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Abstract

In this thesis we explore the linear logic approach to implicit computational
complexity, through the design of type assignment systems based on light linear logic,
or heavily inspired by them, with the purpose of giving a characterization of one
or more complexity classes, through variants of A-calculi which are typable in such
systems.

In particular, we consider both a monovalent and a polyvalent perspective with
respect to ICC. In the first one the aim is to characterize a hierarchy of complexity
classes through an elementary A-calculus typed in Elementary Linear Logic (ELL),
where the complexity depends only on the interface of a term, namely its type. The
second approach gives an account of both the functions computable in polynomial
time and of strong normalization, through terms of pure A-calculus which are typed in
a system inspired by Soft Linear Logic (SLL); in particular, with respect to the usual

44'77

logical perspective, in the latter we erase the modality in favour of employing
stratified types as a refinement of non-associative intersection types, in order to
improve typability and, as a consequence, expressivity.

Finally we explore the use of intersection types, deprived of some of their usual
properties, towards a more quantitative approach rather than the usual qualitative
one, namely in order to compute a bound on the computation of pure A-terms,

obtaining in addition a characterization of strong normalization.

vil






Riassunto della tesi

Lo studio della complessita implicita (ICC) si pone come obiettivo la caratte-
rizzazione di classi di complessita tramite dei linguaggi di programmazione o delle
logiche, senza fare alcun riferimento esplicito a limiti di risorse (ad esempio tempo o
spazio di memoria). In questa tesi viene studiato 'approccio della logica lineare alla
complessita implicita. L’obiettivo & quello di dare delle caratterizzazioni implicite di
classi di complessita, attraverso delle varianti del A-calcolo che siano tipabili in tali
sistemi.

In particolare, consideriamo sia una prospettiva monovalente sia una polivalente
rispetto all’ICC. Nel primo caso, l'idea ¢ di dare una caratterizzazione una gerar-
chia di classi di complessita attraverso un A-calcolo elementare tipato nella logica
lineare elementare (ELL), in cui la complessita dipende solamente dall’interfaccia
di un programma, ovvero il suo tipo. Il secondo approccio, invece, si propone di
caratterizzare sia le funzioni calcolabili in tempo polinomiale sia la normalizzazione
forte, attraverso termini del A-calcolo puro a cui viene assegnato un tipo tramite un
sistema ispirato alla logica lineare Soft (SLL); in particolare, rispetto all’approccio

“I” a favore dell’utilizzo di tipi stratificati, visti

logico, qui abbandoniamo la modalita
come un raffinamento dei tipi intersezione non associativi, con il fine di aumentare la
tipabilita e, come conseguenza, I’espressivita.

Infine, esploriamo 1'utilizzo dei tipi intersezione, privati di alcune delle loro proprieta
abituali, in una direzione quantitativa piuttosto che il classico approccio qualitativo,
con il fine di calcolare un limite per il calcolo dei A-termini puri, ottenendo nello

stesso tempo anche una caratterizzazione della normalizzazione forte.
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Résumé de thése

La complexité implicite (ICC) vise & donner des caractérisations de classes de
complexité dans des langages de programmation ou des logiques, sans faire référence
a des bornes sur les ressources (temps, espace mémoire). Dans cette thése, nous
étudions 'approche de la logique linéaire & la complexité implicite. L’objectif est
de donner des caractérisations de classes de complexité, & travers des variantes du
A-calcul qui sont typables dans de tels systémes.

En particulier, nous considérons a la fois une perspective monovalente et une perspec-
tive polyvalente par rapport & 'ICC. Dans le premier cas, le but est de caractériser
une hiérarchie de classes de complexité a travers un A-calcul élémentaire typé dans
la logique linéaire élémentaire (ELL), ou la complexité ne dépend que de l'interface
d’un programme, c’est a dire son type. La deuxiéme approche rend compte a la fois
des fonctions calculables en temps polynomial et de la normalisation forte, & travers
des termes du A-calcul pur qui sont typés dans un systéme inspiré par la logique
linéaire Soft (SLL) ; en particulier, par rapport a approche logique ordinaire, ici nous

13 '77

abandonnons la modalité en faveur de 'emploi des types stratifiés, vus comme
un raffinement des types intersection non associatifs, afin d’améliorer la typabilité et,
en conséquence, l'expressivité.

Enfin, nous explorons 'utilisation des types intersection, privés de certaines de leurs
propriétés, vers une direction plus quantitative que ’approche qualitative habituelle,
afin d’obtenir une borne sur le calcul de A-termes purs, en obtenant en plus une

caractérisation de la normalisation forte.

xi






Acknownlodgments

I would like to thank my supervisors, Simona and Patrick, for accompanying me
through this journey, as well as Ugo and Jean-Yves who kindly accepted to review
this thesis.

I would like to thank my family for their continuous support and enthusiasm.

Last, but not last, I would like to thank Alberto for his infinite patience and
support through my ramblings and all the months spent abroad, and for never giving

up on me.

* This work was supported by the LABEX MILYON (ANR-10-LABX-0070) of
Université de Lyon, within the program Investissements d’Avenir (ANR-11-IDEX-
0007) operated by the French National Research Agency (ANR).

xiii






Chapter 1

Introduction

The careful control of resource usage has gained more and more importance in
the field of computer science, due to the growing difficulty of problems that we wish
to solve, and for which the time and the storage needed to compute are often the
essence (and money).

Such aim has spurred a continuous growth in the study of computational complexity
and on the classification of algorithms, based on the time or space they require
in order to produce an output. In particular, only a subclass of the computable
problems are of practical interest from a computer science point of view, while
the remaining ones are called intractable, because of the tremendous amount of
resources they require for their computation when supplied with a large enough
input; in order to tackle such problems, or at least some recurring cases of them, a
range of non-deterministic algorithms has been proposed, such as probabilistic and
approximation algorithms, whose underlying idea is to sacrifice the accuracy of the

result in exchange for a more careful exploitation of both time and space resources.

The main issue concerning the inherent difficulty of a problem is the fact that it
does not depend on the particular language in which the program is written, nor on
the machine on which the algorithm itself is run: in fact, by considering larger and
larger input’s sizes, it is easy to see that intractable problems would require amount
of resources sometimes surpassing the very age of the Universe! Since any problem
can be classified regardless of its code or the support upon which it is executed,
the theory of computational complexity is mainly studied on a given computational
model, such as the Turing machine [Sip97|. Indeed, by the Church-Turing thesis it is
a commonly accepted fact that all Turing-complete models are equally powerful, in
the sense that any problem, which is computable on a given computational model,
is also computed by a Turing machine: most importantly, the computation can be
performed on a Turing machine with only a polynomial overhead with respect to the

time of execution required on most computational models. Because Turing machines
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are also prone to be easily analyzed in a formal way, such model is usually chosen as
the principal model in complexity theory.

Nonetheless, classical complexity theory presents some shortcomings, mostly
deriving from the fact that it is based on a particular computational model: this
ultimately means that the complexity measure is in a sense “given” from outside,
exposing the fact that a proof of complexity is not so easily formalised. Moreover, it
is a well known fact that if there is a Turing machine with two tapes representing
some algorithm, then a Turing machine with one tape can be built, doing essentially
the same job with a negligible increase in computation time [Pap94|. It is clear,
based on such premises, that writing a formal proof becomes quite the challenge.

For these reasons, the idea arose of turning to formal methods in order to give a
proper account of complexity classes and their properties, in a way which is ideally
independent on any machine model: this allows to give an implicit characterization of
complexity classes, through the design of systems where the complexity of programs
is statically verified, beside their usual correctness criterions.

In the following subsections we introduce the main ingredients of such approach,
which can be found in certain refinements of classical and intuitionistic logics, and
also in the use of the simplest paradigmatic functional language, that is A-calculus.
We then give a brief review of the state of the art concerning implicit computational
complexity. A short history of intersection types and their recent use for proving
quantitative properties of programs follows. We conclude with an overview of the

content of this thesis.

1.1 Girard’s linear logic

Intuitionistic (or constructive) logic was introduced as a restriction of classical
logic, where the excluded middle and the involution of the negation are no more
provable; as a result, the notion of truth in classical logic is no more applicable:
indeed, a propositional formula of intuitionistic logic is considered true only if there
is an object demonstrating its existence, that is, a constructive proof of the formula
itself.

The constructivism of such logic is particularly suited for computer science, moreover
so since the Curry-Howard correspondence relates the proofs of intuitionistic logic
to programs written in some functional language. In practice, this means that
constructive proofs can be rewritten as functional programs, which in turn can
be run: indeed computation corresponds to the cut-elimination procedure in the
case of sequent calculus, or to reduction of a proof to normal form in the case of
natural deduction. It is then possible to study the computational complexity of such

proofs-as-programs simply by examining their reduction steps.
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Linear logic was introduced by Girard [Gir87] with the aim of combining the

inherent duality of classical logic with the constructive nature of intuitionistic logic,
the latter allowing to extract programs from proofs, so proving to be of great interest
in particular for computer science.
The intuition behind this new logic comes from the need of a more careful handling
of resources, something both classical and intuitionistic logic lack. In particular,
unrestricted weakening and contraction were the main problems to overcome: indeed,
not all resources are infinite in nature, on the contrary most of them are consumed
and thus they are not available anymore after usage. In order to achieve this effect,
Girard proposes a careful restriction of the so-called structural rules: indeed, these
can no more be disregarded as meaningless, but are to be treated explicitly in order
to gain a finer control on the number of premises needed to prove a formula.

Such proposal has the immediate consequence of splitting each binary connective
of classical logic in two connectives, respectively an additive and a multiplicative
one: A becomes & and ®, while V becomes @& and %. However, the additive and
multiplicative fragments of linear logic are not very interesting from the point of
view of the cut-elimination procedure: indeed, cut-elimination can be carried out
in a linear number of steps with respect to the size of the proof, so the programs
which we can extract from such proofs are not very interesting from a computational
complexity point of view.

In order to overcome this lack of power, one has to consider the structural rules,
allowing duplication and erasure in cut-elimination, but also the rules for dereliction
and promotion, which allow to control such duplications. To this aim, Girard
introduces the exponentials | and 7, as a way to gain expressivity in a controlled
manner. This marks a clear distinction between consumable (or linear) and reusable
resources, as the former disappear after they are used, while the latter -duly marked-
can be thought of as being available in an infinite number of copies. This is clearly a
big advantage to be exploited, as exponentials allow for much more expressivity: for
this reason, the exponential fragment of linear logic is most useful when linear logic

is used as a tool for the study of computational complexity.

1.2 Type assignment systems for \-calculus

Alonzo Church proposed the formal system of A-calculus (see [Bar84|) in the 30s,
in order to give a formal account of functions and the means to compute them. Such
calculus is based on a formal language endowed with a set of rewriting rules; the terms
of the language are variables, abstractions (representing functions) and applications
(representing applications of functions to their arguments), while the usual reduction

rule allows the computation of a function simply through the substitution of the
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MN =z | e M| MN  where x € Var

Figure 1.1: Syntax of pure A-calculus.

argument of an application into the body of the function, which may be triggered
when some condition on the redex is met (see [RP04] for a survey of the parametric
A-calculus).

This calculus, although very basic, is Turing complete, in the sense that it allows
to capture all computable functions. Such fact, combined with the elegance and
simplicity of the language, has made it so that A-calculus is commonly accepted as
the paradigmatic programming language in the functional setting, on which later
functional languages such as LISP, ML and Haskell have been based: the functional
core of all these languages share some common features, such as programs representing
the nested evaluation of functions and the absence of side effects, in the form of

storing and fetching of values into and from memory.

The A-calculus has gained even more attention after the Curry-Howard isomor-
phism was proposed, relating it to the natural deduction formulation of intuitionistic
logic, and so giving way to strongly typed languages: indeed, the logic becomes
a type assignment system for the language, where hypotheses and formulas corre-
spond respectively to free variables and types, while implication elimination and
introduction correspond to application and abstraction respectively. This intuitively
means that the shape of a proof in natural deduction can be ‘“read” from the term, so
linking the structure of a derivation with the programs typed by it and allowing such
programs to inherit the good properties of the logic, like termination and correctness:
this allows to capture only a proper subset of the A-terms displaying some desirable
properties of “sensible” programs, that is, those programs which always produce an

output and never go wrong during execution.

There are mainly two versions of the typed standard A-calculus, due to Church
and Curry respectively. In Church-style A-calculus, only well-typed terms (so typing
derivations) are assigned a meaning, in the sense that the type of the formal parameter
of an abstraction is explicitly annotated on the term, so terms differing only by type
annotations can be assigned different meanings. On the other hand, in Curry-style
A-calculus the terms are assigned a meaning independently on their typing, so they
are interpreted as they would in an untyped setting. See [BDS13] for an extensive
survey of typed A-calculus and its applications. In this thesis we will focus on

Curry-style A-calculus (see Figure 1.1).
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1.3 Implicit computational complexity

The idea of using a (functional) programming approach to complexity theory is
explored in [Jon97; Jon01], where complexity classes are the mean to characterize
the expressivity of some features of programming languages, such as constructors
and control flow structures.

The interest behind an intrinsic definition of complexity classes is twofold:

e from the computational complexity point of view, they offer characterizations

of complexity classes which are not tied to machine models;

e from the programming languages point of view, they allow to analyze the
impact of various programming features (such as higher-order types, recursive

definitions or I/O operations) on complexity.

Such intuitions form the basis for the research line of implicit computational complexity
(ICC), whose goal is to study complexity classes without relying on explicit bounds
on resources, but instead by considering restrictions on programming languages and
calculi. A very early work in this direction [Cob65| shows that the class of functions
which are definable by bounded recursion on notation and basic operations on binary
words is exactly the class of polynomial time computable functions.

A pervasive concept in the field of implicit complexity is that of stratification,
meant as the distribution of the computation over different strata. This notion is
the foundation of several systems: ramified and safe (or tiered) recursion [Lei94;
BC92|, in which the variables of a function are divided into strata and the results
of recursive calls are only allowed to be processed via certain strata, in order to
prevent unwanted recursion; stratified comprehension [Lei02], where strata are used
for quantification and the classification of first order set-existence by implicational
rank yields a natural hierarchy of complexity classes inside the class of elementary
functions; various restrictions of linear logic [Gir98|, where programs are divided into
strata by the modality ! and the complexity of the normalization procedure depends
on the depth of such strata. Stratification of variables into different strata is also
involved in secure flow information analysis, where the flow of information from lower
to higher strata must be forbidden in order to satisfy a non-interference condition
[Marl1].

In this line of work, a distinction can be made between monovalent characterizations,
in which one language corresponds to one given complexity class, and polyvalent
characterizations, in which the language allows to capture several complexity classes.
The first approach is further analyzed in the next section. As for the latter, some
examples of polyvalent characterizations are given by [Jon01; Lei02] which capture
the family of classes k-EXP, for k£ > 0, and in [Red13], where a stratified version of



6 CHAPTER 1. INTRODUCTION

combinatory logic is used in order to prove that the subsystem restricted to the levels

less than or equal to k 4+ 1 characterizes k-EXP, so in particular PTIME when k& = 0.

1.3.1 Linear logic in ICC

As introduced in the previous sections, the linear logic approach to ICC is based
on the proofs-as-programs correspondence of the Curry-Howard isomorphism. Linear
logic provides a powerful system to analyze the duplication and sharing of arguments
in typed A-calculus and thus in functional languages: indeed, if a formal parameter
occurs many times in a A-abstraction, then the reduction of a term containing an
application of such function can very well cause a complexity explosion. For this
reason, the idea is to use weak versions of !, in order to restrict the set of well-typed
terms and characterize complexity classes.

The use of exponentials can be restricted so as to limit the set of formulas which
can be proved in the system, thus characterizing different classes of functions. Some
subsystems of linear logic, called light logics, have been studied from the point of
view of the complexity of the cut-elimination procedure.

In order to obtain such characterization, one usually considers some encoding of
data (for example Church numerals or booleans) and then proceeds to show that the
system is sound and complete with respect to the functions in a given complexity
class (or a hierarchy of classes), where terms of the language are functional programs
representing the desired functions, whose type is in accord with the definition of the

chosen datatypes.

Monovalent characterizations Among the so-called light logics, Elementary
Linear Logic (ELL) [Gir98; DJ03| has a very simple syntax and it aims to characterize
(in the proofs-as-programs sense) the class of elementary functions, that is those
functions computable in time bounded by a tower of exponentials of fixed height.
Both Light Linear Logic (LLL) |Gir98| and Bounded Linear Logic (BLL) |[GSS92]
characterize the complexity class of polynomial time functions, but the syntax of
both logics is slightly more complicated due to the presence of a second modality in
LLL and of explicit polynomials in BLL. Another proposal in this sense came from
Lafont [Laf04] and his Soft Linear Logic System, where only the ! modality is needed
and the control of both contraction and weakening is maintained by the multiplexor
rule.

Such logical systems can be adapted to act as type assignment systems for (variants
of) A-calculus or other functional languages, transferring the time complexity bounds
from the logical derivation to well-typed programs.

For some subsystems of linear logic, a decoration with A-calculus has been given,

with the aim of relating the number of reduction steps of the logical derivations
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with the complexity of the normalization procedure of a term, that is, the resources
needed in order to completely evaluate a term. In particular there are already two
proposals in this direction: the system DLAL [BT04], whose types are a proper subset
of formulae of LAL [AR02]|, a simplified affine version of LLL, and the system STA
[GRO7], whose types are a proper subset of SLL formulae. On a similar note, in
[MA11] the authors design an elementary A-calculus typed in ELL, endowed with
both the ! modality and a let construction, which is then extended to a setting of

concurrent parallel threads with references.

Polyvalent characterizations The polyvalent characterization from which we
take most inspiration is given in [Baill|, in which the author offers a sound and
complete characterization of k-EXP for k > 0 through ELL. Here proof-nets are the
programming language of choice: such construct is essentially a representation of
proofs as graphs, where nodes represent rules and edges represent formulae, which

are useful in order to reason about cut-elimination.

1.3.2 Extensional completeness of logic-based systems

When speaking about extensional completeness of a language with respect to
some complexity class, we mean that for each function in such class there is at least
one program in the language representing it. However, all languages which are typed
in a logical system (such as the ones mentioned above) suffer from a common lack
of expressivity, due to the constraints imposed by the underlying type assignment
system, in the sense that they are able to capture only a subset of all the algorithms
representing a function in the desired complexity class.

Ideally, we are interested in identifying some criteria which allow to type more
and more programs, as long as the complexity bound is met, in order to obtain more
intensional expressivity.

In this direction, one possible approach is to enrich the features offered by the
programming language, such as higher-order types, polymorphism and the handling
of exceptions. This idea is explored in [Hof99|, where the author proposes a typed
A-calculus with unrestricted recursion operators, based on the observation that some
usually rejected programs actually do not increase the size of their input, since their
repeated iteration does not break the polynomial time bound.

In [CS12] an extension of STA is given, where A-calculus is enriched with some features
like ML-polymorphism. In [BGM10] the authors propose a typed extension of DLAL,
resulting in a more user-friendly and modular language called LPL which features
pattern-matching and recursive definitions, while ensuring the polynomial bound

through the rejection of exponential recursive definitions.
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1.4 Intersection type systems for complexity

If one wants to maintain pure A-calculus as programming language, one possible
approach, which is extensively explored in this thesis, is to enrich the typing system
in order to expand the class of terms which can be typed in it, and thus the expressive
power of the language itself: a natural tool to this aim can be found in intersection
types [CD80|.

The formulae-as-types correspondence can be trivially extended with the logical
conjunction, by endowing the pure A-calculus accordingly with a pair constructor
and two pair selectors. In this case, the associated reduction rules of introduction
and elimination of a pair correspond to the typing rules for the newly introduced
constructs.

The idea of intersection types stems from the observation that the conjunction can
also be interpreted in a way which is not related to the Curry-Howard correspondence,
in the sense that a term might be assigned many types at the same time, that is, an

intersection of types:

'FM:0 THFM: 7 I'EM:oNT T'FM:oNT
'FM:oAT (M) '-M:o (AEY) (AE;)

Figure 1.2: Derivation rules for A.

Clearly, such type constructor does not correspond to any logical connective in the
formulae-as-types correspondence: if a term is assigned an intersection type o A7, then
the same term must be typable both by ¢ and 7; this means that the subderivations
typing the term must have exactly the same structure, a meta-condition which would
no more be expressed if the type assignment system were stripped off the calculus.

The basic type assignment system is obtained by endowing the simply typed
A-calculus with the rules of Figure 1.2, and has been proven to be sound and complete
with respect to the class of strongly normalizing A-terms, that is, the terms whose
normalization procedure terminates regardless of which reduction strategy is used.
Moreover, with the introduction of a universal type w and of a partial order relation,
the resulting typing system characterizes the class of normalizing terms, that is, the
terms for which there exists a reduction sequence to normal form. See [DCGL9S8| for
a review of intersection types.

Historically, intersection types are considered modulo the three equations given in
Figure 1.3. Indeed, intersection types were born with the aim of studying qualitative
properties of A-terms, such as solvability, normalization and strong normalization.
Lately, however, the interest has shifted towards less standard formulations of the

intersection types discipline, that is, intersection types enjoying various combinations
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oANo =0 (idempotence) (1.1)
oANT=T1Aoc (commutativity) (1.2)
(cAT)Ap=0cA(TAp) (associativity) (1.3)

Figure 1.3: Properties of intersection types.

of the three properties shown in Figure 1.3. In fact, by considering non idempotent
or non associative intersection types, it is possible to reason also about quantative
properties of terms, such as bounds on the number of normalization steps or on the

size of the normal form with respect to the initial term or derivation.

In particular, non idempotent intersection types (see [CDCV80]) seem to be
suited to this purpose, since they retain a precise information about the number of
copies of a term which will be needed during reduction. In [Kfo0O] non idempotent
intersection types are related to linear reduction through a linearization of A-calculus,
where all copies of the argument of a function are explicitly written in the term,
with the aim of showing the characterization of strongly normalizing A-terms by a
type assignment system of intersection types. In [KWO04], the authors employ non
idempotent intersection types in order to design a unification-based type inference
algorithm, which finds the principal typing of a term when a finite-rank restriction of
the typing system is considered. Moreover, a quantitative approach is taken in [KV14],
where the authors consider a typing system of non-idempotent intersection types
in order to characterize linear-head, head, weak and strong normalization through

linear substitution calculus, namely a typed calculus with explicit substitutions.

Recently, non idempotent intersection types have been used [PR10] to characterize
the solvability of A-terms in a variant of the calculus which allows to model resource
consumption, where the arguments of a function are represented as finite multisets

of (either linear or reusable) resources.

Both [dCa09] and [BL11| offer some insights about complexity of reduction
through non idempotent intersection types: the former relates the size of a type
derivation to the number of steps required to execute a term, using Krivine’s ma-
chine as computational model, while the latter gives a bound on the size of the
longest reduction sequence, which can be read from explicit labels written over type

derivations.

Following the direction suggested by these works, in this thesis we propose several
uses of intersection types for quantitative purposes, one of which marks the first use

of intersection types in the ICC setting.
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1.5 Content of this thesis

The present manuscript focuses on the characterization of complexity classes
through type assignment systems, based both on light linear logics and intersection
types; moreover, we use intersection types with the aim of studying both quantitative
and qualitative properties of A-terms. In the following, we offer a brief overview of

the content of each chapter.

Chapter 2: A polyvalent characterization of the k-EXP hierarchy through
an elementary A-calculus typed in ELL. We consider a version of pure A-calculus
extended with the ! modality. For the normalization of the application of a program
to a binary word up to a given stratum, we prove a complexity result in terms of a
bound on both the number of normalization steps and the size of the resulting term.
In order to obtain a characterization of the desired hierarchy for both predicates
and functions, we introduce a type assignment system assigning formulae of ELL to
well-formed terms of the calculus. We show a correspondence between the complexity
class of k-EXP and all such programs whose output type’s depth depends on k, thus
effectively giving a characterization of the whole hierarchy of classes k-EXP, for both
predicates and functions. Moreover, we supply another characterization of functions
based on a representation of binary words through pairs, which allows to capture
some new properties of complexity classes such as the closure of FPTIME with respect

to composition.

Chapter 3: A monovalent characterization of FPTIME through stratified
types. Starting from the STA system, we design a type assignment system for pure
A-calculus where the ! modality is substituted by stratification of types, that is,
by a non associative version of intersection types. The distinctive trait of such a
construction is the fact that the nesting of a type maintains a trace of its stratification
history, in order to prevent idempotence from erasing any quantitative information
from types. Such type system, named STR, guarantees both the usual correctness
and the complexity bound for the calculus typed in it; indeed, both STA and STR
characterize the class FPTIME, but the latter is much more expressive in that (as
usual intersection types systems) all strongly normalizing terms are typable, while in
STA only a strict subset of them is accepted. This result marks the first work in the
ICC field making use of intersection types; moreover, here we extend the result given
in [BPS03|, where the authors prove the equivalence of simple types and intersection
types with respect to the class of function represented by typed terms: in particular,
we show that soft types and stratified types allow to characterize the same class of
functions, yet stratified types entail more expressivity in the sense that they allow

more programs to be typed.
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Chapter 4: Bounding normalization of A\-terms through non idempotent
intersection types. It is well known that leaving out the idempotence property
is enough in order to recover some quantitative properties of A-terms: indeed, since
the number of copies of an argument is written in its type, the derivation contains
all necessary copies of it and so the derivation shrinks at each reduction step. The
system we consider is similar to the previous one, where the non associativity is
dropped in favor of a flat, non stratified construction of types. By adapting the
usual notion of strata to this setting, we bound the number of normalization steps
and the size of the normal form of a term with respect to the size and the depth of
the initial term; in order to prove this result, we consider a definition of weight of
a derivation depending on the number of premises contracted by each application
of the multiplexor rule, so achieving a more interesting bound than the naive one

resulting from the standard definition of size.






Chapter 2

Characterizing exponential
complexity classes through

elementary A-calculus

Elementary linear logic (ELL) is a light linear logic which was introduced in order
to give a monovalent characterization of elementary complexity, namely computation
whose time (or space) is bounded by a tower of exponentials of fixed height. In
[Baill], the author shows that it is also possible to use ELL, extended with a type
fixpoint, in order to give a polyvalent characterization of the complexity classes
of problems k-EXP, for k£ > 0, and in particular to capture the class PTIME when
k = 0; this result is achieved by proving that each complexity class corresponds to
proofs whose conclusion depends on the parameter k. Such results are proved on
proof-nets and rely on a precise analysis of their normalization procedure, thus their
understanding requires a certain background knowledge in this field; furthermore,
the characterization is limited to the class of predicates k-EXP, since the author uses
a semantic argument which cannot be trivially adapted to the case of functions.

In this chapter we recast the methodology of !-stratification in the more standard
and widely known setting of A-calculus, in order to show that the resulting simple
language is sufficient to obtain a polyvalent characterization not only of the hierarchy
of problems k-EXP, but also of the hierarchy of functions k-FEXP, for k£ > 0.
Observe that the results of [Baill] cannot be trivially extended to A-calculus by con-
sidering a straightforward translation of A-terms into proof-nets, since cut-elimination
cannot be directly simulated by reduction: indeed, the proof of the complexity bound
in the case of proof-nets follows a specific cut-elimination strategy; moreover, it uses
a partly semantic argument. For such reasons we need to define some new measures
on terms, which are not adapted from proof-nets, in order to give a direct proof

of the same result in A'-calculus: we believe that this A-calculus-based approach

13
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may be of help in revealing the underlying working principles of ELL and in building
characterizations of other complexity classes.

A nice aspect of this system, with respect to former polyvalent characterizations
[JonO01; Lei02], is the fact that the complexity bound can be deduced by looking only
at the interface of the program, namely its type, without referring to its constructions
steps. Moreover, we distinguish the respective roles played by the syntactic aspect
(well-formedness) and the typing; this allows us to illustrate how types can provide
two different characterizations of the class k-FEXP, based only on the use of different
datatypes, and it could prove to facilitate the possible future usage of such elementary

M-calculus with other typing systems.
Previous related works on ELL [Gir98; DJ03; Maz06; DL09| are all carried out

in the setting of proof-nets. Other syntaxes have since then been investigated: in
[Ter07; MA11] the authors propose each a specific term calculus corresponding to
LLL and ELL respectively; in [CDRO8]| the standard A-calculus is typed with a type
system derived from ELL but, in order to maintain the stratification property, the
call-by-value paradigm of reduction has to be assumed.

Our elementary A'-calculus is similar in its syntax to the one of [RR97; DMZ10],
while our type assignment system is clearly inspired by [CDROS|.

Outline of this chapter We begin with the definition of an elementary A-calculus
(Section 2.1), which is a variant of pure A-calculus with an explicit account of the
! modality, and we consider the subset of all such terms satisfying a given well-
formedness condition. The stratification of the computation then allows to obtain
an elementary complexity bound when applying a well-formed program to a data:
namely, the k-approximation of the computation can be performed in time bounded
by a tower of 2’s of height k, whose exponent depends on the size of the supplied
data. Nevertheless, in order to characterize complexity classes we must consider
both a complete computation and the shape of the result. For these reasons we
introduce a type assignment system (Section 2.2), inspired by ELL, such that all
well-typed terms are also well-formed and functions are characterized by their type:
the result is a sound and complete characterization of k-EXP and k-FEXP, for k > 0,
and in particular each hierarchy of complexity classes corresponds to a hierarchy
of types depending on k. However, the latter characterization of functions is a bit
disappointing, in the sense that it is does not account for the compositional closure of
the complexity class FPTIME; in order to overcome this issue, we propose a different,
maybe less natural typing for functions, which allows to compose programs whose
interface (type) corresponding to the FPTIME class (Section 2.3). Finally, we show

how such newly defined type can be employed fruitfully in order to characterize other
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complexity classes (Section 2.4). The core of the current chapter is presented in

[BDR14].

2.1 The elementary A-calculus

2.1.1 Language of terms and term contexts

We introduce an elementary A-calculus, which adds to ordinary A-calculus a
l-modality and distinguishes between two notions of A-abstraction. The language of

terms is defined by the following grammar:
MN =z | e M | Nz M| MN ||M

where, as usual, x ranges over a countable set of term variables Var. The set of terms
is denoted by A'. The language itself is not new [RR97; DMZ10]; however, in the
sequel we will focus our attention on a strict subset of terms, for which a specific
condition of well-formedness holds.

As usual, terms are considered up to a-equivalence and the symbol = denotes
the syntactic equality modulo such renaming. Moreover, we assume the so-called
variable convention, that is, all bound variables are different from the free variables,
so that capture of free variables is prevented after substitution.

The usual notions of free variables, substitution and number of occurrences hold:

Definition 1 (Free variables).
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Definition 2 (Substitution).

N  ifx =
YN /] - fe=y
Y otherwise
()\yM)[N/x} _ )\y(/\/l[/\//x]) nyng(N)
Az.(Mz/y])IN/x])  otherwise
Ny M)N /2] = A;y-(MW /x]) ify ¢ F.‘V(,/\/’)
Nz ((Mlz/y))[N/x])  otherwise
MPN/z] = MIN/z]|N/z]

(MW /) = WMN/a])
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Definition 3 (Free occurrences).

1 ifx=y
no(:l?,y) -

0 otherwise
no(z, \y. M) = no(x, M) wherexz #y
no(z, N'y.M) = ng(x, M) wherex #y
no(z, MP) = mno(x, M)+ no(x,P)
no(z, M) = ng(z, M)

In the following, we use the notation ! as a short for !...!.

i
We consider the class of term contexts, with possibly several holes, generated by

the following grammar:
C:=0lz| xC|NzC|CC|C

where the symbol [ represents the hole in the term context. A context containing a
single hole is a simple context.

Let C be a context having n holes, for n > 1: then C[N]...[N,] is the term
obtained by plugging the term A into the j-th hole of the context (1 < j <n),
where the holes are assumed to be ordered from left to right. If n = 1, then the case
is that of a simple context.

Observe that, as usual, capture of variables may occur.

We define an occurrence of a term A in M as a simple context C such that

M = C[N]; in practice, we will simply write A/ for the occurrence, if there is no

ambiguity, and call it a subterm of M.

2.1.2 Measures of stratification

The notion of depth in proof-nets of light logics is crucial in order to obtain a
bound on the cut-elimination procedure. Also in elementary A-calculus we need
some measure of stratification, in order to study how the computation evolves over
different strata.

Let M be a term, and let C be a simple context such that M = C[N] for some term
N

Definition 4 (Depth of a simple context). The depth of a simple context C, denoted
by 6(C), is defined by induction on C as follows:

~§(0) =0;
-5l = 6(C);

- s(\a.C) = 6(C);
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- 5(C'Q) = 5(C);
- 5(PC) = 5(C');
- 5(1C) = 5(C) + 1;

Observe that, intuitively, the depth of an occurrence C is the number of !s
enclosing the hole of the simple context C.

Such notion of depth can be generalized to the case of a multi-hole context:
Definition 5 (Depth of a multi-hole context).

- C[_liy---[_ )i, denotes a context having n > 0 holes, the j-th hole being at depth
i; € N; moreover, C[N1i,...[Nyli, is the term obtained by plugging the term N
into the j-th hole of the context (1 < j <n).

-C|l_, ..., |i, where the symbol _ occurs n > 0 times, denotes a context hav-
ing exactly n subterms at depth i € N, all of which are holes; moreover,
C|Ni,...,;Nnli is the term obtained by filling the context C|_, ..., |; with the
terms N1, ..., Ny, where holes are intended to be ordered from left to right.

Observe that, given a term M and an integer 4, there is a unique context C such

that M = C| N7, ..., Np i

Example 1. Let M = (N z.ylz! (N 212, where I = Ax.x: then M = C|x, N2z, 1],
where C = (Nz.y'0!0)!0,
Note that any other representation of M through a context of depth 1 does not satisfy

the constraints of the definition.

Informally, we often write that a term N is at depth ¢ in M, for some i > 0,
whenever there is a context C such that M = C[N];. The notion of depth of a term

comes directly from the definition of depth for a proof-net:

Definition 6 (Depth of a term). The depth of a term M, denoted by §(M), is

defined by induction as follows:
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The depth of a term M can also be thought of as the maximal nesting of !s in
M, that is, the maximum depth of all simple contexts C such that M = C[N] for
some subterm A of M.

Example 2. Let M =!((Az.x) ly ly): then we have §(!((Az.x) 'O ly)) =3 and
S(/((Az.x) Ny 100)) = 2; moreover, 6(M) = 3.

2.1.3 Dynamics of elementary A-calculus

The reduction — is the contextual closure of the following rewriting rules, which

are naturally induced by the two notions of abstraction in the language:
A MIN — M[N /2]  (Bredex)  (NaM)IN — M[N /2] (I-redex)

Observe that a term of the shape (\'z.M)P is a redex only if P =!I\ for some
term N; otherwise such application, also called a block, cannot be reduced.
A redex (Az.M)N or (\'z.M)IN is erasing if 2 ¢ FV(M)

The intuition underlying these two kinds of redexes is that a A-abstraction expects
an input at depth 0, while a A'-abstraction expects an input at depth 1. Therefore,
while the former reduction may be fired regardless of the shape of its argument, for
the latter it is required that the argument is (at least) at depth 1.

If R is a redex at depth i in M, then there is a simple context C such that
M =C[R]; and §(C) = i, where R is either a § or l-redex. Intuitively, —; denotes a
reduction of a redex at depth i; the notation -+ (—;) stands for the reflexive and
transitive closure of — (—;).

We denote by nf; the set of terms in i-normal form:

Definition 7 (i-normal form). The set nf;, for i € N, is defined by induction on i

as follows:
o fori =0

- x € nfy for every x € Var;

- for every N € N', if N € nfy then \z. N € nfy;

- for every N € A', if N € nfy then N'a.N € nfy;

- for every {P1,...., Py C A andn > 1, if P; € nfy (1 < i < n) then
2P1.. P, € nfy;

- for every {P,N'} C A' such that N #Q, if P € nfy and N € nfy then
(M2 P)N € nf;

- IN € nfy.

o fori > 0, for every M € A' such that M = C|N1,..., Ny i, if Ni € nf
(1<i<n)and M € nf;_1 then M € nf;.
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Informally, a term is in ¢-normal form if and only if it does not contain any redex
at depth less than or equal to i. As a consequence, M is in normal form if and only
if it is in 6(M)-normal form.

Among the terms of elementary A-calculus, we restrict our attention to a specific

subclass of terms which is inspired by elementary linear logic (ELL):
Definition 8 (Well-formed term). A term M is well-formed if and only if:
- for any subterm Ax. N of M, x occurs at most once and only at depth 0 in N;

- for any subterm X'z N of M, x occurs any number of times and only at depth

1in N.

Note that the abstraction A is a (affine) linear one.

Consider a well-formed term Az.M; by Definition 5, if z € FV(M) then there is
a context C such that either M = Clz]gp or M =C|z,...,xz|1, where z occurs n > 1
times in the latter. Moreover, in the first case M[N /x| = C[N]o, while in the second
case M[N /z] =C|N, ..., N |1, for every term N.

The motivation behind the definition of well-formed terms is that the depth of
a subterm in a well-formed term does not change after reduction, even though the
subterm itself might be duplicated: therefore, since a A-abstraction expects an input
at depth 0 and its bound variable is at depth 0, the substitutions occur at depth 0;
on the contrary, a A'-abstraction expects an input at depth 1 and its bound variable

occurs at depth 1, so the substitutions occur at depth 1.
Example 3.

e M.z is not well-formed, because x is bound by a X and it occurs at depth 0;
indeed this term corresponds to the linear logic principle |A —o A (dereliction),
which is not valid in ELL.

o Mz is not well-formed, because x is bound by a X' and it occurs at depth 2:
again, this term corresponds to the principle |A —ol\A (digging), which is not
valid in ELL.

e \x.lz is not well-formed, because x is bound by a A and it occurs at depth 1:
this term corresponds to the principle A —olA, which holds neither in linear logic

nor i ELL.

o AfAx.f(fx) is not well-formed, because f is bound by a X and it occurs twice;

this term represents the Church integer 2 in ordinary A-calculus.

o Nfl(\x.f(fx)) is well-formed: note that it is obtained from the term above
by replacing the X binding f by a X' and by adding a ! in such a way that the

occurrences of f are at depth 1.
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The class of well-formed terms is preserved by reduction:

Lemma 1. If M is a well-formed term and M — M’, then M’ is a well-formed

term; moreover, the depth of a subterm occurring both in M and M’ does not change.

Proof. Let M = C[R], where R is either a S-redex or a !-redex; the proof proceeds
by induction on C.

Let C = 0. If M = (Az.P)Q, the well-formedness condition on M implies that =
occurs at most once at depth 0 in P. Let us consider the non-trivial case P = C'[z]o:
then the contractum M’ = P[Q/x] = C'[Q] is such that Q is at depth 0, and so the
depth of any of its subterms does not change; otherwise, if M = (\'z.P)!Q, then
occurs (possibly) more than once in P at depth 1. Let us consider the interesting
case P =C'|x,...,z|1: then the contractum M’ =P[Q/x] =C'|Q,..., Q] is such
that every copy of Q is at depth 1, so the depth of its subterms does not change. In
both cases, P and Q being well-formed terms imply M’ is also well-formed.

Now let C = \y.C’, so M = \y.C’'[R]. By induction hypothesis C'[R] — C'[R/]
implies C'[R'] is well-formed and the depth of the (possibly missing) occurrence of y
in C'[R] does not change after reduction: therefore Ay.C'[R’] is a well-formed term
and the depth of its subterms does not change.

The case of C = A'y.C’ is similar; all the other cases follow easily by induction.

O

From this moment forward, we only consider the subclass of well-formed elemen-
tary A-terms and we refer to it as A'-calculus.
Terms of A'-calculus enjoy a confluence property, whose proof is adapted from [RP04]

by taking into account the notion of depth:
Property 1 (Confluence).

i. Let M —; P and M —; Q, then there is a term N such that P =3; N and
Q-3 N.

. Let M — P and M — Q, then there is a term N such that P = N and
Q5 N.

ii. Let M € nf; and M —; M, with j > i+ 1, then M’ € nf;.
Proof.
i. The proof is given in Appendix A.1.

ii. The proof follows easily from point (i) of the current Property.
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iii. We want to show that, by reducing a redex R at depth j, no new redexes are
created at lower depths. Let M = C[R]; and R — P: we proceed by induction

on C.

The case C = [J is not possible, since j > 0.

Let C = Az.C’, so M = Az.C'[R];. By inductive hypothesis C'[R]; € nf; and
J >4+ 1imply C'[P]; € nf;: then M’ = Az.C'[P]; € nf;.

The case of C = N'z.C’ is similar.

Let C = NC', so M = NC'[R];. By inductive hypothesis C'[R]; € nf; and
j > i+ 1imply C'[P]; € nf;.

Consider the shape of N € nf;:

- if N = Az.Q, then M = (Az.Q)C'[R];, thus contradicting the hypothesis
that M € nf;;

- if N = Xz.Q, then C'[P]; #!P": indeed C'[P]; =!P’ would imply C' =
IC", since j > 1, and so M = (\'2.Q)!C"[R];_1, thus contradicting the
hypothesis that M € nf;;

- in every other case, M’ € nf;.
Let C = C'N, so M = C'[R];N. By inductive hypothesis C'[R]; € nf; and

j > i+ 1imply C'[P]; € nf;.
Consider the shape of C'[P]; € nf;:

- if C'[P]; = Az.Q, then ¢’ = Az.C"”, thus contradicting the hypothesis that
M € nf;;

- if C'[P]; = M'2.Q, then €' = XN'2.C" and N #IN”: indeed N =IN" would
imply M = (\'z.C"[R];)\N", thus contradicting the hypothesis that M €

l’lfi;

- in every other case, M’ € nf;.

Let C =!IC’, so M =IC'[R];-1. By inductive hypothesis C'[R];_1 € nf;_; and
J >4+ 1imply C'[P]j—1 € nf;_;: then M’ =IC'[P];_1 € nf;.

O]

As a consequence of the definition of A'-terms, we also obtain that their depth

does not increase during reduction:
Theorem 1. If M is a X -term and M — M', then §(M') < §(M).

Proof. If M = C[R] and R is either (Az.P)Q or (\'z.P)!Q, where z ¢ FV(P),
then M" = C[P]; so by definition §(M’') < §(M). Otherwise z € FV(P) and by
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Lemma 1 the depth of any subterm occurring both in M and in M’ is the same, so
(M) =d(M).
O

2.1.4 Measures and strategies of reduction

In order to study the reduction of a term, and thus its complexity, it is necessary

to define a measure of terms which is also based on their depth:
Definition 9 (Size of a term).

e The size of M at depth i, denoted by |M|;, is defined by induction on M as

follows:

- If M =z, then |z|p =1 and |x|; =0 for every i > 1;

- If M= Xa N, then |[M|o = |Nl|o+ 1 and |(M|; = |N|; for everyi > 1;

- If M =Nz N, then [M|o = |No + 1 and [M|; = |N|; for every i > 1;
- If M = NP, then [M|op = [Nlo+ |Plo + 1 and |(M|; = |N|; + |P|; for

every © > 1;

- If M =N, then |(M|o =0 and [M|i11 = |N|; for every i > 0;

o Let (M) = d; then the size of M from depth i is |M|;3 = Z?:i | M|, while
the size of M is |[M| = 3¢ | M|;.

The definition above is extended naturally to contexts by imposing |O|; = 0 for
every i > 0. Observe that [C[M];,...[Nalin|; = ICl; + a1 + ... + ap, where a = 0 if
J <, ax = [Ng|j—i, otherwise, for 1 <k < n: indeed we need to take into account
the (possible) increase of depth of each term N} when plugged into the k-th hole of
the context.

It is interesting to examine how the size at all depths lower than or equal to 7

changes, after reducing a redex at depth i:
Lemma 2. If M —; M, then |IM'|; < |M|; and |[M'|; = |M|; for j <.

Proof. If M —; M’ by reducing an erasing redex, then the proof is trivial. Otherwise,
let M = C[R];, where R is either a f-redex or a !-redex: the proof is by induction
on C.

Let C=0,s04=0. If M = (Az.P)Q, then P = C'[z]p by definition of well-
formed term, so M’ = C'[Q]o: therefore [M'|g = |C'|o + |Qlo < |C'|o + |Qo + 3 = |[M|o.
Otherwise M = (\'z.P)!Q and P = C'|z, ..., 2|1 by definition of well-formed term,
so M’ = C,LQ, cees Qh: then |M/|() = |C”0 < ’C”o +2= ’./Vl|()

Let C = A\y.C’, so M = Ay N and A\y. N —; \y.N/ = M’. By inductive hypothesis
IN'|; < |N]iand [IN'|; = [N for j <. Ifi =0, then [M'|p =1+ N[y < 1+ [N]o = |[M]o;
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otherwise |M'|; = IN'|; < |N|; = [M|; and M| =1+ |N]o =1+ |[N]p = |[M]p if
j =0, while |M|; = |N"|; = [N]; = [M|; if 0 < j < i,
The case of C = A'y.C' is similar.

Let C =C'Q, s0 M = NQ and NQ —; N'Q = M’. By inductive hypothesis
IV|; < |N]; and |[N'|; = |N]|; for j <i. If i =0, then [M'|o =1+ [N+ |Qo <
1+ [No + |Qlo = |M]o; otherwise it is easy to see that |M'|; = |N|; + |Q]; <
AT + 190 = M1, and Mo = 1+ A"l + 2l = 1+ [N+ [Qlo = Mo if j = 0,
while if if 0 < j < @ then |[M'|; = |N|; +1Q|; = N|; +|Q|; = IM|;.

The case of C = QC’ is similar.

Let C =IC', so M =N and IN —;IN" = M’ for i > 0; note that this implies
N =1 N'. By inductive hypohesis [N'|;_1 < [N];—1 and |N"|; = [N]; for j <i—1:
then |M']; = |N[i1 < [Nicy = M| and [M']; = |N'|;1 = |N]j—1 = [M]; if
j<i—1.

O

By Prop. 1.iii, reducing a redex at a given depth does not create any redex at
strictly lower depth. Such property of M'-calculus suggests that we consider the
following non-deterministic level-by-level reduction strategy: if the term is not in
normal form, then reduce (non deterministically) a redex at depth ¢, where i > 0 is
the minimal depth such that M & nf;.

A level-by-level reduction sequence is a reduction sequence following the level-by-
level strategy. We say that a reduction sequence is maximal if either it is infinite or

it finishes with a normal term.
Property 2. Any reduction of a term M by the level-by-level strategy terminates.

Proof. Let M be any A'-term and let § = §(M). By Prop. 1 we know that, in order
to reduce M, it is sufficient to reduce it to a d-normal form. To such aim, we show
that any maximal level-by-level reduction sequence s of M contains an i-normal
form, for any ¢ < §: then the statement follows by choosing i = 4.

If ¢ = 0, then by Lemma 2 the number of reduction steps at depth 0 is bounded
by [Mo.

Now let ¢ = k such that 0 < k < J: consider a maximal level-by-level reduction
sequence s, such that M; is the first ¢-normal form reached by s. By Prop. 1.iii, all
reduction steps in s after M; occur at depth j > i; moreover, by Lemma 2 there are
at most | M;|;+1 reduction steps at depth 7 + 1: therefore s reaches an (¢ 4+ 1)-normal
form and so the statement holds for ¢ = k£ + 1.

O

Observe that a maximal level-by-level reduction sequence of a A'-term M has the

shape shown in Figure 2.1, where ~»; denotes one reduction step at depth ¢ according
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to the level-by-level strategy; we use simply ~ when we do not refer to a particular
depth. Note that, for all 4, le+1 belongs to nf;.

MG o0 oo mog MEO = My ~orp e mog MPTLMG ~o oy M = MY ~os MG =

Figure 2.1: General shape of a level-by-level reduction sequence.

In a particular case, namely in Corollary 2, we use a leftmost deterministic version
of the level-by-level strategy, which proceeds at every level from left to right by
taking into account the shape of the different redexes of M'-calculus: at every step,
the leftmost subterm of the shape MN is chosen, where M is an abstraction; if such
application is a redex, then it is reduced, otherwise the application is a block, i.e. a
term of the shape (\'z.P)N where N #!Q, so the strategy looks for the next redex
in \V.

In practice, this corresponds to using the call-by-name discipline for S-redexes and
the call-by-value discipline for !-redexes [RP04].

We denote by M = N the fact that A is obtained from M by performing one
reduction step according to the leftmost-by-level strategy; all notations for — are

extended to ~» and = in a straightforward way.

2.1.5 Representation of functions and computation
Representation of functions

Since our primary aim is representing functions, we first need to encode data in
order to represent input and output of such functions.

The representation of boolean values is given by the familiar encoding:

true = Az )\y.x
false = Az.\y.y

On the contrary, the representation of tally integers and binary words cannot
be given by the usual Church encoding, since the terms corresponding to Church
integers and words do not satisfy the well-formedness condition, that is, neither are
terms of \'-calculus. In order to overcome such issue, we use the following encodings

for Church integers and Church binary words:

n € N, NIz f (f ... (f2)...))
w e {071}*7 w = <i17- . -ain>a w = )\!fO-)\!fl-!()‘x‘fn (fzz (fzn .CU) e ))

IS
I

where, by abuse of notation, we also denote by 1 the term X' f.!f.
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A last encoding of data is needed, in the form of Scott binary words:

c¥ o fidzr 0w A fo ALz fo 1w = Ao ALz f1D
Observe that the terms encoding booleans and Scott binary words are of depth 0,
while those representing Church integers and Church binary words are of depth 1.
We denote the length of a word w € {0,1}* by length(w).

Representation of the computation

Let P be a closed A'-term in normal form, which we call a program. We represent
the computation of a program on a binary word w, by considering applications of
the form Plw, where the argument is at depth 1 because we want the program to be
able to duplicate its input if needed. Concerning the shape of the result, since we
want to allow computation at arbitrary depth, we require the output to be of the
form !*D, where k € N and D is one of the data representations above.

We thus say that a function f : {0,1}* — {0,1}* is represented by a program
P if there exists k € N such that, for any w € {0,1}*, Plw S!*D where D = f/(fJ)
Note that here we are using the Church binary word representation for the input
and the Scott binary word representation for the output; however, this definition
can be adapted to functions with other domains and codomains: in particular the

codomain can be simply {0, 1}, which is represented by {true,false}.

2.1.6 Complexity of reduction

As introduced in the previous subsection, we are interested in studying the
complexity of reduction of A'-terms of the shape Plw, where P is a program and w
is a binary word fed to the program as input.

As far as the stratification is concerned, it is useful to analyze the complexity of the
reduction of such terms to their k-normal form, that is by reducing up to depth k,
for k € N.

Let us consider a level-by-level reduction sequence of M = Plw, adopting the
notations of Figure (2.1). By Lemma 2, the number of steps at depth ¢ is bounded
by |M}| and there are (d+ 1) total rounds, where d = §(M); then, in order to bound
the total number of steps, it is sufficient to bound |M}| by means of | M].

The leftmost-by-level strategy

In Subsection 2.1.4 we introduced the leftmost-by-level strategy as a mean to prove
a key lemma about complexity. Here we give a formal account of the leftmost-by-level

strategy, starting with a notion of evaluation context:
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Definition 10 (Stratified evaluation context). The stratified evaluation context of
M at depth i, for i < 5(M), is denoted by EM and it is a simple context defined by

mduction on i:

o &M is defined inductively as

O if M= (A\z.P)Q or M = (\'z.P)!Q
Nz P)ES  if M= (N2 P)Q and Q #1Q
Na.&l)Q if M= (\Nz.P)Q,Q € nfy and Q #!Q'

M. &)Y if M= Xe N

Na.&yY if M = Nao. N

Ng()g if M =NQ,N is not an abstraction and N € nfy
Sé\fQ if M =NQ and N is not an abstraction

undefined  in any other case

o Let M =C|Ni,....Npli, and let Ny, (1 < k < n) be the leftmost subterm of M
such that Ny, & nf;: then EM = 5’6\/’“

The evaluation context of a term is defined accordingly as follows:

Definition 11 (Evaluation context). The evaluation context of a term M is:
M _ EM where i is the least i such that EM is defined, if any;

undefined otherwise.

We are now able to give a formal definition of the leftmost-by-level strategy —,
that is, M == M/ if there are an evaluation context EM, a redex N and a term A’
such that M = EM[N], M' = EM[N'] and N — N.

In order to find a sharp bound for the increase of size at depth greater than
or equal to 7, we need to identify a measure at depth i which decreases with every
reduction at depth ¢ — 1, for every ¢ > 0; clearly the size at depth ¢ as given in
Definition 9 does not have such a property, since a !-redex can make the size at depth
1 grow quadratically.

Let M =; M’, which represents the reduction of a redex at depth i following
the leftmost-by-level strategy. The measure satisfying the previous constraint is
the maximum number of potential duplications of a subterm at depth i during the
reduction of M, called active points, which are denoted by [M];. Note that such
measure is dynamic, in the sense that it accounts for the number of occurrences of
variables bound by a A-abstraction which could be replaced during the reduction:
therefore, this measure depends strictly on the evaluation strategy.

The formal notions of A\'-bound occurrences and active points follow:
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Definition 12 (\-bound occurrences). The mazimum number of N'-bound occur-
rences at depth i in M, denoted by o;(M), for i > 0, is defined inductively as

follows:
e Ifi=1, then

— M =z implies 01 (M) = 0;

— M = \z.P implies 01(M) = 01(P);

— M = Na.P implies 01(M) = max{no(z, P),01(P)};
— M = NP implies 01(M) = max{o1(N),01(P)};

— M =IN implies 01(M) =0

o Ifi>1, then M =C|Ny, ..., Ny |i—1 implies 0;(M) = max”"; o1(Nj).

)=

Definition 13 (Active points). The number of active points of M at depth i, denoted
by [M);, is defined by induction on EM as follows:

o IfEM = 56\/1, then

— &M =1 implies [M]1 = 01(M);

— &M = X&) implies [M]y = [N1;

— EM = Na.&) implies [M]1 = [N1;

— EM =PEYN implies [M]1 = [N1;

— EM = EFN implies [M]1 = max{[P]1,01(N)};

- &M = (Nae.P)&) implies [M]1 = max{o1(N'z.P), [NT1};
— EM = N EP)N implies [M]1 = [P

o If EM = EM for some i > 0 and M = C|Ni,...Np|i, then [M]js1 =
[Njl1

m
max’® |

o If EM is undefined for some i > 0, then [M];41 = 0.

Observe that the number of active points is undefined at depth 0: indeed there
are no active points at depth 0, because all variables bound by a \'-abstraction occur
at depth greater than 0. Moreover, it is easy to see that [M]; < |M]; for any M,
since the number of X'-bound occurrences is always bounded by the total number of
occurrences of variables in M. Furthermore, [M]; < |[M|; < M|
Note that, when EM = ()\!:C.P)EN, it means that at this point of the computation we
don’t know yet whether M is a !-redex or a block; therefore we take into consideration
the number of active points of A, which will later be discarded in case M proves to
be a block.
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Example 4. Consider the term M = N'z.(Ny. (M. (zx2))!(2yy))!2: then o1 (M) =
3, while EM = X' 2.0 and [M]; = 2.

Our main goal now is to show that the number of active points does not increase
during a reduction. To do so, we first prove that the number of active points of a
term M at depth 4 is bounded by o0;(M); moreover, reducing a redex M to M’

implies that the number of \'-bound occurrences does not increase:
Lemma 3.

i. If x occurs at most once and at depth 0 in P, then o1(P[Q/x]) < max{o1(P),01(Q)};
if © occurs at depth 1 in P, then o1(P[Q/z]) < 01(P).

it. [Miv1 < 0i41(M) for every M, i > 0.
iii. Let M = (Ax.P)Q or M = (\'z.P)!Q: then o1(P[Q/z]) < [M].
Proof.

i. Easy: in the first case, Q is copied only once and so the number of A'-bound
occurrences is left untouched; in the second case @ might be copied multiple
times, but since all A'-bound occurrences of Q are at depth greater than 1, their

number does not count at depth 1

ii. By induction on EM.

If EM = &M, then:

e &M = implies [M]; = 01(M), so the inequality is satisfied;

o EM = Xz.&) implies [M]; = [N;: by inductive hypothesis [N]; <
01(N), so [M]1 = [N]1 < 01(N) = 01(M);

o M = Na.&) implies [M]; = [N]1: by inductive hypothesis [N]; <
o1(N), so [M]1 = [N]1 < 01(N) = 01(M);

o EM =PEY implies [M]; = [N1: by inductive hypothesis [N]; < o1(N),
so [M]1 = [N]1 < 01(N) < 01(M);

o &M = EFN implies [M]; = max{[P]1,01(NV)}: by inductive hypothesis
[P]1 < 01(P), s0 [M]1 = max{[P]1,01(N)} < max{o1(P),01(N)} = 01(M);

o EM = (NaP)&Y implies [M]; = max{o;(Nz.P),[N]:}: by induc-
tive hypothesis [N < o01(N), so [M]; = max{o;(\z.P),[N]1} <
max{o;(N'2.P),01(N)} = o1 (M);

o &M = (Nw.E])N implies [M]; = [P]1: by inductive hypothesis [P]; <
01(P), so [M]1 = [P]1 < 01(P) < o1 (M).
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If EM = EM and M = C| M, ..., Non i, then [M];41 = max’, [Nj]1. By induc-
tive hypothesis [Nj]1 < o1(Nj),for 1 <j <m: then [M];11 = max]2, [Nj]; <
max/L; 01(Nj) = 0j41(M).

If £M is undefined for some i > 0, then [M];41 =0 < 0;11(M).

iii. Let M = (Ax.P)Q, so = can occur at most once and at depth 0 in P. By point i
of the current Lemma o;(P[Q/z]) < max{oi(P),01(Q)}, so o1(P[Q/x]) <
max{o1(P),01(Q)} = 01 (M) = [M]1.

Now let M = (Mz.P)!Q, so x can occur any number of times and only at
depth 1 in P. By point i of the current Lemma o1(P[Q/z]) < o1(P), so
01(P[Q/z]) < max01(P) < 01(M) = [M];.

O

The previous results are of help in showing that the number of active points does

not increase while reducing a term by the leftmost-by-level strategy:
Lemma 4. M = M’ implies [M'];41 < [M]it1, for every i > 0.

Proof. We proceed by induction on Eé\/t. Observe that if M’ € nf then the proof is
trivial, since [M’']; = 0 < [M]; therefore we consider all possible cases where M
is defined.

Let 56\4 = [J: then the proof follows by points ii and iii of Lemma 3.

Let EM = N2 P)EY, so M = (\'e.P)N and M’ = (N2 P)N” where N == N
By inductive hypothesis, [N"]1 < [A]1. We must consider three cases:

o if M = (N2 P)&Y', then the proof follows by induction;

o if EM = (Nz.EP)N’, then by definition [M']; = [P];: by Lemma 3.ii
[Pl1 < 01(P), so [M']1 = [P]1 < 01(P) < max{o1(\z.P), [N]1} = [M]y;

o if M = [, then N =IN" for some term N” and M’ = (Nz.P)N":
by definition [M']; = o01(M’) = max{o;(N'z.P),01(IN")} = o;(Nz.P) <
maX{Ol()\!.%'.P), [./\ﬂ 1} = [Mly;

All other cases follow easily by induction. Moreover, the property can be easily
checked for ¢ > 0 by using the definition of context.
O

Example 5. Consider again the term M = Xz.(Ny. (N (zzx))!(2yy))!2: since
EM = N2, we have M = M’ = N'z.(\'z.!(z21))!(222) and [M]1 = 2. Moreover,
EM =Nz, s0 (M) =2,

As a further step, we study how the size of the whole term changes at depths
higher than n, when performing a =, step:
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Lemma 5. M =, N implies [N|; < [M]pq1 - M| + [M]; for every i > n.

Proof. We proceed by induction on n, and then by induction on 8,/1\/‘. If n =0, then

we consider all possible cases of EOM.

Let EOM = [, then there are two possibilities:

i) if M =Mz P)Q, N =P[Q/xz], then |N|; < |M|; < [M]1 - |M|; + | M];;
i) if M = (M2 P)Q, N = P[Q/xz], then |N|; < |[M|; - no(z,P) + [M|; <
[Mli - 01(M) + [M]; = [M]y - [M]; + [M];.

Let EM = A\z.EF, then M = A\z.P and N = \z.P’, where P == P’ implies
|P'|; < [P11-|P)i+|P|; for every i > 0 by inductive hypothesis; so by induction
INTi =[Pl < [P1-|Pli +|Pli = [M]1 - IM]|; + |M]; for i > 0.

The case EOM = )\!x.é’g) is similar to the previous one.

Let &' = PSOQ, then M = PQ and N = PQ’, where Q = Q' implies
|9, < [Q]1-|9Q|i +|QJi for every i > 0 by inductive hypothesis; so, if by
induction |N|; = [Pl; + Qo < [Q]1 - [Qli +|Qli +|Pli = [M]1 - [M]i + [M];
for ¢ > 0.

The case EM = (M2.£]’)Q is similar to the previous one.

Let EM = £JQ, then M = PQ and N' = P'Q, where P =>¢ P’ implies
|P'|; < [Pl1-|Pli+ |P|; for every i > 0 by inductive hypothesis. By definition
[M]1 = max{[P]1,01(Q)}, so [N]; = [P'|i + Qo < [Pl1-|Pli+|Pli+ Qi =
[M]1 - IM]; + |M]; for i > 0.

The case EM = ()\!.T.P)SOQ follows by induction as the previous one.

If n>0,let M =C[MN,.... Ny, ..., Ny, | p for some index k, m such that Nj € nfy
for 1 <i<k—1, N} & nfg, so EM = Eé\[’“ and N' = C|N1, ..., N}, ... N . By
inductive hypothesis N, =0 N} implies [N} |; < [Nj]1 - [Ng|i + | Ni|i for every i > 0.

Moreover, by definition [M];,11 = max]L;[N;]i: therefore

N = |Cli + [Nilicn + oo + N]icn + . + [N lien

Cli + [Nilimn + oo + ([Ng]1 - Nilion + Nilizn) + o+ [Nilizn
= [Nel1 - Wklimn + [IM];

(Mt - (M + [M;.

IN

IN

O

All these results allow us to easily obtain a sort of stratified version of the size-

growth result when performing a reduction step at depth n, where the size of the

reduced term at depth ¢ is bounded by a function of the size of the initial term at

depth 7 and of the number of its active points at depth n + 1:
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Lemma 6. M =, M’ in k reduction steps implies |M|, < |M|; - ([M]ps1 + 1DF,

for every i > n.

Proof. Let M = My =, My =, ... =, M}, = M’: we proceed by induction
on k.

Let k =2, s0 M = M’ and [M],41 = [M|p41: then IM|, < |M|;- ([M]pt1+
1) by Lemma 5.

Now let M ==, M}, in h — 1 reduction steps, for some h > 2. By inductive
hypothesis |[Myl; < IM|; - ([M]ns1 + 1AL for every i > n. If My, =, M1,
then

(Mptli < [Mpli - (
< [ Mapli- ([Mlps1 +1) by Lemma 4
< |Mli - ([M]ng1 + ) L. (fM]ps1 +1) by inductive hypothesis
= Mli- (IMln41+1

[ Mplns1 +1) by Lemma 5
[

O

The main result of this subsection, namely a bound of the growth in size for a

reduction step at depth i, now follows easily:

Corollary 2 (Size-growth). If M ==; M’ by ¢ reduction steps, then |M'| <
M| - (IM[+1)¢ (0 <0 < 5(M)).

Proof. As a consequence of Definition 13 we know that [M];11 < |M|. By Lemma 6,

|IM'|; = \M\] forj <, 80 |[M'|; <|M|; - ([M]iz1 + 1)€ also holds for j < i: then
0 ./\/l c

M| = 38 My < S IM - (M +1) < WM (M +1)% O

Complexity bound

In the previous section we gave a bound on the reduction of a \'-term, using the
leftmost-by-level strategy, with respect to the size of the initial term. Nevertheless,
such dedicated strategy was necessary only in order to define the active points of a
term; in the present section the result of Corollary 2 is then employed to prove a
more general result based on the level-by-level reduction strategy.

Let 27 be defined inductively as 2§ = x and 27, = 2%. We employ the result of
the previous subsection in order to prove a bound on the reduction of a \'-term up

to a given depth:

Property 3. Let P be a program; for any k > 2, there exists a polynomial q such that,

for any w € {0,1}*, Plw > M} € nfy_y in at most 2} atn 2) steps and |M}| < 2Z(n2),

where n = length(w). In particular, if k = 2 then the bound is polynomial in n.
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Proof. We proceed by induction on k.
Without loss of generality, we can assume P to be a X'-abstraction of the form

MN1y.0Q; otherwise Plw is a normal form and the property holds.

e Let £k = 2 and consider a level-by-level reduction sequence of M(l) = Plw: we
examine round 0 and round 1 of the reduction sequence, following the notation

of Figure 2.1.

At round 0, the only reduction is (\'y.Q)!lw — Qw/y] = M1. Observe that
M} € nfy because the occurrences of y in Q are at depth 1.

Let us now consider round 1. Let b = ng(y, Q), which is independent of n:
then [Qw/yll1 < |Ql1 +b- |w|p and, by definition of w, |w|y = 2. Therefore,
M1 = |Qlw/y]l1 < |QJ1 +2b. Let ¢ be the constant |Q|; + 2b, which is again
independent of n: by Lemma 2, the number of steps at the end of round 1 is
bounded by ¢, so the part of the statement concerning the number of steps
holds.

Now let M3 € nf; be the term obtained at the end of round 1. By Property 1.i
(confluence) M} ==1 M3 and by Lemma 2 such reduction is performed in ¢
steps, where ¢/ < |[M1i|; < ¢; therefore [M3| < |ME|- (|M}]|+1)¢ by Corollary 2.

Moreover |M1| < |Q| + blw], so the size is polynomial in n.

e Let us assume the property holds for k: we prove that it holds also for k + 1.

By inductive hypothesis, M reduces to M}, in at most 2%@2) steps and |M}| <

2! Let ME~3y ML, € nfy.

By Lemma 2 the reduction sequence has at most |M}|; steps and M|, <

|/\/l,1€\ < 2Z(j12), therefore M reduces to /\/l/,lCJrl in at most 2 - 22(112) < Qi(i(g) steps.
*

Moreover, by Property 1.i (depth-wise confluence) ./\/l/llC — /\/1,1C 41 and by

Lemma 2 and Corollary 2 we obtain

Mbarl < IME- (ML +1)%
< o) @) 1t
< 2 g
< o) R
< 2im) 2
< 20

for some polynomial ¢’(n): therefore the statement holds for k + 1.
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Approximations

From Property 3 we can easily derive a 22(112) bound on the number of steps of

the reduction of Plw, not only to its (k — 1)-normal form, but also to its k-normal
form /\/1,1c 41+ Unfortunately, this does not yield directly a time bound 0(22(_73)) for
the simulation of this reduction on a Turing machine: indeed, even though the
size of the final term of round k fulfills the desired bound, the same does not hold
for intermediate terms of round k, for which the size at depth k + 1 can grow
exponentially.

Nonetheless, since we are only interested in the result of the computation at
depth k£, the size of the subterms at depth k + 1 is actually irrelevant. In order to
overcome such issue we introduce a notion of approximation, which allows to compute
up to a certain depth k while ignoring the higher strata of the term: such notion
is inspired by the semantics of stratified coherence spaces [Bai04|, where partial
information is managed with the aim of obtaining more and more refinements of the
actual computation.

In order to accomodate approximations, we extend the calculus with a constant
*, whose sizes are | x [p = 1 and | % |;+1 = 0 for every i > 0. The definition is then

extended to term contexts:

Definition 14 (i-th approximation). The i-th approximation of a context C for
i € N, denoted by C', is defined by induction on C as follows:

Nzl = N2l

Note that ml = Lmi_j...mi_jjj if j < 4; otherwise ml =,
since all subterms filling the holes at depth j > ¢ do not count when the approximation
at depth 7 is considered.

In practice, when considering the i-th approximation of a term M, Mi is obtained

by replacing all subterms of M at depth ¢ + 1 by the constant *.

Example 6. For every Church binary word w, the approximations at depth 0 and

i+ 1 are respectively @0 = X fo. N f1.1% and @' = w, for i > 0.
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First we examine the effect of approximation on substitutions, reductions and

contexts respectively:
Lemma 7 (Approximation of substitution).

i. If the occurrence of x in M is at depth 0, then M[N/x] = W[W/m]

i. If all occurrences of x in M are at depth 1, then M[/\//x]o =M, ./\/l[/\//:lc]‘Jrl =

mé+1[./\7i/x], fori>0.

Proof.

i Let M = Cleli.{a];_then MIN/a]' = CNT VT, = € = M and
MINT2] T =N VL T =8 N N = TV 2 for every i > 0.
]

Lemma 8 (Approximation of reduction). (A:E.M)Ni — M[N/x]b and ()\!J:.M)!Ni —
MIN/z] fori>0.

Proof. If the redex is erasing the proof is trivial.

Otherwise, the proof follows easily by Lemma 7: in the first case, by deﬁ—
nition of \' -terms we know that M = C[z]o, so Oz MN' = (\z.Clzlo )N —

EZ[N] =M [N/ ] = M[N7/z]'. in the becond case, 5ince M = Clz..z]1 by
definition, ()\a?/\/l)'/\/ ()\a:./\/l ) — M M[N/a?] and ()\!:zc./\/l)!/\fbJr
Nz.Clz..x ]y )ﬂ ﬂHLN N' |1 = ﬁ“[./\/'/ | = [/\//:lc]‘Jrl for every
7 < 0.

O

Lemma 9 (Approximation and depth).
i. M —; M implies M —; M if j <1, M =M otherwise.
ii. M —; M implies ]W\ < |M1|

Proof.

i. As M — M’ by one step at depth j, we have that M = C[P]; and M’ =
C[P] ]Where P is a redex and P’ is its contractum. Therefore by Lemma 7
M =M if i + 1< j, otherwise M’ ﬂ[fz ]] —C' [P’Z ]] = M" by using

Lemma 8, where the reductions takes place at depth j.
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ii. Let M — M by one reduction step at depth i. By Lemma 2 |Wl|] < yﬂ‘b
for every j < i and [M"'|; < |M'|;; now we examine the size of M' at depth
1+ 1.

We know that M’ = C[P]; and M = C[P’];, where P is a redex and P’ is its

contractum:

- if P is a -redex, then |./\/l"]¢+1 < |Mi|¢+1;
~if P is a lredex, then M = C[P]; and P = (A\'x.N)!%; moreover, all
occurrences of  in N are at depth 1, so they occur at depth i +1 in M.

Since any subterm of W at depth ¢ 4+ 1 is the constant *, there are no
occurrences of z in N: therefore P = N and [M" |11 < [M'|iy1.

If j > i+ 2, then ]Wlb =0= ]W]] and so the statement follows.

O

Finally, with the aid of approximants, we are able to prove the time bound for

the computation of the application P!w on a Turing machine:

Property 4. Let P be a program; for any k > 2, there exists a polynomial q such
that for any w € {0, 1}*, the reduction of P!yk to its k-normal form can be computed

in time 0(22(112)) on a Turing machine, where n = length(w).

Proof. Observe that @k = fkly. By Prop. 3 and Lemma 9.i, fk!w reduces to
its (k — 1)-normal form V}f in 0(22(12) steps and with intermediary terms of size
0(24").

By Lemma 9.ii, the reduction of ./\/li}f at depth k is done in 0(22(_712)) steps and with
intermediary terms of size O(QZ(ILQ)): therefore, we can conclude by using the fact
that one reduction step in a term M can be simulated in time p(|M|) on a Turing

machine [Ter07], for a suitably chosen polynomial p.
]

2.2 A type assignment system for \'-calculus

In Section 2.1 we proved a complexity bound for computation up to a given depth
in the untyped X'-calculus. Note, however, that we cannot make any claim about
the result of the application of a program to a binary word: indeed, although the
output is well-formed, we can tell nothing else about its shape.

Since we are interested in characterizing predicates (from words to booleans) and
functions (from words to words), we would like such result to have the specific shape

of either a boolean or a word. To this aim, we now introduce a type assignment
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L P
F,a::A\A\@I—x:A(Ax) F\A|x:a,@¥—x:a<Aw)
Lz:A|A|OFM:T I FNAz:llo|OFM: 7 (o 1)
TTATOF M h—r 1) TIAjOF NeMilo -7
FllA‘@l—Mig—OT FQ’A’@I—NU Fl#rg( E)

Fl,F2’A|@|_MNZT

I|A]OFM:S agFTV(D)UFTV(A)UFTV(O)
' A|©OFM:Vas

(V1)

F'NA|©FM:Vas (VE) D00 FM:0o
'A|©FM:S[o/q] e, A|lerM:lo

O]

F|A|@|—M:S[ua.8/a]( ) 'NA|l©FM:pas (1E)
'Al©FM:pas a I'NA|OF M:S[pa.s/a] a

Table 2.1: Derivation rules for typed \'-calculus.

system for A'-calculus based on ELL, such that all typed terms are also well-formed

and therefore all previous results are preserved in the typed setting.

2.2.1 An elementary typing system

The set T of types is generated by the following grammar:

A ==a]ls (linear types)
S =0 —oo0|VaS|pasS (strict linear types)
o ==Allo (types)

where a ranges over a countable set of type variables Var.
Observe that, among linear types, we distinguish the subclass of strict linear types,
also featuring polymorphic types (Va.S) and type fixpoints (pa.S). Such subclass

contains all non-atomic linear types and is closed by substitution:

Lemma 10 (Strict linear types). If S is a strict linear type and o is a type, then

Slo/a] is a strict linear type.

Proof. By induction on S.
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Let S =7 —o p: then 7[o/a] — plo/a] is an arrow type, thus a strict linear type.
Let S = V¥b.S’. By inductive hypothesis S'[o/a] is a strict linear type: then
(Vb.S")[o/a] is a strict linear type.
Finally, let S = pb.S’. By inductive hypothesis §'[o/a] is a strict linear type: then
(ub.8")[o/a] is a strict linear type.
O

Let @ be a (possibly empty) sequence of type variables: then Va.S (resp. ua.s)
denotes both S, if & is empty, and Va;.Vas....Va,.S (resp. pai.pas....ua,.S), if @ =
ajas....a, for some n > 1.

A basis is a partial function from variables to types, with finite domain, ranging
over I'; A, ©. As usual, the domain of a basis I" is denoted by dom(I") and it represents
the set of variables for which there exists a mapping in I', that is, dom(I") = {z |
['(z) is defined}.

Taking inspiration from [CDROS8|, we consider three different bases having pairwise
disjoint domains, called the linear, modal and parking basis, such that I' assigns

linear types to variables, while A maps variables to modal types:

o I' is the linear basis, where for every x € dom(I") there is a linear type A such
that I'(z) = A;

e A is the modal basis, where for every x € dom(A) there is a type o such that
A(z) =lo;

e O is the parking basis, where for every x € dom(A) there is a type o such that
O(z) =o.

The rules of the type assignment system are given in Table 2.1, where 'y #1I'9

stands for dom(I';) Ndom(T'y) = (), while A; C Ay means that = : ¢ € Ay implies
x 0 € Ay. Moreover, FTV (o) denotes the set of free variables of o, while FTV(T")
denotes the set {a | a € Uxedom(F)FTv(F(x))}'
The typing system proves statements of the shape I' | A | © - M : o; derivations are
ranged over by II, ¥, @, so that we write II>T | A | © = M : o to identify particular
derivation proving the desired statement. When all three bases are empty, we write
the derivation as IT >+ M : 0. As usual, we use the notation M as a shorthand for
there is a derivation assigning type o to M.

We say that a term M is well-typed if and only if there is a derivation II>T | A |
= M : 0o for some I', A, o: indeed, variables in the parking context are considered
as having an intermediary status, since they eventually have to shift to the modal
context in order for the term to be well-typed.

Some comments about the rules are in order:
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- in rule (— E), M and N share variables in the modal and parking basis, but

their linear bases must be disjoint;

- there is no axiom rule for introducing variables in the modal basis, but a
variable can be introduced in the parking basis and then moved to the modal

basis by applying rule (!);

- there is no abstraction rule for variables in the parking basis, thus underlining

the fact that parking variables only have a "temporary" status;

- with respect to the system of [CDROS|, rule (!) is restricted so that both the
linear and modal bases in the premise are empty; such restriction guarantees
that typed terms are also well-formed, a condition which is crucial in order to
obtain a stratified complexity bound for a specific k depending on the type,

instead of the usual rough elementary bound.

- rules (ul), (uE), (V1) and (VE), also referred to as non-constructive rules, are
the only rules which do not contribute to the syntactic construction of the

term.

The following generation Lemma allows to infer the general shape of a derivation

from the shape of its subject:
Lemma 11 (Generation). Let II>T' |A|OF M : 0.

i. M =z implies x € dom(I') Udom(O) and II ends with an application of either
(Az™) or (Az®) rule, followed by a (possibly empty) sequence of non-constructive

rules.

ii. M = Xe.N implies 11 ends with an application of (—o IL) rule, followed by a

(possibly empty) sequence of non-constructive rules.

iwi. M = Nz N implies I ends with an application of (— I rule, followed by a

(possibly empty) sequence of non-constructive rules.

iv. M = NP implies I1 ends with an application of (— E) rule, followed by a

(possibly empty) sequence of non-constructive rules.
v. M =N implies II ends with an application of (!) rule and o =!7, for some 7.

Proof. All points follow easily by checking the rules of the system.
O

Our aim is to give a characterization of a hierarchy of complexity classes with

respect to typed programs, which should enjoy the stratification property given in



2.2. TYPING SYSTEM FOR \'-CALCULUS 39

Theorem 1: therefore, in order to examine the computation of a typed A'-term, we
need to show that both the type and the maximum depth of a term are preserved
during reduction.

By observing the shape of the rules, it is easy to see that new mappings of variables
to types can be added to any basis by means of implicit weakening; moreover, it is

always possible to move a variable from the linear to the parking basis:

Lemma 12 (Weakening). IfII>T4 | Ay | ©1 - M : o, then there is a derivation
YT, Ty | A1, A | ©1,09 F M : o, for every T'y, Ag, O disjoint from each other
and from I'y, Ay, 01.

Proof. Easy, by induction on II.
O

Lemma 13 (Shifting). If I T,z : A| A | © - M : 7 then there is a derivation
Y>IT'|A|O,z:AFM:T.

Proof. Easy, by induction on II.
O

The substitution lemma, essential to the proof of the subject reduction property,
is split into three points, one for each basis in which the substituted variable may

occur:
Lemma 14 (Substitution). Let I';#I'a.

i) IfIIcT1,2 :A|A|]OFM:7and Ty | A| ©F N @A, then there is
(I)I>F1,F2|A‘@|_M[N/ZL']T

i) If Ty |A|Oz:0bFM:7and X0 | A| O F N : o, then there is
oo |A|OF MN/x]: T

i) f el | Az lo |©OF M:7and ST | A | © HIN :lo, then there is
CI)DFl,FQIA‘@l—M[N/JI]T

Proof. All three points follow by induction on II.

i) Let IT end with an application of rule (Az); then either II is

L
Fl,x:A\A]@I—x:A(Ax)

where M =z and 7 = A, so ®>T1,T2 | A | © F N : A follows directly by
applying Lemma 12 to X, or II is

L
F’l,ajzA,y:B|A|®l—y:B(Az)
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where M =y, 7 =Band I' =T,y : B, so S(X,1I) is

L
I oy B|A[OFy: B A7)

Let II be

P
F1,$ZA|A|®/,yZT|—yZT(Ax )

where M =y and © =0,y : 7,50 ® is

L
M,y |A|Q y:7hy:T (Az®)

Let II be

I'>Ty,z:Ay:B|A|OFP:¢ %
Ti,z:A|A|[OF AP :B—o (= I7)

where M = A\y.P and 7 = B — ¢. By inductive hypothesis on II' there is
' >T1,T9,y : B| A| ©F PN/z]: ¢; then @ is obtained by applying rule
(—o It) to @',

Let II be

M>Ty,z:A|Ay:lp|OFP: ¢ ;
M,z :A|A|OFAXyP:lp—¢ (= 1)

where M = A\y.P and 7 =!p —o ¢. By Lemma 12 thereisT'y | A,y :lp | O F N : A,
so by inductive hypothesis on IT" there is @' >T1,Ts | A,y :lp | O - PN /] : ¢;
then ® is obtained by applying rule (—o I”) to @’

Let II be

Iielz:A|A|OFP:p—o7 IV |A|OFQ:p
LT z:A|A|OFPQ:T

(— E)

where z € FV(P), = ¢ FV(Q), M = PQ and I'1 = I',I”". By inductive
hypothesis on IT; and IIy there are ®1>T,T9 | A | © F PN /x] : p —o 7 and
QoI | A|OF Q: p: then @ is obtained by applying rule (— E) to ®; and
Ds.

The case of © € FV(P),z € FV(Q) is similar.

Let II be
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e |0|0FP:p
I,z:A|l0,A"|OHP:Ip

)

where M =!P, 7 =lp and A =!0', A’. Observe that !(P[N/z]) =!P, since
x € FV(P), so ® is

o0 FP:p "
T RNCECET

The cases of (VI), (VE), (ul), (uE) follow easily by induction.

Let II be

L
F’l,y:A|A|@,aj:al—y:A(Ax)

where M =y, 7=Aand 'y =T,y : A, so @ is

L
F’l,y:A|A|@|—y:A(A$)

Let II end with an application of rule (Az"); then either II is

P
FMA]@,JC:JFQL‘:J(AQJ )

where M =z and 7 =0,s0 @11 | A | O - N : 7 follows directly by applying
Lemma 12 to X, or II is

jo
F1|A|®’,$:a,y:7'l—y:7'(Ax)
where M =y and © =0,y : 7, s0 ® is
P
F1|A|®’,y:Tl—y:T(Ax)
Let II be
II'>Ty,y:B|A|©,z:0FP:
1L,Y | ’ Y ¢(_OIL)

M |A|O,x:0F Ay P:B—o¢

where M = A\y.P and 7 = B — ¢. By inductive hypothesis on I’ there is
®'>T1,y:B|A|OF PIN/x]: ¢; then ® is obtained by applying rule (—o I*)
to @’

Let II be
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sy |Ay:lp|O,z:0-P:¢
M |A|©,z:0F Ay P:lp—¢

(— 1)

where M = A\y.P and 7 =!p —o ¢. By Lemma 12 thereis @ | A,y :!lp | O F N : o,
so by inductive hypothesis on IT' there is ® >T1 | A,y :lp | © F PN /z] : ¢;
then @ is obtained by applying rule (—o I*) to @'

Let II be

il |A|O,x:0bP:ip—o71 Iapl"|A|O,z:0FQ:p
rLT|A|Oz:0FPQ:T

(— E)

where M = PQ and I' = I',T”. By inductive hypothesis on II; and Il there
are 1> |A|OFPN/z]:p—o7and o1 | A|OF Q: p: then P is
obtained by applying rule (— E) to ®; and ®s.

Let II be

I'>0|0|0FP:p
Iy 10,A"|0,z:0HIP:lp

O

where M =!P, 7 =lp and A =!©’,A’. Observe that !(P[N/z]) =!P, since
x € FV(P), so @ is

e |00 FP:p
I '0,A"|OHP:lp

O
The cases of (VI), (VE), (ud), (uE) follow easily by induction.

Observe that, by Lemma 11, X is

Y000 N0 |
Iy | A|OHN o )

where A =!0", A” for some A”.
Let II be

L
I',y:B|A,z:lc |OFy:B (Az%)

where M =y, 7=Band I'1 =TI,y : B, so S(X,1I) is

L
I',To,y:B|A|OFy:B (Az7)
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Let II be

P
M| Ayz:lo|©y:Thy:T (A7)

where M =y and © =0,y : 7, s0 S(X,1I) is

P
M,y |A|OQy:7hy:T (Az")

Let II be

I'>Ty,y:B|Az:loc|OFP: ¢
I |Ajz:lo|OF Ay P:B—¢ (=

IF)

where M = A\y.P and 7 = B — ¢. By inductive hypothesis on II' there is
' >T,T2,y : B| A | OF PIN/z|: ¢; then ® is obtained by applying rule
(— IT) to @',

Let II be

sl |Az:loy:lp|OFP: ¢ ;
D[ Az:lo|©F Ay P:lp—o (= 1)

where M = \y.P and 7 =!p —o ¢. By Lemma 12 there is 'y | A,y :lp | © HIN :
lo, so by inductive hypothesis on IT' there is ®'>T'1, s | A,y :lp | © - PN /z] : ¢;
then ® is obtained by applying rule (—o I”) to @'

Let II be

el |Az:lo|OFP:ip—or Tl |Axz:loc|OFQ:p
T Az:lo|OFPQ:T

(— E)

where M = PQ and I'1 = I',I”. From ¥’ we can build the following derivation:

E’D@HZ)]@"I—N:J(')
D|A]OFN:lo

By inductive hypothesis on Ty and I, there are 15T | A |© - PN /z] : p — T
and oI | A| O F QN /x] : p: then ® is obtained by applying rule (— E) to
‘I)l and @2.

Let IT end with an application of rule (!); then either x ¢ FV(P) and II is

o0 FP:p "
Iy |Az:lo |OHP:lp
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where M =!P, 7 =lp and A =!0', A/, so ¢ is

nwwe/m;p(')
Fl,F2|A|®|_"P 'p '

or x € FV(P) and II is

H’D@\@|@’,x:a}—77:p(')
I |Az:lo|©OHP:lp ¥

where M =!P, 7 =lp and A =10, A’. By Lemma 12 we can build II" > () |
0|0 x:c-P:pand X' >0 |0 | 0" F N : o such that ©” = ©’,0” and
A =!10"" A" for some context A”. Then by applying point ii of the current

Lemma to IT”, followed by one application of rule (1), ® is

o) 0] PN/ p

The cases of (VI), (VE), (ul), (uE) follow easily by induction.

O]

As usual, a detour occurs in a derivation whenever the application of a rule intro-
ducing a connective is immediately followed by an application of a rule eliminating
the same connective. Here we have three kinds of detours, namely the V-detour, the
p-detour and the —o-detour.

Because of the non-constructive rules and their respective detours, derivations of
M-terms can often become quite involved. However, all ¥ and y detours in a deriva-
tion can be erased without altering the structure of the term, so generating a clean

derivation of the same statement:

Lemma 15. Let II>T | A | © - M : o; then there is a clean derivation I, proving
the same statement as I, which is obtained from 11 by erasing all V-detours and

u-detours.

Proof. Tt is suflicient to erase all V-detour and p-detours as in Figures 2.2 and 2.3.
O

Using Lemma 14 and Lemma 15, the subject reduction property follows easily:

Theorem 3 (Subject reduction). II>T | A | ©® F M : 0 and M — M’ imply
IesT|A|OFM 0.



2.2. TYPING SYSTEM FOR M\'-CALCULUS 45

IsT |[A|OFM:S
LA[OFM:vas |
T'[A[OF M:S[s/a) ~  H[§'/a]sT |A|©F M:S[s'/a]

(V1)

Figure 2.2: Erasing of a V-detour.

IeT'|A|©FM:Sua.s/al (ul)
F'A|OFM:pas g
I'NA|©F M:S[ua.8/al (1E) ~ IeT'|A|©FM:Slua.s/al

Figure 2.3: Erasing of a V-detour.

Proof. Let M = C[R], where either R = (Az.P)Q or(\'z.P)!Q: we proceed by
induction on C.

Let C =0, s0 M =R and M’ = P[Q/x]. If M is a S-redex, then by Lemma 11
IT is

IMax:A|A|OFP:d"

o 7L
r'|A|@M:c.7>:A"_OJ//(/ I7)
D[A[OF PN —o " F”!A!@H\/:A’( E)
ZDF,,F”|A’®|_()\:L‘,P)N;O'/
I'T"|A|OF (A\z.P)N : o
Otherwise, if M is a !-redex, then by Lemma 11 II is
F/ A, . " @I—P 1"
‘ - T|‘ ? (—OIL)
F/‘A’@FA'.%'.P:T//—OJ” )
D [A[OFNeP 7 o0 D' AJOHN T b

Yo T |A|OF Nz P)N : o
I'T"|A|OF N P)N o

In both cases, § and ¢" are (possibly empty) sequences of non-constructive rules:
it is easy to check that ¢’ is a sequence of V-detours and u-detours, since both the
initial and the final types are arrow types. By Lemma 15 there is a clean derivation
proving the same statement as X, such that ¢’ is empty and A” = A, 7" =7/, 0" = o’.
By Lemma 14 there is X' > IV, T" | A | © - P[N/z]| : ¢’: then II' is obtained by
applying sequence ¢ to Y.

All the other cases follow easily by induction.

O

Furthermore we examine the depth of the free occurrences of a variable in a typed

MN-term. The following property, similar to the result given in Theorem 1 for the
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untyped calculus, essentially depends on the restriction imposed on the premise of
rule (1), which is responsible for the fact that all free variables are either at depth 0

or 1, so effectively guaranteeing that the depth of a (sub)term does not increase:
Property 5 (Depth of a free variable). Let II>T' |A|OF M : 0 and x € FV(M):
- € dom(T") Udom(O) if and only if x occurs at depth 0 in M,
- x € dom(A) if and only if x occurs at depth 1 in M.

Proof. By induction on II.
Let IT be

L
F,x:A|A]®I—x:A<A$)

Then z € dom(I',z : A) Udom(O) if and only if x occurs at depth 0 in z. The
case of (Az") is similar.
Let II be

D100 z:7FN:0o 0
e, A z:!r | OFN o

By inductive hypothesis z € dom(©’, z : 7) if and only if 2 occurs at depth 0 in
N: then z € dom(!®', A’ z :!7) if and only if x occurs at depth 1 in !N.
All the other cases follow easily by induction.
O

Finally, by exploiting the results of Theorem 3 and Property 5, we are able to
show that the typed terms are exactly those of \'-calculus:

Property 6. If a term is well-typed, then it is also well-formed.

Proof. Consider a derivation II typing M. For each subderivation of II of the shape

Lz:A|A|OFP:0o L I'Ay:!r|0FQ:0
F\A|®}—)\x.P:A—oa(_o ) or I'A|OFNy.Q:lT <0

—oII)

by Prop. 5 x occurs at most once at depth 0 in P, while all occurrences of y (if
any) are at depth 1 in Q: this corresponds exactly to the notion of well-formed terms

given in Definition 8.
O
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2.2.2 Types of data and pairs

In Section 2.1.5 we introduced the kind of A'-terms which serve for the encoding
of data. For such terms we define the following datatypes, adapted from System F,
representing respectively booleans, Church tally integers, Church binary words and

Scott binary words:

B % vaa-—oa—a
N Va.l(a — a) —o!(a — a)
w Va.l(a —o a) —ol(a — a) —ol(a — a)

def

Wg pub.Va.(b —oa) —o (b —a) — (a — a)

Note that Scott binary words have already been used in the literature for the
study of light logics [LB06; RV10; BT10].

Representation of pairs As usual, it is possible to define the connective ® for

pairs by second order as:
def
c®T = Va (o —T —oa) —oa.

For such new type construction, the following syntactic sugar on terms is specified:

def

My R Mo Ar.x M1 Moy 01 Qo9
def
AMz1 ® z9). M = Az (zAYy1y2.\2.2y192) (Az122.M) : (A ®Ag) —oT
)\!(xl ® x9).M def )\:1:.(x)\!ylyg.)\z.z!yl!yg)(A!xle.M) i (loy®log) — 7
T def AMz1 @ x9).; : (AL ®Ag) — A, forie{l,2}
Uy Lef )\ (1 ® xa). 24 : (loi®log) —oloy;  for i € {1,2}

along with the two derivable reductions rules:
()\(:El & xg)N)(Ml & MQ) — N[Ml/lﬁl, M2/$2]

(N (21 ® 22) N) (IM1@IM3) — N [My /21, Mo /9.

Observe that, contrary to what one would expect, we chose not to define /\!(3:1 ®
x2).M simply as \z.z\ z122.M. The reason behind this choice is that the application
of the latter could require the substitution of a non-linear type to a type variable,
an operation which is forbidden by our typing system: indeed such behavior would
undermine subject reduction, a crucial property for the characterization we aim to
prove.

It is easy to check that the typing rules in Table 2.2 are derivable: the full proof
is given in Appendix A.2.
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F,$1:A1,J)2:A2|A|@|‘M:T

(— IE)
FNA|OF ANz ®@z2).M: (Al ®Ay) —T ®

LAz o,z tlog |OF Mo 7

1 (— I@{))
F'IA|OFN(z1®x2). M : (log®log) —o T

F1|A|9|_M110'1 F2|A|@|_M2:O'2 Fl#rg
Pl,F2|A’@|—M1®M2:O’1®0’2

(®I)

Table 2.2: Rules for the ® connective.

Basic and composite operations on datatypes First, let us observe that Scott
words allow for an easy definition of the basic operations on binary words and of the

case function:

cons’ def AW.ASg.AS1.AT.sow : Wg — Wy
cons! & AW.ASg.AS1.Ax.817w : Wg — Wy
tail = Adw.w I I nil:Wg — Wg

case X Xsp.hsp Az Aw.wsosi T : Va.(Wg —o a) —o (Wg —0 a) —o a — (Wg —o a)

For Church binary words, it is possible to define the following terms:

length = Mo N's. (Mo (A\z.x2))(wss) : W —o N

conv = w.(Na.!(z nil))(w !cons® lcons!) : W —o!Wg

The former returns the length of a Church binary word as a tally integer, while the
latter turns a Church binary word into the corresponding Scott binary word.

Consider the following basic operations on Church binary words:

So def Aw Nsg N s1. (N y (Az.y(soz))) (w!sglsy) : W — W

s, ¥ Aw Msg N s (N y (Az.y(s12))) (w!sglsy) : W — W

z NsoMs ! (Ar.z) : W

By combining such operations, we can define a program which “raises” the depth of a
Church binary word, namely coer def Mw.(Ny ! (yZ)) (w!Sp!S1) : W —o!W, whose be-
havior is coer w =!w. By applying Property 1 to such term, it is possible to build the
program coer” e Mw.coery(coery_i(...(coer; 'w)...)) of type !W —o!*+1W such
that coer®lw =!"+lw, for every k > 1 and for any Church word w.

Moreover, we define - iter :1A —o!(A — A) — N —!A as the term which, when
applied to a base, a step function and a value n, iterates the step function n times



2.2. TYPING SYSTEM FOR M\'-CALCULUS 49

starting from the base:

0|0 |z:A—oAb:As:A—oAFzb:A

O|z:!(A—A),A|QF!(zb): A (—il)

D] A|OF Nzl (zb):1(A—oA) —lA y:N|A|OFyls:I(A—Ah)
y:NJA[OF Nal(zb)(y!'s) A

D] A|DF Xy (Nal(z b)) (y!s) : N —olA

FAB AN s y. (Nl (z b)(y !s) ;1A —o!(A — &) —o N —olA

~—

(— E)

(—o I*)

(= 17)

where A = b :1A, s :1(A — A). It is easy to check that, given terms base and step,
the terms (A'b.\'s.\y.(Mz.!(z b))(y !s)) base step n and !(step” base) reduce to

the same normal form.

2.2.3 Properties of typed \'-terms

In order to give a characterization of functions through programs of \'-calculus,
we need to be able to extract the output result which is computed by the program on
a given input: in particular, what we aim to prove is a sort of inverted Generation
Lemma, in which the shape of the term can be inferred from its type, where both
the term and the type satisfy some conditions of normalization and closure.

We start by examining under which conditions a A'-term with a ! type is either a

! term or an application:
Property 7. Let II-T | A |0 - M :lo, where M € nfy. Then:
i. T' =0 implies M =N for some N
ii. if there is © € FV(M) such that T'(x) is defined, then M = NQ for some N, Q.

Proof. Both points follow by induction on II. Observe that the only rules which can
assign a non-linear type are (Az%), (!) and (— E).
i. Let ' = 0.
Since the parking basis is empty, IT cannot be an application of (Az").
If IT ends with an application of rule (!), then the proof is trivial.

Now let II end with an application of rule (— E). Observe that M € nfy, so
M is not a redex; moreover, the case M = zP;...P, is not possible, since by
Property 5 x should occur either in the linear or in the parking basis, which are

both empty. To rule out the last possibility, assume that M is a block and II is

M@ |A|OFNePilr —lo The®|A|0FNy:IT
D|A|OF (NaP)Q :lo

(— E)



50 CHAPTER 2. POLYVALENT CHARACTERIZATION

where Q #!N. However, by inductive hypothesis on Il we know that Q@ =IN

for some N: then M cannot be an application, so the last rule is not (— E).

ii. Let ' =T,z : A. Since the conclusion of rule (!) is such that no variable in the
linear basis occurs in M, II cannot end with an application of rule (!): then II
ends with an application of rule (— E) and M = N Q for some N, Q.

O
Secondly, we identify some criteria according to which a term is not an application:
Lemma 16. Let II>T |0 | 0 - M : o such that M € nfy:
i. if [(x) = a for every x € FV(M), then M is not an application;

ii. if o # a and for every x € FV(M) either I'(x) = a or I'(x) = A — a, then M

is mot an application.

Proof. For both points we proceed by induction on II.

The only non obvious case is that of II ending with an application of rule
(— E), followed by a (possibly empty) sequence § of non-constructive rules: then
M= Mi My and I is

ol [0 |0FEMy:p—o7 oDy |0 |0FMy:p
I, |00 MMy : T
T [010F MMy ol

(— E)

By inductive hypothesis M is not an application; moreover, M; cannot be a linear
abstraction, since by hypothesis M € nfy. Assume M; = X'z.P, with p =!u for some
w. If Ty = (), then by Property 7.i My =!Q: but this contradicts the hypothesis, since
M € nfy. Otherwise, by Property 7.ii My is an application: but this contradicts
the inductive hypothesis, since every premise in I'y has type a or A — a and !y # a,

thus neither My nor M are applications. Finally, assume M to be a variable y:
i. in the first case, since all variables in I'; have type a, M cannot be a variable;

ii. in the second case, since all variables in I'; have either type a or A —o a and
p —o T is an arrow type, then p —o 7 = A —o a: but this would mean T =a =0
(6 being the empty sequence), which in turn would contradict the hypothesis

that o # a, so M1 cannot be a variable.
O

With these ingredients, we are finally able to prove the reading property of B
and Wg, namely the fact that every derivation assigning such datatype is inhabited
by a corresponding data, where both the type and the term are at depth k& > O:
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1.

Property 8 (Reading property of B and Wyg).

If = M :¥*B and M € nf},, then M ="true or *false, for k > 0.

i IfT | 0|0+ M :*Wg and M € nfy, such that for each x € dom(T") either

['(z) = a or T'(z) = A —o a, then M =*@ for some Scott binary word @, for
k> 0.

Proof. Assume II to be a clean derivation by Lemma 15: both points are proved by

induction on k.

i.

ii.

Let £k = 0. By Lemma 16, M is not an application; moreover, M being closed
implies that it cannot be a variable: then either M = \z.N or N'z. N, so by
Lemma 11 the derivation is
OsT|AJOFN:T
(— I7)
DID|IOFM:0—T
@|@]@|—M:Va.a—oa—oa6

where either the rule is (—o I'), with T' = 2 : 0 and A = (), or the rule is (—o I7),
with I' = () and A = z : o, where § is a sequence of non-constructive rules. Since
the derivation is clean, § is an application of rule (VI),so 0 —o7=a -—oa-——oa
and Iz :a|f|0FN:a—oais followed by an application of rule (—o I).
Again by Lemma 16, N cannot be an application; moreover, N’ cannot be a
variable because of the context: then either N' = \y.P or N' = Ny.P. By
repeating the same reasoning as before, N' = Ay.P and II is obtained by applying
rule (o I toll'>z:a,y:al|d|0FP:a

By Lemma 16.i, P cannot be an application; moreover P cannot be an abstraction,
otherwise z : a,y:a| 0|0 F P :a would be obtained by applying either rule
(—o I*) or rule (—o I') to II', followed by a sequence of non-constructive rules:
but both abstraction rules derive an arrow type, whereas a cannot be obtained
from o —o 7 by means of applications of non-constructive rules.

Therefore P is a variable, so either M = Azx.Ay.x or M = Az \y.y.

Now let k& = i + 1. By Property 7.i, M =IN; moreover, by Lemma 11 the
derivation ends with an application of rule (!) to @ | @ | § = A/ :!"B. By inductive
hypothesis either N' =!"true or N =!'false: then the proof follows from the
fact that M =N/, so either M =!"Tltrue or M =!"*1false.

Let £ = 0. By Lemma 16.ii, M is not an application; moreover, M cannot be a
variable because of the constraints on the type of the variables in I': then either
M = \fo.N or X' fo.N. By Lemma 11, the derivation is
OsT"|A" 0N T (o 1)
F'o|0FM:0—T
L0|0FM: pbVa.(b—oa)—(b—oa)—o(a—oa) 0
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where the last rule is either (—o I7), with IV =T, fo : 0 and A = 0, or (—o I?),
with IV = T" and A = fy : o, where § is a sequence of applications of non-
constructive rules: then, since the derivation is clean, ¢ is an application of rule
(VI) followed by an application of rule (ul), so 0 — 7 = (Wg —o a) —o (Wg —
a) o (a—oa)and II> fo: Wg —a,I' |0 |0 N : (Wg —oa) — (a—a)is
followed by an application of rule (—o I'): observe that a ¢ FTV(T') because of
the side condition of rule (VI).

By Lemma 16.ii, N' cannot be an application; moreover, given the basis T,
N cannot be a variable: then N is an abstraction. By repeating the same
reasoning as before, N’ = Afi.P and II is obtained by applying rule (—o I”) to
e fo: Wg —oa, fi:Wg—oal|0|0FP:a—a.

By following exactly the same steps, P = Az.Q and II’ is obtained by applying
rule (—o I to " > fo: Wg —oa, f1 : Wg —a,z:a,T |0 |0FQ:a.

Notice that Q cannot be an abstraction, since it has a variable type, so Q is
either a variable or an application. In the former case, since a does not occur
free in T", the only variable that can have type a is x, so M = Afo. A\ f1.\z.x = €.
In the latter case, @ = Q1 Q5 and I1” is obtained by applying rule (— E) to
T |0|0FQ1:0—oa T |0|0F Qs : o, where I'1,I'y = fo : Wg —o a, fi :
Wg — a,z : a,I'. Since by hypothesis @ € nfy, we know that Q; is not a linear
abstraction; moreover, by Lemma 16.ii @ is not an application: then Q1 is a

variable and the derivation is

L
Fll(Z)\(Z)I—fi:WS—oa(Ax) EDF2‘®|®|_Q2:WS
I, To|0|0F f;Qa:a

(— E)

for ¢ € {0,1}. By induction hypothesis on ¥, Qg is a binary word w: then either
M = Afo A1 . foid = 0w or M = Afo A fL. Az f100 = 1w.

Now let k£ =i+ 1. By applying Property 7.i we know that M =!A; moreover, by
Lemma 11 the derivation ends with an application of rule (!) to @ | @ | § = N :1"Wg.

By inductive hypothesis N =!"® for some Scott binary word @: then the proof
follows from the fact that M =IN =15

2.2.4 Complexity soundness

We are interested in giving a precise account of the hierarchy of classes character-

ized by the typed \-calculus. In particular, we want to show that it is possible to

represent exactly the class k-EXP by considering a subclass of typed \'-terms, whose

type depends on the parameter k. Before presenting the main complexity result, we

briefly introduce the notations used to identify the hierarchy of complexity classes.
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Complexity classes

Let FDTIME(f(n)) and DTIME(f(n)) be respectively the class of functions and the
class of predicates on binary words computable on a deterministic Turing machine in

time O(f(n)). The complexity classes that we wish to capture are the following ones:

k-EXP = U,enDTIME(2!) for k>0
k-FEXP = U;cnFDTIME(2}) for k>0
In particular, observe that the classes of polynomial time predicates and polynomial
time functions are defined respectively by PTIME = U;cyDTIME(n!) = O-EXP and
FPTIME = U;cnFDTIME(n') = O-FEXP.

Soundness result

In this subsection we want to study the relation between the type of a program
representing a function and the complexity class to which such function belongs. In
particular, we show that a closed term of type !'W —o!**2B and a closed term of type
'W —o!**t2Wg represent respectively a predicate and a function which, when applied
to a word of length n, can be evaluated in time O(QZ(n)) for some polynomial p.

Let F(o) denote the class of functions represented by programs of type o. First,
we prove that F(!W —o!**2B) C k-EXP, namely, that every program having type
'W —o!**+2B represents (in the sense of Section 2.1.5) a predicate of k-EXP:

Theorem 4. Let - P :\W —o!*2B and - w : W, where P is a program and
()

)

length(w) = n; then the reduction Plw S142D can be computed in time 2§

where D is either true or false and p is a polynomial.

Proof. Let M’ be the normal form of Plw. By Property 4, we know that lekJr2

can be reduced to a term N € nfy 5 in time O(ZQ(n)) on a Turing machine, where
n = length(w). Moreover M= N by combining Lemma 9.i and Property 1.ii.
Since Plw has type *+2B, by Theorem 3 M’ is a closed term of type *+2B: then by
Property 8.i M’ is either *+?true or **?false.
Since N = M2 = M, Plw can be computed in time O(Zz(n)).

O

The soundness result can be extended to functions in order to show that F(IW —o
Ik+2Wg) C k-FEXP, that is, every program of type !W —o!*+2Wg represents a function
of k-FEXP. This can be easily proved by retracing the same steps of the previous
proof and by applying the reading property of Scott binary words in order to extract
the output:

Theorem 5. Let - P W —ol**2Wg and - w : W, where P is a program and
()

)

length(w) = n; then the reduction Plw k200 can be computed in time 2}

where w' is a Scott binary word and p is a polynomial.
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IT @|@|w:WFcoerQ:!W
0] 0| w:WFE iter(coer w) /(W — W) — N —olW (o ) :
0] 0] w:WFE iter(coer w)(!lenX2) : N —o!W O|0|w: Wk (length w) : N
0| 0] w:WFE iter(coer w)(!lenX2)(length w) :!/W 0
0| w:!'W |0 F!(iter(coer w)('1enX2)(length w)) :I2W
F Mw.!(iter(coer w)(!1enX2)(length w)) :!W —ol2W

(~B) |

(— E)

where

I > 0|0|w:WEiter :!!W —o!/(W — W) — N —!W
Y > 0|0|w:WFH1lenX2 /(W — W)

Figure 2.4: Term of type !W —o!?W representing an exponential function.

Proof. We proceed exactly as before, up to the application of the reading property:
by Property 8.ii, the output of the computation is k20, , where w' is a Scott binary
(n))

word, and the evaluation of Plw is done in time O(2}

O]

One might wonder why we should use Scott binary words as the output type for
the representation of functions, instead of Church binary words, as the latter would
seem like a more obvious direction to take.

Considering the case of k = 0, the reason behind such refusal is easily explained by
the fact that Church binary words are data of depth 1: from the point of view of
expressivity, there are some FPTIME functions which are not captured by terms of
type 'W —o!W, while programs of type 'W —o!?W allow also the typing of functions
outside the FPTIME class, like exponential functions.

As a proof of the latter claim, let 1enX2 & Mw. N fo. N fr.(Ny (Az.y(yx))) (wfofi) be
the program of type W — W whose behavior is that of doubling the length of a
binary word: then we can easily build M'w.!(iter(coer w)(!1enX2)(length w)) of
type |W —o!2W (see Figure 2.4) which, when supplied with a binary word !w, returns
a word of length 2", where n = length(w).

2.2.5 Completeness

In Section 2.2.4 we proved both F(!W —o!¥*2B) C k-EXP and F(!W —o!¥*2Wyg) C
k-FEXP: we now want to strengthen these results by examining the converse inclusions,
namely, by showing that for every predicate of k-EXP (resp. function of k-FEXP) there
is at least one program of type !W —o!**2B (resp. W —o!*+2Wg) representing it.

In order to achieve such results, we simulate time-bounded Turing machines
through terms of \'-calculus; we then prove that the computation of a desired

function can be performed through a term of A'-calculus respecting the given time



2.2. TYPING SYSTEM FOR \'-CALCULUS 55

complexity bound. We start by showing how to encode polynomials on tally integers,
which are needed to bound the iterations of the machine; we then proceed to define

the encoding of a Turing machine itself through \'-calculus.

Encoding polynomials

We begin by proving the functoriality of the ! modality, which is needed to define

. |
coercions of some key \'-terms:

Proposition 1. Let- M : 0y — ... —0 0, —o T for some n > 0: then there is a term
My, such that = My, 1oy —o ... —lFa, —o*r and Mp!*Py.. \FP, and "F(MPy...P,)

have the same normal form, for any closed term P; (1 < i <n), for any k > 1.

Proof. By induction on k.

Let k = 1. By applying n times rule (— E)toF M : 0y —o ... —0 0, —0 T
and to the parking axioms 0 | 0 | z; : o5 F x; : 0y (1 <4 < n), we obtain the proof
O|0]|x1:01,.y@py : o b May...zy : 7. By applying rule (!) to such derivation,
followed by n applications of rule (—o I7), we obtain - M., | (Mxy...2,) 1oy —o
Aoy, —olr. Observe that (M'xy...x,. (Mzy...2,))!Py... 1Py, and |(MPy...P,,) have the
same normal form, since the former can be easily reduced to the latter by n reduction

steps:

5 (N (MPL P Pr12,)) Py,
— (MPy...P,)

The inductive case follows easily.
O

The multiplication and the sum of two tally integers are given respectively by
Fmult: N —N-—-oN and Fadd: N — N — N, where mult & M dm.'s.n(m!s)
and add & A dm A s. Nz Ny (Az.x(yz))) (nls)(m!s).

Example 7. The type derivation for add is the following:

Yp0|0|s:a—oaz:a—oay:a—oalldFAzz(yz):a-—oa

O

0]s:l(a—oa),z:l(a—oa),y:l(a—oa)|dH(Azz(yz)) :I(a —a)

(—I7)

0]s:l(a—oa)BF Nz y!(Az.z(y2)) :!(a —o a) —ol(a —o a) —ol(a — a) 1L, (o )
n:N|s:l(a—a)|0F \aXy!(Oz.2(yz2)))(n!s) :I(a — a) —!(a —o a) I, (o )
n:N,m:N|s:l(a—oa)|BF Nzy!(Az.z(yz)))(nls)(mls) I(a —o a) 11

n:N,m:N|0|0FXNs.\aeXy!(Az.z(yz)))(nls)(m!s) :I(a — a) —ol(a — a)
n:N,m:N|[0|0FNs. Ny (Az.z(yz2)))(nls)(m!s) : N
Fandm s Mz Ay (Oz.z(yz2)))(nls)(mls) : N o N — N

(—I1*)

where I, >n : N | s:l(a—oa)|0Fnls:!l(a—a), I,bm:N|s:l(a—oa)|dF

m!s:l(a —o a) and ¥ are easy to obtain.
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From this point forward, for any given M of type o1 — ... —0 g, —0 7 we de-
note by M;, the term of type o1 —o ... —o!*g,, —o!¥7 such that !¥(M P;...P,) and
MVFPy 1FP, reduce to the same normal form, by implicitly applying Property 1.

By composing addition and multiplication with the term representing the expo-
2z(n)

nential function, it is possible to represent all the functions of the form on tally

integers, for some polynomial ¢(n) and k > 0:
Lemma 17. If p is a polynomial over one variable with coefficients in N, then

i) there is M representing p(n) such that = M :IN —IN;

i1) there is M representing QZ(n) such that - M IN —o!**IN| for any k > 1.

Proof. 1) Given ITage> F add : N —o N —o N and ITy1¢> F mult : N —o N —o N there
is a term M, obtained by composing add and mult in a suitable way, representing
the polynomial ¢(n), such that M :IN —!IN. Indeed, let II>0 | |z : NF N : N
be a composition of add and mult with argument x; then the derivation for M

8 Mof|0|e:NFN:N

0|x:IN|OHN:IN ()
NN AN N

It

As an example, the polynomial function g(n) = n?

F Mz )(mult 2 2) :IN —!N.

is represented by the program

ii) The function f(n) = 2n is represented by Iljoup1e> - double df it 2:N—oN;
then the function 2" can be represented by iterating double, so the resulting
derivation Ilexp is

>FNyl(y 1) Ii(N —oN) =N z:N|0]| 0+ z !double :!(N —o N)
Oox:N|0|0F MNy!(y 1))(z 'double) :IN
F exp Lf Az.(My.!(y 1))(z !double) : N —oIN

(— E)

(— %)

Let ITgype> F exp® : N —ol¥N, where exp*n = exp,,_; (exp;_,(...(exp; (exp n))...))
is the program representing function 2, for every k£ > 0.

The derivation obtained by applying Property 1 to Ilgyp is composed with
F M :IN —IN, where M represents the polynomial ¢(n); then the term of type

)

IN —o!¥*+IN representing QZ(n is obtained in the following way:

(Z)I(Z)|:Jc:N,y:.N}—expky:!kN 0
O] z:IN,y:IN|QH (expty) 1PN (o)
0] x:IN|0OF Xy.!(expty) :IN —olF+IN 0lz:IN|OF Mz :IN
0]z :IN|0F Nyl (exp®y)) (M) IFFIN

F M2 My (expty)) (Mz) (IN —olF+IN

(— E)

(= 1)
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Simulation of Turing machines

In the previous section we showed how to represent polynomials and exponentials
on tally integers in \'-calculus: now, such results are employed to simulate k-EXP-time
bounded Turing machines.

For simplicity, the notation for the tensor product can be generalized to the n-ary
case, with M1 ® ... @ M, def Az aMy.. My and A7 ® ... @ x) N def 2221, AT N,
forn>2 lfo1®..Q0, def Va.(op —o ... —o 0, —o a) —o a, then the rules of Table 2.2
can be extended accordingly to (—o I£,), (— 14,,) and (®,1).

Furthermore, we can generalize the boolean datatype to the n-ary case by defining

B" ' Vaa o.. o0ao a, typing normal forms of the shape Azi....Az,.x; for some
—_—

n
i € {1,...,n} and n > 1; note that B? = B.

Configurations and transitions of a Turing machine Let 9 be a Turing
machine with alphabet ¥ = {0, 1} and a set of n states @, = {q1, ..., ¢n }. We represent
the configurations of a one-tape Turing machine 99T over a binary alphabet with
n states through a term N ® P ® Ng ® P, having type C def Ws®B® Ws ® B”,

where:

1. the first component of type Wg represents the portion of the tape on the left-hand

side of the scanned symbol, in reverse order;
2. the second component of type B represents the currently scanned symbol;

3. the third component of type Wg represents the portion of the tape on the right-

hand side of the scanned symbol;

4. the fourth and final component of type B™ represents the current state of the

machine.

We define 1 to be the first value of type B", where n is the number of states of
M, which is conventionally chosen to represent the initial state of the machine.

As a last tool in order to prove the completeness result, we need to define three
more terms, which allow us to simulate the operations of a Turing machine through

A-calculus:

Lemma 18 (Transitions of a Turing machine). Let 9 be a one-tape deterministic

Turing machine over a binary alphabet; then the following programs can be typed:

i) F init : Wg — C, mapping a Scott binary word to the corresponding initial

configuration of M;

ii) F step : C —o C, computing the next configuration of M based on the current

configuration;
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iit) F accept : C —o B, returning true (respectively false) if the state of the

current configuration is accepting (respectively rejecting);
iv) F extract : C —o Wg, returning the binary word written on the tape.

Proof. We show how to define each of the described terms; the respective typings

are trivial and thus their proof is omitted.

i. We define init asinit def case M;MaoMs, where M = Mw.nil @ true @ w ® 1,
Ms = w.nil ® false @ w® 1 and M3 = nil ® false ® nil ® 1.

ii. The term step can be defined by retracing the transition function of 9t and by

doing a case distinction.

iii. We define accept def ANy @z ®@ yr ® 5).591...Q,, where, for 1 <i < n, Q; = true
(respectively Q; = false) if the state encoded by the i-th element of type B™ is
accepting (respectively rejecting) for 1.

iv. The last term, returning the right-hand tape portion of the tape, is trivially
defined as extract & AMyr @ x Q@ Yr ® 8).Yg-

O]

Finally we have all the necessary ingredients to prove the main completeness

result:
Theorem 6 (Extensional completeness).

1. Let f be a binary predicate in k-EXP, for any k > 0; then there is a term M
representing f such that = M )W —olFT2B,

1. Let g be a function on binary words in k-FEXP, for k > 0; then there is a term
M representing g such that = M )W —olF+2Wg.

Proof.
(n)

i. Let 9 be a deterministic Turing machine of time 2% computing a binary

function f on binary words.

)

By Lemma 17 there is a derivation - Q :IN —o!*+IN representing ZZ(n . Moreover,

the following derivations can be easily built:

I o §|w:!W|0F init,e(convy,(coer® lw)) :1F+2C
Yoo 0|w:!W |0 F*2step FF2(C — Q)
® > 0|w:!W|0F Q(length, lw) :I*+IN

Observe that II types the initial configuration at depth k + 2, which is obtained
by applying the initializing function to the input word w, while X types the step
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function at depth k + 2 and ® types the tally integer representation of 2Z(n) at
depth k£ + 1.

Let P = iterg 1 (inityyo(convyi(coer® 1w)))(*+2step)(Q(length, !w)) be
the term obtained by applying itery,; to such typed terms, thus iterating the
step function QZ(n) times starting from the initial configuration, which is typed
by applying 0 | w :!W | § F iterg ; :!FF2C —ok+2(C — C) —olFHIN —o!k+2C to
derivations II, ¥ and @ in turns; let ¥ @ | w :!W | ( = P :'*+2C be the derivation
obtained by this construction.

Then we can apply rule (— E) to § | w :!W | 0 - accepty,, o :!¥2C —!l*2B and
to W, followed by one application of rule (—o I') to abstract over w, in order to

obtain the desired derivation.

ii. The proof retraces the same steps of the previous point, up to the construc-
tion of W; then the desired derivation is obtained by applying rule (— E) to
0| w:!W |0 extracty, s :I*2C —o!*2Wg and to ¥, followed by one applica-

tion of rule (—o I) to abstract over w.

Observe that, as usual, such completeness results hold in the sense of function
representation, whereas few polynomial time algorithms can actually be implemented
by A-term of the desired type. We do not claim our typed language to be algorith-
mically expressive in this sense; instead, the interest of the present approach lies
in the simple setting it provides in order to obtain a characterization of a family of
complexity classes in a generic way.

By looking at the type of programs representing functions of FPTIME, one obvious
drawback of such characterization is the fact that it does not account for composi-
tionality; indeed polytime functions are closed by composition, while the mismatch
of input and output type of our programs, paired with the nonexistence of a coercion
from Scott to Church binary words, makes it so that they cannot be composed: for
such reason, in the next section we offer an alternative characterization which is

capable of solving the issue.

2.3 Composite types for an alternative characterization

In order to be able to compose programs representing FPTIME functions, we want
to define a datatype which is better suited to serve as both input and output type

of a function. To this aim, we wish to represent a word w’ € {0, 1}* through a pair
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(n,w), where n € Nyw € {0,1}*, such that the following invariant holds:

w, if length(w) <n

prefix of w of length n, otherwise.

The ® operator on types, defined in Section 2.2.2, comes in handy for the
representation of a pair of datatypes. Nevertheless, the depth of each component has
to be chosen carefully. Consider again the case of k = 0, namely, the characterization
of FPTIME: if we take the pair N ® Wg as both input and output type of a program,
then we do not achieve much expressivity since no duplication is possible at depth
0; similarly, by considering a pair of the shape IN®!Wg, then the iteration of the
second component based on the first integer component is forbidden, again affecting
completeness.

However, the latter property gives a hint on the right shape of the pair to be
chosen: the iter term is typed in such a way that, if the natural number it expects
is at depth ¢, then its other arguments and its result are at depth ¢ + 1. We thus
introduce a new combined datatype defined as *TIN@!*+2Wg, for k > 0, containing
a pair of a Church integer n and a Scott binary word @, where n is meant to represent
the length of a list, whose content is described by w; so, in particular, we choose the
datatype IN®!?Wg for k = 0.

Notation 1 (Match). We use the following notation:

match w with consgu = Mylu,T]
consju = M;u,7]
nil = N[z

as syntactic sugar for w A\u.\T.My AMu. T M1 \XTN T, where T stands for a sequence

of variables x1...x,, while XT.M stands for the abstraction Axy. ...A\xn. M, forn > 1.

Note that such notation is also equivalent to case Au.\T.Mgy Au\T. M1 \Z.N w T.
When computing on elements *n@!*+2% of type FTIN®!*2Wg, we want
to maintain the invariant that length(w) < n, which is enforced by the following

lemma:

Lemma 19 (Invariant of composite datatype). For any k > 0, there exists a term
F M N —I?Wg —o!lk2W g for k > 0 such that, for any n and @,

Mt 51k 2y
where w' = w if length(w) < n, otherwise w' is the prefix of w of length n.

Proof. Let A* = ("W —ol'W) @ W = Va.((I'W —!'W) — W —o a) —o a and consider

the following terms:
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Fstepg = Af ®u). match v with consgv = Ay.(f (cons®y)) ® v
consjv = Ay.(f (consly)) ®wv
nil = f®nil

A® — A®

Fstepipr = A(f ®u). match u with conspu = My.(f !(consly)) ® v
consjv = My.(f !(consly)) @ v
nil = f®nil

pitl g pitl

where F cons? MWy —ol'Wg and - consi1 "W g —o!"Wg are obtained as usual by
applying Property 1 to - cons? : Wg — Wg and F cons! : Wg — W respectively.
Then the desired program M is built as follows:

S 0]0]O F nlstep, :(AF —o AF)
Y % . 1 (= B) o (AzF)
01016 F Ny Nat((m(y(I @ 2))18) (nlstepy) 1Ws —olFF1Wg opoierwiws A7)
010]0F \yXz!((m(y(I ® 2)))1%€))(n!stepy, )w :FH1Wg 0
0] n:INw:PWg | 0 F((Ny X2 (71 (y(I ® 2)))1F€)) (nlstepy, )w) kT2 W g (HD 1)
F A AW (N y A2 (1 (y(T ® 2)))1F8)) (nlstepy, Jw) :IN —o12W g —olk+2W g ®

where IIT is:

AxP
0100 Fy:ak —ak (4=7)

0106 Fm :AF — (FWg —lFWg) 0100 Fylwz): A :
01016 Fm(y(l®z) FWg —olFWg 010] 0 Fike kW
0100+ (mi(y(I ® 2)Fe:FWg "
0 !0 | © FI((m (y(I ® 2)))I*e) MFH1Wwg
01016 F Ny =!((m (y(I @ )))178) A(AF — AF) =IWg —olFH W

(— E)

(—1%)

and X is

@\VH@’FIL:Va.awa
/ k k (VE) 7 (Az")
@|®|@F[:!Ws—0!w‘g @|®|@|‘Z:WS(®I)
D100 FI®z:AF

with © =n: N,w :!Wg and ©' =y : A¥ — AF 2 : Wg.

It is easy to check that MIn!?Wg and 1?((m (step (I ® @)))!*€) reduce to the
same normal form, which is the word 1k+24 such that w' is a prefix of w and
length(w') < n.

O



62 CHAPTER 2. POLYVALENT CHARACTERIZATION

Retracing the reading properties of datatypes B and Wg, we need to examine
under which conditions we can read out a value of the composite datatype. In order
to do so, we need a few intermediary results about the shape of terms which are

typed either with a ! type or with a type variable:

Lemma 20 (Term of ! type). Let II>T |0 | © F M :I7 and M € nfy, such that
r©Cx:0;—o..—o00, o2y :al,..,Y:ar (n>1k>0): then M =N for

some N.

Proof. By induction on II.
By inspecting the rules of the system, the last application of II is of either rule (!) or
rule (— E).
Let II end with an application of rule (!): then the result follows trivially.
Otherwise, let II be

el |[0|OFP:p—olr Il |0|OFQ:p
Fl,FQ‘(Z)’@l—,PQ'T

(— E)

where M = PQ and I' = I'1,I'5. Let us check all three possible cases:

- let M = (Az.R)* T Q! so M is be a f-redex, which contradicts the hypothesis
that M € nf: therefore this case is not possible;

- let M = (M2.R)'"™7Q'" so by inductive hypothesis Q =!Q’ for some Q’, and
M is a !-redex, which contradicts the hypothesis that M € nfy: therefore this

case is not possible;

—0,..—0 —o! . .
- let M = gt mopm=oTPPL DI where z = x because z is the only variable to

be assigned an arrow type in I', therefore II; >T'y |0 | © - 2P;...Pp—1 : 0 —o!T
and Ilo>T9 | 0 | © F Py, : 0: since every application of z to m < n subterms
produces a term having either an arrow type or a type variable, this case is

not possible.

Therefore, IT cannot end with an application of rule (— E).
O

Lemma 21 (Term of type variable). Let II>T' | 0| © F M : a, such that M € nf
and 'O =z : 01 — ... 0 0y —0 a,y1 : @1,...,Yk : & (n > 1,k > 0): then either
M=y, ifa=a;, or M =zPy...P, for some P1,..., Pn.

Proof. By induction on II.

Since a is not an arrow type, I cannot end with rule (—o I*) nor (—o I). Similarly,
the last application cannot be of a non-constructive rule, since the assumption of II
being clean. Moreover, since the type is linear, II cannot end with an application of
rule (!).
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Let IT end with an application of rule (Az%) (resp. (Az®)): then there is
y; € dom(I") (resp. y; € dom(©)) such that x = y; and a = a;, therefore the first
point has been proved.

Otherwise, let II be

Mol |[0|OFP:p—oa Il |0|OFQ:p
I, |0|OFPQ:a

(— E)

where M = PQ and I' =T'1,['5. Since M € nfy, there are only two possibilities:

- let M = (Ny.P)"2Q'" where Q #!Q’, namely M is a block; by applying
Lemma 20 to Iy >T9 |0 | © - Q :!I7, we know that Q =!Q’;, which contradicts
the hypothesis that M € nf(: therefore M is not a block;

- let M = zPrmoopm—ea PPl DI gince x is the only variable to be assigned an
arrow type whose rightmost type is a, we know that II>T' | ) | © - 2P1... P, : a
and m = n, where z is introduced either through rule (Az%), if € dom(T),
or through rule (Az%), if € dom(©): therefore the second point has been

proved.

O]

Now we are able to prove a reading result, similar to the ones of Property 8, for

both pairs and Church integers:

Property 9 (Reading property of pairs). If - M : (01 ® 02) and M € nfy, then
there are - My : 01 and - My : 09 such that M = M1 ® Mo.

Proof. Consider a clean derivation II proving - M : Va.((o7 — 09 — a) —o a). Since
IT is clean, the derivation ends with an application of rule (VI), whose premise is
' M : (07 — 09 — a) —o a.

By Lemma 16 and by the fact that all bases are empty, M is not an application nor
a variable; then M is an abstraction, in particular a linear one since the type is of
the shape A —o a, so M = Az.A and II' ends with an application of rule (—o I*),
whose premise is [I" Fz: 01 —o 09 —a|l|0FN:a.

By applying Lemma 21 to IT", N’ = xM1Ms for some terms M1y, My, so II" is

L
Fo|0rz:01 —o09—oa (Az®) Yk Mo

T|0|0FaM;:09 —a
CO|0FaMiMsy:a

— F
( ) EQD}_MQZO'Q

(— E)

where I' =z : 01 —0 09 —o a.
Since M = Az.x M1 My = M1 ® Moy, the desired derivations for M7 and My are
respectively 31 and Xs.

O



64 CHAPTER 2. POLYVALENT CHARACTERIZATION

Property 10 (Reading property of N). If - M :I*N for k > 0 and M € nf;_1,
then there exists n € N such that M =!Fn.

Proof. Recall that n = A f.!(Az.f"z) for any n € N. Let II be a clean derivation for
F M :I¥N: we proceed by induction on k.

Let k=0, so IIr - M : N and M € nfy.
Since II is clean, the derivation ends with an application of rule (VI), whose premise
is II'> = M :I(a —o a) —ol(a — a). By Lemma 16 and since the term is closed, M is
not an application nor a variable; then M is an abstraction, in particular M = ' f. N
since the type has the shape lo —o 7, so Il ends with an application of rule (—o I),
whose premise is () | f :!(a — a) |0+ N :l(a — a).
By Property 7.i, N =P for some P: then M = N f.IP and II” ends with an
application of rule (!), whose premise is X >0 |0 | f:a—oakP:a—a.
Again by Lemma 16, P is not an application. If P = f, then M = X' f.If and ¥ is a
parking axiom, so the proof is done. Otherwise P is an abstraction, in particular
P = Ax.Q since the type has the shape A —o 7: then ¥ ends with an application of
rule (—o I'"), whose premise is X'>x:a |0 | f:a—oal Q:a By Lemma 21 either
Q=ux,50 M =0,0or Q= fQ': in the second case, ¥’ ends with an application of
rule (—o F), whose premises are the parking axiom ) |} | f:a —oalt f:a—a and
Yhrax:ald|f:a—oak Q :a.
Finally, by repeating the same reasoning n times on the right premise of rule (— E),
we obtain M = A f.!(Az.f"z) for some n € N: therefore M = n.

Now consider the case k + 1. By repeatedly applying Property 7.i, M =!*+1A
and II'> = A : N: then the proof follows by inductive hypothesis.

O

Such results can be combined in order to prove a reading result for pairs of

datatypes:

Property 11 (Reading property of pairs of datatypes). If - M :IFN@F+1Wg
for k > 0 and M € nfyq, then there exists m € N and w € {0,1}* such that
M =Fm@IF g,

Proof. By Property 9, F M :I*N@!*+1Wg and M € nf imply there are derivations
F M "N and - My :1FH1Wg such that M = M; @ My: then the result follows

easily by Properties 10 and 8.ii.
O

It is possible to prove a result similar to the one of Property 3, where a stratified
bound on the size of the reduction is given for programs taking combined data as

input:
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Property 12. Given a program P, for any k > 2, there exists a polynomial q such
that, for any m € N, w € {0,1}*, P(Im&@?w) ~& M} € nf_y in at most 22(_72 steps,
and |IM}| < 22(_712), where n = m + length(w). In particular, in the case where k = 2

we have a polynomial bound q(n).

Proof. The statement can be proved in a way similar to Property 3. For k = 2, it is
easy to check that the number of steps at depths 0 and 1 are bounded by a constant,
since the size of the term P(!m®!?®w) at depth lower than or equal to 1 does not
depend on m nor w.

O

The complexity soundness result can be proved, in a similar way to that of
Theorem 5, by combining the bound for the reduction in the untyped \'-calculus

with the reading property of pairs:

Theorem 7 (Soundness for combined datatype). Let P : (IN®!?Wg) —o (I IN@!F+2W)
where P is a program, then for any m and @ the reduction of P(!/m®!?®) to its normal
(n)

form can be computed in time 2£ , where p is a polynomial and n = m+ length(w).

Proof. Easy, by combining Property 12, Theorem 3 and Property 9.
O

Finally we examine the matter of expressivity with respect to the combined

datatype:

Theorem 8 (Completeness for combined datatype). Let f be a function on binary
words in k-FEXP, for k > 0; then there is a term M representing f such that
FM: (IN®PWg) —o (FHINeIF2Wy).

Proof. We show how to simulate a Turing machine for a function of k-FEXP through
a term of type W —o!**2Wg, in a way similar to the proof of Theorem 6.ii.

Consider a Turing machine 9t of time 2Z(n)

output is also bound by 2Z(").

By Lemma 17 there is - Q :IN —o!**IN such that Q is a term representing 2Z(n). Let
'n®!%@ be the input of M, and let w’ be the binary word represented by (n,w); by
Lemma 19 there is - P :IN —o!2Wg —o!¥+2Wg such that Pln!?@ S1F+2y.

Let A = m :IN,u :1?Wg; it is easy to build the following derivations:

computing f, thus the size of the

O o> 0]A|0F initgo(Plmlu) 1F2Cq
¥ > 0 ‘ A ’ 0 l—!k“step :!k+2(CS —o CS)
® > O|A|DFQ!m IkFIN

Let NV = iters(inity,o(P!m!u))(*2step)(Q !m) be obtained by applying
iteryyo to the typed terms above; by suitable applications of rule (— FE) to
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DA |0F itery !F2Cgq —!F*2(Cs —o Cg) —o!FFIN —o!lk*+2Cg and derivations
II,%, ®, we can build the derivation W0 | A | ) F N :1¥+2Cg.
Then the desired term M is the subject of the following derivation:

0| A|0F extractys FH2Cs —olF2Wg Un0|A|0F N FH2Cg

0g 0| A|0F extracty o FH2Wg (1)
D|A|0F (Qm)® (extracty o) I TINRIFF2W g
F X (m®u).(Qm) ® (extractoN) : (IN®I2Wg) —o (FHN@IF2Wy)

(— E)

(— 1§)

where the derived rules (®1) and (—o I%) are defined in Table 2.2.

Observe here that the size of the output word w” is bounded by the running

(n), namely the clock of the Turing machine. Then the composite type

(n)

time 2%
Ih+1p/ @1k+20 representing the output of the computation, where n’ = 20" respects
the invariant stated at the beginning of Section 2.3 and thus is a correct representation
of w”.

O]

Note that, in particular, terms of type (IN®!?Wg) — (*FIN®!**2Wg) corre-
spond to the class k-FEXP. Some aspects of this alternative characterization are

worth mentioning.

- We can now compose two terms of type (IN®!?Wg) —o (IN®!?Wg), mirroring
the fact that FPTIME is closed by composition.

- If f € FPTIME and g € k-FEXP, then by Theorem 8 there are programs M and N,
representing f and g respectively, such that I - M : (IN®!?Wg) — (IN®!?Wy)
and ¥ F N : (IN®PPWg) — (FHIN@!F2Wg). Then we can compose these
programs as follows:

I z:N®PWg|0|0Fz:IN®IPWg

Y z:IN®PWg [0 |0 F Mz IN®IWg

7 :IN®PWg | 0| 0 N(Mz) FFINRIF+H2W 4
F Az N (Mz) : (IN®IZWg) —o (FHN@IFH2W)

(— E)
(— I*)

which shows that g o f € k-FEXP.

- If K > 1, then the class k-FEXP is not closed by composition; nonetheless, the typ-
ing allows to show that f € k-FEXP and g € k'-FEXP imply g o f € (k + k')-FEXP,
for k > 1 and ¥’ > 1. By Theorem 8 there are terms M and N, representing
functions f and g respectively, such that II> - M : (IN®I?Wg) —o (IFHIN@!F+2Wg)
and ¥ F N : (IN®IPWg) — (FHNeW+2Wy).
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Let /o0 | n:IN,w:2PWg | 0 - N : (IN®I2Wg) — (FFIN@IW+2W ) be obtained
from ¥ by Lemma 12; then we can build the following derivation ¥

(Az")
O10|n:N,w:Wghkmn:N 0 D10 n:Nw:Wgkw:!Wg
O]n:INyw:?Wg |0 Fn:IN 0] n:IN,w:PWg | 0 Hw :1?°Wg
pY O|n:IN,w:PWg |0Hnow INQI?Wg
0 n:IN,w:2Wg | 0 FN(Inelw) ¥ NI +2Wg

(Az")
O
(@I)

(— E)

from which we obtain ¥ - X' w.m (N (In@w)) :IN —o!?Wg —o!¥+IN and
Wop - AN w.m(N(In@lw)) (IN —o!2Wg —o!¥+2W g by applying the respec-
tive projector and then abstracting over n and w.

By applying Property 1 to ¥, and ¥y, there are b Py Ik HIN —olk+2\ g —olk+k +1N
and b Py (FTIN oIk 2\ ¢ —olk K" +2\W ¢ such that P; represent the same func-
tion as A'n.MNw.m; (N (In@w)) for i € {1,2}.

Let A = n *HIN, w :I**2Wg; then we can build the following derivation ®:

OIA|OF Pilntw RN | A | F Pylnlw FHF+2Wg
O]A|0F (Pilnlw) @ (Palnlw) FHE FIN@IE+HE +2yy ¢
F A (n @ w).(Pinlw) @ (Palnlw) : (IFHINQIFT2Wg) —o (IFTF HINgIFHE +2\Y g)

(@I)

(— I3)

where P = \(n ® w).(P1!Inlw) ® (Palnlw) is a term representing the same
function as NV, namely g € k’-FEXP.

Finally we can compose the program M with the term obtained above:
()
(— E)
(— E)

(—o I")

I z:N®PWg |[0]0Fz:INoPWg

® z:IN®PWg | 0|0 Mz FHINeF+2Wg

2 :IN@PWg | 0] 0 - P(Mz) I HINgIFE +2y ¢
F Az P(Mz) : (IN®I2ZWg) —o (IFFF HINQIE+E +2 g)

which shows that g o f € (k + k')-FEXP.

While the previous characterization of k-FEXP, given in Section 2.2.1, offers the
advantage of simplicity by employing classical datatypes (Church and Scott binary
words), this alternative composite characterization offers a better account of the
closure properties of the considered complexity classes, at the price of a slightly more
involved representation of words.

Moreover, as shown in the next section, the flexibility of the latter choice allows also

to tackle other less explored characterizations.

2.4 Other characterizations through composite datatypes

We give two examples of characterizations, beside that of the k-FEXP hierarchy,
which can be achieved by carefully tuning the composite datatype introduced at the
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beginning of Section 2.3.

2.4.1 Characterization of polyFEXP

We denote by polyFEXP the class of functions computable in exponential time
on a deterministic Turing machine, whose output size is polynomially bounded with
respect to the input. In order to obtain this effect, we choose the type IN®!*Wg
as the output type of the program: the intuition behind such choice is that, when
looking at the components of the pair, we can actually see only a part of the binary
word, since the tally integer represented by the first component is smaller than the
second component. This general reasoning can be exploited in order to characterize

classes of functions whose output’s size is bounded by a function of the input:
Theorem 9 (Characterization of polyFEXP).

i. Let =P IN®P”?Wg —IN®!I*Wg; then there exists a polynomial q such that, for
anyn € N and w € {0,1}* such that length(w) < n, P(In®?@) ~ Q € nfs3 can
be computed in time 0(2‘1(")) on a Turing machine and Q :!Q’®!3”LE’ represents
the word w”, where length(w”) < q(n).

1. Let f be a function on binary words in P-bound-EXP: then there is a term M
representing f such that = M : (IN®P?Wg) —o (IN®!3Wg).

Proof.

i. Let P = M (21 @x2). N = Az.x(Nap.Nee.N), so z ¢ FV(N) and both z; and 2
occur at depth 1 in NV: we examine the reduction of - P(Ay.y 'n 1?%) :IN®PPWg

using the level-by-level reduction strategy.

Let us consider rounds 0 through 3, using the notation of Fig. 2.1

R-0. At round 0, the reduction sequence is the following:

Ar.z(NzpNzeN))Ayy In PD) ~o (Oyy In Po)( Nz Nz N) = M}
~o (Mo Mz N)n 2o = M3
~0 (A‘l‘g/\/[ﬂ/%‘ﬂ)ﬂﬁi = Mg
~o Nn/xi,w/xs) = M}

where N = C[z1]1...[71]1[22]1...[x2]1 for some context C. Let ¢; = ng(x;, M),
which depends only on the program P (i € {1,2}).

By definition we have:

CINFI . fra) /211 [N £ . frx) Jar |1 [\ o). [\ 22]1
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R-2.

R-3.

so M3 = MY € nfy, since N € nfy implies N[n/z1,!@w/x3] € nfy. By

Lemma 2

Mo < |Plo

ML < [Ph+a

M2 < |Pla+2-c1-nte- w0

|M?|l < |Pl; for:>3

therefore | MY is linear in n.

. At round 1, by Property 1.i M9 ~51 MY € nf;. By Lemma 2,such reduction

takes d; steps, where d; < MYy < |P|1 + ¢1 and [MY|; < IM§|;. By
Corollary 2 |MY| < |MY| - (IMY] + 1)/Ph+ter: therefore the number of
reduction steps is a constant and the size after round 1 is polynomial in n,

namely |M9] < p(n) for some polynomial p.

At round 2, by Property 1.i M9 ~59 M§ € nfy. By Lemma 2 the reduction
is done in dg < |M3|2 < p(n) steps and |MY|ay < [M3as.

Observe that, by Property 9, - M$ :IN®!3Wg and MY € nfy imply
MY =R ® Q, for some - R :IN and F Q :1*Wg; moreover, by Property 10,
R :IN and R € nfy imply R =In/, for some n’ € N. Since |R| < [M32 <
|MY|2 < p(n) by Lemma 2, n’ is polynomial in n, and by Corollary 2 we

obtain
IMS| < p(n) - (p(n) + 1P < p(n) - (2 p(n))P™ < p(n) - 2377 < 210V

for some polynomial g(n).

Since In’ € nf3, at round 3 we consider the reduction Q = Qg «33 Qg € nfs,
which follows from Property 1.i. By Lemma 2, the reduction is performed
in d3 <[QY] <29 steps and |QY|3: < [QY]34 < 2.

Observe that, by Lemma 8.ii, - Qf :1’Wg and QY € nf3 imply QY :!31;’, for
some Scott binary word w’. Then M :!Q’®!31;’ € nf3 represents a binary
word w”, such that length(w”) < n’ < g(n), and the reduction M 5 M}
is done in at most 29(™ steps. Finally, by employing the approximations
introduced in Section 2.1.6, a proper time bound can be obtained as in

Property 4.

ii. Consider a Turing machine 9 of time 29" computing f, so the size of the

output is also bound by 24(™).

By Lemma 17, let - R :IN —!N and F Q :IN —!2N represent the polynomial
¢(n) and the exponential 24(n) respectively; moreover, let 'n®!2w be the input
of M, such that |@| < n. By Lemma 19 there is - P : (IN®!?Wg) —o!3Wg such



70 CHAPTER 2. POLYVALENT CHARACTERIZATION

that P(In®!1?®) S13%. Let A = m :IN,u :1*Wg; it is easy to build the following

derivations:

O > 0]A|0F init3(P(Im®u)) 13Cg

Y > 0]A]DF3step:3(Cs — Cg)

® > O|A[DFQ!m:1°N
By applying ) | A | 0 - iters :13Cg —o!3(Cg —o Cg) —o!?N —!3Cg to derivations
I1,%, ®, we obtain U0 | A | ) - iters(inits(P(!m®u)))(B¥step)(Q 'm) :1*Cs.
For short, let A/ denote the subject of ¥, so that U0 | A | @+ N :13Cs.
Then the desired term M is the subject of the following derivation:

O1A|OF extraétg B0y —BWg U@ A|DFN:BCy

: — F
O]A|DFRIm:IN 0| A|0F extractsN :13Wg (@) ( )
D|A]0F (Rlm)® (extractsN) (IN®IPWg (o1l
F A (m®u).(Rm) @ (extractsN) :IN®I2Wg —IN®IPWg @
where the derived rules (®I) and (—o I%) are defined in Table 2.2.
O]

2.4.2 Characterization of NP problems

The class NP is known as the class of languages that have polynomial time verifiers
[Sip97], that is, those functions for which we are able to check in polynomial time
whether the input is in the language when given a polynomial size witness for it.
More formally, given a language £, we say that £ is in NP if and only if there are

two polynomials p, ¢ and a deterministic Turing machine 9 such that:
e for all u,w’ the machine 9 runs in time p(|u|) on input (u,w’);
e for all u € L, there is w’ of length ¢(Ju|) such that 9% accepts on input (u,w’);
e for all u & L, for all w’ of length ¢(Jul), 9 rejects on input (u,w’).

We want to show that it is possible, using the deterministic language of \'-calculus,
to characterize also the class of functions for which there exists a polynomial verifier,
namely, the class NP. We say that a predicate is w-representable if it is representable

through a witness:

Definition 15. Let g : {0,1}* — {0,1} be a predicate: we say that g is w-represented
by F M IN®PWs®!12Wg —o!?2B if, for any word u represented by !n®!%w,

1 if 3w € {0,11* M (In@P2aew') S12true;

g(U) = ~ -~ *
0 if V' € {0,1}* M (In@Pox?w) ~1?false.
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We show that the predicates w-representable with such type are all and only
those of NP:

Theorem 10 (Characterization of NP).
i. If g is w-represented by - P IN®I?We®!?°Wg —!?B, then g € NP.

1. If g € NP, then there is a program P such that g is w-represented by - P :
IN®!?Ws®!?Wg —o!2B.

Proof.

i. Let P = (21 ® 22 ® 23). N = Av.x(Nop MNog. Moz N): we study the reduction
of H (\(z1 ® 20 ® :U3).N)(!Q®!2@®!21;’) 2B using the level-by-level reduction
strategy, where !n®!%@ represents the word w” such that length(w”) < n, and
length(w’) < p(n) for some polynomial p.

In the following we use the notation introduced in Fig. 2.1. Let us consider
rounds 0 through 2; the proof is essentially the same of Theorem 9.i, except that

here we have to consider the additional argument of the composite input.

R-0. At round 0, the reduction sequence is the following:

POyyln 126 120) ~o  (Agyln 20 2w) (Ao Neg o N) = M}
~o (Mo Az Nz AN In 126 120/ = M2
~o (Nag Nz N n/a )20 2w = M3
~o (MzgNn/z1, !117/:62])!21;’ = M}
~o Nn/z1, @/, ' fa3) = Mj

Let N = Clz1]1...[x1]1]x2]1...[z2]1[x3]1...[23]1 for some context C; note that
¢; = no(x;, M) depends only on the program P (i € {1,2,3}). By definition:

where M7 = MY € nfy, since N € nfy implies N'[n/x1, @/ x2, W' /a5 €
nfy. By Lemma 2:

Mo < |Plo

MO < [Phi+a

MOy < |Pla42-c1-n+co-|@] +cs- [0

MY < |Pli fori>3

so |MY] is polynomial in n.
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R-1. At round 1, by Property 1.i we have M{ ~51 M§ € nf;. By Lemma 2 the
reduction is done in d; steps, where d; < |[M{|; < |P|1 +c1, and | MY+ <
IMY14. By Corollary 2 M| < [MY] - (IMY] + 1)/Ph+er: therefore the
number of reduction steps is a constant and the size after round 1 is

polynomial in n, that is, M| < ¢(n) for some polynomial q.

R-2. At round 2, by Property 1.i we have M} ~Sy MY € nf,. By Lemma 2 the
reduction is done in dy < [M3] < g(n) steps and [M3|o1 < |MY|a4.
Observe that, by Property 8.i, - M3 :I2B and MY € nfy imply either
M§ =1?true or MY =1?false; moreover, by Lemma 2 |[M3| < |[M3| < g(n):

therefore | MY| is polynomial in n.

Since we are able to verify in polynomial time if w’ is a witness for g, that is,

whether g(w') = 0 or g(w') = 1, we have that g € NP.

Consider a Turing machine 90t of time p(n), such that 91 is a verifier for g; then

there exists a polynomial ¢ such that:

e if g(u) =0 then for all w’ of size q(n) the machine rejects on input (u,w’);

e if g(u) =1 then there is a w’ of size g(n) such that the machine accepts on

input (u,w’).

Let init™ be the program which initializes the tape with the input words, such
that F init™ :1?Wg —o!?Wg —!2C; this program is easily adapted from the

definition of init.

By Lemma 17, let = R :IN —o!IN represent the polynomial p(n); moreover,
let In®@20®!2w be the input of M, such that |w| < n and ]7;’] < ¢q(n). By
Lemma 19 there is - P : (IN®!?Wg) —o!?Wg such that P(!n®!?@) -!1?@. Let
A =m:IN,u:1?Wg, v :!?W; then we can easily build the following derivations:

O o> 0]A|0F initH(P(Imeu))(P((RIm)@W)) 1?Cg
Y > 0|A]0OH?step:1?(Cs — Cg)
P > P|A|OFR!Mm:IN

Let N = iter;(init ™ (P(Im&u))(P((R!m)®W)))("*step)(R !m). By applying
0| A|0DF iter; :12Cg —o!1?(Cg —o Cg) —o!N —o!12Cg to derivations II, %, ®, we
obtain U0 | A |0+ N :12Cg.

Then the desired term M is the subject of the following derivation:

OlA|OF ac:ce.pt2 12Cg —?B Un0|A|DFN:2Cs
0] A|0F accept, N :I°B
F AN (m®u®wv).accept,N : (IN®I?WsR!2Wg) —!2B

(— E)

(= I&3)
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where the derived rule (—o Ién) is the extension of the second rule of Table 2.2

to the n-ary case.






Chapter 3

Characterizing FPTIME and strong

normalization through stratified

types

In Chapter 2 we explored the widely known ML-like approach to ICC, based on
the use of A-calculus as paradigmatic programming language and on the design of a
type assignment system for A-terms based on Linear Logic, where types guarantee
both the functional correctness and the desired complexity bound. A common
drawback of all such systems can be found in their lack of typability: indeed, they all
give type to a proper subset of the strongly normalizing terms, so basically cutting
out a big slice of admissible algorithms.

In order to break such boundary, we propose a system of stratified types, which
are clearly inspired by non-associative intersection types. This system, called STR, is
correct and complete for polynomial time computations; moreover, all the strongly
normalizing terms are typed in it, thus increasing the typing power with respect
to the previous proposals based on subsystems of Linear Logic, while maintaining
the language of pure A-calculus. In particular, STR enjoys a stronger expressivity
with respect to the previous system STA [GR07], since it allows to type a restricted
version of iteration on binary words.

The aim is to design a type assignment system for A-calculus, where types enforce
both the functional correctness and the polynomial bound of terms. Earlier proposals
along this line include the systems DLAL [BT04] and STA [GRO7|, both based on Light
Logics, whose design is based on the inheritance of the complexity properties from
the logic to the typed terms, according to the proofs-as-programs approach: more
precisely, types of DLAL are a proper subset of formulae of LAL [AR02], while types
of STA are a proper subset of formulae of SLL [Laf04]. The above mentioned systems

both characterize the polynomial time functions, in the sense that all and only the

75
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polynomial time functions can be encoded by typed terms in such systems, according
to the standard coding of functions as A-terms. Here, the logical inspiration is at
the same time the key ingredient of their correctness and the reason for their weak
expressivity, since it limits the set of algorithms which can be typed: indeed, from a
typability point of view, both systems give types to a proper subset of the strongly
normalizing terms.

While a stronger expressive power can be achieved by endowing the basic language
with some stronger features [CS12; BGM10|, here we wish to explore a different
direction: namely, we want to maintain pure A-calculus as a programming language,
but on the other hand we aim to design a system with a stronger typability power in
order to obtain, as a side effect, also a gain in expressivity, while at the same time
preserving the desired polynomial bound.

The system we design, called STR, is polynomial -in the previous sense- and it
allows to type all the strongly normalizing terms, thus increasing in a significant way
the typability power with respect to both DLAL and STA; in particular STR is shown
to be more expressive than STA, since a restricted form of iteration, which cannot be
expressed in the latter, is typable in the former system.

From a logical point of view, while in STA the promotion is a sort of multiple

contraction for different copies of the same premise, here we are able to contract also
premises having different types. Observe that this feature can no longer be expressed
in a logical way: indeed, STR is introduced directly as a type assignment system,
without a pure logical counterpart.
In such design we were inspired by intersection types [CD80[; indeed the relation
between STA and STR recalls, in a shallow way, the relation between simple types
and intersection types assignment system, the latter being derived from the former
by allowing a variable to be assigned different types.

Surprisingly enough, STR preserves the polynomial bound; indeed, the introduction
of the intersection increases the typability power without increasing the computability
power, as shown in [BPS03], in the sense that more programs are typed, but the class

of functions characterized by such programs is exactly the same as STA, i.e. FPTIME.

Outline of this chapter We begin with a quick overview of STA and its prop-
erties (Section 3.1). We then introduce the type assignment system for A-calculus
(Section 3.2), where stratified types are essentially intersection types not enjoying
the associative property, for which we prove the usual properties of generation and
subject reduction.

We proceed to prove that STR characterizes strong normalization of A-terms (Sec-
tion 3.3). In order to prove that typed M-terms of STR are strongly normalizing, we

define a measure of weight on derivations, which is then proved to decrease after
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reduction simply by retracing the proof of subject reduction and endowing derivations
with their respective weights; this allows also to prove a bound on both the number of
reduction steps and the size of the normal form with respect to the initial term. For
the opposite direction, we start by proving an expansion lemma, through which we
show that the three rules defining the set of strongly normalizing terms are derivable
in STR.

In order to prove the polynomial characterization (Section 3.4), we show that STR
and STA can compute the same class of functions: the completeness of STR with
respect to FPTIME comes easily by giving a translation from the types of STR to the
types of STA, while the soundness is shown by examining the reduction of a term
representing the application of a function to its arguments.

Finally we comment on the choice of stratified types with respect to intersection
types and we offer some technical observations on the use of intersection types for
quantitative purposes (Section 3.5).

The current chapter is presented in [DR14].

3.1 An overview of the Soft Type Assignment system

The Soft Type Assignment system of [GR07| is a typing system for pure A-calculus
in (almost) natural deduction style, where types are a subset of the formulae of SLL
|[LafO4]. The set TS of STA-types is defined by the following syntax:

U n= a|pu—-oU|VaU (linear types)
w,v w= Ulp (modal types)
Note that only strict types having linear types on the right-hand side of the arrow
are considered, in order to design a system for which the subject reduction property
holds.
A judgment of STA has the shape © Fgry M : u, where © is a partial function

from term variables to types of TS (basis), M is a pure A-term and p is a type of
TS. The typing rules are given in Table 3.1.

In order to prove the complexity bound, some notions of measure are defined:

Definition 16 (Measures of STA).

i. The rank of a multiplexor rule (m)

O,x1: by Ty pga M v
O,z Ml bgra Mlz/x1,.ymy] i v

(m)

is the cardinality of the set {x1,...,xn} NFV(M). Let r be the mazimum rank of

all rules (m) in I1; then the rank rks(II) of II is the mazimum between 1 and r.
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ObFsa M:u x¢domO

(Ax) O,2:Ukgy M:pu (w)

z:Ubgraz:U

Obsp M:p—oU Ebgn N:p OH#E
@,E"S'[‘AMNZU

O,x:ukFsga M:U

OFsm AeM:p—U (= 1)

(— E)

@,$15M7--~,$n1M|_STAMZV(m) OFM:pu (sp)
O,z :lu gy Mlx/xy,.cyzp] 1 v 10 Fgra M :lu p

Okspa M:U ag FV(0O)
© l_STA M:VaU

O Fgra M : Va.B
@ "s’m M : B[U/a]

(VE)

(V1)

Table 3.1: The Soft Type Assignment (STA) system.

ii. The degree of a proof I1, denoted by ds(I1), is the mazimal nesting of applications
of the (sp) rule in II, namely the mazximal number of applications of the (sp)

rule in any path connecting the conclusion with some azxiom of II.

iii. Let r be a positive integer. The weight Ws(IL, ) of II with respect to r is defined
inductively as follows:
- 4f IT ends with an application of rule (Ax), then Ws(II,r) = 1;
- if IT ends with an application of rule (—o I) with premise I, then Wg(IT,r) =
Ws(I', r) + 1;
- if I ends with an application of rule (— E) with premises 111 and Ila, then
Ws(IL, ) = Ws(IIq, ) + Ws (I, r) + 1;

- if I ends with an application of rule (sp) with premise I, then Ws(II,r) =
r-Ws(Il', r)

- in every other case, Ws(I1, ) = Ws(I', ) where II is the premise of the rule.

Here we recall only the key technical property of STA, which is very similar to

the property of STR which will be shown in Theorem 15:

Property 13 (Proved in [GRO7]). Let TT>© Fgry M : i and M = M’ in m steps;
then:

1. m < |IM[SsIDFL

2. M| < |M|dsD+L,
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By employing Property 13 and the usual simulation of polytime Turing machines

through A-terms, the authors then show that:

Theorem 11 (Proved in [GRO7]). STA characterizes FPTIME.

3.2 The STR typing system

In this section we introduce the STR type assignment system for pure A-calculus,
based on the notion of stratification of types, for which we prove that subject

reduction holds.

3.2.1 Definition of the typing system
Calculus

As usual, the set A of A-terms is defined by the following syntax:
MN =z | e M | MN

where = ranges over a countable set of term variables Var.

The same assumptions made in Chapter 2 hold, namely we consider terms modulo
a-equivalence and up to the variable convention. Free variables and substitution
are defined as in Definitions 1 and 2, where the substitution M|N7/x1, ..., Ny /Zx),
also denoted by M[N;/z;|"_,, is the capture-free substitution of N; to all the free
occurrences of x; in M (1 <i <n). The symbol = denotes the identity on terms,
modulo renaming of bound variables.

A term context is generated by the same grammar, starting from a constant (]
(the hole), in addition to variables. Term contexts are denoted by C, while C[M(]
denotes the result of plugging M into every occurrence of [ in C; observe that, as
usual, the plugging operation does not forbid the capture of free variables.

The reduction relation — is the contextual closure of the following rule:
Az MON — M[N /]

and the relation — is the reflexive and transitive closure of —.

Types

In Chapter 2 we considered an extended version of \'-calculus, where the strat-
ification of the computation was directly readable on the calculus. As already
mentioned earlier, here we have a different aim, namely using pure A-calculus as a
typed functional language: indeed, all information on the stratified structure of the

computation is now stored in the types assigned to A-terms.
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To this aim, in addition to the usual notion of linear type, we specify stratified types.
A stratified type is essentially a set, where the depth of each component is memorized
through a stratified structure, so remembering the construction steps of the type.

We start by giving a notion of pre-types:
Definition 17 (Pre-types). The set of pre-types is defined by the following syntaz:

alo—oA|Vah (linear pre-types)
o == A|{o,..,0} (stratified pre-types)
~——

n

where a ranges over a countable set of type variables and n > 1.

Let ~ denote the syntactical equality between (stratified) pre-types. On pre-types

we define the following equivalence =, modulo renaming of bound variables:
- A ~ B implies A = B;

A = B implies Va.A = Va.B;

-o=7and A=Bimply 0 —o A =7 —0 B;

- {o1,..,on} = {11,...,7m} if and only if Vi.3j.o; = 7; and Vj.di.o; = 7
(1 <i<n,1<j<m), namely, a stratified pre-type represents a set.

Example 8. Consider the following pre-types: o ~ {a,a,{b}}, 7~ {{b},a} and
p~{{a},a,{b}}. It is easy to check that o = T, since both pre-types represent the
same set, while both o # p and T # p.

Among pre-types, we then isolate the class of types satisfying the above equiva-

lence relation:

Definition 18 (Types). The types of STR, whose set is denoted by T, are pre-types

modulo the equivalence relation =.

In order to avoid reasoning modulo =, when writing {01, ...,0,,} we assume that
o; # 0j, fori # j (1 <i,j <n), where 0y, ...,0, are the components of {o1,...,0n}.
Operations on sets are naturally extended to stratified types; in particular, we denote
by U ;{o;} the stratified type obtained by unifying the singletons {01}, ..., {on}. In
order to avoid unnecessary parentheses, we assume that —o takes precedence over V,
that is Va.c —o A is equivalent to Va.(o —o A).

A multiset over T is an unordered list [0y, ..., 0], where the number of occurrences
of o; is its multiplicity, and the multiset union W is the concatenation of lists. It is

useful to be able to identify the elements of a stratified type:
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Definition 19 (Linear components). The multiset of the linear components of o,

denoted by @, is defined inductively as
K:[A] {01,... ,ok} =T1W...0T.

Example 9. Let o0 = {A,{A,B}}: then & = [A, A,B].

Bases

A basis is a partial function from variables to types, whose finite domain is
represented by dom(I") as usual. The empty context is denoted by 0.
Let {o}"™ be a shorthand for {...{o }...}, for every n > 0.
—~—

n n
We introduce a few notations that are used throughout the chapter:
Notation 2 (Bases).
- Let T be a basis: then {T'}™ is the basis such that {T'}"(x) = {T'(z)}".

- The condition I'1#...#1'y, also written #;_,1';, holds if and only if j # h
implies dom(T';) Ndom(T'y) =0, for 1 < j,h < n.

- The condition I't B...BT,, also written H}_,I';, holds if and only if j # h
implies dom(I';) = dom(T'y), for 1 < j,h <n.

- If #2 . T, then Ty, ..., Ty, is the basis such that (I'1,...,I'y)(x) = T';(x), where
x € dom(T;) (1 <7< n).

- If g Ty, then UP_ {[';} is the basis such that (Ul {T;})(x) = Ul 1{Ti(z)}.

3.2.2 Properties of STR

System STR proves judgments of the kind I' - M : o, where I is a basis, M is
a term and o is a type; if the basis of a judgement is empty, then we abbreviate
it by - M : . The rules of the system are shown in Table 3.2. Observe that the
premises of rule (—o F) must have disjoint sets of free variables; however, more
general applications can be built by renaming term variables through the multiplexor
rule (m). Moreover, retracing the behavior of rule (!) in SLL, the stratification rule
(st) introduces the stratification on both the left and the right hand side. Finally,
rule (VE) allows to replace type variables only with linear types, in order to preserve
the syntax.

Among the rules we can again distinguish between some constructive rules,
namely (Az), (— I) and (— E), which contribute to building the subject, and

non-constructive ones. The latter can be further classified into quantifier rules,
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'FM:0 (z¢&dom(I"))

(Az) ez AFM:o (w)

Tz:AFx: A

I'z:0FM:B
'EFXxM:0—B

(— 1)

Fll—MIO—OA FQ"NZO‘ (Fl#rg)
FI,FQI_MNZA (

Ixy:01,e,@p o EM T
Loz U {oi} - Mz/zq,...,x/x,) o T

(m)

(Fl |— M . Ui)lgign E?le_‘i
U {Tit =M {o1,...,0n}

(st)

'EM:A (a¢FTV(D))

I'- M:VaB
' M :Va.A (VE)

I'- M :B[A/a]

(V1)

Table 3.2: Derivation rules of system STR.

namely (VI) and (VE), which modify the types but do not affect the subject, and
renaming rules, namely (w) and (m), renaming term variables or introducing new
variables in the basis.

A sequence of applications of renaming (resp. quantifier) rules is called a renaming
(resp. quantifier) sequence.

For renaming rules, we adopt the following notation:

Notation 3 (Renaming rules). The domain and the range of an application of rule
(m) are respectively the set of variables contracted by it and the singleton of the new
introduced variable.

The domain and the range of an application of rule (w) are respectively the empty

set and the singleton of the new introduced variable.

Considering the rules of Table 3.2, the domain and range of rule (m) are respec-
tively {z1,...,z,} and {z}, while the range of rule (w) is {z}.

Based on the above notation, two applications of renaming rules are said to be
disjoint if and only if both their domains and their ranges are disjoint.

Type derivations are denoted by 3, II. When writing I' = M : ¢ we mean that
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there exists a derivation proving such statement, whereas II>1T"+ M : ¢ identifies a

particular derivation II.
Given the application of a rule in a derivation, the derivations to which it is applied

are its premises.

The following notations apply to derivations:
Notation 4 (Derivations).

- Given a derivation X, dom(X) represents the set of term variables Up y.dom(I'),

where I' € XX means that I is a basis occurring in the application of a rule in X.

- By abuse of notation, we denote by X1#... #X,, also written #;'_,3;, the fact
that j # h implies dom(2;) Ndom(Xy) =0, for 1 < j,h < n.

It is easy to show that a more general weakening rule is derivable:

Property 14 (Weakening). I' - M : 0 and x ¢ dom(T") imply U'yz: 7+ M : o, for

every T.

Proof. By induction on 7.
If 7 is linear, it is sufficient to apply rule (w).

Otherwise, let 7 = [Ay, ..., A,]: then we can build the following derivation:

I'EM:o (w)
Dyxy iAot Ay Mo
Fx:tTHEM:0o g
where 0 is a suitable sequence of applications of rule (m). O

Example 10. Let I' - M : 0 and 7 = {{A},{A,B}}, so T = [A,A,B|: then we can

build the following derivation:

'EM:o
Ty :Ays:Ay3:BEFM: 0o
Dyzy: {A},y2: Ay :BEFM: 0o
Iyzy: {A},zo: {A,B}F M :0
Iyx:{{A},{A,B}}FM:0

(w)

(m

(m

~—
~— ~—

(m

Note that, as a result of the previous property, the condition on the contexts in
rule (st) is not at all restrictive.

In order to build a derivation for a given term, we first need to type a linear
version of it, that is, a term where each free variable occurs exactly once. In order to

better formalize such operation, we give the following notion of instance of a term:
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Definition 20 (Instance of a term). A term M is an instance of N if and only
if there are Xy, ..., X, disjoint subsets of FV(N') and fresh variables yi, ..., yn, for
n >0, such that M is obtained from N by replacing all variables in X; with y;.

If all X; are singletons and Uj_; X) = FV(N), then M is a copy of N ; in particular,
if U X and {y1, ..., yn} are disjoint, then M is a disjoint copy of N.

We supply an example in order to clarify the previous definition.
Example 11. Let N = fi1(fa2(f3x)).

- The term M = y(y(zx)) is an instance of N, since there are Y = { f1, fa} C FV(N),
Z ={f3} CFV(N) and fresh variables y, z such that M is obtained from N

by replacing variables in Y and Z with y and z respectively.

- The term g1(g2(g3y)) is a disjoint copy of N, obtained by replacing variables in
the singletons { f1}, {fe}, {fs}, {x} with fresh variables g1, g2, g3,y respectively.

- Consider the instance f(f(fx)) of N: by abstracting over x and f, we obtain
the Church representation of the integer 3. In general, the Church integer
MXe f(f...(fx)...), formn >0, can be assigned in STR both the uniform type
N =Va.{a — a} —o a —o a and a parametric type N,, = Va.{a —o a}"™ —oa — a
for every m > 1.

The latter then allows to type the following programs on Church integers:

FAyANf Az f(yfx) : N; — Niy1 (successor)
FAy Az A fAryf(zfr): Ny —o Nj —o Ny il (addition)
F Ay Az A fy(zf): N; — {N;}* — N;4; (multiplication)

The notion of (disjoint) copy can be extended to bases and derivations in a
straightforward way: in the former case, I' is a copy of A (disjoint, if T'#A) if and
only if one is obtained from the other by renaming variables in it; in the latter, II is
a copy of ¥ (disjoint, if II#Y) if and only if both their bases and their subject are
copies of each other.

The following lemma follows easily from the above definition:

Lemma 22 (Instance of a derivation). Let II>T = M : o and let N be an instance
of M: then there is A such that X > A= N : o, where X is obtained from II by a

renaming sequence.

Proof. By definition 20, there are A7, ..., X, subsets of FV(M) and fresh variables
Y1y .-, Yn, for some n > 0, such that A is obtained from M by renaming variables in
AX; by y;: then the desired derivation is obtained by n applications of rule (m), the

i-th application having domain X; and range {y;}, for 1 <i <n.
d
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Due to the presence of many non-constructive rules, and in order to reason more
easily about derivations in proofs, we again introduce a notion of clean derivation:
in this context, a derivation is clean if, in every application of rule (— E) with
premises II; and Ils, it holds that II;#I1s.

The proof of the following property is then obvious, thanks to the renaming rule (m):

Property 15 (Clean derivation). For every derivation II, there is a clean derivation

Y. proving the same statement.

Proof. By induction on II.

The only interesting case is that of II ending with an application of rule (— E),
whose premises are II; and Il;. By inductive hypothesis there are clean derivations
31 and Yo proving the same statements. Since the bases of X1 and Y5 are disjoint
by definition of the rule, 3 is obtained by replacing the clean derivation ¥; with a
copy of ¥ which is disjoint from Xs.

O

From now on, we implicitly assume that all derivations are clean.
The following is a key property of the system, which allows to deconstruct a
derivation assigning a stratified type into its immediate premises assigning simpler

types:

Property 16 (Subject with stratified type). Let II>T + M : {o1,... ,0,}; then
there are I; >T; = N 2 0y (1 <4 < n) such that 11 consists of an application of rule

(st) with premises (I;)1<i<n, followed by a renaming sequence.

Proof. By induction on II. Observe that the last application of II is either rule (w),
(m) or (st).

Let IT end with an application of rule (w) or (m): then the proof follows easily
by induction.

Otherwise, let II be

(Ti =M :0i)i<i<n
U?:l{Fi} FM: {0'1, ,O‘n}

(st)

Then the proof is trivial, since M = N and the renaming sequence is empty.
O

Corollary 12. LetT'H M : {o1,... ,0n} and @ = [A1,...,A,]; then there is T'; such
thatFil—M:Ai (ISZSH)

Proof. Easy, by applying repeatedly Property 16.
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Observe that, by the previous Corollary, we can consider without loss of generality
derivations assigning linear types to terms, since M being an instance of N implies
that both terms have the same structure.

As usual, the generation lemma connects the shape of a term with its possible typings:

Lemma 23 (Generation). Let II>T'+ M : A and let > A+ N : B be the smallest
subderivation of II such that I is obtained from 3 by a (possibly empty) renaming

and quantifier sequence:
i. if M =z, then ¥ ends with an application of rule (Az);

it. if M = Xx.P, then ¥ ends with an application of rule (—o I) and A =Va.c — C

for some @, o and C;
iii. if M ="PQ, then ¥ ends with an application of rule (—o E).
Proof. Easy by considering each constructive rule. O

The following technical lemma shows that it is possible to mimic a sequence
of applications of rule (st) through a renaming sequence, thus recovering the same

basis:

Lemma 24 (From stratification to renaming). Let X;>0; = N : 0 be a copy of 1I; >
A BN :0; such that #_,0; and B | A;, with A = U ({A;} (1 <i<mn). Then,
fromany T, O, ...,0n = MN; /2|7, : T such that T#A, we obtainT', A = MIN /z;|7 4 : T

by a renaming sequence.

Proof. By induction on A.
If A =0, then M[N;/x;]?_; = MI|N /], so the renaming sequence is empty.
Otherwise, let A; = ALy : py and A=Al y:p=U" {AL}, U {pi}. More-
over, let ©%,y; : pi = Ni[yi/y] : 05 be a copy of AL,y : p; F N : 0; such that #' ;0]
and B AL with A" = U {A!} (1 <i<mn). By inductive hypothesis, from
00, ..,00, 91 p1, oy Yn : pn = MING[Yi /Yl /2]l : 7 such that T#A’, we can de-
rive A y1 : p1y oo, Yn 2 pn B M[Nyi/yl /2], : 7 by a renaming sequence: from
this derivation we obtain I', A,y : p = M[N'/a;]?_, : T by one application of rule (m)
with domain {yi,...,y,} and range {y}.
O

We supply an example in order to make the previous lemma clearer:

Example 12. Let

YipxionLy:T,z:pEN ¢ Yobxioo,y:iTo,z:pEN g
x:{or, 00,y {11, 72}, 2 {p1,p2} F N : {1, b2}

(st)
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and consider

Sivx o,y T2 o Ny
So>xg 09,y i T2, 22t p2 b Na i o

where N1 = N{z1/z,91/y, 21/2] and No = Nxo/x,y2/y, 22/2], as copies of X1 and
Yo respectively.

Then, fromT, 21 : 01,y1 : T1, 21 : P1, T2 : 02,2 : T2, 22 : p2 B MIN/wi, Nojws] : ¢
such that {x,y, z}Ndom(T") = 0, we obtain the following derivation simply by applying
some renaming rules:

Do21 000,91 071,21 0 p1, %2t 02,2 & To, 22 1 p2 = MINL/wy, NoJwa] : ¢

Az {01,002}, Y1 1 T, 21 8 p1, Yok Ta, 2 ¢ p2 E MIN[2/21] /w1, Nalz/xa] fwa] : & (m)
Ao {onady: {nmabor s proca s oo MG/ or. ]l on ol oz, /e 6 ()

Az oy, 00}y {1,712}, 2 {p1, p2} F MIN Jwi, N /wa] : ¢

m

As usual, the substitution lemma is the prelude to the more important subject

reduction property:

Lemma 25 (Substitution). Let II>T, 21 : 01,..., Ty : 0 E M i T and Xy Aj = N 2 oy,
for 1 < i <n, such that T#A1#...#A,; then there is a clean derivation

ST, Ay, .y Ay b MING /2Py : 7.

Proof. By induction on the shape of II. Note that, since the hypothesis I#A1#...# A,
it is immediate to see that ® is clean.
Let IT be A
z:AFx:A (A)
Thenn =1, YA N A and & = X5.
Let IT end with an application of rule (w) having range {y}. If y & {z1, ..., 2, },
then the proof follows by induction. Otherwise, let y = z1 and let II be
I'>T 2y 09,.,xp:onE M7 x1 & dom(T) )
To1:A29:00,..,0p:0, FM:T (w

soXibATFM:Aand B0 A EN; to; (2<i<n).
By inductive hypothesis, there is ® >T', Ay, ..., A, E M[Ny /o, ..., Ny /2] : 75 then
the desired proof is obtained from @’ by Property 14.

Let II end with an application of rule (—o I): then the result follows easily by
induction.

Let II be

IILipIMEFP:7—oB IhplsFHQ:7 1“1#1“2(
Fl,FQF,PQ:B

where I' = I'y,I's. Since I'1#1I'2, we can consider without loss of generality a partition

of n such that T'y =T, 21 : 01,...,x : 0 and T'a =T, Tg41 : Opt1, ooy T 2 On. By
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inductive hypothesis there are derivations ®1 >T", Ay, ..., Ay F PN /z] : 7 — B and
Do > T, Agr1, ... Ay Q[N /] = 7: then the result follows by one application of rule
(— E) to ®; and Ps.

Let IT end with an application of rule (m) having range {y}.
If y & {x1,...,xp}, then the proof follows by induction.
Otherwise, let y = x1 and let II be

I'>T,y1: p1yeee sYh : Phy@2 102,y Ty i O EP T (m)
Ixi:01,20:09,.c. yZp:opEM:T

where M = Play/yklf_, and o1 = UP_ {pr}. Let o1 = {u1,... , pm}, for some
m < h.

By Property 16, 1> Ay F Ny : {p1, ... , i} implies there are Uy > O4 F Q & g
(1 < s < m) such that ¥; is obtained by an application of rule (st) to (¥4)7,,
followed by a renaming sequence 9.

Observe that, for every k (1 < k < h), there is s, such that pp = ps,; moreover
pr = pr implies W, = W, ,. Let ¥ >0y F Q, : s be a copy of ¥y, , for
1 <k < h, such that (T, Ag, ..., Ap)#O #... #0675, .

By inductive hypothesis W >T', 0% ,...,0f , Ag, ..., Ay I PQs, [yl INi /iy« T,
from which we derive II” > T, U} _,{Og, }, Ag, ..., Ay = P[Q/yi]l_  [Ni/zi]y : T by
Lemma 24.

Note that IT” > T, U™ {O,}, Ag, ..., Ay, = P[Q/yk|l_ [N;/xi]ly : T also holds, since
Ur_ {Os,} = U™, {O4}: then the desired derivation @ is obtained by applying
renaming sequence ¢ to I1”.

Let II be
(g > Tk, 21 : o*’f, I Uﬁ M) i<k<h

I'xy:01,0,@p o EM T (st)
where I' = UR_ {Tx}, 7 = {71, ... , 7} and o; = UP_ {oF}.
Let o; = {p},...,pi“}, where h; < h. By Property 16, X; > A; B N {p},...,pﬁ“}
implies there are 37 > AY = P; 1 p? (1 < s < h;) such that 3; is obtained by an
application of rule (st) to (Ef)i,”:l, followed by a renaming sequence §; (1 < i <n).
Since by hypothesis I'#A1#...#A,,, we can safely assume II#X #...#X,. For
1<i<nandl1l<Ek<h, there is s; such that UZ]-C = p;*; moreover, of = of/
IHLIES M
By inductive hypothesis there are @y >y, AT, ..., Ak = M[P; /)", for 1 < k <
h; then we build II'>T,Ur_ {©7}, ..., Ur_ {©%+} - M[P;/z;]*, : T by applying
rule (st) to (®g)1<p<n. Note that IT'>T,UM {03}, ...UM (O3} - M[P;/z]P, = T
because UZ:1{Afk} = U?;l{Af}: then, since by hypothesis #I' ;A;, the desired
derivation @ is obtained by applying renaming sequences d1, ..., §, consecutively to
Ir.

implies
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The cases of rules (VI) and (VE) follow directly by induction, since the subject
is not affected by the quantifier rules.
O

Another crucial ingredient for proving the subject reduction property is, as usual,

is elimination of detours in a type derivation:

Definition 21 (Detour elimination).

i. A V-detour is a derivation ending with an application of rule (VI), immediately
followed by an application of rule (VE), which is erased by the following rule:

IIeT'FM:B a¢dom(T)

I'- M:VaB
' M :B[A/a] (VE)

(VI)
— T[A/a]>T - M : B[A/a]

where TI[A/a] denotes the derivation obtained from I1 by replacing every occurrence
of a by A.

it. A —o-detour is a derivation ending with an application of rule (—o I), immediately
followed by an application of rule (— E), which is erased by the following rule:

el,z:cFM:A

'l M:0—oA (— 1) Yo AFN:o (— E)
' Az M)N :A

= P>, AFMN/z]: A
where ® is defined in Lemma 25.

Observe that the operation of —o-detour elimination, if merely performed as
shown above, is not guaranteed to produce a correct derivation. Consider for example
a derivation ending with an application of rule (st) to n > 1 subderivations, whose
subject contains a S-redex: in this case, a —o-detour having the same subject appears
in n different subderivations, but eliminating only one of such —o-detours would
result in an incorrect derivation.

Here the intuition is that one S-reduction may correspond to many detour eliminations;
in practice, this happens in two cases: on one hand, when there are applications of
quantifier rules in between the introduction and the elimination of the —o; on the
other hand, when there is an application of rule (st) to n > 1 subderivations whose
subject contains the current g-redex. In such cases, the reduction is performed by
first erasing all V-detours in sequence, followed by the elimination of all —o-detours
simultaneously in every premise of the application of rule (st).

In order to achieve this result, we need to be able to shift the applications of quantifier

rules above a renaming sequence:

Lemma 26 (Lifting of quantifier rules). A sequence of applications of renaming and
quantifier rules can be rearranged in such a way that the applications of the quantifier

rules precede the applications of the renaming rules.
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Proof. Observe that quantifier rules only affect the type, while renaming rules
deal with both the subject and the variables in the context. Let (R) and (Q) be
respectively a renaming and a quantifier rule: it is sufficient to prove that the sequence
of applications of rules (R)(Q) can be replaced by the sequence of applications (Q)(R).
If (R) = (m) the proof is obvious; otherwise, if (R) = (w) then the constraints
for the application of rule (VI) are obviously preserved, since the applications of rule
(w) may introduce new type variables.
O

Finally the main result of the present section is shown:
Theorem 13 (Subject Reduction). ' =P : 0 and P — Q implies' - Q : 0.

Proof. If P — Q, then there is a term context C such that P = C[(Az.M)N] and

Q = C[M[N /z]]: the proof is by induction on C and then by induction on o.
Let C=0,s0 ' (Ax.M)N : o, and let o be a linear type A. By Lemma 23, II
15 H/D@”,JJ . 0_// |7 M// . A//
0" F Ar M 0" —o A
O+ Xz M o — N Y>A'FN ol O#A

O AT e MHN - X
0,A+ Az M)N : A 02

(= 1)
1

(— E)

where M is an instance of M’ (which in turn is an instance of M”) and A is an
instance of N/, I' = ©, A and 41, d2 are renaming and quantifier sequences.

By Lemma 26, §; can be replaced by §’,0”, where ¢’ contains only quantifier rules
and 8" contains only renaming rules. Moreover, ©”#A’ by the assumption that all

derivations are clean. Then we can rewrite II in the following way:

o0 z:6"=M": A
"+ axM": " —n E_O D)
0"+ Xz Mo — N 0 S A'EN o' OVH#A
o A F o MIN: &
O A F Qe MON - &
O.AF O\ MN A

(— E)

5//
02

Let us assume the non-trivial case in which the sequence ¢’ is not empty; then,
since 0/ —o A’ is a —o type, sequence ¢’ must end with one application of (VE) rule;
however, since ¢” — A” is also a —o type, sequence ¢ must contain a matching
application of (VI) rule: therefore, §’ contains a V-detour, which can be erased as
shown in Definition 21.i. At this point, sequence ¢; decreases by two applications

of quantifier rules. By retracing the same step and thus erasing all V-detours in
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sequence ¢, we obtain the following derivation:
nme-0"z:6/' - M": A
M o on D s O'H#A
0" A" Az M"N' . 1
AN F O MON &

0,AF Az M)N : A

(— E)

6//
02

Finally, by applying Lemma 25 and substituting ¥ in IT” as in Definition 21.ii, the
resulting derivation is
o>0" AT M N x|
O A+ MN'/x]: &
O,AFMN/z]:A

6//

Notice that, since the property of a derivation being clean is preserved by substitution,
the resulting proof is clean.

Now let C =0 and o = {0y, ..., 05} for some n > 1.
By Property 16 there are II; >T'; - (Az. M )N’ : 0; (1 < i < n) and a renaming

sequence ¢ such that IT has the following shape:
(Hz > Fz = ()\HTM/)N/ : Uz’)lﬁiﬁn
U {Tit F Qe M N 2 o
Az M)N :o

(st)

By inductive hypothesis there are ®; >T'; = M'[N'/z] : 0y, for 1 < i < n; then the
result follows by applying rule (st) to ®q, ..., ®,, followed by sequence 9.
The inductive cases of C # O are straightforward, since both the basis and the

type are not affected by the subject reduction.
O

3.3 Strong normalization

In this section we show that system STR characterizes strong normalization,
namely, that I' - M : o, for some I and o, if and only if M is strongly normalizing;

as usual, the result is proved by examining both directions of the implication.

3.3.1 Typability implies strong normalization

We first prove that, if a term M is typable in STR, then M is strongly normalizing.
The intuition is that, given a typed term M, the stratified structure of its
derivation allows to give a bound on the number of g-reduction steps necessary to
reach the normal form of M, which depends both on the size of M and on the

nesting of applications of rule (st) in II: namely, the number of reduction steps is
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bounded by a polynomial in the size of the term, whose degree depends on the degree
of the underlying type derivation. As a consequence, the reduction of a typed term
to its normal form is performed in a finite number of step; therefore all typable terms
in STR are strongly normalizing.

We start by giving a few necessary definitions of measure:

Definition 22 (Measures).

i. The size |IM| of a term M is defined inductively as follows:

lz| =1 Az M| =|M|+1 IMN| = M|+ N|+1

it. The size |II| of a derivation 11 is defined inductively as follows:
- if IT ends with an application of rule (Ax), then |II| = 1;

- if II ends with an application of any other rule with n > 1 premises I1;...I1,,,
then |TT) = Y7 [IL,.

iii. The rank of an application of rule (m) with domain X is the cardinality of
the set X NFV(M), that is, the number of variables in the domain of the rule
appearing free in M. Let r be the mazimum rank of all applications of rule (m)
in I1: then the rank of 11, denoted by rk(II), is equal to max{1l,r}.

iv. The degree of a derivation II, denoted by d(II), is defined inductively as follows:

- if I ends with an application of rule (Az), then d(II) = 0;

- if II ends with an application of rule (— I) with premise I, then
d(II) = 4(IT');

- if I ends with an application of rule (— E) with premises 111 and Ila, then
d(IT) = max{d(Il;),d(Ila) };

- if I ends with an application of rule (st) with premises (1I;)7,, then
d(I)r = max} ; d(II;) + 1;

- if II ends with an application of a renaming or quantifier rule with premise

IT', then 4(I1) = 4(IT').

v. Let r be a positive number; the weight W(IL,r) of II with respect to r is defined
inductively as follows:
- if IT ends with an application of rule (Ax), then W(IL,r) = 1;

- if II ends with an application of rule (— I) with premise I, then
WL r) =wIl',r) + 1;
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- if II ends with an application of rule (— E) with premises 111 and Ils, then
W(H, T‘) = W(Hl, 7“) + W(Hg, T) +1;

- if I ends with an application of rule (st) with premises (II;)?_,, then
W(IL7r) = r - max]_; W(II;, 7);
- if I ends with an application of a renaming or quantifier rule with premise
I, then W(IT,r) = W(IT', r).
Such measures are related to each other as shown by the following lemma:
Lemma 27 (Relations between measures). If 1T+ M : o, then:
i. rk(I1) < M| < |IT);
i, W(I, ) < 4D w(I, 1);
it W, 1) = [ M.
Proof. All three points are proved by induction on II.
i. Let II end with an application of rule (Az): then rk(Il) = 0 and |z| = |II| =1,
so 0 <1 <1 and the inequality is satisfied.

Let IT end with an application of either rule (w), rule (VI) or rule (VE), where
IT" is the premise of the rule. By inductive hypothesis rk(IT') < |[M| < |[IT']: then
rk(II) = rk(I') < M| < |IT'| < |T].

Let II end with an application of rule (—o I), where I’ is the premise of the
rule and M = Az.P. By inductive hypothesis rk(Il') < |P| < [II'|: then
rk(IT) = rk(I') < |P| < (M| < |[TT'| + 1 = [TI].

Let II end with an application of rule (—o E), where II;, IIs are the premises
of the rule and M = PQ. By inductive hypothesis rk(II;) < |P| < |II;| and
rk(Ilp) < |Q| < |a]: then rk(IT) = max{rk(Il;), rk(Ily)} < rk(Il;) + rk(Ily) +
L<[PI+]Ql +1 = [M] <[] + [Ig| + 1 = [I].

Let IT end with an application of rule (m) of domain {z1,...,x,} and range

{z}, where II' is the premise of the rule and M = P[z/x;]?_,. By inductive
hypothesis rk(Il') < |P| < [IT'|, with n < |P| = |M]|: then

k(I rk(Il') < |P| = IM| < |II]  if max{rk(Il'),n)} = rk(IT');
I =

n <|P|=|M| < || otherwise.
Finally, let II end with an application of rule (st), where IIy,...,II,, are the
premises of the rule. By inductive hypothesis rk(II;) < |[M| < |I;] for 1 < i < n:
then rk(II) = max} ; rk(I;) < M| < |II;| < |



94

ii.

iii.

CHAPTER 3. MONOVALENT CHARACTERIZATION

Observe that 74 > 1 for any r > 1.

Let IT end with an application of rule (Az): then by definition W(IT,r) = W(II,1) =
1 and d(IT) = 0, so 1 < 7Y - 1 and the inequality is satisfied.

Let II end with an application of either rule (w), rule (VI), rule (VE) or rule
(m), where II' is the premise of the rule. By inductive hypothesis W(II', r)
rd) (I, 1), and by definition d(IT) = d(IT'): then W(II,7) = W(IT',7)
rdD w1, 1) = +40D . w(I, 1).

<
<

Let IT end with an application of rule (—o I'), where IT' is the premise of the rule.
By inductive hypothesis W(IT',7) < r&0) . w(II’, 1): then W(IL,r) = W(II',r) +1 <
rAID (I 1) + 1 < P9 w1, 1) 4 7400 < 0D y(1r, 1),

Let IT end with an application of rule (—o E), where II; and IIy are the premises
of the rule. By inductive hypothesis W(IL;,7) < #3) .w(IL; 1) for i € {1,2}:
then W(IT, 7) = W(Iy,7) + W(Iy, r) + 1 < 7340 ow(ITy, 1) + 72402) L w(Ilo, 1) +1 <
D W(TIy, 1) 4 7200 W(Iy, 1) 4 40D = pdD (I, 1).

Finally, let II end with an application of rule (st), where IIy,...,II,, are the
premises of the rule. By inductive hypothesis W(IL;, ) < r3) . w(IL; 1) for
1 <i < n, and in particular max}" ; W(IL;, ) < rmax?=1d(ni)-max?:1 W(IT;,1): then
W(IT, r) = r-max}_ W(IT;, r) < r-rmaxi 40 max? | W(Tl, 1) = pmaxiz )+,

max?_, W(TT;, 1) = 40D (1T, 1).

Let IT end with an application of rule (Ax): then W(II,1) = 1 and |z| = 1, so the
equality is satisfied.

Let II end with an application of either rule (w), rule (VI) or rule (VE), where
IT" is the premise of the rule. By inductive hypothesis W(II',1) = |M|: then
W(IL 1) = w(Ir', 1) = |M].

Let IT end with an application of rule (—o I'), where IT' is the premise of the rule.
By inductive hypothesis W(IT', 1) = |[M|: then W(IIL,1) = W(II',1)+1 = |M|+1=
|Az.M|.

Let II end with an application of rule (—o E), where II; and IIy are the premises
of the rule. By inductive hypothesis W(IT;,1) = |[M| and W(II3, 1) = |[N|: then
W(IL 1) =W, 1) + W(Ip, 1) + 1 = M|+ |[N|+ 1 = |[MN|.

Let IT end with an application of rule (m) of domain {z1, ..., x,} and range {z},
where IT' is the premise of the rule. By inductive hypothesis W(II',1) = |M]:
then W(IL, 1) = W(IT', 1) = (M| = |[Mz;/z]},].

Finally, let II end with an application of rule (st), where IIy,...,II,, are the

premises of the rule. By inductive hypothesis W(II;, 1) = |[M| for 1 <i < n, and
in particular max]* ; W(II;, 1) = |M|: then W(IL, 1) = 1 - max]" , W(IL;, 1) = |[M].
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Note that copies of a derivation have the same measures:

Property 17 (Size of a copy). Let II' be a copy of I1: then rk(Il') = rk(II),
d(Il'") = 4(IT) and W(Il',r) = W(IL,7) for every r > 1.

Proof. Easy, since I and II' have exactly the same structure.

O]

Using the results obtained so far, we are able to state a sort of weighted version
of Lemma 25, where the substitution is shown not to increase the overall weight of

the derivation:

Lemma 28 (Weighted substitution). Let II>T, 21 :01,...,2p 10 F M : 7 and
Nib AjEN; oy, for 1 < i < n, such that {x1,...,x,} NFV(M) = {x;,, ...z, }
and TH#HA#.. . # A, then there is P> T, Ay, ..., Ay F MIN; /2], : 0 such that

W(®,r) <Ww(ILr)+ zp:W(Zis,r)
s=1

for every r > max{rk(X%;),...,rk(X,), rk(II)}.

Proof. By induction on II. Since the first part of the statement was already shown
to be valid in the proof of Lemma 25, we refer to the notation used in that proof in
order to prove that the given inequality holds.

Let II end with an application of rule (Az): then W(®,r) = W(Xq,7), so the proof
is obvious.

Let II end with an application of rule (w), having range {y}, to the premise
Ir. If y & {x1,...,x,}, then the proof follows by induction. Otherwise, let y = x1,
so x1 & {xi, ..., xi,}. By inductive hypothesis W(®',r) < W', r) 4+ > 7_, W(%;,,r);
then

Let II end with an application of rule (—o I): then the result follows easily by
induction.

Let II end with an application of rule (— E) to II; and IIy; moreover, let
{1, 2} NFVM) = {4y, ..., 24, } and {@pq1, .o, 2} NFV(P) = {4y, ..., 24, }. By
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inductive hypothesis on Ty and Il respectively, W(®1,7) < W(IIy,7) + > 2, W(Z;,,7)
and W(®g, ) < W(Ma,7) + Y 0_  W(Xi,,7); then

W(D,7r) =W(Py,7) +W(DPo,r) +1
q p

Wy, )+ W(g,r) + 14 ) WS, r)+ > W(E,,r)
s=1 s=q+1
p
=W(ILr)+ ) W(Z,,7)
s=1

Let IT end with an application of rule (m), having range {y}, to II'.
If y & {xi,,...,xi,}, then the proof follows by induction.
Otherwise let y = x1. Let us assume that {y1,...,yn} NFV(P) = {y;,,...,yj,} and
{xa, ..., 20} NFV(M) = {;,, ..., x5, }. By inductive hypothesis on the premise IT',
W(\I/,T)SW(H, )+Zl 1 ( )+Z ( iss T )
Note that W(3q,7) =7 - maxsz1 w(\I'S, r) =r-maxi_, W(V %> T) by Property 17. More-
over, W(IT,7) = W(Il',r) and ¢ < rk(II) < r.
Since 0 is a renaming sequence, by definition W(®,7) = W(¥,r); then

W(ti), T) - W(q), T)

<w(Il',r) + i W(wl, 1)+ ZW(Ez‘S,T)
=1

s=1

<w{Il',r)+r- r?ax W/,

Sj ?

,,,

zsv

=wIL,r)+r- m}éx WU

P
s=1
P
ska §

P

= WL 7) +W(S1,m) + > (S, )

s=1
Let II end with an application of rule (st) to the premises (II;)1<g<n. Note that
W(X;,r) :r-maXQLI W(Xs,7) = r - maxp_ 1 W(X*,r) (1 <4 < n). By induction
hypothesis W(Pg, ) < W, ) + ZF w(x? Zj ,1), for every 1 < k < h; then

W, r)=r- r]?%i( W(Pg,r)

p
h s
< - max (W(Hk,r) + § 1W(Eif’r))
=

P
h h ,
<7 max W(l,7) + - max 1W(E§f,r)
J:

p
h h
<r. w(II . W(x:k
< 7 max W( w)+_§1(7’ max W( Zjﬂ"))
J:

=W, r) + iW(Eij,r)
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Let IT end with an application of a quantifier rule: then the result follows by
induction.

O

Observe that erasing a V-detour does not change the weight of the proof; then we
can easily prove that the weight of a proof strictly decreases with each normalization

step:

Theorem 14 (Weighted subject reduction). IIsT'F P : o and P — Q implies there
is UT'F Q: o, such that W(W,r) < W(IL,r) for every r > rk(II).

Proof. Let P = C[(Ax.M)N] and Q = C[M|N /z]]. We proceed by induction on the
term context and then by induction on o. We already proved in Theorem 13 that
the subject reduction holds; we refer to the notation used in that proof in order to
prove that the stated inequality holds.

Let C = and let o be a linear type. Since §1, 2 are sequences of renaming
and quantifier rules, WII,7) = W(II',7) + W(3,r) +2 = W(II",r) + W(X,7) + 2: then
W, r)=W(®,r) <WX,r)+WII",r) <WII,r) by Lemma 28.

Let C =0 and let 0 = {01, ..., 0, }. By inductive hypothesis W(®;,r) < W(II;,7),
for 1 <i < mn: then W(V,r) =r- -max] ; W(P;,r) <r- -max]; WIL,r)=Ww{ILr).

If C # [, the proof follows easily by induction.

O

From such results we can easily derive both the complexity bound and the strong

normalization property:

Theorem 15. IfII>T F M : o and let M = M’ in m steps, then:
i.om< ‘M’d(ﬂ)—‘rl;
i, |M'| < M|+

Proof. Let r = rk(Il) and let II'>T - M’ : 0.

i. By Lemma 27, r < |[M|and W(IT, ) < 7400 . w(I1,1) = 7200 . | M| < |M2AD - | M.
Let M = My — My — ... - M,, = M’ with m > 1. By Theorem 14, if
M reduces to My in one S-reduction step, then there is II; > I' H My : 0 such
that W(IIy,r) < W(IL,r) — 1; if M; reduces to Ms in one S-reduction step, then
there is IIo > I' = My : o such that W(IIz, ) < W(II;,7) — 1 < W(II,7) — 2, and so
on. After m reduction steps, we obtain W(IT', 7) < W(IL,r) — m, so m < W(II, r):
by substituting W(IT, ) < |M|2ID+1 in the above expression, we finally obtain
m < |M|d(H)+1_
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M;eSN ... M, eESN

rMy..M, € SN (3.1)
M € SN
Az.M € SN (3.2)
MIN /z]M1..M,, € SN N € SN
(Az.M)NM;..M,, € SN (3.3)

Table 3.3: Rules defining the set SN.

ii. By Theorem 14, W(IT',r) < W(II,r). Since W(I',;1) < W(II',7) and by Lemma 27
|IM'| =W(IT', 1), we obtain

M| < WL 7) < 40 y(IL, 1) = 7240 L | M| < MDA

O

Since the number of steps in the reduction path for a given term is a finite number,

we also obtain a proof of strong normalization:
Theorem 16. If a term M is typed in STR, then M is strongly normalizing.

Proof. Easy by Theorem 15.
O

Note that, as usual, a typed term can be assigned an infinite number of types by
fiddling with non-constructive rules; in particular, since stratifications can be added
ad libitum, different derivations of the same term may supply a different bound on
the number of its normalization steps.

Nonetheless, a minimal bound on the normalization time of a term can be easily

obtained, simply by choosing a derivation with minimal depth in which “useless’

applications of non-constructive rules are avoided.

3.3.2 Strong normalization implies typability

We now show the converse implication, namely that all strongly normalizing
terms are typed in STR, by following the technique of [Val0l; RSSX99; BDS13].
The set of strongly normalizing terms, denoted by SN, is the smallest set of terms
closed under the rules depicted in Table 3.3.

For each of these rules, we prove that if the premises of the rule are typable
then the conclusion is also typable; in particular, in order to prove such property for
Rule (3.3), we need to show that the expansion holds for typed terms of STR.

To this aim we start by giving a sort of inversion of Lemma 25:
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Lemma 29 (Inverted substitution). Let ', A = M[N; /x|, : 7, where N, ..., Ny
are typable in STR, dom(I") = FV(M)\ {1, ...,xn} and {z1,...,xp} Ndom(A) = 0;
then there are A; = N : 0y, for 1 <i <n, such that T',x1 : 01,..,2p : oy = M : T.

Proof. Let II be a derivation proving I') A = M[N;/z;|"_, : 7. The proof is by
induction on II. The key cases, to be considered more carefully, are the ones of rule
(— FE) and (m).
Let IT be
T AFza A9

so M is a variable. By hypothesis N; is typable: then there is X; > A; = A : A; for
some linear type A;, for 1 <1 < n.

IM=uz,forl <k<n,wehavel' =0 and NV}, = z: then 1 : A1, ..,z : Ay, - 1 ¢ Ap
follows from axiom =z : Ap F x : A by Property 14. Otherwise we have M =
and = & {z1,...,xp}, s0 ' =2 : A: then = : A, x1 : Ay, ...,x, : Ay F 2 A follows from
axiom z : A+ x : A by Property 14.

Let II be
LAFP:T

IAy:BEP: T (w)

Since y ¢ FV(M), the proof follows by induction.

Let II be
A y:pEP:A

AFANYyP:p—A

(— 1)

where \y.P = M[N;/xz;|"_,, so either M = \y.P’ or M = xy, for some k € {1,...,n}.
Let M = A\y.P’. Since (A\y.P")[Ni/z:i]?_y = Ay.(P'[Ni/zi]?,), by induction there are
A; EN;:o;such that Ty : p,x1 : 01,0, Ty : 0 EP 2 A (1 < i < n): then the proof
follows by applying rule (—o I) to this derivation.

Otherwise, let M = x}. Since N}, = Ay. P, A, = p — A and I" = (), by one application
ofrule (Axz) xp : p—oAF xp :p—oA: thenzy :01,.., 2 :p—o A, ..xp: 0, F X 1 p—A
follows by Property 14.

Let II be
I"A'FP:p—oA T A"FQ:p
I''AFPO:A

(— E)

where I' =TV, T, so either M =P’'Q’ or M = x, for some k € {1,...,n}.

Let M =P'Q, so PQ = P'|N;/xi]_ Q'[N /il

By inductive hypothesis, since P = P'[N;/x;], and Q = Q'[N; /x|, there are

AlEN; roland A7 E N o (1 <i<n)suchthatI',zy:0],...,2p:0, FP :p—A
and I zy 1 0f ..,z s 0l E Q' 1 p.

From such derivations we obtain X' > IV, 2 : {01}, ...,2}, : {0, } F P2} /2]l : p — A
and X" o TV, 2 : {0}, ..., 2l : {ol} b Q|2 /x|, : p respectively, by a renaming se-

quence such that {x},...,a)} N {z],..., 2} = 0.



100 CHAPTER 3. MONOVALENT CHARACTERIZATION

For every 1 <i <, let o, = {{o}}} U{{o}}}: if o} # o, then we can build

ALEN; o] . Al'EN; ol .
B0 N o ™ T Ao
Ai I—M L0y (S )

where A; = {{AL}} U {{A7}}; otherwise, if o, = o/, then we build the following

ALEN; o] .
A FA: (o)
All—./\/;O'Z (St)

where A; = {{A}}}. Then there are A; F N : 0y, for 1 < i < n and a renaming
sequence ¢ such that the desired derivation is

Z/ Z//
Uy {or},om, s {on b o {od}, w s {on} B Pl /walin Qe Jaili, - A

Iz :01,.,Tp:0on FP'Q 1A

(— E)

If M = xi, then the proof follows easily as in the previous case (—o I).

Let II be
DAy i1 cesYm i P i T EP e T

DAy U {pi} E Ply/yslity o 7

where P[y/yj];":l = MIN;/zi]i;.

Let y & U FV(A}), so M = M[y/y,J, and P = MING /]l If y & FV(M),
then P = Ply/y;]"; = M[N;/z;]{_; and the proof comes by induction. Otherwise,
let y € FV(M) and {ys,, ..., ¥s, } = {¥1, -, ym} N FV(M). By inductive hypothesis
there are A; F N : 0; such that T, ys, D Psps ey Yspy  Pspr TL Oy ey Ty 2 O = Mt T3

then, from such derivation, we obtain the desired result by Property 14 and by one
application of rule (m) with domain {yi,...,y,} and range {y}.

Now let us consider y € U FV(N;), so M = M'[y/y;|7, i/}, ..., zi/x;]j=, and
MING iy = (MIN by o N 2T

Let {Ysy s Ys, b = {1, - Ym} NFV(M'). Since P = M'IN} /..., N /2]y, by
inductive hypothesis there are Azh = Mh : Uf, for1 <i<mnand1l<h <r;, such that

VoL, Y, @ PoyynrUsy psp,x% Lot e xtt iolt Lk okt ot e M T
Note that N; = A [y/ym]7Lq, so we can build AP = NB [Y/ym]Teq ol by applying
rule (m) with domain FV(N?) N {y1,...,ym} and range {y} to Al NI : ok for
1<i<mnandl <h <r;. Then, foreveryl <i <mn,ifo; = Uzizl{‘%h} = {Ufll, ...,Jisq}

we can build
(A;h - '/V‘zh[y/ym];nzl : U?)sighgsf]
Ai H M oy (St)
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Let 0 be a renaming sequence containing n applications of rule (m), the i-th one
having domain {z},...,z[*} and range {z;}, for 1 <i <n. If y € FV(M), then from

¥ we derive
Doy :Ull{pj}, 21101,z i on b M'[y/y]];lzl[a:l/le, e & T

by Property 14 and by one application of rule (m) with domain {y,...,y,} and
range {y}, followed by sequence §. Otherwise, if y € FV(M), then M’ = M and
{¥s1 - Ys, } = 0, so we obtain the desired result by applying renaming sequence 6
tol,zt:of, .2t to]t, ozl iol, . aln ot - M T

Let IT be
(T},05 F MIN;/ziliy « Ti)1<j<m

LA MIN; Jai]ty o

(st)

where I' = szl{I‘j} apd T=A{m1,... ,Tm}. For 1 <j <m, by inductivq hypothesis
there are A =N : 0!, for 1 <i <n, such that T'j, 21 : oJ,...,2y : 09, & M : 7.

Then, for 1 <i<n, if o; = U;-”Zl{ag} = {0}, ...,0:"} there are

(AZ E NG Ug)sggjgs;‘,
Ai [ M L0y (St)

such that the desired derivation is

- - .
(Fj,l'l 209,y T 1 On FM: Tj)lgjgm (3 )
I'axy:01,...,zp:0on M T

Finally, let IT end with an application of a quantifier rule: then the proof follows
easily by induction.
O

Then we are able to prove a particular case of the (typed) subject expansion,

where only the case of the subject being a redex is considered:

Lemma 30 (Subject expansion). © - M[N /x| : ¢ and N typable in STR imply there
exists ©' such that '+ (Az. M)N : 0.

Proof. By induction on o.

Let 0 = A. Consider © = T', E where dom(I") = FV(M) \ {z}. By Lemma 29,
thereis AF N :7such that T,z : 7= M : A;let AN’ : 7 beacopyof AFN : T,
such that T#A’: then we can build the following derivation

TFe:7TEM:A

F'FXxM:7—A (— 1) ANEN T (= E)
A F Az MN = A
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and, since (Az.M)N is an instance of (Az.M)N’, the result follows by Lemma 22.
Otherwise, let ¢ = {oy,... ,0,}. By Property 16, II>T = M[N /2] : {o1,... ,0n}
implies there are derivations II; >T'; = P : 0; (1 < i < n) such that II is obtained
by an application of rule (st) to (IL;)!",, followed by a renaming sequence 0. By
applying sequence ¢ to II; we obtain I'/ - M[N /z] : 0;, for 1 <i <mn.
By inductive hypothesis there are I, such that I'; = (Az. M)N : oy, for 1 < i < n:
then by applying rule (st) to such derivations we obtain IV = (Az.M)N : o, where
I = UL {7}

O

Finally we can prove the desired implication, namely that all strongly normalizing

terms are typable in STR:
Theorem 17. If M is strongly normalizing, then M is typable in STR.

Proof. For each of the three rules of Table 3.3 we show that, if the premises of the
rule are typable, then the conclusion is typable as well.

Let us consider Rule (3.1), so M = aN;..N,. Let 2/, N}, ..., N, be instances
of z, N1, ..., N;, respectively, such that j # h implies FV(N)) NFV(N) =0, for
1<j,h<n,and 2’ ¢ U ;FV(N/): we prove that there is a derivation, assigning to
2’ N..N, alinear type, from which we can derive a typing for zNi...\,.

If n = 0, then the proof is obvious.
Otherwise, by inductive hypothesis on N7, ..., N and by Corollary 12 there are
IUEN] 4, for 1 <i<mn.Let A=A; —o Ay —o ... —o A, —o B; then we can build

— (A
x’:Al—x’:A( @) NEN A ( )
o AT a'N] Ay — ... — A, — B 'L E NG Ay

(— E)

: E
2 AT, T NN B (= B)

and, since zN7...NV,, is an instance of 2/N]...N,, the desired derivation follows by
Lemma 22.

Now let us consider Rule (3.2), so M = Az.N. Since N € SN, by inductive
hypothesis on A there is a derivation ' AN :B. If x € FV(N), then ' =T",z : 7,
so the desired derivation follows by one application of rule (—o I) to IT'; otherwise,
we first apply a rule (w) with range {z}, followed by an application of rule (—o I) to
abstract over z.

Finally, let us consider the crucial case of Rule (3.3), so M = (Ax. M)N M;...M,,.
By induction, both M[N /x]M;...M,, and N are typable. Moreover, by Lemma 23
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the derivation proving I' - M[N /2] M1..M,, : A is

@1l—731:0%—o...—oa711—oB1 All—./\/l%:ai
@1,A1|—771M%:U%—0...—0071L—0B1
Oz PaM?2: 02 —o ... —0 02 —o By o1 Ay b M2 : o2
QQ,AQ}_PQM%M%ZO'%-O...—OO'%—OBQ

O3 - PsMEM3 : 03 —o ... —0 03 —0 By

n

(— E)

(— E)

02

On, Ay b Py M. M : B, s
Ik MN/zIMy.. M, :A "

where M|\ /z] is an instance of P;, M; is an instance of M? and d; is a renaming
and quantifier sequence, for 1 <i<mnand i <j <n.

Without loss of generality, we can safely assume that FV(M) N UL FV(M?) =0
and FV(NV) NUL, FV(M!) = (. By Lemma 26, each sequence ¢; (1 <i <n) can
be rearranged in such a way that the applications of quantifier rules precede the
applications of renaming rules; let 47...9], be such quantifier sequences.

Since M[N/z] is an instance of Py, by Lemma 22 © = M[N/z] : 0 —o ... — 0} — By
can be obtained from ©1 - Py : a% —o ... —o 0,11 —o By by a renaming sequence. More-
over, since by hypothesis N is typable in STR, by Lemma 30 there is ©’ such that

O'F Az.M)N : 0f{ —o ... —0 0} —o By: then we can build

O'F N MN 0} —... o0l B A+ Mi:o}
O A A MNM] 10 — ... — 0
Ji
O, AL F A MINML: 02 — ... — 02 — By Ay M3 o3
@/,Al,Ag = ()\%M)NM%M% : O’% —©0...—©° UTQL
O, A1, A F Az MINMIM3 : 0§ — ... —0 0} —o By

e (=B

NS~

O, Ar, o, Ay - Az MYN MM 1B,
O Ay, ..., Ap F A MNME MDA "

Since (Ar.M)N Mj...M,, is an instance of (A\z.M)NM3i...M?, the desired derivation
follows by applying Lemma 22.
O

3.4 Polynomial characterization

From the point of view of implicit complexity, we are interested in proving that
STR characterizes exactly the functions of FPTIME; therefore, while being considerably
more expressive, STR characterizes exactly the same functions as the Soft Type

Assignment system STA [GRO7|, which was proved to be sound and complete with



104 CHAPTER 3. MONOVALENT CHARACTERIZATION

respect to FPTIME. This is somehow in line with the result obtained in [BPS03|,
where a typing system assigning simple types to A-terms is proved to represent
exactly the same class of functions as one endowed with intersection types, by giving

a translation of terms typed in the former system into terms typed in the latter one.

3.4.1 Translation from STA to STR

In order to prove the FPTIME characterization, we consider the relation between
STA and STR. We start by showing that if a term is typable in STA, then it is also
typed by STR. Such translation is easy to define on both types and bases, since STA
can be seen as a restriction of STR, where only variables with the same type can be
contracted by rule (m), while rule (!) is the equivalent of rule (st) where only one

premise is allowed and stratification is replaced by the ! marker:
Definition 23 (Translation from STA to STR).

- The translation (.)° from TS to T is defined inductively as follows::
(@) =a; (p—U)°=(u)” = (0% () ={"}
- Let © be a basis in STA: then (©)° is the basis such that (©)°(x) = (©(x))°.
By the previous definition, the translation is obtained in a straightforward way:
Lemma 31. O Fgrp M : o implies (©)° = M : (p)°.

Proof. Let @ >0 Fgpy M : u. We proceed by induction on ®.

Let ® end with an application of rule (Az): then the proof is trivial.

Let ® end with an application of rule (sp) to II'. By inductive hypothesis
(IT')° > (©)° Fgra M : (v)°: then (II)° is obtained by applying rule (st) to the unique
premise (IT')°.

All the other cases follow easily by induction and by applying the respective rule
in STR.

O

Observe that the converse translation from STR to STA is not at all straightforward,

since STR is much more expressive than STA, in which only a strict subset of the
strongly normalizing terms can be typed. In particular, the technique of [BPS03| can
hardly be adapted to our setting, since both typing systems employ the renaming of
variables in order to control the duplication of terms.
The reason of this difficulty lays in the fact that a translation from 7 to 7.5 cannot
be designed simply by induction on the type, but it should depend on the whole
derivation, since in principle only a partial linearization of a term typed in STR could
be typed in STA. Luckily, there is an easier way to prove the soundness of STR with
respect to FPTIME, by using the result of Theorem 15.
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3.4.2 Polynomial time soundness and completeness

As in Section 2.1.5, we need to define an encoding of data and its respective
datatype, in order to represent functions. We choose the Church representation of

binary words:

we 0,1}, w=(i1,...,in), w = Moo fiy, (fiy - (fi, ®)...)

where, by abuse of notation, we also denote by 1 the identity Af.f. The size of the
binary word w is denoted by |w|; it is easy to check that |w| is linear with respect to
|w].

Church binary words can be assigned in STA both a uniform and a para-
metric type, defined respectively as W =Va.l(a — a) —o!(a —a) —0a —a and
W,.m =Val"(a —a) —!™(a—a) —oa-—oa, for every n > 1 and m > 1; note
that W = Wy ;.

It is easy to check that every derivation 1I> gty w : Wy, oy, for n > 1 and m > 1, is
such that ds(II) = 0: indeed, the polynomiality of STA depends on this very property.

The parametric datatypes play an essential role in bounding the running time of
the computation of a program in STA, since a term representing a numerical function
can have different parameters for its input(s) and output types: because of the
mismatch between such types, the iteration of such functions is thus forbidden, with
the result that terms representing non-polynomial functions (such as exponentiation)
cannot be typed.

In a very similar way, Church binary words can be assigned in STR both
the uniform type WI =Va.{a — a} —o {a —0 a} —0 a — a and a parametric type
WI,,,,, = Va.{a — a}"” — {a — a}™ —oa —o a, for any n > 1 and m > 1. Again, it
is easy to check that the depth of any derivation II> Fgry w : WI,, ,, is equal to 0,
for n >1 and m > 1.

Now we are able to formally define the representation of functions in both STA
and STR. Such definition is a straightforward extension of the classical definition of
A-representation of functions [Bar84; RP04| in a typed setting [BPS03; GRO7].

The additional power of STR with respect to STA is illustrated by the fact that, while
in STA every input data must be assigned a parametric type for natural numbers, in
STR we allow each input number to be assigned a stratified set of types, with the

proviso that all its linear components are numerical types:

Definition 24 (Representation of functions). Let ¢ : NP — N be a function of arity
p.

i. A program M = Az1...x,. P represents ¢ in STA if and only if, for any binary

word Wi, ..., Wp:

e Muwi...wp 5 o(wa, ey Wp);
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® Fgpy M :!ile1,k1 —o ... —O!iPijkp —o W 1, for some j, k, jp, kp (1 < h < p).
. A program M = Az1...x,. P represents ¢ in STR if and only if:

e Muwi..wp 5 o(wr, ey W)

o b M:oy— ... —00p — Wl and o7 = [Wlyi yi, ..., Wl 4 |, for some
h7k7hi7ki7qi7hi kl (1 S 1 Spvl <r S %)

Ty

In [GRO7], the authors prove that STA is sound and complete with respect to
FPTIME; here we exploit the translation from STA to STR, given in Lemma 31, in

order to extend the completeness result to STR:

Lemma 32 (FPTIME completeness). Let ¢ : NP — N be a polynomial time function,
for p > 1: then there is a typed term of STR representing it.

Proof. By Definition 24.i, let M be a term representing function ¢ in STA, such that
Muwy..wy 5 o(wa, oy wp) and gy M AW 0 —o L —o!iPijJCp — W, for any
binary word wq, ..., w, and some j, k, jp, kn (1 < h < p).
By Definition 23, we know that (1“W; ;. )° ={WI;_ ; }*, for 1 <s<p, and
(W;,)° =WIL,;,. By Lemma 31, the above STA derivation typing M is trans-
lated into - M : {WL;, ,, }"* — ... — {WIL; ;. }» — WI; ;. then M represents ¢
in STR by Definition 24.ii.

[

Let M be a term representing a numerical function ¢ : N° — N in STR; in order
to prove the soundness of STR with respect to FPTIME, we show that the reduction
of Mw;...w, to its normal form can be performed on a Turing machine of time
polynomiaﬁn the size of the input.

Consider the application of a program to a given argument. Our aim is to bound
the number of duplications (namely, substitutions) performed by a reduction step;
therefore, we need to know how many application of rule (Az) play a role in creating
an occurrence of the formal parameter of the considered program. Since each
occurrence of a variable is born linear, we have to keep track of the renaming history

of each variable, namely of its set of ancestors:

Definition 25 (Ancestors of a variable). Let II>T' - M : 7 and x € dom(T"); the
set of ancestors of x in 11, denoted by A(x,11), is defined inductively as follows:

o ifII is
rz:AFx: A (Ax)

then A(x,11) = {z};
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o if IT is

oIl HFM:T
Fy:AFM:7T (w)

then A(z,11) = {a} if y =z, A(z,11) = A(z,1l') otherwise;
o if IT is

I'ecTl,y:0cFP:A
Ay P:o—A

(— 1)

then A(x,II) = A(x,IT');

o if IT is
MoI'FP:o—oA II"bT"HQ:0
I'T"FPQ:A

(— E)

then A(z,11) = A(z,1I') if © € dom(I”), A(x,II) = A(x,I1") otherwise;

o if IT is
'l y1:01,csYn:on - M:T
Doy Ul {oi} B Mly/yiliey o 7

(m)
then A(x,II) = U A(y;, IT') if z = y, A(x,IT) = A(x,IT') otherwise;
o if IT is

(Hi > M Ui)lgign
Ut {LitE M {01, ... .00}

(st)
then A(x,I1) = Ul A(z,11;);
o if Il is

oD M : 0o
'EM:o (R)

where (R) is a quantifier rule, then A(z,II) = A(z,II').
We can now prove the FPTIME soundness result for STR as well:

Theorem 18 (FPTIME soundness). Let ¢ : NP — N, with p > 1, and let M be a
program representing ¢ in STR; then there is a polynomial P such that, for any binary
word w1, ..., wp, Muwi...wp, can be evaluated to its normal form on a Turing Machine
in time O(P(lw1| + ... + |wy))).

Proof. By Definition 24.(ii), if M represents ¢ then Mw;...w, 5 o(w, ..., wp) and
FM:0; —..— Op —© WIh’k, where 7; = [WIh§>ki’ '”7WIh§1_,k}'Zv] for some h, k, h;,

Since M is a program, namely a closed normal form, by Lemma 23 we can safely
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assume that M = Azq...2,. P and M : 01 — ... —0 0}, —0 W1, ;. ends with p applica-
tions of rule (—o I), whose initial premise is ® >z : 01, ...,z : 0p = P : W1, . Then

we can build the following derivation:

OS>z 01, Ty iop EP Wl
FM:op —o...—0p — Wl

_OI) @1"&:0’1

(— E)

- Muwy..wy 1 : 0, — W, O - wp o
F Mﬂ...wp : WIth

(— E)

where each ®; (1 < i < p) is obtained from derivations F wj : WIhg,kf (1<t<gq),
each of depth 0, by a suitable sequence of applications of rule (st).

By Lemma 25, there is a derivation II> - Plw; /2], : W1, . Moreover, by observ-
ing the proof of the substitution Lemma, it is easy to see that such derivation is
obtained by replacing axiom y : WIh;kg Fy: WIhg’,k;’ of @, for each y € A(x;, @),
with derivation - wj : WIh;’,k;’ of depth 0, for 1 < ¢ < p and 1 <t < g;; therefore
d(IT) = d(®), so 4(II) does not depend on the size of the input.

Let Mw;...w, 5 Plwi/xi]t_, 5 o(w, ..., wp) in m B-reduction steps; by Theorem 15,
m < ]Mﬂjwp\(d(n)“) and each intermediate term A in the reduction sequence
is such that W! < [ Muwy..w,| @I+ Since a B-reduction step N — N’ can be
simulated in time O(|N|?) on a Turing machine [Ter01|, each reduction step takes a
time O(\Mﬂ...wpﬁ(d(n)ﬂ): then, since the size of the program is a constant with

respect to the computation, the conclusion follows. ]

Since STR is both sound and complete with respect to FPTIME, the desired

characterization result holds:
Corollary 19 (FPTIME characterization). STR characterizes FPTIME.

Proof. Easy by combining Lemma 32 and Theorem 18. O

Note that, since STA is also sound and complete with respect to FPTIME, the
functions representable in STR are exactly the ones representable in STA. However,
more programs can be typed in STR, as a consequence of the introduction of stratified

(intersection) types into the equation.

3.4.3 Examples of gain in expressivity

Consider the following successors, concatenating a binary word with either 0 or 1:

e succy = Aw.Afo. Af1.Az.wfo fi(fox) has type W1, ,, — W11, in STR (resp.
Win — Wi i1,, in STA) and corresponds to the function f(z) = 2ux;
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e succ; = Aw.Afo.Af1.Az.w fo fi(fiz) has type WL, ,, — WI,,, 11 in STR (resp.
Wn — Wy, i1 in STA) and corresponds to the function f(z) = 2z + 1.

Let A = a —o a; the derivation for succy is the following:

——— (Az
6’:A}—f(')’:A( )
YAz ak flz:a

OI>w: WL, ., fo: {AY, fi: {AY" Fwfifi - A Y AAY" xrak flra m)

— F
0 Wh Jy OV P e w ) e )
w: WLy, 0, fo: {A}™ T frc{AY 2 a bk whofi(for) s a ;
w: WLy F Mo Mz fo fi(for) - (AT —o {A})" — A (;IO) )
w WInL,n F )‘fO)‘flewafl (fOx) : WI7rL+1,n I
- Succg - WI'm,n - WI’m—i—l,n <_° )
where II is
Wi WLy, Fw: WL, (Az) o, FUAE LA (4z) |
W W F o (A o (a1 =& UP) T g (A ESt)E) FAFfk “f(’ )
—o s
w: WL, o, fo {AY" Fwfy: {A}" — A fi{aY"F fi o {a}" (- )

w: WLy, o, fo{AY™, f1 - {A}" Fwfifi: A

The typing of succy is similar.

As an example of the gain in expressivity of STR with respect to STA, let us first
consider the iteration of the successor function over binary words; such programming
construct is not typable in STA with a meaningful type, because the polynomial
bound is enforced by the fact that functions cannot be iterated, but only composed,
in order to forbid the construction of exponential functions. Nonetheless, in STR it is

possible to type a limited notion of iteration, as shown in the following example.

Example 13 (Iteration of the successor). In STR it is possible to iterate the successor
of a binary number a constant number k of times.

Consider the k-loop term ITERy = Mz ffx; in order to be applied to the program
succg, the ITERy term can by typed in the following way:

J1:V, ey [l i Vg, e WImm; Ffe((fiz)n) s Wlhen
Fo{Vi, e Vi o WL, B o WL, 1 kn
FAfAD R (Ve V) —o WL, — WLk

(m)
(= 1)

where V; = W1, — Wiy, for 1 <@ <k.
The term ITERy succy can then be obtained by applying rule (—o E) to the derivation

above and to the one obtained as follows:

(l— Succy . Vi)lgigkz
F succp : {Vy,... ,Vi}

(st)
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Stmilarly, in order to apply ITERy to succy, the k-loop term can be assigned the

following type:
{WIm,n —° WIm,n-l-b ) WIm,n—i—k—l -0 WIm,n+k} —° WIm,n —° WIm,n+k

Observe that this term is not typable itn STA, because it is not possible to assign

the same type to every f; (1 <i <k).
Now consider the term
addmsb = Aw.Afo. A f1. A \x.(wE F1(Ay.x))true

representing the function ¢ : N — N such that ¢(z) = x + 2Ulogs(#)]+1 which consists
of adding a 1-bit in the position to the immediate left of the most significative bit of

the input word, where

Fy AL fo(t D)
F1 = )\t)\b(bflf)(fl(t false))

Let Iy be
(Az)

B oaFi B oa ™ 1 TBFL. B

foiaﬂakfoiaﬂa(Ax) t:Bwa,b:Bi—tb:a( E) o
fora—a,t:B—oab:BF fo(th) : a ;
fora—oak Fy:(B—oa)—o(B—a) (=)
ofa—al" Fo (B —a) = (B oay Y
and let II; be
b:BFb:B
b:BkFb:(b—ob—ob)la— a/b (VE) fi:a—oak fl:ia—oa Ax)E :
) bria—a

fl:a—oab:BFbff:(a—oa)—(a—a)

fl:a—oa,b:BFbfil:a—a (= E) by g
fiia—oa, fl:a—oat:B—oab:BF(bfiI)(f(t false)):a (— E)
fi:{a—oal,t:B oab:Br (bfil)(fi(t false)):a 1()m)

fi:{a—a}FF,:(B—oa)—(B—a)
fir{fa—al"'FF :{B—oa)—-(B-—oa)}"”

(st)

where X is

(Az) t:B—oal—t:B—oa(Ax) false:Bl;false:B(_oE)
ra—oakF f{':a—a t:B—oal—tfalse:a( £)

":a—oa,t:B-—oak f/(t false):a
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Let A =B —o a; then addmsb is easily typed as follows:

d I true:B

— F

w: Wy, fo:{a—oa}™ fi:{a—oal" z:ak (wFF(\y.x))true : a ( ) ;

w: Wy, E Ao Afr Az (wFyFi(A\y.z))true : {a —a}™ — {a —oa}"™! —wa-—oa (;Io )
w: WL, , = Afo A1 e (wEyFi(Ay.x))true : WL, 11 s (V1)
F addmsb : W1, ,, — WL, 11 (= 1)
where & is
w WL, Fw: Wi, %
’ ’ (VE)

w:WI, ,Fw:{A—oA}" —o{A—oA}" —A—A HO( B)

w:WI, ,, fo:{a—oa}l"FwFy: {A—oA}" —A—oA II; ) .
w: W, ., fo:{a—oa}™ fi:{a—oa}" ™ FwFF :A—A r:ak )\yx '\
w: WL, . fo:{a—a}™ fi:{a—oa}"™ z:atwkFi(\y.x):A

Note that this term is also typable in STA with type W, ,, —0 Wy, ,41.

Example 14 (Iteration of addmsb). In STR it is possible to iterate the term addmsb
a constant number k of times, similarly to what has been shown in Example 13 for

succy since both terms have the same type.

We conclude with another example of a useful term, which can be typed in STR

but not in STA, representing a function through the if-then-else construct.

Example 15 (if-then-else). Consider the following derivation ¥y, p:

I AND false : A

t
II>w: WL, ,, - w(AND true) : {A}” — A  AND false: {A}" (s )E A
w : WI,,, ,, - w(AND true)(AND false) : A ) true : BF true: B ( x)E)
w : WL, , - w(AND true)(AND false)true: B (=
where 11 s
(Az) |
w: WL, ,Fw:WIL,, :
, : (VE) F AND true: A (st)

w: W, , Fw: {A}" — {A}" — A F AND true: {A}™
w: WI,,, , - w(AND true) : {A}" — A

(— E)

F AND : B — B — B represents the usual conjunction of boolean values and
A =B — B, for any m,n > 1.
Let ISZERQ,, = w(AND true)(AND false)true; it is easy to check that the term
ISZERO,[v/w] reduces to true if v =0 and to false otherwise.
Now let ¢ : N — N be defined as follows:

o) = x if x = 0;

2x +1  otherwise.
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The intuitive closed normal term \w.ISZERQ,, w(succy w), representing ¢, can
be typed in STR as follows:

: A
- sucey s Wiy, —o Wlyynsy w5 Wiy gt Wiy | "”)E
I w3 - WI'rn,n F succ; ws : WIm,’n+1 <_(° )EJ)

wy : Wy, wo : WL, 541, w3 : WL, ,, - ISZERO,,, wy (succy wg) : W, i1
w: {WI,, ,, WL, 41} F ISZERO,, w (succy w) : WI,,, 11
F Aw.ISZERO,, w (succi w) : {WI,, ,,, WL, 11} — WL, 11

(— 1)

where 11 is

Y0 >wy : WI, , - ISZERO,, : B
’ (VE)

wiy WIm,n F ISZEROwl : WIm,n+1 —° WIm,n—i—l -0 WIm,71,+1

wy : WLy, 1 Fwe : WL,

wq WIm,na wsa WIm,n—l—l = ISZEROwl wao WI7n7n+1 —0 WIm7n+1

A similar function could be built by using addmsb instead of succ;.

Observe that this term is not typable in STA, because it is not possible to assign

the same type to every w; (1 < i < 3).

3.5 Relations between stratification and intersection

It is natural to wonder whether there is a connection between stratified and
intersection types, and if so, why we should prefer one over the other in certain cases.
Let Z be the set of intersection and quantifier types, where types are considered to
be strict (that is, intersection is not allowed on the right-hand side of the arrow) and

intersection is a m-ary connective, for n > 2:

C == a|(—C|VacC
¢ == C|CA..ANC (n>2)
——

where a ranges over the set of type variables previously defined for 7T .

There is quite a natural translation (.)* from 7 to Z, defined inductively as follows:

- (@) =4

- (00— 8)" = (0)" = (A)%;

- {orseon}) = (o))" Ao A (o)™
- (Va.a)* = Va.(A)".

Such translation can be easily extended to bases, so that (0)* = (), while
Tz:0) =) x: (o).

(Az)
(— E)
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We can then define a type assignment system INTER, obtained from STR by applying
the translation (.)* to both bases and types, such that for each rule (R) of STR:

Ty =M :04)ier
'EM:o

(R)

where the cardinality of I depends on (R), there is a corresponding rule (R*) in

INTER:
()" b1 M 2 (03) ier
)y M:(0)*

(R")

Intersection is usually considered modulo idempotence (¢ = ¢ A ¢), commutativity
(C1 A G2 = (2 A (1) and associativity (¢1 A C2) Az =1 A (2 A(3). It is easy to check
that the system INTER is equivalent to STR, namely that I' - M : ¢ if and only if
(' M : 0)*, with the proviso that intersection is considered modulo idempotence
and commutativity, but not associativity.

Note that the non-associative approach is not the standard use of intersection,
which usually enjoys idempotence, associativity and commutativity. However, the
presence of all these properties has the effect of erasing every quantitative information
from the typing: this is not an issue as long as intersection types are used for proving
qualitative properties of terms, as has been done for a long time, yet it proves to be
troublesome when one wants to inquire about quantitative properties, such as the
complexity of reduction, which will further be explored in the next chapter, or ICC
related questions, as has been done in the previous sections.

Even more worthy of note is the fact that stratified types, despite being idempo-
tent, are able to store a finer information on the usage of resources with respect to
usual intersection types. Consider for example the intersection and the stratification
of two copies of a type: while ( A ( = ( does not retain any memory of the intersec-
tion from which it is obtained, the stratification of o and o results into a type {o}.
Therefore, while the latter gives no information about the number of occurrences of
type o in it, it still remembers that some occurrences of o have been contracted in
order to obtain the current type.

For such reasons, and in order to stress that we consider intersection as set formation,

we chose the notation of stratified types over that of intersection types.






Chapter 4

Bounding normalization time

through intersection types

In Chapter 3 we studied a typing system using stratified types, whose behavior
is essentially that of non-associative intersection types.
Actually, an earlier attempt in such direction was that of designing a type assign-
ment system, similar to STR, where types did not enjoy neither idempotence nor
associativity, in order to represent intersection through multisets, instead of sets.

As was already noted in the previous chapter, removing the associativity property
is required in order to express a bound on the complexity of the reduction: indeed
the stratification, derived from the lack of associativity, is crucial in order to obtain
a decreasing measure on the derivation which, in turn, allows to give a bound on the
number of nested duplications of subterms. Here we explore a further restriction of
intersection types, namely the absence of both associativity and idempotence.

Intersection types have been introduced essentially with the aim of analyzing
A-models and the normalization properties of A-terms; since the interpretation of
types as properties of terms induces naturally the idempotence property, intersection
was historically considered modulo idempotence.
Nevertheless, recently it has been observed that, when dropping idempotence, inter-
section types can be used for reasoning about quantitative properties, such as the
complexity of -reduction. Some results have been obtained along this line: in |Ter(6]
a typing system is designed, assigning non-idempotent intersection types to A-terms,
in which all and only the strongly normalizing terms are typed and the size of a
derivation with subject M is bigger than the size of every term in the S-reduction
sequence from M to its normal form; such property can further be exploited in order
to compute a bound of every normalizing S-reduction sequence starting from M.
A more precise result in this direction is found in [BL11]|, where the authors give

a precise account of the number of S-reduction steps of a term to its normal form,;

115



116 CHAPTER 4. NORMALIZATION AND INTERSECTION

this result is achieved by designing a type assignment system where intersection is
considered without idempotence, upon which both notions of measure of a derivation
and of principal derivation for a given term are defined: finally it is shown that the
measure of a principal derivation of a type for a normalizing term M corresponds to

the maximal length of a normalizing B-reduction sequence for M.

Other type assignment systems without idempotence have been studied in the
literature for various purposes. In [KW04| non-idempotent intersection is employed
in order to formalize a type inference semi-algorithm, whose complexity is further
studied in [NMO4]. Moreover, in [Kfo0O] non idempotent intersection types are
studied in relation with linear S-reduction.

Recently, non idempotent intersection types have been used in [PR10] with the aim of
characterizing the solvability in the resource A-calculus, whereas in [DHLO08| the game
semantics of a typed A-calculus is described in logical form using an intersection type
assignment system, where the intersection does not enjoy any of its usual properties.
Some complexity results via non-idempotent intersection are given in [dCa09], through
a A-algebra induced by non idempotent intersection types, and in [BEMO07|, where
a logical description of relational model of A-calculus has been designed through a
non-idempotent type assignment system.

A quantitative approach is also taken in [KV14], where non-idempotent intersection
types are employed, in the guise of multisets of types, in order to design two
type assignment systems for a calculus with explicit substitutions; by allowing the
controlled use of the empty multiset, the authors give a characterization of linear-head,
head and weak normalization, while the characterization of strong normalization is

obtained by requiring all subterms to be typed, possibly by a witness-type.

Our aim here is to take a further step in this direction; namely, we want to
use non-idempotent, non-associative intersection types in order to to express the
functional dependence of the length of a normalizing S-reduction sequence for a term
M on the size of M itself.

In order to obtain such result, we again take inspiration from the system STA [GRO7]
which characterizes polynomial time computation. The resulting typing system,
called STI, allows us to give a bound on the number of steps necessary to reduce
a normalizing term M to its normal form, of the form |M|! where | M| is the
size of the term and d is a measure of depth depending on the type derivation for it.
Note that, since for every normalizing term there is a type derivation with minimal
depth, this bound does not depend on a particular derivation.

Here a result very similar to that of Theorem 15 is proved to hold; however, such
result is not very suitable for an implicit characterization of complexity classes:
indeed non-idempotent intersection types are too informative, in the sense that there

is not a common type which can be assigned to all usual data (such as Church
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integers or binary words); as a consequence, the notion of datatype is not satisfied
and so a characterization of complexity classes through STI is not achievable. As a
matter of fact, in Chapter 3 we showed that taking away the associativity property

is sufficient in order to obtain a polynomial characterization.

Outline of this chapter We start by presenting the type assignment system STI
for pure A-calculus and by proving its subject reduction property (Section 4.1). As
usual for intersection based systems, we must consider the possible presence of many
subderivations typing the same redex, whose parallel elimination is necessary in order
to obtain a correct proof. In order to clarify this matter, an example of reduction is
shown at the end of the section.

After introducing some necessary measures for terms and derivations, we give a
weighted version of the subject reduction theorem which shows that the overall
weight of a derivation strictly decreases whenever a reduction step is performed;
this result then allows to bound both the number of reduction steps and the size of
the normal form with respect to the size of the initial term and of the depth of the
derivation (Section 4.2).

Finally, we prove that STI characterizes strongly normalizing terms (Section 4.3), by
combining the result of the previous section and the adaptation to system STI of the
proof given in Section 3.3.2.

The content of this chapter is introduced in [DB11] and further developed in [DR13].

4.1 Syntax and properties of system STI

We introduce STI (Soft Type assignment with Intersection), a typing system for
A-calculus assigning intersection types to A-terms, where intersection is assumed to

enjoy neither associativity nor idempotence.

4.1.1 Definition of the typing system

The definition of the language of terms and of the rewriting rule is the same
already given in Section 3.2.1 for pure A-calculus. Likewise, we say that a term M
is an instance of N' when M is obtained from N by renaming a subset of its free

variables with a unique fresh name, as in Definition 20.

The types of STI are either linear or intersection types, the latter enjoying only

the commutativity property:
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'FM:0 =z ¢ dom(I')

(Az) Fz:AFM:0o (w)

Tz:AFx: A

Nx:okFM:A 7 'EM:0—-<A AFN:0 T#A
TrowMo—a D [,AF MN : A

(— E)

(Fi |— M : Ui)lgign E’?:ll—‘i
N DiEMior Ao Aoy

I'zy:01, 0, o - M7
Dox:oit Ao Nop B Mz q o7

(m) (An)

Table 4.1: Derivation rules of system STI.

Definition 26 (Types). The set of STI types is defined by the following syntax:

Ai=a|o—oA (linear types)
ocu=AlgN..Na (intersection types)

n

where a ranges over a countable set of type variables and n > 2.

Intersection types are considered modulo the equivalence o1 A ... Aoy, = 04y A ... Ay,
for every permutation (iy,...,4,) of {1,...,n}.
Note that a type o can be loosely considered as a multiset &, according to Defini-

tion 19, where the multiset of linear components is defined inductively as
K:[A] oLN...Nop =01 ..80o.

The number of occurrences |o| is simply the cardinality of the multiset &.
As usual a basis, ranged over by I', A, O, is a partial function mapping term
variables to types, whose domain is denoted by dom(T").

Similarly to Notation 2, we adopt the following conventions for bases:
Notation 5 (Bases).

i. The condition Th#..#Ly, (or #1-,Ti) holds if and only if j # h implies
dom(T';) Ndom(T'y) =0, for 1 < j,h < n.

ii. The condition T B ...BT,, (or B T;) holds if and only if j # h implies
dom(I';) = dom(I'y), for 1 < j,h < n.

itt. The n-ary intersection of bases, denoted by I'y A ... ATy, or NI1I';, is the basis
such that (N_1T;)(x) = Ay (Ti(z)), where B_|T;.



4.1. SYSTEM STI 119

w. The basis 'y, ...,T',, represents the concatenation of bases, provided that #;_,1;.

The system STI proves sequents of the shape I' F M : o, where I' is a basis, M
is a A-term and o is a type. The rules are given in Table 4.1.

Derivations are ranged over by 1I, 3, such that [IoI" = M : ¢ denotes a particular
derivation IT with conclusion I' - M : .

Observe that, as in system STR, terms are first built in a linear form and then
variables are unified through the explicit multiplexor rule (m): this allows to control
the number of contractions, which is responsible for the growth of the reduction time.
The counterpart of the contraction on the right-hand side of a derivation is handled
by rule (A;,), which is parametric in n for n > 2. In designing system STI, we again
took inspiration from SLL [Laf04].

We still retain the distinction between constructive rules, which contribute in building
the subject, and non constructive rules: the former are rules (Az), (— I) and (— E),
while the latter are rules (w), (m) and (A,). As before, we denote by renaming
sequence a (possibly empty) sequence of applications of rules (w) and (m), whose

domain and range are defined as in Notation 3.

4.1.2 Properties of STI

The notion of intersection tree proves to be quite useful in dealing with derivations

assigning intersection types to their subject:

Definition 27 (Intersection tree). The intersection tree of a derivation I is a
subderivation of 11 defined inductively as follows:

o if IT is
YEN:A

TFM:o?

where § is a renaming sequence and 3 is a derivation whose last application is
of a constructive rule, then the intersection tree of I1 has conclusion I' = M : o
and a single leaf ;
o if IT is
(El I>FZ' = N : O'i)lgign A )
N EN o Ao Nop,
'EM:o1AN...Nop,

where § is a renaming sequence, then the intersection tree of II has conclusion

I'EM:o1A... \Noy and its subtrees are the intersection trees of X1, ..., Xy,.

Example 16. Let II be
Oo>FM:C IppEM:D

g M:A Ilgp-M:B I—M:C/\D(/\)
M :AABA (CAD) 3

(A2)
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where 11y, g, I, Iy all end with an application of a structural rule: then the inter-
section tree of II has conclusion = M : AANBA (CAD) and leaves 11y, g, I1¢, Ip.

Since rule (Ay,) is the only rule building an intersection type on the right of the
turnstile symbol, it is possible to state the following key property of STI:

Property 18 (Subject with intersection type). Let II>T' = M : 01 A ... A 0y, with
n > 2; then:

i. II ends with an application of rule (A,), possibly followed by a renaming sequence;
1. II ends with an intersection tree with at least n leaves.

Proof. By induction on the shape of II. Note that the II must end with a non

constructive rule.

i. Easy, since rule (A,) is the only rule introducing the A connective on the

right-hand side of the turnstile symbol.

ii. Let IT end with an application of rule (A,,): then the statement is trivially true

and ¢ is the empty sequence.

Otherwise, let II end with an application of either rule (w) or (m): then the

proof follows by induction.

O]

By employing the previous result, we prove that the substitution property holds

for terms having disjoint free variables sets:

Lemma 33 (Substitution). Let IbT,xz:0 - M : 7 and 2> A F N : o, where T#A
and x & dom(A); then there is ®>T, A+ M[N /x| : T.

Proof. By induction on II. If IT ends with an application of a constructive rule, then
the proof is trivial; we thus consider the three remaining cases.

Let IT end with an application of rule (w). If the range of the application is {y}
such that y # z, then the proof follows by induction. Otherwise, let IT be

I'elEM:7 z¢dom(T)
o,z :AFM: 7 (w)

If A maps each variable of its domain to a linear type, then @ is

IeT'-FM: 71 (w)
rLAFM:7
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Otherwise, let us assume that A = A’y : p, such that p = [Aq, ..., A,] and A’ contains

only bindings of variables to linear types: then & is
nmsrr-M:r
DA y1 t A, ey Ay Mo T
LA y:pEM: T

(w)

m)

where the sequence of applications of rule (m) builds the desired intersection type p.
The proof can be easily extended to the general case.

Let II be
el 21:01,...,2p:0p - M:T

Coz:og Ao Nop E Mz /x|y T

(m)

where 0 = o1 A ... A op,.

By applying Property 18 to 3, there are ;> A; = N’ : gy, for 1 < i < n, such that
¥ is obtained by one application of rule (A,) to (¥;)!_; and then by a renaming
sequence 0.

By renaming the variables of A;, we can easily obtain X, > AL = N/ : 05, such that
N/ is an instance of N7 and #]_;Al. Not that this is not restrictive, since we are
able to easily recover A’ and N’ by applying a suitable renaming sequence p.

By inductive hypothesis, there are

O > DAL 209, xyion b MIN{ /21| T
Dy > DAL AL 33: 03, xn i on b MIN 22, 0 T

¢, > AL LALEMN o], T
Then ® is
@, >, A}, AL E MIN Ja] o7
T, A MIN Ja]ly < 7
ST, A - MIN i)l o 7

where p and § are the previously defined renaming sequences.

Let II be
(IL>Ti,x: 0 M:T)i<i<n

Fx:obM:1

(An)

where I' = A\ I';, 0 =01 A ... Nop and 7 =71 A ... A T,. By Property 18, ¥ is

(Zi> Ay EN :04)1<i<n
ANEFN o1 AN...Noy,
AFN ol A...Nop (9)

(An)

where § is a renaming sequence and N is an instance of A/. We can assume without

loss of generality that I';#A;, for 1 < i < n, since the renaming allows to consider
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disjoint sets of variables.
By inductive hypothesis there is ®; >T';, A; = M[N”/x] : 7, for 1 < i < n: then ® is

(Cbi Dri,Ai F M[./\/'//l‘} : Ti)lgign
DA EMN 2] i A ATy,
CLAFEMIN/z] T Ao ATy

(An)

O
The following generation lemma relates the structure of a term with its typing:

Lemma 34 (Generation). Let II>T'+ M : A and let X> A F N : B be the smallest

subderivation of II such that % is obtained from Il by a renaming sequence:
i. if v € FV(M), then z € dom(T");
it. if M = x, then ¥ ends with an application of rule (Ax);

iii. if M = \x.P, then ¥ ends with an application of rule (—o I) and A = o — B

for some o and B;
. if M =PQ, then ¥ ends with an application of rule (— E).
Proof. Easy by considering each constructive rule. O

As in Chapter 3, in order to prove the subject reduction property, we must take
into account the fact that one step of S-reduction on the subject can correspond to
n > 1 parallel detour eliminations in the underlying derivation, whose behavior is

that of reducing all copies of the same redex which are assigned different types:

Theorem 20 (Subject reduction). II>T' + M : 0 and M — M’ implies ' >T +
M o

Proof. If M — M/’ then there is a context C such that M = C[(Az.Q)N] and
M’ = C[Q[N /z]]; the proof is by induction on C.
Let C =0, so M = (Az.Q)N.

By Lemma 34, each leaf I1; of the intersection tree of II is

EQDFé,x:JZ’FQ;:AZ’ (—o 1)
F;}—)\x.QQ:Ui—OAi
I'iFAx.Q;:0; —A (8:) NI AN o TitA,
Ti, Aj E (A2.Q)N; = A

(— E)

where (Az.Q)N is an instance of (Az.Q;)N; and ¢; is a renaming sequence, for
1 <1< n.
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Since the domain of each application of rule (m) in §; deals with variables in dom(I"),
sequence ¢; can be delayed in order to obtain the derivation
Yoll,z:0o;F Q) : A
/ / (D) oy
Fil—)\x.Qi:Ui—OAi EiDAﬂ—M:UZ'
T A - (A Q)N :
FiaAi |— ()\IBQZ)M : Ai ¢

(— E)

By Lemma 33, there are I, > T';, A; = Q;[N;/x] : A;: then IT' is obtained by replacing
each leaf II; by II/ in the intersection tree of II.

The cases of C # [ follow easily by induction.
O

Non-idempotent intersection types allow to obtain a precise quantification of the
occurrences of a variable in a normal term; indeed, we can think of an intersection
as a multiset of types, which can be used to count the occurrences of free variables

in a normal form:

Property 19 (Normal forms). Let M be a normal form; then there is a derivation
IIeT'- M : A such that |I'(x)| = no(x, M) for every x € FV(M).

Proof. By induction on the shape of M.

Let M = z: then the desired derivation is obtained by applying rule (Ax).

Let M = Az.P, where P is in normal form. If x € FV(P), then by inductive

hypothesis there is a derivation II'>T',x : ¢ = P : B such that |I'(y)| = no(y, P) for
every y € FV(P): then the desired derivation is obtained by applying rule (—o I) to
IT' to abstract over z.
If x ¢ FV(P), by inductive hypothesis there is a derivation II'>T"F P : B such that
|['(z)| = no(x, P) for every x € FV(P): then the desired derivation is obtained by
applying rule (w) with range {z} to II’, followed by the application of rule (—o I)
abstracting over x.

Let M = yNi..N,,, where Ni,... ,N,, are normal forms. Let M be an instance
of M" = y'Nj..N},, such that FV(y') NFV(N]) N ... NFV(N},) = 0.

By inductive hypothesis there are n derivations II; > I = N/ : A; such that |I'(x)| =
no(z,N/) for every x € FV(N/). Let C = A; —o Ay —o ... —o A, —o B: then IT is

— (A
y’:CI—y’:C(x) I,
/. / / 7 . ( )
y ‘C’F:['_y'/\/’l‘AZ_O"'_OATL_OB H2

. (— E)
y G, T Ry NN | A, —B I,

y iCT, . T FyN .. N B
'k y/\/lj\/n :B

m)
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where the renaming sequence contains k£ > 0 applications of rule (m), each having
domain Y; and range {z;}, where J; C FV(M') and z; € FV(M), for 1 < j < k. Let
"=y :c,TY,... ,IT: then |I'(z)| = Zyeyj IT'(y)| = Zyeyj no(y, M) = no(zj, M),
for every 1 < j < k, while |I'(z)| = |I"(z)| = no(x, M) for every z € dom(M) N

{21, ey 2}
O

Example 17. We show an example of a derivation in STI, with the aim of clarifying
the behavior of the subject reduction in the case where the intersection tree has at
least 2 leaves.

Consider the following derivations:

— (Azx
y:AI—y:A((_lI) (Az)
FAyy:A—A z:A}—z:A( )
Yi>z:i AR (Ayy)z: A
and (Ax)
— (Ax
y:alky:a .
I—/\y.y:a—oa( D z:ak z aEA:C)E)
Yopziak (Ayy)z:a
where A = a —o a.
By reducing the term (Ax.xx)((A\y.y)z), we first obtain
xl:AFxl:A(Ax) xg:aFmQ:aEilf)E)
'\ ral :
nhr2ial fits a(m) Sipz:AF|(Ayy)z|:A Yopziab|(A\yy)z|:a

r:ANabFzz:a (= 1)
FAlzar:(AANa) —a

A
Ypz:ANaF (Ayy)z:ANa (2)

z:ANak (Az.zz)((Ay.y)z) : a

(— E)

Observe that there are two virtual copies of the same redex; therefore, if we reduce

the redex (A\y.y)z, we obtain

$1:A}—x1:A(Ax) :vgzal—a:Q:aEilf)E)
r1:Axoabkxizo:a (m) (Az) (Az)
rz:ANaklzx:a I Zz:AF z:A z:aklkz:a
: (— ) ; : (A2)
FAzxx:(ANa) —oa z.A/\al—z.A/\a( E)

Irz:ANak (Az.zz)z:a

where the subject of both 31 and X9 has been reduced.

Finally we reduce (Ax.xx)z, so obtaining the proof

(Az)

B W
zlel—zle( ) zzzaFZQ:a(_oE)

z1: M 2z :alk 21200 a
(m)

z:ANabzz:a
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Note that, as explained in the proof of Lemma 33, the premises of rule (A2) need
to be rewritten in the substitution so that their contexts are disjoint; the original

context is then recovered through a suitable renaming sequence.

4.2 Normalization bound

In computing the normalization bound for system STI, we must take into account
the mismatch between proof simplification and S-reduction, since the presence of
intersection allows the coexistence of many subderivations typing the same subject.
As a consequence, here we do not consider the derivation as reduction machine, but
rather as a tool for computing the number of reduction steps.

To this aim we start by introducing a few necessary notions of measure, similar
to the ones of Definitions 22 and 16:

Definition 28 (Measures).
i. The size |II| of a proof 11 is the number of applications of rules in it.

it. The size [IM| of a term M is defined inductively as follows:

lz| = 1; Az M| = M|+ 1, IMN| = M|+ [N|+ 1.

iti. The rank of a multiplexor of domain X is the cardinality of the set X NFV(M).
If r is the mazimum rank of an application of rule (m) in II, then the rank rk(II)

of II is the mazximum between 1 and r.

iv. The degree of a derivation II, denoted by d(I1), is the mazimal nesting of
applications of the (Ay,) rule in 11, namely the maximal number of applications

of rule (Ay) in a path connecting the conclusion to any axiom of II.
v. The weight W(IL, ) of II with respect to r is defined inductively as follows:

- 4f I ends with an application of rule (Ax), then W(IL,r) = 1;

- if IT ends with an application of rule (—o I) and ¥ is the premise of the
rule, then W(IL,r) =W(X,r) + 1;

- if II ends with an application of rule (— E) and ¥1,%9 are the premises of
the rule, then W(IL,r) = W(X1,7) +W(Xa,7) + 1;

- if II ends with an application of rule (A,) and 31, ..., %, are the premises
of the rule, then W(IL,r) = r - max]" ; W(¥Z;,7);

- if I ends with an application of either rule (w) or rule (m) and X is the
premise of the rule, then W(IL,r) = W(X,r).
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The previously introduced measures are related to each other as shown explicitly

by the following lemma:

Lemma 35 (Relations between measures). Let II>T'+ M : o; then:
i. rk(II) < M| < |II).

i, WL, r) < 7400 w(IT, 1).

i WIIL, 1) = M.

Proof. By induction on II. Since the proof is very similar to the one of Lemma 27,

we only consider the most meaningful cases.

i. Let II be
Yooy i1, EP:o

Lo A AT EPle/zl, : o

(m)

where M = Pla/x;]l .

By inductive hypothesis rk(X) < |P| < |X|. Let k < n be the cardinality of the
set {x1, ..., 2, } NFV(M). Note that rk(II) = max{rk(X), k} and & < |M| = |P|
by definition, so

o if max{rk(X),k)} = rk(X), then rk(Il) = rk(¥) < M| < |1IJ;
o if max{rk(X),k)} =k, then rk(II) = k < |[M| < |II].

Therefore rk(II) < | M| < [II].

All the other cases are proved easily.

ii. Let IT end with an application of rule (A,) with premises II;...II,. By in-
ductive hypothesis W(IL;,7) < 74M) . w(IL;, 1) for 1 <i <n, so in particular

maX?:l W(Hia T) < pmax;_y d(Il) | max?zl W(Hi, 1)2 then

WILr) = r-maxi, W(Il;, )

p o pmaxiey A L paxn (I, 1)
pmaxiiy A+ maxn  y(IL, 1)
raID L w(IT, 1)

IN

N

All the other cases are proved easily.

iii. Let II end with an application of rule (A, ) with premises II;...IL,,. By inductive
hypothesis W(II;, 1) = M|, for 1 <14 < n: then W(IL, 1) = max]* ; W(IL;, 1) = |[M].

All the other cases are proved easily.
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By employing the previously introduced measures, we can prove the following

weighted version of Lemma 33:

Lemma 36 (Weighted substitution). Let II>T,z: 0 M:7 and A+ N : o,
such that T#A and x & dom(A); then @>T, A+ M[N /x| : 7 and

W(P,r) <WILr)+w,r)
for every r > max{rk(Il), rk(X)}.

Proof. By induction on the shape of II. Since the first part of the statement was
shown to hold in the proof of Lemma 33, here we refer to the notation used in such
proof in order to show that the condition on the measure is true.

If II ends with an application of a constructive rule, then the proof is easy;
therefore we consider the cases of (w), (m) and (A,,).

Let II end with an application of rule (w) with premise IT". If the range of
the application oi {y} such that y # x, then the proof is trivial. Otherwise
W(P,r) =W(®',r) =W, r), since the renaming sequence does not contribute to
the weight, so the inequality is satisfied!.

Let IT end with an application of rule (m) with premise II' and domain {z1, ..., z, }.
For simplicity, we can safely assume that {x1,... ,zx} = FV(M) N {z1,... ,z.};
moreover W(X,r) = r - max} ; W(3;,r) = r - max], W(X},r), since the renaming of
variables does not change the structure, and thus the weight, of a derivation.

By inductive hypothesis W(®1,7) < W(X), r) + WL, r), W(Pg,r) < W(X5H, ) + W(Py,7),
and so on; therefore, W(®y,7) < W(X),r) +W(Pp_y,7).
Note that both p and ¢, being renaming sequences, do not contribute to the weight:

then
WP, r) = WPk, 1)
(

IN A

I
=
—
™
2
=3
=
2

so the inequality is satisfied.
Let IT end with an application of rule (A,), with n > 1 and premises II;...IT,,.
By inductive hypothesis W(®;,r) < W(X;, ) + W(II;,r) for 1 < i < n: then
W(S(E,10),r) = r-max} W(S(%;1L),7)
< r-max]  W(X;, )+ - max} W, )
= W(X,r)+WwIL,r)
so the inequality is satisfied.

O

'Here the non-associativity of the intersection comes into play: indeed, if intersection were to be

considered as an associative operator, then Property 18.i would not hold; therefore, we would not

be able to use the inductive hypothesis in order to prove the desired inequality.
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Since STI is in (mostly) natural deduction style, a detour can be defined as an
application of rule (—o I'), possibly followed by a renaming sequence, acting as the
left premise of an application of rule (—o E): in this case, the detour can be erased
by the usual procedure, simply by delaying the renaming sequence and then by
performing the substitution.

The weighted substitution property states that the overall weight of a derivation
decreases when a detour-elimination step is performed; since a [S-reduction step

corresponds to n > 1 detour-elimination steps, the following result holds:

Theorem 21 (Weighted subject reduction). I>T' F M : 0 and M — M’ imply
I'e>T =M o andWIl',r) <W(ILr), for every r > rk(II).

Proof. Consider the context C such that M = C[(Az.Q)N]| and M’ = CIN[Q/x]];
we proceed by induction on C.
Since the first part of the statement was already shown to hold, we refer to the
notation used in the proof of Theorem 20 with the aim of proving the remaining
inequality.

Let C =0, so M = (Az.Q)N.
Note that, because II' is obtained from II by replacing every subproof II; with
IT;, for 1 <i <n, the intersection tree connecting all the subproofs is left un-
changed. By Lemma 36 W(II,,r) < W(X7,r) +W(X},r), for every r > rk(II): then,
since W(IL,, r) < W(X!,7) +W(X;, ) +2 = W(IL,,r), the inequality holds.

Again, the cases of C # O follow easily by induction.

O

Now we have all the necessary ingredients for proving that both the number of
normalization steps and the size of the normal form are bounded by a function of

the size of the term:

Theorem 22 (Measure of reduction). Let II>T = M : o and let M S-reduce to M’

in n steps; then:
in< |M‘d(H)+1;

i, |M'| < | M+,

Proof.

Let M - M; — ... & M,, = M’ and r = rk(II).

By Lemma 35, 7 < | M| and W(IT,7) < 740D . w(I1, 1) = 740D . | M| < [M|AD M|
By Theorem 21, if II rewrites to II; in 1 step then W(IIy,r) < W(II,r) — 1; by the
same Lemma, if IT; rewrites to Il in 1 step then W(Ilg, r) < W(IIy,r) — 1 < W(IL,r) — 2,

and so on: then W(IT', 7) < W(IL,r) — n and n < W(II, r) after n —o-normalization



4.2. NORMALIZATION BOUND 129

steps. Since the rank of a derivation never increases during reduction, by

substituting in the above expression we obtain n < W(IIL, ) < [M|d0D+1,

ii. By Lemma 35, |M;| =W(II;, 1) for all i. Since obviously W(IT',1) < w(IT',r)
and by Lemma 35 |[M'| =W(Il',1), we obtain |[M'| < W(II',r) < W(II,r) <
rdID (M, 1) = 74D | M| < IM[AIDHE by applying Theorem 21.

O

Note that the exponent of such function is, in general, dependent on the term; for
this reason, the bound on the normalization procedure can easily become exponential
with respect to the size of the term. Nevertheless, the proof given above is independent
on the reduction strategy: therefore, the result given above also shows that all terms
typed in STI are strongly normalizing.

One might wonder why we choose to employ the n-ary intersection, instead of
the more standard binary connective, since the use of the intersection guarantees
that the typability power of the system is the same in both cases. To answer such
question, let us remark that our interest lies not only in the typability, but also in
using derivations for measuring the complexity of the reduction.

As an example, consider the term M = (Azx.A\y.yx...x)(II), where = occurs n times
and I represents the identity function. By the definition of size, | M| = 2n + 6; note
that a minimal derivation typing M in STI has depth 1 and rank n:

r1:a-—oa, . ry:a—oak A \yyri..z, A, —b

T:0, FAyyx..x: A, —ob (—o 1) (m) (FIl:a o a)i<i<n
FAx. \yyx..xt:0, —A, —b FII:o,
F Az Ayyz...x)(I1) :

(An)
(— E)

where 0, = (a < a)A..A(a—a), A, = (a —a) — .. —o(a—oa) —oband
a — a occurs n times in both ¢ and A. Then the resulting bound for the number
of S-reduction steps is (2n + 6), while the effective number of reductions is at most
2n+ 1.

Let us now consider an alternative version of the system, where the intersection is
considered to be a binary connective; in this case, the multiplexor rule (m) has a fixed
rank of 2 and the rule (A,) becomes (A2), so the depth of the minimal derivation is
n—1:

T1:0p-1,T2:a—oalk Ayyxi..x122 1 A, — b

T:o, A Ayyx..x: A, —Db (—o 1) (m) Il Z.O'n,1 FIl:a—oa (As)
FAx  \yyx..x:0, —A, —b FII:o, (<o B) 2
F Az yyx...x)(I1) :

where 0, = (...((a —~a)A(a—oa))AN...)A(a—a), A, =(a—a) —o..—o(a—o
a) —o b and a —o a occurs n times in both o and A. Tehn the resulting rough bound

is (2n 4 6)™, which is exponential in the size of the initial term.
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This example shows that the choice of using the n-ary intersection allows us to
obtain a more refined bound with respect to the one obtained by opting for the

binary connective.

4.3 Characterization of strong normalization

In the present section we show that system STI characterizes strongly normalizing
terms, namely that M is typable in STI if and only if M is strongly normalizing.
The first implication is obtained as a byproduct of the complexity bound:

Lemma 37 (Typability implies strong normalization). If ' = M : o, then M is

strongly normalizing.

Proof. By Theorem 22.i, the number of reductions steps is bounded by a finite
number.

O

It is easy to check that the size of II, defined simply as the number of applications
of rules in it, decreases with each reduction step regardless of the reduction strategy
we adopt; this depends essentially on the use of non-idempotent intersection types,
whose main advantage is the fact that the size of a derivation reflects the size of
the normal form of its subject, rather than the size of the actual term it gives
type to. This ultimately means that all the copies of a subterm, which might be
duplicated during some reduction step, are already laid out in the initial derivation:
this property, which is inherent of non-idempotent intersection, ensures that the size
of the derivation never increases.

As for the right-to-left implication, we employ the same technique of Section
3.3.2 by adapting it to system STI.

The first requirement is that every normal form can be assigned a linear type;
such statement holds by Property 19.

We then prove that the typability of a term is preserved under substitution:

Lemma 38 (Inverted substitution). Let ®>I', A = M[N;/z;]"_, : 7, where N7, ..., Ny,
are typable in STI, dom(I') = FV(M)\ {1, ...,xn} and {x1,...,2,} Ndom(A) = 0;
then there are A; = N : 0y, for 1 < i <n, such that T,z1 : 01,..,2p : 0y = M : T.

Proof. By induction on the shape of ®.

Let ® be A
v BFy:B A7)

so N =y and ' = ): then II is
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and X is the same derivation as ®, where 0 = 7 = B and M|N /x| = z[y/z] = y.
Let ® end with an application of rule (w): then the proof follows easily by
induction.

Let @ be
T, Ay:pEP:A

T,AF Ay P:p—oA (= 1)

where y & FV(N).

Let M = A\y.Q, where x € FV(P), so that M[N;/x;]7_; = A\y. P and P = Q[N; /x| ;:

by inductive hypothesis ' >T', A,y : p = Q[N;/xz;]"_, : Aimplies there are X; > A; = N : 7,
for 1 <i < n, such that II'>T, 21 : 71,...,2, : Tn,y : pF Q : A. Then II is obtained

by applying rule (— I) to II' in order to abstract over y.

Let M = z, so that M[N /z] = z[N/z] = N and N = \y.P: then II is

(Az)

T:p—oAFx:p-—A
and ¥ is the same derivation as ®.
Let ® be

T AFP:p—oh '>T"A'FQ:p
I''AFPO:A

(— E)

where I' =TV, T” and A = A’, A"

Let M = P'Q’, so that P = P'[N;/x;]l, and Q = Q'[N;/x;]I,: by inductive hy-
pothesis ' > T, A"+ P'|N;/x;]_, : p — A and " >T" A"+ Q'[N; /2], : p imply
there are derivations X, > AL F N : 7/ and X > A N : 7/, for 1 <i < n, such that
both I'>TV, 21 : 7, .cyxn 7, FP ip—oAand "1 2y : 7/, . cyzn 7)) F Q i p.
By applying rule (A2) to X} and X7, we obtain ¥; > A; F N : 7, where A; = A} A AY
and 7; = 7/ A7/, for 1 <i < n. Consider now disjoint derivations ¥' and ¥”, respec-
tively copies of I and I1”, such that W' >T", 2} : 7, ...,2}, : 7, F P'lal/ai]l, : p — A

and U/ oI & : 7, .zl -7l = Qxf Jx;]?_, : p: then we can build

\I]/ \I/”
/ 7 A A /) I/ Apw) n AP/ n .
| I R R (A pON i NN e vedll el 28 Fy e 1) RN O A e 1) LR

' T z1 7,y T EP'Q 2 A

(— E)

m)

Let M = z, so that M[N /z] = z[N/z] = N and N = PQ: then II is

rz:AFxz: A (Az)

and ¥ is the same derivation as ®.

Let ® be
DAy i1y Ym i P s T B P T

DAy i pr A Apm B Ply/ysljy o7
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where Ply/y;|7L, = MINi/zi .

Let y & UL, FV(AG), so M = M[y/y;J7; and P = MIN; /il I y & FV(M),
then P = Ply/y;|7L, = M[N;/x]i_; and the proof comes by induction. Other-
wise, {Ysys s Ysp } = Y15 s Ym} NFV(M) and by inductive hypothesis there are
N> Aj B NG s ogsuch that ITF > T, ys, ¢ psyy ooy Ysy & Pspy @15 01, ooy Ty 2 0 = Mo 7. Then
the result is obtained from II’ by a suitable renaming sequence and by one application
of rule (m) with domain {y1,...,y,} and range {y}.

Now let us consider y € U FV(N;), so M = M'[y/y;|7 i/}, ..., zi /) ]j—, and
MING [ty = (Mo N S

Let {Ys,, - Ys, b = {1, -0 Ym} NFV(M'). Since P = M'IN} /af, ..., N[ /]y, by
inductive hypothesis there are E? > A? = ./\fih : azh, forl <i<mnandl<h<r,such
that

. . 1. 1 1o, Tl 1. 1 o . LT .
WD sy t Psyyees Ysp @ Psps L1 2 O1s ooy T 10Oy Ty 1 Oy sy to" B M T

Note that N; = /\fih[y/ym];-”:l, so we can build A" = NV [/ ym] 7Ly : ol from I by
applying rule (m) with domain FV(N?) N {y1, ..., ym} and range {y}, for 1 <i<n
and 1 < h < r;. Then we can build ¥; as

(A;‘h - N;h[y/ym];nzl : Uzh)lghgn A
Ai |— M 0 ( ri)

where 0; = g} A ... Ao}, for every 1 <i < n.
Let ¢ be a renaming sequence containing n applications of rule (m), the i-th one
having domain {z},...,z}'} and range {z;}, for 1 <i < n. If y € FV(M), then from

U we derive II proving
Coy:pi A e APy @15 01y ooy Ty 2 O b M’[y/yj]?zl[xi/:c}, e T T T

by a suitable renaming sequence and by one application of rule (m) with domain
{y1,..-,yn} and range {y}, followed by sequence §. Otherwise, if y & FV(M), then
M =M and {ys,, ...,ys, } = 0, so we obtain the desired derivation II by applying
renaming sequence § to I', a1 : of, ..., 2]' 1 ofl, 2k ok L alm ol = M T

Let ® be
(T},05 F MIN;/ziliy : Ti)1<j<m

LA F MIN oy 7 (Am)

where I' = /\}”ZlI‘j and T =71 A ... A T
For 1 < j <m, by inductive hypothesis there are ¥) > Al - N : o7, for 1 <i <n,
such that IL; > T, 21 : 09, ...,2, : 0%, & M : 7;. Then we can build ¥; as

(AT F N 0))1<jem
Ai (o M oy (/\m)
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where o; = Jil A...N\No, for 1 <i<mn,such that II is

. . .
(T, 009, @n s on B M) i<j<m

(Am)

I'zi:01,...,2p:0n M :T
O

The simplest case of the subject expansion property follows from the previous

result:

Lemma 39 (Subject expansion under substitution). © - M[N /x| : o and N typable
in STI imply there exists ©' such that ©' + (Az. M)N : 0.

Proof. By induction on o.
Let 0 = A. Consider © = T', = where dom(I") = FV(M) \ {z}. By Lemma 38,
thereis AF N :7suchthat T,z : 7 M : A let A’ N : 7 beacopyof AFN : T,

such that I'#A’: then we can build the following derivation
Tx:7tHFM:A

FFXeM:7—oA (= 1) ANEN T (= E)
LA Az M)N' A

and, since (Az.M)N is an instance of (Ax.M)N, the result follows by the application

of a suitable renaming sequence.

Otherwise, let 0 = o1 A ... A 0. By Property 18, II>T F M[N/z] : o1 A ... Aoy

implies there are derivations II; > T'; = P : 0; (1 <4 < n) such that II is obtained

by an application of rule (A,) to (IL;)I",, followed by a renaming sequence §. By

applying sequence ¢ to II; we obtain I'Y - M[N /] : 04, for 1 <i < mn.

By inductive hypothesis there are I'} such that I'; = (Az. M)N : g, for 1 < i < n:

then by applying rule (A,) to such derivations we obtain A?_ I, - (Az.M)N : 0.
O

Now we are able to prove that all strongly normalizing terms are typable in STI:

Theorem 23 (Strong normalization implies typability). If M is strongly normalizing,
then M is typable in STI.

Proof. For each of the three rules of Table 3.3 we show that, if the premises of the
rule are typable in STI, then the conclusion is typable in STI as well.
The proof, analogous to the one of Theorem 23, follows from Property 19 and by
Lemma 39.
O

Finally the desired result follows:
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Property 20 (Strong normalization). II>T'+ M : o if and only if M is strongly

normalizing.

Proof. Easy by combining Lemma 37 and Theorem 23.



Chapter 5

Conclusion and future

developments

In this thesis we examined a few different, somehow orthogonal, approaches to
the ICC setting. On one level, we considered both a polyvalent and a monovalent
characterization of complexity classes through type assignment systems for (variants
of) A-calculus. On another level, we considered both a typing system based on light
logics (ELL) and one, not having a logical counterpart but inspired by it (SLL), using
a slight variation of non-associative intersection types. The latter approach is further
explored by considering non-associative and non-idempotent intersection, in order to
prove some quantitative properties of A-terms.

As a future development of this thesis, it would be interesting to check whether
the approach used in Chapter 3, namely the extension of a typing system based on a
light logic using intersection types, could be also applied to the system of Chapter 2:
would it then be possible to build a similar intersection type system, starting from
ELL instead of SLL?

If we consider the system characterizing the hierarchy of k-EXP, it should be
possible to design a type assignment system for A'-calculus by using the same
stratified types of STR, namely intersection types enjoying both commutativity and

idempotence, but not associativity:

A == als
n= o0 —A|VaS|puas
o = A|qo,...,0
[ { }

n

Indeed, the idempotence property seems to be essential in the ICC setting
because it allows to obtain a uniform representation of data, while some notion of

non-associativity is needed in order to store information about the stratification.

135
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L P
Fo:a|Aj0rz:a W) TTA[z @an,0rz.a A7)
Lz:A|A|OFM:T . FNAjz:o|OFM:7 (o 1)
F]A\G)I—)\x.M:A—OT(_O ) T|A|OFMNaM:o—or

Fl‘A|@1|—M2T—OU FQ‘A’@QI—N:T Pl#rg
Fl,F2|A|@1U@2|_MN:O‘

(— E)

(@ \ 0 | O, F M: Ui)lgign
rur,0;,A|0HM:{o,.., 00}

(st)

Table 5.1: Derivation rules for typed A'-calculus with stratified types.

Both the modal and the parking context could be defined as partial functions
assigning stratified types to variables, because then we would be able to assign
different types to the same variable. The rules of the system (minus the quantifier
and fix-point rules) would be defined as in Table 5.1.

Note that rule (—o E) builds the parking context of its conclusion by taking the union
of the parking contexts of its premises, since all variables in the parking context are
assigned a stratified type.

Based on the previous definitions, booleans and Scott binary words would then
have the usual datatype, while Church integers and binary words would be typable
withN =Va.{a —a} — {a—oa}and W=Va.{a —oa} — {a—oa} —{a—a}re
spectively.

Let the integer d(o) and the set s(o) be defined inductively as follows:
a(a) =0,  d({o1,... ,on}) = m:zlecd(ai) + 1

s(A) = {A}, s({o1,... ,on}) = Ui s(0).

For the characterization, one would then expect predicates corresponding to k-EXP
to have the type {W} —o o, where d(0) = k + 2 and s(c) = {B}; similarly, functions
would have the type {W} —o 7, where d(7) = k + 2 and s(7) = {Wg}.

The previous construction comes easily because of the restricted (!) rule we
consider in Chapter 2. If we consider instead a system like the one of [CDROS],
assigning ELL types to pure A-calculus, then the issue of associativity for intersection

becomes more tricky, because the rule of stratification does not have any restriction
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on the contexts of its premises and so the use of stratified types (as defined for STR)
causes subject reduction to fail.

This issue can be avoided by considering a milder notion of associativity, where the
only information we care to retain is the distribution of linear types over different
strata. The latter approach is being considered, in order to give a bound on the
reduction of terms of call-by-value A-calculus. Here we use stratified types in the
guise of intersection types enjoying both commutativity and a limited notion of
associativity; an intuitive way to explain the latter is to think of these stratified
types as finite lists of (possibly empty) multisets of linear types, where the position
of a multiset in the list (namely its index) represents the depth of the linear types
belonging to it.

While the notion of normal form is not as interesting in this setting, we believe
that the power of intersection types should be enough to capture all solvable terms,

namely all terms normalizable with leftmost reduction to their head normal form.






Appendix A

Additional proofs

A.1 Depth-wise confluence

In this section we prove Property 1.i, namely that \'-calculus is depth-wise
confluent, by following the proof given in [RP04].

First we define the determinist parallel reduction-by-level, which reduces all
redexes of a term at depth 7 in a single step; then we introduce a non-deterministic
parallel reduction-by-level, which reduces only a subset of all redexes present at

depth 7 in a term.

Definition 29 (Reduction <;). The deterministic parallel reduction-by level at
depth i, denoted by <, is defined inductively as follows:

- T T

- N = N implies \e. N —; \x. N;

- N —; N implies Nz N <—; Nz N';

- W oW, while N —; N implies \N < 1!\N”;

- if PN is not a redex, P —; P' and N —; N imply PN —; P'N’;

- P =g P and N <o N imply (A\x.P)N <o P'[N'/z], while P —; P' and
N =i N" imply (A P)N —; (Ax. PN fori>1;

- P o P implies (N2 P)N < P'[N/x], while P <; P’ and N <N imply
Nz PN —; Nz PN fori> 1.

We denote by [M]; the term such that M —; [M];, also called the complete
development of M at depth i. It is easy to see that for each term M there is only
one [M];:

139
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Proposition 2 (Complete development at depth 7). M <; P and M —; Q imply
P =0Q=[M,|.

Proof. Trivial, since the reduction is deterministic. O

Definition 30 (Reduction &;). The non-deterministic parallel reduction-by-level,

denoted by ¥, is defined inductively as follows:

-y

- N & N implies Ao N % Ao N7;

- N N implies Mo N a; No N7,

- W !N, while N ;1 N implies '\N ;N7 fori > 1;

- P Pand N ; N imply PN &; P'N;

- P %o P and N 9 N imply Az P)N ¢ P'N'/z], while P &; P’ and
N & N imply (Ax.P)N & Az PN fori > 1;

- P g P implies (N'o. PN g PN /z], while P 9; P' and N ;!N imply
Nz P)N a; (M. PHIN fori > 1.

Observe that M —; A implies M 9; N/, M &; N implies M —5; N, and —; is
the transitive closure of 4;. Moreover, the following substitution property holds for
Sy
Proposition 3. i. If x occurs at depth 0 in M, then M &; M’ and N &; N’

imply MIN /] &5 MIINfa];

i. if © occurs at depth 1 in M, then M %9 M’ implies M|N /x] 9 M'[N /2],
while M §; M" and '\N &;\N" imply M|N /x| &; M'IN"/z] for i > 1;

Proof. By induction on M.

i. Let M = x; by definition M' = x, so M|N /z] =N ; N = M'|N'/z].
Let M = A\y.P; by definition P ¢; P’ implies M’ = Ay.P’, so by inductive
hypothesis P &; P" and N &; N imply PN /z] &; P'IN'/z]: then M|N /x] =
Ay PN /z] i Ny PN Jx] = M'[N /x].
The case of M = \'y.P is similar.
Let M =!P: note that z cannot occur at depth 0 in M, since | M|y = 0, so this

case is not possible.

Let M = PQ, such that x occurs at depth 0 in both P and Q; if z ¢ FV(P)
or x ¢ FV(Q), the proof is similar. By definition P &; P’ and Q ¢; O
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imply M’ = P'Q’, so by inductive hypothesis P 9+; P’, Q &»; Q" and N 9;
N imply PN /z] ; P'[N'/z] and QN /z] ; Q|N'/z]: then MIN /z] =
PIN/z]QIN /2] i P'IN' /2] QN /] = M[N/x].

Let M = (A\y.P)Q; by definition P &; P’ and Q ¢; Q' imply M’ = P'[Q’/y]
for i = 0, while P ¢; P’ and Q 9; Q' imply M’ = (A\z.Q )N’ for i > 1.
By inductive hypothesis PN /x| &; P'[N'/x] and Q[N /x] ¢; Q'[N /z]; then
MIN[z] = (Ay.PIN/2])QIN/x] i P'IN'/«][QN"/x]/y] = M'[N'/x] for
i = 0, while M[N/z] = (A\y.PIN/z])QIN /z] ;i Ay PN /z])Q' N /z] =
M'[N'/z] for i > 1.

Let M = (\'y.P)!Q; by definition P 4»; P’ implies M’ = P'[Q/y] for i = 0,
while P 9»; P’ and !Q 3+,!1Q" imply M’ = (M'z.P)!1Q’ for i > 1. Observe
that x cannot occur at depth 0 in Q, so !Q[N/x] ¢!Q and Q[N /z] +;1Q’
for ¢ > 1. By inductive hypothesis PN /z] &; P'[N'/z]: then MIN /z] =
Ny PIN /2 QIN /z] &=; PN /2][Q/y] = M'[N" /z] for i = 0, while M[N /x] =
Ny PIN/2)IQIN /x] %; (A\y. PN /2])1Q' = M'IN" /] for i > 1.

Let M = y: note that x cannot occur at depth 1 in M, since |z|; = 0, so this

case is not possible.

Let M = A\y.P; by definition P §»; P’ implies M’ = \y.P’, so by inductive
hypothesis P 9+ P’ implies P[N /z] &; P'|N/z] for i = 0, while P §»; P’ and
N &; N imply PN /z] &; PN’ /x] for i > 1: then M|N /z] = A\y. PN /z] +;
Ay PN Jx] = M'IN /x| fori = 0, while M|N /z] = A\y. PN /z] & A\y. PN /]
M'[N'/z] for i > 1.

The case of M = \'y.P is similar.

Let M =!P; if x occurs at depth 1 in M, then x occurs at depth 0 in P. By
definition !P q=;!P implies M’ =!P for i = 0, while P &»;_1 P’ implies M’ =!P’
for i > 1. If i = 0, then MIN/z] =(PN/z]) /(PN /z]) = M'|N/x].
Otherwise, by point i of the current Lemma, P &; 1 P’ and N &;_1 N/ imply
PN /x] ;-1 P'|N'/x]: then, since P ¢=;—1 P’ and N ¢;_1 N’ imply P &;!P’
and !NV &IV we have M[N /x| =l(P[N /z]) /(PN /z]) = M'[N"/x] for
7> 1.

Let M = PQ, such that x occurs at depth 1 in both P and Q; if x & FV(P)
or x & FV(Q), the proof is similar. By definition P &; P’ and Q &; Q" imply
M’ = P'Q, so by inductive hypothesis PN /z] 3; PN /z] and QN /z] &,
Q'[N /z| for i = 0, while PN /z| &; P'|N'/z] and QN /z] &; Q'[N /x| for
i > 1: then MN/z] = PN /z|QIN /z] &; PN /2] QN /z] = M'|N /z ] for
i =0, while M[N /2] = PN /z|QIN /z] &=; P'IN' /2| Q' [N /x] = M'[N"/z] for
1> 1.
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Let M = (A\y.P)Q; by definition P ¢; P’ and Q ¢; Q' imply M’ = P'[Q’/y]
for i = 0, while P &; P’ and Q &; Q" imply M’ = (A\y.P")Q’ for i > 1. By
inductive hypothesis PN /z] &; P'N /z] and Q[N /x| &; Q'[N /z] for i = 0,
while PN /x| &; P'[N'/z] and QIN /x] 3; Q'[N /x] for i > 1: then M|N /z] =
Ay PN /x])QIN /x] &; P'[N'/z][Q|N'/z]/y] = M'|N'/z] for i = 0, while
MIN/z] = (Ay.PIN/2))QIN/a] %i (\y.P'[N'/a]) QN /a] = M'IN'/x] for
1> 1.

Let M = (My.P)!Q; by definition P &; P’ implies M’ = P'[Q/y] for i = 0,
while P &; P’ and !Q §+;!Q" imply M’ = (Az.P’)!Q’ for i > 1. By inductive
hypothesis PN /z] ¢; P'[N/z] and Q[N /x] ;,!Q[N /z] for i = 0, while
PN /z] &; P'IN'/z] and 'QIN /z] ;! Q'[N /x] for i > 1: then M[N/z] =
Ny PIN/2D)IQIN /z] % P'IN/z][QIN /z]/y] = M'[N"/z] for i = 0, while
MIN/z] = Ny PIN/z])' QN /x] &= Ny P IN'/z]) QN /] = M'[N"/x] for
7> 1.

Lemma 40. M 9; M’ implies M’ &; [M];.

Proof. By induction on M.

Let M = z; by definition M’ = z and [M]; = .

Let M = Ax.P; by definition P &; P’ implies M’ = Xz.P’. By inductive
hypothesis P’ &, [P];: then M’ = Az. P’ &; \x.[P]; = [M];.

The case of M = X'z.P is similar.

Let M =!P; by definition !P 4(!P implies M’ =!P, while P &; P’ implies
M =P for i > 1. If i = 0, then M =!IP ¢,/P = M’ = [M];; otherwise, by
inductive hypothesis P’ &;_1 [P];—1: then M' =P’ &,![P];—1 = [M];.

Let M = PQ; by definition P ; P’ and Q &; Q' imply M’ = P'Q’. By
inductive hypothesis P’ ¢; [P]; and Q" &, [Q];: then M’ = P'Q" &, [P];[Q);i =

Let M = (A\z.P)Q; if x ¢ FV(P), then the proof follows by induction. Otherwise,
since M is a w.f. term, x occurs at depth 0 in P. By definition P §; P’ and
Q %; Q imply M' = P'[Q'/x] for i = 0, while P &; P’ and Q ¢; Q' imply
M = (Az.P")Q for i > 1. By inductive hypothesis P’ &; [P]; and Q" &; [Q];:
then by Lemma 3.1 M’ = P'[Q' /x| %; [Pi[[Q]i/z] = [M]; for i = 0, while M’ =
M. PHQ v (A\z.[P]:)][Q]; = [M];.

Let M = (\z.P)!Q; if ¢ FV(P), then the proof follows by induction.
Otherwise, since M is a w.f. term, x occurs at depth 1 in P. By definition
P %; P’ implies M’ = P'[Q/z] = [M]; for i = 0, while P &; P’ and !Q 9-;!Q’
imply M’ = (M2.P)!Q’ for i > 1. By inductive hypothesis P’ 9»; [P]; and
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1Q" %;-1 [1Q];: then by Lemma 3.ii M’ = P'[Q/z] &, [Pi[Q/x] = [M]; for
i =0, while M’ = (N2.P)'Q ; (A\z.[P]:)['Q]; = [M];.
]

The proof of confluence is based on the fact that —;, being the transitive closure

of 3»; for which the diamond property holds, is itself confluent:

Lemma 41 (Diamond property of &;). If M &; P and M %; Q, then there is N'
such that both P &; N and Q 3; N

Proof. By Lemma 40, M &; P implies P &; [M]; and M &; Q implies Q &; [M];,
so N = [M];, as in Figure A.1.

Figure A.1: The diamond property.

Finally the proof of the confluence at fixed depth follows:

of Prop. 1.i. Recall that —; is the transitive closure of 9;; therefore, there are
Pi,..., Pp and Qj, ..., @, such that M &; P; ;... b P, b3 P and M &; Q1 By
e b5 O B4 Q: then the proof follows by repeatedly applying Lemma 41, as in
Figure A.2. O

A.2 Derivability of the rules for ®

In this section we prove that the rules of Table 2.2 are derivable by the rules of
Table 2.1.

i) For rule (—o I%), we have:

A
w:A1®A2‘A|@F$:A1®A2(IL)(VE) F|A,z1:A1,1‘2:A2|@FM:T 1
T:A QA |A|OFz: (A oAy —oA) —A E( 5) F|A,x1:A1|®)—)\:1:2.M:A2wT(%IL)
z:A @A | A]OF zAy1y2.Az.2y192 1 A T|A|OF Ae1za M : AL — Ay — 7 (—oE))
—o

Dz:A1 Q@A | A | OF (Ay1y2.A2.2y1y2) A\z122.M @ T
T|A|OF Ax.(zAy1y2.)z.2y192) \x122.M : (A1 @ Ag) — T

(—1")
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M = Pr o b Py B N

Figure A.2: The diamond closure.

where B=A; —o Ay —o7, A=B —o 7 and X is

_— (A A
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where B =lo; —olog —o 7, A=B —o 7, A =y :lo1,ys :lo9, A and X is
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where Ax.x M1 Mo = M1 ® My by definition.
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