations, then our
method could produce non-idempotent intersection type systems for effectful
A-calculi.

In the perspective of considering categories other than w-ALG, it is natural to
ask whether the synthesis of an “estrinisic” type system in the sense of Reynolds
out of the denotational semantics of a calculus, either typed or not, can be
described in categorical terms.

Refinement, essential, and non idempotent intersection types Another
view of intersection types is as refined types of ordinary types (see [Abr91}),
so that conjunction makes sense only among subtypes of the same type. This
seems in contrast with the main example in the literature which is the type
(6 A (0 — 7)) = 7 of the term A\x.zx. However, both o and ¢ — 7 are subtypes
of w = w — w in [BCD83], which is the counterpart of Scott’s domain equation
D =D — D. Here we have the equations wp = wp — wsp and wsp = wg — we,
representing the solution of the domain equation D = D — T'D, where T is (a
variant of) the state monad in [Mog91]. The study of type interpretation in the
category of models of computational A-calculi deserves further investigation.

As already mentioned, our type system is inspired by [BCD83], where the
intersection types are related by the subtyping relation. It is known that subtyping
can be avoided e.g. in the “essential” system in [vB95|, which has syntax directed
rules. Compared to the system in [BCD83], the essential intersection type system
is equally powerful w.r.t. the characterization of strongly normalizable A-terms
and other similar properties, but it is unrelated to the Scott D., model of the
A-calculus, which is instead isomorphic to the filter-model in [BCDS83]. In general,
the correspondence exploited in [Abr91] among type theories and domains gets
lost in case of essential types, describing webbed-models like Engeler’s. On the
other hand the essential type system is undecidable right because its expressive
power, as it is the case of ours because of Theorem 14.2.6.

Another family of intersection type systems have been introduced in [dC18].
Moving from Engeler’s model, De Carvalho obtains a system where intersection is
not idempotent, that is ¢ is not a subtype of ¢ A . This provides an intensional
type system that is sensible to the temporal complexity of the reduction of terms to
normal form. It is a natural development of our work to design a non idempotent

151



Chapter 15. Conclusions and Related Work

system for the side-effects with higher-order stores.

Towards a categorical perspective A development of the present work would
be a method for synthesizing intersection type systems for a computational A-
calculus with algebraic operators for generic effects in the sense of [PP03]. Such a
process should be described in categorical terms; indeed, while it is well known
how to present the denotational semantics of the calculus as a functor into a
suitable category of meanings, it has been shown in [MZ15] that a system like
ours is itself a particular functor. A natural question is whether the latter functor
can be uniformly obtained from the categorical semantics of the calculus.

15.2 Conclusion

In this part we presented a type assignment system as a way to study the semantics
of an imperative computational A-calculus equipped with global store and algebraic
operators. The system defines the semantics of the untyped calculus, and we
obtained a type theoretic characterization of convergence.

Deriving the type system from semantics as in Section 13.3 is the first con-
tribution of this part. In the present work, we exploited denotational semantics
of type systems, in general, but reversing the process from semantics to types.
Usually, one starts with a calculus and a type system, looking for a semantics
and studying properties of the model. On the contrary, we move from a domain
equation and the definition of the denotational semantics of the calculus of interest
and synthesize a filter-model and an intersection type system. This synthetic use
of domain logic is, in our view, prototypical w.r.t. the construction of logics catch-
ing properties of any computational A-calculus with operators. We expect that
the study of such type systems will be of help in understanding the operational
semantics of such calculi, a topic that has been addressed in [DGL17, LG19], but
with different mathematical tools. Indeed, addressing the investigation in such a
way, we smoothly obtain the soundness and, possibly, the completeness.

The second result is that (closed) terms that are meant to be convergent w.r.t.
their natural operational semantics can be characterized via their typings in the
system. More precisely there exists exactly one type that can be assigned to all
convergent terms, which is akin to the lazy A-calculus [AO93], where convergent
terms are characterized by the type w — w in the endogenous logic of the calculus,
in the sense of [Abr91].
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Since Moggi’s seminal papers [Mog89, Mog91], a substantial body of research has
been carried out about the computational A-calculus and usage of the concept of
monad, both in theory and in practice of functional programming languages.

There is still a long way to go before we have a full understanding of what has
been presented in this thesis. The need for generalisation is evident from both a
syntactic and a semantic point of view.

Syntactic knowledge. In the beginning of our investigation, a strong re-
duction was considered (i.e. rewriting steps could occur anywhere in the term)
and then, via surface reduction, a weak one, which is deterministic. The results
achieved in Part I motivate the weak reduction considered in the case of the state
monad. This turning of interest is justified by the fact that, when interested in
returning a value, weak (3. steps suffice. In addition, the theoretical result mirrors
the actual evaluation of programs, for example, in Haskell. But what is a general
pattern that one has to follow when it comes with a particular instance of the
monad?

On a syntactic level, we should understand what it means to add generic
operations to monadic constructors and, consequently, which is the shape of the
reduction rules when modelling generic effects. After that the first question that
arises is what kind of contextual closure would be taken into account.

In general, there is the need of reaching a top-down view of these reductions:
when to be more permissive and, instead, when to force effects to be produced just
at root level. A strictly connected issue is the generalisation of the factorization
results for generic effects.

From general to particular and back. We have discussed the monadic
interpretation in Part II. This interpretation has the defect of not addressing
generic effects, and therefore generic algebraic operators. This is difficult to do,
since one has to comprehend a multiplicity of behaviours via a purely equational
axiomatization.
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In the thesis the plot has consisted in considering a generic monad and then
instantiate the calculus for a particular, interesting case. Now the time to turn
back has come: using the insights gained through the study of state monad and
applying them in the case of the generic one.

Comonadic treatment. Sometimes, monadic aspects are combined with
comonadic ones. It is therefore natural to consider a A-calculus modelling co-
computations over a generic comonad C. This involves defining and solving a
new domain equation D = CD — D from which to extract a calculus and a type
assignment system, following a modus operandi similar to the one adopted in this
thesis in Part III. The final goal is to combine the computational core with the
obtained comonadic calculus.

Switching categories. A natural question is how to move from w-ALG,
and from Scott’s domains, to other categories of domains; surely the case of
the category of relations is interesting. In fact, REL is deeply related to non-
idempotent intersection types that have been shown to catch intensional aspects
of A-calculi involving quantitative reasoning about computational resources. We
expect that the process presented in Part III, if worked out in this category,
would bring to an non-idempotent intersection type discipline, that in the case of
probabilistic monad, for example, is surely more proper. In the end, we aim to
produce non-idempotent intersection type systems for generic effectful A-calculi.

Refinement types. Intersection types were born as an extension of the
Curry system for the untyped A-calculus. Reynolds and Pfenning viewed in-
tersection types as extrinsic types, namely as refinement of ordinary, intrinsic
types. In Abramsky’s domain logic, refinement types denote compact points of
the interpretations of the ordinary types that they refine. If we interpret the D
construction as the denotation of a recursive type, intersection types in BCD-like
systems are refinement types of that type. This is the key to distil a type system
from a domain equation. Can such a process be framed in categorical terms, where
refinement type system is a functor, as proposed in [MZ15]?
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APPENDIX A

GENERAL PROPERTIES OF THE
CONTEXTUAL CLOSURE

Shape Preservation. We start by recalling a basic but key property of contextual
closure. If a step — is obtained by closure under non-empty context of a rule —, then
it preserves the shape of the term. We say that T and T” have the same shape if both
terms are an application (resp. an abstraction, an variable, a term of shape !P).

Fact 4.3.2 (Shape preservation). Let —, be a rule and —, be its contextual closure.
Assume T = C(R) —, C(R') =T" and that the context C is non-empty. Then T and T"
have the same shape.

Note that a root steps — is both a weak and a surface step.
The implication in the previous lemma cannot be reversed as the following example
shows:

M =V(AP)—, VP =N

M is a o-redex, but N is not.

Substitutivity. A relation < on terms is substitutive if

R — R implies R{Q/z} — R'{Q/x}. (substitutive)
An obvious induction on the shape of terms shows the following ([Bar85] p. 54).
Fact A.0.1 (Substitutive). Let —~ be the contextual closure of — .

1. If =, is substitutive then — is substitutive: T —. T implies T{Q/x} —

T{Q/x}.
2. If Q —~ Q' then T{Q/x} =2 T{Q'/z}.
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Appendix A. General Properties of the Contextual Closure

A.1 Properties of the Syntax A’

In this section, we consider the set of terms A' (the same syntax as the full bang calculus,
as defined in Section 3.2.1), endowed with a generic reduction —, (from a generic rule
—,). We study some properties that hold in general in (A, —)).

Terms are generated by the grammar:

T,S,Ru=x|ST | e.T|!T (terms A')

Contexts (C), surface contexts (S) and weak contexts (W) are generated by the
grammars:

Cu=()|TC|CT | z.C|!C (contexts)
Su=(|TS|ST | x.S (surface contexts)
W= () | TW | WT | W (weak contexts)

If +, is a rule, the reduction —, its the closure under context C. Surface reduction
- (resp. weak reduction &,) is the closure of —, under surface contexts S (resp. weak

contexts W). Non-surface reduction =z, (resp. non-weak reduction =3 ,) is the closure

of —, under contexts C that are not surface (resp. not weak).

A.1.1 Shape Preservation for Internal Steps in A’

Fact 4.3.2 (p. 39) implies that —3, and - , steps always preserve the shape of terms.

We recall that we write +—, to indicate the step —, obtained by empty contextual closure.
The following property immediately follows from Fact 4.3.2.

Fact A.1.1 (Internal Steps). Let —, be a rule and —, be its contextual closure. —

and =g, preserve the shapes of terms. Moreover, the following hold for —HE {==p o}
1. There is no T such that T = T, for any variable x.
2. T T Uy implies T = Th and T —, Us.
3. T = Ax.Uy implies T' = \x.T7 and Th —, Uy.

4. T UrUs implies T = ThTo, with either (i) Th — Ui (and Ty = Us), or (ii)
T, = Us (and Ty = Uy). Moreover, Ti and Uy have the same shape, and so Ty
and Us.

Corollary A.1.2. Let +—, be a rule and —, be its contextual closure. Assume T =3, S
orT—,S.

e T is a Bi-redex if and only if S is.
o T is a o-redex if and only if S is.

Proof. By repetitively applying Fact A.1.1. O
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A.1. Properties of the Syntaz A'

A.1.2 Surface Factorization, Modularly

In an abstract setting, let us consider a rewrite system (A, —) where — = —¢ U —,.
Under which condition — admits factorization, assuming that both —¢ and —, do? To
deal with this question, a technique for proving factorization for compound systems in a
modular way has been introduced in [AFG21]. The approach can be seen as an analogous
for factorization of the classical technique for confluence based on Hindley-Rosen lemma:
if —¢, —~ are e-factorizing reductions, their union —¢ U — also is, provided that two
local conditions of commutation hold.

Theorem A.1.3 ([AFG21] Modular factorization). Let —¢= (g¥ U —¢) and — =
(&% U %) be e-factorizing relations. Let o> =% U o, and — =— U =. The union
—¢ U = satisfies factorization Fact(g», I—)) if the following swaps hold

oy Sy —¢ and et C e -7 (Linear Swaps)

Extensions of the bang calculus. Following [FG21], we now consider a calculus
(A, =), where —=—5 U —, and —, is the contextual closure of a new rule +..
Theorem A.1.3 states that the compound system — g, U — satisfies surface factorization
if Fact(gs,, =23), Fact(s>y,=2~), and the two linear swaps hold. We know that

Fact(grg,, =2, ) always hold. We now show that to verify the linear swaps reduces to a

single simple test, leading to Proposition 4.3.5.

First, we observe that each linear swap condition can be tested by considering for
the surface step only —, that is, only the closure of — under empty context. This is
expressed in the following lemma, where we include also a useful variant.

Lemma A.1.4 (Root linear swaps). In A', let —r¢, —~ be the contextual closure of rules
e, ey

1. ¢ =y C oy —>§ implies —g¢ - 5 C 59 —>Z.
2. Similarly, ¢ —~C 534 —rg implies ¢ - 5y C 5y =g -
Proof. Assume M —3¢U o+ N. If U is the redex, the claim holds by assumption. Other-

wise, we prove M .- —>§ N, by induction on the structure of U. Observe that both M
and N have the same shape as U (by Property 4.3.2 ).

o U =U1Us (hence M = M;M, and N = N1N3). We have two cases.
1. Case Ui g+ Ni. By Fact A.1.1, either My —¢ Uy or My —¢ Us.

(a) Assume M = M1 Ms=g¢Uy Magry N1 My =: N.
We have M1 -3¢Ui ¢, N1, and we conclude by .h..

(b) Assume M = UyMy—2¢U U3 N1Uz =t N.
Then UlMQS—%leMQ —¢ N1U2.

2. Case Uzg»yNa. Similar to the above.
o U= MXz.Uy (hence M = Az.Mp and N = A\x.Ny). We conclude by i.h..

Cases U = Uy or U = x do not apply. O
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As we study —p U —,, one of the linear swap is -2, 55C 54 —5. We show
that any —, linearly swaps after -+, as soon as . is substitutive.

Lemma A.1.5 (Swap with 5g,). If >, is substitutive, then -3~ 535 C 55, — always
holds.

Proof. We prove -5 C o5 —2, and conclude by Lemma A.1.4.
Assume M 3, (Az.P)!Q 5 P{Q/z}. We want to prove Mg =2 P{Q/z}. By
Fact A.1.1, M = M{M> and either My = Ax.Py —~ Ax.P or My = Qo —, !Q.

o In the first case, M = (\z.%)!Q, with Py —, P. So, M = (Az.F))!Q —p,
Po{Q/z} and we conclude by substitutivity of —, (Fact A.0.1.1).

o Inthesecond case, M = (Az.P)!Qo with Qo —~ Q. Therefore M = (Az.P)!Qq >,
P{Qo/z}, and we conclude by Fact A.0.1.2. O

Summing up, since surface factorization for 5 is known, we obtain the following
compact test for surface factorization in extensions of —g,.

Proposition A.1.6 (A modular test for surface factorization). Let —g, be [i-reduction
and —~ be the contextual closure of a rule .. The reduction —pg U —~ satisfies
surface factorization if:

1. Surface factorization of —: —>i‘/ - s—)i‘/ . ?;

2. ., is substitutive: R —, R’ implies R{Q/z} —, R'{Q/x}.

3. Root linear swap: 2, - 7 C =y - =7

A.1.3 Restriction to Computations

In Com, let —, be a rule and —, be its contextual closure. The restriction of reduction
to computations preserves —,, <5, =2 p» w'ps o p Steps. Thus, all properties that hold

for (A", —,) (e.g. Fact A.1.1 and corollary A.1.2) also hold for (Com, —,).
In particular, Proposition 4.3.5 is immediate consequence of Proposition A.1.6.
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APPENDIX B
OPERATIONAL PROPERTIES

B.1 Properties of Reduction in A,

We now consider \,, that is (Com, —.). As we have just seen above, the properties we
have studied in Appendix A.1 also hold when restricting reduction to computations.
Moreover, A, satisfies also specific properties that do not hold in general, as the following.

Lemma B.1.1. Assume M € Com and M -3, L. M is a id-redex (resp. a it-redex) if
and only if L is.

Proof. If M is a id-redex, this means that M = (A\z.[z])P=,(Az.[2])N = L where
P—. N, hence L is a id-redex. Moreover, if M is a t-redex, then P %~ [V], hence by

fact A.1.1 L # [V] for any V'. Thus L is a t-redex.

Let us prove that if L is a id-redex, so is M. Since L = (Az.[z])N, by fact A.1.1,
M is an application; we have the following cases:
(i.) Either M = (Az.P)N =2+ (Az.[2])N where P, [z].
(ii.) or M = (Az.[2])P=z2~(A2.[2])N where P—,N.
The case (i.) is impossible because otherwise P = [V] for some value V', by Fact A.1.1,
such that V' —, z, but such a V' does not exist. Therefore we are necessarily in case
(ii.), i.e. M is a id-redex. Moreover, if L is a t-redex, then N # [V], hence N is an
application, and so is P by Fact A.1.1. O

Lemma B.1.2. There is no P € Com such that P —, [z]

Proofs of the lemma for the postponement of .. Notation: ===} —
Lemma B.1.3 (v vs. (1).
M —, L —g, N implies M —3 - — N

Proof. By induction on L. Note that if L = [x] there is no ; reduction from it, so this
case is not in the scope of the induction. Cases:
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o L= (Az.[z])[V]—p, [V] = N. Then, there are two possibilities.
Either M = (Az.[2])L +, L then

M = [ (O a))[V]) =g, AzlDV] =5, [V] = N.

Or M = (Az.[z])[W] with [W] —, [V], and then

M = Oz [a)[W] 5, (W] =, [V] = N

e L = [\z.P] —p, [\z.P'] = N where P —3, P’. In this case note that M has
necessary the shape [Az.Q)] where Q —, P. Otherwise, M should have been
(Az.[2])L +, L but it is impossible by definition of +, since L = [Az.P]. The
thesis follows by induction, since we have Q —, P —g, P/, Q = P.

o L=VP —p V'P'= N where —3, is not root steps, that is:

a either V' —g3, V' and P = P,
b or V=V"and P —g, P

By Fact 4.3.2, M, L, N are applications. So, M has the following shape:

1. M =VQ with Q —, P
2. M =WPwithW —,V
3. M = (\a[z])(VP) =, VP =L

We distinguish six sub-cases:
Case al We have M =V Q —3, V'Q —, V'P = N, switching the steps —, and
—g,, directly.

Case bl QQ —, P —3, P', then the thesis follows by i.h., that is: Q =4 P’ and
then M =VQ =, VP = N.

Case a2 W —, V —4, V’, then the thesis follows by i.h., that is: W =4 V’ and
then M = WP =, V'P =N.

Case b2 We have M = WP —p WP —, VP' = N, switching the steps —,
and —g,, directly.

Case a3 M = (A\z.[z])(VP) =5, (\z.[z])(V'P)+—, V'P=N
Case b3 M = (\z.[z])(VP) —p, (A\z.[z])(VP')—, VP =N

Notation =y:=—j —5, =5 =/
Lemma B.1.4 (¢ vs. f2).
M —, L —g, N implies M — —5, —5 —, N

Proof. By induction on L. Note that if L = [x] there is no 2 reduction from it, so this
case is not in the scope of the induction. Cases:

e L= Az.P")[V'] =g, P’{V'/x} = N. Then, there are three possibilities.
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i M = (\x.P)[V'] with P —, P’
i M =\x.P)[V] with V —, V/
iii M =(\z.[z])L+, L

So by analizyng each of the three cases above, we can postpone the —, step as
follows:

Case i M = (\z.P)[V] g, P{V/x} —, P'{V/x} where the last reduction step
is possible by Fact A.0.1.1. Note that P # [x] otherwise would not possible
P —, P, as assumed.

Case iii M = (\z.P)[V] —p, P{V/x} =} P{V’/x} where the last reduction
step is possible by Fact A.0.1.2.

Case iii M = (\z.[z])L —p, (Az.[z])N —, N
e L = [\z.P] —p, [\z.P'] = N where P —4, P’. In this case note that M has
necessary the shape [Az.Q)] where Q@ —, P. Otherwise, M should have been

(Az.[2])L +, L but it is impossible by definition of —, since L = [Az.P]. The
thesis follows by induction, since we have Q —, P —g, P/, Q = P.

o L=VP —p, V'"P' = N where —4, is not root steps, that is:

a either V. —g, V' and P = P’;
b or V=V"and P —g, P

By Fact 4.3.2, M, L, N are applications. So, M has the following shape:

1. M = VQ with Q —, P
2. M=WPwithW —, V
3. M =\z.[z])(VP)—, VP =L
We distinguish six sub-cases:
Case al We have M =V Q —3, V'Q —, V'P = N, switching the steps —, and
— 3, directly.

Case bl Q —, P —3, P’, then the thesis follows by i.h., that is: Q =, P’ and
then M =VQ =, VP = N.

Case a2 W —, V —4, V’, then the thesis follows by i.h., that is: W =, V’ and
then M = WP =4 V'P = N.

Case b2 We have M = WP —3, WP —, VP' = N, switching the steps —,
and —g,, directly.

Case a3 M = (A\z.[z])(VP) =3, (\z.[z])(V'P) =, V' P =N
Case b3 M = (A\z.[z])(VP) —p, (A\z.[z])(VP') —, VP =N

Notation: == (=, U —=g,)* =7
Lemma B.1.5 (¢ vs. o).

M —, L —, N implies M —,. - - N

169



Appendix B. Operational Properties

Proof. By induction on L. Distinguishing if the last —, is a root step or not.
If L —4 N then L =V ((Az.P)Q) and N = (Az.V P)Q. In this case, M can be of 4
different shapes:

= (Az.[2)(V((Az.P)Q))

i M =V((Az[z])(Az.P)Q))

iii M =V((Az.(Az.[2]) P)Q)

v M = (V((Az.P)((A2.[z])Q)))

v M =W((Az.P)Q) with W —, V and —, is not a root step
vi M =V ((Az.R)Q) with R —, P and —, is not a root step
vii M =V ((Az.P)R) with R —, Q and —, is not a root step

So by analizyng each of the four cases above, we can postpone the —, step as follows:
Case i M = (A\z.[z])(V((Az.P)Q)) —¢ (Az.[2])(Ax.VP)Q) —, (Az.VP)Q =N

Case ii M =V ((Az.[2])(A\2.P)Q)) =0 V((Ax.(A2.[2]) P)Q) =6 (Ax.V((A2.[2])P))Q —
(Az.V P)Q = N where in the last step « is ¢ or 1 depending on whether P is of
the form [W] or not.

Case iii M =V ((Az.(A\2.[2])P)Q) =5 (Az.V((A2.[2])P))Q —~ (Ax.VP)Q = N where
in the last step 7 is ¢ or f; depending on whether P is of the form [W] or not.

Case iv M =V ((A\z.P)((A\2.[2])Q)) oo (Ax.V P)((A2.[2])Q) = (Az.VP)Q = N where
in the last step v is ¢ or 81 depending on whether @ is of the form [I¥] or not.

Case v M =W ((Ax.P)Q) —, (AMe.WP)Q —, (Az.VP)Q =N
Case vii M =V ((Az.R)Q) —s (Az.VR)Q —, (Az.VP)Q =N
Case vii M =V ((Az.P)R) —s (Az.VP)R —, (Az.VP)Q = N

Consider the case where L = [Az.P] =, [Az.P'] = N where P —, P’. In this case
note that M has necessary the shape [Az.Q] where @ —, P. Otherwise, M should have
been (Az.[z])L ~—, L but it is impossible by definition of +, since L = [Az.P]. The
thesis follows by induction, since we have Q@ —, P —, P', Q =4 P.

The last case to consider is L = VP —, VP’ = N where —, is not root steps, that
is:

a either V —, V' and P = P/;
bo V=V and P—, P.
By Fact 4.3.2, M, L, N are applications. So, M has one of the following shapes:
1. M =(\z.[2])L—,VP=L
2. M =WP with W —, V
3. M =VQ with Q@ —, P

Hence, we distinguish six sub-cases:
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Case al M = (\z.[z])(VP) =5 (\x.[z])(V'P) —,V'P =N
Case bl M = (A\z.[z])(VP) =, (\a.[z])(VP')—, VP =N

Case a2 W —, V —, V', then the thesis follows by i.h., that is: W =4 V' and then
M=WP=,V'P=N.

Case b2 We have M = WP —, WP —, VP’ = N, switching the steps —, and —,
directly.

Case a3 We have M = VQ —, V'Q —, V'P = N, switching the steps —, and —,
directly.

Case b3 Q —, P —, P’, then the thesis follows by i.h., that is: Q =3 P’ and then
M=VQ=y, VP =N.

O

B.2 Normalization of )\,
Lemma 5.0.3. Let - =—, U —g. and e € {w,s}. Assume M — N. Then, M is
e-normal if and only if N is e-normal.

Proof. By easy induction on the shape of M. Observe that M and N have the same
shape, because the step M -3 NN is not a root step.

e M =[V],and N = [V’]: the claim is trivial.

e M=VPand N =V'P'. Either V — V' (and P’ =P)or P o P’ (and V =V").
Assume M = V P is e-normal. Since V and P are e-normal, by i.h. so are V'’ and

P’. Moreover, N is not a redex, by Corollary A.1.2, so N is normal. Assuming
N = V'P’" normal is similar.

O]

Fact B.2.1. The reduction v is quasi-diamond. Therefore, if S —* N where N is
t-normal, then any mazimal t-sequence from S ends in N, in k steps.

Lemma 5.0.1. Assume M —, N.
1. M is B.-normal if and only if N is B.-normal.
2. If M is o-normal, so is N.
Proof. Easy to prove by induction on the structure of terms. O

Fact B.2.2 (Shape preservation of t-sequences). If S is not an t-redex, and S —* N
then no term in the sequence is an t-redex, and so N has the same shape as S':

1. S =[(\2.Q)] implies N = [(Az.Ng)]. Moreover, Q@ —* Ng.

2. S =xP implies N = xNp. Moreover, P —>f Np.

3. S = (\2.Q)P implies N = (Ax.Ng)Np. Moreover, Q —* Ng, P —*2 Np and
k=Fky+ko.
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Lemma 5.1.2. Assume M —>f N, where k > 0, and N is ot-normal. If M is not
o-normal, then there exist M' and N' such that either M —, M' —, N' —*=1 N or
M =5 M —5 N =1 N,

Proof. The proof is by induction on M.
Assume M is a is a o-redex, i.e. M =V ((Ax.P)L) where V is an abstraction.

e If M is also an t-redex, then V =1, and:
1. If P = [U], then M = I((Mz.[U))L) —, (A\z.[U])L —F1 N and M —,
(Az I[U])L —4 (Az.[U])L.
2. If P # [U], then M = I((A\z.P)L) —, (A\z.P)L ="' N and M —,
(AxIP)L —, (Az.P)L.

o Otherwise, if M = V(IL), then M —, VL =%t N and M —, (\2.V[z])L —3
VL.

« No other case is possible, because M = V((Az.P)L) not an t-redex implies (by
Fact B.2.2) that N = Ny Ny, with Ny € Abs. If (Ax.P) # I, then N would be a
o-redex, because again No = Nj N with NJ € Abs (by Fact B.2.2).

Assume M is not a o-redex. We examine the shape of S and use Fact B.2.2.

e M =[)z.Q]. We have N = [Az.Ng], Q@ =¥ Ng, where Q is not o-normal, and
Ngq is or-normal. We conclude by i.h..

o M =1IP. We have IP —, P —*~1 N. Since P is not -normal, we use the i.h. on
P —k=1 N obtaining that P —, N’ =*=2 N and P —, P’ —5,, N'. Therefore
also IP —, IP' =g, IN'N'F"1N.

o M = (Az.Q)P (M is not an t-redex). We have N = (Az.Ng)Np, where Ng and

Np are ogr-normal. We distinguish two cases.

— If @ is not o-normal, we note that Q) —>fl Ng, and conclude by i.h. In-
deed, by 4.h., we obtain that @ —, N, —k=1 No, and Q —, Q' —p5,,
N§. So, (Az.Q)P —, (Az.N,)P —F1~1 (Az.Ng)P = (Az.Nq)Np, and
(A2.Q)P =4 (A\2.Q")P —g., (Ax.Ng)P.

— If P is not o-normal, we note that P —>f2 Np, and conclude by i.h. O
Lemma 5.1.3 (Termination of oid). —iq U —4 is strongly normalizing.

Proof. We define two sizes s(M) and s, (M) for any term M.

s(x) =1 se(z) =1
s(Ax.M)=s(M)+1 se(Ax. M) =s,(M) +s(M)
s(VM) =s(V) +s(M) So(VM) =5,(V) +55(M)+2s(V)s(M)
s([M]) = s(M) so([M]) = so(M)

Note that s(M) > 0 and s,(M) > 0 for any term M. It easy to check that
if M =4 U =5 N, then (s(N),s5(N)) <iex (S(M),ss(M)), where <jex is the strict
lexicographical order on N2. Indeed, if M —q N, then s(M) > s(N); and if M —, N
then s(M) =s(N) and s,(M) > sy(N). The proof is by straightforward induction on
M. We show only the root-cases, the other cases follow from the i.h. immediately.
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o If (A\z.[x])M g M then s((Az.[z])M) = s(Az.[z]) +s(M) > s(M).

o If A\e.M)((A\y.N)L) —o (Ay.(Ax.M)N)L then clearly
s((Ax.M)((Ay.N)L)) = s((Ay.(Ax.M)N)L) and

o (Az M) (g N
(A
=5s,(A
(A
o (A o
So(Ax. M) 4 s, (N) 4+ 2s(A\x.M)s(N) 4+ s(Ax.M) + s(N) + s, (L) + 2s(A\x.M)s(L) + 2s(N)s(L) + 2s(L)
(
(
(Ay
(

)L))

so((Ay.N)L) + 2s(Az.M)s((A\y.N)L)

(Ay.N) +s5 (L) + 2s(Ay.N)s(L) + 2s(Az.M)s((A\y.N)L)

(N)+s(N)+s,(L) + 2s(N)s(L) + 2s(L) + 2s(Az.M)s(Ay.N) + 2s(Az.M)s(L)
(

(

(

(%]

|
n

Z.
Z.
o \AT.
x.

+So'
+So‘
+s

|
n

N) +5(N) + 5,(L) + 25(N)s(L) + 2s(L)t + 2s(\z. M) + 2s(Az.M)s(N) + 2s(Az.M)s(L)

V

M)+
M)
M)
M)

M)

_|_
=s;(Az. M) + 55 (N) + 2s(Ax.M)s(N) + s(Ax.M) + s(N) + s5(L) + 2s((Az.M)N)s(L) + 2s(L)
=5,((Ae.M)N) +s((Ax.M)N) + s, (L) + 2s(Ay.(Az.M)N)s(L)
= s, (Ay.(Ax.M)N) + s, (L) + 2s(Ay.(Ax.M)N)s(L)
se((A\y.(Ax.M)N)L) O
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APPENDIX C
RELATING CALCULI

C.1 Equational Correspondence between )\ 6 and
)\ml*
Proposition 3.1.1. The following hold:
1. M =, (M°)® for every term M in A.;
2. (P*)° =, P for every term P in \,;+;
3. M =, N implies M° =, N°;
4. P =+ Q implies P* =, Q°.

Proof. (1.) By induction over terms in A,

(Az.M)°* = Az.M°* £ Az M

(Ve = [Ve]* = [Voo] 25, [V]

(Az.M)[V])** = (Az.M)°VO)* = (Ao M)** [V°*]) £5; (Az.M)[V]

(xM)°* = (lety:=M°inzy)® = (\y.(z[y]))M°® =, aM°* £ 20

(Az.N)M)°® = (letz:=M°in N°)® = (Az.N°*)M°* £ (\z.N)M
(2.) By induction over terms in Ap-.

0 —

T x by definition

(Az.M)* = (\a.M*)° = (\z.M*°) =" \a. M

—ml

[V]*o = ([V*])° = [V*] < [V]

(VW).O — (V.[W.])O — V.OW.O :Zn}il* VW
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(letx:=MinN)*° = (A\x.N®)M*)°.
We distinguish two subcases: a. M = [V], b. M # [V] for any V.

a. (Az.N®)[V*])° = (Ax.N*°)V*° .5 N*°{V*°/z}. On the other side, (letz:=
[V]IIin N)*® —=cler.s (N{V/x})*°. The thesis follows by substitutivity of both the
translations.

b.(Ax.N®)M*®)° = (letz:=M*in N*°) :i':b'l* letz:=Min N
(3.) By cases over reductions in .,

(Be) (Az.N)[V] = N{V/x}
(Az.N)[V])° =letz:=[V°]in N° =it N°{V°/x} = (N{V/x})° by substitutiv-
ity of °

(n) trivial.

(0) Ay.N)(Az.M)L) — (Az.(A\y.N)M)L
We distinguish 4 cases:

1. L =[V]and M = [W]
(Ay.N)(Az.[W])[V])° = lety:=(Az.[W°])V°in N° =g lety:=[W°{V°/z}]in N°
—elerg NAWAV®/2}/y}
((Az. Ay N)WDIV])® = Az ((Ay-NOW)VE =5 NAWLVE [z} [y}
2. L = [V]and M # [W]
(Ay.N)(Az.M)[V])° = lety:=(Az.M°)V°in N° =3 lety:=M°{V°/x}in N°
(Az.(Ay.N)M)[V])° = Az.(lety:=M°in N°)V°® =g lety:=M°{V°/z}in N°
3. L # [V]and M = [W]
ANy.N)(Az. [W])L)° = lety == (letx :== L°in [W°])in N° —_let.ass letz ==
Lein (lety:=[W°]in N°) = jet.p letz:=L°in N°{W°/y}
(Az.(Ay.N)W])L)° = letx:=L°in(A\y.N°)[W°] =g letx:=L°in (N°){W°/y}
4. LM # V]
Ay.N)(Ax.M)L)° = lety = (letx = L°in M°)in N°® —_|et.ass letz =
Loin(lety:=M°inN°) = ((Az.(A\y.N)M)L)°

(4.) By cases over reductions in A,-.

(c.8) Az M)V — M{V/x}
(Az.M)V)® = (A M®)[V®] =g, M*{V*/x} = (M{V/x})* by substitutiv-
ity of °.

(cn) \eVe -V x & fv(V)
(Az.Va)® = e Vo[z]| =, V*

(clet.3) letz:=[V]inN — N{V/z}
(letz:=[V]inN)* = (Ax.N®*)[V*] =5, N*{V*/x} = (M{V/z})® by substi-
tutivity of °.

(clet.n) letx:=Min|x] - M x & fv(M)
(letx:=Min[x])® = (Az.[x])M® —q M*®
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(clet.ass) lety:=(letx:=Lin M)in N — letx:=Lin (lety:=M in N)

(lety:=(letx:=LinM)inN)®* = (Ay.N®)((Ax.M*)L®) —,
(Ax.(Ay.N®*)M®)L®* = letz:=Lin(lety:=MinN)

The following is a more informative version of Proposition 3.1.1.

Proposition C.1.1 (Correspondence between A\, and Ap,;+). The following hold:

1. M =%, (M°)* for every term M in \.;

2. (P*)° =g etp P for every term P in %

3. if M —, N then M° =, N°; if M —,) N then M° =,,;+ N°;

4. if P —ppey Q then P* —, Q% if P —.,) @ then P* —;; Q°.

Proof.

1. By induction over terms in A..

(Az.M)°®* = (Az.M°)® = \a.(M°*) i—'fj; Az M.
(VI = Vel = [ver] S

i.h.
(WV])e® = (Weve)s = wee [vee] = WV].
For M # [V] for any value V', (zM)°® = (lety:=M°inzy)® = (A\y.(z [y])) M°* —,
i.h.
TM°® =) xM.
For M # [V] for any value V, ((Az.N)M)°® = (letx := M°inN°)® =

i.h.
(Az.N°*)M°® 5% (Az.N)M.

2. By induction over terms in A,,x.

(Az.P)* = (Az.P*)° = Az.(P*°) =f 155 Ax.P.

[VI** = (V2] = [V*] =3ees (V]

(VW).O — (V. [W.})O — V.O W.O :Bi;fgt'ﬂ VW'

(letz:=PinQ)*° = ((Az.Q*)P*)°. We distinguish two subcases:

(a) P = [V] and so P* = [(V)*]: (Ae.Q*)[V*)° = (Ar.Q™)V** =}l
(Az.Q)V —cp Q{V/x} clerpi letz:=[V]inQ;

(b) P #[V] for any V: ((Az.Q*)P*)° = (letz:=P*°inQ*°) :é;fle'tﬁ let x:=
Pin@Q.

3. By induction over the reduction M —;, N in \,,. First, we consider the root-steps.

(Be) If (Ax.N)[V] =g, N{V/z} then ((Ax.N)[[]V])° = (Az.N°)V° .5 N°{V°/z} =

(N{V/z})° by substitutivity of °.
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(id) If (Ax.[z])M g M then there are two subcases:

(a) if M = [V] for some value V, then ((Az.[z])M)° = ((Az.[z])[V])°
Az [z]))VC = p [V°] = M°;

(b) if M # [V] for any value V, then ((Az.[z])M)° = letz := M®in[z]

'_>c.let.n Me.
(n) If Ax.V]z] —=cpn V with x ¢ fv(V), then (A\z.V[z])° = Aa.V°x ey VO.

() A\y.N)(Ae.M)L) = (Az.(Ay.N)M)L with x ¢ fv(N)U{y}. We distinguish

4 cases:
(a) if L =[V]and M = [W], then
((Ay.N)(Az.]W)[V])° = lety:=(Ax.[W°])V°in N°
wrep lety=[W{V°/z}]in N°
—rc.let.8 NO{WO{VO/x}/y}
e.p (Ay-N°)WH{V® [z}
e.5 (Az.((Ay.N°)W*®))V°
= ((A\z.(Ay.N) WDV
(b) if L = [V] and M # [W], then
(Ay.N)(Ax.M)[V]))° = lety:=(Az.M°)V°in N°
wep lety:=M°{V°/x}in N°
c.p (Az.(lety:=M°in N°))V°
= ((Az.(Ay.N)M)[V]);
(c) if L #[V]and M = [W], then
((Ay.N)((Az.[W])L))° = lety:=(letz:=L°in[W°])in N°
e letass letz:=L°%in (lety:=[W°]in N°)
weletp letz=L%in N°{W°/y}
cpéletz:=L"%in (A\y.N°)W?°
= ((Az.(Ay.N)[W])L)%;
(d) if L # [V] and M # [W] for any values V, W, then
(Ay.N)(Ax.M)L)° = lety:=(letx:=L°in M°)in N°
relet.ass letz:=L"in (Iety:: M°®in NO)

= ((\z.(\y.N)M)L)°

Let us now consider the inductive cases.

Application right: If M = VM' —, VN' = N with M" —, N" and p € {ml* \

n,n}, then M'® =, N’ by i.h., and there are five subcases:

o if M’ = [W], then N’ = [Wy] for some value Wy and hence M°
VOWO :p VOWOO — NO;

o if V=21 and M' # [W] # N’ for any value W, then M° = lety:
M inzy =, lety:=N"inzy = N°;
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o if V=gand M’ # [W]but N’ = [W] for some value W, then M = zM’
and N = z[W], hence M° = lety:=M" inzy =, lety:=N"inzy =
lety:=[W°]inzy —cletp © W° = N°;

o if V. =MXx.L and M’ # [W] # N’ for any value W, then M° = letx:=
M"inL° =, letz:=N"inL° = N°

o if V=MXz.L and M' # [W] but N' = [W] for some value W, then M =
(Az.L)M' and N = (Az.L)[W], hence M° = letz:=M"inL° =, letz:=
N®inL° = letx := [W°]inL° —cjee.3 LAW®/2} cpe= (Ax.L°)W° =
N°.

Application left: If M = (Ax.M")[V] =, (Az.N')[V] = N with M’ —, N' and
p € {ml* ~\\n,n}, then M’® =, N'° by i.h., and hence M° = (A\z.M"°)V° =,
(\z.N)V° = N°.

Unit: It M = Az.M'] —, [Ax.N'] = N with M’ —, N" and p € {ml* \ n,n},

then M’ =, N* by i.h., so M® = [Ax.M"] =, [A\z.N"] = N°.
4. By induction over the reduction P —« Q in Ay.

First, we consider the root-steps.

(c.0) If (A\x.P)V .5 P{V/x} then (Ax.P)V)* = (A\z.P*)[V*] g, P*{V*/z}
= (P{V/x})® by substitutivity of (-)*.

(cm) Xz Va e, V with € fv(V) then (A\z.Vx)® = Ax.V®[z] =, V°.

(clet.p) Ifletz:=[V]in P = et 3 P{V/z} then (letx:=[V]in P)* = (A\z.P*)[V*] —3,
Pe{V*/z} = (P{V/x})* by substitutivity of (-)*.

(clet.n) If letz:=Pin[z] —clety P then (letz:=Pinz])® = (\x.lx)P® —iq P°.

(c.let.ass) If lety:=(letx:=Lin P)in Q —et.qss letx:=Lin (lety:=PinQ), then
(lety:=(letz:=Lin P)inQ)®* = (\y.Q°*)((Ax.P®)L®) —, (Az.(Ay.Q®)P®*)L® =
(letx:=Lin(lety:=PinQ))*.

Let us consider now the inductive cases.

Explicit substitution left: If letz := Pin(@Q —+ letz == P'inQ and P —,;« P/,
then P* —, P’ by i.h., and hence (letz = PinQ)* = (Az.Q*)P* —,
(Az.Q*)P"® = (letx:=P'inQ)*.

Ezplicit substitution right: If letz:=Qin P —y~ letz:=Qin P' and P —« P/,
then P* —., P’ by i.h., and hence (letz := QinP)* = (Az.P*)Q* —y
(Az.P"*)Q® = (letz:=Qin P)*.

Application left: If (Az.P)V —py« (Ax.P")V and P —,,» P', then P* —,, P'* by
i.h., and hence (A\z.P)V)* = (A\z.P*)[V*] =, (Az.P"*)[V*] = (Az.P")V)".

Application right: If V(Ax.P) =+ V(Az.P’) and P =« P', then P* —,, P'*
by i.h., and so (V(Az.P))®* = V* [Ax.P*| —., V* [Az.P"*] = (V(Az.P"))".

Unit: If [Ax.P] =+ [Az.P'] and P —,« P, then P* —,,, P'® by i.h., and hence
\e.P]* = \a.P*] —., [\e.P"] = [Az.P". O

Remark C.1.2. Proposition C.1.1.4 can be refined to weak reduction in the following
sense: if P ey @ then P* 3o Q%5 if P oy Q then P* 5 Q°.
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C.2 (Com,—p,) and (Com’, —p,) are Isomorphic

To establish the isomorphism between (Com,—3,) (the fragment of A\, with f. as
unique reduction rule) and (Com”, —3,) (the kernel of Plotkin’s CbV calculus defined
in Section 3.2.2), consider the translation (-)® from Term to Term”, and, conversely, the
translation (-)° from Term" to Term, where Term® := Val® U Com".

| (1)*: Term — Term® (-)° : Term® — Term
variables () ==z ()° = [z]
abstraction (Ax.P)* = Xz.(P)*  (A\z.M)° = [Ax.(M)°]
returned values | ([V])* =V*
bind/application | (VP)* = V*P* (VP) = {MD _lf V=e
(Az.Q°)P° iV = \z.Q)

Essentially, the translation (-)® simply forgets the operator [-], and dually the
translation (-)° inserts each value that is not in the functional position of an application
in the operator [-]. These two translations form an isomorphism.

Proposition C.2.1.
1. (M°)* = M for every term M in Term”;
2. (P*)° = P for every term P in Term;
3. M —pg, N implies M° —5. N°;
4. P —p, Q implies P* —pg, Q°.
Proof. Immediate by definition unfolding. O

C.3 Equational Correspondence between )\, and
Moggi’s \o-calculus

Definition C.3.1 (Values and computations). The Moggi’s computational \-calculus,
shortly Ao, is a calculus of two sorts of expressions:

Terms: e, == v|n
Values : v on= x| Axee
NonValues : n letz:=eine’ | e/

Definition C.3.2 (Reduction). The reduction relation > C Term x Term is defined as
follows:

Bu (Az.e)v > e{v/z}
Ny Az.vxr > v

id letx:=einz > e
comp (letzg:=(letxi:=ejines)ine) >

(letz1:=eyin (letza:=ezine))

let, (letx:==vine) > e{v/z}
let ne > (letx:=ninxe)
let o vn > (letz:=ninvx)
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where e{v/x} denotes the capture avoiding substitution of v for all free occurrences of x
n e.

Definition C.3.3 (Compatible Closure). Let e, e1,e2 € Term and suppose e; > ea:

Ar.er > Ar.eg

eje > esge eep > ee

V

letx:=ejine letx:=egine

letx:=ecine; > letx:=einey

C.3.1 Translation of A\, into A\¢

Define a function from A,- Term to Ag-Term as follows:
(1)°: A, — Term — A\c — Term

(r)° =a (Az.M)° = \a.(M)°
(V])° = (V)°  (M*V)°=leta:=(M)°in(V)°z (for x fresh)
Lemma C.3.4 (Substitution lemma for (-)°). Let M,V,W € \.-Term
(i) (V{W/x})° = (V){(W)°/x}
(ii) (M{W/x})® = (M)°{(W)°/x}

Proof. By induction on the complexity of A.- Term:

(@{W/a})® = (W)° = (2){(W)°/z}
(@{W/a})® = y= ) AW)°/z} where y # x
(Az.M){W/x})° (Az. M{W/x})°
Az.(M{W/x})°
Az.(M){(W)°/x} byi.h.
= (Az.M){(W)°/z}

(VDIW/a})e = ((VKW/x})°

(V{W/x})° by i.h.
= (V)HAW)°/x}

(VDAW)® [}
(MAV){W/ae = (M{W/z}xV{W/a})°

= letz=(M{W/x})°in(V{W/x})°z

let z:=(M)°{(W)°/x}in (V)°{(W)°/x}z by ih.
(letz:=(M)%in (V)°2){(W)°/x}
(M *V)){(W)°/}

O]

Lemma C.3.5. Let M, N € \,-Term. If M — N, then (M)° = (N)°, where = stands
for the convertibility relation induced by >.

Proof. Proof by induction on the generation of M — N.
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(Be) (VD) * (Ae.M) = M{V/x}

(VD) x Ax.M))° = letz=([V])®in((Ax.M))°z
= letz==(V)%in (Az.(M)°)z

Since (V)° € Values, one has:

let z:=(V)°in (Az.(M)%)z > (Ax.(M)°)(V)° Dby let, and z & fv((M)°)
> (M)*{(V)°/xz} by By
= (M{V/z})° by substitution lemma C.3.4
(id) M *Az.[x] - M
(M % Az.[z])° = letz:=(M)%in((Az.[x]))°=

let z:=(M)°in (\z.x)z
> letz:=(M)%inz > (M)° by \c-id

(ass) (L*Ax.M)x(Ay.N) — L% Ax.(M x \y.N) where z ¢ fv(N)

((L*xAx.M)* (Ay.N))° = letzo:=((L*Ax.M))%in((Ay.N))°z2

let zo:=let z1:=(L)°in (Az.M)°z1 in (A\y.IN))°zo

> letzy:==(L)%in(let zo:= (Az.(M)°z1) in ((Ay.N))°z2)
by Ac-comp

= letz;:=(L)%in(let zg:=(Ax.(M)°)z1in (Ay.IN))°22)

let z1:=(L)°in (let z9:=(M{z1/x})°in (Ay.N))°22)

let 21 :=(L)°in (Az.let z0:=(M)°in ((A\y.N))°22) 21

(L Az.(M % \y.N))°

A

Since z # z2, ¢ fv(N) and then x ¢ fv((IN)°). From this consideration, one has:
(let zo:=(M)%in (\y.N)°)z2){z1/x} = let zg: = (M{22/x})°in (A\y.N)°z2

O

Remark C.3.6. Reduction — over A,-Term has been defined devoid of n nor & rules.
Both can be added by extending reduction relation over values:

M — N
_— n: Axfz]«V =V ifzgfv(V)
Ax.M — Av.N

With respect to previous lemma, concerning &-rule: (M)° = (IV)° by induction hypothe-
sis and (Az.M)° = Az.(M)° = Az.(N)° = (Az.N)°.
Concerning 7:

(Az.[z] *V)° = Axletzi=zin(V)°z
Az.(V)°x by let,
(V)e by 7

\VARY
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C.3.2 Translation of \ into A,

Define a function from Ao-Term to A.- Term as follows:

(-)*Vel . \o — Values — Val (:)*C°m . \¢ — NonValues — Com
(a:)‘ Val _ 4
()\J:.U)' Val _ )\x.[(v)' Val] (Aw.n)'val — )\x‘(n)oCom
(vn OCom (n)oCom*( )oVal
(,U,U/)oCom [(v/)oVal] ( )- Val
(nw)*Com = (n)*Com & (Ax.[(v)* V] % 2) for fresh x
(nn )oCom n)oCom ( T. ( )oCom*l,) for fresh x
(letz:=ninn’)*Com = (n)*Com x \x.(n’)*Com
(Ieta; —vinn )oC’om — [( )oVal] * /\x'(n/)oCom
(letz:=ninv)*C°m = (n)*Com % \z.[(v)*"¥]
(letz:=vinv')* o™ = [(v)* Vo] % Az.[(v")* V%]

Lemma C.3.7 (Substitution lemma for (-)*). Let w,v € Values and n € NonValues;
(i) (w{v/z})*Ve! = (w)* Ve (v)* 1!/}
(i) (n{Wo/a})*C" = (m)*Cm{(v)* V)

Proof. (i)
(x{v/x})oVal — (U)oVal — (x)oVal{(v)oVal/:E}
W=EYZT:

(y{v/z})* ¥ = (y)* " =y = (y)* " (v)* "/}
w = Ay.w, where y # = and y ¢ fv(w):

= Q- (w{v/z}))* "
= Ay [(wiv/z})* "]
= Ay [(w)* Y (v)* ¥/} by ih
= Ow:[(w)* {(v)* "/}
— ()\ )'Val{(v)'val/x}

(Ay-w{v/a})*

w=Ay.n:

((Ay-n){v/ah)*V™ = (hy.(n{v/a}))" ™
= Ay.(n{v/x})*Com
= Ay.(n)*Com{(v)*Vel/2} by i.h.
= (Ay.(n)* ™) {(v)* ¥z}
= (0" \y.n){(v)*V!/x}

(i)
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((wn){v/x})* o™

((ww'){v/x})* "

((
[(w
[(w
((w
(

ww

n=nw

((n'w){v/z})* o

(n

n
n

nw

n=nm

((n'm){v/x})*Com

(
(
(
((n
('

n = (lety:=minn’)

((lety::m in n/){v/x})ooom

(
(n
(n
((n
(w

!/

(w{v/z})(n'{v/x}))*com

I{U/$}).Com (w{v/n}>oVal

)oCom{( )oVal/x}*(w)oVal{(U)oVal/x} by i.h.
)oC’om ( )oVal){(v)oVal/x}

)oCom{( )oVal/$}

w{v/z})(w'{v/a}))*

{v/x})* V) x (wiv/n})* "™

)oVal (,U)oVal/x}] * (w)oVal{(v)o Val/x} by i.h.
)o Val * (,w)o Val){(v)o Val/l.}
)oC’om{(,U)oVal/x}

{v/a})(wiv/z}))* "

(n'{v/x})* ™ x (Ay.[(w{v/n})* V] x y)

e (v) Vel o} x (Ay-[(w)* T (0)* V! /n}] x y)

(
((n)* o (Mg [(w)* Y] %)) { (v)* ¥/}
(n'

)oCom{(v)oVal/x}

n'{o /) (mv/a}))* 0
{u/a})*%m 5 (g (m{o/n})* O™ x )

/) Com{( )'V“l/x}*()\y.(m)'com{(v)'val/n}*y)

)oCom ()\y'(m)oC’om*y){(v)oVal/n}
)oCom{ (U). Val/n}

((lety:=m{v/z}inn/{v/z}))*Co™
(m{v/a})*Cm % Xy.(n'{v/a})*Com

(m)*Com (v)Vol ) x Xy ()2 Com{(0)" Vol 2} by i,
((m)* @™ % Ay.(n')* ™) {(v)* V! [}
(lety:=minn’)*Com{(v)*Val/x}

Similarly, the statement is proved for remaining cases. O

Definition C.3.8. Let’s define a function (-)® that maps Ac-Term into \,-Com, as

follows:
For alln € NonValues and v €

(n)* =

Corollary C.3.9. (e{v/z})® =

Values
(n)oCom (’U). — (,U)oVal
(e)*{(v)* "/}
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Proof. By induction on the structure of e € Ag-Term:

e =w € Values, then (w{v/z})* = [(w{v/z})*V¥] = [(w)*Ve{(v)*"al/2}] by part (i) of
C.3.7. This is equivalent to ([(w)*"?]){(v)*"V®/2}, that is equivalent to (w)*{(v)*V%/x}
hence the thesis by definition C.3.8.

If e=n € NonValues:

(n{v/a})* = (n{v/z})*m
= (n)*m{(v)*Vel/x} by part (ii) of C.3.7

= (n)*{(v)* "/}
O
Lemma C.3.10. ¢ > ¢ = (e)* 5 (¢)°
Proof. By induction on the definition of >:
(Aa.)v)* = (Azw)v)*Com
= ()" x Az [(w)* Y] =, ([(w)* " D{(v)* 7! x}
= (w)*{(v)*Ve/z} by definition C.3.8
= (w{v/z})* by the previous corollary
(A.n)v)” = (Az.n)u)*Com

— [( oVal] *Al._(n)oCom _>ﬁc (n)oCom{(,U)oVal/m}
= (n{(v)*Vel/x})sCom by part (ii) of C.3.7
= (n{v/z})* by definition C.3.8

Mo (Az.0x)® = Az (v2)* 0" = Az (7] % (v)*V8l —, (v)*Val
(id).1: (letx:=vinx) > v

let z:=vinx)*Com

( )oVal]*)\x'[(x)oVal]
(v)* V] % \z.[]
(iay (V)Y = (v)®

Regarding rule (comp), the proof is done after proving 8 different cases, here we will
show just two of them.

(letz:=vinz)®

(
[
[

!

let 3y :=let z:=m inninn’)*Com

(
(( )’COm*)\x.(n)OCom)*)\y‘(n,).oom
(ass) (M) 5 Az ()OO 5 Ay () ")

(letz:=minlety:=ninn’)*

(lety:=letz:=minninn’)®

+

(lety:=letz:=vinninn’)®
o 1) Vol 5 A (n)*Com) 5 Ny (') *Com)
tei= [( ).Val]imety'—( )'Comln( )OCom
tx

=wvinlety:=ninn’)®

([(0)* V] % A (n)*Com) 5 Ag. (') Com
~(as
= let

= (le
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let,, case splits in two different sub-cases:

(letz:=vinn)*C™ = [(v)*V%] % Az.(n)*Com
—g, (n)*m{(v)*"!/n}
= (n{v/z})® by part (ii) of C.3.7

(letz:=vinw)*™ = [(v)*V4] % Az.[(w)* V]

g, ([(w)* V) {(v)* 7!/}
(w)*{(v)*Vel/n} by definition of (-)® Ve
(w{v/z})® by the previous corollary

4

v

lety case splits in two different sub-cases:

(nv)oCOm — (n)oCom*)\x'[(U)oVal] *xx

(let z:=nin2v)*C°™ = (n)*Co™ % Az.(2v)*C°™ = (n)*Co™ 5 (Az.[(v)* V] * z)

Since the above equalities, one has proved that (nv)*“°™ = (letz:=ninzv)*“™. Then,

a fortiori (nv)*¢°™ —* (let z:=nin 2v)*“°™, since —* is also a reflexive closure of —.

(nm)oCOm — (n)oc’om*)\x'(m)oc’om*l.
(Ietx::n in wm)oCom —_ (n)oCom* )\x.(l,m)oc’om —_ (n)oCom * ()\.%.(m)oCom *.%’)
The conclusion follows analogous considerations stated in the previous sub-case. O

Theorem C.3.11. There exists an interpretation (-)® from Ac into A, that preserves
reductions.

There exists an interpretation (-)° from X\, into Ac that preserves the convertibility
relation.
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