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Abstract

XML (eXtensible Markup Language) is a current standard format for exchanging semi-
structured data, which has been applied to web services, database, research on formal
methods, and so on. For a better processing of XML, recently there emerge many stati-
cally typed functional languages, such as XDuce, CDuce, XJ, XTatic, XACT, XHaskell,
OCamlDuce and so on. But most of these languages lack parametric polymorphism
or present it in a limited form. While parametric polymorphism is needed by XML
processing, this is witnessed by the fact that it has repeatedly been requested to and
discussed in various working groups of standards (e.g., RELAX NG and XQuery).
We study in this thesis the techniques to extend parametric polymorphism into XML
processing languages.

Our solution consists of two parts: a definition of a polymorphic semantic subtyping
relation and a definition of a polymorphic calculus. In the first part, we define and
study a polymorphic semantic subtyping relation for a type system with recursive,
product and arrow types and set-theoretic type connectives (i.e., intersection, union and
negation). We introduce the notion of “convexity” on which our solution is built up and
prove there exists at least one model that satisfies convexity. We also propose a sound,
complete and terminating subtyping algorithm. The second part is devoted to the
theoretical definition of a polymorphic calculus, which takes advance of the subtyping
relation. The novelty of the polymorphic calculus is to decorate A-abstractions with
sets of type-substitutions and to lazily propagate type-substitutions at the moment of
the reduction. The second part also explores a semi-decidable local inference algorithm
to infer the set of type-substitutions as well as the compilation of the polymorphic
calculus into a variety of CDuce.
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Résumé

XML (eXtensible Markup Language) est un format standard pour 1’échange de données
semi-structurées, qui est utilisé dans services web, les bases de données, et comme
format de sérialisation pour échanger des données entre applications. Afin d’avoir un
meilleur traitement de données XML, plusieurs langages statiquement typés pour XML
ont été récemment définis, tels XDuce, CDuce, XJ, XTatic, XACT, XHaskell, OCaml-
Duce. Ces langages peuvent vérifier si un programme n’engendra d’erreurs de types a
I’'exécution. Mais la plupart de ces langages n’incluent pas le polymorphisme paramé-
trique ou l'incluent sous un forme treés limitée. Cependant, le traitement de données
XML nécessite du polymorphisme paramétrique, c’est pourquoi il a été demandé et
discuté a plusieurs reprises dans diverses groupes de travail de standardisation (par
example, RELAX NG et XQuery) .

Nous étudions dans cette these les techniques pour étendre par le polymorphisme pa-
ramétrique les langages de traitement XML. Notre solution se deroule sur deux étapes :
(i) nous définissons et étudions une relation de sous-typage polymorphe sémantique
pour un systéeme de type avec types récursifs, types des produits, types des fleches, et
types des ensemblistes (c’est-a-dire, I'union, l'intersection et la négation); et (i) nous
concevons et étudions un langage fonctionnel d’ordre supérieur qui tire pleinement parti
des nouvelles fonctionnalités du systéeme de type.

La solution que nous proposons dans cette thése est générale. Ainsi elle a des do-
maines d’application autres que les langages pour le traitement de données XML.

Sous-typage polymorphe sémantique

Une approche naif d’étendre I’approche monomorphisme avec polymorphisme consiste
a réutiliser I’approche monomorphisme en considérant toutes les instances de sol de
types polymorphes (c’est-a-dire, les substitutions des variables de type dans les types
de sol), mais l’extension fournit une relation de sous-typage qui souffre de tant de
problemes qui se révele étre inutile. Le noeud du probléme est le comportement de
« bégaiement » de types indivisibles, c’est-a-dire, les types non vides dont seul sous-
type strict est le type de vide. Généralement, un type indivisible est soit completement
a l'intérieur soit compleétement a l'extérieur de tout autre type. Notre solution est de
faire de types indivisibles « sécable » afin que les variables de type peuvent varier
sur des sous-ensembles stricts de n’importe quel type. Formellement, nous définissons
assignement sémantique pour les variables de type comme substitutions des variables de
types dans sous-ensembles de n’importe quel type. Ainsi, nous définissons la relation de
sous-typage comme l’inclusion des ensembles dénotés sous toutes les assignement pour
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les variables de type.

Pour caractériser sémantiquement les modeles o le bégaiement est absent, nous
introduisons une propriété de « convexité ». La convexité impose la relation de sous-
typage pour avoir un comportement uniforme, donc nous estimons qu’il existe des
liens solides entre la convexité et la paramétricité. Nous montrons aussi qu’il existe au
moins un modele de ensembliste qui est convexe. En fait, il existe beaucoup de modeles
convexes car chaque modele ou tous les types de non vide dénotent qu'un ensemble
infini est convexe.

Enfin, basée sur la théorie des ensembles et la convexité, nous proposons un algo-
rithme de sous-typage, ce qui est correct, compleéte et décidable. L’idée est de remplacer
les variables de type survenant au niveau supérieur par type structurel (c’est-a-dire,
types de produits et de fleche) qui sont composées de nouvelles variables de type, et
puis de décomposer les constructeurs de types au niveau supérieur afin de récursivité
ou arréter.

Calcul polymorphe

Le langage spéciale que nous cherchons & définir dans cette theése est une version po-
lymorphe de CDuce. Dans CDuce, A-abstractions sont tapées par les intersections des
types de fleche généralement pour taper surcharge. La nouveauté de la version po-
lymorphe est de permettre a des variables de type a se produire dans les types et
donc dans les types d’étiquetage dans les A-abstractions. En conséquence, nous pou-
vons définir des fonctions polymorphes et appliquez-les. Avant d’appliquer une fonction
polymorphe, il faut ré-étiqueter (instancier) via une substitution de type approprié. En
raison de types d’intersection, nous pouvons renommer une fonction polymorphe via
plusieurs substitutions de type, & savoir que via un ensemble de substitutions de type.
Mais ce qui rend la voie de la tradition, qui applique un ensemble de substitutions de
type a tous les types d’étiquetage dans une fonction, ne fonctionnent plus. Notre solu-
tion est d’effectuer un « paresseux » ré-étiquetage en décorant des A-abstractions avec
des ensembles de substitutions de type et de propager paresseusement les substitutions
de type au moment de la réduction. Notre calcul est aussi un A-calcul explicitement
typé avec types d’intersection.

Deux types, le probleme de correspondance de type est de vérifier s’il existe une
substitution telle que I'instance du premier type est un sous-type de 'instance du second
type. Nous considérons le probléme de correspondance de type comme un probleme de
satisfaction de contraintes. Basée sur la théorie des ensembles et ’algorithme de sous-
typage, nous proposons un algorithme de correspondance de type, ce qui est correct,
complete et décidable. L’idée principale est d’isoler les variables de type survenant
au niveau supérieur, ce qui donne des contraintes sur ces variables de type; et puis
d’extraire une substitution de ces contraintes.

En pratique, les ensembles de substitutions de type sont transparentes pour le pro-
grammeur. Pour cela, nous proposons un systéeme d’inférence, ce qui infére ot et quelles
substitutions de type pouvant étre insérées dans une expression pour la rendre bien typé.
La difficulté réside dans commment taper une application, car il doit vérifier si les types
de fonction et de son argument peuvent étre rendues compatibles. Dans notre cadre,
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pour faire une application bien typé, nous devons trouver deux ensembles de substi-
tutions de type qui produisent des instances dont les intersections sont en la relation
de sous-typage droit. Supposons que les cardinalités de ces deux ensembles sont fixes.
Ensuite, nous pouvons réduire le probleme de typage application & une instance de le
probléme de correspondance de type en I’a-renommage. Cela donne immédiatement une
procédure semi-décision qui essaie toutes les cardinalités pour le systéme d’inférence.
Par ailleurs, afin d’assurer la résiliation, nous proposons deux nombres heuristiques
pour les cardinalités de ces deux ensembles qui sont établis selon les formes des types
de la fonction et de son argument. L’intuition est que ces connecteurs de type sont ce
qui nous font instancier un type polymorphe plusieurs fois.

Enfin, afin de fournir un modele d’exécution pour notre calcul, nous étudions la
traduction de notre calcul polymorphe dans un calcul monomorphisme (par exemple,
une variante de CDuce). L’idée principale est d’utiliser ’expression case type pour
simuler les différentes ré-étiquetage sur l’expression du corps d’une A-abstraction avec
différents cas type. Nous montrons aussi que la traduction est correct.
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Chapter 1

Introduction

1.1 XML

XML (Extensible Markup Language) is a simple but flexible text format to structure
documents [XMI], standardized by World Wide Web Consortium (W3C). XML is a
markup language much like HTML [HTM99]. But unlike HTML, XML is extensible and
allows users to create their own tags based on the data processed. Due to its flexibility
and extensibility, XML has become popular for web services, database, research on
formal methods, and other applications. For example, XML has come into common
use for the interchange of data over the Internet.

An XML document is a text file where tags are inserted so that the whole document
forms a tree structure. That is to say, an XML document can be viewed as a tree of
variable arities in a natural way, where nodes (also called elements) are markups, leaves
are raw text (also called PCDATA). For example, a simple XML document and its tree
representation are given in Figure |1.1. This document represents an address book. In
this document “addrbook”, “person”, “name”, and “email” are tag names (labels). A
node (element) is represented as a pair of an opening tag <label> and a closing tag

</label>.

The XML specification defines an XML document as a text that is well-formed [XMT].
For example, XML elements must be properly nested (i.e., tags must be well paren-
thesized). Of course, the specification specifies the syntactic constraints. Besides the
specification, there are some semantic constraints to impose on an XML document.
Then a well-formed document which satisfies these semantic constraints is said to be
valid. There are many schema languages to describe such constraints, such as DTD
(Document Type Definitions) [DTD06], RELAX NG [CMO0T], XML-Schema [XSd|, DSD
(Document Structure Description) [KMS00], etc. With these schema languages, such
additional constraints can be specified: restrain the set of possible tags, specify the
order of appearance of tags, the content of a tag (e.g., a tag <a> must only contain
elements of tag <b> or characters) and so on. In XML processing, one can validate an
XML document against a given schema (e.g., DTD). For example, Figure 1.2/ shows a
DTD which accepts documents similar to the one of the address book in Figure [1.1.

3



CHAPTER 1. INTRODUCTION

<addrbook>
<person>
<name>Giuseppe Castagna</name>
<email>Giuseppe.Castagna@pps.jussieu.fr</email>
<email>gc@pps. jussieu.fr</email>
</person>
<person>
<name>Zhiwu Xu</name>
<email>Zhiwu.Xu@pps. jussieu.fr</email>
<tel>06-12-34-56-78</tel>
</person>
</addrbook>

name - Giuseppe Castagna

\

person — emajl - Giuseppe.Castagna@pps.jussieu.fr

/ email — gc@pps.jussieu.fr

addrbook

\ name — Zhiwu Xu

person — emajil — Zhiwu.Xu@pps.jussieu.fr

/

\

tel — 06-12-34-56-78

Figure 1.1: An XML document and its tree representation

<!ELEMENT addrbook (personx)>
<!ELEMENT person (name, emailx*,tel?)>

<!ELEMENT name #PCDATA>
<VELEMENT email #PCDATA>
<!ELEMENT tel #PCDATA>

Figure 1.2: An example of DTD

1.2 Statically typed languages for XML

Many tools, libraries, and languages have been developed to help developing applica-
tions that manipulate XML documents. But most of them are error-prone or lack any
flexibility. For a better programming with XML and due to the fact that DTD, Relax-
NG or XML schema are some classes of regular tree languages [MLMOT], recently there
emerged several concrete statically typed languages for XML processing, taking XML
documents as first-class values and XML schemas as XML types, such as XDuce [HP0J],
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XQuery [BCFF03h], CDuce [BCE03a], XJ [HRST05), X Tatic [GLPS05a), XACT [KNMO4],
XHaskell [SZLO7] and OCamlDuce [Eri06]. Moreover, programs are analyzed at com-

pile time (i.e., statically). When a program passes type-checking, it is guaranteed that
the program runs well and generates outputs of the expected type. For example, if an
XML transformation (i.e., a function) has been checked to have type ¢ — s, then for
any input of type t, the output of the transformation will always have type s, without
any further validation.

XDuce [HosOIl HPOI] was the first domain specific programming language with
static type-checking of XML operations. In XDuce, XML documents are first class
values and types are regular expression types. Regular expression types are nothing else
but regular tree languages ﬂm The most essential part of the type system is the
definition of semantic subtyping, which is uniquely suited to finely check constraints
on XML documents. In Figure 1.3, we can see a sample of code', which defines the
address book document (value) and its corresponding DTD (type). Type constructors
of the form <label>[ R] classify tree nodes with the tag name label, where R denotes
a regular expression on types.

type Addrbook
type Person

<addrbook>[Personx]
<person>[Name,Email*,Tel?]

type Name = <name> [String]
type Email = <email>[String]
type Tel = <tel>[String]
<addrbook> [

<person>[

<name>[Giuseppe Castagna]
<email>[Giuseppe.Castagna@pps. jussieu.fr]
<email>[gc@pps. jussieu.fr]

]

<person>[
<name>[Zhiwu Xu]
<email>[Zhiwu.Xu@pps.jussieu.fr]
<tel>[06-12-34-56-78]

Figure 1.3: CDuce definitions of address book and its type

Another important feature is the definition of reqular expression pattern matching,
a generalization of pattern matching as found in many functional programming lan-
guages (e.g., SML, OCaml, and Haskell), which selects efficiently sub-parts of an input
document in a precisely typed way.

!This code is actually a CDuce code, whose syntax is close to the one of XDuce.
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XDuce has been further extended in many different directions. One extension is
XTatic [GLPS03a], which aims at integrating the main ideas from XDuce into C4.
Another extension is the CDuce language [BCF03al], whose syntax is similar to that
of XDuce. The CDuce language attempts to extend XDuce towards being a general-
purpose functional language. To this end, CDuce extended semantic subtyping with
arrow types, and added higher-order and overloaded functions (while in XDuce, func-
tions are not first class values), yielding a more powerful type system. CDuce also
generalized the notion of regular expression pattern matching by exposing all Boolean
connectives to the programmer (while XDuce only provides union types).

1.3 Parametric polymorphism

All these XML processing languages achieved their goal to provide a way to statically
and precisely type XML transformations, but most of them lack an important typ-
ing facility, namely parametric polymorphism? [Mil78]. Parametric polymorphism is
a way to make a language more expressive, while still maintaining full static type-
safety. It has been exploited in many programming languages, such as ML [MTHMO91],
Haskell [SIm92], OCaml [Ocal, Java [GISB0OG], Cf [HWGOJ], etc.

Not surprisingly, this useful facility is needed by XML processing. Parametric
polymorphism has repeatedly been requested to and discussed in various working groups
of standards (e.g., RELAX NG [CMOQI] and XQuery [DFETQT]), since it would bring
not only the well-known advantages already demonstrated in existing languages (e.g.,
the typing of map, fold, and other functions that are standard in functional languages
or the use of generics in object-oriented languages), but also new usages peculiar to
XML. A typical example is the Simple Object Access Protocol (SOAP) that
provides XML “envelopes” to wrap generic XML data d as follows:

<Envelope>
<Body>
d
</Body>
</Envelope>

The format of SOAP envelopes consists of an optional header (which contains application-
specific information like authentication, authorization, and payment processing) and of
a body (which contains the information that is the core of the SOAP message). This
format is specified by the schema in [Envl]. Using the notation of regular expression
types (as defined in [BCE03a]) the core of this specification can be summarized as
follows:

type Envelope = <Envelope>[ Header? Body ]
type Header = <Header>[ Any* ]
type Body = <Body>[ Any* ]

2Indeed, some of them do provide polymorphism but in a limited form, for example, XDuce supports
polymorphism but not for higher-order functions [HECQ9].



1.3. PARAMETRIC POLYMORPHISM 7

where Any is the type of any XML document and <tag>[ R] classifies elements of the
form <tag>...</tag> whose content is a sequence of elements described by the regular
expression R on types. The definitions above, thus, state that documents of type
Envelope are XML elements with tag Envelope and containing a sequence formed by
an optional (as stated by the regular expression operator ‘?’) element of type Header
followed by an element of type Body. FElements of the former type are tagged by
Header and contain a possibly empty sequence of elements of any type (as specified by
the Kleene star ‘*’), and similarly for elements of the latter.

Envelopes are manipulated by API’s which provide functions — such as getBody,
setBody, getHeader, setBodyElement, ...— which are inherently polymorphic. So, for
instance , the “natural” types of the first two functions are:

setBody : Va . a — <Envelope>[ <Body> « ]
getBody : V«a . <Envelope>[ Header? <Body> o ] — «

These types specify that setBody is a function that takes an argument of type «
and returns an envelope whose body encapsulates a value of type «, while getBody
extracts the content of type o from the body of an envelope, whatever this type is.
Unfortunately, since polymorphism for XML types is not available, API’s must either
use the Any type instead of type variables, or resort to macro expansion tricks.

A subtler example involving polymorphic higher-order functions, bounded polymor-
phism, and XML types is given by Ocsigen [BYYQ9], a framework to develop dynamic
web sites, where web-site paths (URIs) are associated to functions that take the URI
parameters —the so-called “query strings” [BLEMOS]— and return an XHTML page.
The core of the dynamic part of Ocsigen system is the function register_new_service
whose (moral) type is:

Vo < Params.(Path X (o — Xhtml)) — unit

where Params is the XML type of all possible query strings. That is, it is a function
that registers the association of its two parameters: a path in the site hierarchy and
a function that is fed with a query string that matches the description a and then
returns an XHTML page. By explicitly passing to register_new_service the type
of the parameters of the page to register, we can force the type system to statically
check that the function given as argument can safely handle them and we set a upper
bound (with respect to the subtyping order) for the type of these parameters. Unfortu-
nately, this kind of polymorphism is not available, yet, and the current implementation
of register_new_service must bypass the type system (of OCaml [Oca], OCaml-
Duce [F1106], and/or CDuce [BCFQ3al), losing all the advantages of static verification.

So why despite all this interest and motivations does no satisfactory solution exist
yet? The crux of the problem is that, despite several efforts (e.g., [HECQ9, Vou0d]),
a comprehensive polymorphic type system for XML was deemed unfeasible. This is
mainly because (7) a purely semantic subtyping approach to polymorphism was believed
to be impossible, and (i) even if we are able to define a subtyping relation, we then
need to solve “local type inference” [PT0OQ] in the presence of intersection types. We
explain these two reasons in the following.



8 CHAPTER 1. INTRODUCTION

Semantic subtyping

XML types (Schema) are essentially regular tree languages [MLMOI]. As such they
can be encoded by product types (to encode lists), union types (for regexp unions)
and recursive types (for Kleene’s star). To type higher order functions we need arrow
types. We also need intersection and negation types since in the presence of arrows
they can no longer be encoded. Therefore, studying polymorphism for XML types is
equivalent to studying it for the types that are co-inductively (for recursion) produced
by the following grammar:

tou=b | txt | t—t | tVEt | tAt ]t | 0] 1 (1.1)

where b ranges over basic types (e.g., Bool, Real, Int, ... ), and 0 and 1 respectively
denote the empty (i.e., that contains no value) and top (i.e., that contains all values)
types. In other terms, types are nothing but a propositional logic (with standard logical
connectives: A,V, ) whose atoms are 0, 1, basic, product, and arrow types.

Because an XML type can be interpreted as a set of documents which conform
to the type (Schema) on one hand, and the subtyping relation can be defined simply
as the inclusion of denoted sets on the other hand, some of current research on type
systems for XML processing languages follows a semantic approach [AW93] [Dam94]
(e.g., XDuce and CDuce), that is, one starts with a model of the language and an
interpretation of types as subsets of the model, then defines the subtyping relation as
the inclusion of denoted sets. Accordingly, Int is interpreted as the set that contains
the values 0, 1, -1, 2, ...; Bool is interpreted as the set that contains the values true
and false; and so on. In particular, then, unions, intersections, and negations (i.e.,
type connectives) must have a set-theoretic semantics, and products and arrows (i.e.,
type constructors) behave as set-theoretic products and function spaces. Formally, this
corresponds to defining an interpretation function [ ] from types to the subsets of some
domain D (for simplicity the reader can think of the domain as the set of all values
of the language). Once such an interpretation has been defined, then the subtyping
relation is naturally defined as the inclusion of denoted sets:

def
t <ty & [t1] € [t2l,

which, restricted to XML types, corresponds to the standard interpretation of subtyping
as tree language containment.
However, it is not trivial to extend this approach with parametric polymorphism.
To see the difficulty, assume that we allow type variables to occur in types ° (hereafter
we call types without type variables as ground types) and that we naively extend
the semantic approach by considering all possible ground instances of types with type
variables:
t<s <L vo. 0] C [10] (1.2)
where t, s are types with type variables and 6 is a ground substitution, that is a finite
map from type variables to ground types. Then let us consider the following subtyping

3We did not include any explicit quantification for type variables, since we focus on prenex para-
metric polymorphism where type quantification is meta-theoretic here.
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statement borrowed from [HECQ9:
(txa) < (tx-t)V(axt) (1.3)

where ¢ is a ground type and « is a type variable. According to (1.2), it is possible to
see that (1.3) holds if and only if for all ground instances of «

t<aora<-t. (1.4)

where or denotes the disjunction of classic propositional logic. In other terms, (1.3)
holds if and only if ¢ is an indivisible type, that is, a non-empty type whose only strict
subtype is the empty type (e.g., singleton types). Consequently, deciding the subtyping
relation is at least as difficult as deciding the indivisibility of a type, which is a very
hard problem [CDV0§] that makes us believe more in the undecidability of the relation
than in its decidability. Moreover, (1.3) is completely unintuitive* since a appears in
unrelated positions in two related types and, as we discuss in Section 3.1, breaks the
so-called parametricity [Rey83]. Actually, a purely semantic subtyping approach to
polymorphism was believed to be impossible.

Local type inference

Even if we are able to solve the problem above and we define an intuitive subtyping
relation, we then need to solve “local type inference” [PT00], namely, the problem of
checking whether the types of a function and of its argument can be made compatible
and, if so, of inferring the type of their result. In this framework functions are typed by
intersections of arrow types typically to type overloading (see the grammar in (1.5)).
Thus the difficulty mainly resides in the presence of the intersection types: an expression
can be given different types either by subsumption (the expression is coerced into a
super-type of its type) or by instantiation (the expression is used as a particular instance
of its polymorphic type) and it is typed by the intersection of all these types. Therefore,
in this setting, the problem is not just to find a substitution that unifies the domain
type of the function with the type of its argument but, rather, a set of substitutions
that produce instances whose intersections are in the right subtyping relation. Besides,
the reminder that unrestricted intersection type systems are undecidable [CDT78| [Bak92]
should further strengthen the idea of how difficult this is going to be.

1.4 Our work

In this thesis, we are going to add polymorphism to XML processing languages, namely,
to define and study a language with higher-order polymorphic functions and recursive
types with union, intersection, and negation connectives. The ultimate goal is to define
a language in which the functions setBody and getBody described in the previous
section, would have definitions looking similar to the following ones:

4For what concerns subtyping, a type variable can be considered as a special new user-defined basic
type that is unrelated to any other atom but 0, 1 and itself.
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setBody :: « -> <Envelope> [ <Body> « ]
setBody x = <Envelope> [ <Body> x ]

getBody :: <Envelope> [ Header? <Body> a ] -> «
getBody (<Envelope> [ Header? <Body> x 1) = x

The functions above are mildly interesting. To design a general language and type
system that allows definitions such as the above, we will use and study a different
motivating example, namely the application of the functions map and even defined as
follows:

map :: (a->p)->[al -> [5]
map £ 1 = case 1 of
| 0 -> 11

| (x : xs) -> (f x : map f xs)

even :: (Int->Bool) A ((y\Int)->(y\Int))
even x = case x of

| Int -> (x ‘mod¢ 2) ==

I _ —>x

The first function is the classic map function defined in Haskell (we just used Greek
letters to denote type variables). The second would be an Haskell function were it
not for two oddities: its type contains type connectives (type intersection “A” and
type difference “\”); and the pattern in the case expression is a type, meaning that it
matches if the value returned by the matched expression has that type. So what does
the even function do? It checks whether its argument is an integer; if so it returns
whether the integer is even or not, otherwise it returns its argument as it received it.

This thesis (in particular part III) aims to define a local type inference algorithm
for such a language so that the type inferred for the application map even is (equivalent
to) the following one:

map even :: ([Int] -> [Booll) A
([y\Int] => [y\Int]) A
([yVInt] -> [(v\Int)VBooll)

In words this type states that map even returns a function that when applied to a list
of integers it returns a list of Booleans, when applied to a list that does not contain
any integer then it returns a list of the same type (actually, it returns the same list),
and when it is applied to a list that may contain some integers (e.g., a list of reals),
then it returns a list of the same type, without the integers but with some Booleans
instead (in the case of reals, a list with Booleans and reals that are not integers).

The specific language we aim to define is a polymorphic version of CDuce, so first
let us succinctly describe CDuce. The essence of CDuce is a A-calculus with explicitly-
typed functions, pairs and a type-case expression. Its types are defined by (1.1) and
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its expressions are inductively defined by:

e 1= ¢ constant
| =z variable
| (e e) pair
| mi(e) projection (i = 1,2) (1.5)
| ee application
|  Nversiztiz e abstraction
| ect?e:e type case

where c ranges over constants (e.g., Booleans, integers, characters, and soon), e€t 7 e; : ey
denotes the type-case expression that evaluates either e; or es according to whether
the value returned by e (if any) is of type t or not, and the A-abstraction comes with an
intersection of arrow types A,;c; si — t; such that the whole A-abstraction is explicitly
typed by A;c;si — t; and intuitively such an abstraction is well-typed if for each i € I
the body of the abstraction has type t; when the parameter is assumed to have type s;.

Our solution to define the polymorphic extension of such a language consists of two
steps, each step being developed in one of the following parts of the thesis: (i) we define
and study a polymorphic semantic subtyping relation for a type system with recursive,
product and arrow types and set-theoretic type connectives (i.e., union, intersection
and negation); and (i7) we design and study a higher-order functional language that
takes full advantage of the new capabilities of the type system. The solution we found
is so general that we believe that its interest goes beyond the simple application to
XML processing languages.

1.4.1 Polymorphic semantic subtyping (Part 1I)

We want to define a subtyping relation for types formed by type variables, products,
arrows, and set-theoretic type connectives (i.e., union, intersection and negation) such
that it is (¢) semantic, (i7) intuitive, and (7i7) decidable. That is, the problem we want
to solve is to extend the semantic subtyping defined for ground types to types with
type variables.

Subtyping relation

As hinted in Section 1.3, the crux of the problem is the stuttering behaviour of indi-
visible types: they are either completely inside or completely outside any other type
(i.e., (1.4)). Our solution is to make indivisible types “splittable” so that type variables
can range over strict subsets of any type. To that end, we first define a semantic as-
signment 7 for type variables as substitutions from type variables to subsets of a given
domain (e.g. the set of all values). Then we add it to the interpretation function as a
further parameter. Thus, we define the subtyping relation as the inclusion of denoted
sets under all semantic assignments for the type variables:

t<s £ v [t C [sh.
In this setting, every type t that denotes a set of at least two elements can be split by
an assignment. That is, it is possible to define an assignment for which a type variable
« denotes a set such that the interpretation of ¢ is neither completely inside nor outside
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the set. For example, assume that the interpretation of a ground type ¢ is {d1,d2}.
Then we can define an assignment 7 for a type variable « such that n(a) = {d;}. For
such a type t, (1.4) does not hold and thus neither does (1.3). Then it is clear that
the stuttering of (1.4) is absent in models where all non-empty types (indivisible types
included) denote an infinite set. Therefore, infinite denotation for non-empty types is
a possible and particular solution.

However, what we are looking for is not a particular solution. We are looking for a
semantic characterization of models where the stuttering behaviour of indivisible types
is absent. Let us consider (1.3) and (1.4) again in our setting. Applying our subtyping
definition and according to set-theory, (1.3) holds if and only if

V. ([t A aln = 0) or ([t A —aln = 0)),
while (1.4) holds if and only if
(Vn. [t A alln = 0) or (Vn. [t A —a]n = 0).

Clearly, (1.3) holds if and only if ¢ is an indivisible type, while (1.4) does not hold
for all type t. That is to say, they are not equivalent now. Therefore, there exists a
gap between (1.3) and (1.4) in our setting, which is due to the stuttering behaviour of
indivisible types. To fill the gap (and thus avoid the stuttering behaviour), we require
that (1.3) and (1.4) should be equivalent in our setting as well, that is we will consider
only interpretation functions | ] such that

V. ([t Aan = 0) or ([t A —an = 0)) < (Vn.[t Aa]n = 0) or (Vn.[t A —aln = 0).

Moreover, as we will use arbitrary number of Boolean connectives, we generalize the
equation above to a finite set of types, which we call the convexity property:

Vn.-(([t1ln=2) or --- or ([tn]n=2)) <= (vn.[taln=2) or --- or (vn.[tn]n=2) (1.6)

Accordingly, convexity is the property we sought. Convexity states that, given a finite
set of types, if every assignment makes some of these types empty, then there exists one
particular type such that it is empty for all possible assignments. That is, convexity
imposes a uniform behaviour to the zeros of the semantic interpretation. Indeed

s<t<=[s]Ct] = [s]N[t]C @<= [sA-t]=2

where the S denotes the complement of the set S. Consequently, checking whether s < ¢
is equivalent to checking whether the type s A =t is empty. Therefore, convexity imposes
the subtyping relation to have a uniform behaviour and thus we believe that convexity
is a semantic characterization of the “uniformity” that characterize parametricity.

Subtyping algorithm
Next we propose a subtyping algorithm for convex well-founded models. To illustrate
our subtyping algorithm, let us consider the following example

(¢ x Int) Aar < ((1 x 1) X Int). (1.7)
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According to set-theory, the subtyping checking problem can be transformed into an
emptiness decision problem. So we are going to check

( x Int) A A—((1 x 1) x Int) < 0.

Considering the interpretation of «, we can split it into two parts: one contains all
the pair values and the other is the rest of the interpretation. So we substitute o with
(a1 X a) V ag, yielding

((as V(a1 X a2)) x Int) A ((aq X a2) Vag) A—((1 x 1) x Int) <0,

where «;’s are fresh type variables. Moreover, since the second occurrence of « is
intersected with some products, then whatever the interpretation of « is, the only part of
its denotation that matters is the one that contains all the pair values, that is, (a1 X ag).
In other words, the substitution of (a1 x agy) will suffice for the second occurrence of
«. While for the first occurrence of o, we can not simplify the substitution, as it is not
intersected with products and the interpretation of o may contain some values that are
not pairs. Consequently, we can simply check

((as V(a1 X a2)) X Int) A (a1 X ag) A—=((1 x 1) x Int) <O
which is equivalent to
((ag V (a1 X a2)) x Int) A (1 X a2) < ((1 x 1) x Int) (1.8)

According to the set-theoretic properties of the interpretation function and our
definition of subtyping, we then check

Vn. [((a3 V (a1 x ag)) x Int)[n N [(cr x a2)Jn N[((L x 1) x Int)]n = 0.
Based on the set-theory, we then reduce it to °

Vn. ([(as V (a1 x ag)) A asln = 0 or [Int A ag A —Int]n = ()
and V. ([(as V (a1 x az)) Aag A =(1 x 1)]n =0 or [Int A as]ln = 0)

where and denotes the conjunction of classic propositional logic. We now apply the
convexity property and distribute the quantification on 7 on each subformula of the or,
yielding

(V0. [(as V (a1 X a2)) A ai]n = 0) or (Vn.[Int A ag A —Int]n = 0)
and (Vn.[(as V (a1 x az)) Aag A —(1 x 1)][n = 0) or (Vn.[Int A as]n = 0)

which is equivalent to

((as V (a1 X a2)) Aag <0) or (Int A g A =Int < 0)
and ((ag V(a1 x ag)) Aag A—(1L x 1) <0) or (Int Aag < 0)

SInterested readers can refer to the decomposition rule in Lemma |4.3.9.
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or equivalently®

(043 V (041 X 062)) Noap <0
or IntAag <0
or ((agV (a1 xag)) Aa; < (1 x1))and (Int A e < Int)

These are the expected conditions for the subtyping relation in (1.8]).

Hence, we are able to reduce the problem into sub-problems on (the instances of)
sub-terms. Then it is easy to find a substitution (i.e., a finite map from type variables
to types), for example, {Int/,,, Int/,  Int/,,} such that all the subformulas of the or
fail. Therefore, the subtyping relation in (1.7) does not hold.

Besides, if we substituted (a1 x «ag) for the first occurrence of v as well, then the
sub-problems we would check are

(Oél X ag)/\al <0
or IntAag <0
or ((ap X ag) Aag < (1 x1))and (Int A ag < Int)

Clearly, the last subformula holds and thus so does the subtyping relation in (1.7). This
justifies that the tricky substitution {3V (@1 X a2)/y} is necessary.

Similarly for the intersection of arrow types. Thanks to the regularity of our types,
the subtyping algorithm we explain in details in Section 3.4 terminates on all types.

Consider map even: its expected type contains an arrow [(yV Int)] — [((7\ Int)V
Bool)]. From that we deduce even should be typed by (v V Int) — ((7\ Int) V Bool),
which we can not obtain by instantiation. So the only possible way to obtain it is by
subsumption. Namely, we need to check the following subtyping relation:

(Int — Bool) A ((7\ Int) = (y\ Int)) < (yVInt) — ((v\ Int) V Bool) (1.9)

According to the subtyping algorithm, (1.9) holds. Hence, even has type (v V Int) —
((v\ Int) V Bool) as expected.

Convex model

Finally, we prove that there exists at least one set-theoretic model that is convex, that
is, that satisfies (1.6). Actually, there exist a lot of convex models since every model for
ground types with infinite denotations is convex. To grasp the intuition, let us consider
the simple case of propositional logic:

tou=a | tVEt | tAt | =t ] 0|1

where a’s are then propositional variables (the construction works also in the presence
of basic types). It is relatively easy to prove by contrapositive that if all propositions
(i.e., types) are interpreted into infinite sets, then for all n > 2

vn . (([t1]n=0) or ... or ([ta]n=0)) = (Vn.[t:]n=0) or ... or (¥Vn.[t,]n=0) (1.10)

5Since the intersection of Int and —Int is always empty, by simplifying we can consider only two
cases: ((a3V (a1 xa2))Aar < (Lx 1)) or (Int Aaz < 0). But to exemplify our algorithm more detail,
we keep all the cases.
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holds’. Without loss of generality, we can assume that

t; = /\Oéj/\ /\ mle? (PZﬂNz:@)

JjEPR; JEN;

since, if ¢; is a union, then by exiting the union from the interpretation we obtain
a special case of (1.10) with a larger n, for instance, [t; V ta]n = 0 is equivalent to
[t1]m = 0 or [t2]ln = 0. Then we proceed by contrapositive: suppose that there exists n;
such that [t;]n; # 0 for each 7, then we can build 7 such that for all i, [t;|7 # 0. The
construction of 77 is done by iterating on the t;’s, picking at each iteration a particular
element d of the domain, and recording this choice in a set sy so as to ensure that at
each iteration a different d is chosen:

Start with sg = 0 and for i = 1..n:
- choose d € ([1]n; \ so) (which is possible since [1]n; is infinite and s is finite)
- add d to sp (to record that we used it) and to 7(«;) for all j € P;.

Notice that infinite denotation ensures that a fresh element always exists at each step
of the iteration.

Therefore, to construct a convex model, it just suffices to take any model defined
in [EFCBO§| and straightforwardly modify the interpretation of basic types such that
they have infinite denotations.

1.4.2 Polymorphic calculus (Part IIT)

In part II] we show how to extend semantic subtyping to polymorphic types. In part III
we then show how to define a polymorphic calculus that takes full advantage of the
new capabilities of the type system, which can then be easily extended to a full-fledged
polymorphic functional language for processing XML documents. Namely, the calculus
we want to define is a polymorphic version of CDuce.

An explicitly typed \-calculus

The novelty of our work with respect to the current work on semantic subtyping and
CDuce [ECBQ]] is to allow type variables to occur in the types and, thus, in the types la-
beling A-abstractions. It becomes thus possible to define the polymorphic identity func-
tion as Az, while classic “auto-application” term is written as \(@=8A)=B8 5 70
The intended meaning of using a type variable, such as «, is that a (well-typed) \-
abstraction not only has the type specified in its label (and by subsumption all its
super-types) but also all the types obtained by instantiating the type variables occur-
ring in the label. So A*7%z.z has by subsumption both the type 0—1 (the type of all
functions, which is a super-type of a—a) and the type —Int, and by instantiation the
types Int—Int, Bool—Bool, etc.

The use of instantiation in combination with intersection types has nasty conse-
quences, for if a term has two distinct types, then it has also their intersection type.
In the monomorphic case a term can have distinct types only by subsumption and,
thus, intersection types are assigned transparently to terms by the type system via
subsumption. But in the polymorphic case this is no longer possible: a term can be

"The other direction is straightforward, so we do not consider it here.
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typed by the intersection of two distinct instances of its polymorphic type which, in
general, are not in any subtyping relation with the latter: for instance, a—« is neither
a subtype of Int—Int nor vice-versa, since the subtyping relation must hold for all
possible instantiations of « (and there are infinitely many instances of a—« that are
neither subtype nor super-type of Int—Int).

Concretely, if we want to apply the polymorphic identity A*7“z.x to, say, 42, then
the particular instance obtained by the type substitution {Int/,} (denoting the replace-
ment of every occurrence of a by Int) must be used, that is (\™*7I2*z.2)42. We have
thus to relabel the type decorations of A-abstractions before applying them. In implic-
itly typed languages, such as ML, the relabeling is meaningless (no type decoration is
used) while in their explicitly typed counterparts relabeling can be seen as a logically
meaningful but computationally useless operation, insofar as execution takes place on
type erasures. In the presence of type-case expressions, however, relabeling is necessary
since the label of a A-abstraction determines its type: testing whether an expression
has type, say, Int—Int should succeed for the application of A* 7% \¥ 7%y 1 to 42
and fail for its application to true. This means that, in Reynolds’ terminology, our
terms have an intrinsic meaning [Rey03].

Notice that we may need to relabel/instantiate functions not only when they are
applied but also when they are used as arguments. For instance consider a function
that expects arguments of type Int—1Int. It is clear that we can apply it to the identity
function A*7%z.z, since the identity function has type Int—Int (feed it by an integer
and it will return an integer). Before, though, we have to relabel the latter by the substi-
tution {Int/y} yielding AN™**~I* 2.z, As the identity has type Int—Int so it has type
Bool—Bool and, therefore, the intersection of the two: (Int—Int) A (Bool—Bool).
So we can apply a function that expects an argument of this intersection type to
our identity function. The problem is now how to relabel A*7%z.x via two distinct
type-substitutions {Int/,} and {Bool/,}. Intuitively, we have to apply {Int/,} and
{Bool/,} to the label of the A-abstraction and replace it by the intersection of the two
instances. This corresponds to relabel the polymorphic identity from A“~%z.z into
A\(Int—=Int)A(Bool—Bool) ;. 4. Thyis is the solution adopted by this work, where we manip-
ulate sets of type-substitutions — delimited by square brackets —. The application of
such a set (e.g., in the previous example [{Int/,}, {Bool/y}]) to a type ¢, returns the
intersection of all types obtained by applying each substitution in the set to ¢ (e.g., in
the example t{Int/y} A t{Bool/,}).

The polymorphic identity function is too simple since we do not need to relabel its
body. Let us consider the relabeling of the “daffy” polymorphic identity function

A% (AT Yy)x

via the set of substitutions [{Int/,}, {Bool/y}]. Assume we naively relabel the function
deeply, that is, apply the set of type substitutions not only to the label of the function
but also to the labels in the body of the function. So we have the following expression:

)\(Int—>Int)/\(Bool—>Bool):L,‘ ()\(Int—>Int)/\(Bool—>Bool)y.:l:)l,

which, however, is not well-typed. Let us try to type-check this expression. This cor-
responds to prove that the expression ()\(I“tﬁlm)/\(B°°1HB°°1)y.x)x has type Int under
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the hypothesis that  has type Int, and it has type Bool under the hypothesis that x
has type Bool. Both checks fail, since neither the expression \(Int—Int)A(Bool—Bool),
has type Int — Int when x has type Bool, nor it has type Bool — Bool when x has
type Int. This example shows that in order to ensure that relabeling yields well-typed
expressions, the relabeling of the body must change according to the type the param-
eter = is bound to. More precisely, A*~%y.x should be relabeled as A2t 718ty 2 when
x is of type Int, and as \B°°17Bo°ly o when z is of type Bool.

Our solution to relabel a function via a set of type substitutions is to introduce a
new technique that consists in performing a “lazy” relabeling of the bodies, which is
obtained by decorating A-abstractions by a finite set of explicit type-substitutions:

Nierti—$i

z.e
lojlies

where [0)];es is a set of type substitutions to relabel. This yields our calculus with
explicit type-substitutions. So the “daffy” identity function can be decorated as

a—Q AO{%OA

({1830, (Boo1/o )T (A 7y 2) 2.

When type-checking A-abstractions, we propagate each type-substitution o; to the
bodies of abstractions separately and thus solve the type-checking problem. Consider
the “daffy” identity function again. When «x is assumed to has type Int we propagate
{Int/y} to the body, and similarly {Bool/,} is propagated to the body when z is assumed
to have type Bool.

During reduction we also can not simply relabel an expression by a set of type-
substitutions by propagating the set of type-substitutions into the expression deeply.
For that, we also introduce a “lazy” relabeling operation @ which takes an expression
and a set of type-substitutions and lazily applies the set of type-substitutions to all
outermost A-abstractions occurring in the expression. In particular, for A-abstractions

we have
Nierti—>s;

( Nierti—>s; T.e
[ojljer0loklker™”

0]e z.€)Qloglrer = A
where o denotes the pairwise composition of all substitutions of the two sets.
Using the explicitly typed A-calculus, in particular, with the type case, we can define

map® and even as

map := p(@2A=2d=B8, \f I8y penil ?nil @ (f(ml), mf(mal))
even := \(Int—=BooDA(N\Int)>(N\Int) y: e Tnt ? (x mod 2) =0: z

where nil denotes (the type of) the empty list. To make the application well-typed and

to obtain the type we expect, we first instantiate the type of map with [01, 02, 03], where

o1 = {Int/y,Bool/g}, og = {(7\ Int)/y, (v \ Int)/3}, and o3 = {(7 V Int)/y, (7 \ Int) V Bool)/3}.
Namely, we relabel map with [01, 09, 03], yielding MAP(s, 7y org]- Then by subsumption

(see the subtyping relation in (1.9)), we deduce even also has the following type:

(Int — Bool) A ((y\ Int) — (v \ Int)) A ((y V Int) — ((y \ Int) V Bool)),

8The type case in map should be a “binding” one and recursive functions can be added straightfor-
wardly, which is introduced in Chapter 12.
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which matches the domain of the type of mapy
well-typed and the result type is

o1,00,05] Lherefore (mapy,, . 1) even is

([Int] — [Booll) A ([y\ Int]l — [v\ Int]) A ([vV Int]l — [(v\ Int)V Booll)

as expected.

Type substitutions inference

In practice, we want to program with expressions without explicitly giving type sub-
stitutions, that is, in the language defined by the grammar (1.5), where types in the
A-abstractions may contain type variables. For example, we would like to write the ap-
plication of map to even as map even rather than (mapy,, ,, ,,1) even. Hence we propose
an inference system that infers where and whether type substitutions can be inserted
in an expression to make it well-typed. The difficulty lies in how to type applications,
as we need to check whether the types of a function and of its argument can be made
compatible.

As shown above, we can instantiate a polymorphic type not only with a type sub-
stitution but also with a set of type substitutions. That is, a A-abstraction can be
relabeled not only by a type substitution but also by a set of type substitutions, such
as Mapl,, g, 74- Accordingly, to make map even well-typed, that is, to tally the do-
main of the type of map against the type of even, we need to find two sets of type
substitutions [07];er and [07];es such that

/A ((Int = Bool) A ((v\ Int) — (v\ Int)))o; < \/ (= B)o] (1.11)
iel jeJ

Note that the domain of an intersection of arrows is the union of the domains of each
arrow in the intersection. Assume that the cardinalities of I and J are fixed, for
example, |I| =1 and |J| = 3. By general renaming, we can equivalently rewrite (1.11))
into

((Int — Bool) A ((v\ Int) = (v \ Int)))o < ((a1 = B1) V (a2 — B2) V (a3 — [3))0
(1.12)
where «; and ; are fresh variables. This is an instance of the type tallying problem
Jo. so < to, which is explained in the next section. Using the type tallying algorithm,
we can solve (1.12) and a solution is a substitution oy such as’:

{ Int/,,,Bool/g (corresponding to o1)
(v \ Int)/n,, (v \ Int)/s, (corresponding to o3)
(v V Int)/n,, (v \ Int) VBool)/g, } (corresponding to og)

In general, we can reduce the type substitution inference to the problem of deciding
whether for two given types s and ¢ there exist two sets of type substitutions [o;];er

and [07] e, such that
/\ so; < \/ to*;».
icl jeJ

9The other solutions are either equivalent to oo or useless.
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When the cardinalities of I and J are fixed, we can further reduce it to a type tallying
problem. We prove that the type tallying problem has a sound, complete and termi-
nating algorithm. This immediately yields a semi-decision procedure (that tries all the
cardinalities) for the inference system.

In order to ensure termination we propose two heuristic numbers p and ¢ for the
cardinalities of I and J that are established according to the form of s and t. The
intuition is that type connectives are what make us to instantiate a polymorphic type
several times. Take map even for example. The function even can be invoked in map
onto the lists (i) that contain only integers, (ii) that contain no integers, and (i)
that contain some integers and some non-integers. That is, even can be typed by
Int — Bool, by (v \ Int) — (v \ Int), by (v V Int) — ((7 \ Int) V Bool) (which can
be obtained from the first two by unions) and by the intersection of the three. So the
heuristic number ¢ for map is 3. While the domain of the type for map is a single arrow
« — f3, so the heuristic number p for even is 1.

Type tallying algorithm

Given two types ¢ and s, the type tallying problem is to check whether there exists
a substitution o such that to < so. The type tallying problem can be consider as a
constraint solving problem, where constraints are of the form ¢t < sor ¢ > s. Constraints
of the form a > s or a < s are called normalized constraints. To illustrate the type
tallying algorithm, let us consider the following constraint:

(8= Int) = (f — Int) < (o = a) = (o — ).

First, according to the subtyping algorithm presented in Section |[1.4.1, we can de-
compose this constraint into several ones on sub-terms:

(¢ - a) < (B — Int) and (8 — Int) < (@ = «)
and thus, finally, a set of normalized constraints'’
{a > B, < Int,a <[, > Int}.

Next, we can merge the normalized constraints with the same type variable. For
a > [ and a > Int (i.e. lower bounds for «), we can merge them by unions, that is,
replace them by a > (Int V ). Similarly, we can replace a < Int and o < 3 (i.e.
upper bounds for a) by o < (Int A 3). Then we get

{a > (BVInt),a < (B AInt)}.

If the type substitution o we are looking for satisfies ao > (8 V Int)o and ac <
(BAInt)o, then it also satisfies (8V Int)o < (BAInt)o. So we saturate the constraint
set with (8 V Int) < (8 A Int), which we also decompose into normalized constraints,
yielding

{a > (fVInt),a < (BAInt),3 > Int,} < Int}.

OFor simplicity, we omit the case that 0 — 1 is a supertype of any arrow. Besides, from this
constraint set, we can immediate get the substitution {Int/ﬂ, Int/,}. But to exemplify our algorithm,
we keep on elaborating constraints.
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After that, there are only one lower bound and only one upper bound for each type
variable. Note that if there are no lower bounds (upper bounds resp.) for o, we can add
the trivial constraint & > 0 (o < 1 resp.). We then can transform a set of normalized
constraints into a set of equations: each pair of @ > t and a < s is transformed into
an equation o = (t V /) A s, where o/ is a fresh type variable. Thus the constraint set
above is transformed into

a= ((BVInt)Vd)A(SAInt)
f= (IntVpf)AInt

where o/ and ' are fresh type variables. Finally, using Courcelle’s work on infinite
trees [Cou83], we solve this equation system, which gives us the following substitution:

{Int/ﬁ’ Int/a}

which is a solution of the original type tallying problem.

Translation to CDuce

Finally, to make our approach feasible in practice, we compile our polymorphic calculus
into a variant of CDuce (where types contain type variables and the subtyping relation
is the polymorphic one) to provide an execution model for our calculus. The translation
relies on an extension of the type case expression that features binding, which we write
re€t?er : eg and can be encoded as:

(AEAZDNAD ) g pet?e; : eg)a

where s is the type for the argument x and t; is the type of e;. Note that the difference
of the binding type case from the unbinding one is that the types for the occurrences of
x in e; and eg are different. The key idea of the translation is to use the “binding” type
case expression to simulate different relabeling on the body expression of A-abstractions
with different type cases. For example, the expression map[oy, 03] is translated into

fe(la— B)or A(a— B)oa? C[mbQ[oy, 03]
fe(a— B)or? ClmbQo]]
fe(la— B)oa? ClmbQ[oa]]

fel? C[mb]

where mb is the body of map and C[e] denotes the translation of e. The first branch
simulates the case where both type substitutions o; and o9 are selected and propagated
to the body, that is, the parameter f belongs to the intersection of different instances
of a — [ with these two type substitutions. The second and third branches simulate
the case where exactly one substitution is used. Finally, the last branch denotes the
case where no type substitutions are selected.

1.5 Contributions

The overall contribution of this thesis is the definition of a polymorphic semantic sub-
type relation for a type system with recursive types and union, intersection, and nega-
tion type connectives and the definition of a statically typed calculus with polymorphic
higher-order functions and semantic subtyping. More in details:
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1.5.1 Part II

The contributions of Part II are the following;:

1. we define a polymorphic semantic subtyping relation for a type system with re-
cursive types and union, intersection, and negation type connectives. We first
define a semantic assignment for type variables, that is a substitution from type
variables to subsets of any type, and then the subtyping relation is defined as the
inclusion of denoted sets under all semantic assignments for the type variables.
We also introduce a convexity property, which imposes the subtyping relation to
have a uniform behaviour. Our definition is the first solution to the problem of
defining a semantic subtyping relation for regular tree types with type variables.

2. we propose an algorithm for deciding the polymorphic semantic subtyping relation
induced by a well-founded convex model, which is based on set-theoretic proper-
ties and the convexity property. We also prove the soundness, completeness, and
termination properties of the algorithm.

3. we prove that there exists at least one set-theoretic model that is convex. Actually,
there exist a lot of convex models since every model for ground types with infinite
denotations is convex.

1.5.2 Part III

The contributions of Part III are the following;:

1. we define an explicitly-typed A-calculus with intersection (and union and nega-
tion) types, whose key idea consists in decorating A-abstractions with types and
type-substitutions that are lazily propagated at the moment of the reduction.
This contrasts with current solutions in the literature which require the addition
of new operators, stores and/or pointers. In doing that we singled out that the
problem of defining an explicit typed version of intersection type systems resides
in the fact that the relabeling of the body of a function is dependent on the actual
type of the argument, a point that, in our knowledge, was not understood before.

2. we propose an algorithm that for any pair of polymorphic regular tree types t;
and to produces a sound and complete set of solutions to the problem whether
there exists a substitution ¢ such that tj0 < too. This is obtained by using
the set-theoretic interpretation of types to reduce the problem to a unification
problem on regular tree types. We prove the termination of the algorithm.

3. we propose an algorithm for local type inference for the calculus. Practically
speaking this means that the programmer has to explicitly type function defini-
tions, but that any other type information, in particular the instantiations and
expansion of type variables is inferred by the system at compile time. The al-
gorithm yields a semi-decision procedure for the typability of a A-calculus with
intersection types and with explicitly typed lambda expressions whose decidabil-
ity is still an open issue.
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4. we design a compilation of the polymorphic calculus into the monomorphic one.
This is a non-trivial problem since the source polymorphic calculus includes a
type-case expression. From a practical viewpoint it allows us to reuse the run-
time engine developed for monomorphic CDuce also for the polymorphic version
with the sole modification of plugging the polymorphic subtyping relation in the
execution of type-cases.

1.6 Outline of the thesis

The thesis is organized as follows. The rest of Part I contains a chapter, which succinctly
describes the core of the programming language CDuce. Part [II and Part III give
the definition of a polymorphic semantic subtyping relation and the definition of a
polymorphic calculus respectively. Part [V concludes the thesis and presents some
future work.

The contents of Part [I] and Part 111 are organized as follows. Chapter 3| illustrates
an informal description of the main ideas and intuitions underlying the definition of
polymorphic semantic subtyping relation. Chapter |4/ describes the technical develop-
ment that supports the results exposed in Chapter 3. Chapter 5| presents a practice
subtyping algorithm which does not perform any type-substitution. Chapter 6 gives
an overview of the definition of polymorphic calculus. Chapter |7 defines an explicitly-
typed A-calculus with sets of type-substitutions. Chapter 8| presents an equivalent type
system with syntax-directed rules for the explicitly-typed calculus. Chapter 9 defines
an implicitly-typed calculus and proposes an inference system that infers where and
whether type-substitutions can be inserted in an implicitly-typed expression. Chap-
ter [10| defines a type tallying problem and its algorithm, and proposes a semi-decision
procedure for the inference system. Chapter [11] introduces the translation from the
polymorphic calculus into a variant of the monomorphic calculus. Chapter 12 presents
some extensions and design choices.

Publication

Part II is an extended version of [CXTI]. Part III is an extended version of [CNXLI?].



Chapter 2

CDuce

Since our work is an extension of CDuce and in order to make our work more easy to
understand, we succinctly describe the core of the programming language CDuce and
some of its key ideas at first. The interested reader can refer to [BCE03al [Fri04] [FCB0OS]
for more detailed definitions of the various concepts presented hereafter.

2.1 Types

We define the types in CDuce and their subtyping relation.

Definition 2.1.1. A type in CDuce is a regular (infinite) tree, co-inductively (for
recursion) produced by the following grammar:

tu=b | txt | t—t | tVt | tAt | =t | 0|1

where b ranges over basic types (e.g., Bool, Real, Int, ... ), and 0 and 1 respectively
denote the empty (i.e., that contains no value) and top (i.e., that contains all values)

types.

In other terms, types are nothing but a propositional logic (with standard logical
connectives: A,V,—) whose atoms are 0, 1, basic, product, and arrow types. Let T
denote the set of all types.

From a strictly practical viewpoint recursive types, products, and type connec-
tives are used to encode regular tree types [HosOI], which subsume existing XML
schema/types. For example, the following type (presented in Figure |1.3)

type Person = <person>[Name,Email*,Tel?]
can be considered as a syntactic sugar for the following equations:

Person = (‘book x (Name x (X xY)))
X = (Email x X)Vnil
Y = (Tel x nil)Vnil

where nil and ‘book are singleton types.
In order to preserve the semantics of XML types as sets of documents but also to
give programmers a very intuitive interpretation of types, it is advisable to interpret a

23
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type as the set of all values that have that type. Accordingly, Int is interpreted as the
set that contains the values 0, 1, -1, 2, ...; Bool is interpreted as the set that contains
the values true and false; and so on. In particular, then, unions, intersections, and
negations (i.e., type connectives) must have a set-theoretic semantics. Formally, this
corresponds to defining an interpretation function as follows:

Definition 2.1.2. A set-theoretic interpretation of T is given by some domain D and
a function [_]: T — Z(D) such that, for all t1,t2,t € T:

[ty V 2] = [ta] U [t2] [o] = 0
[[tl A tg]] = [[tl]] N [[tg]] [[]l]] = D

[=t] = D\ 4

Note that this function says nothing about the interpretation of atoms (i.e., basics,
products and arrows). Indeed, by an induction on types, the set-theoretic interpreta-
tions with domain D correspond univocally to functions from atoms to &(D). Once
such an interpretation has been defined, then the subtyping relation is naturally defined
as the inclusion relation.

Definition 2.1.3. Let [ ] : T — Z(D) be a set-theoretic interpretation. The subtyp-
ing relation << T2 is defined as follows:

t<pys <= [<lsl

When restricted to XML types, this definition corresponds to the standard inter-
pretation of subtyping as tree language containment.

As long as basic and product types are the only atoms and a product type (t1 x t2)
is standardly interpreted as the Cartesian product [t1] x [t2], all definitions above run
quite smoothly. That is the setting of XDuce studied by Hosoya and Pierce [HP0Q3].
But as soon as higher-order functions are added, that is, arrow types, the definitions
above no longer work:

1. If we take D as the set of all values, then it must include also A-abstractions.
Therefore, to define the semantic interpretation of types we need to define the type
of A-abstractions (in particular of the applications that may occur in their bodies)
which needs the subtyping relation, which needs the semantic interpretation. We
fall on a circularity.

2. If we take D as some mathematical domain, then t; — o must be interpreted
as the set of functions from [¢1] to [[t2]. For instance if we consider functions as
binary relations, then [t; — t2] could denote the set

{ f CD?| (d1,d2)Ef and dy€[t1] implies dac[ta] } (2.1)
or, compactly, Z([t1]x[t2]), where the S denotes the complement of the set S
within the appropriate universe. In other words, these are the sets of pairs in
which it is not true that the first projection belongs to [t1] and the second does
not belong to [tz]. But then the problem is not circularity but cardinality, since
this would require D to contain &?(D?), which is impossible.
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The solution to both problems is given by the theory of semantic subtyping [FCBOg],
and relies on the observation that in order to use types in a programming language one
does not need to know what types are, but just how they are related (by subtyping).
In other terms, the semantic interpretation is not required to map arrow types into the
set in (2.1), but just to map them into sets that induce the same subtyping relation as
(2.1) does. Roughly speaking, this turns out to require that for all si, so, t1, to, the
function [ ] satisfies the property:

[s1-89] € [tr—ta] <= 2 ([s1]xTsa]) € 2 ([l <Tta]) (2.2)

whatever the sets denoted by s1—so and t1—ty are. To put it otherwise, instead of
univocally defining the semantics of arrow by setting [s;—s2] as equal to 22 ([s1] x[s2])

and [t;—t2] as equal to P ([t1]x[tz2]), the much weaker condition, expressed by (2.2),
that whatever the interpretation of arrows is it must induce the same containment
relation as if arrows were interpreted into the set in (2.1) is imposed.

Equation (2.2) above covers only the case in which two single arrow types are
compared. But, of course, a similar restriction must be imposed also when arbitrary
Boolean combinations of arrows are compared. Formally, this can be enforced through
a new mapping [Ej J, which is associated to [_] and called extensional interpretation.
Henceforth the subscript [ ] is omitted if it is clear from context.

Definition 2.1.4. Let [ [ : T — Z(D) be a set-theoretic interpretation. Its associated
extensional interpretation is the unique function E(_) defined as follows:

E(0) = 0 E(1) =D

E(—t) = D\ E(t) E(b) = [b]
[E(tl V tz) = [E(tl) U [E(tg) [E(tl X tz) = [[tl]] X [[tQ]]
[E(tl A\ tg) = [E(tl) N I}:(tg) [E(tl — tQ) = @(ﬂtlﬂxm)

Then [ ] forms a set-theoretic model of types if it induces the same subtyping
relation as if type constructors were interpreted in an extensional way.

Definition 2.1.5. A set-theoretic interpretation [ | : T — (D) is a model if it
induces the same subtyping relation as its associated extensional interpretation, that is:

Vir, ta €T . [t1] C [t2] <= E(t1) C E(t2)

These definitions yield a subtyping relation with all the desired properties: type
connectives (i.e., unions, intersections, and negations) have a set-theoretic semantics,
type constructors (i.e., products and arrows) behave as set-theoretic products and
function spaces, and (with some care in defining the language and its typing relation)
a type can be interpreted as the set of values that have that type. All that remains to
do is:

1. to show that a model exists (which is easy) and

2. to show how to decide the subtyping relation (which is difficult).
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Both points are solved in [FCBO8] and the resulting type system is at the core of the
programming language CDuce [BCE03a].

Theorem 2.1.6 (Lemma 5.6 in [ECB0§]). There exists a model.

Theorem 2.1.7 (Lemma 5.8 in [FCB0]|). The subtyping relation induced by models
is decidable.

Here, we do not need to look for a particular model, since all models induce es-
sentially the same subtyping relation. However for the subtyping algorithm we will
use the particular interpretation that maps [t1 X to] into [t1]x[t2] and [t; — t2] into

P ([t1] x[t2]), where & (X) denotes the set of finite subsets of X. It is easy to check
that this interpretation is a model as well (see [Exi04] for details).

Based on set-theoretic theory, there are two important decomposition rules used in
the subtyping algorithm: one for product types and the other for arrow types.

Lemma 2.1.8 (Lemma 6.5 in [FCBOS]). Let P, N be two finite sets of product types.
Then:

(| Etixt) S |J Etixty) <=

t1 Xto€P t1 xXtoEN

[[/\tl Xto€P 1 A /\t1 Xta €N’ “tl]] = @
VYN’ C N. { or

[[/\h xtaep 12\ /\t1 Xta€N\N’ —to] =0

Lemma 2.1.9 (Lemma 6.8 in [FCBOQ8]). Let P, N be two finite sets of arrow types.
Then:

(] Et=s)C |J Et—s) <
t—seP t—seN
[[t() A /\t%sEP/ _'t]] =0
J(to — s0) € N.VP' C P. S or

P # P and [Ni—ssep\pr s A s = 0

2.2 Core calculus

The core of CDuce is a A-calculus with explicitly-typed recursive functions, pairs and
a type-case expression, which we dub “CoreCDuce”.

Definition 2.2.1. An expression in CoreC Duce is inductively produced by the following
grammar:

e n=c | x| (ee) | mle) | ee | phctsi?tif xz. e | ect?e:e

where ¢ ranges over constants (e.g., Booleans, integers, characters, and so on), the \-
abstraction comes with an intersection of arrow types )\,.;si — t; such that the whole
A-abstraction is explicitly typed by N\;c;si — ti, and e€t? ey : ex denotes the type-case
expression that evaluates either ey or es according to whether the value returned by e

(if any) is of type t or not.
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The reason of inclusion of a type-case is twofold. First, a natural application of in-
tersection types is to type overloaded functions, and without a type-case only “coherent
overloading” a la Forsythe can be defined (which, for instance, precludes the
definition of a —mon diverging— function of type, say, (Int—Bool) A (Bool—Int)).
The second motivation derives from the way arrow types are interpreted in (2.1). In
particular for every type s, so, t1, t2 the following containment is strict:

S1Vsy >t ANty < (31 — tl) A (82 — tg) (23)

=

so there is a function in the type on the right that is not in the type of the left. Notice
that from a typing viewpoint the functions on the left do not distinguish inputs of s;
and so types, while the ones on the right do. So the interpretation of types naturally
induces the definition of functions that can distinguish inputs of two different types s;
and sy whatever s; and s9 are. Actually this second motivation is just a different facet
of the full-fledged vs. only “coherent” overloading motivation, since the functions that
are in the difference of the two types in (2.3) are also those that make the difference
between coherent and non coherent overloading. Both arguments, thus, advocate for
“real” overloaded functions, that execute different code according to the type of their
input, whence the need of type-case.

The need of explicitly typed functions is a direct consequence of the introduction
of the type case, because without explicit typing there could be some paradoxes such
as the following recursively defined (constant) function

pfAz.fe(l — Int) ?true : 42 (2.4)

This function has type 1 — Int if and only if it does not have type 1 — Int. In order
to decide whether the function above is well-typed or not, a type must be explicitly
given to it. For instance, the function in (2.4) is well-typed if it is explicitly assigned
the type 1 — (IntVBool). This shows both that functions must be explicitly typed
and that specifying not only the type of parameters but also the type of the result is
strictly more expressive, as more expressions can be typed. As a matter of fact, if just
the type of the parameter z (not used in the body) is provided, then there is no type
(apart from the useless 0 type) that makes (2.4) typeable.

More generally, if a Church-style abstraction is adopted and functions are typed as
Az!.e, then all the functions would have a principal type of the form ¢t — s. But then it
would not be possible to write a terminating function of type (Int — Bool) A (Bool —
Int) (the only way to obtain the previous type by instantiating and/or subsuming a
type of the form s — ¢, is to start from (Int V Bool) — 0, so only non terminating
function could be defined). While it is pretty easy to write a function with the type if
the whole abstractions rather than their parameters are explicitly typed:

A(Int—)Bool)/\(Bool—)Int)x.xelnt ?true : 42

Therefore, the whole A-abstractions are explicitly typed instead.

The typing judgments for expressions are of form I' ¢ e : ¢, where e is an expression,
t is a type, and T' is a typing environment (i.e. a finite mapping from expression
variables to types). The typing rules!| are present in Figure 2.1. When T is empty, we
write F¢ e : t for short.

'For simplicity, we do not consider the negation arrow types in the typing rule for abstractions.
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Figure 2.1: Typing rules of CoreCDuce

Definition 2.2.2. An expression e is a value if it is closed, well-typed (F¢ e : t for
some type t), and produced by the following grammar:

v = c| (v,v) | phESTf A e

These values are enough to encode XML documents. For example in CDuce, lists
are encoded, a la Lisp, as nested pairs, the empty list being represented by the atom
nil. Thus an XML document? is the pair of its tag, represented by an atom and the
list of its children (its content).

Finally, the dynamic semantics is given by the three notions of reduction applied
by a leftmost-outermost strategy in Figure 2.2.

2The attributes are excluded from the formal treatment.
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Chapter 3

The Key Ideas

In this chapter, we focus on the definition of the subtyping relation for XML types in
the presence of type variables, and present an informal description of the main ideas
and intuitions underlying our approach. More precisely, we first examine why this
problem is deemed unfeasible or unpractical and simple solutions do not work (Section
3.1). Then we present the intuition underlying our solution (Section 3.2) and outline,
in an informal way, the main properties that make the definition of subtyping possible
(Section 3.3) as well as the key technical details of the algorithm that decides it (Section
3.4). We conclude this chapter by giving some examples of the subtyping relation
(Section 3.5) and discussing some related work (Section 3.6). The formal development
is described in Chapter 4.

3.1 A naive (wrong) solution

The problem we want to solve in this chapter is how to extend the approach of semantic
subtyping described in Chapter 2 when we add type variables (in bold):

to=a | b | txt | t—=t | tVE|tAat] =t ]| 0|1

where « ranges over a countable set of type variables V. We use T to denote the set of
all types.

For a simple setting, we did not include any explicit quantification for type variables:
in this work (as well as, all works in the domain we are aware of, foremost [HECQO9,
[Voud6]) we focus on prenex parametric polymorphism where type quantification is
meta-theoretic.

Once more, the crux of the problem is how to define the subtyping relation between
two types that contain type variables. Since we know how to subtype ground types (i.e.,
types without variables), then a naive solution is to reuse this relation by considering all
possible ground instances of types with variables. Let 6 denote a ground substitution,
that is a substitution from type variables to ground types. Then, according to our
naive definition, two types are in subtyping relation if so are their ground instances:

<ty <L Vo [,0] C [t0] (3.1)

33
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(provided that the domain of § contains all the variables occurring in ¢; and t2) where
[ ] is thus the interpretation defined for ground types in Chapter 2. This closely
matches the syntactic intuition of subtyping for prenex polymorphism according to
which the statement t; < to is to be intended as Vay...an(t1 < t2), where ay...a, are
all the variables occurring in ¢; or to. Clearly, the containment on the right hand side
of (3.1) is a necessary condition for subtyping (this property is proved for our system
by Lemma 4.4.3). Unfortunately, considering it also as sufficient and, thus, using (3.1)
to define subtyping, yields a subtyping relation that suffers too many problems to be
useful.

The first obstacle is that, as conjectured by Hosoya in [HECQ9], if the subtyping
relation defined by (3.1) is decidable (which is an open problem, though we believe more
in undecidability), then deciding it is at least as hard as the satisfiability problem for set
constraint systems with negative constraints [AKWOH, [GTT99], which is NEXPTIME-
complete [Sted4] and for which, so far, no practical algorithm is known.

But even if the subtyping relation defined by (3.1) were decidable and Hosoya’s con-
jecture wrong, definition (3.1) yields a subtyping relation that misses the intuitiveness
of the relation on ground types. This can be shown by an example drawn from [HECQJ].
For the sake of the example, imagine that our system includes singleton types, that is
types that contain just one value, for every value of the language. Then, consider the
following subtyping statement:

txa < (tx-t)V(axt) (3.2)

where t is a ground type.

According to (3.1) the statement holds if and only if ¢ x s < (¢ x =t) V (s x t) holds for
every ground type s. It is easy to see that the latter holds if and only if ¢ is a singleton
type. This follows from the set theoretic property that if S is a singleton, then for
every set X, either S C X or X C S. By using this property on the singleton type
t, we deduce that for every ground substitution of « either (the relation obtained by
applying the substitution to) o < =t holds (therefore txa < tx—t also holds, whence
(3.2) follows) or (the relation obtained by applying the substitution to) ¢ < « holds
(therefore t x a = (t x a/\t) V (¢ x t) holds and the latter is contained component-wise
in (t x =t) V (a x t), whence (3.2) holds again). Vice versa, if ¢ contains at least two
values, then substituting « by any singleton containing just one value of ¢ disproves the
containment.

More generally, (3.2) holds if and only if ¢ is an indivisible type, that is, a non-empty
type whose only proper subtype is the empty type. Singleton types are just an example
of indivisible types, but in the absence of singleton types, basic types that are pairwise
disjoint are indivisible as well. Therefore, while the case of singleton types is evocative,
the same problem also occurs in a language with, say, just the Int type.

Equation (3.2) is pivotal in our work. It gives us two reasons to think that the
subtyping relation defined by (3.1) is unfit to be used in practice. First, it tells us that
in such a system deciding subtyping is at least as difficult as deciding the indivisibility
of a type. This is a very hard problem (see [CDVQ§] for an instance of this problem in
a simpler setting) that makes us believe more in the undecidability of the relation, than
in its decidability. Second, and much worse, it completely breaks parametricity
yielding a completely non-intuitive subtyping relation. Indeed notice that in the two
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types in (3.2) the type variable v occurs on the right component of a product in one
type and on the left component of a product in the other. The idea of parametricity
is that a function cannot explore arguments whose type is a type variable, it can just
discard them, pass them to another function or copy them into the result. Now if (3.1)
holds it means that by a simple subsumption a function that is parametric in its second
argument can be considered parametric in its first argument instead. Understanding
the intuition underlying this subtyping relation for type variables (where the same
type variable may appear in unrelated positions in two related types) seems out of
reach of even theoretically-oriented programmers. This is why a semantic approach
for subtyping polymorphic types has been deemed unfeasible and discarded in favor of
partial or syntactic solutions (see related works in Section |3.6).

3.2 Ideas for a solution

Although the problems pointed out in [HEFCQ9] are substantial, they do not preclude a
semantic approach to parametric polymorphism. Furthermore the shortcomings caused
by the absence of this approach make the study well worth of trying. Here we show
that—paraphrasing a famous article by John Reynolds [Rey84]—subtyping of polymor-
phism is set-theoretic.

The conjecture that we have been following since we discovered the problem of [HECQ9],
and that is at the basis of all this work, is that the loss of parametricity is only due to
the behavior of indivisible types, all the rest works (more or less) smoothly. The crux
of the problem is that for an indivisible type t the validity of the formula

t<a o a<-t (3.3)

can stutter from one subformula to the other (according to the assignment of ) losing
in this way the uniformity typical of parametricity. If we can give a semantic charac-
terization of models in which stuttering is absent, we believed this would have yielded
a subtyping relation that is (i) semantic, (i) intuitive for the programmer,! and (ii7)
decidable. The problem with indivisible types is that they are either completely inside
or completely outside any other type. What we need, then, is to make indivisible types
“splittable”, so that type variables can range over strict subsets of any type, indivisible
ones included. Since this is impossible at a syntactic level, we shall do it at a semantic
level. First, we replace ground substitutions with semantic (set) assignments of type
variables, 7 : V — (D) (in set-theoretic notation, n € 2(D)Y), and add to interpre-
tation functions a semantic assignment as a further parameter (as it is customary in
denotational semantics):

[1: 7 — 2(D)Y - 2(D).

Such an interpretation (actually, the pair ([.], D) ) is then a set-theoretic model if and
only if for all assignments 7 it satisfies the following conditions (in bold the condition

'For instance, type variables can only be subsumed to themselves and according to whether they
occur in a covariant or contravariant position, to 1 and to unions in which they explicitly appear or
to 0 and intersections in which they explicitly appear, respectively. De Morgan’s laws can be used to
reduce other cases to one of these.
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that shows the role of the assignment parameter 7):

[a]n = n(a) [-tln = D\[tIn
[0]n =2 [tV talln = [talln U t2]n
[1]n =D [t1 Ato]n = [ta]n 0 [t2ln

[t:1]n € [t2ln <= E(t1)n C E(t2)n

where [E() is extended in the obvious way to cope with semantic assignments, that is,

E(=t)n = D\ E(t)n E(b)n = [o]n
E(t1 Vt2)n = E(t1) UE(t2)n E(t1 x t2)n = [t1]n x [t2]n
E(ty Ato)n = E(t1)n N E(t2)n E(ty — t2)n = 2([t1]nx[t]n)
E(o)n = n(a) E(@)n = 0 E(l)np = D
Then the subtyping relation is defined as follows:
th <ty €L e . [ty C [tan (3.4)

In this setting, every type t that denotes a set of at least two elements of D can
be split by an assignment. That is, it is possible to define an assignment for which
a type variable a denotes a subset of D such that is the interpretation of ¢ neither
completely inside nor completely outside the set. Therefore for such a type ¢, neither
equation (3.3) nor, a fortiori, equation (3.2) hold. It is then clear that the stuttering of
(3.3) is absent in every set-theoretic model in which all non-empty types—indivisible
types included—denote infinite subsets of D. Infinite denotations for non-empty types
look as a possible, though specific, solution to the problem of indivisible types. But
what we are looking for is not a particular solution. We are looking for a semantic
characterization of the “uniformity” that characterizes parametricity, in order to define
a subtyping relation that is, we repeat, semantic, intuitive, and decidable.
This characterization is provided by the property of convezity.

3.3 Convexity

A set theoretic model ([.], D) is convex if and only if for every finite set of types t1,. ..,
t, it satisfies the following property:

n.([tiln=2 or --- or [t,n=2) <= (Vn.[t1[n=2) or --- or (Vn.[tn.]n=2) (3.5)

This property is the cornerstone of our approach. As such it deserves detailed com-
ments. It states that, given any finite set of types, if every assignment makes some of
these types empty, then it is so because there exists one particular type that is empty
for all possible assignments.?| Therefore convexity forces the interpretation function to
behave uniformly on its zeros (i.e., on types whose interpretation is the empty set).

2We dubbed this property convezity after convex formulas: a formula is convex if whenever it entails
a disjunction of formulas, then it entails one of them. The = direction of (3.5) (the other direction is
trivial) states the convexity of assignments with respect to emptiness: n € 2(D)Y = Vierltiln = @

implies that there exists h € I such that n € 2(D)Y = [tu]n = @.
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Now, the zeros of the interpretation function play a crucial role in the theory of semantic
subtyping, since they completely characterize the subtyping relation. Indeed

s<t<=[s] Ct] = [s]N[t] C @ < [s A t] = @.

Consequently, checking whether s < t is equivalent to checking whether the type
s A —t is empty; likewise, the condition of a model is equivalent to that for all ¢
[t] = 9 <= E(t) = @. We deduce that convexity forces the subtyping relation
to have a uniform behavior and, ergo, rules out non-intuitive relations such as the one
in (3.2). This is so because convexity prevents stuttering, insofar as in every convex
model ([tA—a]n=9 or [tAa]n=2) holds for all assignments 7 if and only if ¢ is empty.

Convexity is the property we seek. The resulting subtyping relation is semantically
defined and preserves the set-theoretic semantics of type connectives (union, intersec-
tion, negation) and the containment behavior of set-theoretic interpretations of type
constructors (set-theoretic products for product types and set-theoretic function spaces
for arrow types). Furthermore, the subtyping relation is not only semantic but also
intuitive. First, it excludes non-intuitive relations by imposing a uniform behavior dis-
tinctive of the parametricity a la Reynolds: we believe that parametricity and convexity
are connected, despite the fact that the former is defined in terms of transformations
of related terms while the latter deals only with (subtyping) relations. Second, it is
very easy to explain the intuition of type variables to a programmer:

For what concerns subtyping, a type variable can be considered as a special
new user-defined basic type that is unrelated to any other atom but O, 1,
and itself.?| Type variables are special because their intersection with any
ground type may be non-empty, whatever this type is.

Of course, neither in the theoretical development nor in the subtyping algorithm type
variables are dealt with as basic types. They need very subtle and elaborated techniques
that form the core of our work. But this complexity is completely transparent to the
programmer who can thus rely on a very simple intuition.

All that remains to do is (i) to prove the convexity property is not too restrictive,
that is, that there exists at least one convex set-theoretic model and (ii) to show
an algorithm that decides the subtyping relation. Contrary to the ground case, both
problems are difficult. While their solutions require a lot of technical results (see
Chapter 4), the intuition underlying them is relatively simple. For what concerns the
existence of a convex set-theoretic model, the intuition can be grasped by considering
just the logical fragment of our types, that is, the types in which 0 and 1 are the only
atoms. This corresponds to the (classical) propositional logic where the two atoms
represent, respectively, false and true. Next, consider the instance of the convexity
property given for just two types, t; and to. It is possible to prove that every non-
degenerate Boolean algebra (i.e., every Boolean algebra with more than two elements)

3This holds true even for languages with bounded quantification which, as it is well known, defines
the subtyping relation for type variables. Bounded quantification does not require any modification
to our system, since it can be encoded by intersections and union: a type variable o bounded by two
types s and t —i.e., with the constraint s<a<t— can be encoded by a fresh (unbounded) variable 8 by
replacing sV(BAt) for every occurrence of a.. In other terms the type schema Vs<a<t.u is equivalent
to the schema VS3.u{sV(BAt)/a}.
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satisfies it. Reasoning by induction it is possible to prove that convexity for n types is
satisfied by any Boolean algebra containing at least n elements and from there deduce
that all infinite Boolean algebras satisfy convexity. It is then possible to extend the
proof to the case that includes basic, product, and arrow types and deduce the following
result:

Every set-theoretic model of ground types in which non-empty types denote
infinite sets is a convex set-theoretic model for the polymorphic types.

Therefore, not only do we have a large class of convex models, but also we recover our
initial intuition that models with infinite denotations was a possible way to go.

All that remains to explain is the subtype checking algorithm. We do it in the next
section, but before that we want to address the possible doubts of a reader about what
the denotation of a “finite” type like Bool is in such models. In particular, since this
denotation contains not only (the denotations of) true and false but infinitely many
other elements, then the reader can rightly wonder what these other elements are and
whether they carry any intuitive meaning. In order to explain this point, let us first
reexamine what convexity does for infinite types. Convexity is a condition that makes
the interpretation of the subtyping relation robust with respect to extensions. Imagine
that the syntax of types includes just one basic type: Int. Then Int is an indivisible
type and therefore there exist non-convex models in which the following relation (which
is an instance of equation (3.2) of Section 3.1) holds:

Int xa < (Intx —Int)V (a X Int) (3.6)

(e.g., amodel where Int is interpreted by a singleton set: in a non-convex model nothing
prevents such an interpretation). Now, suppose to add the type 0dd, a subtype of Int,
to the type system (and to extend the interpretation of basic types accordingly): then
in these models equation (3.6) no longer holds (the substitution of « by 0dd disproves
it). Should the presence of 0dd change the containment relation between Int and
the other types? Semantically this should not happen. A relation as (3.6) should
have the same meaning independently from whether 0dd is included in the syntax of
types or not. In other terms we want the addition of 0dd to yield a conservative
extension of the subtyping relation. Therefore, all models in which (3.6) is valid must
be discarded. Convexity does it. More generally, convexity rules out models where the
simple addition of a subtype may yield non conservative extensions of the subtyping
relation (or, equivalently, it rules out all models that do not have enough points to
support any possible extension of the subtyping relation).

The point is that convexity pushes this idea to all types, so that their interpretation
is independent from the possible syntactic subtypes they may have. It is as if the
interpretation of subtyping assumed that every type has at least one (actually, infinitely
many) stricter non empty subtype(s). So what could the denotation of type Bool be in
such a model, then? A possible choice is to interpret Bool into a set containing labeled
versions of true and false, where labels are drawn from an infinite set of labels (a
similar interpretation was first introduced by Gesbert et al. [GGLII]: see Section 3.6 on
related work). Here the singleton type {true} is interpreted as an infinite set containing
differently labeled versions of the denotation of true. So if ¢t is a denotation of the value
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true, then we can imagine that the singleton type {true} denotes a set of the form
{tt, tbrbz gh2:b3b5 1 Does this labeling carry any intuitive meaning? One can think
of it as representing name subtyping (i.e., syntactic types with a user-defined subtyping
relation): these labels are the names of (potential) subtypes of the singleton type {true}
for which the subtyping relation is defined by name subtyping: a value belongs to a type
defined by name subtype only if it is labeled by it: so t##1:*2 belongs to the interpretation
of the types b; and by but not to the interpretation of type b3, where all these types
are subtypes (defined by name subtyping) of the singleton type {true}. As we do not
want the subtyping relation for Int to change (non conservatively) when adding to the
system the type 0dd, so for the same reason we do not want the subtyping relation for
singleton types to change when adding by name subtyping new subtypes, even when
these subtypes are subtypes of a singleton type. So convexity makes the subtyping
relation insensitive to possible extensions by name subtyping. Or, put differently, it
ensures that all extensions by name subtyping of a subtyping relation are conservative
extensions of the original relation.

3.4 Subtyping algorithm

The subtyping algorithm for the relation induced by convex models can be decomposed
in 6 elementary steps. Let us explain the intuition underlying each of them: all missing
details can be found in Chapter 4.

First of all, we already said that deciding ¢; < to—i.e., whether for all 7, [t1]n C
[ta]n—is equivalent to decide the emptiness of the type tqA—ta—i.e., whether for all 7,
[tiA—ta]n=2—. So the first step of the algorithm is to transform the problem ¢; < ¢o
into the problem tqA—ty < 0:

Step 1: transform the subtyping problem into an emptiness decision problem.

Our types are just a propositional logic whose atoms are type variables, 0, 1, basic,
product, and arrow types. We use a to range over atoms and, following the logic
nomenclature, call literal, ranged over by £, an atom or its negation:

a:=b|txt|t—=t]| 0| 1| « ¢ = a | -a

By using the laws of propositional logic we can transform every type into a disjunctive
normal form, that is, into a union of intersections of literals:

VA4
i€l jed;

Since the interpretation function preserves the set-theoretic semantics of type connec-
tives, then every type is empty if and only if its disjunctive normal form is empty.
So the second step of our algorithm consists of transforming the type ¢;A—ty whose
emptiness was to be checked, into a disjunctive normal form:

Step 2: put the type whose emptiness is to be decided in a disjunctive normal form.
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Next, we have to decide when a normal form, that is, a union of intersections, is
empty. A union is empty if and only if every member of the union is empty. Therefore
the problem reduces to deciding emptiness of an intersection of literals: A, ; ¢;. Inter-
sections of literals can be straightforwardly simplified. Every occurrence of the literal
1 can be erased since it does not change the result of the intersection. If either any
of the literals is 0 or two literals are a variable and its negation, then we do not have
to perform further checks since the intersection is surely empty. An intersection can
be simplified also when two literals with different constructors occur in it: if in the
intersections there are two atoms of different constructors, say, t1xXto and t1—t9, then
their intersection is empty and so is the whole intersection; if one of the two atoms
is negated, say, t;xty and —(t;—t3), then it can be eliminated since it contains the
one that is not negated; if both atoms are negated, then the intersection can also be
simplified (with some more work: cf. the formal development in Chapter 4). Therefore
the third step of the algorithm is to perform these simplifications so that the problem
is reduced to deciding emptiness of intersections that are formed by literals that are
(possible negations of) either type variables or atoms all of the same constructor (all
basic, all product, or all arrow types):

Step 3: simplify mized intersections.

At this stage we have to decide emptiness of intersections of the form

/\ai/\/\—'a;-/\ /\ah/\ /\ =Bk

el jeJ heH keK

where all the a;’s and a;-’s are atoms with the same constructor, and where {ap }hen
and { Sk } ke are disjoint sets of type variables: we just reordered literals so that negated
variables and the other negated atoms are grouped together. In this step we want to
get rid of the rightmost group in the intersection, that is, the one with negated type
variables. In other terms, we want to reduce our problem to deciding the emptiness of
an intersections as the above, but where all top-level occurrences of type variables are
positive. This is quite easy, and stems from the observation that if a type with a type
variable « is empty for every possible assignment of «, then it will be empty also if
one replaces —« for « in it: exactly the same set of checks will be performed since the
denotation of the first type for a — S C D will be equal to the denotation of the second
type for a — S C D. That is to say, Vn.[t]n = @ if and only if Vn.[t{~/}]n = @
(where t{t'/a} denotes the substitution of ¢ for  in t). So all the negations of the
group of toplevel negated variables can be eliminated by substituting =5, for Si in the
a;’s and a;-’s:

Step 4: eliminate toplevel negative variables.

Next comes what probably is the trickiest step of the algorithm. We have to prove
emptiness of intersections of atoms a; and negated atoms a;- all on the same constructors
and of positive variables ay. To lighten the presentation let us consider just the case in
which atoms are all product types (the case for arrow types is similar though trickier,
while the case for basic types is trivial since it reduces to the case for basic types
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without variables). By using De Morgan’s laws we can move negated atoms on the
right hand-side of the relation so that we have to check the following containment

N txtan Nanw < \/ thxth (3.7)

t1xXt2€P heH tixtheN

where P and N respectively denote the sets of positive and negative atoms. Our goal
is to eliminate all top-level occurrences of variables (the ay’s) so that the problem
is reduced to checking emptiness of product literals. To that end observe that each
ayp, is intersected with other products. Therefore whatever the interpretation of «y, is,
the only part of its denotation that matters is the one that intersects D?. Ergo, it
is useless, at least at top-level, to check all possible assignments for «;,, since those
contained in D? will suffice. These can be checked by replacing v} x~# for ay,, where
’y}ll’, 7,% are fresh type variables. Of course the above reasoning holds for the top-level
variables, but nothing tells us that the non top-level occurrences of «;, will intersect
any product. So replacing them with just 'y}llxv}% would yield a sound but incomplete
check. We rather replace every non toplevel occurrence of ay by ('y}bxv}%) V ay. This
still is a sound substitution since if (3.7) holds, then it must also hold for the case where
(v x¥2) V oy, is substituted for oy, (with the Vay, part useless for toplevel occurrences).
Rather surprisingly, at least at first sight, this substitution is also complete, that is
(3.7) holds if and only if the following holds:

/\tlaxtga/\ /\’y}lbxﬁ < \/t’laxtéa
tixto€P heH tixtheN

where o is the substitution {(v4*72) V an/a, bner ! As an aside, we signal that this
transformation holds only because ay,’s are positive: the application of Step 4 is thus a
necessary precondition to the application of this one. We thus succeeded to eliminate
all toplevel occurrences of type variables and, thus, we reduced the initial problem to
the problem of deciding emptiness of intersections in which all literals are products or
negations of products (and similarly for arrows):

Step 5: eliminate toplevel variables.

The final step of our algorithm must decompose the type constructors occurring
at toplevel in order to recurse or stop. To that end it will use set-theoretic properties
to deconstruct atom types and, above all, the convexity property to decompose the
emptiness problem into a set of emptiness subproblems (this is where convexity plays
an irreplaceable role: without convexity the definition of an algorithm seems to be
out of our reach). Let us continue with our example with products. At this stage all
it remains to solve is to decide a containment of the following form (we included the
products of fresh variables into P):

N\ tixts < \/ #ixth (3.8)

tixto€P tixtheN

“Note that the result of this substitution is equivalent to using the substitution

{('Yfllx’Y}QJ \ 7}?{/0%};161{ where ~; is also a fresh variable: we just spare a new variable by reusing
ap, which would be no longer used (actually this artifice makes proofs much easier).
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Using the set-theoretic properties of the interpretation function and our definition of
subtyping, we can prove (see Lemma 2.1.8) that (3.8) holds if and only if for all N'CN,

vl Nton Notiln=2 or [ Ntan N\ -thln=2

tixte€P i xtheN’ tixto€P ¢ xthe N\N’

We can now apply the convexity property and distribute the quantification on 7 over
each subformula of the or. Thus (3.8) holds if and only if for all N'CN,

v | [ /\tl/\ /\ﬂt’l]]nzg or Vn. | /\tg/\ /\—|t’2]]77:®

tixto€P  tixtheN’ tLixte€P ) xthe N\N'

This is equivalent to state that we have to check the emptiness for each type that occurs
as argument of the interpretation function. Playing a little more with De Morgan’s laws
and applying the definition of subtyping we can thus prove that (3.8) holds if and only

if
YN'CN. | A<V #H]o | A< V #

tixt2€P t{xtheN’ tixt2€P  tixthbe N\N’

To understand the rationale of this transformation the reader can consider the case in
which both P and N contain just one atom, namely, the case for t1xte < t{xt,. There
are just two cases to check (N'=g and N'=N) and it is not difficult to see that the
condition above becomes: (t1<0) or (t2<0) or (t1<t} and t2<t}), as expected.

The important point however is that we were able to express the problem of (3.8)
in terms of subproblems that rest on strict subterms (there is a similar decomposition
rule for arrow types). Remember that our types are possibly infinite trees since they
were coinductively generated by the grammar in Section 3.1. We do not consider every
possible coinductively generated tree, but only those that are regular (i.e., that have a
finite number of distinct subtrees) and in which every infinite branch contains infinitely
many occurrences of type constructors (i.e., products and arrows). The last condition
rules out meaningless terms (such as ¢t = —t) as well as infinite unions and intersections.
It also provides a well-founded order that allows us to use recursion. Therefore, we
memoize the relation in (3.8) and recursively call the algorithm from Step 1 on the
subterms we obtained from decomposing the toplevel constructors:

Step 6: climinate toplevel constructors, memoize, and recurse.

The algorithm is sound and complete with respect to the subtyping relation defined
by (3.4) and terminates on all types (which implies the decidability of the subtyping
relation).

3.5 Examples

The purpose of this subsection is twofold: first, we want to give some examples to convey
the idea that the subtyping relation is intuitive; second we present some cases that
justify the subtler and more technical aspects of the subtyping algorithm we exposed
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in the previous subsection (all the examples below can be tested in our prototype
subtype-checker or in the subtype checker of [GGLII] which is available online).

In what follows we will use x, y, z to range over recursion variables and the notation
ux.t to denote recursive types. This should suffice to avoid confusion with free type
variables that are ranged over by «, 8, and ~.

As a first example we show how to use type variables to internalize meta-properties.
For instance, for all ground types t1, t2, and ¢3 the relation (¢ — t3) A (t2 — t3) <
(t1Vta) — t3 and its converse hold. This meta-theoretic property can be expressed in
our type system since the following relation holds:

(@=NANB—=7) = (aVB) =7

(where t ~ s denotes that both ¢ < s and s < ¢ hold). Of course we can apply this
generalization to any relation that holds for generic types. For instance, we can prove
common distributive laws such as

((aVB) x7) =~ (axy)V (6x7) (3.9)

and combine it with the previous relation and the covariance of arrow on codomains to
deduce
(axy = 01) A (Bxy — 62) < ((aVp) x ) — 61V o

Similarly we can prove that px.(axz) V nil the type of a-lists —i.e., the set of
possibly empty lists whose elements have type o — contains both the a-lists with an
even number of elements

px.(ax(axz)) Vil < pz.(axz) Vil

(where nil denotes the singleton type containing just the value nil) and the o-lists with
an odd number of elements

px.(ax(axz)) V (axnil) < px.(axz)Vnil
and it is itself contained in the union of the two, that is:
pr.(axz) Vil ~ (uz.(ax (axz))Vnil) V (pzr.(ax (o xz)) V (axnil))

We said that the intuition for subtyping type variables is to consider them as basic
types. But type variables are not basic types. As an example, if ¢ is a non-empty type,
then we have that:

Oé/\(OéXt) L t1 = to

which implies that a A (a x t) is not empty. This is correct because if for instance we
substitute the type ¢V (¢ x t) for «, then (by the distributivity law stated in (3.9) ) the
intersection is equal to (¢ x t), which is non-empty. However, note that if o were a basic
type, then the intersection a A (« X t) would be empty, since no basic type intersects a
product type. Furthermore, since the following relation holds

alN(axt) < «
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then, this last containment is an example of non-trivial containment (in the sense that
the left hand-side is not empty) involving type variables. For an example of non-trivial
containment involving arrows the reader can check

1-0< a—-p <0—1

which states that 1 — 0, the set of all functions that diverge on all arguments, is
contained in all arrow types a — [ (whatever types o and 8 are) and that the latter
are contained in 0 — 1, which is the set of all function values.

Type connectives implement classic proposition logic. If we use o = f to denote
-« V B3, that is logical implication, then the following subtyping relation is a proof of
Pierce’s law:

1< (a=8)=a)=a

since being a supertype of 1 logically corresponds to being equivalent to true (note that
arrow types do not represent logical implication; for instance, 0—1 is not empty: it
contains all function values). Similarly, the system captures the fundamental property
that for all non-empty sets § the set (SAa) V (BA—a) is never empty:

BAa)V(BA-a) ~
from which we can derive
1 < (((BAa) V (BA-a)) = 0) = (8= 10)

This last relation can be read as follows: if (BAa) V (BA—-«) is empty, then [ is empty.
But the property above will never show a stuttering validity since the algorithm
returns false when asked to prove

nil xa < (nil x =nil) V (a x nil)

even for a singleton type as nil.

The subtyping relation has some simple form of introspection since t1<ty if and
only if 1 < t;=t5 (i.e., by negating both types and reversing the subtyping relation,
tin—ta < 0). However, the introspection capability is very limited insofar as it is
possible to state interesting properties only when atoms are type variables: although
we can characterize the subtyping relation <, we have no idea about how to characterize
its negation £. °

The necessity for the tricky substitution « — (71 X72)Va performed at Step 5 of
the algorithm can be understood by considering the following example where ¢ is any
non-empty type:

(axt)ha < ((ITx1)xt).

S5For instance, it would be nice to prove something like:
(=81 V (Br=ra1) A (a2=>B2))) =~ (n—raz = f1—f2)

since it seems to provide a complete characterization of the subtyping relation between two arrow
types. Unfortunately the equivalence is false since 81 £ a1 does not imply 51 A ma1 > 1 but just
B1 A =1 £ 0. This property can be stated only at meta level, that is: a;—ae < f1—2 if and only if
(81 < 0or (Bi<on and aa<ps)).
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If in order to check the relation above we substituted just v; X v for «, then this would
yield a positive result, which is wrong: if we replace o by bV (bxt), where b is any
basic type, then the intersection on the left becomes (bxt) and b is neither contained
in 1 x 1 nor empty. Our algorithm correctly disproves the containment, since it checks
also the substitution of (1 X 72) V « for the first occurrence of «, which captures the
above counterexample.

Finally, the system also proves subtler relations whose meaning is not clear at first
sight, such as:

o] — ﬁl < ((al/\ag)—)(ﬁl/\ﬁg)) V ﬁ(Oég-)(ﬁQ/\ﬁﬁl)) (310)

In order to prove it, the subtyping algorithm first moves the occurrence of as —
(B2A—p1) from the right of the subtyping relation to its left: (a1 —51)A(e—(B2A—51)) <
((a1Aae)—(B1/AB2)); then following the decomposition rules for arrows the algorithm
checks the four following cases (Step 6 of the algorithm), which hold straightforwardly:

a1Aag < 0 or B A (B2 A=P1) < Bi A B2
arhag < agor (e A=pr) < B A B
aiNag < agor B1 < B1 A B

aiNog < aq V as

Notice that relation (3.10) is subtle insofar as neither ay — 1 < (anAag) — (B1 A 52)
nor ag — 1 < =(ag — (B2A—p1)) hold: the type on left hand-side of (3.10) is contained
in the union of the two types on the right hand-side of (3.10) without being completely
contained in either of them.

3.6 Related work

3.6.1 Semantic subtyping and polymorphism

The definition of polymorphic semantic subtyping extends the work on semantic sub-
typing [FCBO0S], as such these two works share the same approach and common devel-
opments. Since convex models of our theory can be derived from the models of [FCB0g],
then several techniques we used in our subtyping algorithm (in particular the decom-
position of toplevel type constructors) are directly issued from the research in [FCB0S].
Our work starts precisely from where [ECB0O§| stopped, that is the monomorphic case,
and adds prenex parametric polymorphism to it.

Our subtyping algorithm already has a follow-up. In a paper directly issued from
the research presented here [GGLIT] Gesbert, Geneves, and Layaida use the framework
we define here to give a different decision procedure for our subtyping relation. More
precisely, they take a specific model for the monomorphic type system (i.e., the model
defined by Frisch et al. [ECB0O§] and used by the language CDuce), they encode the
subtyping relation induced by this model into a tree logic, and use a satisfiability solver
to efficiently decide it. Next, they extend the type system with type variables and they
obtain a convex model by interpreting non-empty types as infinite sets using a labeling
technique similar to the one we outlined at the end of Section 3.3: they label values
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by (finite sets of) type variables and every non empty ground type is, thus, interpreted
as an infinite set containing the infinitely many labelings of its values. Again the
satisfiability solver provides a decision procedure for the subtyping relation. Their
technique is interesting in several respects. First it provides a very elegant solution to
the problem of deciding our subtyping relation, solution that is completely different
from the one given here. Second, their technique shows that the decision problem
is EXPTIME, (while here we only prove the decidability of the problem by showing
the termination of our algorithm). Finally, their logical encoding paves the way to
extending types (and subtyping) with more expressive logical constraints representable
by their tree logic. In contrast, our algorithm is interesting for quite different reasons:
first, it is defined for generic interpretations rather than for a fixed model; second, it
shows how convexity is used in practice (see in particular Step 6 of the algorithm);
and, finally, our algorithm is a straightforward modification of the algorithm used in
CDuce and, as such, can benefit of the technology and optimizations used there.’| We
expect the integration of this subtyping relation in the CDuce to be available in a not
so distant future.

3.6.2 XML processing and polymorphism

The most advanced work on polymorphism for XML types, thus far, is the Hosoya,
Frisch, and Castagna’s approach introduced in [HECOS] and described in details in [HECQO9],
whose extended abstract was first presented at POPL’05. Together with [FCB0S]|, the
paper by Hosoya, Frisch, and Castagna constitutes the starting point of this work. A
starting point that, so far, was rather considered to establish a (negative) final point.
As a matter of fact, although the polymorphic system in [HECQ9] is the one used to
define the polymorphic extension of XDuce [HPQO3] (incorporated from version 0.5.0
of the language”), the three authors of [IFCQOJ] agree that the main interest of their
work does not reside in its type system, but rather in the negative results that motivate
it. In particular, the pivotal example of our work, equation (3.2), was first presented
in [HECQY], and used there to corroborate the idea that a purely semantic approach for
polymorphism of regular tree types was an hopeless quest. At that time, this seemed so
more hopeless that equation (3.2) did not involve arrow types: a semantically defined
polymorphic subtyping looked out of reach even in the restrictive setting of Hosoya and
Pierce seminal work [HPQ03], which did not account for higher-order functions. This is
why [HECQ9] falls back on a syntactic approach that, even if it retains some flavors of
semantic subtyping, cannot be extended to higher-order functions (a lack that never-
theless fits XDuce). Our works shows that the negative results of [HECQ9] were not so
insurmountable as it had been thought.

Hitherto, the only work that blends polymorphic regular types and arrow types is
Jérome Vouillon’s work that was presented at POPL’06 [VouOG]. His approach, how-
ever, is very different from ours insofar as it is intrinsically syntactic. Vouillon starts

6 Alain Frisch’s PhD. thesis [ET104] describes two algorithms that improve over the simple saturation-
based strategy described in Section 4.4. They are used both in CDuce compiler and in the prototype
we implemented to check the subtyping relation presented in this work.

"XDuce is the only language we are aware of that can express the polymorphism of the SOAP
functions we described in the introduction. However, since it lacks higher-order functions, it cannot
express the type of register_new_service.
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from a particular language (actually, a peculiar pattern algebra) and coinductively
builds up on it the subtyping relation by a set of inference rules. The type algebra in-
cludes only the union connective (negation and intersection are missing) and a semantic
interpretation of subtyping is given a posteriori by showing that a pattern (types are
special cases of patterns) can be considered as the set of values that match the pattern.
Nevertheless, this interpretation is still syntactic in nature since it relies on the defini-
tion of matching and containment, yielding a system tailored for the peculiar language
of the paper. This allows Vouillon to state impressive and elegant results such as the
translation of the calculus into a non-explicitly-typed one, or the interpretation of open
types containment as in our equation (3.1) (according to Vouillon this last result is
made possible in his system by the absence of intersection types, although the critical
example in (3.2) does not involve any intersection). But the price to pay is a system
that lacks naturalness (e.g., the wild-card pattern has different meanings according to
whether it occurs in the right or in left type of a subtyping relation) and, even more,
it lacks the generality of our approach (we did not state our subtype system for any
specific language while Vouillon’s system is inherently tied to a particular language
whose semantics it completely relies on). The semantics of Vouillon’s patterns is so
different from ours that typing Vouillon’s language with our types seems quite difficult.

Other works less related to ours are those in which XML and polymorphism are
loosely coupled. This is the case of OCamlDuce [Fri06] where ML-polymorphism and
XML types and patterns are merged together without mixing: the main limitation
of this approach is that it does not allow parametric polymorphism for XML types,
which is the whole point of our (and Vouillon’s) work(s). A similar remark can be done
for Xtatic [GLPS05D]| that merges C# name subtyping with the XDuce set-theoretic
subtyping and for XHaskell [LS04] whose main focus is to implement XML subtyping
using Haskell’s type-classes. A more thorough comparison of these approaches can be
found in [Fxi06, [HEFCQOI).

Polymorphism can be attained by adopting the so-called data-binding approach
which consists in encoding XML types and values into the structures of an existing
polymorphic programming language. This is the approach followed by HaXML [WRA9].
While the polymorphism is inherited from the target language, the rigid encoding of
XML data into fixed structures loses all flexibility of the XML type equivalences so as,
for instance, (txs1) V (txs2) and (txs1Vsz2) are different (and even unrelated) types.

Finally, we signal the work on polymorphic iterators for XML presented in [CNOS]
which consists of a very simple strongly normalizing calculus fashioned to define tree
iterators. These iterators are lightly checked at the moment of their definition: the
compiler does not complain unless they are irremediably flawed. This optimistic typ-
ing, combined with the relatively limited expressive power of the calculus, makes it
possible to type iterator applications in a very precise way (essentially, by performing
an abstract execution of the iterator on the types) yielding a kind of polymorphism
that is out of reach of parametric or subtype polymorphism (for instance it can pre-
cisely type the reverse function applied to heterogeneous lists and thus deduce that the
application of reverse to a list of type, say, [ Int Bool* Char+ ] yields a result of
type [ Char+ Bool* Int ]). As such it is orthogonal to the kind of polymorphism
presented here, and both can and should coexist in a same language.
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Chapter 4

Formal Development

In this chapter we describe the technical development that supports the results we
exposed in the previous chapter.

4.1 Types

Definition 4.1.1 (Types). Let V be a countable set of type variables ranged over by
Greek letter a,f,y,..., and A a finite set of basic (or constant) types ranged over by
b. A type is a term co-inductively produced by the following grammar

Types t = « type variable
| b basic
|t xt product
|t =t arrow
| tVt  wunion
| -t negation
| O empty

that satisfies two additional requirements:
o (regularity) the term must have a finite number of different sub-terms.

e (contractivity) every infinite branch must contain an infinite number of occur-
rences of atoms (i.e., either a type variable or the immediate application of a type
constructor: basic, product, arrow).

We use T to denote the set of all types.

We write t1Ata, t1\t2, and 1 respectively as an abbreviation for =(—t1V—te), t1 A—te,
and —0.

The condition on infinite branches bars out ill-formed types such as ¢t =tV ¢ (which
does not carry any information about the set denoted by the type) or ¢ = =t (which
cannot represent any set). It also ensures that the binary relation >C T2 defined by
t1Vty > t;, -t > t is Noetherian (that is, strongly normalizing). This gives an induction
principle on T that we will use without any further explicit reference to the relation.

49
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Since types are infinite then the accessory definitions on them will be given either
by using memoization (e.g., the definition of var(), the variables occurring in a type:
Definition [4.1.2), of by co-inductive techniques (e.g., the definition or the application
of type-substitution: Definition 4.1.5) or by induction on the relation >, but only when
induction does not traverse a type constructor (e.g., the definition of tlv(), the variables
occurring at top-level of a type: Definition 4.1.3).

Definition 4.1.2 (Type variables). Let vary and var, be two functions from T X
P(T) to P(V) defined as:

0 ifted

varo(t, J) = {varl(t,:lu {t}) otherwise

vary (o, 3) = {a}

vary(b,3) = 0
vary(t1 X t2,3) = varg(t1,3) U vary(te, 3)
vary (t1 — t2,3) = varg(t1,3) U vary(te,3)
vary(t1 V t2,3) = vary(t1,3) U vary (t2,3)

vary(—t1,3) = vary(t1,3)
var (0,3) = 0

where 3 is a set of types. The set of type variables occurring in a type t, written var(t),
is defined as vary(t,0). A type t is said to be ground or closed if and only if var(t) is
empty. We write Ty to denote the set of all the ground types.

Definition 4.1.3 (Top-level variables). Let t be a type. The set tiv(t) of type vari-
ables that occur at top level in t, that is, all the variables of t that have at least one
occurrence not under a constructor, is defined as:

thvia) = {a}
thv(b) = 0
t/V(tl X tQ) =10
t/V(tl — tz) =0
thv(ty V ta) = tiv(t1) U tiv(ta)
tlv(—|t1) = t/V(tl)
thv(0) = 0

Definition 4.1.4 (Type substitution). A type-substitution o is a total mapping
of type wvariables to types that is the identity everywhere but on a finite subset of V,
which is called the domain of o and denoted by dom(o). Given a substitution o, the
range of o is defined as the set of types ran(c) = {o(a) | @ € dom(0)}, and the set of
type variables occurring in the range is defined as tvran(c) = Uyedom(q) var(o(a)). We
use the notation {t1/ay, ..., n/a, } to denote the type-substitution that maps o to t; for
1=1..n.

Definition 4.1.5. Given a type t € T and a type-substitution o, the application of o
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to t is co-inductively defined as follows:

bo =0
(tl X tQ)J = (tlU) X (tQJ)
(tl — tQ)O' = (tla) — (tQO')
(tl V tQ)J = (tlU) V (tQJ)
(mt)o = —(to)

0o =0
ac = o(a) if o € dom(o)
ac =« if « & dom(o)

4.2 Subtyping

Definition 4.2.1 (Assignment). Given a set D, a semantic assignment n : V —
P(D) is a finite mapping from type variables to subsets of D. The set of type variables
that are defined in n is called the domain of n, denoted as dom(n).

Definition 4.2.2 (Set-theoretic interpretation). A set-theoretic interpretation of
T is given by a set D and a function [ ] : T — P(D)Y — (D) such that, for all
t1,to,t €T, a €V andn € P (D)V:

o [t1 Via]n = [talln U [t2]n,
o [-tln =D\ [tn,

o [oln =n(a),

e [0]n =0.

Once such an interpretation is defined, the subtyping relation is naturally defined
as the inclusion relation:

Definition 4.2.3 (Subtyping relation). Let [ ] : T — 2(D)¥ — Z(D) be a set-
theoretic interpretation. We define the subtyping relation < jC T2 as follows:

t<jys <= Wne2(D)Y . [th<ls

We write t < s when the interpretation [ ] is clear from the context, and ¢ ~ s if
t<sand s <t.

As argued and stated in Section 3.3, the subtyping problem can be transformed
into emptiness decision problem, that is the following lemma.

Lemma 4.2.4. Let t,s be two types, then:
t<s<=Vnec 2D .[tA-s]n=0.
Proof.
t<s<=Vne (D). [thclsl
= e 2D)Y . [tlnn(D\[s]n) =0
—=VVne 2D .[tA-s]n=0.
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Let € be a subset of D whose elements are called constants. For each basic type b,
we assume there is a fixed set of constants B(b) C € whose elements are called constants
of type b. For two basic types b1, by, the sets B(b;) can have a nonempty intersection.

If, as suggested in Section 2.1, we interpret extensionally an arrow t;—t2 as & ( [[tl]] [t=])

(precisely as 22 (D?\([t1] x (D\[[tg]])))), then every arrow type is a subtype of 1—1. We
do not want such a property to hold because, otherwise, we could subsume every
function to a function that accepts every value and, therefore, every application of a
well-typed function to a well-typed argument would be well-typed, independently from
the types of the function and of the argument. For example, if, say, succ: Int—Int,
then we could deduce succ: 1—1 and then succ(true) would have type 1. To avoid this
problem we use a technique introduced in [FCB0§] and introduce an explicit type error
) and use it to define function spaces:

Definition 4.2.5. If D is a set and X,Y are subsets of D, we write Dgq for D + {Q}
and define X =Y as:

def

X=>Y={fCDxDq|Vd,d)efdeX=deY}
This is used in the definition of the extensional interpretation:

Definition 4.2.6 (Extensional interpretation). Let [ | : T — #(D)Y — £(D)
be a set-theoretic interpretation. Its associated extensional interpretation is the unique
function E(_ ) : T — 2(D)Y — P(ED) where ED = D+ D? + P (D x Dq), defined as
follows:

E(a)n = n(e) €D
E(b)y = B(b) CD
E(ty x t2)n = [ta]n x [t2]n € D?
E(tr = t2)n = [t1]n = [t2ln € Z(D x Dq)
E(t1 Via)n = E(t1)nUE(t2)n
E(-t)n = ED\E()n
E@)n = 0

Since arrow types behave as function spaces under all possible semantics assign-
ments, that is, for all sy, so, 1,2 and for all , we have:

[[Sl—>82]]’l’] g [[tl—ﬁfg]]n <~ [(81—)82)7] g [E(tl—)tg)ﬁ
the definition of set-theoretic model is:

Definition 4.2.7 (Models). A set-theoretic interpretation [ | : T — P2(D)Y
P(D) is a model if it induces the same inclusion relation as its associated extensional
interpretation, that is, it salsifies:

Vvt € T.¥ne (D) . [tn=0 < E(t)n=0

From the condition of a model, we can deduce that | ] induces the same subtyping
relation as its associated extensional interpretation, that is,

vne (D) . [tn=0 < VYne 2(D)Y.E(t)n=0
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Definition 4.2.8 (Convexity, foundation). Let [ [ : T — Z(D)Y — P(D) be a
set-theoretic interpretation. It is

1. convex if for all finite choices of types t1, ..., t,, it satisfies
n.([tiln=2 or --- or [ty|n=92) <= (Vn.[t1|n=2) or - - or (¥n.[t,]n=2)

2. structural if D? C D, [ty xtz]n=[t1]nx[t2]n and the relation on D induced by
(d1,ds) » d; is Noetherian.

Definition 4.2.9. Let [ | : T — Z(D)Y — 2 (D) be a model. It is

1. convex if its set-theoretic interpretation is convex;
2. well-founded if it induces the same inclusion relation as a structural set-theoretic
interpretation.

From now on we consider only well-founded convex models. We already explained
the necessity of the notion of convexity we introduced in Section 3.3. The notion of
well-founded model was introduced in Section 4.3 of [ECBO0S]. Intuitively, well-founded
models are models that contain only values that are finite (e.g., in a well-founded
model the type pz.(xxxz)—i.e., the type that “should” contain all and only infinite
binary trees—is empty). This fits the practical motivations of this work, since XML
documents—i.e., values—are finite trees.

4.3 Properties of the subtyping relation

Types are essentially a propositional logic (with standard logical connectives: A, V,—)
whose atoms are 0, 1, basic types, product types, arrow types, and type variables. We
write @%,n for atoms of the form ¢y — t2, “yoq for atoms of the form ¢1 x t2, Hasic for
basic types, and &7 for @%un U Hprod U Dhasic. Therefore VU &7 U {0,1} denotes the set
of all atoms, which are ranged over by a. Henceforth, we will disregard the atoms 0
and 1 since they can be straightforwardly eliminated during the algorithmic treatment
of subtyping.

Definition 4.3.1 (Normal form). A (disjunctive) normal form 7 is a finite set of
pairs of finite sets of atoms, that is, an element of Py(Pp(AUV) x P(AUV)), where
P%(.) denotes the finite powerset. Moreover, we call an element of P¢(f UV) x P (/U
V) a single normal form. If[ ] : 7T — 2(D)Y — Z(D) is an arbitrary set-theoretic
interpretation, T a normal form and n an assignment, we define [T]n as:

[[ln="UJ (Vlalnn () (D\[aln)

(P,N)eT acP acN
(with the convention that an intersection over an empty set is taken to be D).

Lemma 4.3.2. For every type t € T, it is possible to compute a normal form dnf(t)
such that for every set-theoretic interpretation [ | and assignment n, [t]n = [dnf(¢)]n.
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Proof. We can define two functions dnf and dnfy, both from 7 to Py (Z(/ UV) x
P (47 UV)), by mutual induction over types:

dnf(0) = 0
dnf(a) = {({a},0)} for a € UV
dnf(t; V t2) = dnf(¢1) U dnf(t2)
dnf(—t) = dnfy(¢)
dnfo(0) = {(0,0)}
dnfo(a) = {(0,{a})} for a € UV
dnfo(t1Vis) = {(PLUPy, NiUNa) | (P, N;) € dnfo(t:),i=1,2}
dnfo(—t) = dnf ()

Then we check the following property by induction over the type t:

[tIn = [dnf(#)]n = D\ [dnfo(t)]n
O

For instance, consider the type ¢t = a1 A (a3 V —ag) where a1, as, and a3 are any
atoms. Then dnf(t) = {({a1,as},0), ({a1},{a2})}. This corresponds to the fact that
for every set-theoretic interpretation and semantic assignment, dnf(¢), ¢, and (a1Aa3)V
(a1A—asg) have the same denotation.

Note that the converse result is true as well: for any normal form 7, we can find a
type t such that for every set-theoretic interpretation [ ] and semantic assignment 7,
[tIn=[7]n. Normal forms are thus simply a different, but handy, syntax for types. In
particular, we can rephrase in Definition 4.2.7 the condition for a set-theoretic inter-
pretation to be a model as:

vr . e 2(D)Y . [r]n=0 <= E(r)n=0.

For these reasons henceforth we will often confound the notions of types and normal
forms, and often speak of the “type” 7, taking the latter as a canonical representation
of all the types in dnf (7).

Moreover, the definition of substitution application is naturally extended to normal
forms by applying the substitution to each type in the sets that form the normal form.

Let [_] be a set-theoretic interpretation. Given a normal form 7, we are interested
in checking the assertion Vne 2(D)Y.[r]n = 0 or equivalently Vne Z(D)V.E(r)n = 0.
Clearly, the equation Vi € 2(D)Y.E(7)n = 0 is equivalent to:

vne 2(D)Y V(P,N)er. (| Ea)nc ] Ea)n (4.1)

acP aeN

def def def

Let us define EP>¢D = D, FPo4D = D? and EM"D = 22(D x D). Then we have
ED = J,cp E'D where U = {basic, prod, fun}. Thus we can rewrite equation (4.1) as:

vne 2(D)Y .VueU.¥(PN)er. [ (E(annED) < | (E(annED) (4.2)

acP acN
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For an atom a € &, we have E(a)n NEYD = () if a ¢ o, and E(a)nNE*D = E(a)n if
a € 4,. Then we can rewrite equation (4.2) as:

Vne (D). YueUVP,N)er. (PCUV)=
N E@nn () W@neDd)c |J E@nu |J m@neD) *3)

ac PNy acePNY acNNy aENNY

(where the intersection is taken to be ED when P = ()). Furthermore, if the same
variable occurs both in P and in N, then (4.3) is trivially satisfied. So we can suppose
that PN N NV = (. This justifies the simplifications made in Step 3 of the subtyping
algorithm described in Section 3.4, that is the simplification of mixed single normal
forms.

Step 4, the elimination of negated toplevel variables, is justified by the following
lemma:

Lemma 4.3.3. Let P, N be two finite subsets of atoms and « an arbitrary type variable,
then we have

Ve 2(D)Y . Naep E(@)n € Ugen E(@)nUn(a) <=
V€ 2(D)Y . Naer E(0a’ (@) N 0(B) € Ugen E(0a’ (@))n

where B is a fresh variable and 0" (a) = a{"B/}
Proof. Straightforward application of set theory. O

Note that Lemma [4.3.3| only deals with one type variable, but it is trivial to gen-
eralize this lemma to multiple type variables (the same holds for Lemmas 4.3.7 and
4.3.8)).

Using Lemma 4.3.3, we can rewrite equation (4.3) as:

Ve (DY NueU.Y(P,N)er.(PCUV)=
ﬂ E(a)nn ﬂ (n(a) NE*D) C U E(a)n (4.4)

ac PNy, acPNY acNNAy,

since we can assume N NV = ().

Next, we justify Step 5 of the algorithm, that is the elimination of toplevel variables.
In (4.4) this corresponds to eliminating the variables in P N'V. When u = basic this
can be easily done since all variables (which can appear only at top-level) can be
straightforwardly removed. Indeed, notice that if s and ¢ are closed types then sAa <t
if and only if s < ¢. Since unions and intersections of basic types are closed, then we
have the following lemma

Lemma 4.3.4. Let P,N be two finite subsets of <hasic, X a finite set of variables.
Then

vne2(D)Y. (EGN () (@) ne) < | J Ebn < (BG) < | B)

beP acX beN beP beN

(with the convention (\,co E(a)n =€)



o6 CHAPTER 4. FORMAL DEVELOPMENT

Proof. Straightforwardly. O

The justification of Step 5 for u = prod is given by Lemma 4.3.7. In order to
prove it we need to prove a substitution lemma for the extensional interpretation and
a substitution lemma for the set-theoretic interpretation.

Lemma 4.3.5. Let [ ] be a model and E(_) its associated extensional interpretation.
For all types t,t', variable o, and assignment n, if E(t)n = n(a), then Et{t'/a})n =
E(t)n-

Proof. Let P be a monadic proposition defined as:

E(s{t/a})n = E(s)n

To prove this lemma, we construct an inference system as follows:

P(s) &%

P-BASIC) Fp b
P-ANY) Fp1

P—EMPTY) Fp O
P—VAR) Fp B
P—AND) 81,82 Fp s1 A s

N N N

P—OR) $1,89 Fp s1V s
P—ARR) S1, 82 |_p S1 — S92

(

(

(P-NOT) skp —s
( P—PROD) 51,89 |—p 81 X 82
(

where s1,...,8, Fp s means that if P(s1), ..., P(s,) hold, then P(s) holds.
First we prove the inference system is correct by case analysis, that is, that each rule
holds.

P-BASIC, P-EMPTY, P-ANY: Straightforward.

P-VAR: If § # «, it is straightforward. Otherwise, from the hypothesis we have
E(t{t/a})n = E(t')n = n(c). Thus the rule holds.

P-AND: We have E(s;{t//a})n = E(s;)n for i = 1,2. Then

E((s1 Aso){tad)n = E(si{t/a})nn E(s2{t/a})n
= E(s)nNE(s2)n
= [E(s1 A s2)n

Thus the rule holds.
P-NOT,P-OR: Similar to P-AND.

P-PROD: We have E(s;{t/a})n = E(s;)n for i = 1,2, but what we need is that
[si{t'/a}]n = [s:]n. Notice however that from E(s;{t//n})n = E(s;)n we can deduce
both E(s;{t'/a})n\ E(s;)n € 0 and E(s;)n\ E(s;{t'/a})n C 0. That is, by definition
of E():

E(si{t/a} \ si)n €0 and E(s; \ si{t/a})n C 0

Since [ ] is a model, then the zero of the interpretation and of the extensional
interpretation coincide, and thus we have

[si{t'/a} \ siln € 0 and [s; \ si{t'/a}]n € 0
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That is [s;{t'/a}]n = [s:]n. Therefore,

E((s1 % s2){t/a})n="[s1{t/a}]n x [s2{t/a}]n
= [s1]n x [s2ln
= [E(s1 X s2)n

Thus the rule holds.
P-ARR: Similar to P-PROD.

Then based on the inference system we define an operator Fp : 2(T) — Z2(T) as
FP(S):{SGT‘ 381,...,8n€S . 81,...,8, Fp 8}

In other terms, Fp(S) is the set of types that can be inferred to satisfy P in one step
from the types satisfying P in S by the inference system above. Clearly, the inference
operator Fp is monotone: Fp(S;1) C Fp(Sq) if S C Sy and (£(T),C) is cpo. By
Tarski’s fix point theorem [Tarbd], the inference operator possesses both a least fixed
point and a greatest fixed point. Clearly the set of all types that satisfy the property
P is the greatest fix-point gfp(Fp) of Fp. To prove our result we must prove that the
set of types T is contained in gfp(Fp). It is easy to prove that 7 C Fp(7T): simply
take any type t € T and prove by cases that it belongs to Fp(7). This means that
T is Fp-consistent. By the principle of coinduction we deduce that 7 C g¢fp(Fp) and
we conclude that gfp(Fp) = T, namely, that all types satisfy P. Therefore, the result
follows. O

Lemma 4.3.6. Let [ ] be a set-theoretic interpretation. For all type t, substitution o,
and assignments 0,1, if Vo € var(t). ' (a) = [o(a)]n, then [ty = [to]n.

Proof. Similar to the proof of Lemma 4.3.5: first we define a monadic proposition P(t)
(i.e., [t]n’ = [to]n) and an inference system, then we construct an operator Fp, finally
we prove the set of types 7 is contained in the greatest fix-point gfp(Fp) of Fp.

The correctness of the arrow rule P-ARR is as follows:

P-ARR : We have [s1]n’ = [sio]n and [s2]n’ = [s20]n. Take any element d € [s1 —
so]n’. d must be {(d;,d}) | i € I'} and for each i € I if d; € [[s1][7’ then d; € [s2]n/,
where i is a possibly empty or infinite set!. Consider each i € I. If d; € [s10]n,
then we have

d; € [s10]n
= di€[si]n  ([s1]n' = [s10]n)
= d,’i € [s2]n’ ((di,d;) €d,d € [s1 — s2n)

= d; €[s20]n ([s2]n" = [520]m)
Thus, d € [s10 — sa0]n, that is, d € [(s1 — s2)o]n. Therefore,
[s1 — s2]n’ C [(s1 — s2)a]n.

Similarly, we can prove that [(s; — s2)o]n C [s1 — s2]n’. Thus the rule holds.

Tndeed, we do not give an explicit definition of [s; — s2]n, but it must be a function on [s;]n and
[s2]n, based on which the correctness of P-ARR can be proved as well.
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O]

Lemma 4.3.7. Let (D,[_]) be a model, P,N two finite subsets of prod and a an
arbitrary type variable.

Vne2(D)Y. (] Ela)n N (n(a) NE"*D) C | ] E(a)y <
acP aceN

Ve 2(D)Y . () E(o(a)n N Elarxag)n € | J E@X (@)n
acP aeN

where o) (a) = a{(a1xa2)Ve/y} and oy, ag are fresh variables.

Proof. “<” direction: consider a generic assignment 7, and suppose we have n(a) N
EPoID = J,;;(Si x S%) where S} are subsets of D and I may be infinite (notice that
every intersection with D? can be expressed as an infinite union of products: at the
limit singleton products can be used). If [I| = 0, that is, n(a) NEP®ID = (), clearly, we
have

() E(@)nn (n(@) NE"D) =0 C | ] E(a)y

acP acN
Assume that |I| > 0. Then for each (S! x Si), we construct another assignment

n* defined as ° = 7 @® {Si/ay, 95/}, Where @ denotes both function extension and
redefinition. Then, we have

E((arxaz2) Va)y' = (n'(a1) x n*(a2)) Vni(a) by definition of E( )

= (9ix S5V n(a) by definition of 7’
= n(a) since (J;e7(57%55) € n(a)
=n'(«) by definition of 1’

We can thus apply Lemma 4.3.5/ and for any type ¢ deduce that
E(t{(uxa2)Vajo} )y’ = E(t)n’
In particular, for all @ € P U N we have

E(o;(a))n’ = E(a{(arxasVaja} )y’ = E(a)n’

«
Now, notice that n and n’ differ only for the interpretation of a; and as. Since these

variables are fresh, then they do not belong to var(a), and therefore E(a)n’ = E(a)n.
This allows us to conclude that

VYa € (PUN).E(c)(a))n = E(a)
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Therefore,

viel((1) E(og (a))n' NE(arxaz)n’ € | E(o (a)n’)

acP acN
—viel(() E(X ()’ NE(arxaz)y’ 0 (] E(oa () C 0)
acP aceN
:U(ﬂﬂ{ nﬂ[E(alxagnﬂﬂ[E))ni)>§@
el acP aeN
:U(ﬂﬂf nﬂ[Ealxagnﬂﬂ )g@
el acP aeN
:>ﬂ a)nn U[EOé1><062)77)ﬂﬂ[E(a)"7§@
acP el acN
= () E(@nn (J(Six85))n () E(a)n € 0
acP el aceN
= () K )NEP°?D) N () E(a)y C 0
acP aeN
= K ) NEP°ID) C | E(a)n
aceP aeN

This proves the result.
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“=" direction: this direction is rather obvious since if a type is empty, then so is every

instance of it. In particular, suppose there exists an assignment n such that

() E(o5(@))nNE(arxaz)n € | E(oz (a)n

acP

aceN

does not hold. Then, for this assignment 1 we have

[ &

acP

and a fortiori

oq(@))nn(

041><C¥2 SZ U

aceN

() E(ox(@))n N (E(arxaz)nUn(e) € | E(

acP
That is,

aceN

S(Nanan N\ —a)n#0

acP aeN

Since [ ] is a model, then

O'X(/\ alal /\ —a)n#0
acP aeN
Let ' = n @ {[(a1xaz)Valn/y}. Applying Lemma 4.3.6, we have

[[/\ ahal /\ —aln’ #0

acP aceN
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Then we have

[E(/\ alal /\ —a)n #

acP acN
That is,
() E@)’ N (7' (a) nEP*D) C | E(a)y’
acP acN
does not hold, which contradicts the hypothesis. O

The case for u = fun is trickier because 1 — 0 is contained in every arrow type,
and therefore sets of arrows that do not contain it must be explicitly checked. If,
analogously to u = prod, we used just {(c1—a2)V o/}, then we were considering only
instances of « that contain 1 — 0, as every possible instance of vy — «g contains it.
Therefore if we just check this family of substitutions the subtypes of 0 — 1 that do
not contain 1 — 0 would never be assigned to a by the algorithm and, thus, never
checked. To obviate this problem {((a1—az2)\ (1 = 0)) V o4} must be checked, as well.

Lemma 4.3.8. Let (D, _]) be a well-founded model, P, N two finite subsets of fyn
and o an arbitrary type variable. Then

Vne2(D)Y. ﬂ E(a)n N (n(a) NEYD) C U E(a)n <

acP acN
Ve 2(D)Y. () E(o, (@) NE(m—az)n C | J E(o; (a))n  and
acP aeN
vne2(D)Y. () E(oz (@))n NE((a1—a2) \ (1 = 0)n € [ E(o7 (a))n
acP acN

where o) (a) = a{(a1—=a2) Vo), 07 (a) = a{((ta—=a2) \ (1 = 0)) Vo)), and a;, as
are fresh variables.

Proof. “<” direction: suppose that there exists an assignment 7 such that

() E(a)nn (E(a)nnE""D) C | E(a)y
acP acN

does not hold. Then for this assignment, there exists at least an element d such that

de ([ Eayn\ | E(a)n) N (E(a)nNE*"D)

aceP aeN

If one of these elements d is such that d € E(1 — 0)n, then |N| = 0: indeed since 1—0
is contained in every arrow type, then subtracting any arrow type (i.e., |[N| > 0) would
remove all the elements of 1—0. Clearly, we have

de ({1 E(eg (@)n\ |J E(0x (@)n) NE(ar = az)n

acP aeN

Indeed since |N| = 0 the set above is an intersection of arrow types, and since they all
contain 1—0, they all contain d as well. This contradicts the premise, therefore, the
result follows.
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Otherwise, assume that [N| > 0 and therefore d ¢ E(1 — 0)n. Since d € ((N,cp E(a)n\
Uacwn E(a)n) then we have

() E@)n ¢ | E@)n.
acP acN

Let 11 be an assignment defined as n; = 7 @® {P/a;,Yay,}. Then, we have E(a; —
ag)n = E(1 — 0)n1. Therefore:

E(o (a)m = (E(ar — ag)m \E(T — 0)m1) Uni(a) (by definition of E(_))
=m(a) (by definition of ;)

We thus apply Lemma 4.3.5 and for any a € P U N, we deduce that E(o(a))m =
E(a)m = E(a)n. From this, we infer that

() E(ox (@))m ¢ | E(o7 (a))m

acP aeN

By an application of Lemma 2.1.9, we have

los (t(l) \ \/tlatgeP' t1)]m # 0
vt? - t9 € N.3P' C P.<{ and

P, =P or [[U;(/\tl—anGP\P’ t2 \ tg)]]nl 75 @

Thus there exist at least an element in [o57 (8] \ \/;, _y,ep t1)]m and, if P # P,
an element in [0 (A, Lp,ep\pr b2\ t9)]n1. The next step is to build a new assign-
ment 7’ such that [0 (9 \ V,,_sep t1 V 1) contains an element and, if P # P,
loa (A, stseprpr t2 A az) \ t9)]n’ contains an element.

To do so we invoke the procedure explore pos defined in the proof of Lemma 4.6.5/ (this
procedure was defined for the proof of that lemma, and it returns also the elements that
inhabit the types, which are here useless. We do not repeat its definition here). Let
VS = Ugepun var(a) U {a1,az}. For each 8 € V.S, we construct a finite set sg which
is initialized as an empty set and appended some elements during the processing of ex-
plore_pos. Thanks to the infinite support, to build an element in o (9 Vi, Stpep t1V
1) is similar to build an element in " (t9 \ V¢, Sse,epr t1) (it has been proved that such
an element exists). And to build an element in o5’ ((Ay, yt,ep\prt2 A @2) \ t9), is to
build an element in o3 (A, _y,ep\pr t2 \ t9) first and then append this element to s, .
In the end, we define a new (finite) assignment as 7' = {ss/3,...} for 5 € V.S. (If any
type contains infinite product types it is also possible to construct such an assignment
by Lemma 4.6.6). Therefore, under the assignment 7', we get

((Tom (N (Vy ppep tr Var)) ' # 0
and

P'=Por [07 (Aiystsep\pr t2) \ 89)I0' # 0
vt) -3 € N3P C P.{ or

[o5 (9 \ Vi, Staep t)n #0

and
[[O-;é((/\tlﬁtgeP\P’ ta Aag) \ 1) # 0




62 CHAPTER 4. FORMAL DEVELOPMENT

By an application of Lemma 2.1.9| again, we conclude that

() E(o; (a)n' NE(ar — a2)n’ € | E(oy (@)

acP aceN

Since |N| > 0, then E(1—0)7n is contained in |J,cn E(0y (@))n’. Thus removing it
from the the left hand side does not change the result, which allows us to conclude
that:

() B0z (@) NE((a1 = a2) \ (1 —= 0)y' € | E(o7 (@)

acP aceN

which again contradicts the hypothesis. Therefore the result follows as well.

“=" direction: similar to the “=" direction in the proof of Lemma |4.3.7. 0

It is necessary to check the substitution {((a1 = a2)\ (L = 0)) V o/} for the sound-
ness of the algorithm. To see it consider the following relation (this example is due
to Nils Gesbert): (o — 8) Aa) < ((1 — 0) — B). If the check above were not
performed, then the algorithm would return that the relation holds, while it does not.
In order to see that it does not hold, consider a type t; = (1 — 0) Ay, where 7 is some
variable. Clearly, there exists an assignment 7y such that [¢1]no is nonempty. Let n
be another assignment defined as n = ng @ {[~t1]m0/n, ¥/3}. Next, consider a function
f € (e = B)A(-a — 1)]n, that is, a function that diverges (since [S]n = 0) on
values in [afn (i.e., [-t1]n). Take f so that it converges on the values in [-a]n (i.e.,
[t1]n). This implies that that f & [-a]n: indeed, assume f € [-a]n, that is f € [t1]no,
then f € [L — 0]n and, thus, f would diverge on all values: contradiction (note that
[t1]mo # 0). Therefore f € [afn, and then f € [(o — B) Aa]n. Instead, by construction
f does not diverge on [t1]no, which is a nonempty subset of [1 — O]ny. Therefore
7 ¢ 0) - Bln.

If we remove the check of {((c1 — a2) \ (1 — 0)) V o} from the algorithm, then the
answer of the algorithm would be positive for the relation above since it would just
check that all the following four relations hold:

1-50<0orBAas<p (1)
1—-0<(afltn =) Vapt)oras<pg (2)
1-50<ajorB<p (3)

(4)

1—0<aV(aflar = a2) Va})

where aj, s are two fresh variables. Clearly, these four relations hold if (a superset
of) [1 — 0] is assigned to a (see the substitution {(a1 = a2) V o/, }). However, if there
exists a nonempty set s C [1 — O]n which is not assigned to « (e.g., the non-empty set
[t1i]no defined before), then we should substitute for the occurrences of « that are not
at top-level by ((a; — a2) \ (T — 0) Av)) V a rather than by (aqy — a2) V . Thus
Case (2) and Case (4) would not hold, and so does not the whole example. Therefore,
we need to consider the case that a nonempty subset of [1 — 0] is not assigned to «,
namely a strict subset of [1 — 0] is assigned to .

Since the interpretation [1 — 0] is infinite, there are infinitely many strict subsets to
be considered. Assume there exists a strict subset of [1 — 0] that is assigned to «, and
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there exists an occurrence of o not at top level such that once it moves up to the top level
it occurs in the subtyping relation of the form in Lemma 4.3.8 (otherwise n(a) NE"D
would be straightforwardly ignored). Since 1 — 0 is contained in every arrow type,
then either the strict subset of [1 — 0] can be ignored if the occurrence is positive, or
the subtyping relation does not hold if the occurrence is negative (see Case (2) above).
Note that what the strict subset actually is does not matter. Therefore, we just take
the empty set into consideration, that is the case of {((a1 = a2) \ (1 = 0)) V o5 }. Thus,
only two cases — whether [1 — 0] is assigned to a or not — are enough for Lemma
4.3.8.

As an aside notice that both lemmas above would not hold if the variable « in their
statements occurred negated at toplevel, whence the necessity of Step 4.

Finally, Step 6 is justified by the two following lemmas in whose proofs the hypoth-
esis of convexity plays a crucial role:

Lemma 4.3.9. Let (D,[ ) be a convex set-theoretic interpretation and P, N two finite
subsets of prod. Then:

vn. m [E(tl X t2)77 C U [E(tl X t2)77 <~

t1 Xto€EP t1 XtoEN

Vn-[[/\tl XtoEP tl N /\tl Xto €N’ ﬁ1(:1]]77 = @
YN'CN.X{ or

V/rl-[[/\tl XtoEP t2 AN AthtQEN\N/ —|t2]]1” = @
(with the convention (\,cq E(a)n = EProdD ).

Proof. The Lemma above is a straightforward application of the convexity property
and of Lemma 2.1.8. In particular thanks to the latter it is possible to deduce the
following equivalence

Vn. ﬂ [E(tl X tQ)’I’] - U [E(tl X tQ)T] <~
t1 XtoeP t1 XtoEN

H/\tl Xto€EP tl A /\tl XtoEN' _‘tl]]'l'] = @
VnYN'C N . ¢ or

[[/\tl xtaeP 12 /\ /\t1 Xta€N\N' ~ta]n =10

The result is a straightforward application of the convexity property. O

Lemma 4.3.10. Let (D,[_]) be a convex set-theoretic interpretation and P, N be two
finite subsets of <. Then:

vn. ﬂ E(t—s)n C U E(t—s)n <—

t—seP t—seN
V. [to \ (Vissep )In =10
or
J(to—s0)EN .VP'CP. P#P
and
Y[\ sepypr 8) \ solln =0
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(with the convention (,cq E(a)n = E'"D)

Proof. Similar to previous lemma, the proof can be obtained by a straightforward
application of Lemma 2.1.9 and the convexity property. O

4.4 Algorithm

The formalization of the subtyping algorithm is done via the notion of simulation that
we borrow from [FCBOS] and extend to account for type variables and type instantia-
tion. First, it is used to define the set of instances of a type.

Definition 4.4.1 (Instances). Given a typet € T, we define [t]~, the set of instances
of t as:
e E{s|Jo: V> T . toc=s}

Definition 4.4.2 (Simulation). Let . be an arbitrary set of normal forms. We
define another set of normal forms E.% as

{7 | Vs€[r]~. VuelU.Y(P, N)ednf(s). (PCe, = CENNuy)
where:

chy ¥ NBwc |J BE

beP be NNHyasic

. dnf(/\tlxtgeP t1 A\ /\thtQEN/ ﬁ751) c.Y
CEN YN EN. L or

prod —
dnf(/\t1 xto€EP t2 A /\t1 theN\N'ﬁt2) S
dnf(to A N\y—ysepr t) €
or
CihN(izefﬂtO%soEN.VP’gP. P+£P
and
dnf((—sg) A /\t—>seP\P/ 5) €.

We say that . is a simulation if:
S CLRY

The notion of simulation is at the basis of our subtyping algorithm. The intuition
of the simulation is that if we consider the statements of Lemmas 4.3.9 and 4.3.10/ as
if they were rewriting rules (from right to left), then E.¥ contains all the types that
we can deduce to be empty in one step reduction when we suppose that the types in
< are empty. A simulation is thus a set that is already saturated with respect to
such a rewriting. In particular, if we consider the statements of Lemmas |4.3.9 and
4.3.10 as inference rules for determining when a type is equal to 0, then E.% is the
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set of immediate consequences of ., and a simulation is a self-justifying set, that is a
co-inductive proof of the fact that all its elements are equal to 0.

In what follows we show that simulations soundly and completely characterize the
set of empty types of a convex well-founded model. More precisely, we show that every
type in a simulation is empty (soundness) and that the set of all empty types is a
simulation (completeness), actually, the largest simulation.

Lemma 4.4.3. Let[ | : T — P(D)V — P (D) be a set-theoretic interpretation and t
a type. If¥n € P(D)Y . [tln =0, thenVo : V — T .¥n € P(D)V . [to]n =0

Proof. Suppose there exists o : V — T and n € Z2(D)Y such that [to]n # 0. Then we
consider the semantic assignment 7’ such that

Va € var(t) . n'(a) = [o(a)]n

Applying Lemma 4.3.6, we have [t|n’ = [to]n # 0, which contradicts that Vn €
P (D)Y . [t]n = 0. Therefore, the result follows. O

Lemma 4.4.3 shows that the containment on the right hand side of equation (3.1)
in Section 3.1 is a necessary condition, here reformulated as the fact that if a type is
empty, then all its syntactic instances are empty. In particular if a type is empty we
can rename all its type variables without changing any property. So when working
with empty types or, equivalently, with subtyping relations, types can be considered
equivalent modulo a-renaming (i.e., the renaming of type variables).

The first result we prove is that every simulation contains only empty types.

Theorem 4.4.4 (Soundness). Let [ | : T — 2(D)Y — P(D) be a conver well-
founded model and .7 a simulation. Then for all T € .7, we have ¥n € 2(D)V . [r]n =
0

Proof. Consider a type 7 € .. Then ¥y € 2(D)Y . [r]n = 0 holds, if and only if
vd e D.Vnpe 2(D)Y .d¢|[rn

Let us take d € D and n € Z2(D)Y. Since the interpretation is structural we can prove
this property by induction on the structure of d. Since . is a simulation, we also have
T € .7, that is:

Vs€[r]~ . Yuel .Y(P, N)ednf(s) . (PCd, = CENOFuy (4.5)

where the conditions Cf "N are the same as those in Definition 4.4.2. The result then
will follow from proving a statement stronger than the one of the lemma, that is, if
7€E.7, then VdeD.¥ne 2 (D)Y.d ¢ [r]n. Or, equivalently:
Vs € [T]x.Yu € U .V(P,N) € dnf(s).
(PCety = CPN) > d ¢ (laln\ Jlaln (49

acP aeN

Let us take s € [T]~, (P, N) € dnf(s) and u be the kind of d. Let us consider the possible
cases for an atom a € P. Consider first a ¢ V: if a € & \ 7, then clearly d ¢ [a]n.
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If a € V then we know (by Lemma 4.3.4] if u = basic, Lemma 4.3.7 if u = prod, and
Lemma 4.3.8 if w = fun) that (4.6) holds if and only if it holds for another s’ € [7]~
and (P’, N') € dnf(s’) in which the variable a ¢ P’. As a consequence, if we can prove
the result holds when P C 47,, then (4.6) holds.

So assume that P C «7,. Applying (4.5), we obtain that CPNOS olds. Tt remains
to prove that:

d¢ (laln\ | laln
acP acN

. . P,NNhasic :
u = basic,d = c. The condition C,_; " is:

e 2(D)Y. (BB S |J B®)

beP be NNhasic

As a consequence, we get:

d¢ (laln\ |J Ilaly

acP a€NNhasic

and a fortiori:

d¢ laln\( U lalnu U laln

acP a€ NNApasic aGN\Mbasic

which yields the result.
u = prod, d = (d1,dz). The condition oo g

dnf(/\tl XtoEP tl N /\t1 Xto€N’ _‘tl) € ‘5/
VN' C NN Pproq - { OF

dnf(/\tl XtoEP t2 A /\t1 xta€N\N’ ﬁ252) €S

For each N’, we apply the induction hypothesis to d; and to dy. We get:

d1¢[[ /\ t1 A /\ —|t1]]77 or d2¢ﬂ /\ to A /\ —|t2]]?7

t1XtoEP  t1Xto€eN' t1 Xt €P thtQEN\N’

That is:

d¢ () [aln \ U Tl x(() [tln \ U [Tt

t1 Xt €EP t1 Xto €N’ t1 Xto€EP t1 thEN\N’
Since to [t1]nx[t2]n = [t1xt2]n, then we get:

d¢ (Nlaln\ |J [laln

acP AENNyod

and a fortiori:

d¢ (laln\ | laln

acP aeN

u=fun,d = {(d1,d}),...,(dn,d,)}. The condition OPNOS siates that there exists
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to — so € N such that, for all P" C P

P £P
dnf(toA \ ~t) €S or { and
t—seP’ dnf((—\S()) A /\tasEP\P/ 8) €

Applying the induction hypothesis to the d; and d (note that if d; = Q, then d; ¢ []n
is trivial for all 7):

P+ P
di ¢ [ton J\ —tlnorS and
frsel d; & [(=50) A Nesssepypr 80

Assume that Vi . (d; € [to]n = d} € [so]n). Then we have d € [to — soln.
Otherwise, let us consider i such that d; € [to]n and d; ¢ [so]n. The formula above
gives for any P’ C P:

(die [J I or (P'# P)yand (d;e{Qbu | [-sln)

t—scP’ t—seP\P’

Let’s take P' = {t — s € P | d; ¢ [t]n}. We have d; ¢ J,_,,cp/[t]n, and thus P’ # P
and dj € {Q}UU; e p\ pr[ 78] We can thus find ¢ — s € P\ P’ such that d; ¢ [s]n,and
because t — s ¢ P’, we also have d; € [[t]n. We have thus proved that d ¢ [t — s]n for
somet — s € P.

In both cases, we get:

d¢ (laln\ |J laln

acP aeNNfyn

and a fortiori

d¢ (laln\ | laln
acP aceN 0

Completeness derives straightforwardly from the construction of simulation and the
lemmas we proved about it.

Theorem 4.4.5. Let [ [ : T — P(D)YV — P (D) be a conver set-theoretic interpreta-
tion. We define a set of normal forms . by:

S L | Vpe 2(D)Y . [r]n = 0}

Then:
ES = {r|Vne 2(D) . E(r)n =0}

Proof. Immediate consequence of Lemmas |4.3.9, 4.3.10| and 4.4.3. O

Corollary 4.4.6. Let[ | : T — 2(D)Y — 2(D) be a conver structural interpreta-
tion. Define as above & = {1 | Vn € 2(D)Y . E(r)n = 0}. If[_] is a model, then
s =L7.
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This corollary implies that the simulation that contains all the empty types is the
largest simulation®. In particular it entails the following corollary.

Corollary 4.4.7 (Completeness). Let[ [ : T — 2(D)¥ — P(D) be a conver well-
founded model and s and t two types. Then s<t if and only if there exists a simulation
& such that dnf(sA—t) € 7.

The corollary states that to check whether s<t we have to check whether there exists
a simulation that contains the normal form, denoted by 79, of sA—t. Thus a simple
subtyping algorithm consists in using Definition 4.4.2| as a set of saturation rules: we
start from the set containing just 79 and try to saturate it. At each step of saturation
we add just the normal forms in which we eliminated top-level variables according to
Lemmas 4.3.3], 4.3.4, 4.3.7, and |4.3.8. Because of the presence of “or” in the definition,
the algorithm follows different branches until it reaches a simulation (in which case it
stops with success) or it adds a non-empty type (in which case the whole branch is
abandoned).

All results we stated so far have never used the regularity of types. The theory holds
also for non regular types and the algorithm described above is a sound and complete
procedure to check their inclusion. The only result that needs regularity is decidability.

4.5 Decidability

The subtyping relation on polymorphic regular types is decidable in EXPTIME.? We
prove decidability but the result on complexity is due to Gesbert et al. [GGLII] who
gave a linear encoding of the relation presented here in their variant of the u-calculus,
for which they have an EXPTIME solver [GLS0T], thus obtaining a subtyping decision
algorithm that is EXPTIME (in doing so they also spotted a subtle error in the original
definition of our subtyping algorithm). This is also a lower bound for the complexity
since the subtyping problem for ground regular types (without arrows) is known to be
EXPTIME-complete.

To prove decidability we just prove that our algorithm terminates. The decision
algorithm for which we prove termination is essentially a dull implementation of the
one presented in Section 3.4: it tries to check the emptiness of some type by trying
to build a simulation containing it. It does so by decomposing the original problem
into subproblems and using them to saturate the set obtained up to that point. More
precisely, in order to check the emptiness of a type, the algorithm first normalizes it;
it simplifies mixed intersections; it eliminates toplevel negative occurrences of vari-
ables by applying the substitution {—8/,}; it eliminates toplevel positive occurrences of
variables by applying {(a1xXa2)Vas/y}, {(c1—az2) Vaz/y} or {((a1—a2) \ (1 = 0)) V asz/y}
substitutions (in the proof of termination we will not effectively apply these substitu-
tions but keep them symbolical); it eliminates the toplevel constructors by applying the

2Moreover, as shown in Section [4.6, the condition for a set-theoretic interpretation to be a model
depends only on the subtyping relation for ground types it induces.

3Strictly speaking we cannot speak of the subtyping relation in general, but just of the subtyping
relation induced by a particular model. Here we intend the subtyping relation for the model used in
the proof of Corollary 4.6.8, that is, of the universal model of [FCB0S] with a set of basic types whose
containment relation is decidable in EXPTIME. This coincides with the relation studied in [GGLIT].
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equations of Definition 4.4.2] as left-to-right rewriting rules; the last point yields a set
of different subproblems: the algorithm checks whether all the subproblems are solved
(i.e., it reached a simulation), otherwise it recurses on all of them. The implementation
we consider is “dull” insofar as it will explore all the subproblems to their end, even
in the case when an answer could already be given earlier. So for example to check
the emptiness of a disjunctive normal form, the algorithm will check the emptiness of
all types in the union, even though it could stop as soon as it had found a non-empty
type; similarly, to check the emptiness of t; X to the algorithm will check the emptiness
of t1 and of to, even though a positive results for, say, ¢; would make the check for to
useless. We do so because we want to prove that the algorithm is strongly normalizing,
that is, termination does not depend on the reduction strategy.

The proof of termination is conceptually simple and relies on a well known result
in combinatorics (Higman’s Lemma [High2]) to show that all the branches that do not
stop on a non-empty type will eventually stop because they will arrive on an instance
of a memoized term. It first requires two simple lemmas:

Lemma 4.5.1. Let[ | be a set-theoretic interpretation, E(_) its associated extensional
interpretation, and t,t' be two types. Then

Vn . E@t)n=0=Vn.EtAt)n=0.
Proof. Straightforward since E(t A t')n = E(t)n N E()n. O

Lemma 4.5.2. Let [ ] be a model, E( ) its associated extensional interpretation, and
t a type. Then
Vn . E{t)p=0=Vn.E({to)y=10

where @ = 01 ...0, for some n > 0 and o; denotes a substitution of the form {=B8/n},
{(041 XOZQ)\/O[g/a}’ {(a1—>a2) Vv ag/a} or {((a1—>a2) \ (1]. — (D)) V a3/a},

Proof. An application of Lemma |4.4.3| and by the condition of a model. 0
We can now directly prove termination.
Theorem 4.5.3. The algorithm terminates on all types.

Proof. Consider a generic type s. Let dnf(s) be a disjunctive normal form of s. Since
it is a union, dnf(s) is empty if and only if all its single normal forms are empty. Let
us just consider one of its single normal forms .

To check the emptiness of ¢, the algorithm first checks whether ¢ is memoized
(i.e., whether this type was already met modulo a-renaming during the check and is
therefore supposed to be empty), or ¢ is an instance of a type t' that is memoized (see
Lemma 4.5.2), or t from which some atom intersections are removed is an instance of
a memoized type (this step is correct by Lemma 4.5.1). If it is, then the algorithm
terminates, otherwise, it memoizes t.% Next if |tlv(t)| > 0, then the algorithm performs
the appropriate substitution(s) (see Lemmas 4.3.3, 4.3.7, and 4.3.8). Next according to

4If t happens to be nonempty, then in the real algorithm ¢ will be removed from the memoized set,
but this is just an optimization that reduces the number of required checks and does not affect the
final result.
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the decomposition rules (see Lemmas |4.3.9 and 4.3.10), the algorithm decomposes t into
several types which are the candidate types to be checked on the next iteration. Since
t is empty if and only if some of the candidate types (depending on the decomposition
rules) are empty, then the algorithm reiterates the process on them. This iteration
eventually stops. In order to prove it, consider the form of all types that can be met
during the checking of the emptiness of . For the sake of the proof we will consider
only the terms to which we applied the transformation of Lemma 4.3.3 (i.e., without
any toplevel negated variable). These are single normal forms (¢f. Definition 4.3.1),
that is, intersections of atoms. Now in any of these intersections we can distinguish two
parts: there is a part of the intersection that is formed just by type variables (these are
either the variables of the original type or some fresh variables that were introduced to
eliminate a toplevel variable), and a second part that intersects basic and/or product
and/or arrow types. If the check of memoization fails, then the first part of the type
formed by the intersection of variables is eliminated, and the appropriate substitution(s)
is (are) applied to the second part. Then the atoms in this second part to which the
substitution(s) is (are) applied are decomposed to form the next set of single normal
forms. It is then clear that the second part of all the candidate single normal forms
met by the algorithm are formed by chunks of the original type to which a succession
of substitutions of the same form as those used in Lemmas 4.3.3, 4.3.7, and [4.3.§] is
applied. So we can formally characterize all the single normal forms examined by the
algorithm when checking the emptiness of a (single normal form) type .

First, consider the original type t: for the sake of simplicity, in what follows we
just consider the case in which ¢ < 1 x 1 so as we just consider substitutions of the
form {(a1Xa2)Vas/y} (the proof for the other cases of substition {(c1—a2) V as/y}, and
{((cr—a2) \ (1 = 0)) V as/y} is exactly the same, only more cluttered with indexes).
Next consider the set of all subtrees of #: since ¢ is regular, then this set is finite.
Finally consider the set C of all Boolean combinations of terms of the previous sets
(actually, just single normal forms would suffice) union {1}: modulo normalization (or
modulo type semantics) there are only finitely many distinct combinations of a finite
set of types, therefore C is finite as well. It is clear from what we said before that all
the types that will be considered during the emptiness check for ¢ will be of the form

(EABIAAB){(edxad) vV ad/y, b {(ahxa2) Vb YAy AL A (4.7)

where ¢ € C, h,n,p > 0, o; € var(t') U {a},ajz,oz;ﬂl <j<i—1h {1 <i <
RYU{yll <i<p} C{al,a?, a1 <i<n}, {Bi]l <i<h}C{al <i<n}, and
{71 <i <p}n{a;l <i<n}=0. In a nutshell, ¢ is an intersection of possibly
negated products, the 5;’s are the type variables that will be affected by at least one
of the substitutions following them, and the ;’s are those that are not affected by any
substitution (note that: (i) the v;’s could be moved in the scope of the substitution,
but we prefer to keep them separated for the time being, and (i) all toplevel variables
are not negated since we consider that we already applied Lemma |4.3.3 to get rid of
possible negations).

Let us now follow one particular sequence of the check and imagine by contradiction
that this sequence is infinite. All the types in the sequence are of the form described in
(4.7). Since C is finite, then there exists a type t° € C occurring infinitely many times
in the sequence. Let s1 and so be two single normal forms in the sequence containing



4.5. DECIDABILITY 71

this particular ¢°, namely:

s1. = (t°ABLA . AB){(aixad) Valy }. {(anxan) Vi, YA A LAY,
so = (ABLA...AB){(eixad) Vai, b {lapxat) Val o YA AL A

Since we are checking the emptiness of these two types, then the types can be considered
modulo a-renaming of their variables. This justifies the fact that, without loss of
generality, in the two terms above we can consider the first min{n, m} substitutions,
the first min{h, k} p-variables and the first min{p, ¢} 7 variables to be the same in
both terms.

Let us consider again the infinite sequence of candidates that are formed by t° and
consider the three cardinalities of the § variables, of the substitutions, and of the ~
variables, respectively. Since N3 with a point-wise order is a well-quasi-order, we can
apply Higman’s Lemma to this sequence and deduce that in the sequence there
occur two types as the s; and so above such that s; occurs before so and h < k, n < m,
and p < gq. .

Let us write o7 for the substitution

{(alx0?) V 0o .. {(ax02) V i )

with ¢ < j. We have that sq is equal to
(E°ABIA-ABRA- ABR)TT AL A A A

We exit the rightmost 3’s by duplicating the of* substitutions, yielding:

(to/\ﬁl/\.../\ﬁh)0’7171/\71/\.../\vp/\.../\’yq/\(,é’thl/\.../\Bk)a{n

since the +’s are independent from the a’s we can move the p leftmost ones inside a
part of the substitutions obtaining

((ECABINABR)TT AV AY) Tt AYptd A AYgAN (B 1 Ao ABE ) o
which by definition of s; is equal to
51074 1 AYp1 Ao ANYgA (B A ABy ) o1
In conclusion sy has the following form:
52 = 810, 1 A1 A AYgABp+ 107 A ABo

therefore it is an intersection a part of which is an instance of the (memoized) type s;.
Therefore the algorithm (and thus the sequence) should have stopped on the check of
s9, which contradicts the hypothesis that the sequence is infinite. ]

In order to understand how the algorithm actually terminates on empty infinite
types, consider for instance the following type:

a(axz)A-(axy)
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where 2 = (a A (a x )) V nil and y = (o x y) V nil. First, the algorithm memoizes it.
By an application of Lemma 4.3.7, the algorithm performs the substitution yielding

(a1 X ag) A (((a1 X ) V az) x ) A=(((ap X ag) V az) X y).

Following Lemma 4.3.9, the algorithm checks the candidate types as follows:

a1 A ((ag x ag) Vag) =0 (1)
or
as Nz A—y =0 (2)
and
a1 A ((aq x a2) Vag) AN =((a1 xag) Vasg) =0 (3)
or
(e Az =0 (4)

Type (1) is finite and nonempty, and type (3) is finite and empty. It is not necessary to
check type (4) insofar as one of its expansions, aq A nil, is not empty. So the algorithm
terminates on type (4) as well. Considering type (2), it is neither memoized nor an
instance of a memoized type, so it is memoized as well. Then the algorithm unfolds it
and gets

ag A (a1 xag) Vas) A (((arxag) Vag) x x) A (((ar xa2) Vasg) X y)
The algorithm matches the unfolded type with the memoized ones. It is an instance of
ag ANaA(axz)A—(axy)

where the substitution is {((c1xa2) V a3)/,}. Although it is not memoized, it is deduced
to be empty from the memoized o A (o X ) A =(a X y) and Lemma 4.5.1.

4.6 Convex models

The last step of our formal development is to prove that there exists at least one
set-theoretical model that is convex. From a practical point of view this step is not
necessary since one can always take the work we did so far as a syntactic definition of
the subtyping relation. However, the mathematical support makes our theory general
and applicable to several different domains (e.g., Gesbert et al’s starting point and
early attempts relied on this result), so finding a model is not done just for the sake
of the theory. As it turns out, there actually exist a lot of convex models since every
model for ground types with infinite denotations is convex. So to define a convex model
it just suffices to take any model defined in [FCBOS8] and straightforwardly modify the
interpretation of basic and singleton types (more generally, of all indivisible types®) so
they have infinite denotations.

5Our system has a very peculiar indivisible type: 1—0, the type of the functions that diverge on all
arguments. This can be handled by adding a fixed infinite set of fresh elements of the domain to the
interpretation of every arrow type (cf. the proof of Corollary 4.6.8).
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Definition 4.6.1 (Infinite support). A model (D, _]) is with infinite support if for
every ground type t and assignment n, if [t]n # 0, then [t]n is an infinite set.

What we want to prove then is the following theorem.
Theorem 4.6.2. FEvery well-founded model with infinite support is convex.

The proof of this theorem is quite technical—it is the proof that required us most
effort—and proceeds in three logical steps. First, we prove that the theorem holds
when all types at issue do not contain any product or arrow type. In other words,
we prove that equation (3.5) holds for [ ] with infinite support and where all ¢;’s are
Boolean combinations of type variables and basic types. This is the key step in which
we use the hypothesis of infinite support, since in the proof—done by contradiction—
we need to pick an unbounded number of elements from our basic types in order to
build a counterexample that proves the result. Second, we extend the previous proof
to any type t; that contains finitely many applications of the product constructor. In
other terms, we prove the result for any (possibly infinite) type, provided that recursion
traverses just arrow types, but not product types. As in the first case, the proof builds
some particular elements of the domain. In the presence of type constructors the
elements are built inductively. This is possible since products are not recursive, while
for arrows it is always possible to pick a fresh appropriate element that resides in that
arrow since every arrow type contains the (indivisible) closed type 1 — 0. Third, and
last, we use the previous result and the well-foundedness of the model to show that the
result holds for all types, that is, also for types in which recursion traverses a product
type. More precisely, we prove that if we assume that the result does not hold for
some infinite product type then it is possible to build a finite product type (actually, a
finite expansion of the infinite type) that disproves equation (3.5), contradicting what
is stated in our second step. Well-foundedness of the model allows us to build this finite
type by induction on the elements denoted by the infinite one.

Although the proof of Theorem 4.6.2| that follows is quite technical, its essence can
be grasped by considering the case of propositional logic t ==« |tV it |[tAt | -t | 0|1,
where o’s are then propositional variables (the construction works also in the presence
of basic types). It is relatively easy to prove by contrapositive that if all propositions
(i.e., types) are interpreted into infinite sets, then for all n > 2

vn . ([t1]n=0) or ... or ([tn]n=0) = (Vn.[t1Jn=0) or ... or (¥Vn.[tn]n=0)  (4.8)

holds. First, put all the ¢;’s in disjunctive normal form. Without loss of generality we
can consider that
t; = /\ a; N\ /\ mle? (PZﬂNz:@)
JjER; JEN;

since, if ¢; is a union, then by exiting the union from the interpretation we obtain a spe-
cial case of (4.8) with a larger n. Next, proceed by contrapositive: suppose Iy, ..., 7,
such that [[t;[n; # 0, then we can build 7 such that for all 4, [[¢;]7 # (0. The construction
of 77 is done by iterating on the t;’s, picking at each iteration a particular element d of
the domain and recording this choice in a set sy so as to ensure that at each iteration
a different d is chosen. The construction of 7 is performed as follows:
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Start with so = () and for ¢ = 1..n:
- choose d € ([1]n; \ so) (which is possible since [1]n; is infinite and sq is finite)
- add d to so (to record that we used it) and to 7(c;) for all j € P;.

Notice that at each step i of the loop we construct 77 such that [¢;]7 # 0 (since it contains
the d selected in the i-th cycle) without disrupting the interpretation of the preceding
loops. This is possible since a fresh element d of the domain (an element not in sgp)
is used at each loop: the hypothesis that denotations are infinite ensures that a fresh
element always exists. The construction in the proof also shows that in order to satisfy
equation (4.8) for a given n every denotation of a non-empty type must contain at least
n distinct elements (see also Theorem [4.6.9).

The technical proof proceeds as follows.

Definition 4.6.3 (Positive and negative occurrences). Let t € T and t' be a tree
that occurs in t. An occurrence of t' in t is a negative occurrence of t if on the path
going from the root of the occurrence to the root of t there is an odd number of - nodes.
It is a positive occurrence otherwise.

For instance if ¢ = =(ax—f) then § is a positive occurrence of ¢ while o and ax—03
are negative ones. Similarly no occurrence in a« — [ is negative (so the notion of
positive/negative concerns only negation and not co/contra-variant position).

Definition 4.6.4. We use T™ to denote the set of types with finite products, that is,
the set of all types in which every infinite branch contains a finite number of occurrences
of the x constructor.

The first two steps of our proof are proved simultaneously in the following lemma.

Lemma 4.6.5. Let (D, ]) be a well-founded model with infinite support, and t; € T
fori € [l.n]. Then

V. ([tiln=10) or ... or ([ta]n =0) <= (Vn . [ta]ln =0) or ... or (Vn . [tn]n = 0)

Proof. The < direction is trivial. For the other direction we proceed as follows. If at
most one type is not ground, then the result is trivial. If var(¢;) Nvar(t;) = 0 for any two
types t; and t;, that is, the sets of variables occurring in the types are pairwise disjoint,
then the result follows since there is no correlation between the different interpretations.
Assume that J;<; <, (var(t;) Nvar(t;)) # 0. For convenience, we write C'V for the
above set of common variables. Suppose by contradiction that

(Vi . [tiln=0) or ... or (¥ . [to]n = 0) (4.9)

does not hold. Then for each i € [1..n] there exists 7; such that [¢t;]n; # 0. If under
the hypothesis that (4.9) does not hold we can find another assignment 7’ such that
[tiln’ # O for every i € [1..n], then this contradicts the hypothesis of the lemma and
the result follows. We proceed by a case analysis on all possible combinations of the
t;’s: under the hypothesis of existence of 7; such that [¢;]n; # (), we show how to build
the " at issue.
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Case 1: Each t; is a single normal form, that is, t; € Z (& UV) x Z;(a/ UV). Recall
that we want to show that it is possible to construct an assignment of the common
variables such that all the ¢;’s have non empty denotation. To do that we build the
assignment for each variable step by step, by considering one ¢; at a time, and adding to
the interpretation of the common variables one element after one element. In order to
produce for a given type t; an assignment that does not interfere with the interpretation
defined for a different ¢;, we keep track in a set sq of the elements of the domain D we use
during the construction. Since we start with an empty sg and we add to it an element
at a time, then at each step sy will be finite and, thanks to the property of infinite
support, it will always be possible to choose some element of the domain that we need
to produce our assignment and that is not in sg. More precisely, we construct a set sg
such that soN[ti]n; # 0 for each i € [1..n] where ¢, is obtained from ¢; by eliminating the
top-level variables. Meanwhile, considering each Varlable a € e {(1,m} var(t;) (clearly
including C'V'), we also construct a set s, which is initialized as an empty set and that
at the end of this construction is used to define n'(«).

Subcase 1: dnf(t;) = A, b; /\/\ger —b? A Njers @ /\/\geJ4 —a?, where J;’s are finite
sets. The construction is as follows:
If 3d . d € [t;]mi Nd & sg, then set so = soU{d}. For each variable %1 with j € Js,
set s,1 = s 1 U{d}. If such a d does not exist, then ¢; is not ground, since [t;]n; C

J J
so and sg is finite. As dnf(t;) = A, bjl A Nies —|b? A Njer ajl A Nies, —|0<j2,
then either J; U Jy = ) and then we chose any element d’ such that d’ ¢ s, or
JiU Jy # 0 and [[/\3ng al A /\jeJ4 —'az]]m C s, then there exists an element d’
such that d' € [\, b; /\/\ger —b? i[ni and d’ ¢ so, since [\, b; /\/\jer —b? i
is non empty (because [t;]n; # 0) and infinite (since the type at issue is Closed
and [ ] is with infinite support). In both cases we set sop = sp U {d’}, and for
each variable o with j € J3, set 5,1 = s, 1U {d'}.
J

Subcase 2: dnf(t;) = A;c;, (tjl X t?) ANjes, ™ (t3 X t4) A /\jer al A Njea, —|a , where
Ji’s are finite sets. If |J;1] = |J2] = 0, then we are in the case of Subcase 1.
If |Ji| = 0 and |J2| # 0, then we can do the construction as Subcase 1 since
% C[Njes —\(t? X t?)]]m. Suppose then that |.J;| > 0: since we have

A @ xt)=(N\ tjx N\ )

jeJ1 JEN VIS

then without loss of generality we can assume that |J;| = 1, that is there is a
single toplevel non negated product type. So we are considering the specific case

for
dnf(t;) = () x ) A N\ aj A\ —a?
J€J3 J€Ja

What we do next is to build a particular element of the domain by exploring
(t} x t5) in a top-down way and stopping when we arrive to a basic type, or a
variable, or an arrow type. So even though (¢} x t}) may be infinite (since it may
contain an arrow type of infinite depth) the exploration will always terminate
(unions, negations, and products always are finite: in particular products are
finite because by hypothesis we are considering only types in 7'fp). It can then
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be defined recursively in terms of two mutually recursive explorations that return
different results according to whether the exploration step has already crossed
an even or an odd number of negations. So let t; be a type different from 0
and to a type different from 1, we define the explore pos(t1) and explore neg(t2)
procedures that, intuitively, explore the syntax tree for positive and negative
occurrences, respectively, and which are defined as follows:

explore pos(t) case t of:

1.

9.

t = t; X ta. Let d; be the result of explore pos(t;) (for i = 1,2): since ¢ is
not empty so must ¢; and ¢ be; we add both d; and ds to sy and return
d = (di,ds).

. t =1t1 — t9: we can choose any element d € 1 — 0 (whatever ¢; and ty are)

and return it.
t = 0: impossible.
t = 1: return any element d & sg.

. t = b: we can choose any element d such that d € [b]n; and d ¢ so and

return it.

t = a: we can choose any element d ¢ sg, set so = sq U {d} and return d.

t = t1 V te: one of the two types is not empty. If it is ¢;, then call
explore pos(t1). It yields di ¢ sp and we return it. Otherwise we call
explore pos(t2) and return its result.

. t = t1 A to, then put it in disjunctive normal form. Since it is not empty,

then one of its single normal forms must be non empty, as well: repeat for
this non empty single normal form the construction of the corresponding
subcase in this proof and return the d constructed by it.

t = —t’, then we call explore neg(t') add its result to sy and return it.

explore neg(t), case t of:

1.

S Ot N

=~

9.

t = t1 X tg: we can choose any element d € ¢ and d ¢ sy and return it.

t =t; — to: we can choose any element d € ¢ and d ¢ sp and return it.

t = 0: return any element d ¢ so.

t = 1: impossible.

t = b: we can choose any element d ¢ [b]n; and d ¢ s and return it.

t = a: we can choose any element d ¢ sy (which clearly implies that d ¢ s,),
and return it.

t = (t1 V ta): call explore pos(—t; A —ta) and return it.

. t = (t1At2): since this intersection is not 1 then one of the two types is not 1.

If it is ¢; then call explore neg(t1) and return it else return explore neg(ts).
t = —t’, then we call explore pos(#') and return it.

Let d = explore pos(t] x t5). Since [t} x t4]n; # 0, then the call is well defined.
Then set sy = so U {d} and Sal = 5o1 U {d} for all j € Js.

Finally there is the case in which also |J2| > 0, that is, there exists at least one
toplevel negative product type. Since we have

(tl X tg) A —|(t3 X t4) = (tl\tg X tz) V (tl X t2\t4)
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then we can do the construction as above either for (¢; \ t3 X t2) or (t1 X ta \ t4):
multiple negative product types are treated in the same way.
. N — 1 2 3 4 1 2
Subcase 3: dnf(t;)) = Ajc;, (t; = t5) A Njes, 7 = ) A Njes, @5 AN Njes, 05
where J;’s are finite sets. If |J;| = |J2| = 0, then we are in the case of Subcase
1. If | /1] = 0 and |Ja] # 0, then we can do the construction as Subcase 1 since
% C[Njes —|(t§-’ — t?)]]m. Therefore let us suppose that |.J;| # 0. The remaining
two cases, that is, |Jo| = 0 and |J2| # 0, deserve to be treated separately:

|Jo| = 0: In this case we have at toplevel an intersection of arrows and no negated
arrow. Notice that for all j € J; we have 1—0 < t}%t?, therefore we deduce
that 1—0 < A,cj, (tjl — t?) Since 1—0 is a closed type (actually, an
indivisible one) and [ ] is with infinite support, then the denotation of 1—0
contains infinitely many elements. Since sg is finite, then it is possible to
choose a d in the denotation of 1—0 such that d &€ sg. Once we have chosen
such a d, we proceed as before, namely, we set s9 = so U {d} and similarly
add d to s, for every variable o occurring positively at the top-level of t;
(i.e., for all ajl with j € J3).

|J2| # 0: This case cannot be solved as for |Ja| = 0, insofar as we can no longer
find a closed type that is contained in /\;c (tjl — th) A Nies, ﬂ(tgf — t?):
since we have at least one negated arrow type, then 1 — 0 is no longer
contained in the intersection. The only solution is then to build a particular
element in this intersection in the same way we did for product types in
Subcase 2. Unfortunately, contrary to the case of product types, we cannot
work directly on the interpretation function [ ] since we do not know its
definition on arrow types. However, since we are in a model, we know
its behavior with respect to its associated extensional interpretation Epy,
namely, that for every assignment n and type t it holds [tJn = 0 <=
E(t)n = (0. Since we supposed that there exist n assignments 7; such that
[tilni # O (for i € [1..n]), then the model condition implies that for these
same assignments E(t;)n; # 0. If from this we can prove that there exists
an assignment 7’ such that for all ¢ € [1..n], E(t;)n’ # 0, then by the model
condition again we can deduce that for all i € [1..n], [t;]n" # 0, that is our
thesis.”
Consider A;c, (t; — t?) ANjer, ﬂ(t? — t?). By hypothesis we have

ECA (&) =) A N\~ — t5)m # 0.
Jje€N JEJ2
By definition of E this is equivalent to

() @51 — [5Im) 0 () = (0651 — [t5Tme) # 0,

JjeN j€J2

5As an aside, notice we could have used this technique also in other cases and by the very definition
of E the proof would not have changed (apart from an initial reference to E at the beginning of each
subcase as the one preceding this footnote). Actually, strictly speaking, we already silently used this
technique in the case of products since the hypothesis of well-foundedness of model does not state that
[t1 % t2]n is equal to [t1]n X [t2]n (an assumption we implicitly did all the proof long) but just that
induces the same subtyping relation as a model in which that equality holds. We preferred not to
further complicate the presentation of that case.
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or equivalently,

() 2 < [ 0 () ~2 {0 x [Em) # 0

je€N JjE€J2

We want to construct an assignment 1’ and a set of pairs such that this set
of pairs is included in the intersection above. We then use this set of pairs to
define our assignment 7’. According to Lemma 2.1.9, the intersection above
is not empty if and only if

ﬂt?z \ \/j1€J’ til]]nz 7é @ if Jl =J
Vjo € Ja . 37’ CJi. [[t?g \leejl t]ll]]m 75 0
and otherwise

INj e tj21 \t?é]]??z‘ ]

Therefore, consider each jo € Jo and let J72 denote a subset J' C J; for
which the property above holds. Then we proceed as we did in the Subcase
2 and use explore pos to build two elements djl-2 and d?Q. More precisely, if
J72 #£ J; then we set

{dl = explore pos(t? 2 \leeJJQ t1)
2
d3, = explore_pos(/\; ¢\ iz % \tj2)

Otherwise (i.e., J72 = J;), we set

{d}Q = explore_pos(ti \ \/j1€v]1 t;l)
o 4
. = exlore_pos( 1) o1

We add d12,d§2, and (d12,d§2) to sg. Now consider the various pairs of

the form (d]12,d§2) for jo» € Ja. Since we chose d1 Z [V erm jll]]m, then

(d]12, 32) [[t1 — t2]] for all j € Ji, and therefore 1t belongs to the intersec-
tion (¢, [[t1 — 2 ]]17Z Furthermore, by construction each (dlz, J2) 4 [[t —
t4 ,Ini. Therefore the set of pairs {(d}

looklng for: we add {(d}

2 @2)) | j2 € Jo} is the element we were

27 Jg) | jo € Ja} to sp and to each s, 1 for j € Js.

Subcase 4: The previous subcases cover all the cases in which all the literals

of the single normal form at issue are on the same constructor (all basic or
product or arrow types). So the only remaining subcase is the one in which
there are literals with different constructors. This is quite straightforward
because it is always possible to reduce the problem to one of the previous
cases. More precisely
1. The case in which there are two positive literals with different construc-
tors is impossible since the type would be empty (e.g., the intersection
of a basic and a product type is always empty), contradicting our hy-
pothesis.
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2. Suppose t; contains some positive literals all on the same constructor.
Then we can erase all the negative literals with a different constructor
since they contain all the positive ones, thus reducing the problem to
one of the previous subcases.

3. Suppose that ¢; contains no positive literal on any constructor, that is
it is formed only by negated literals on some constructors. Since the
type is not empty, then either the union of all negated basic types does
not cover %, or the union of all negated product types does not cover
1 x 1, or the union of all negated arrow types does not cover 0 — 1.
In the first case take as d any element of ¥ that is neither in sy nor
in the union of all negated basic types. In the second case, keep just
the negated product types, intersect them with 1 x 1 and proceed as in
Subcase 2. In the third case keep just the negated arrow types, intersect
them with 0 — 1 and proceed as in Subcase 3.

At the end of this construction we define a new semantic assignment 1’ as follows
n'" = {Sofa,...} for & € Useqy, ny var(ti). By construction of i we have [t;]n # 0 for
each i € [1..n], which contradicts the premise.

Case 2: There exists i € {1,...,n} such that t; =t} V...Vt while all other ¢;’s are
single normal forms (for all j # ).
Form Definition [4.2.2, we have

[tiln =0 <= ([t;]n = 0) and ... and ([;"]n = 0)
Since
Ve (D) . ([tin="0) or ... or ([t:ln =0) or ... or ([t]n = 0)
Then consider each ¢/, we have
¥pe 2(D)Y . ([ta]n =0) or ... or ([ =10) or ... or ([ta]n = 0)
By Case 1, we have

(vne 2(D)Y . [ti]n="0) or ... or (Vne 2(D)V . [t!]n=0)
or ... or (Vne 2D . [tu]n = 0)

If there exists one type t; such that ¥n € Z(D)Y . [ti]n = 0 holds, where k €
{1,...,n}\ {i}, then the result follows. Otherwise, we have

(Yn e 2(D)Y .
—=Vne Z2(D)Y . (
—=Vne Z2(D)Y .|

[t]n=0) and ... and (Vn € 2(D)V . [t"]n = 0)
[tln = 0) and ... and ([£7"]n = 0)
tiln="0

Therefore the result follows.
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Other cases: If no t; matches the first two cases, then we proceed similarly to Case
2. We decompose one of the types, say, t1, then by Case 2 either one of the other types
is empty, or all the decompositions of t; are empty, then ¢; is empty. O

Finally, it just remains to prove Theorem 4.6.2, that is to say, that Lemma 4.6.5
above holds also for ¢;’s with recursive products. This result requires the following
preliminary lemma.

Lemma 4.6.6. Let [ ] be a well-founded model with infinite support and t a type
(which may thus contain infinite product types). If there exists an element d and an
assignment 7j such that d € [t]7, then there exists a type t® € T® such that d € [tP]7
and for all assignment 1 if [t]n = 0, then [t®]n = 0.

Proof. Since the model is well founded, then by Definition 4.2.8] we can use a well-
founded preorder » on the elements d of the domain D. Furthermore, since our types
are regular, then there are just finitely many distinct subtrees of ¢ that are product
types. So we proceed by induction on » and the number n of distinct subtrees of ¢ of
the form t; x to that do not belong to 7. If n = 0, then ¢ already belongs to 7.
Suppose that t = t; x to & T®. Then the element d of the statement is a pair, that
is, d = (d1,dz). By induction hypothesis on dj, da, there exist tip,t;p € T such that
d; € [[tgp]]ﬁ and for all n, [t;Jn =0 = [[tzp]]n = (), for i = 1,2. Then take t™ = tip X t];p and
the result follows. Finally, if the product at issue is not at toplevel then we can choose
any (recursive) product subtree in ¢t and we have two cases. Either the product does
not “participate” to the non emptiness of [¢]77 (e.g., it occurs in a union addendum that
is empty) and then it can be replaced by any type. Or we can decompose d to arrive
to a d’ that corresponds to the product subtree at issue, and then apply the induction
hypothesis as above. In both cases we removed one of the distinct product subtrees
that did not belong to 77 and the result follows by induction on n. O

While the statement of the previous lemma may, at first sight, seem obscure, its
meaning is rather obvious. It states that in a well-founded model (i.e., a model in which
all the values are finite) whenever a recursive (product) type contains some value, then
we can find a finite expansion of this type that contains the same value; furthermore,
if the recursive type is empty in a given assignment, then also its finite expansion is
empty in that assignment. This immediately yields our final result.

Lemma 4.6.7. Let (D, _]) be a well-founded model with infinite support, and t; for
i € [1..n]. Then

V. ([taln =0) or ... or ([tu]n = 0) <= (Vn . [ta]n = 0) or ... or (Vi . [ta]n = 0)

Proof. The < direction is trivial. For the other direction, by Lemma |4.6.5 we know
that if t; € T™ for i € [1..n] then it holds. Suppose by contradiction, that the result
does not hold. Then there exists 1} such that [¢;]n; # 0 for all ¢ € [1..n]. Let d; € [t;]n,,
we can apply Lemma 4.6.6 and find ¢, € 7 such that [¢/]n} # (). Then by Lemma 4.6.5
we know that there exists an assignment 7’ such that [t} # 0 and ... and [¢},]n" # 0.
Applying Lemma 4.6.6 again, we deduce that [t1]n’ # 0 and ... and [t,]7’ # 0, which
contradicts the premise. O
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Corollary 4.6.8 (Convex model). There exists a conver model.

Proof. It suffices to take any model for the ground types with an infinite domain
(see [Eri04] for examples), interpret indivisible types into infinite sets, and then add
a semantic assignment 7 for type variables to the interpretation function as a further
parameter. For instance, imagine we have n basic types by, ..., b, and suppose, for
simplicity, that they are pairwise disjoint. If we use the “universal model” of [FCB0S]
it yields (roughly, without the modifications for Q) the following model. D = ¢ +D? +
@f(DQ) where € = Sop U S1 U... U S, with S; are pairwise disjoint infinite sets:

[0]=0 [2]-

[-tln=D\ [t] [6:]=S;
[[tl V tg]]:[[tl]] U [[tg]] [[tl X tQH:ﬂtlﬂ X [[tg]]
[t1 A ta]=[t1] N [t2] [tr = ta] =24 ([t x[t2]) U So

Notice that all denotations of arrow types contain Sy thus, in particular, the indivisible
type 1 — 0, too. If the basic types are not pairwise disjoint then it suffice to take for
% a set of S; whose intersections correspond to those of the corresponding basic types.
The only requirement is that all intersections must be infinite sets, as well. For the
assignments, one can use a labeling technique similar to the one in Section 5.1 to label
elements by (finite sets of) type variables such that d € n(«) if and only if d is labeled
by a. O

All the development in this section is generic in the particular type constructors
considered: we have seen that the results hold not only for the the full system but also
for the propositional logic. However, Christine Paulin noticed that in the presence of
product types the above result holds also under weaker hypotheses: thanks to products,
requiring that (4.8) holds just for n = 2 is enough, since it implies (4.8) for all n. This
is is formally stated by the following theorem, whose proof is due to Christine.

Theorem 4.6.9 (Paulin). If products are included in the system, then
v . ([taln=0) or ([t2ln=0) <= (Vn.[tsln=0) or (vn.[t2]n=0)
implies that for all n > 2
v . ([t1]n=0) or ... or ([tu]n=0) <= (Vn.[t1]n=0) or ... or (Vn.[t,]Jn=0)

Proof. By induction on n. For n = 2 the result is straightforward. For n > 2 notice
that by the extensional interpretation of products, for a given 1 we have

([t1]n=0) or ... or ([tn]n=0) <= [t1x...xt,]n=0.

Then
- ([ta]n=0) or ... or ([tn]n=0)
— Vn ([tr % ... Xty 1]]77 0) or ([tn]n=0) products
— (V. [t1X...xtn—1]n=0) or (Vn. [t.]n=0) convexity for n = 2
= (V. ([taln=0) or ... or ([tn-1]n=0)) or (Vn. [tn]n=0) products
< (Vn. [t1]n=0) or ... or (Vn.[tn—1]n=0) or (Vn.[t.]n=0) induction
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Chapter 5

A Practical Subtyping Algorithm

This chapter describes a subtyping algorithm that, contrary to the algorithm of Chapter
3, does not perform any type substitution and that generates a counterexample and a
counter assignment whenever the subtyping check fails. Thus this algorithm is better
fitted to be used in practice.

5.1 An algorithm without substitutions

The subtyping algorithm presented in Chapter 3 is general insofar as it works for any
subtyping relation induced by a well-founded convex model. Furthermore it is correct
also for types that are not regular. Its definition, however, requires type substitutions,
which make the algorithm involved both computationally (efficient implementation of
substitutions is challenging) and theoretically (e.g., it is the presence of substitutions
that makes the decidability of subtyping hard to prove: see Section 4.5). In this section
we show that if we restrict our attention to some particular models (those with infinite
support), then it is possible to avoid substitutions. This is inspired by the construction
used in the proof of Lemma 4.6.5 and by Gesbert, Geneves, and Layaida’s work [GGLTI]
which encodes the subtyping relation induced by a convex model with infinite support
into a tree logic and uses a satisfiability solver to efficiently decide it without resorting
to substitutions.

Let us first recall why the algorithm uses substitutions. Consider a type aA(txs). If
it is not empty then o must contain some non empty product type. In other words, only
product types may make this type non-empty. Thus the idea underlying the algorithm
of the previous chapter is that we can just focus on product types and to that end we
substitute a by (a1 X a2) (see Lemma 4.3.7 for detail). A similar reasoning applies for
arrow types. Hence, the subtyping algorithm works only at type level trying to reduce
the emptiness of a type to the emptiness of simpler (or memoized) types.

The algorithm of Gesbert, Geneves, and Layaida [GGLIT] instead works at the
level of values by using refutation: to prove that a type is empty it tries to build a
value of that type —ie, it tries to prove that the type is not empty— and, if it fails
to do so, it deduces emptiness. Let us transpose such a reasoning in our setting by
considering the single normal form a A (¢ x s). From the point of view of values this
type is not empty if and only if there exists an element d and an assignment 7 such

83
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that d € JaA(t x s)[n, that is d € n(«) and d € [(¢ x s)]n. This suggests that a possible
procedure to “refute” the emptiness of the previous type is to build an element d that
belongs to (¢ x s) and then assign d to a. Of course, this may not work in general
because a may occur in (¢ X s) and assigning d to « may make (¢ x s) empty. However,
in every well-founded (convex) model with infinite support, this does hold: we can build
an element for (¢ x s) inductively and during the process we can always pick a fresh
appropriate element for each subtree (including type variables) of (¢ x s) and avoid the
conflict with the assignment for a (see Lemma 4.6.5 for details). In conclusion in a
well-founded convex model with infinite support aA (¢ x s) is empty if and only if (¢ x s)
is empty. Therefore in such a setting emptiness can be checked without performing any
type substitution.

It is important to stress that well-founded convex models with infinite support not
only are the setting used by Gesbert, Geneves, and Layaida’s algorithm (which explains
why they can achieve optimal complexity), but also that, so far, they are the only model
we know how to use in practice. Therefore it is sensible to define the following version
of the algorithm simplified for the case of models with infinite support:

Step 1: transform the subtyping problem into an emptiness decision problem;
Step 2: put the type whose emptiness is to be decided in normal form;

Step 3: simplify mized intersections;

Step 4+5: discard all toplevel variables;

Step 6: eliminate toplevel constructors, memoize, and recurse.

This algorithm is the same as the one presented in Section 3.4|except for Step 4 and 5
which are now merged together to simply discard the toplevel variables independently
from their polarities (simply note that after Step 8 a type variable and its negation
cannot occur simultaneously at the top level of the type). In detail, at this stage we
have to decide the emptiness of intersections of the form

/\ai/\/\—'a;/\ /\ah/\ /\ =Bk

el jed heH keK

where all the a;’s and a;-’s are atoms with the same constructor, and {ap}prery and
{Bk}kex are disjoint sets of type variables. In a model with infinite support, to decide
the emptiness of the whole type is equivalent to decide the emptiness of A;c;a; A
Njes ~@5-

In order to justify Step 4+5, we first prove the following lemma which is the general
case of Step 4+5.

Lemma 5.1.1. Let (D,[_]) be a well-founded (convexr) model with infinite support, t
a type and o a type variable. Then

Vn. [tAan=0 < 3t'. t = (=a) At) or (Vn. [t]n = 0)

Proof. “<": straightforward.
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“=": Assume that 3ng. [t[no # 0. Consider a normal form of ¢, that is, dnf(t) = \/,.; i
where for all ¢ 7; is a single normal form. Then there must exist at least one 7;
such that 3n;. [r]n; # 0. Let I' = {i | In;. [:]ni # 0}. If there exists ig € I’ such
that 7;, % (—a) A7’ for any (single) normal form 7/, then we invoke the procedure
explore pos defined in the proof of Lemma 4.6.5 to construct an element d for 7;,
(if 73, contains infinite product types, by Lemma 4.6.6, the construction works as
well). The procedure explore pos also generates an assignment 7 for the type
variables in var(7). We define ’ such that o' = ny @ {no(e) U{d}/,}. Clearly,
[7io Aa]n’ # 0, which deduces that [t Aafn’ # 0, which conflicts with the premise
vn. [t A an = 0. Therefore, the result follows.

Otherwise, for each ¢ € I, we have 7; ~ (—a) A 7] for some single normal form ;.
Moreover, for each i € I\ I, we have V. [r;]n = 0, and a fortiori 7; ~ (=a) A 7.

Then
Vieri
Vier iV Vienr 7
Vier((ma) A7)V \/iel\l’ T3
Vier (0a) A7)V Viep 1 ((ma) A i)
(=) AN Vier iV Vienr 7)

Let t' = (Ve 7V Viepy 7i)- We have t = (ma) At'. Therefore the result follows
as well.

t

1R

R

12

O]

Note that the using -« instead of o does not change the validity of Lemma [5.1.1]
which explains why in this simpler algorithm we no longer need to eliminate the negative
top-level type variables first by replacing them with some fresh positive ones.

The justification of Step 4+5 is given by Lemmas 5.1.2/ and [5.1.3.

Lemma 5.1.2. Let < be the subtyping relation induced by a well-founded (conver)
model with infinite support, P, N two finite subsets of “pod and o an arbitrary type
variable.

N\ tixt)na< \/ (sixs)e= N (tixt)< \/  (s1xs2)
t1 XtoEP S1X82EN t1 Xto€P s1X82EN
Proof. Consequence of Lemma 5.1.1. O
Lemma 5.1.3. Let < be the subtyping relation induced by a well-founded (convex)

model with infinite support, P, N two finite subsets of <., and o an arbitrary type
variable.

N t=s)ra<s \/ =)= N =9 [/ (=)
t—seP t'—s’'eN t—seP t'—s'eN
Proof. Consequence of Lemma 5.1.1. O
Note that Lemmas |5.1.2 and 5.1.3  deal with only one type variable, but it is trivial
to generalize these lemmas to multiple type variables.

To recap, while the algorithm with substitutions is a universal subtyping algorithm
that works for any convex model that satisfies Lemmas 4.3.7 and |4.3.8, the subtyping
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algorithm without substitutions works only for (convex) models that are well-founded
and with infinite support. Moreover, the algorithm with substitutions is somehow more
intuitive since it states the kind of types a type variable should be assigned to (e.g.,
the type variable « in the type a A (¢ x s) should be a product type), while it is not
easy to understand why in the simpler algorithm type variables that are at toplevel can
be eliminated. To convey this intuition first notice that using an infinite support may
yield a different subtyping relation. As an example take a closed type that denotes
a singleton: for instance 1—0 which in the standard CDuce model contains only one
element, that is, the function | that diverges on every argument. In such a model
(A (1—0) x ma A (1—0)) is empty (either L is in « or it is in —«) while in a model
with infinite support it is not (it suffices to assign a to a strict non-empty subset of
the denotation of 1—0). Also in the first model it is not true that a A (¢t X s) is empty
if and only if so (¢ x s) is. Take t = a A (1—0) and s = —a A (pz.(1—0) x z). For the
sake of simplicity consider a non well-founded model in which 1—0 denotes {L}. In
such a model (¢ X s) is not empty and contains exactly one element, namely the element
d that satisfies d = (L,d) (the infinite list of the diverging function). However if we
assign «a to a set that contains d, then s denotes the empty set and so does the product.
So in this model a A (t x s) is empty although (¢ x s) is not. In a model with infinite
support also a A (¢ x s) is non empty since it contains, for instance, (d;,d) where d; is
any element in the denotation of 1—0 different from L.

Finally, remember that infinite denotations for non-empty types is just a possible
solution to the convexity property and that the simplified algorithm works only in that
case. However, we are not aware of any other different convex model. So while the
general algorithm with substitutions works also for models without infinite support,
we currently do not know any convex model in which the simpler algorithm would
not be enough. Finding such a model would have a purely theoretical interests since
well-founded convex models with infinite support (see Section 4.6) are to be used in
practice and, ergo, so does the simpler algorithm. The latter has several advantages:

e it is more efficient, since no substitution is performed,

e its decidability is easier to prove, since all the candidate types to be checked are
subtrees of the original type,

e in case the subtyping relation does not hold it is easier to give counterexamples
and counter assignments as we show in the next section.

5.2 Counterexamples and counter assignments

Given a nonempty type t, there exists an assignment 7 and an element d such that
d € [t]n. Generally, d is called a counterexample of ¢ and 7 is called a counter assignment
of t. One advantage of semantic subtyping is that once such a subtyping relation does
not hold, it is able to yield a counterexample and a counter assignment. A simple way
to generate a counterexample is to invoke the procedure explore pos(s A —t) defined in
Lemma |4.6.5, whenever the check of s < ¢ fails. But this does some duplicate work, for
example, decomposing terms into sub-terms: one time for the subtyping check and one
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time for the procedure. Indeed, we can improve the subtyping algorithms by embedding
the procedure explore pos(t) into it.

Compared with the algorithm without substitutions, to generate counterexamples
and counter assignments, the algorithm with substitutions needs (i) to consider not
only the type variables contained in types but also the fresh type variables introduced
by substitutions and (ii) to follow the tracks of substitutions. Therefore, it is eas-
ier to generate counterexamples and counter assignments for the algorithm without
substitutions. In the following, we only consider the algorithm without substitutions.

If a type is not empty, then there must exist a non-empty single normal form in
its normal form. Hence at Step 2, a counterexample for a non-empty single normal
form is enough. Next, we simplify mixed intersections (Step 3) and discard all the
toplevel variables (Step 4+5). Then at Step 6, the single normal form 7 to be check
is an intersection of same constructors, which has three possible cases:

o 7= Npep 0N Npeny b If 7 is not empty, then any element d that belongs to 7
is a counterexample. Here we require the counterexample to be fresh to ensure
the existence of a counter assignment, that is, the counterexample is not selected
(by other types) before. For example, consider ((b A a) x (b A —a)). If we take a
same element d for these two occurrences of b, then it is impossible to construct a
counter assignment, since we have to assign d to the first occurrence of o but we
can not assign d to the second occurrence of a. Notice that infinite denotation
ensures that a fresh element always exists.

o 7= N xtep(tt Xt2) AN;, xi,en —(t1 X t2). Then by Lemma 4.3.9, we must check
whether for any subset N/ C N,

/\ A /\ —~t; < 0 or /\ ty A /\ —ty < 0

t1 Xto€EP t1 Xto €N’ t1 Xto€P t1><t2€N\N’

If 7 is not empty, then there exists a subset N’ C N such that

/\ 1 A /\ -t C,ﬁ 0 and /\ to A /\ -ty C,ﬁ 0

t1 xXtoEP t1 XtoEN' t1 xXto€EP thtQEN\N’

So two counterexamples, assuming they are d; and dy will be generated by the
subtyping algorithm for these two types respectively. Then the element (di,d2)
belongs to t1 X to for any t1 X to € P, while it does not belong to t; X ts for any
t1 X to € N. Therefore, (dq,dz) is a counterexample for 7.

o 7= N nep(tt = ) AN, en ~(t1 — t2). Then following Lemma 4.3.10, we
must check whether there exists t] — t3 € N such that for any subset P’ C P,

A N\ <00 (A taA-tS<Dand P#P)
t1 XtoEP! t1 xto€P\ P’

If 7 is not empty, then for any ¢ — #, € N there exists a subset P! C P such
that ' '
t1 A /\ —t; %20 and ( /\ ta A=th £ 0 or P=P/)
t1 thEPZ-’ t1 thEP\Pi’
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Assume the counterexamples generated for the types ] A /\t1 xtzCP! —t; and
/\t1><t2€ P\P! ty A —ith respectively by the subtyping algorithm are dj and d (if
P = P!, di may be Q). Then d} belongs to | while d’ does not belong to t}, that
is, for any element f that belongs to ! — t, we have (d%,d5) ¢ f. Moreover,
considering t; — t9 € P, either d’i does not belong to t; or dé belongs to t2. So
for any element f, if f belongs to t; — ta, so does {(d},d5)} U f. Therefore, the
element {(d},db) | t} — t4 € N} is a counterexample for 7.

Since d is generated, we then mark it with the set of top-level type variables
{anther U {—Pr}rex to record the assignment information. That is, the element d
should be assigned to a type variable if the type variable is positive, while it should
not if the type variable is negative!. Finally, from these marking information, we can
easily construct a counter assignment by collecting all possible elements that could be
assigned to each type variable respectively.

For example, consider the following subtyping statement, a variant of (3.2).

(bxa)<(bx-b)V(axb) (5.1)

where b is a basic type. According to Lemma |4.3.9, this is equivalent to the following

statement:
b<ODoraANbA-Db<OD

bA-b<Doran-b<0
bA-a<0oranb<0
bA-bDA-a<0Dora<0

and

The first, second and fourth statements hold, while the third one does not. And the
algorithm generates the marked counterexamples d{ﬁa} and déa} for bA -~ and a A D
respectively, where dy and ds are two fresh elements belonging to . So a marked
counterexample for (5.1)) is (d‘l{ﬁa}, dga}). Then a counter assignment corresponding to
this marked counterexample is {{d2}/,}. Besides, from the marked counterexample,
we deduce that do is different from dj, as it requires that d; should not be assigned
to « while dy should be. That is, b should contains at least two elements. Hence, a
byproduct of the mark information is that it is easy for us to deduce at least how many
elements a type should contain to make a subtyping statement invalid (e.g., (5.1)) or an
instance of convexity hold (e.g., Vn. ([bA—a]n = 0 or [aAb]n = 0) <= (Vn. [bA-a]n =
0) or (Vn. [a AbJn = 0)).
Take b as Int. Following the construction above, we can generate for the subtyping

relation

(Int X ) < (Int X —Int) V (o X Int)

)

a counterexample (42, 3) and its corresponding counter assignment 179 = {{3}/n}. It is
easy to see that (42,3) € [(Int X a)]no but (42,3) ¢ [(Int x =Int) V (a x Int)]no.

! Another meaning of labeling (representing name subtyping) was referred to Section 3.3/ and a
similar labeling is introduced by Gesbert et al. [GGLIT].



Part 111

Polymorphic Calculus

89






Chapter 6

Overview

In this part, we design and study a higher-order functional language that takes full
advantage of the new capabilities of the type system defined in Part II, which can then
be easily extended to a full-fledged polymorphic functional language for processing
XML documents. Namely, the calculus we want to define is a polymorphic version of
CoreCDuce.

As explained in Section [2.2, we need to define an explicitly typed A-calculus with
intersection types. This is a notoriously hard problem for which no full-fledged solution
exists yet: intersection types systems with explicitly typed terms can be counted on
the fingers of one hand and none of them is completely satisfactory (see related works
in Section 12.7). The solution introduced by CoreCDuce is to explicitly type by an
intersection of arrows types the whole A-abstractions instead of just their parameters.
However, it is not trivial to extend this solution to parametric polymorphism.

The expressions in CoreCDuce are produced by the following grammar’:

e n=—c | x| (ee) | me) | ee | NiersiZtig e | ect?e:e (6.1)

Let us recall what we presented in the introduction and expand it with more details.
The novelty of a polymorphic extension is to allow type variables (ranged over by
lower-case Greek letters: «, 3, ...) to occur in the types and, thus, in the types labeling
A-abstractions. It becomes thus possible to define the polymorphic identity function
as \*7%z .z, while classic “auto-application” term is written as (@282 =8y 20 The
intended meaning of using a type variable, such as «;, is that a (well-typed) A-abstraction
not only has the type specified in its label (and by subsumption all its super-types) but
also all the types obtained by instantiating the type variables occurring in the label.
So \*7%z.x has by subsumption both the type 0—1 (the type of all functions, which
is a super-type of a—«) and the type —Int, and by instantiation the types Int—Int,
Bool—Bool, etc.

The use of instantiation in combination with intersection types has nasty conse-
quences, for if a term has two distinct types, then it has also their intersection type.
In the monomorphic case a term can have distinct types only by subsumption and,
thus, intersection types are assigned transparently to terms by the type system via
subsumption. But in the polymorphic case this is no longer possible: a term can be

'For simplicity, here we do not consider recursive functions, which can be added straightforwardly.

91



92 CHAPTER 6. OVERVIEW

typed by the intersection of two distinct instances of its polymorphic type which, in
general, are not in any subtyping relation with the latter: for instance, a—« is neither
a subtype of Int—Int nor vice-versa, since the subtyping relation must hold for all
possible instantiations of « (and there are infinitely many instances of a—« that are
neither subtype nor super-type of Int—Int).

Concretely, if we want to apply the polymorphic identity A*7“z.x to, say, 42, then
the particular instance obtained by the type substitution {Int/,} (denoting the replace-
ment of every occurrence of a by Int) must be used, that is (A2 z.2)42. We have
thus to relabel the type decorations of A-abstractions before applying them. In implic-
itly typed languages, such as ML, the relabeling is meaningless (no type decoration is
used) while in their explicitly typed counterparts relabeling can be seen as a logically
meaningful but computationally useless operation, insofar as execution takes place on
type erasures. In the presence of type-case expressions, however, relabeling is necessary
since the label of a A-abstraction determines its type: testing whether an expression
has type, say, Int—Int should succeed for the application of A* 7% \¥ 7%y 1 to 42
and fail for its application to true. This means that, in Reynolds’ terminology, our
terms have an intrinsic meaning [Rey03].

If we need to relabel some function, then it may be necessary to relabel also its body
as witnessed by the following “daffy” —though well-typed— definition of the identity
function:?

A7 (AT Yy.x)x) (6.2)

If we want to apply this function to, say, 3, then we have first to relabel it by applying
the substitution {Int/,}. However, applying the relabeling only to the outer “\” does
not suffice since the application of (6.2) to 3 reduces to (A*7“y.3)3 which is not well-
typed (it is not possible to deduce the type a—a for A*7*y.3, which is the constant
function that always returns 3) although it is the reductum of a well-typed application.

The solution is to apply the relabeling also to the body of the function. Here
what “to relabel the body” means is straightforward: apply the same type-substitution
{Int/y} to the body. This yields a reductum (A®*~I2ty 3)3 which is well typed. In
general, however, the way to perform a relabeling is not so straightforward and clearly
defined, since two different problems may arise: (1) it may be necessary to apply more
than a single type-substitution and (2) the relabeling of the body may depend on the
dynamic type of the actual argument of the function (both problems are better known
as —or are instances of— the problem of determining expansions for intersection type
systems [CDVRQ]). We discuss each problem in detail.

First of all notice that we may need to relabel/instantiate functions not only when
they are applied but also when they are used as arguments. For instance consider a
function that expects arguments of type Int—Int. It is clear that we can apply it to the
identity function A*7“x.z, since the identity function has type Int—Int (feed it by an
integer and it will return an integer). Before, though, we have to relabel the latter by the
substitution {Int/,} yielding A™*7In*x . As the identity has type Int—Int so it has
type Bool—Bool and, therefore, the intersection of the two: (Int—Int)A(Bool—Bool).

2By convention a type variable is introduced by the outer X in which it occurs and this A implicitly
binds all inner occurrences of the variable. For instance, all the a’s in the term (6.2) are the same
while in a term such as (A*7%z.2)(A*7“z.z) the variables in the function are distinct from those in
its argument and, thus, can be a-converted separately, as (A\Y 7 7z.2)(A\°7z.x).
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So we can apply a function that expects an argument of this intersection type to our
identity function. The problem is now how to relabel A*7%x.x. Intuitively, we have
to apply two distinct type-substitutions {Int/,} and {Bool/y} to the label of the -
abstraction and replace it by the intersection of the two instances. This corresponds
to relabel the polymorphic identity from A*7®z.z into \(Int—Int)A(Bool—Bool)y. o Thjg
is the solution adopted by this work, where we manipulate sets of type-substitutions
—delimited by square brackets—. The application of such a set (eg, in the previous
example [{Int/y}, {Bool/y}]) to a type t, returns the intersection of all types obtained
by applying each substitution in set to ¢ (eg, in the example t{Int/y} At{Bool/,}). Thus
the first problem has an easy solution.

The second problem is much harder and concerns the relabeling of the body of a
function since the naive solution consisting of propagating the application of (sets of)
substitutions to the bodies of functions fails in general. This can be seen by considering
the relabeling via the set of substitutions [{Int/,}, {Bool/y}] of the daffy function in
(6.2). If we apply the naive solution this yields

()\(Int—>Int)/\(Bool—>Bool)x. ()\(Int—>1nt)/\(Bool—>Bool)y.x)x) (63)

which is not well typed. That this term is not well typed is clear if we try apply it
to, say, 3: the application of a function of type (Int—Int) A (Bool—Bool) to an Int
should have type Int, but here it reduces to (/\(Intﬁlnt)/\(B°°1%B°°l)y.3)3, and there is
no way to deduce the intersection type (Int—Int) A (Bool—Bool) for the constant
function Ay.3. But we can also directly verify that it is not well typed, by trying to
type the function in (6.3). This corresponds to prove that under the hypothesis x : Int
the term (\(Int—Int)A(Bool—=Bool)y 2)4 has type Int, and that under the hypothesis
x : Bool this same term has type Bool. Both checks fail because, in both cases,
A\(Int—Int)A(Bool—Bool)y 4 ig i]]-typed (it neither has type Int—Int when z:Bool, nor
has it type Bool—Bool when z:Int). This example shows that in order to ensure that
relabeling yields well-typed terms, the relabeling of the body must change according to
the type the parameter x is bound to. More precisely, (A“7“y.z) should be relabeled
as AIt=Inty o when z is of type Int, and as A\B°°17Bo°ly 2 when z is of type Bool.
An example of this same problem less artificial than our daffy function is given by
the classic apply function Af.Az.fx which, with our polymorphic type annotations, is
written as:

AaoB)mamB e ya=By ry (6.4)

The “apply” function in (6.4) has the type (Int—Int)—Int—Int, obtained by in-
stantiating its type annotation by the substitution {Int/,, Int/g} as well as the type
(Bool—Bool)—Bool—Bool, obtained by the substitution {Bool/,, Bool/g}. If we want
to feed this function to another function that expects arguments whose type is the
intersections of these two types, then we have to relabel it by using the set of substi-
tutions [{Int/y, Int/g} {Bool/, Bool/g}]. But, once more, it is easy to verify that the
naive solution that consists in propagating the application of the set of substitutions
down to the body of the function yields an ill-typed expression.

This second problem is the showstopper for the definition of an explicitly typed \-
calculus with intersection types. Most of the solutions found in the literature [Ron02]

WDMT02] [LRO7 [BVBOQS] rely on the duplication of lambda terms and /or typing deriva-
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tions, while other calculi such as [WH02] that aim at avoiding such duplication obtain it
by adding new expressions and new syntax for types (see related work in Section 12.7).
Here we introduce a new technique that consists in performing a “lazy” relabel-
ing of the bodies. This is obtained by decorating A-abstractions by (sets of) type-
substitutions. For example, in order to pass our daffy identity function (6.2) to a
function that expects arguments of type (Int—Int) A (Bool—Bool) we first “lazily”

relabel it as follows:
(A y gty - (A7 %y.) ). (6.5)

The annotation in the outer “\” indicates that the function must be relabeled and,
therefore, that we are using the particular instance whose type is the one in the inter-
face in which we apply the set of type-substitutions. The relabeling will be actually
propagated to the body of the function at the moment of the reduction, only if and
when the function is applied (relabeling is thus lazy). However, the new annotation
is statically used by the type system to check soundness. Notice that, contrary to ex-
isting solutions, we preserve the structure of A-terms (at the expenses of some extra
annotation) which is of uttermost importance in a language-oriented study.

From a practical point of view it is important to stress that these annotations
will be transparent to the programmer and that all necessary relabeling will be inferred
statically and compiled away. In practice, the programmer will program in the language
defined by the grammar (6.1), where types in the interfaces of A\’s may contain type
variables. With the language defined by the grammar (6.1), we can define the map®
and even functions mentioned in Section 1.4/ as

map & pm (@82 lad= 81 \ ¢ \[I=081y penil?nil : (f(mil),mf(m2l))

even = \(Imt—Bool)A(e\Int—o\Int) et ? (2 mod 2) = 0:

where the type nil tested in the type case denotes the singleton type that contains
just the constant nil, and [a] denotes the regular type that is the (least) solution of
X = (a, X) Vnil.

When fed by any expression of this language, the type-checker will infer sets of type-
substitutions and insert them into the expression to make it well-typed (if possible, of
course). For example, for the application of map to even, we will see that the inference
system of Chapter 9| infers one set of type-substitutions

[{Int/y,Bool/g}, {aVInt),, (a\Int)VBool/3}]

and inserts it between the two terms. Finally, the compiler will compile the expression
with the inserted type-substitutions into a monomorphic expression in which all sub-
stitutions are compiled away and only necessary relabelings are hard-coded. The rest
of the presentation proceeds then in four logical phases:

1. Definition of a calculus with explicit (sets of) type-substitutions (Chapter 7).
These explicit type-substitutions are used at reduction time to perform the rela-
beling of the bodies of the applied function. We define a type systems and prove
its soundness.

3Strictly speaking, the type case in map should be a “binding” one, which is introduced in Section
11.1.
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2. Inference of type-substitutions (Chapters 8- 10). We want to program with the
terms defined by the grammar (6.1), and not in a calculus with explicit type-
substitutions. Therefore we must define a system that infers where and whether
type-substitutions can be inserted in a term to make it well typed. In order to
define this system we proceed in three steps.

First we define a sound and complete typing algorithm for the type system
of the calculus with explicit type-substitutions (this reduces to the elimination of
the subsumption) (Chapter 8).

Second, we study this algorithm to deduce where sets of type-substitutions
must be inserted and use it as a guide to define a deduction system that in-
fers type-substitutions in order to give a type to the terms of the grammar
(6.1)(Chapter 9). This type inference system is sound and complete with re-
spect to the typing algorithm. This is stated in terms of an erasure function
which maps a term with explicit type-substitutions into a term of grammar (6.1)
by erasing all type-substitutions. If the inference systems assign some type to a
term without explicit substitutions, then this term is the erasure of a term that
has the same type. Conversely if a term with explicit type-substitutions is well
typed, then the inference system infers a (more general) type for it.

The third and final step is to give an effective procedure to “implement” the
sound and complete inference system, whose rules use constraints on the existence
of some type-substitutions (Chapter 10). We show that these constraints can in
general be reduced to deciding whether for two types s and ¢ there exist two sets
of substitutions [0]ie; and [0}]je such that A\, so; <\ c;toj. We show how
to give a sound and complete set of solutions when the cardinalities of I and J are
bounded. This immediately yields a semi-decision procedure (that tries all the
cardinalities) for the inference system: the procedure infers a type for an implicit
term if and only if it is the erasure of a well-typed explicitly-typed term. If a
term is not the erasure of any explicitly-typed term, then the inference procedure
either fails or it never stops (decidability is still an open question because of union
types).

3. Compilation into a monomorphic calculus (Chapter 11). Given a well-typed term
of the implicitly typed calculus, the inference system effectively produces a term
with explicit type-substitutions that corresponds to it. In the last part we show
how to compile this explicitly typed term into a monomorphic term of CoreCDuce,
thus getting rid of explicit substitutions. The target language is CoreCDuce where
type variables are considered as new basic types and the subtyping relation is the
one defined in Chapter 4. The motivation of this translation is to avoid to perform
costly relabeling at run-time and to reuse the efficient and optimized run-time
engine of CDuce. We show that all possible relabelings can be statically computed
and dynamic relabeling compiled away. We prove that the translation preserve
both the static and the dynamic semantics of the source calculus, and show it is
sufficient to give an implementation of the polymorphic version.

4. Ezxtensions (Chapter 12). Finally we discuss some additional features and design
choices, such as recursive functions, type substitution application and/or negation
arrows for the typing rule of abstractions, open type cases, and so on.
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Chapter 7

A Calculus with Explicit
Type-Substitutions

In this chapter, we define our explicitly-typed A-calculus with sets of type-substitutions.

7.1 Expressions

Definition 7.1.1 (Expressions). Let € be a set of constants ranged over by ¢ and X
a countable set of expression variables ranged over by x,y,z,.... An expression e is a
term inductively generated by the following grammar:

Expressions e = ¢ constant
| x expression variable
| (e;e) pair
| mi(e) projection(i € {1,2})
| [;]E];iljs’x.e abstraction
|ee application
|ectre:e type case
| elojlies instantiation

where t;,s; range over types, t € Ty is a ground type, and [0;]jes is a set of type-
substitutions. We write & to denote the set of all expressions.

A A-abstraction comes with a non-empty sequence of arrow types (called its inter-
face) and a possibly empty set of type-substitutions (called its decorations). When the
decoration is an empty set, we write A(Nierti=si)g e for short. For simplicity, here we
do not consider recursive functions, which can be added straightforwardly (see Chapter
12).

Since expressions are inductively generated, then the accessory definitions on them
can be given by induction.

Given a set of type variables A and a set of type-substitutions [0];es, for simplic-
ity, we use the notation A[o;]jes to denote the set of type variables occurring in the
applications ao; for all « € A, j € J, that is:

Alojlies = [ J (| var(oj(a)))

jeJ aeA

97
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Definition 7.1.2. Let e be an expression. The set fv(e) of free variables of the expres-
sion e is defined by induction as:

fvz) = {z}
fu(c) =0
fv((e1,e2)) = fv(er) U fv(ez)
fv(mi(e)) = fv(e)
fv(Agﬁjngix.e) = f(e) \ {z}
fv(er e2) = fv(er) U fv(ea)
fve€t 7 ey : ea) = fv(e) U fv(er) U fv(ea)
fV( [Uj]jeJ) = fv(e)

bv(z) =0
bv(c) =
bv((e1,e2)) = bv(e1) U bv(ea)
bv(mi(e)) = bv(e)
YN E " ae) = bv(e) U {x}
bv(ey e3) = bv(ey) U bv(es)
bv(ect?e; : ea) = bv(e) U bv(er) U bv(ez)
bleloylyes) = bu(e)

tviz) = 0
tvic) = 0
tv((e1,e2)) = tv(er) U tv(ez)
tv(mi(e)) = tv(e)
tv( [Ag‘f]j:fslxe) = tv(e[oj]jes) U Var(/\iel,jeJ tioj — ;o)
tv(e; e2) = tv(er) U tv(ea)
tv(et?e; t ea) = tv(e) U tv(er) U tv(ez)

t
tv(elojljer) = (tv(e))lojljes
An expression e is closed if fv(e) is empty.

Note that the set of type variables in e[o;]jes is the set of type variables in the
“application” of [0];es to the set of type variables tv(e).

As customary, we assume bound expression variables to be pairwise distinct and
distinct from any free expression variable occurring in the expressions under considera-
tion. We equate expressions up to the a-renaming of their bound expression variables.
In particular, when substituting an expression e for a variable y in an expression e’
(see Definition 7.1.3), we assume that the bound variables of €’ are distinct from the
bound and free variables of e, to avoid unwanted captures. For example, (A“7“x.z)y
is a-equivalent to (A*7%z.2)y.

The situation is a bit more complex for type variables, as we do not have an explicit
binder for them. Intuitively, a type variable can be a-converted if it is a polymor-
phic one, that is, if it can be instantiated. For example, (A*7%z.x)y is a-equivalent
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to (M Pz.2)y, and (x\ﬁﬁ?‘a]x.x)y is a-equivalent to (/\ﬁ;;fg]

ables can be bound by interfaces, but also by decorations or applications between

them: for example, in A[If‘;tz}lntx.()\aﬂo‘y.y)x, the o occurring in the interface of the

x.z)y. Polymorphic vari-

inner abstraction is “bound” by the decoration [Int/,], and the whole expression is a-
equivalent to ()\fﬂf%}lntx.()\ﬁ_wy.y)x. Another example is that, A?QZ?x.(Aa_’ay.y)x is
A?;Yx.()\ﬁﬁﬁy.y)x. If a type variable is bound by an outer abstrac-

gl
tion, it cannot be instantiated; such a variable is called monomorphic. For example, the

expression \(@ @)= (@=a)y, (\e=ag 2)[Int/,]y) is not sound (i.e., it cannot be typed),
because « is bound at the level of the outer abstraction, not at level of the inner
one. Consequently, in this expression, a is monomorphic for the inner abstraction, but
polymorphic for the outer one. Monomorphic type variables cannot be a-converted:
Mama)=(a=a)y (Na=ay 1) is not a-equivalent to A= (@=a)y (AF=B84 4)y (but it is
a-equivalent to AB=A)=B=8)y (\B=Bz 2)y). Note that the scope of polymorphic vari-
ables may include some type-substitutions [o;];cr: for example, (A*7%z.z)y)[Int/y] is
a-equivalent to ((\*?#z.z)y)[Int/]. Finally, we have to be careful when performing ex-
pression substitutions and type substitutions to avoid clashes of polymorphic variables
namespaces. For example, substituting A*~%z.z for y in A*7*z.z y would lead to an
unwanted capture of o (assuming « is polymorphic, i.e., not bound by a A-abstraction
placed above these two expressions), so we have to a-convert one of them, so that the
result of the substitution is, for instance, A 7®z.x (\?782.2).

a-equivalent to

To resume, we adopt the following conventions on a-conversion for type variables.
We assume that polymorphic variables are pairwise distinct and distinct from any
monomorphic variable in the expressions under consideration. We equate expressions
up to a-renaming of their polymorphic variables. In particular, when substituting an
expression e for a variable y in an expression e’ (see Definition 7.1.3), we suppose the
polymorphic type variables of €’ to be distinct from the monomorphic and polymorphic
type variables of e to avoid unwanted capture’.

Definition 7.1.3 (Expression substitution). An expression substitution g is a total
mapping of expression variables to expressions that is the identity everywhere but on a
finite subset of X, which is called the domain of o and denoted by dom(p). We use the
notation {€i/y,, ..., en/y, } to denote the expression substitution that maps x; into e; for
1=1..n.

The definitions of free variables, bound variables and type variables are extended
to expression substitutions as follows.

ze€dom(p) zedom(p) z€dom(p)

'In this discussion, the definitions of the notions of polymorphic and monomorphic variables remain
informal. To make them more formal, we would have to distinguish between the two by carrying around
a set of type variables A which would contain the monomorphic variables that cannot be a-converted.
Then all definitions (such as expression substitutions, for example) would have to be parametrized with
A, making the definitions and technical developments difficult to read just because of a-conversion.
Therefore, for the sake of readability, we decided to keep the distinction between polymorphic and
monomorphic variables informal.
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Next, we define the application of an expression substitution ¢ to an expression e.
To avoid unwanted captures, we remind that we assume that the bound variables of
e do not occur in the domain of p and that the polymorphic type variables of e are
distinct from the type variables occurring in g (using a-conversion if necessary).

Definition 7.1.4. Given an expression e € & and an expression substitution o, the
application of o to e is defined as follows:

co = ¢
(e1,e2)0 = (e10;e20)
rerimi e = mleq) |
( [Ulje]jelJ Z.’E.G)Q - [Ulje]jelJ Zx.(e@)
(e1 e2)0 = (e10) (e20)
(ect?er 1 ex)o0 = epEt?eip: ex0
zo = o(x) if © € dom(p)
o = if x & dom(p)

(elojljes)o

(eo)lojljes

In the case for instantiation (e[oj]jcs)o, the o; operate on the polymorphic type
variables, which we assume distinct from the variables in ¢ (using a-conversion if nec-
essary). As a result, we have tv(g) N J;c;dom(o;) = 0. Similarly, in the abstraction
case, we have = ¢ dom(p).

To define the relabeling, we need to define the composition of two sets of type-
substitutions.

Definition 7.1.5. Given two sets of type-substitutions [0;];c; and [0j]jcy, we define
their composition as

[0ilicr © [05]je0 = [04 0 04lier jeu

where
(0j(a))o; if o € dom(o)
giooj(a) =< oi(a) if e € dom(o;) \ dom(o;)
@ otherwise

Next, we define the relabeling of an expression e with a set of type substitutions
[0j]je.s, which consists in propagating the o; to the A-abstractions in e if needed. We
suppose that the polymorphic type variables in e are distinct from the type variables
in the range of o; (this is always possible using a-conversion).

Definition 7.1.6 (Relabeling). Given an expression e € & and a set of type-substitutions
[0jljes, we define the relabeling of e with [0)];cs, written eQlojlicy, as e if tv(e) N
Ujesdom(o;) =0, and otherwise as follows:

2)Qlojljes = (e1Q[ojljer, e2Q[oj]jer)
(mi(€))Qloj]jes = mi(eQloy]jer)
(e1 e2)Qojlies = (e1Q[ojljer) (€2Qloj]jer)
(6625?61 : 62)@[0’j]jej = 6@[0’j]ngEt? 61@[0‘j]j€J : 62@[0‘j]jej
Aielgff;i]ief)@[aj]jeJ = e?(e[gg]i? o [o7)ier)
( [ok]kex €)@lojljes = lo5]jes0loklvern ™€
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The substitutions are not propagated if they do not affect the variables of e (i.e., if
tv(e)NU;e; dom(o;) = 0). In particular, constants and variables are left unchanged, as
they do not contain any type variable. Suppose now that tv(e) NJ,cydom(o;) # 0. In
the abstraction case, the propagated substitutions are composed with the decorations
of the abstraction, without propagating them further down in the body. Propagation
in the body occurs, whenever is needed, that is, during either reduction (see (Rappl)
in Section 7.3) or type-checking (see (abstr) in Section 7.2). In the instantiation case
eloilicr, we propagate the result of the composition of [o;];e; with [o}];cs in e. The re-
maining cases are simple inductive cases. Finally notice that in a type case et 7 e; : eg,
we do not apply the [0;];es to t, simply because ¢ is ground.

7.2 Type system

Because of the type directed nature of our calculus, its dynamic semantics is only
defined for well-typed expressions. Therefore we introduce the type system before
giving the reduction rules.

Definition 7.2.1 (Typing environment). A typing environment I' is a finite map-
ping from expression variables X to types T, and written as a finite set of pairs
{(z1 : t1),...,(xn = tn)}. The set of expression variables which is defined in I" is
called the domain of I, denoted by dom(I'). The set of type variables occurring in T,
that is U(m)er var(t), is denoted by var(T'). If T is a type environment, then T, (z : t)
is the type environment defined as

(T : 1))(y) = {t vy=e

I'(y) otherwise

The definition of type-substitution application can be extended to type environ-
ments by applying the type-substitution to each type in the type environment, namely,

Fo={(z:to) | (x:t) eT}

The typing judgment for expressions has the form A sI' F e : ¢, which states that
under the set A of (monomorphic) type variables and the typing environment I' the
expression e has type t. When A and I are both empty, we write I e : ¢ for short. We
assume that there is a basic type b, for each constant c. We write o f§f A as abbreviation
for dom(o) N A = (). The typing rules are given in Figure 7.1. While most of these
rules are standard, some deserve a few comments.

The rule (abstr) is a little bit tricky. Consider a A-abstraction A@ﬁj ZJ_)Sl

the type variables introduced in the (relabeled) interface are bound by the abstraction,
they cannot be instantiated in the body e, so we add them to the set A when type-
checking e. We have to verify that the abstraction can be typed with each arrow type
t; — s; in the interface to which we apply each decoration o;. That is, for each type
tio; — s;0j, we check the abstraction once: the variable z is assumed to have type
tio; and the relabeled body e@[o;] is checked against the type s;o;. The type for the

x.e. Since
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———  (const var
AgFI—c:bc( ) A;FI—x:F(x)( )
A;’F}—elztl Agrl_egitg . A;I‘I—e:tlxtg .

(pair) (proj)
A;Fl—(el,eg):tlxtg A;Fl—ﬂ'i(e)tti
AsTFep:t1 —to AsTFeg:ty
(appl)
A‘;Fl—eleg:tg
A/:AUVE]I’( /\ tiO'j—)SiO'j)
iel,jed
Viel, jed A’;F,(w:tiaj)l—e@[aj]:siaj
o Nigrti—s; <ab8tr)
Agfl—)\[gj]je] T.€e: /\ tioj — 50}
iel,jed
<Lt = A3llke:s
o Ty 9
AsThe:t {t’ﬁt = Agl'fFex:s
(case)
AsTF (ect?ertea): s
AsThe:t ctA VjieJ AsTFelo)]:t; |J|>1
(inst) (inter)
AT+ elo] : to AsTEelojljes: N\t
Jj€J
AsT'Fe:s s<t
(subsum)
AsT'kFe:t
Figure 7.1: Typing rules

abstraction is obtained by taking the intersection of all the types t;o; — s;0;. For
example, consider the daffy identity function

()\ﬁ;ig},{sool/a”l'-()\a_ﬂly.l‘)l'). (71)

The A is always empty and the rule checks whether under the hypothesis = : a{Int/,}
(ie, x : Int), it is possible to deduce that (A“7*y.z)z)Q[{Int/y}] has type a{Int/y} (ie,
that (AT*7Inty )z : Int), and similarly for the substitution {Bool/,}. The relabeling
of the body in the premises is a key mechanism of the type system: if we had used e[o]
instead of e@[o;] in the premises of the (abstr) rule, then the expression (7.1) could not
be typed. The reason is that e[o;] is more demanding on typing than e@[o;], since the
well typing of e is necessary to the former but not to the latter. Indeed while under the
hypothesis z : Int we just showed that (A*7“y.x)z)Q{Int/y} —ie, (A\P*7100y 1) x)—
is well-typed, the term ((A*7%y.z)x){Int/y} is not, for (A*7“y.x) has not type a—a.
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For a type case e€t ?e; : eg (rule (case)), we first infer the type ¢’ of the expression
e which is dynamically tested against ¢t. Then we check the type of each branch e;
only if there is a possibility that the branch can be selected. For example, consider
the first branch e;. If ¢ has a non-empty intersection with ¢ (i.e., ' £ —t), then
e; might be selected. In this case, in order for the whole expression to have type
s, we need to check that e; has also type s. Otherwise (i.e., ¢’ < —t), e; cannot
be selected, and there is no need to type-check it. The reasoning is the same for
the second branch ey where —t is replaced by ¢t. Note that the ability to ignore the
first branch e; and/or the second one ez when computing the type for a type case
e€t 7 ey : eg is important to type-check overloaded functions. For example, consider the
abstraction \(Int—Int)A(Bool=Bool)y: (e Tnt 742 : false). According to the rule (abstr),
the abstraction will be checked against Int — Int, that is, the body is checked against
type Int when z is assumed to have type Int. Since Int < Int, then the second branch
is not type-checked. Otherwise, the type of the body would contain Bool, which is not
a subtype of Int and thus the function would not be well-typed.

In the rule (inst), we require that only the polymorphic type variables (i.e., those
not in A) can be instantiated. Otherwise, without this requirement, an expression such
as ANz 2[{B/a}] could be typed as follows:

{a,f}e{(z:a)}Fx:a
{o, 8} s{(z: a)} F z[{Bla}] : B
F XDy o [{Bla}] o — B

which is unsound (by applying the above functions it is possible to create polymorphic
values of type f3, for every ). Moreover, in a judgment AT F e : ¢, the type variables
occurring in I' are to be considered monomorphic, and therefore we require them to be
contained in A. Without such a requirement it would be possible to have a derivation
such as the following one:

{a}s(x:B)Fax:p {8} # {a}
{a}s(z: ) al{vs}] v

which states that by assuming that = has (any) type (3, we can infer that it has also
(any other) type . This is unsound. We can prove that the condition var(I') C A is
preserved by the typing rules (see Lemma 7.4.1). When we type a closed expression,
typically in the proof of the progress property, we have A = I' = (), which satisfies the
condition. This implies that all the judgments used in the proofs used for soundness
satisfy it. Therefore, henceforth, we implicitly assume the condition var(I') C A to hold
in all judgments we consider.

The rule (subsum) makes the type system depend on the subtyping relation defined
inChapter |4. It is important not to confuse the subtyping relation < of our system,
which denotes semantic subtyping (ie, set-theoretic inclusion of denotations), with the
ML one, which stands for type variable instantiation. For example, in ML we have
a — a < Int — Int (because Int — Int is an instance of @ — «). But this is not
true in our system, as the relation would have to hold for every possible instantiation




104 CHAPTER 7. A CALCULUS WITH EXPLICIT TYPE-SUBSTITUTIONS

of a, thus in particular for « equal to Bool. Notice that the preorder Ca defined in
Section 9.1] includes the type variable instantiation of the preorder typically used for
ML, so any direct comparison with constraint systems for ML types should focus on
C A rather than <.

Note that there is no typing rule for intersection elimination, as it can be encoded
by subsumption. Indeed, we have t As < tand t As <s,s0from AsT'Fe:tAs, we
can deduce AsI' e : ¢ (or s). The rule (inter) introduces intersection only to combine
different instances of a same type. It does not restrict the expressiveness of the type
system, as we can prove that the usual rule for intersection introduction is admissible
in our system (see Lemma 7.4.2).

7.3 Operational semantics

In this section, we define the semantics of the calculus, which depends on the type
system given in Section 7.2l

Definition 7.3.1 (Values). An expression e is a value if it is closed, well-typed (ie,
Fe:t for some type t), and produced by the following grammar:

(/\ielti—ﬁsi)

Values v o= c| (v,0) | )\[O'j]jeJ

x.e

We write ¥ to denote the set of all values.

Definition 7.3.2 (Context). Let the symbol [ ] denote a hole. A context C[ | is an
expression with a hole:

Contexts C[ ] []

| ©L1Le) | (6L

| Clle|eC[_]

| C[ |Jetre:e|ect?C[ J:e|ect?e: C[_]
| m(CLL])

An evaluation context E[ | is a context that implements outermost leftmost reduction:

Evaluation Contexts E[] == []
| (ElLLe) | (v,E[_])
| E[_]e | vE[_]
] E[ Jet7e:e
| m(EL])

We use Cle] and Ele| to denote the expressions obtained by replacing e for the hole in
C[_] and E[_], respectively.

We define a small-step call-by-value operational semantics for the calculus. The
semantics is given by the relation ~», which is shown in Figure [7.2. There are four
notions of reduction: one for projections, one for applications, one for type cases,
and one for instantiations, plus context closure. Henceforth we will establish all the
properties for the reduction using generic contexts but, of course, these holds also
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Notions of reduction:
(Rproj) mi(vi,v2) ~ v;

(Rappl) (A7 g Yy~ (€'Qlojljep){V/z} where P ={jeJ | Ficl. Fuv:to;}

loj]ies

(Rcase) (vet?ep :eg) ~ { e i Fut

ez otherwise
(Rinst) elojljcs ~ eQlojljcs
Context closure:

/
€~ e

(Rctx) 7C[e] O]

Figure 7.2: Operational semantics of the calculus

when the more restrictive evaluation contexts are used. The latter will only be used in
Chapter |11/ in order to simplify the setting.

The (Rproj) rule is the standard projection rule. The (Rappl) rule states the se-
mantics of applications: this is standard call-by-value S-reduction, with the difference
that the substitution of the argument for the parameter is performed on the relabeled
body of the function. Notice that relabeling depends on the type of the argument and
keeps only the substitutions that make the type of the argument v match (at least one
of) the input types defined in the interface of the function (formally, we select the set
P of substitutions o; such that the argument v has type t;o; for some 7). The (Rcase)
rule checks whether the value returned by the expression in the type-case matches the
specified type and selects the branch accordingly. Finally, the ([Rinst) rule performs re-
labeling, that is, it propagates the sets of type-substitutions down into the decorations
of the outermost A\-abstractions.

We used a call-by-value semantics to ensure the type soundness property: subject
reduction (or type preservation) and progress (closed and well-typed expressions which
are not values can be reduced), which are discussed in Section 7.4.2. To understand
why, consider each basic reduction rules in turn.

The requirement that the argument of a projection must be a value is imposed to
ensure that the property of subject reduction holds. Consider the expression m(e1, e2)
where e; is an expression of type ¢; (different from 0) and ej is a (diverging) expression
of type 0. Clearly, the type system assigns the type t; x 0 to (e1,e2). In our system,
a product type with an empty component is itself empty, and thus (ej, e2) has type 0.
Therefore the type of the projection 71 (e1, e2) as well has type 0 (since 0 < 0 x 0, then
by subsumption (e1,e3) : 0 x 0 and the result follows from the (proj) typing rule). If it
were possible to reduce a projection when the argument is not a value, then m(eq, e2)
could be reduced to ej, which has type t1: type preservation would be violated.

Likewise, the reduction rule for applications requires the argument to be a value.
Let us consider the application (A(7PXDAE=8x8) g (1 2))(e), where e : t V s. The
type system assigns to the abstraction the type (t — ¢t x t) A (s — s x s), which is
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a subtype of (tV s) — ((t xt) V (s x s)). By subsumption, the abstraction has type
(tVs)— ((txt)V(sxs)),and thus, the application has type (¢t x t) V (s x s). If the
semantics permits to reduce an application when the argument is not a value, then this
application could be reduced to the expression (e, e), which has type (¢t V s) x (tV s)
but not (¢t x t) V (s x s).

Finally, if we allowed (e€t ? e : e2) to reduce to e; when F e : ¢ but e is not a value,
we could break type preservation. For example, assume that - e : 0. Then the type
system would not check anything about the branches e; and ey (see the typing rule
(case) in Figure 7.1) and so e could be ill-typed.

Notice that in all these cases the usage of values ensures subject-reduction but it
is not a necessary condition: in some cases weaker constraints could be used. For
instance, in order to check whether an expression is a list of integers, in general it is
not necessary to fully evaluate the whole list: the head and the type of the tail are
all that is needed. Studying weaker conditions for the reduction rules is an interesting
topic we leave for future work, in particular in the view of adapting our framework to
lazy languages.

7.4 Properties

In this section we present some properties of our type system. First, we study the syn-
tactic meta-theory of our type system, in particular the admissibility of the intersection
rule, the generation lemma for values, the property that substitutions preserve typing.
These are functional to the proof of soundness, the fundamental property of that links
every type system of a calculus with its operational counterpart: well-typed expressions
do not go wrong [Mil7]]. Finally, we prove that the explicitly-typed calculus is able
to derive the same typing judgements as the BCD intersection type system defined by
Barendregt, Coppo, and Dezani [BCD83]; and that the expressions of the form e[o;];c.s
are redundant insofar as their presence in the calculus does not increase its expressive
power.

7.4.1 Syntactic meta-theory

Lemma 7.4.1. If A¢sT F e : t and var(T') C A, then var(T") C A’ holds for every
gudgment A" T €' : t' in the derivation of AT Fe:t.

Proof. By induction on the derivation of AsI'Fe: t. O
Lemma 7.4.2 (Admissibility of intersection introduction). Let e be an expres-
sion. If AsTFe:tand AsTke:t/, then AT Fe:tAt.

Proof. The proof proceeds by induction on the two typing derivations. First, assume
that these two derivations end with an instance of the same rule corresponding to the
top-level constructor of e.

(const): both derivations end with an instance of (const):

(const) (const)

AsTFc:b, AsTF c: b,

Trivially, we have b, A b, ~ b., by subsumption, the result follows.
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(var): both derivations end with an instance of (var):

(var) (var)

AsTFax:T'(x) AsTFz:T'(z)

Trivially, we have I'(z) A '(z) ~ I'(z), by subsumption, the result follows.
(pair): both derivations end with an instance of (pair):

AsThFer:t1y AsDkes:ty _ AgT ke :t) AsThes:t

AT (e1,e9) 2 (1 X o) (pair) AT F (e, e2) : (8] x th) (pair)

By induction, we have A §T' F e; : (t; A t;). Then the rule (pair) gives us
AsT F (e1,e2) : (t1 At)) x (t2 Ath). Moreover, because intersection distributes
over products, we have (t1 At]) x (ta Ath) =~ (t1 x t2) A () x ty). Then by (subsum),
we have A ¢T F (e1,ea) : (t1 X t2) A (t] x t}).

(proj): both derivations end with an instance of (proj):

AsT e 1t Xty 4 AT et xt
/ (proj) Ny
AsT Fm(e): t; AsT Fm(e):t]

(proj)

By induction, we have AT F e’ : (t1 X t2) A (] x t). Since (t1 At]) x (ta Ath) ~
(t1 % ta) A (8] x ty) (see the case of (pair)), by (subsum), we have AsT' + €' :
(t1 At}) x (t2 Ath). Then the rule (proj) gives us AsT F m;(€') : t; A L.

(appl): both derivations end with an instance of (appl):

AsTFep ity —to AglNFes:ty
A‘;Fl—el es : 1o

(appl)

ASF"elitllﬁté A;FI—egzt’l
AsTHFeyeg:th

(appl)

By induction, we have A ¢T'F ey : (t1 — t2) A (8] — t5) and AT Feg : t1 A L)
Because intersection distributes over arrows, we have (t; — t2) A (t] — th) < (1 A
t)) — (ta Ath). Then by the rule (subsum), we get AsT'F ey : (61 At)) — (ta Ath).
Finally, by applying (appl), we get ATt e1 eg : ta Aty as expected.

(abstr): both derivations end with an instance of (abstr):

Viel,jeJ A'sT, (x:tio;) - €Q[oj] : si0;
A=A Uvar(/\ielvjejtiaj — siaj)

° Nierti—si /. o o
AT+ )‘[crj}jeJ z.e /\iel,jejtzaa — 8,0

Viel,jeJ A'sT, (x:tio;) - €Q[o;] : si0;
A =AU Var(/\ie[,jejtiaj — 5i0;)

o Nierti—=si_, 1. . e
AsTF )‘[aﬂjeJ z.e /\iel,jeJ tio; — si0;




108 CHAPTER 7. A CALCULUS WITH EXPLICIT TYPE-SUBSTITUTIONS

It is clear that
( /\ tiaj—>siaj)/\( /\ tin—>SZ‘0'j)2 /\ tio; — 8;0;
i€l jed icl,jed iel,jedJ

By subsumption, the result follows.
(case): both derivations end with an instance of (case):

»

to £t = Agl'kFer:
AgF}—eoito
to £t = Aslkey:
AsTF (ep€t?er:ea): s

»

(case)

VA

th£ -t = AsTke:s
AT b e : t
th £t = Aglke:d
AT (eg€Et?ey i eg): s

VA

(case)

By induction, we have AT F e : tg At). Suppose to Atj £ —t; then tg £ =t and
ty £ —t. Consequently, the branch e; has been type-checked in both cases, and we
have AsT' e : s A s’ by the induction hypothesis. Similarly, if ¢g A ¢, £ ¢, then
we have AsT' F eg : s As'. Consequently, we have AT (eg€t7ey 1 e3) : s A s
by the rule (case).

(inst): both derivations end with an instance of (inst):

AsT ket aﬁA(inst) AsTrHe Y ot A
AsTFelo]:to AsTFe o] to

(inst)

By induction, we have AsT' F ¢ : t At'. Since o § A, the rule (inst) gives us
AsTEeé[o]: (tAt)o, that is AT €'[o] : (to) A (Ho).
(inter): both derivations end with an instance of (inter):

VjieJ AT Feéoy]: t; (inter) Vi€ J AT Feloy] 1] (inter)
inter inter
AsTFélojljer: Njests AsTEelojljer: Njest

where |J| > 1. By induction, we have A §T' I e'[o;] : ; At} for all j € J. Then

the rule (inter) gives us AsI'k €'[oj]jes + \je s (8 At)), that is, AT+ e'[oy]jes

(Njesti) N (Njes t5)-

Otherwise, there exists at least one typing derivation which ends with an instance

of (subsum), for instance,

AsTkHe s s<t
AsTkHeé :t

(subsum)

AsT ket

By induction, we have A§T' e’ : s At'. Since s < t, we have s At' <t At'. Then the
rule (subsum) gives us AT e’ :t At as expected. O]
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Lemma 7.4.3 (Generation for values). Let v be a value. Then
1. If AsTFwv: b, then v is a constant ¢ and b, < b.
2. If AgT F vty X tg, then v has the form of (vi,ve) with AT F v; : ;.

3. IfFAsT Fuv:t— s, then v has the form of X< 7% x.eq with
lojljes
/\iEI,jGJ(tiO-j — SZ'O']') <t—s.

Proof. By a simple examination of the rules it is easy to see that a derivation for
AsI'F v :tis always formed by an instance of the rule corresponding to the kind of v
(i.e., (const) for constants, (pair) for pairs, and (abstr) for abstractions), followed by
zero or more instances of (subsum). By induction on the depth of the derivation it is
then easy to prove that if AsT'F v : t is derivable, then ¢t Z 0. The lemma then follows
by induction on the number of the instances of the subsubsumption rule that end the
derivation of A§I'F v : t. The base case are straightforward, while the inductive cases
are:

AsTFwv:b: vis by induction a constant ¢ such that b. < b.

AT Fw:ty X to: v is by induction a pair (v1,v2) and ¢’ is form of (¢} x ¢}) such that
AT F v; - t;. Here we use the fact that the type of a value cannot be 0: since
0 # (t) x th) < (t1 X t2), then we have ¢; < t;. Finally, by (subsum), we have
AsT Fw; it

AsTFwv:t— st vis by induction an abstraction A
/\iEI,jGJ(tin — SZ‘Jj) <t—s.

Nicrti—s;

o)y T-€0 such that
J13

O]

Lemma 7.4.4. Let e be an expression and [0;]jes, [0klker two sets of type substitu-
tions. Then

(eQlojljer)Qloklkex = eQ([ok|rek o [0]jer)

Proof. By induction on the structure of e.

e=¢c (cQ[o;]je7)Qlorlker = cQloglrex
= cQ([op]rer o [ojljer)

(rQoj]jes)Qloklker = rQlok]ker
= 2Q([ok|rex o [0)]jer)

e =(ey,e9):

((e1,€2)Qojjes)Qloklrer = (e1Q0j]jer, e2@[0;]jes)Qlok]rex
= ((e1Q[o;]jes)Qowlrek, (e2Q[0j]je7)Qor]ker)
(by induction)
= (e1Q([ok]rer o [0j]jer), e2Q([ok]rex © [05]je7))
= (e1,e2)Q([ok]kek © [0]jes)
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e =m(e):

[05]5e))@lok]ker
Q[o;]jes)Qlok]kex) (by induction)
Q[oklrex © [o)ljer))
Q[ok]ker o [0]jer)

(mi(e")Qlo]je0)Qlok]kex = (7r (€@

Il
3
/\/‘\s
—

€ = €1€9:

((e1€2)Q[oj]jes)Qlog]kerx = ((e1Q[oj]jer)(e2@lo;]je))Qok]kex
= ((e1Q[oj]jes)Qok]ker ) ((e2Qo]jes)Qlok]kex)
(by induction)
= (e1Q([oklkek o [oj]5e0))(e2Q([ok]kek © [0]5e))
(e1€2)Q([or]rex © [0]jer)

Nicrti—$;
[U’ef el
j/ ]'/GJI

Aierti—sS: A ti—s
(Aol e, @e)8lojlien)Clorlker = (NG ol € )@ok] ke
_ ( Nierts *)Sl T e/)
loklkexolojljcaolojljrc ™"

_ ( Nierti—s;

lojrljreqr x'e/)@([ak’]k’EK © [Uj]jEJ)

e = ep€t7e; : eg: similar to e = (e, e2)

e = €e[oiier:

((¢[oilier)Qlojljes)Qloklker = (€'Q([o]jes o [oilicr))Qlok]kex
= €Q([og]kek © [0j]jer © [oi)icr) (by induction)
= (¢'[oiier)Q([ok]kex o [04]5e7)

O]

Lemma 7.4.5. Let e be an expression, o an expression substitution and [ojljcy a
set of type substitutions such that tv(o) N J;c;dom(a;) = 0. Then (e0)Qlojljes =
(eQ[oj]jes)eo-

Proof. By induction on the structure of e.

e =2:q:

(co)Qlojljes = cQloj]jcs

= (cQlogljes)e
e =a: if x ¢ dom(p), then

(ﬂfg)@{aj]jeJ: fE@[Uj]jeJ

I
8 8
U=

= (zQ[oj]jer)o
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/

Otherwise, let o(x) =
(). Then

(z0)Q[oj]jes

e = (e1,e9):

((e1,e2)0)Q[o;]jes

e=egct7ey : ey

((eo€t?e1 : e2)0)Qlojljes =

111

e’. Astv(o)NU;e s dom(a;) = 0, we have tv(e )N, ; dom(o;) =

' Qloj]jes
6/

T 0
(2Q[oj]jes)0

Qfo;]jes
619) [O'J]JEJ (GQQ)@[O-]]]EJ)

(e10, €20)

((

E(el@[%beJ)& (e2@[o]5e)0)
((

(by induction)
1Qo;]je, e2Qoj]jer)0
e1,e2)Q|oj]jer)0

e =m;(e)
(mi(e")0)Qlojljes = (mi(€'0))Qlojljer
= mi((e'0)Qlojlje)
= mi((e1Qlojljes)0) (by induction)
= mi(e'Q[oj]je)o
= ((m(€)Qlojljer)o
€ = €e1€9:
((e1e2)0)@Q[oj]jes = ((e10)(e20))Q[o;]jes
= ((e10)Q[oj]jes)((e20)Q[o;]je)
= ((e1Q[o;]jes)0)((e2@[0;]jes)0)  (by induction)
= ((e1Q[oj]jer)(e2Q[o;]je0))0
= ((e1e2)Qojljer)o
=g
(Ao e o)Qlojlier = (ATl M a.(¢'0))@loj]jes
- frfyﬁjii;fﬂik_]kexx'(elg)
= (et xz.e')o

[o5]jes0lon]kex

(because tv(g) N ;e dom(a;) =

(A5 7 a.e)log]jer)o

0)

((e00)€t 7 (€10) : (€20))Q[oj]jes

((e00)Q@loj]jes)€t 7 ((e10)Qojljer) = ((e20)Qloj]jes)

((e0@[ojljes)0)€t ? ((e1Q[oj]e0)0) : ((e2Q[oj]je)0)
(by induction)

((e0@[oj]jes)€t 7 (e1Q[oy]jes) & (€2Q@[oj]jes))0

<(€0€t?€1 : 62)@[0’j]jej)g
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e = €'[ok]kek: using a-conversion on the polymorphic type variables of e, we can as-
sume tv(0) Ny dom(ox) = 0. Consequently we have tv(o) NUyex je s dom(o 0
o;) =0, and we deduce

((¢'loklkex)0)@lojljes = ((€'0)loklrex)Qlojljes

€'0)Q([ojljes © [ok]re)

Qloj o okjesker

Qloj o op)jcskerx)o (by induction)

'Q([o]jes 0 [or]rex))o

(¢'[ok]rer)Qlos]jer)e

0)
/Q)

O]

Lemma 7.4.6 ([Expression] substitution lemma). Let e, eq,...,e, be expressions,
X1,y..., &y distinct variables, and t,t1, ... t, types. If AsT, (xy 1 t1),...,(xn 1 tp) Fe:t
and AT = e; 2 t; for all i, then AT - e{eify,, ... en/y, } : L.

Proof. By induction on the typing derivations for AsI', (1 : t1),...,(xn 1 ty) Fe:t. We
simply “plug” a copy of the derivation for A¢T" | ¢; : t; wherever the rule (var) is used
for variable z;. For simplicity, in what follows, we write I for T', (z1 : t1),..., (2 : tn)
and o for {e1/y,...,en/y, }. We procede by a case analysis on the last applied rule.

(const): straightforward.

(var): e =z and AsTV -z : TV(x).

If x = 24, then I'(z) = t; and zp = e;. From the premise, we have AT I ¢; : ¢;.
The result follows.
Otherwise, I''(z) = I'(z) and xp = x. Clearly, we have A¢T' t 2 : I'(x). Thus the
result follows as well.

(pair): consider the following derivation:

A;F’I—elztl A;F’I—elztl
A;Fll— (61,62) : (tl th)

(pair)

By applying the induction hypothesis twice, we have A sT' F ¢e;0 : t;. By (pair),
we get A ST F (e10,e20) : (t1 X ta), that is, AsT F (e1,e2)0: (t1 X t2).
(proj): consider the following derivation:

A;F’}—e’:tlxtg
A;F’}—m(e’):ti

(proj)

By induction, we have A §T' F ¢€’p : t; X t3. Then the rule (proj) gives us
AT+ m(€o) : t;, that is AsT F m(e)o : ;.
(abstr): consider the following derivation:

Viel,jeJ A'sTY, (z:to;) F €Qoj] : sio
A" = A Uvar(\ tio; — si05)

o TV Nierti—si 1, s jp
AsT' )\[O'j]jej z.e /\iel,jeJtza] — 8,0

i€l jeJ

(abstr)
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By a-conversion, we can ensure that tv(¢) N J;c;dom(o;) = 0. By induction,
we have A" §T, (z : t;05) - (€Q[oj])o : s;o; for all i € I and j € J. Because
tv(o) Ndom(o;) = 0, by Lemma 7.4.5, we get A’ $T, (z : t;0;5) - (¢/0)Q[o;] : si05.
: : ieIti—Si
Then by applying (abstr), we obtain AT /\[Aaj]jejs z.(€'0) : Nier jestio; —
; ierti—s;
sio;. That is, AgI' F ()\[Aoﬁjejs z.€)0 : Niey jestio; — sioj (because tv(o) N
U,esdom(a;) = 0).
(case): consider the following derivation:

t'L—t = Asl"Fer:s
A;P’I—eo:t’
L€t = Asl"key:s
AT+ (g€t 7€y eg): s

(case)

By induction, we have A §T F ego : t/ and AT F e;0 : s (for ¢ such that

A 3T’ I e; : s has been type-checked in the original derivation). Then the rule

(case) gives us ATt (ego€t 7e10: e20) = s that is AT F (ep€t?er : ea)o: s.
(inst):

AsT'Fe s aﬁA(
ATt €o] : so

inst)

Using a-conversion on the polymorphic type variables of e, we can assume tv(o) N
dom(c) = (. By induction, we have A §T" I ¢’p : s. Since o § A, by applying
(inst) we obtain A ¢T' F (eo)[o] : so, that is, A ¢T F (€¢'[o])e : so because
tv(o) Ndom(o) = 0.

(inter):

VjedJ AsT'F o)t
AT Felojljer /\jeJ tj
By induction, for all j € J we have AT - (¢/[o])o : t;, that is AT F (€/0)[oj] : t;.
Then by applying (inter) we get AT F (€'0)[ojljes : /\jeJ tj, that is AgI' -
(e'lojljes)e: Njests-
(subsum): consider the following derivation:

(inter)

AsT'Fe s s<t
AsT/ et

(subsum)

By induction, we have A ¢T'+ €’p : s. Then the rule (subsum) gives us AT
eo:t.

O]

Definition 7.4.7. Given two typing environments I'1,'a, we define their intersection
as
I'i(z) AT2(x) if x € dom(I';) Ndom(I'2)

undefined otherwise

(T1 ATg)(z) = {
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We define Ty < T if Ty(z) < Ty(x) for all x € dom(T'1), and Ty ~ Ty if 'y < T and
Iy <T4.

Given an expression e and a set A of (monomorphic) type variables, we write e f A if
o; # A for all the type substitution ¢; that occur in a subterm of e of the form €'[o}] e
(in other terms, we do not consider the substitutions that occur in the decorations of
A-abstractions).

Lemma 7.4.8 (Weakening). Let e be an expression, I',T" two typing environments
and A" a set of type variables. If AT Fe:t, TV <T andet A/, then AUA ST e : t.

Proof. By induction on the derivation of A §I' - e : t. We perform a case analysis on
the last applied rule.

(const): straightforward.

(var): AsT F x : T'(z). It is clear that AUA' ¢TIV F 2 : I'(x) by (var). Since
I(z) <T(x), by (subsum), we get AUA" TV F x: T'(x).

(pair): consider the following derivation:

AgFF€1:t1 AgFF€22t2
AsTF (e1,e2) : tg X to

(pair)

By applying the induction hypothesis twice, we have A U A’ $TV I ¢; : t;. Then
by (pair), we get AUA §T" | (eq,e2) : t1 X ta.
(proj): consider the following derivation:

A;Fl—e’:tlxtg
AsTEm(e): ¢

(proj)

By the induction hypothesis, we have AU A’ ¢TIV ¢’ : t; x ta. Then by (proj),
we get AUA sTV - m(e) : ;.
(abstr): consider the following derivation:

Viel,jeJ A"sT, (x:tio;) - €Qloj] : si0;
A"=AU var(/\ tidj — Sin)

o Nierti—=si 1 . jpu s
AsT+ )\[Uj]jeJ z.€': Nier jes tios = $io;

i€l je]

(abstr)

By induction, we have A" UA' ¢TIV, (z : tj0;) F Qo] : s;0; for all i € I and

j € J. Then by (abstr), we get AUA ¢TI F X" jti%six.e’ A

o5lies ier,jeg tioj = Si0j.

(case): consider the following derivation:

'L -t = AsTker:s
AsT eyt
<€t = Aslkey:s
AsTF (eg€t?er ea): s

(case)

By induction, we have A UA’ sTV F ¢g : tg and AUA' 3T + ¢; : s (for ¢ such
that e; has been type-checked in the original derivation). Then by (case), we get
AUA' ST F (g€t ?eq : e9) : 8.
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(inst): consider the following derivation:

AsThHe:s ofA
AsTHeélo]:so

(inst)

By induction, we have AU A’ T ¢’ : 5. Since e § A'(i.e., €'[o] § A’), we have
ot A’. Then o AUA’. Therefore, by applying (inst) we get AUA'ST |- €'[o] : so.
(inter): consider the following derivation:

VjeJ AsTFelo)]:t;
AT Feojlier - Njesti
By induction, we have AU A" §T" - €/[o;] : t; for all j € J. Then the rule (inst)
gives us AUA' sV F€e'fojljes : Ajests-
(subsum): there exists a type s such that

(inter)

AsTke s s<t
AsTkHe :t

(subsum)

By induction, we have AU A’ $T” - ¢’ : s. Then by applying the rule (subsum)
we get AUA'$T' ¢ :t.

O
Definition 7.4.9. Let o1 and o3 be two substitutions such that dom(c1)Ndom(oz) =0
(01 & o2 for short). Their union o1 U g is defined as

o1(a) « € dom(oy)
(01 Uog)(a) = oa(a) « € dom(og)

o otherwise

The next two lemmas are used to simplify sets of type-substitutions applied to
expressions when they are redundant or they work on variables that are not in the
expressions.

Lemma 7.4.10 (Useless Substitutions). Let e be an expression and [ox]kek, [0} kek
two sets of substitutions such that o, 4 oy, and dom(o})Ntv(e) =0 for all k € K. Then

AsT + eQloglrex 1t <= AT F eQloy U oylper @ t
Proof. Straightforward. O

Henceforth we use “&/” to denote the union of multi-sets (e.g., {1,2} W {1,3} =
{1,2,1,3}).

Lemma 7.4.11 (Redundant Substitutions). Let [0;]je; and [0}]cr be two sets of
substitutions such that J' C J. Then

A;Fl—e@[O’j]jEJwJ/:t<:>A§Ff—€@[O‘j]j€J:t
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Proof. Similar to Lemma 7.4.10. O

Lemma 7.4.10 states that if a type variable a in the domain of a type substitution
o does not occur in the applied expression e, namely, « € dom(o) \ tv(e), then that part
of the substitution is useless and can be safely eliminated. Lemma |7.4.11]states that al-
though our [0;] ;¢ are formally multisets of type-substitutions, in practice they behave
as sets, since repeated entries of type substitutions can be safely removed. Therefore, to
simplify an expression without altering its type (and semantics), we first eliminate the
useless type variables, yielding concise type substitutions, and then remove the redun-
dant type substitutions. This is useful especially for the translation from our calculus
to the coreCDuce, since we need fewer type-case branches to encode abstractions (see
Chapter |11 for more details). It also explains why we do not apply relabeling when
the domains of the type substitutions do not contain type variables in expressions in
Definition [7.1.6.

Moreover, Lemma 7.4.11] also indicates that it is safe to keep only the type substi-
tutions which are different from each other when we merge two sets of substitutions
(e.g. Lemmas 7.4.14/and 7.4.15). In what follows, without explicit mention, we assume
that there are no useless type variables in the domain of any type substitution and no
redundant type substitutions in any set of type substitutions.

Lemma 7.4.12 (Relabeling). Let e be an expression, [0j]jcs a set of type substitu-
tions and A a set of type variables such that o; § A for all j € J. If A§T' e : ¢,
then
AT F eQloj)jer - /\ to;
jeJ

Proof. The proof proceeds by induction and case analysis on the structure of e. For
each case we use an auxiliary internal induction on the typing derivation. We label E
the main (external) induction and I the internal induction in what follows.

e = c: the typing derivation A §T" F e : t should end with either (const) or (subsum).
Assume that the typing derivation ends with (const). Trivially, we have A §
I' F ¢ : be. Since cQ[oj]je; = ¢ and be >~ A..;bcoj, by subsumption, we have
AT F cQojljes = Njesbeoj
Otherwise, the typing derivation ends with an instance of (subsum):

jeJ

AsThe:s s<t
AsTke:t

(subsum)

Then by I-induction, we have A§I' = eQojljes @ /ey s0;. Since s < ¢, we
get /\jeJ s0j < /\jeJ to;. Then by applying the rule (subsum), we have AgI' -
€Q[o;]jer : /\jeJ toy.

e = x: the typing derivation A ¢T' F e : ¢ should end with either (var) or (subsum).
Assume that the typing derivation ends with (var). Trivially, by (var), we get
ATtz : T'(x). Moreover, we have 2@[o;]je; = z and I'(z) = \;c; I'(z)o; (as
var(I') € A). Therefore, we deduce that A§T' - 2Qlojjcs : e, I'(2)0;.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.
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e = (e1,ez): the typing derivation AT F e : ¢ should end with either (pair) or (subsum,).
Assume that the typing derivation ends with (pair):

AgFl—elztl A$F|—€2:t2

AsTF (er,e) ity X to (pair)

By E-induction, we have A §T' - e;Q[o;];es : /\jejtiaj. Then by (pair), we
get AsT'F (61@[0’j]jej,€2@[0j]jej) : (/\jGJ tioj X /\jEJtQO'j), that is, AT F
(61,62)@[0'j]j6] : /\jEJ(tl X tQ)O‘j.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.

e = m;(€'): the typing derivation A¢T' I e : ¢ should end with either (proj) or (subsum).
Assume that the typing derivation ends with (proj):

A;Fl—e’:tlxtQ
AsTEm(e): ¢

(proj)

By E-induction, we have A§T' - €'Q[oj]jes @ \je;(t1 X t2)oy, that is, AgT'F
e'Qlojljes + (Njest105 X Njest205). Then the rule (proj) gives us that AT+
Wi(e’@[aj]jej) : /\jGJ tioj, that is, AsT'+ ﬂ'i(e’)@[aj]jeJ : /\jGJ t;o;.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.

e = ejeg: the typing derivation A¢I' k- e : ¢ should end with either (appl) or (subsum).
Assume that the typing derivation ends with (appl):

AsThe :t—s Agfl—egzt( ir)
AsT'Fees:s pasr
By E-induction, we have A§I' - e1@[o;] ey : Aje;(t = s)oj and AsT' F e2@Q[o]

Njestoj. Since N\;c;(t = s)o; < (Njestoj) = (Njessos), by (subsum), we
have A §T' - e1@[oy]je 1 (Ajestoj) = (Ajes sos)- Then by (appl), we get

AT+ (e1@[oy)jes) (e2@lojlies) =\ s0;
jeJ

that is, AsT'+ (6162)@[0']']]'6] : /\jEJ 50;.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.

= eIty of: the typing derivation AT F e : ¢ should end with either (abstr) or

— Tloklkex

(subsum). Assume that the typing derivation ends with (abstr):

e

Vie ke K. AT, (x: tiog) - €'Qoy] : siop
A =AU var(/\ieLkeK tior — SZ'O'k)

- yorr—— (abstr)

A oI A[Oke];eK Sige /\iel,keK tior — S;0k
Using a-conversion, we can assume that o; § (var(A\;c; peg tior — siox) \ A) for
j € J. Hence 0; § A’. By E-induction, we have

A’ oI, (.1‘ : (tidk)) F (6,@[Jk])@[0j] : (siak)aj



118 CHAPTER 7. A CALCULUS WITH EXPLICIT TYPE-SUBSTITUTIONS

foralli e I, k € K and j € J. By Lemma 7.4.4, (¢/Q[oy])Q[o;] = €'Q([0] 0 [0%]).
So
A'sT,(z: (tiog)) F €'Q([o] o [o%]) : (siok)o;

Finally, by (abstr), we get
o Nicrti—>s; /. ) . . .
AsTF )\[Ufwk]ke}(’je]x.e : /\ ti(oj o o) = si(o 0 0j)
i€l keK jeJ
that is,

A s F (Af:]jzz:six.el)@[dj]jej : /\( /\ tiop — SiJk)Jj
jeJ i€l keK

Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.

e = e'€t?ey : eg: the typing derivation A ¢TI e : ¢ should end with either (case) or
(subsum). Assume that the typing derivation ends with (case):

'L -t = AsTlker:s
AsTkHe ¢
<€t = AsTlkey:s
AsTH (eet?ereq): s

(case)

By E-induction, we have A3T' = €'Q[o;]jes : Aje; t'0j. Suppose A;c;t'o; £ —t;
then we must have ¢ £ —t, and the branch for e; has been type-checked. By
the E-induction hypothesis, we have A §T' - e1Q[o;]jes : /\jeJ s0;. Similarly,
it A\ jeJ t'o; £ t, then the second branch es has been type-checked, and we have
A3l e2Q[oj]jes : /\jey s0; by the E-induction hypothesis. By (case), we have

AT (€Q[oj)jes€t ?e1Q[oj]jes : €2Qloj]je) : /\ 50;
jed
that is A 9 'k (€/€t?€1 : 62)@[(7j]jgj : /\jEJ s0;.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.
e = €'[o]: the typing derivation AT I e : t should end with either (inst) or (subsum).
Assume that the typing derivation ends with (inst):

A;F'I.—‘e’:t JjjA(

inst
AsTFéelo]:to inst)

Consider the set of substitutions [0 o 0]jcs. It is clear that oj oo § A for all
j € J. By E-induction, we have

A 5 't 6,@[0']' @) U]jGJ . /\ t(()’J ] O')
jeJ
that is, AsI'F (e'[0])Qloj]jes : Ajes(to)o;.
Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.
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e = €/[ok]kek: the typing derivation A ¢ T F e : ¢ should end with either (inter) or
(subsum). Assume that the typing derivation ends with (inter):

Vk e K. AsT F €[oy] : tg
AT+ el[O'k]keK : /\keKtk

(inter)

As an intermediary result, we first prove that the derivation can be rewritten as

AsThHe:s ot A
Vke K. AT Fé€|og]: sog (
AsT & elop]rer + Npek 50k Niek 50k < Npek th

AsT F €[op)rer : Npex te

inst)

(inter)

(subsum)

We proceed by induction on the original derivation. It is clear that each sub-
derivation A §T + €'[oy] : ti ends with either (inst) or (subsum). If all the
sub-derivations end with an instance of (inst), then for all k£ € K, we have

AsT e sy UkﬁA(

inst
AT elog] : skok inst)

By Lemma 7.4.2, we have AsI' ¢’ : A\, x5k Let s = Ao sk Then by (inst),
we get AT F €[o] : so. Finally, by (inter) and (subsum), the intermediary
result holds. Otherwise, there is at least one of the sub-derivations ends with an
instance of (subsum), the intermediary result also hold by induction.

Now that the intermediary result is proved, we go back to the proof of the lemma.
Consider the set of substitutions [0} o o]jesrek- It is clear that o; 0oy § A for
all j € J,k € K. By E-induction on ¢’ (i.e., AsT ¢ : s), we have

AT+ €Qloj o okljeskek /\ s(oj o o)
jeJkeK

that is, AT F (€' [ok]ker)Q[oj]jes - /\jeJ(/\keK 501)05. As Nper 50k < Nicr tes
we get A (Aver 508)05 < Njes(Aker te)oj. Then by (subsum), the result
follows.

Otherwise, the typing derivation ends with an instance of (subsum), similar to
the case of e = ¢, the result follows by I-induction.

O
Corollary 7.4.13. If AT & elojljes : t, then AT - eQojlcy : t.
Proof. Immediate consequence of Lemma 7.4.12. O

Lemma 7.4.14. If AsT' F eQ[oj]jes : t and A'sT - eQoj e : t', then AUA'ST AT =
e@[a'j]jeju]/ A
Proof. The proof proceeds by induction and case analysis on the structure of e. For

each case we use an auxiliary internal induction on both typing derivations. We label
E the main (external) induction and I the internal induction in what follows.
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e =c: eQ[ojlje; = eQlojljer = c. Clearly, both typing derivations should end with
either (const) or (subsum). Assume that both derivations end with (const):

(const) (const)

AsTFec: b, AT Fec: b,
Trivially, by (const) we have AUA'§T AT F ¢ : be, that is AUA'sT AT
eQ[oj]jcju @ be. As be > b. A 'be, by (subsum), the result follows.

Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), for instance,

AsT FeQlojlier:s s<t
AT+ eQlojljes i t

(subsum)

Then by I-induction on AT+ eQ[oj]jcy : s and A" §T" b eQ[o;]c v : ', we have
AUA,;F/\F/ l—e@[crj]jeJUJ/ s At

Since s < t, we have s At' <t At'. By (subsum), the result follows as well.

e =x: eQfoj|je; = eQ[oj]jey = x. Clearly, both typing derivations should end with
either (var) or (subsum). Assume that both derivations end with an instance of
(var):

(var) (var)

AsTFaz:T(z) AsTV bz :T(x)
Since z € dom(I") and = € dom(I"), z € dom(I' AT”). By (var), we have AUA’¢
CAT Fax: (DATY)(2), that is, AUA'§T AT F eQoj]jequy - T(x) AT ().
Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), similar to the case of e = ¢, the result follows by I-induction.

e = (e1,e2): €Qoj]jes = (e1Q[o]jes, e2@[o;]jes) and

eQlojlicy = (e1Q[oj]jer,e2Q[o;]je ). Clearly, both typing derivations should
end with either (pair) or (subsum). Assume that both derivations end with an
instance of (pair):

A;F F 61@[Uj]jEJ ] A;F F 62@[Uj]jEJ D)
AT+ (61@[Uj]jej,€2@[0j]jej) : (81 X 82)

(pair)

A,;]__Vl_el@[gj]jej/ 28/1 A/SF,FGQ@[UJ'L‘GJ/ 28/2
AT F (1Q[o]je 7, e2Qojljer) : (51 X )

By E-induction, we have AUA’ T AT F €;Q[o] e us : si A ;. Then by (pair),
we get AUA' sT AT (61@[0’j]j€JUJ/,62@[0']‘]]'6JUJ/) : (81 A 3,1) X (s2 A 8/2),
that is AUA' sT AT = (e1,e2)Q[oj]jequr : (s1 A s)) X (s2 A sh). Moreover,
because intersection distribute over product, we have (s A s}) x (s2 A sb) ~
(s1 X s2) A (8] x s5). Finally, by applying (subsum), we have AUA' ¢ T AT -
(e1,€2)Q[o]jesugr 1 (51X 82) A (5] X 85).

Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), similar to the case of e = ¢, the result follows by I-induction.

(pair)
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e =

e:m(e’): 6@[0'3‘}]'6] = Wi(el@[O'j]jeJ) and 6@[0'j]jejl = m(e’@[aj]jejz), where 7 =

1,2. Clearly, both typing derivations should end with either (proj) or (subsum).
Assume that both derivations end with an instance of (proj):

A/ g F/ l_ e/@[UJ]JEJ’ : 8’1 X 8/2 (pTOj)
A/ 3 F/ [ Wi(el@[aj]jejl) : S'Ii

AT F €Qlojljcs : 51 X 52
AsT H Fi(el@[a'j]jej) 1S

(proj)

By E-induction, we have AUA" §T AT b €'Qloj]jequ : (s1 X 52) A (8] X 85).
Since (s1 X s2) A (8] X s5) ~ (s1 A s)) x (s2 A sh) (See the case of e = (eg, e2)), by
(subsum), we have AUA"§T ATt €'Q[oj]jcrur 1 (s1 A s)) x (s2 A sh). Finally,
by applying (proj), we get AU A §T' ATV - m(eQojljequr) : si A s;, that is
AU sTA I’ - ﬂ'i(e)@[dj]jGJUJ/ HCEIVAN 8;.

Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), similar to the case of e = ¢, the result follows by I-induction.

e = e1eg: eQ[oj]jes = (e1Q[o}]je)(e2Q[o;]jes) and

eQlo;licy = (e1Q[oj]jer)(e2@Q[o]je ). Clearly, both typing derivations should
end with either (appl) or (subsum). Assume that both derivations end with an
instance of (appl):

A;F - 61@[0’j]j€J 181 — S92 A;F ~ 62@[0’j]j€J : 81
AsT F (e1Qo]jer) (e2@Q[o]jes) : 52

(appl)

A 5 I+ el@[o'j]jeJ/ : 5/1 — 8/2 A 9 I+ 62@[0’j]jejl : Sll
A3 E (e1Q[og]je ) (e2@[oy]jer) = 55

By E-induction, we have AUA'sT AT - e1Q[o;]jequ 1 (51— s2) A (s] — s5)
and AUA'ST AT F e2Q@[o]jegu : 51/ 8]. Because intersection distributes over
arrows, we have (s1 — s2) A (8] = s5) < (s1 A s)) — (s2 A sh). Then by the rule
(subsum), we get AUA'sT AT e1Q[oj]jcruy : (51 A S]) = (s2 A sy). Finally
by (appl), we have AU A sTAT (61@[0’j]jejujl)(62@[0’j]jejuj/) HCHWAN 8/2, that
is, AU A/ S VAN I+ (6162)@[O—j}jejuj/ HCHWAY 8/2.
Otherwise, there exists at least one typing derivation which ends with an instance

of (subsum), similar to the case of e = ¢, the result follows by I-induction.

Nierti—s; Nierti—s; _ \ierti—s; /
=A x.e

[ok]kex loj]jesolor]ker loj]jesr0lok]ker

(appl)

r.e's 6@[0]‘]]'67 =\ z.e’ and e@[oj]jEJ/

Clearly, both typing derivations should end with either (abstr) or (subsum). As-
sume that both derivations end with an instance of (abstr):

Viel,jeJ ke K. AsT,(z:ti(oj00k)) F eQlojooy]:si(ojook)
A=A Uvar(/\iel,jEJ,kEK ti(O'j o O'k) — Sl‘(O'j o O'k))

0 Nierti—si /. ey (s
AsT+ )\[Uj}jEJo[Uk]ker.e t Nierjesker ti(oj 0 o) = si(0j 0 oy)

Viel,jeJ ke K. NI (z:ti(cjook)) F eQlojooy]:si(ojook)
Ay = A Uvar(Aics jesr rex ti(oj o o) = si(aj 0 oy))

Io Nierti—si ’. (s (s
A'sT'H )‘[aj]jeJ/O[ak]ker'e  Nierjer kex ti(j 0 o%) = si(0j 0 oy)



122

CHAPTER 7. A CALCULUS WITH EXPLICIT TYPE-SUBSTITUTIONS

Consider any expression €' Q([o;] o [0y]) and any eg[oj,]joes, in €Q([o;] o [ok]),
where j € JUJ',k € K. (Then eg[oj,]j,ej, must be from €’). All type variables in
Ujpes, dom(aj,) must be polymorphic, otherwise, e'@([o;]o[o]) is not well-typed
under Aj or As. Using a-conversion, we can assume that these polymorphic type
variables are different from Ay U Ay, that is (U;, ¢, dom(as,)) N (A1 U Ag) = 0.
So we have €'Q([o;] o [oy]) # A1 U Ay. According to Lemma [7.4.8, we have

A UAsTAT (2 :ti(0j00k)) € @Qloj ooy : si(cj0oy)

forallie I, je JUJ and k € K. Tt is clear that

A1 UAy = AUA" U var( /\ ti(oj o ok) — si(oj o o))

iel,jeJUJ keK

By (abstr), we have

/o / Nierti—s; /. A Ay

AUA'sTAT - )‘[Uj]jEJUJ/O[ok]ker'e : /\ ti(oj o o) — si(oj o o)
ieljeJUu keK

that is, AUA'§T ATt eQ[oj]jcju : t At', where t = /\z‘el,jeJ,k:eK ti(ojoor) —
si(ojooy) and t' = /\iEI,jeJ’,keK ti(oj o o) = si(oj o o).

Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), similar to the case of e = ¢, the result follows by I-induction.

e = (eg€t7e; : e2): eQlojljes = (e0Q[oj]jes€t ?e1Q[o] e : €2Q[0j]cs) and

6@[0]']]'6]1 = (60@[Jj}j6y €t? 61@[Uj]jejl : 62@[0'3']3‘6]/). Clearly, both typing
derivations should end with either (case) or (subsum). Assume that both deriva-
tions end with an instance of (case):

to £t = A3TFeQoj)jes:s

A;F + 60@[Uj]j6J 1 to

to £t = Agrl—€2@[0jjej:$

case
A‘;F'— (eg@[aj]jEJGt?€1@[O'j]j€]:62@[0']']]'€J) .S ( )
to £t = A'sI'FeQlojlicy s
A/;P,}_eo@[()']]]e]/ t6
tf)ft = AISF/FQQ@[U]']]'GJ/ s
(case)

A’ 5 I+ (60@[03‘}3'6]1615? el@[aj]jejl : 62@[Uj]j€J’) s

By E-induction, we have A U A’ §T AT F egQ[oj]jecus : to A ty. Suppose
to Aty £ —it, then we must have tyo £ —t and ¢, £ —t, and the first branch
has been checked in both derivations. Therefore we have A U A’ T ATV
e1Q[oj]jequy s A s’ by the induction hypothesis. Similarly, if to At £ t, we
have AUA'§sT AT F e2Q[oj]jc 0 : s As'. By applying the rule (case), we have

AU A’;F AT (eo@[ajb‘ejujlet?61@[0'j]jejuj/ : 62@[0'j]jejuj/) sAS

that is, AUA’sT AT I (60€t? e1: €2)@[Uj]jejuj/ :sNS.
Otherwise, there exists at least one typing derivation which ends with an instance
of (subsum), similar to the case of e = ¢, the result follows by I-induction.
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e = €'[oilicr: €Qloj]jes = €'Q([oj00i](ji)e(1x1)) and Qo] je ;= €'Q([0003] jiye(rx1))-
By E-induction on €/, we have

AUA s'A I e’@[aj o Ui](j,i)E(JXI)U(J/XI) Sttt
that is, A U A sT'A I’ - (el[o'i]/ie[)@[o'j]jeJuJ/ tAY.
O

Corollary 7.4.15. If AT I eQlojljcy, : t1 and AT F eQojlcy, : ta, then AT F
6@[O'j]jejluj2 N AAR 2

Proof. Immediate consequence of Lemmas [7.4.14 and |7.4.8|. O

7.4.2 Type soundness

In this section, we prove the soundness of the type system: well-typed expressions do
not “go wrong”. We proceed in two steps, commonly known as the subject reduction
and progress theorems:

e Subject reduction: a well-typed expression keeps being well-typed during reduc-
tion.

e Progress: a well-typed expression can not be “stuck” (i.e., a well-typed expression
which is not value can be reduced).

Theorem 7.4.16 (Subject reduction). Let e be an expression and t a type. If
AsTke:tande~¢€, then AT ¢ :t.

Proof. By induction on the derivation of A§I' - e : t. We proceed by a case analysis
on the last rule used in the derivation of AT F e : ¢.

(const): the expression e is a constant. It cannot be reduced. Thus the result follows.

—~

var): similar to the (const) case.
(pair): e = (e1,e2), t =11 X to. We have AsT'Fe; : t; for i = 1..2. There are two ways
to reduce e, that is
(1) (e1,e2) ~ (€}, e2): by induction, we have A¢T' F €] : t;. Then the rule (pair)
gives us AsT'F (€], ea) : t1 X ta.
(2) The case (e1,e2) ~ (e1,€h) is treated similarly.
(proj): e =mi(eg), t =t;, AT F eyt X to.
(1) eg ~» ef: € = mi(ey). By induction, we have A §T' F ¢f : t; x t2. Then the
rule (proj) gives us AgT e : t;.
(2) eo = (v1,v2): € =wv;. By Lemma 7.4.3, we get AsT'F ¢’ : ¢;.
(appl): e=e1 e, AsTFep:t—sand AgTFey:t.
(1) e1 eg ~ €] eg or €1 ex ~ €1 €h: similar to the case of (pair).
(2) e1 = )\f(\;']ﬁjiijsim.eo, ex = v, € = (e9Q[ojljcp){ve/p} and P ={j € J | Ji €
I. AT F vy : tjoj}: by Lemma 7.4.3, we have /\Z-el’je,tiaj — 505 <t — s.
From the subtyping for arrow types we deduce that ¢ < \/,.; jeg tioj and that
for any non-empty set P C I x J if t £ \/(i,j)eli\P tio;, then /\(i,j)GP si05 < s.
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Let Py = {(i,j) | A3T - va: to;}. Since AT vyt t and t < V;op iy tioy,
Py is non-empty. Also notice that ¢ £ v(i,j)eli\Po t;oj, since otherwise there
would exists some (i, j) ¢ Py such that A§I' F vy : t;05. As a consequence, we
get /\(z‘,j)e p, 8i0j < s. Moreover, since e; is well-typed under A and T', there
exists an instance of the rule (abstr) which infers a type A;c; s tio; — sio;
for e; under A and T and whose premise is A" 3T, (z : t;0;) F eo@[o;] : sio;
for all i € I and j € J, where A" = AUvar(A\;c1 jc;ti0; — s;05). By Lemma
7.4.14, we get A" \; yep, (I (2 ¢ tioj)) B eo@[oj]ien, © Aj jyep, 5i0j- Since
L (@ A jyep i) = N jer,(Is (@ : tioj)), then from Lemma 7.4.8 we have
A'sT (x: Nijer, tiog) F eo@lojlier, + N jer, sioj and a fortiori AT, (x
Nijer tioi) - eoQ@oslier, : N jep, si0j- Farthermore, by definition of P and
the admissibility of the intersection introduction (Lemma 7.4.2) we have that
AT Fwat Ay jyep, tioj. Thus by Lemma 7.4.6, we get AgI' e : Nijyep, Si0;-
Finally, by (subsum), we obtain A ¢TI €’ : s as expected.

(abstr): It cannot be reduced. Thus the result follows.

(case): e =egEsTey : ea.
(1) eg ~ € or e; ~ €| or ey ~ ef: similar to the case of (pair).
(2) eg = vp and I eq : s: we have €/ = e;. The typing rule gives us AgT' ey : ¢,
thus the result follows.
(3) otherwise (eg = vg): we have ¢ = ey. Similar to the above case.

(inst): e=eyfo], AgT'te1:s, 08 A and e ~» e;Q[o]. By applying Lemma 7.4.12, we
get AT e;Q[o] : so.

(inter): e = e1|ojljes, AsT F ei]oj]jes : /\jeJ tj and e ~ e1Q[o;];e;. By applying
Corollary 7.4.13, we get AT e1Qojjes : \jesty-

(subsum): there exists a type s such that A¢T e : s <t and e ~ €. By induction,
we have AT F ¢’ : s, then by subsumption we get AT ¢’ : ¢.

O]

Theorem 7.4.17 (Progress). Let e be a well-typed closed expression, that is, - e : t
for some t. If e is not a value, then there exists an expression €' such that e ~ €’.

Proof. By induction on the derivation of - e : t. We proceed by a case analysis of the
last rule used in the derivation of e : .

(const): immediate since a constant is a value.
(var): impossible since a variable cannot be well-typed in an empty environment.

~~

pair): e = (e1,e2), t =t1 X tg, and - ¢; : t; for i = 1..2. If one of the e; can be reduced,
then e can also be reduced. Otherwise, by induction, both e; and ey are values,
and so is e.

(proj): e =m(eg), t =t;, and F eg : t1 X ta. If €9 can be reduced to e, then e ~ m;(ef).
Otherwise, eq is a value. By Lemma 7.4.3, we get ey = (v1,v2), and thus e ~ v;.

(appl): € = €1 eg, - e1 : t — s and - ey : t. If one of the e; can be reduced, then

e can also be reduced. Otherwise, by induction, both e; and e; are values. By
ierli—s;

Lemma [7.4.3, we get e = Af;ﬁjefs x.eg such that /\iel,jeJ tio; — sjo; <t —

5. By the definition of subtyping for arrow types, we have ¢ < \/, I.jeJ tio.
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Moreover, as - ey : t, the set P = {j € J | Ji € I. + ey : tjo;} is non-empty.
Then e ~ (eo@[o;]jep){c2/z}

(abstr): the expression e is an abstraction which is well-typed under the empty envi-
ronment. It is thus a value.

(case): e =egEsTey : ea. If eg can be reduced, then e can also be reduced. Otherwise,
by induction, eg is a value v. If F v : s, then we have e ~» e;. Otherwise, e ~ es.

(inst): e = eq[o], t = so and - ey : s. Then e ~ e;@Q[o].

—~

inter): e = e1lojljes, t = N\jestj and = eqfoy] : t; for all j € J. It is clear that
€ ~> 61@[Uj]j€J'

(subsum): straightforward application of the induction hypothesis.

We now conclude that the type system is type sound.

Corollary 7.4.18 (Type soundness). Let e be a well-typed closed expression, that
is, Fe:t for somet. Then either e diverges or it returns a value of type t.

Proof. Consequence of Theorems 7.4.17 and |7.4.16. O

7.4.3 Expressing intersection types ?

We now prove that the calculus with explicit substitutions is able to derive the same
typings as the Barendregt, Coppo, Dezani (BCD) intersection type system [BCDS83]
without the universal type w. We remind the BCD types (a strict subset of 7), the
BCD typing rules (without w) and subtyping relation in Figure 7.3, where we use m
to range over pure A-calculus expressions. To make the correspondence between the
systems easier, we adopt a n-ary version of the intersection typing rule. Henceforth, we
use D to range over BCD typing derivations. We first remark that the BCD subtyping
relation is included in the one of this work.

Lemma 7.4.19. If tl SBCD tg then tl < tz.

Proof. All the BCD subtyping rules are admissible inour type system. O

In this subsection, we restrict the grammar of expressions with explicit substitutions
to

Nic1Si—ti
[Gﬁjg x.e (7.2)

e n=2x | ee | A
and we write [e]| for the pure A-calculus expression obtained by removing all types
references (i.e., interfaces and decorations) from e. Given a pure A-calculus expression
m and a derivation of a judgement I' Fgcp m : t, we build an expression e such that
[e] =m and AT I e : t for some set A of type variables. With the restricted grammar
of (7.2), the intersection typing rule is used only in conjunction with the abstraction
typing rule. We prove that it is possible to put a similar restriction on derivations of
BCD typing judgements.

2The proofs in this section are mainly done by Serguei Lenglet.
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Types:
t o= a|t—=t|tAt

Typing rules:

FI—BCDmlitl—)tQ Fl—mgttl

BCD wvar BCD a

['Fpep z: () ( ) I'Fpep my myg : Lo ( v

z:t1 m:t '+ m:t; -
1 " BCD 2 (BCD abstr) BCD 7 ;GIl (BCD inter)

I'Fpep Ax.m i t1 — 1o FFBCDm:/\ti 1>
el
' m:t t1 < t
BCD 1 1 =BCD 2 (BCD sub)
I'Em:ty

Subtyping relation:

t<pgept t<peptAt t1 Nte <pcp t1

t1 <Bcp t2 to <Bcp t3

(t1 = t2) A (t1 = t3) <pep t1 — (ta A t3) t1 <pcp t3
t1 <Bcp t3 to <Bcp ta t3 <pcp t1 to <gcp ta
t1 Nta <Bep t3 Nty t1 — 12 <Bept3 — U4

Figure 7.3: The BCD type system

Definition 7.4.20. Let D be a BCD typing derivation. We say D is in intersection-
abstraction normal form if (BCD inter) is used only immediately after (BCD abstr) in
D, that is to say, all uses of (BCD inter) in D are of the form

D;
F,l’ : tz‘ I—Bcpm LS

1el
I'tgep Ax.m i t; — s

r }_BCD Ax.m : /\ti — 85
iel

Definition 7.4.21. Let D be a (BCD) typing derivation. We define the size of D,
denoted by |D|, as the number of rules used in D.

We prove that any BCD typing judgement can be proved with a derivation in
intersection-abstraction normal form.
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Lemma 7.4.22. If I' Fgop m : t, then there exists a derivation in intersection-
abstraction normal form proving this judgement.

Proof. Let D be the derivation proving I' -pop m : t. We proceed by induction on the
size of D. If |D| = 1 then the rule (BCD wvar) has been used, and D is in intersection-
abstraction normal form. Otherwise, assume that |D| > 1. We proceed by case analysis
on the last rule used in D.

(BCD sub): D ends with (BCD sub):
D’ <t
Tk Bcpm:t
where D’ proves a judgement I' Fgop m : /. By the induction hypothesis, there
exists a derivation D” in intersection-abstraction normal form which proves the
same judgement as D’. Then
D" <t
'+ BCD M : t
is in intersection-abstraction normal form and proves the same judgement as D.
(BCD abstr): similar to the case of (BCD sub).

(BCD app): similar to the case of (BCD sub).
(BCD inter): D ends with (BCD inter):

D;

D=——
I'tpepm:t

1el
where each D; proves a judgement I' Fgop m : ¢; and t = /\ie 7 t;. We distinguish
several cases.

If one of the derivations ends with (BCD sub), there existsig € I such that

D, ti, <t

0 —

o Fl_BCDmZtio

The derivation

D; D
D' = : & i €I\ {io}
I'kFgepm: /\ tl'/\tgo
i€I\{io}

is smaller than D, so by the induction hypothesis, there exists D" in intersection-
abstraction normal form which proves the same judgement as D’. Then the

derivation
D" /\ ti Ny, <pcp /\ t;
iel\{io} iel
I'tFpepm:t

is in intersection-abstraction normal form, and proves the same judgement
as D.
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If one of the derivations ends with (BCD inter), there exists iy € I such
that
D
Dio = 10 jed
r '_BCD m /\ tj,io
JjedJ

with ¢, = A\je s tji- The derivation

Di  Djiy ier\{io}

D' =
I'Fgepm:t J€J

is smaller than D, so by the induction hypothesis, there exists D" in intersection-
abstraction normal form which proves the same judgement as D', which is
the same as the judgement of D.

If all the derivations are uses of (BCD wvar), then for all i € I, we have

D;

- T l_BCD X . F(x)

which implies t = A;.; I'(x) and m = 2. Then the derivation

T FBCD X F(J}) F(l’) SBCD t
T }—BCDw 0t

is in intersection-abstraction normal form and proves the same judgement

as D.
If all the derivations end with (BCD app), then for all i € I, we have
Dl D2
Dl K2 (]

N I'Fpop m1 mo i t;

where m = m1 mo, Di1 proves I' Fgep m1 @ s; — t;, and DZ? proves I' Fpop
mo : s; for some s;. Let
D} D?
D, = ! 11 Dy = ! 1€1
Fl—BCDmI:/\Si%ti FI_BCDmQ:/\SZ‘
iel iel

Both D; and Ds are smaller than D, so by the induction hypothesis, there
exist D}, D in intersection-abstraction normal form which prove the same
judgements as D; and Dy respectively. Then the derivation

Dy Nsi—ti<pep ([\si) = (/\t)
icl icl icl
T popma: (f\ si) = (/\ t:) )
icl icl Dy
I'Emymg:t

is in intersection-abstraction normal form and proves the same derivation as

D.
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If all the derivations end with (BCD abstr), then for all i € I, we have

Dj

D, = S
I'tgep Az.m’ 1 ¢t;

(BCD abstr)

with m = Az.m’. For all ¢ € I, D} is smaller than D, so by induction there
exists D/ in intersection-abstraction normal form which proves the same
judgement as D}. Then the derivation

DY
i
I'tgep Az.m’ t;

iel
T Fpop Av.m’ /\ti
el

is in intersection-abstraction normal form, and proves the same judgement
as D.

O]

We now sketch the principles behind the construction of e from D in intersection-
abstraction normal form. If D proves a judgement I' Fgop Axz.m : t — s, without any
top-level intersection, then we simply put ¢t — s in the interface of the corresponding
expression \!7%

For a judgement I' Fgop Ax.m : /\z‘e ;ti — s;, we build an expression )\[O;Zi ,
where each o; corresponds to the derivation which types Az.m with t; — s;. For
example, let m = Af.\z.f x, and consider the judgement Fpep m : ((t1 — t2) — t1 —
t2) A ((s1 — s2) — s1 — s2). We first annotate each abstraction in m with types
aj — B;, where «;, B; are fresh, distinct variables, giving us e = X1=Bf Nea=Bag f g
Comparing \*2 752z f z to the judgement f : t; — to Fpep Ax.f x : t; — t3 and e to
Feep m: (t1 — t2) — t1 — t2, we compute o1 = {t1 = to/o,, t1 = 2/, ti/ay, t2/8,}. We
compute similarly o9 from the derivation of Fpop m : (s1 — s2) — $1 — S2, and we
obtain finally

x.e.
x.e

- A{O;llj:f]lf.)\wﬁﬁ?x_f x:((t1 = t2) = t1 = t2) A((s1 = s2) = 51— 52)

as wished.

The problem becomes more complex when we have nested uses of the intersection
typing rule. For example, let m = Af.\g.g (Az.f (Ay.xz y)) and consider the judgement
Frop m : (tf —lg — t4) A (Sf — 8g — s7) with

tr=(t1 — ta) = t3

ty=t; — 14

sp=((s1 = s2) = s3) A ((54 = s5) = 56)
Sg=5f — S7

Notice that, to derive Fpep m : sy — s4 — s7, we have to prove f : sf,9 : 54 Fpep
Xx.f (Ay.x y) : sp, which requires the (BCD inter) rule. As before, we annotate m
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with fresh interfaces, obtaining A1 A1 f \e2=B2g g (\w=Fsg f (A =Piy 2 4)). Be-
cause the intersection typing rule is used twice (once to type m, and once to type
m' = Xx.f (Ay.z y)), we want to compute four substitutions o1, 09, 03,04 to obtain a
decorated expression

N o AP g.g (A f (A Py y)).

[o1,02] [05,04]
The difficult part is in computing o3 and o4: in one case (corresponding to the branch
Fpep m : ty — tg — t4), we want o3 = o4 = {l1 = t2/n,,13/85,11/ay, 12/8,} to obtain
itr, gty )\a3ﬁ'83x X1y 2 4) : tr, and in the other case (corresponding to the
f g [03,04] f
derivation Fpep m : sp — s4 — s7), we want o3 = {s1 — 82/a3,83/53,81/a4,82/ﬁ4} and
= {54 = S5/a3, 56/B5, S4/cvy, 55/3,} to obtain f :sp,g: 54 P 3:c f (A= Bay 2 q)

[o3,04]
1/ 2 1/
s¢. To resolve this issue, we use intermediate fresh variables o, 85, oy, £ and o, 8%, o, 5]

in the definition of o3 and 4. We define

o1 ={tfay,ts = t4/517t9/a23t4/ﬁ27t1 - tQ/Oégatia/ﬁéatl/Oéﬁth/ﬁfp
tr = tafolt, ta/Bl, tifo/t, T2/ }
—{Sf/al, Sg — 87/51’ Q/Oézv 57/52, S1 — 32/0/3’ 83/5;/3’ 31/04’ 32/5:1,
S4 — Sr/a// 86/5:/3/,84/0// Sr/ﬂ }
3 —{a3/0¢37 ﬂ?’/ﬂsa a4/a47 64/54}
o1 ={V3/ag, B5/83, Qo Pi/Bs}

Because the substitutions compose themselves, we obtain

FA AT g g (N f (AT Py ) s (ty >ty > ta) A (57— 59— 57)

[o1,02] 03,04]
as wished.
In the next lemma, given n derivations D, ..., D, in intersection-abstraction nor-

mal form for a same expression m, we construct an expression e containing fresh inter-
faces and decorations with fresh variables if needed (as explained in the above example)
and n substitutions oy, ..., 0, corresponding to Di,...,D,. Let var(Dy,..., D) de-
note the set of type variables occurring in the types in Dy,..., D,.

Lemma 7.4.23. Let m be a pure A-calculus expression, A be a set of type variables, and
D1, ..., D, be derivations in intersection-abstraction normal form such that D; proves
T; Fpep m i t; for alli. Let A’ be a set of type variables such that var(Dy, ..., D) C A’
There ezist e, o1,...,0, such that [e] = m, dom(oy) = ... = dom(o,) C tv(e),
tvie) N (AUA) =0, and A" sT; F eQloy] : t; for alli.

Proof. We proceed by induction on the sum of the size of Dq,..., D,. If this sum is
equal to n, then each D; is a use of the (BCD wvar) rule, and we have m = z for some
x. Let e = x and o; be the identity; we can then easily check that the result holds.
Otherwise, assume this sum is strictly greater than n. We proceed by case analysis on
Dy,...,D,.

Case 1: If one of the derivations ends with (BCD sub), there exists iy such that
D;, ti, <BcD tig

Fio l_BCD m . tio

D; =

0 —
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Clearly, the sum of the size of D1, .. ., Dgo, ..., Dy is smaller than that of D1, ..., D,,
and var(Dy,...,Dj ,...,Dy) € A’. So by the induction hypothesis, we have
de,01,...,0n. [e] =m
and dom(o;) =...=dom(oy,) C tv(e)

and tv(e)N(AUA") =10
and Vi€ {1,...,n}\{z‘0}.A’;I‘il—e@[az-] 2t
and  A'§T, = eQoy] : 8] .
Since i, <pcp tiy, by Lemma 7.4.19, we have t; < t;,. Therefore A’ §T;, -
eQ[o;,] : t;, holds, and for all i, we have A" ¢T'; I e@[oy] : t; as wished.
Case 2: If all the derivations end with (BCD app), then we have m = mj mg, and for

all 4
Dl D2

)

Di =
i Fpop my1 ma : t;

where Di1 proves I'; Fpep m1 @ s; — t; and Di2 proves I'; Fpep mso @ s; for some

s;. Applying the induction hypothesis on D},..., D} (with A and A’), we have

361,0%,...,0#. (6—‘1:m1
and dom(oi) =...=dom(c}) C tv(er)
and tv(er)) N(AUA) =0

and Vi€ {l,...,n} A'sT;F e1Q[o}] : 5 — t;.

Similarly, by induction on D?,..., D? (with A Utv(e;) and A’),

Jeg,02,...,02. [e]la = ma
and dom(c}) =...=dom(02) C tv(ez)
and  tv(e2) N(AUtv(e;) UA) =10

and Vi€ {l,...,n}. A'sT; F e2@[0?] : ;.

From tv(ez) N (A Utv(er) UA’) = 0, we deduce tv(e;) Ntv(ea) = 0. Let i €
{1,...,n}. Because dom(c}) C tv(e;) and dom(c?) C tv(ez), we have dom(a}) N
dom(c?) = (), dom(o}) Ntv(ez) = B, and dom(c?) Ntv(e;) = (. Consequently, by
Lemma 7.4.10, we have A’§T; - e;@[o}Uc?] 1 s; — t; and AT, F ea@[otUc?] : ;.
Therefore, we have A’$T; I (e1 e2)@[o} Uo?] : t;. So we have the required result
with e = e e2 and 0; = oil U 01-2.
Case 3: If all the derivations end with (BCD abstr), then m = A\z.mq, and for all 4,
D’
Dj=— "t
Fi l_BCD m: ti

where D) proves I';,x : t} Feecp mq t? and t; = t} — t?. By the induction
hypothesis,

Jdei, o, ..., 00, Jeli=m
and dom(o}) =...=dom(o],) C tv(ey)
and tv(e;) N(AUA) =10
and Vi€ {l,...,n}. A" 3T,z :t}F eQlof] : 2.
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Let a, 8 be two fresh type variables. So {a, B}N(AUA’) = 0 and {«, B} Ntv(er) =
0. Take i € {1,...,n}. Let o; = {ti/a,ti/3} Uol, and e = \**Pr.e;. We
have dom(o;) = {«a, 8} Udom(o}) C {a, 5} Utv(er) = tv(e). Besides, we have
tv(e) N (AU A') = 0. Because tv(e;) N{e, 8} = 0, we have dom(o}) N {«, B} = 0,
and A'sT;, z : t} - e1@[oy] : t2 by Lemma 7.4.10, which is equivalent to A’$T;, z :
ao; - e1Q[o;] : Bo;. Because A’ Uvar(t} — t?) = A’, by the abstraction rule, we
have A’ sT; - )\[O;j]’gx.el ‘ti,de., ATy F (AP .e1)Q[oy] : t;. Therefore, we have
the required result.

Case 4: If one of the derivations ends with (BCD inter), then m = Az.m;. The deriva-
tions end with either (BCD inter) or (BCD abstr) (we omit the already treated
case of (BCD sub)). For simplicity, we suppose they all end with (BCD inter),
as it is the same if some of them end with (BCD abstr) (note that Case 3 is a
special case of Case 4). For all ¢, we have

D’

(]

Fi I—BCDm:sg —)tg

Fi }—BCDm: /\ Sg —)tg
JE€J;

JEJi

7

where Df proves I';, x : sg Frop mi : tg for all j € J; and t; = /\jeJi s{ — tg for

all 7. By the induction hypothesis on the sequence of Dzj ,

Jer, (01)jens - (On)jes, [er] =m . ) .

and V4,7, j,j’. dom(o]) = dom(o7,) and dom(c}) C tv(e1)

and tv(e1) N(AUA) =10

and Vi, j. A'sT;,z:s) Fe@o]]:t].
Let p = mazicq1,.. ny1|Jil}. For all i, we complete the sequence of substitutions
(07) so that it contains exactly p elements, by repeating the last one p—|.J;| times,
and we number them from 1 to p. All the o] have the same domain (included
in tv(eq)), that we number from 1 to g. Then o] = Uke{ly-u,q}{tﬁj/ak} for some
types (tF;). Let a, 8, (k) je1,..pp kel na}s (@505 B50)je(1,...p) De fresh pairwise
distinct variables (which do not occur in A U A" Utv(ey)). For all j € {1,...,p},
i€{l,...,n}, we define:

o5 = U {4y} U {0/, Bi0/3}
ke{l,...,q}

a—f3

lojlieqr,...p)

0 = U {tﬁj/aj,k} U U {Sg/aj,wtg/ﬂj,o}

JE{LphkeE( L, q} JE{1,p}

e=A T.e1

For all ¢, j, k, we have by construction (ajo;)o; = ozkag, (aoj)o; = s/, and

7
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(Boj)oi = t{ Moreover, since

tv(e) = tv(e1Q[oj]jeqr,.. p1) U Uje{l,...,p} var((a — B)oy)
= (tv(e)[oj]jeqn,..0y U {0: B0} jeft,...p)
2 (dom(ay))[ojlieqr,..py YULio, Biotjeqt,..pb
= ({treqr,..q)losljeqt,...py Y{0, Bio}iefr,..ph
= {k Bjk e, ..phke{l,qr Y150, Biotje(i,. .o}
and
tv(e) (tv(en))lojljeqr,...pr U0, Biotjefr,...pb

tv(er) UUjeqr,pp tvran(og) U{ajo, Biotjeqt....p)
tv(er) ULk, Biktje(t, ..o} kel .qt Y10, Bio}jef1,...p}

N

we have dom(o;) C tv(e) and tv(e) N (A U A') = §. Because A’ § Ty, : s/ F
e1@[o7] : t!, by Lemma 7.4.10, we have A’ T,z : s] b e;@Q[o; 0 0] : t], which is
equivalent to A’ ¢,z : a(o; 0 0j) - €1@[o; 0 0] = B(0; 0 0j) for all 4, j. Since
A'UUjeqr, var(s! — t]) = A/, for a given 4, by the abstraction typing rule we

| 8 ‘ . , , - ‘
have A’ ¢T; - )‘([);iovj}je{l 77777 e Nty ST = t1 < Njeg, 1 — t] = t;. This
is equivalent to A’$T; + PR x.e1Q[oy] : t;, hence A'sT; - e@[oy] : ¢; holds

. . lojlieqa, .0}
for all 7, as wished.

We are now ready to prove the main result of this subsection.

Theorem 7.4.24. IfI" Fgop m : t, then there exist e, A such that AsT'F e :t and
[e] =m.

Proof. By Lemma [7.4.22) there exists D in intersection-abstraction normal form such
that D proves I' Fpep m : t. Let A be a set of type variables such that var(D) C A.
We prove by induction on |D| that there exists e such that A§I'Fe: ¢ and [e] = m.

Case (BCD var): The expression m is a variable and the result holds with e = m.
Case (BCD sub): We have

D' t' <pep't
I'kFpepm:t

D:

where D’ in intersection-abstraction normal form and proves I' Fgop m : t.
Clearly we have |D’| < |D| and var(D’) C A, so by the induction hypothesis,
there exists e such that [e] = m and AT+ e : /. By Lemma 7.4.19, we have
t' < t, therefore we have A sT' I e : t, as wished.

Case (BCD app): We have
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where Dq proves I' Fgep my : s — t, Dy proves I' Fgop mo @ s, m = mq msa, and
both Dy and Dy are in intersection-abstraction normal form. Since |D;| < |D|
and var(D;) € A, by the induction hypothesis, there exist e; and ez such that
[e1] =mq, [ea] =ma, AT Fep:s—t and AsD F eg 1 s. Consequently we
have A§T ey e : t, with [e1 ea] = my ma, as wished.

Case (BCD abstr) (or (BCD inter)): Because D is in intersection-abstraction normal
form, we have

D;

LFpep dem/ @ s; — t;
= 1el

I'kgepm:t

where each D; is in intersection-abstraction normal form and proves I', z : s; Fgcp
m' :t;, t = Nieysi = ti, and m = Az.m/. Since |J,c;var(D;) € A, by Lemma
7.4.23, there exist €/, 01, ..., 0, such that [¢/] =m/, dom(o1) = ... = dom(c,) C
tv(e'), and AsT,z : s; b €Q[oy] : ¢; for all i € I. Let o, 8 be two fresh type
variables. We define o) = 0;U{Si/n, ti/3} for all i € I. Because dom(c;)N{a, B} =0
and tv(e’)N{a, } = 0, by Lemma 7.4.10 we have AT,z : s; - €/ @Q[o]] : t;, which
is equivalent to AsT, z : aoj - €'Q[oj] : Boj. Note that AUvar(A;c;(a — B)o;}) =
A Uvar(\;cr si — ti) = A by definition of A, so by rule (abstr), we have AT F
Aa—>6

! NP pel
[Ui]zel

x.e /\z‘e 1 8i — t;. Hence we have the required result with e = (0"

O

Therefore, the restricted calculus defined by the grammar (7.2) (even with types
without product, union, negation, and recursive types) constitutes an explicitly-typed
A-calculus with intersection types whose expressive power subsumes those of intersec-
tion types (without a universal element). Moreover, the intersection type systems are
undecidable [CDT8 [Bak92], which indicates that how difficult type inference of our
type system is going to be (see Section |10.2 for more details).

7.4.4 Elimination of sets of type-substitutions

In this section we prove that the expressions of the form e[o;];c s are redundant insofar
as their presence in the calculus does not increase its expressive power. For that we
consider a subcalculus, called normalized calculus, in which sets of type-substitutions
appear only in decorations.

Definition 7.4.25. A normalized expression e is an expression without any subterm
of the form elo;]jer, which is defined:

Nic18i—1;

oy L€ | eet?e:e
717

e x=c | x| (ee) | me) | ee | A
The set of all normalized expressions is denoted as én .

We then define an embedding of the full calculus into this subcalculus as follows:
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Definition 7.4.26. The embedding emd( ) is mapping from & to &n defined as

emd(c) =
emd(z) =
emd((e1,e2)) = (emd(el) emd(ez))
o) = o)
emd()\[glff Tire) = [;Je]j fsl x.emd(e)
emd(eleg) = emd(e1)emd(esz)
emd(e€t ey : ea) = emd(e)et? emd(e1) : emd(ez)
emd(elojljes) = emd(eQ[oy]jecr)

We want to prove that the subcalculus has the same expressive power with the full
calculus, namely, given an expression and its embedding, they reduce to the same value.
We proceed in several steps, using auxiliary lemmas.

First we show that the embedding preserves values.

Lemma 7.4.27. Let v € ¥ be a value. Then emd(v) € V.

Proof. Straightforward. O
Then we prove that values and their embeddings have the same types.

Lemma 7.4.28. Let v € ¥ be a value. Thent-v:t <=+ emd(v) : t.

Proof. By induction and case analysis on v (note that emd( ) does not change the
types in the interfaces). O

We now want to prove the embedding preserves the reduction, that is if an expression
e reduces to €’ in the full calculus, then its embedding emd(e) reduces to emd(e’) in
the subcalculus. Before that we show a substitution lemma.

Lemma 7.4.29. Let e be an expression, x an expression variable and v a value. Then
emd(e{v/z}) = emd(e){emd(v)/y}.
Proof. By induction and case analysis on e.

- emd(c{vs}) = emd(c)
c{emd /x}
— emd(e) {emdo)s}

I

emd(y{V/z}) = emd(y)
=Y
= y{emd(v)/;}
= emd(y){emd(v)/;}

1%

emd(x{v/z}) = emd(v)
= x{emd(v)/,}
= emd(x){emd(v)/;}
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(e1,e2):

emd((e1, e2){V/x})

(

d
emdéel){emd(v)/x}, emd(eg){emd(v)/;}) (by induction)

d

(

emd(m;(e"){V/z}) (e'{Yx}))

mi(emd(e'{V/x}))
mi(emd(e'){emd(v)/;}) (by induction)
m(emdée’)){em )/}

emd(mi(e')){ emd(v)}}

emd(m;

€1€9:

emd((ere2){Vx}) = emd((e1{V/z})(e2{Vx}))

emd(e1{V/z})emd(e2{v/z})
(emd(ey){emd(v)/})(emd(ez){emd(v)/;})  (by induction)
(emd(er) emd(eg)){emd(v)/y}

emd(eyea){emd(v)/;}

N; ejt —S;

oiley  Y-eol using a-conversion, we can assume that tv(v) N {J;c; dom(o;) = 0.

eJ J

emd(NS Ty o) (o)) = emd(XS Ty e (v)r))
— S emd(eo{t/e)})

[U]] jcJ
- )‘[Aof]lifs .(emd(ep){emd(v)/z:}) (by induction)
= (N emd(eo)) {emd(v))
= (emd\[S" 7%y o)) {emd(v)/,}

[ J]jEJ

epEt 7ey teg:

emd((ep€t 7 ey : e2){V/x})

emd((eo{V/z})€t 7 (e1{V/z}) : (e2{V/z}))

emd(eo{v/z})€t 7 emd(er{V/z}) : emd(ea{V/z})

emd(eo){emd(v)/y} €t ? (emd(er){emd(v)/;}) : (emd(e2){emd(v)/z}) (by induction)
(emd(eg)€t ? emd(ey) : emd(e2)){emd(v)/,:}

emd(eg€t ? e1 : eg){emd(v)/;}

e'[oj]jes: using a-conversion, we can assume that tv(v) NJ;c; dom(o;) = 0

emd((¢'lojljen){vx}) = emd((€'{v/x})o;]je)
= emd((e'{v/z})Q[o;]je7)
= emd((¢'Q[oj]jes){V/z}) (Lemma 7.4.5)
= emd('Q[oj] es){emd(v)/z} (by induction)
— emd(e/loglyen){mdw))



7.4. PROPERTIES 137

Lemma 7.4.30. Let e € & be an expression. If e ~ €', then emd(e) ~* emd(e’).
Proof. By induction and case analysis on e.

¢, x: irreducible.

(e1,e2): there are two ways to reduce e:

(1) e1 ~~ €. By induction, we have emd(e1) ~* emd(e}). So (emd(ey), emd(ez)) ~~
(emd(e}), emd(ez)), that is, emd((e1, e2)) ~* emd((€}, e2)).

(2) ez ~~ €. Similar to the subcase above.

*

mi(ep): there are two ways to reduce e:

(1) e ~» €. By induction, emd(eg) ~* emd(ef,). Then we have m;(emd(eg)) ~
mi(emd(ef))), that is, emd(m;(eg)) ~* emd(m;(ep)).
(2) eg = (v1,v2) and e ~ v;. According to Lemma 7.4.27, emd((v1,v2)) € V.
Moreover, emd((vi,v2)) = (emd(v1), emd(vz)). Therefore, 7;(emd(v1), emd(va)) ~~
emd(v;), that is, emd(m;(vy,va)) ~ emd(v;).

ei1eg: there are three ways to reduce e:
(1) e1 ~ €. Similar to the case of (e1, e2).
(2) eg ~ €. Similar to the case of (e1, e2).
(3) e1 = )\f:ﬁ;i’fsix.eo, ez = vg and ejez ~» (e9Q[o;]jep){V2/x}, where P = {j €
J|Jdiel Fwvy:tioj}. According to Lemma 7.4.28, we have - vy : tjo; <=+
emd(v2) : t;o;, thus we have {j € J | 3i € I. F emd(v2) : tio;} ={jeJ|Jie
I. b vy : tjo;}. Therefore, emd(er)emd(ve) ~ emd(eg@o;]jcp){emd(va)/y}.
Moreover, by Lemma 7.4.29, emd(eo@[o;];ep){emd(v2)/} = emd(eo@[o;];ep{v2/z}),
which proves this case.

fl\f]l ZJ_)six.eo: It cannot be reduced. Thus the result follows.
J1a

ep€t 7 ey : eg: there are three ways to reduce e:
(1) e; ~ €. Similar to the case of (eq, ez).
(2) eg = vg, F vg : t and e ~» ey. According to Lemmas 7.4.27 and 7.4.28,
emd(vg) € ¥ and F emd(vg) : t. So we have emd(vg)€t? emd(ey) : emd(ez) ~»
emd(ey).
(3) e9g = wo, ¥ vy : t and e ~» ey. According to Lemmas 7.4.27 and 7.4.28,
emd(vyg) € ¥ and ¥ emd(vy) : t. Therefore, emd(vg)€t? emd(er) : emd(ez) ~
emd(ez).

eolojljcs: € ~ e9Q[oj]jes. By Definition [7.4.26, emd(eo[oj]jer) = emd(eo@[oj]jc).
Therefore, the result follows.

*

O]

Although the embedding preserves the reduction, it does not indicate that an ex-
pression and its embedding reduce to the same value. This is because that there may
be some subterms of the form e[o;];es in the body expression of an abstraction value.
For example, the expression

()\Int—>Int—>IntZ./\Int—>Inty_(()\oa—mx'x) [{Int/a}]42))3



138 CHAPTER 7. A CALCULUS WITH EXPLICIT TYPE-SUBSTITUTIONS

reduces to
)\Int—>Inty.(()\o¢—>Ozx‘x) [{Int/a}]42)7

while its embedding reduces to

At Int,, (( ﬁﬂ%/a}]x.x)éﬁ).

However, the embedding of the value returned by an expression is the value returned
by the embedding of the expression. For instance, consider the example above again:

emd( ATE IRty (A7 %.2) [{Int), }]42)) = )\Intﬁlnty.((Aﬁﬁ?c‘/a}]m.x)éﬁ).

Next, we want to prove an inversion of Lemma [7.4.30, that is, if the embedding
emd(e) of an expression e reduces to €', then there exists ¢” such that its embedding is
¢ and e reduces to €”. Prior to that we prove two auxiliary lemmas: the inversions for
values and for relabeled expressions.

Lemma 7.4.31. Let e € & an expression. If emd(e) € ¥, then there exists a value

v eV such that e ~(p. v and emd(e) = emd(v). More specifically,

(1) if emd(e) = c, then e ~{ Rinst) € and emd(e) = c.

Nierti—sq /

(2) if emd(e) = A\ 'S* x.eq, then there exists e{, such that e ~(Rinst) A[Uj]je; €0

= Closljes
and emd(ep,) = ep.
(3) if emd(e) = (vi,v2), then there exist vi, vy such that e ~(p, (v, vh) and
emd(v)) = v;.
Proof. By induction and case analysis on emd(e).
c¢: according to Definition |7.4.26, e should be the form of c[o},]j,e7, - - - [0},]j.e,, Where
n > 0. Clearly, we have e ~{p, .\ ¢ and emd(e) = c.

Nicrti—>s;
lojlies

Rinst
x.ep: according to Definition 7.4.26), e should be the form of

(/\Aielti—wi

z.ep)|ojlies -0 line
(050 ligesy " 0/ P a1lineNy Jnlin€Jn

!
where emd(eg) = eo, [0}, ]j,e, 0.0 [gﬁ]jleh ° [ojoljoeto = [UjA]je{, and n > 0.
Moreover, it is clear that e ~»*,. NEIN TS of - Tet v = N ST o and
) l’f 1 (Rinst) “oj]jer 0 lojljes 0
the result follows.

(v1,v2): according to Definition 7.4.26, e should be the form of

(e1,e2)[o ljven - 04 ]jnen;

where emd(e;Q[oj,];,e5,Q...Q[0}, ],c5,) = vi and n > 0. Moreover, it is easy
to get that

€~ ginst) (€1Q[05,]j,e1,@ ... Qo ]j,e7,,€2Q@l0j,]j,e0Q ... Qo ]j,e,)

By induction on v;, there exists v} such that e;Q[c;,]j,e5, Q... Qlo;j,]5,c, ~{ Rinst)
v and emd(e;Q[oj, ], Q... Q[0},]5,e0,) = emd(v}). Let v = (v},v}). Then we
have € ~(p. o (v],v4) and emd(v) = (emd(v)), emd(vy)) = (v1,v2) = emd(e).
Therefore, the result follows.
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O]

Lemma 7.4.32. Let e € & be an expression and [0j]je; a set of substitutions. If
emd(eQ[o;]jey) ~ €, then there exists € such that eQ[oj]jes ~T € and emd(e”) = ¢'.

Proof. By induction and case analysis on e.

¢, x: straightforward.

(e1,e2): emd(eQ[ojlics) = (emd(e1Q[oj]je.r), emd(e2@[oj]ics)). There are two ways
to reduce emd(eQ|o}] c):
(1) emd(e1Q[oj]es) ~ €}. By induction, there exists €] such that e;@Q[o;]jey ~>7
¢! and emd(ef) = €}. Then we have (e1Q[o;]jc s, 2@Q[o;]ecs) ~T (€], e2@Qo;]e.)
and emd((ef, e2@[o;];c7)) = (e}, emd(e2@[o;]jer)).
(2) emd(e2Qoj]jcy) ~» €5. Similar to the subcase above.

mi(eo): emd(eQ[ojlics) = mi(emd(eo@[oj]jcs)). There are two ways to reduce the
embedding emd(eQ[o}] c):
(1) emd(ep@[oj] ec.s) ~ €. By induction, there exists ej such that eg@[o;]jecs ~>7
e and emd(ef)) = €(,. Then we have 7;(eg@[o]jes) ~ mi(ef) and emd(m;(e))) =
mi(ep)-
(2) emd(eo@[oj]jes) = (v1,v2) and emd(eQ[o;]jcs) ~» v;. According to Lemma
7.4.31, there exist v} and v} such that eg@[o;];es ~{ Rinst) (v}, vh) and emd(v]) =

vi. Then 7;(eg@[o]jes) ~T vi. The result follows.

eieg: emd(eQojicy) = emd(e1Q[o]jcr)emd(e2@[o]jer). There are three ways to re-
duce emd(eQ[o;]je.r):
(1) emd(e1@Q[oj]jcs) ~ €]. Similar to the case of (e, e2)
(2) emd(e2Qoj]jcs) ~» €5. Similar to the case of (e1,e2)
(3) emd(e1Qloj]jecr) = Af:}jﬁ;sim.eo, emd(e2Q[o;]je7) = v2, and emd(eQ|o]jcy) ~
(e0Q[ok]kep){ve/r}, where P = {k € K | 3i € I. + vy : tijop}. Accord-
ing to Lemma 7.4.31, we have (i) there exists e{, such that e;@[o;];c; ~{ Rinst)

gﬁiﬁ:s%.e{) and emd(e)) = ep; and (i7) there exists v§ such that eo@[o;]c s 1 Rinst)
vh and emd(vh) = ve. Moreover, by Lemma 7.4.28, we get b v : tio, <= F vh:
tiok, thus

{keK|Jiel Fog:tiopt={keK|3Jiel Fvy:to}.
Therefore, eQ[o}]jcs ~1 (e{Q[ok]kep){v%/z}. Finally, by lemma 7.4.29, we have

emd(ey@lonleep{va/r}) = emd(ey)Qlok]kep{emdva)n} = eo@lok]rep{v2/s}.
Nicrti—$s;
lon]kex
ep€t 7 eq t eat emd(e@[aj]jej) = emd(eo@[aj]jej)et? emd(el@[aj]jej) : emd(eg@[aj]jej).
There are three ways to reduce emd(e@Q[o;];e.r):
(1) emd(e;Q[oj]je.s) ~> €. Similar to the case of (e1, e2).
(2) emd(eo@[o;]je) = vo, - vo : t and emd(eQ[o,];es) ~ emd(e1Q[o]jer). Ac-
cording to Lemma 7.4.31, there exists vy such that eo@[oj]jes ~{p;,q vo and

z.eg: It cannot be reduced. Thus the result follows.

emd(vjy) = vo. Moreover, by Lemma 7.4.28, - vj : t. So eQ[o;]jcs ~ €1Q[0]je.
(3) emd(eo@ojljcs) = vo, ¥ vo : t and emd(eQ[o;]jes) ~ emd(e2Q[o;]je.s). Sim-
ilar to the subcase above.
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eoloklkex: emd(eQloj]jer) = emd(eg@([oj]jes © [oklkek)). By induction, the result
follows.

O]

Lemma 7.4.33. Let e € & be an expression. If emd(e) ~ €', then there exists €’ such
that e ~T €’ and emd(e") = ¢’.

Proof. By induction and case analysis on e.
¢, x: straightforward.

(e1,e2): emd(e) = (emd(ey), emd(ez)). There are two ways to reduce emd(e):
+

(1) emd(el) ~> €. By induction, there exists €] such that e; ~* €] and
emd(e]) = €|. Then we have (e, e2) ~T (e, e2) and emd((€], e2)) = (e}, emd(e2)).
(2) emd(ez) ~ €,. Similar to the subcase above.
mi(eo): emd(e) = m;i(emd(ep)). There are two ways to reduce emd(e):
(1) emd( 0) ~» €y. By induction, there exists e such that ey ~-
emd(ef)) = ef,. Then we have m;(eg) ~1 m;(efj) and emd(m;(e}))) = mi(ef).
(2) emd(ep) = (vi,v2) and emd(e) ~» v;. According to Lemma 7.4.31, there exist
) (v],vh) and emd(v)) = v;. Then m;(eg) ~T v].

* e and

v} and v} such that e 1

The result follows.
eieg: emd(e) = emd(e1)emd(ez). There are three ways to reduce emd(e):

(1) emd(ey) ~ €}. Similar to the case of (e, e2).

(2) emd(eg) ~ €}. Similar to the case of (e1, e2).

(3) emd(e1) = /\@ije];?jsix.eg, emd(ez) = vy and emd(e) ~ (eo@[oj]jep){ve/z},

where P ={j € J|3iel F wvy:tioj}. According to Lemma 7.4.31, we have
Rinst) f;f];tg:sz
(i7) there exists vf such that ey ~{ Rinst) vh and emd(v)) = va. Moreover, by
Lemma 7.4.28, we get F vy : tjo; <= F vy :tijoj, thus {je J| I €. Fuvy:
tioj} =4{j € J|3iel Fvh:to;} Therefore, e ~T (e[Qo;]jcp){vs/z}. Fi-
nally, by lemma 7.4.29, emd(e{,@Q[o;];ep{vy/x}) = emd(e})Qo;] ;e p{emd(vs)/y} =
e0@lo;]jep{ve/u}.

Rinst

(i) there exists ej such that e; 7 z.ey and emd(e) = ep; and

f:;e]] i’j‘si:ﬂ.eo: It cannot be reduced. Thus the result follows.

J1J

epEt 7 ey : ex: emd(e) = emd(ep)€t ? emd(e1) : emd(ez). There are three ways to reduce
emd(e):

(1) emd(e;) ~ €. Similar to the case of (eq,ez).

(2) emd(eg) = vg, F vp : t and emd(e) ~» emd(e1). According to Lemma 7.4.31,

there exists v, such that eg ~{ Rinst) v and emd(v()) = vo. Moreover, by Lemma

7.4.28, v} : t. So e~ ey.

(3) emd(ep) = vo, ¥ vp : t and emd(e) ~ emd(ez). Similar to the subcase above.
eo[O'j]jEJ! emd(eo[aj]jeJ) = emd(eo@[aj]jeJ) and eo[Jj]jEJ ~ 60@[Jj]jej. By Lemma

7.4.32, the result follows.

O]

Thus we have the following theorem
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Theorem 7.4.34. Let e € & be an expression.
(1) if e ~* v, then emd(e) ~* emd(v).
(2) if emd(e) ~* v, then there exists v' € ¥ such that e ~* v and emd(v') = v.

Proof. (1): By induction on the reduction and by Lemma 7.4.30.

(2): By induction on the reduction and by Lemma 7.4.33.
O

This theorem means that the subcalculus &y is equivalent to the full calculus.
Although e[o;];e.; do not bring any further expressive power, they play a crucial role in
local type inference, which is why we included it in our calculus. As we explain in details
in Chapter 9], for local type inference we need to reconstruct sets of type-substitutions
that are applied to expressions but we must not reconstruct sets of type-substitutions
that are decorations of A-expressions. The reason is pragmatic and can be shown by
considering the following two terms: (A*7“z.z)3 and (A*7%z.4)3. Every functional
programmer will agree that the first expression must be considered well-typed while
the second must not, for the simple reason that the constant function (A*~%z.4) does
not have type a — «. Indeed in the first case it is possible to apply a set of type
substitutions that makes the term well typed, namely (A*7“z.z)[{Int/y}]3, while no
such application exists for the second term. However, if we allowed reconstructions
also for decorations, then the second term could be well typed by adding the following

decoration ( ﬁﬁ%/a}]$-4>3- In conclusion, for type inference it is important to keep the

expression e[ojl e, since well-typing of eQ[o];c; does not imply that of e[o;];c ;.

In addition, it is easy to prove that the subcalculus &y is closed under the reduc-
tion rules, and we can safely disregard (Rinst) since it cannot be applied. Then the
normalized calculus also possess, for example, the soundness property.
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Chapter 8

Type Checking

The typing rules provided in Section 7.2 are not syntax-directed because of the pres-
ence of the subsumption rule. In this chapter we present an equivalent type system
with syntax-directed rules, which is used as a guide in the next chapter to define an
inference system that infers where and whether type-substitutions can be inserted in an
expression to make it well typed. In order to define it we consider the rules of Section
7.2. First, we merge the rules (inst) and (inter) into one rule (since we prove that
intersection is interesting only to merge different instances of a same type), and then
we consider where subsumption is used and whether it can be postponed by moving it
down the derivation tree.

8.1 Merging intersection and instantiation

Intersection is used to merge different types derived for the same term. In this calculus,
we can derive different types for a term because of either subsumption or instantiation.
However, the intersection of different supertypes can be obtained by subsumption itself
(if t < t; and t < to, then ¢t < 1 A t2), so intersection is really useful only to merge
different instances of a same type, as we can see with rule (inter) in Figure 7.1. Note
that all the subjects in the premise of (inter) share the same structure e[o|, and the
typing derivations of these terms must end with either (inst) or (subsum). We show
that we can in fact postpone the uses of (subsum) after (inter), and we can therefore
merge the rules (inst) and (inter) into one rule (instinter) as follows:

AsT ket Vied oA |J| >0

AsT k- e[Uj]jeJ : /\ to;
jeJ

(instinter)

Let AT, e : t denote the typing judgments derivable in the type system with the
typing rule (instinter) but not (inst) and (inter). The following theorem proves that
the type system F,, (m stands for “merged”) is equivalent to the original one .

Theorem 8.1.1. Let e be an expression. Then AT, e:t < AsTke:t.

Proof. =: It is clear that (inst) is a special case of (instinter) where |J| = 1. We
simulate each instance of (instinter) where |J| > 1 by using several instances

143
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of (inst) followed by one instance of (inter). In detail, consider the following
derivation

AsTVEe:t o84

(instinter
A/;I"i—e’[aj]jEJ:/\jGJt’aj )
AsTke:t
We can rewrite this derivation as follows:
A'sT'Ee :t oy g A (inst) AT e it oyt A (inst)
A sT' Fefoq] : t'oy A'sT' = éeloy ] oy .
(inter)

A/ 9 '+ 6/[0']']]'6] : /\jEJt/Uj

A%,’I‘I—e:t

<«: The proof proceeds by induction and case analysis on the structure of e. For each
case we use an auxiliary internal induction on the typing derivation. We label E
the main (external) induction and I the internal induction in what follows.

e = c¢: the typing derivation A §I" - e : ¢ should end with either (const) or

(subsum). If the typing derivation ends with (const), the result follows
straightforward.

Otherwise, the typing derivation ends with an instance of (subsum):

AsT'ke:s s<t
AsTkFe:t

(subsum)

Then by I-induction, we have A §T' F,, e : s. Since s < ¢, by subsumption,
we get A, e t.

e = x: similar to the case of e = c.

e = (e1,e2): the typing derivation A sT" - e : ¢ should end with either (pair) or
(subsum). Assume that the typing derivation ends with (pair):

A;F!—elztl AgFI_BQZtQ(
A;FI—(el,eg):tlxtQ

pair)

By E-induction, we have A T+, ¢; : t;. Then the rule (pair) gives us
A;F Fm (61,82) 1t X to.
Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

e = m;(€¢'): the typing derivation A §T" F e : ¢t should end with either (proj) or
(subsum). Assume that the typing derivation ends with (proj):

A;Pl—elt(t1><t2)( )
0
AsTFm():t; %
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By E-induction, we have A §T' F,, €' : (1 X t2). Then the rule (proj) gives
us AsD b, mi(e) @ .

Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

e = ejeg: the typing derivation A ¢ T" - e : ¢ should end with either (appl) or

e =

(subsum). Assume that the typing derivation ends with (appl):

A;Pl—€1:t1—>t2 A;l“l—eg:tl( l)
A§F|—61622t2 app

By E-induction, we have A$I' b, e1 : t1 — to and AT+, es : t1. Then
the rule (appl) gives us AT, e1ea : to.
Otherwise, the typing derivation ends with an instance of (subsum), similar

to the case of e = ¢, the result follows by I-induction.
Nierti—s;
[os]ies

x.€’: the typing derivation A §T" F e : t should end with either

(abstr) or (subsum). Assume that the typing derivation ends with (abstr):

Viel,jed A'sT,(z:tio;) - €Qoy] : si04
A=A Uvar(/\iel’jej(tiaj — siaj))

o Nierti—si . 1 . s P
AsT+ )‘[Ujbej z.€': Niep jes(tio; — sioj)

(abstr)

By E-induction, for all i € I and j € J, we have A'sT, (x : t;o;) Fp, € Qo]

;0. Then the rule (abstr) gives us AgI' b, )\f;’ﬁjiijsia:.e’  Nierjes(tioj —

S$;0 j).
Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

e =¢€'€t?ey : eg: the typing derivation AT I e : ¢ should end with either (case)

or (subsum). Assume that the typing derivation ends with (case):

t'£-t = Aslhe:s
AsTkHe ¢
£t = Aslhesr:s
AsTH (eet?ereq): s

(case)

By E-induction, we have A ¢T b, € : ¢/ and AT +,, e; : s (for i such
that e; has been effectively type-checked). Then the rule (case) gives us
AsTy b (et ?er eg) : s.

Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

e = €'[o]: the typing derivation A §T' F e : t should end with either (inst) or

(subsum). Assume that the typing derivation ends with (inst):

AsTrHe:t ot A
AsTFeélo]:to

(inst)
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By E-induction, we have A 3T F,, ¢’ : t. Since o £ A, applying (instinter)
where |J| =1, we get AsT F,, €'[o] : to.
Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

e = €'|oj]jes: the typing derivation A§T' F e : ¢ should end with either (inter) or
(subsum). Assume that the typing derivation ends with (inter):

ViedJ AsTEeoj]:t; |J]>1
AsTFelojljes : Njest

(inter)

As an intermediary result, we first prove that the derivation can be rewritten
as

AsThe s ot A

Vied AsTk o] : so;

AT Fé€lojljers : /\jero'j /\jero'j < /\jeJtJ'
AT F€ojljer - /\jeth

(inst)

(inter)

(subsum)

We proceed by induction on the original derivation. It is clear that each
sub-derivation A §T' I €'[o;] : t; ends with either (inst) or (subsum). If all
the sub-derivations end with an instance of (inst), then for all j € J, we
have .
AsTkHe:s; oA
AT F€oj] : 0

By Lemma 7.4.2, we have AsI' e : \;c;s;. Let s = A\;c;s;. Then
by (inst), we get A ¢ F €'[oj] : soj. Finally, by (inter) and (subsum),
the intermediary result holds. Otherwise, there is at least one of the sub-
derivations ends with an instance of (subsum), the intermediary result also
hold by induction.

Now that the intermediary result is proved, we go back to the proof of the
lemma. By E-induction on €’ (i.e., A¢T' €' : s), we have AsT F,, € : s.
Since o; # A, applying (instinter), we get AT F,, €[oj]jes : /\jeJ 50;.
Finally, by subsumption, we get A 3T b, €'[o]cs = A jesti-

Otherwise, the typing derivation ends with an instance of (subsum), similar
to the case of e = ¢, the result follows by I-induction.

(inst)

O]

From now on we will use - to denote F,,, that is the system with the merged rule.

8.2 Algorithmic typing rules

In this section, we analyse the typing derivations produced by the rules of Section 7.2
to see where subsumption is needed and where it can be pushed down the derivation
tree. We need first some preliminary definitions and decomposition results about “pair
types” and “function types”. Intuitively a pair type is a type that ensures that every
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(terminating) expression with that type will return a pair of values. Clearly a product
type is a pair type but the opposite does not hold in general (eg, a union of disjoint
products —which in general cannot be expressed as a product— is a pair type, too).
Similarly, a function type is a type that ensures that every terminating expression of
that type will return a function and, likewise, arrow types are functions types but the
opposite may not be true. Let us study some properties of these types that will help
us to deal with the projection and application rules.

8.2.1 Pair types

A type s is a pair type if s <1 x 1. If an expression e is typable with a pair type s, we
want to compute from s a valid type for m;(e). In CDuce, a pair type s is a finite union
of product types, which can be decomposed into a finite set of pairs of types, denoted as
7 (s). For example, we decompose s = (t1 X t2) V (s1 X s2) as w(s) = {(t1,t2), (s1, $2)}
We can then compute easily a type m;(s) for m;(e) as w;(s) = t; V s; (we used boldface
symbols to distinguish these type operators from the projections used in expressions).
In the calculus considered here, the situation becomes more complex because of type
variables, especially top level ones. Let s be a pair type that contains a top-level variable
a. Since @ £ 1 x 1 and s < 1 x 1, then it is not possible that s ~ s’ V a. In other
terms the toplevel variable cannot appear alone in a union: it must occur intersected
with some product type so that it does not “overtake” the 1 x 1 bound. Consequently,
we have s ~ s’ A a for some s’ < 1 x 1. However, in a typing derivation starting from
AT F e : s and ending with AsT" - m;(e) : ¢, there exists an intermediary step where e
is assigned a type of the form (¢; x t2) (and that verifies s < (¢; x t2)) before applying
the projection rule. So it is necessary to get rid of the top-level variables of s (using
subsumption) before computing the projection. The example above shows that o does
not play any role since it is the s’ component that will be used to subsume s to a
product type. To say it otherwise, since e has type s for all possible assignement of «,
then the typing derivation must hold also for & = 1. In whatever way we look at it, the
top-level type variables are useless and can be safely discarded when decomposing s.
Formally, we define the decomposition of a pair type as follows:

Definition 8.2.1. Let 7 be a disjunctive normal form such that 7 < 1 x 1. We define
the decomposition of 7 as

®(Vier Ti)‘ = Uie]‘”(Ti)
T (Njep(tl X ) A Ngen ~(t5 X 5) A Noep, @ A Aren, 0/) - ([P > 0)

= ﬂ-(\/N’gN((/\jeP tj1 A /\keN’ _‘t’f) X (/\jeP té A /\kzeN\N’ _‘tlg)))
el x 1)) = {{(tl,tQ)} ty 20 andty #0

0 otherwise

and the i-th projection of 7 as ®i(7) = V4, s,)em(r) Si-
For all type t such that t <1 x 1, the decomposition of t is defined as

w(t) = w(dnf((1 x 1) A 1))

and the i-th projection of t as ®i(t) =V (5, s, em(dnf((1x1)nt)) Si
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The decomposition of a union of pair types is the union of each decomposition.
When computing the decomposition of an intersection of product types and type vari-
ables, we compute all the possible distributions of the intersections over the products
and we discard the variables as discussed above. Finally, the decomposition of a product
is the pair of its two components, provided that both components are not empty.

The decomposition of pair types defined above has the following properties:

Lemma 8.2.2. Let < be the subtyping relation induced by a well-founded (convez)
model with infinite support and t a type such thatt <1 x 1. Then

(1) For all (t1,t2) € ®(t), we have t; % 0 and ty % 0;

(2) For all s1,s2, we have t < (51 X s2) <= \/(tl,tz)eﬂ-(t)(tl X t2) < (s1 X s2).

Proof. (1): straightforward.
(2): Since t <1 x 1, we have

t~ \/ (@axpa A HExHhr N\ ~ExhHa A an A -
(P,N)&dnf(t) JEP\V keN\V acPNV o’eNNY

If t ~ 0, then w(t) = (), and the result holds. Assume that t % 0, |P| > 0
and each summand of dnf(¢) is not equivalent to 0 as well. Let "¢ denote the

type V pnyeantt) (Njer vt X ) A Apeny —(t% x t§)). Using the set-theoretic
interpretation of types we have that "t is equivalent to

Vo oV A A N-tHxC A\ &n N\ )
(P,N)ednf(t) N'CN\V jeP\V keN’ JjeEP\V ke(N\V)\N'

This means that, "¢ is a equivalent to a union of product types. Let us rewrite
this union more explicitly, that is, "t ~ \/,.; (¢} x t5) obtained as follows

1 t
V o (V CCABAN-D <A &En At )
(P,N)ednf(t) N'CN\V  jeP\V keN’ jeP\V kEE(N\V)\N’

We have m(t) = {(ti,5) | i € I and t} % 0 and t % 0}. Finally, for all pair of
types s1 and sz, we have

< (81 X 82)

\/ (tl X tz) < (81 X 82)

(tl ,tQ)E‘II'(t)

t < (s1 x s2)

= \/ (/\(t]lxt%)/\ /\ —(th x ) A /\ a A /\ < (81 X s2)
(P,N)ednf(t) jeP\V _ A keN\V acePNY o’eNNY

= Vo A Exdhn A ~ExthHn A an N\ -/ A-(sixs9)) <
(P,N)ednf(t) jeP\V ' ' keN\V acPNY o’eNNY

— Vo A @ xhHa N\ = x k) Aa(si x 52) <0 (Lemmal5.1.2)
(P,N)ednf(t) jeP\V 4 ' kEN\V

— Vo O CNA Exd)n N @ xth) < (s1x )
(P,N)ednf(t) jeP\V kEN\V

=

=

0
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Lemma 8.2.3. Let s be a type such that s < (t1 x ta). Then
(1) s < (m1(s) x wa(s));

(2) mi(s) < t;.

Proof. (1): according to the proof of Lemma 8.2.2, \/(;| (yer(s)(s1 X s2) is equivalent
to the type obtained from s by ignoring all the top-level type variables. Then it
is trivial that s <V, o yem(s)(s1 X s2) and then s < (m1(s) x mwa(s)).

(2): since s < (t; X t2), according to Lemma 8.2.2, we have \/(31 Sz)eﬂ,(s)(sl X S9) <
(t1 X t2). So for all (s1,s2) € ®(s), we have (s1 X s2) < (t1 x t2) Moreover, as s;
is not empty, we have s; < t;. Therefore, m;(s) < t;.

O

Lemma 8.2.4. Let t and s be two types such that t < 1 X 1 and s < 1 x 1. Then
ﬂi(t A 8) < ﬂi(t) /\7!‘1'(8).

Proof. Let t =V, c5, 7, and s =/, 5, 7j, such that

Tj:(t}xt?)/\ /\ a A /\ —a/

a€P; a’EN;

and 7; % 0 for all j € J; U Jo. Then we have t As = \/j1€J1,j2€J2 Tj, N Tj,. Let j1 € Ji
and jo € Jo. If 75, A7), =~ 0, we have m;(7j, A 7j,) = 0. Otherwise, m;(7j, A 7j,) =
t;i A t§'2 = ﬂi(le) /\11'7;<Tj2). For both cases, we have 11'2'(7'3‘1 A Tj2) < 11'2'(7'3'1) /\1l'i(7'j2).
Therefore

“i(t A 5) \/jlejl,jger “i(le A T]é)
leethzeJQ (mi(75,) Ami(7),))
(Vj1€J1 ; (Tj1)) A (vj2€J2 ﬂi(T]é))
7I'Z(t) /\1I'l'(5)

IN R

12

O]

For example, 71 ((Int X Int) A (Int X Bool)) = m1(0) = 0, while 71 ((Int x Int)) A
71((Int X Bool)) = Int A Int = Int.

Lemma 8.2.5. Let t be a type and o be a type substitution such thatt < 1 x 1. Then
ﬂi(tO') < 7I'i(t)0'.

Proof. We put t into its disjunctive normal form \/ jed T such that

T = ><t2 /\a/\ /\ —a’

a€P; a’eN;

and 7; # 0 for all j € J. Then we have to = \/;.;7j0. So mi(to) = V,c;mi(7;0).
Let j € J. If 7jo0 ~ 0, then m;(7j0) = 0 and trivially m;(7j0) < m;(7j)0. Oth-
erwise, we have 7j0 = (t]la X t]za) A (/\aer a A /\a/eNj —o/)o. By Lemma 8.2.4,
we get wi(7j0) < tjo ATi((Agep, @ A Naven, —a')o) < tho ~ m(1;)o. Therefore,
\/jEJTI'Z'(TjO') S \/jej‘l'l'i(’l'j)d, that iS, ﬂi(ta) S ﬂi(t)J. O
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For example, 71 (((Int x Int) A a){(Int x Bool)/,}) = r1((Int x Int) A (Int X
Bool)) = 0, while (m;((Int x Int) A «)){(Int x Bool)/,} = Int{(Int x Bool)/,} = Int.

Lemma 8.2.6. Let t be a type such that t < 1 X 1 and [ok|kerx be a set of type
substitutions. Then T;(N\pcx tor) < Nper ®i(t)ok.

Proof. Consequence of Lemmas 8.2.4 and 8.2.5. O

8.2.2 Function types

A type t is a function type if ¢ < 0 — 1. In order to type the application of a function
having a function type ¢, we need to determine the domain of ¢, that is, the set of values
the function can be safely applied to. This problem has been solved for ground function
types in [ECB0§]. Again, the problem becomes more complex if ¢ contains top-level
type variables. Another issue is to determine what is the result type of an application
of a function type t to an argument of type s (where s belongs to the domain of t),
knowing that both ¢t and s may contain type variables.

Following the same reasoning as with pair types, if a function type ¢ contains a
top-level variable a, then ¢ ~ ¢/ A a for some function type t’. In a typing derivation for
a judgement AT F e1 es : t which contains A§T F eg : ¢, there exists an intermediary
step where we assign a type t; — to to ey (with ¢ < ¢; — t3) before using the application
rule. It is therefore necessary to eliminate the top-level variables from the function type
t before we can type an application. Once more, the top-level variables are useless when
computing the domain of ¢ and can be safely discarded.

Formally, we define the domain of a function type as follows:

Definition 8.2.7 (Domain). Let 7 be a disjunctive normal form such that 7 < 0 — 1.
We define dom(7), the domain of 7, as:

dom(\/iel TZ‘)‘ = /\iel dom(n)

dom(Aep(t] — t3) A Nren f(tlf = 5) A Naepy @A Aareny, =)

L if Njep(t] = 8) A Npen =8 = 15) A Ngep, @A Awen, 70/ = 0
Vjepti otherwise

For any type t such thatt < 0 — 1, the domain of t is defined as
dom(t) = dom(dnf((0 — 1) A t)).

We also define a decomposition operator ¢ that —akin to the decomposition oper-
ator 7 for product types— decomposes a function type into a finite set of pairs:

Definition 8.2.8. Let 7 be a disjunctive normal form such that 7 < 0 — 1. We define
the decomposition of 7 as:

¢(Vie[ Ti). = Uie[ ()

¢(/\jeP(t]1 - té) A /\ng _'(tlf - t’2€) A /\aePy an /\a’ENV —a’)
0 if Njep(tl = 83) A Agen =85 = 5) A Agep, @A Awen, 0/ ~ 0
{(Vjep 1 Njep\p t3) | P € P} otherwise
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For any type t such that t < 0 — 1, the decomposition of t is defined as

@(t) = @(dnf((0 — 1) At)).

The set ¢(t) satisfies the following fundamental property: for every arrow type
s — ', the constraint t < s — s’ holds if and only if s < dom(¢) holds and for all
(t1,t2) € @(t), either s < t or ta < s hold (see Lemma 8.2.9). As a result, the
minimum type
t-s=min{s’ | t<s— s}

exists, and it is defined as the union of all ¢ such that s £ t; and (t1,t2) € @(t) (see
Lemma 8.2.10). The type t - s is used to type the application of an expression of type
t to an expression of type s.

Lemma 8.2.9. Let < be the subtyping relation induced by a well-founded (convex)
model with infinite support and t a type such thatt < 0 — 1. Then
s1 < dom(t)

Vsi,s2 . (1< 51— 52) <= {V(t1,t2) €P(t) . (s1 <ty) or(ta < s9)

Proof. Since t < 0 — 1, we have

t~ \/ (o->n A H-hr A oA A an A -

(P,N)ednf(t) JEP\V kEN\V acPny a’eNNY

If t ~ 0, then dom(t) = 1, ¢(t) = 0, and the result holds. If ¢ ~ ¢; Vty, thent; < 0 — 1,
ts <0 — 1, dom(t) = dom(t1) Adom(tz) and @(t) = @(t1) U(t2). So the result follows
if it also holds for ¢; and t2. Thus, without loss of generality, we can assume that ¢ has
the following form:

te Nt =t)n N\ -t =t5A N\ an N\ o

jeEP keN achPy o’eNy

where P # () and ¢ 22 0. Thendom(t) =V cp #] and @(t) = {(Vep t, Njep\pr )| P C
P}. For every pair of types s; and sg, we have

t < (81 —)82)

= AN#H->DA N~ =>t5A N\ an N\ —d <(s1 = s)
JjeEP . . keN acPy a’eNy

= /\ (t] = ) A /\ —(th = t5) < (s1 — s2) (Lemma 5.1.3)
jer - kenN

= /\ (t] = t)) < s —s2 (Tt 0 and Lemma 4.3.8 )
JjEP

— VP CP |[s< \/t] v [P#EPA N t) < s9
JEP! JEP\P'

where "7 = A ;cp(t] = ) A Npen —(tF — 15).
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Lemma 8.2.10. Let t and s be two types. Ift < s — 1, thent < s — s’ has a smallest
solution s', which is denoted as t - s.

Proof. Since t < s — 1, by Lemma 8.2.9, we have s < dom(t). Then the assertion
t < s — s’ is equivalent to:

V(t1,t2) € @(t). (s < tq)or(ta < ')

that is:
\/ ty| <
(tl,tg)ed’(t) s.t. (sﬁtl)
Thus the type \/ to is a lower bound for all the solutions.

(t17t2)€¢(t) s.t. (S%tl)
By the subtyping relation on arrows it is also a solution, so it is the smallest one.

To conclude, it suffices to take it as the definition for ¢ - s. O

7

We now prove some properties of the operators dom(_) and “ -
Lemma 8.2.11. Let t be a type such that t <0 — 1 and t', s, s’ be types. Then
(1) if ' < s <dom(t), thent-s' <t-s;
(2) ift' <t, s <dom(¥') and s < dom(t), thent' -s <t-s.

Proof. (1) Since s’ < s, we have s =+ t-s < s — t-s. By definition of ¢ - s, we have
t<s-—t-s, therefore t < s — t-s holds. Consequently, we have t-s' <t-s by
definition of ¢ - s'.

(2) By definition, we have t < s — t - s, which implies ¢ < s — t - s. Therefore, ¢ - s is
a solution to ¢’ < s — s’, hence we have t’ - s < t - s.

O

Lemma 8.2.12. Let t and s be two types such thatt <0 — 1 and s <0 — 1. Then
dom(t) V dom(s) < dom(t A s).

Proof. Let t = vi1€I1 7;, and s = Vizeb Ti, such that 7; 22 0 for all ¢ € I} U Io. Then
we have t A s = \/ileh,igelz Tiy N\ Tiy. Let 41 € I1 and iy € I, If 73, AT, >~ 0, then
dom(7;, A 7,) = 1. Otherwise, dom(r;, A 7;,) = dom(7;,) V dom(7;,). In both cases, we
have dom(7;, A 7i,) > dom(7;,) V dom(7;,). Therefore

dom(t As) =~ A, cr, iner, dom(Tiy A Ti,)
> /\ilell,igeIQ (dom(Th) \4 dom(Tiz))
~ Nier, (Niyer,(dom(7i,) V dom(7s,)))
=~ Nier, (dom(7iy) V (Agyep, dom(7i,)))
> Nijer, (dom(7,))
~ dom(t)
Similarly, dom(¢ A s) > dom(s). Therefore dom(t) V dom(s) < dom(t A s). O

For example, dom((Int — Int) A =(Bool — Bool)) V dom(Bool — Bool) = Int V
Bool, while dom(((Int — Int) A =(Bool — Bool)) A (Bool — Bool)) = dom(0) = 1.
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Lemma 8.2.13. Let t be a type and o be a type substitution such thatt < 0 — 1.
Then dom(t)o < dom(to).

Proof. We put t into its disjunctive normal form \/,_; 7; such that 7; 22 0 for all 7 € I.
Then we have to = \/,c;7i0. So dom(to) = \,;c;dom(7i0). Let i € I. If 10 ~ 0,
then dom(7;0) = 1. Otherwise, let 7; = Njep(tl = 1) A Nen —|(‘t’f = t5) A Naep, @A
Aweny, 7@. Then dom(r;) = V,cpty and dom(ri0) = \,cptio V dom((A,cp, @ A

areny, "¢)o A0 — 1). In both cases, we have dom(7;)o < dom(7;o). Therefore,
Nicydom(r;)o < A, cpdom(7;o), that is, dom(t)o < dom(to). O

For example, dom((Int — Int) A —«){(Int = Int)/y} = Int{(Int — Int)/,} = Int,
while dom(((Int — Int)A—«){(Int = Int)/,}) = dom((Int — Int)A—(Int — Int)) =
1.

Lemma 8.2.14. Let t be a type such that t < 0 — 1 and [o|kerx be a set of type
substitutions. Then N\,c g dom(t)oy < dom(A.cx tok).

Proof.
Nier dom(t)or, < Apcx dom(tor) (by Lemma 8.2.13)

< Vieg dom(toy)
< dom(Acx tor) (by Lemma 8.2.12)

O]

Lemma 8.2.15. Let t1,s1,t2 and so be types such that t1 - s1 and tg - so exists. Then
(tl A tg) . (81 A 82) exists and (tl A tQ) (81 A 82) (tl 81) (tQ . 82).

Proof. According to Lemma 8.2.10, we have s; < dom(¢t;) and ¢; < s; — (t; - ;). Then
by Lemma 8.2.12, we get s; A so < dom(t1) A dom(t2) < dom(t; A ta). Moreover,
t1 Nio < (81 — (tl . 81)) VAN (82 — (tg . 52)) < (81 VAN 82) ((tl ) (tz 82)). Therefore,
(tl A t2) . (81 A 82) exists and (tl A tg) . (81 VAN 82) (tl 81) A (tz 82) ]

For example, ((Int — Bool) A (Bool — Bool)) - (Int A Bool) = 0, while ((Int —
Bool) - Int) A ((Bool — Bool) - Bool) = Bool A Bool = Bool.

Lemma 8.2.16. Let t and s be two types such that t - s exists and o be a type substi-
tution. Then (to) - (so) exists and (to) - (so) < (t- s)o.

Proof. Because t - s exists, we have s < dom(t) and t < s — (¢-s). Then so < dom(t)o
and to < so — (t-s)o. By Lemma 8.2.13, we get dom(¢)o < dom(to). So so < dom(to).
Therefore, (to) - (so) exists. Moreover, since (¢ - s)o is a solution to to < so — s, by
definition, we have (to) - (so) < (t - s)o. O

For example, (((Int — Int) A —a)o) - (Into) = 0 - Int = 0, while (((Int —
Int) A —a) - Int)o = Into = Int, where o = {(Int — Int)/,}.

Lemma 8.2.17. Let t and s be two types and [ok)rer be a set of type substitutions such
that t - s exists. Then (Npcx tor) - (Aper 50k) exists and (Npcg tor) - (Apex 50%) <
Niek (t-5)o%.
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Proof. According to Lemmas 8.2.16/ and 8.2.15, (A,cx tor) - (Apex s0k) exists. More-
over,
Niex(t-s)or > Npeg(tor - sor) (Lemma 8.2.16)
> (Aper tor) - (Arex sox) (Lemma 8.2.15)

8.2.3 Syntax-directed rules

Because of subsumption, the typing rules provided in Section 7.2 are not syntax-directed
and so they do not yield a type-checking algorithm directly. In simply type A-calculus,
subsumption is used to bridge gaps between the types expected by functions and the
actual types of their arguments in applications [Pie02]. In our calculus, we identify
four situations where the subsumption is needed, namely, the rules for projections,
abstractions, applications, and type cases. To see why, we consider a typing derivation
ending with each typing rule whose immediate sub-derivation ends with (subsum). For
each case, we explain how the use of subsumption can be pushed through the typing
rule under consideration, or how the rule should be modified to take subtyping into
account.

First we consider the case where a typing derivation ends with (subsum) whose im-
mediate sub-derivation also ends with (subsum). The two consecutive uses of (subsum)
can be merged into one, because the subtyping relation is transitive.

Lemma 8.2.18. If AsI' e : t, then there exists a derivation for A§I' - e : t where
there are no consecutive instances of (subsum).

Proof. Assume that there exist two consecutive instances of (subsum) occurring in a
derivation of A sI"F e : t, that is,

A'sT' e 4, s’zgs’l( b )
subsum
A'sTV e s sh <t
AT/ et

AsTke:t
Since s, < s} and s) </, we have s}, <t'. So we can rewrite this derivation as follows:
AsTVEe s, sy <t

AsT'Ee :t

(subsum)

A slkHe:t
Therefore, the result follows. ]

Next, consider an instance of (pair) such that one of its sub-derivations ends with
an instance of (subsum), for example, the left sub-derivation:

AiTFE o s si<h L
A;Fl—elitl A;FFegttQ
AsTF (er,ea): (t1 X t2)

(subsum)

(pair)
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As s1 < t1, we have s1 X to < 1 X t3. Then we can move subsumption down through
the rule (pair), giving the following derivation:

A;l“l—el:sl ASF"egitQ (paz'r)
A;FI—(el,eg):(slxtg) S1 X tg <t1 Xto
AsT F (e1,e2) : (t1 X ta)

(subsum)

The rule (proj) is a little trickier than (pair). Consider the following derivation:

AsThFe:s s<t1 Xt
A;FI—e:(tlxtg)
A;FF’/Ti(e)Iti

(subsum)
(proj)

As s < t1 X to9, s is a pair type. According to the decomposition of s and Lemma 8.2.3,
we can rewrite the previous derivation into the following one:

A;Iﬁul—.e:s s<1x1
AsT Fmie) :mi(s) mi(s) <t
A;Fl—ﬂ'i(e)lti

Note that the subtyping check s < 1 x 1 ensures that s is a pair type.
Next consider an instance of (abstr) (where A" = AUvar(\;c; e (tioj — si05)).
All the sub-derivations may end with (subsum,):

A’ 5 F, (.TU : tin) F 6@[Uj] : S,ij ng < 5i0;

A,;P, (.T : tiO'j) H 6@[0’j] 805

o Nierti—s; . L .
AsT )\[Ujbej z.e: Nierjes(tio; = sioj)

Viel,jeJ

(abstr)

Without subsumption, we would assign the type /\Z-E]JGJ(tM — sgj) to the abstraction,
while we want to assign the type A,c; c;(tio; — sio;) to it because of the type
annotations. Consequently, we have to keep the subtyping checks sgj < s;0; as side-
conditions of an algorithmic typing rule for abstractions.

Viel, jed A’;F,(w:tiaj)l—e@[aj]:s;j S;jSSZ‘O'j

o Nierti—s; . . .
AsT A[Uj]jej z.€: Nierjes(tio; = sioj)

In (appl) case, suppose that both sub-derivations end with (subsum):
AsThe it t<t' =5 AsTke:s s<t
AsT ket =4 A;Fl—egzt’( )
a
AsTFe ey s pp

Since s < t/, then by the contravariance of arrow types we have t' — s’ < s — s'.
Hence, such a derivation can be rewritten as

AsThe it t<t =4
AsThe :t/ = ¢ = <s—4d
AsT kel :s— s AsTFer:s
AsT kel en:s

(appl)
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Applying Lemma [8.2.18, we can merge the two adjacent instances of (subsum) into one:

AsThe it t<s—s
AsThe:s— s AsT ke :s
AsTFeex:s

(appl)

A syntax-directed typing rule for applications can then be written as follows

AsThrer:t AsThey:s t<s—s
AsTFerey: s

where subsumption is used as a side condition to bridge the gap between the function
type and the argument type.

This typing rule is not algorithmic yet, because the result type s’ can be any type
verifying the side condition. Using Lemma 8.2.9, we can equivalently rewrite the side
condition as ¢t < 0 — 1 and s < dom(¢) without involving the result type s’. The first
condition ensures that ¢ is a function type and the second one that the argument type
s can be safely applied by t. Moreover, we assign the type ¢ - s to the application,
which is by definition the smallest possible type for it. We obtain then the following
algorithmic typing rule.

AsThe; it AiTFer:s t<0—1 s<dom(t)
AsT'Fejeg:t-s

Next, let us discuss the rule (case):

/L -t = AsTl'be;:s
'€t = AsTlhFes:s
AsTF (ect?ey:eg): s

AsTke:t {

(case)

The rule covers four different situations, depending on which branches of the type-cases
are checked: (7) no branch is type-checked, (ii) the first branch e is type-checked, (i)
the second branch ey is type-checked, and (iv) both branches are type-checked. Each
case produces a corresponding algorithmic rule.

In case (i), we have simultaneously ¢’ < ¢ and ¢ < —t, which means that ¢ = 0.
Consequently, e does not reduce to a value (otherwise, subject reduction would be
violated), and neither does the whole type case. Consequently, we can assign type 0 to
the whole type case.

AsTH (ect?e:eg): 0

Suppose we are in case (i7) and the sub-derivation for the first branch e; ends with
(subsum):
AsThe 81 s1<s
AsThre:t! <t AsT ke :s
AsTk (ect?er e): s

(case)
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Such a derivation can be rearranged as:

A;’Fl—e:t’ <t AsT'Fep:s
AsTH (ect?er:eg): sy 51 < s
AsDF (ect?e; te) s

Moreover, (subsum) might also be used at the end of the sub-derivation for e:

AsThke:t" "<t
AsTke:t <t AsDter:s
AsDF (ect?e; te) s

(case)

From t” < t and ¢ < t, we deduce t” < t by transitivity. Therefore this use of
subtyping can be merged with the subtyping check of the type case rule. We then
obtain the following algorithmic rule.

AsThe:t" t"<t Aglker:s
AsTF (ect?e;:ez): s

We obtain a similar rule for case (7ii), except that eg is type-checked instead of e, and
t" is tested against —t.

Finally, consider case (iv). We have to type-check both branches and each typing
derivation may end with (subsum):

AsT'Fep 151 s1<s
t' £ -t and AsTher:s

AsTke:t
AsTFey:s0 s9<s
t' £t and AsThes:s

AsTF (e€t?er te9):s

(case)

Subsumption is used there just to unify s; and s3 into a common type s, which is used
to type the whole type case. Such a common type can also be obtained by taking the
least upper-bound of s; and so, i.e., 51 V s2. Because s; < s and so < s, we have
s$1V s9 < s, and we can rewrite the derivation as follows:

t' £ -t and A3TFe;:s;
AsTre:t
/£t and AgTFes:so
(case)
AsTF (eet?er teg): 81V s9 s1Vsy<s
AsTF (ect?ertea): s

Suppose now that the sub-derivation for e ends with (subsum):

AsTrRe:t" "<t
AsTke:t

/£ -t and AT Fep: s
/£t and A3TFes:so

AsTF (ect?er te2):s1V sa

(case)
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The relations ¢ < t/, t' £ =t do not necessarily imply ¢ £ —t, and t” < ¢, ¢ £t do
not necessarily imply ¢ £ —t. Therefore, by using the type t” instead of ¢’ for e, we
may type-check less branches. If so, then we would be in one of the cases (i) — (7ii),
and the result type (i.e., a type among 0, s or s3) for the whole type case would be
smaller than s; V so. It would then be possible to type the type case with s; V sg by
subsumption. Otherwise, we type-check as many branches with ¢ as with ¢/, and we
can modify the rule into

t”g_'t and A;Fl—el:sl
"<t and AT Fey: s
AsTF (e€t?er teg): 81V s9

AsTke:t" {

Finally, consider the case where the last rule in a derivation is (instinter) and all
its sub-derivations end with (subsum):
AsT'Fe:s s<t
AsThe:t Vied ojiA
AT+ elojljes : /\jeJ toj

Since s < t, we have /\;c; soj < A\;c;to;. So such a derivation can be rewritten into

(subsum)

(instinter)

AsThe:s VYjeldojtA
AT Felojljer : Njessoj Njes 595 = Njes to;
AT Felojljes : /\jeJ to;

In conclusion, by applying the aforementioned transformations repeatedly, we can
rewrite an arbitrary typing derivation into a special form where subsumption are used at
the end of sub-derivations of projections, abstractions or applications, in the conditions
of type cases and at the very end of the whole derivation. Thus, this transformations
yields a set of syntax-directed typing rules, which is given in Figure 8.1 and forms
a type-checking algorithm directly. Let A §I' F4 e : ¢t denote the typing judgments
derivable by the set of syntax-directed typing rules.

We now prove that the syntax-directed typing rules are sound and complete with
respect to the original typing rules.

(instinter)

(subsum)

Theorem 8.2.19 (Soundness). Let e be an expression. If ' e :t, then ' e :t.

Proof. By induction on the typing derivation of A$I' -4 e : t. We proceed by a case
analysis on the last rule used in the derivation.

(ALG-CONST): straightforward.
(ALG-VAR): straightforward.
(ALG-PAIR): consider the derivation

AsThFqe1:t1 AsTHRgeq:ts
A;Pl—A (61,62)2t1 X tg

Applying the induction hypothesis twice, we get AsI'F e; : t;. Then by applying
the rule (pair), we have A§T' t (e1,e2) : t1 X ta.
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———— (ALG-CONST) (ALG-VAR)
AsTHFqc: b, AsT k4 x:T(2)

AsT'Fqer:tq AsT'Fyes:to
AsT k4 (e1,e2) b1 X to

(ALG-PAIR)

AsTkFy et t<1x1
AsT 4y 7'('@‘(6) :ﬂi(t)

(ALG-PROJ)

AsT ket AsT ket s t<0—1 s < dom(t)
AsThHy een:t s

(ALG-APPL)

A =AU var( /\ (tl'O'j — SiO'j))

iel,jed
Vicl,jeJ AT, (x:tio;) FaeQlo;]: s, st < 805
! ’ Av(ﬂ,_):, 1) Facoloj] Y — 7 (ALG-ABSTR)
AsT 4 )\[ij]je‘J ‘z.e: /\ (tioj — sio;)
iel,jed
AsThk4e:0

(ALG-CASE-NONE)
AsTFg(e€t?ere2): 0

AsThHye:t <t t L —t AsTFy e s
AsT Fy (e€t?er eg): sy

(ALG-CASE-FST)

AsThHye:t t <t Lt AsT e 89
AsT 4 (e€t?e; te): s9

(ALG-CASE-SND)

' £ -t and AT F4e;:s;
tlgt and Ak 4 es: 59
AsThHy (e€t?er:ea):s1V s

AsThge:t {

(ALG-CASE-BOTH)

AsT kg et Vied oj i A |J| >0

AT Fyelojljer: /\ to;
JjEJ

(ALG-INST)

Figure 8.1: Syntax-directed typing rules

(ALG-PROJ): consider the derivation

Agl“.li;éle:t t<1x1
A;Fl—A 7ri(e) :ﬂi(t)
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By induction, we have A ¢I' F e : t. According to Lemma [8.2.3, we have ¢t <
(m1(t) x wa(t)). Then by (subsum), we get AsT' e : (mw1(t) x ®w2(t)). Finally,
the rule (proj) gives us AT m;(e) : m;(t).

(ALG-APPL): consider the derivation

AsThger:t AglkFger:s t<0—1 s<dom(t)
AsThHy een:t-s

By induction, we have AsT'F ey : t and AT F es : s. According to Lemma
8.2.10, we have
t-s=min{s' |t <s— s}
Note that the conditions ¢ < 0 — 1 and s < dom(t) ensure that such a type
exists. It is clear t < s — (t-s). Then by (subsum), we get AsT'Fej:s— (t-5).
Finally, the rule (appl) gives us AsT'F ejeq : t - s.
(ALG-ABSTR): consider the derivation

Viel,jeJ A'sT,(x:tio;) FaeQloy]: s, sij < 80
° Nierti—>S; .
A 9 T I_A )\[Uﬁ;eJ s ZT.€ . /\iEI,j€J<tin — SZ'Uj)

with A" = A Uvar(A,cs jes(tioj — si05)). By induction, for all i € I and j € J,

we have A" § T, (z : tio;) - eQ[oj] : s};. Since si; < sijo;, by (subsum), we

get A'sT,(z : tyo;) F eQ[oj] : s;05. Finally, the rule (abstr) gives us AgT
Nierti—s; .

/\[Uje]jeJ # x.e: /\iel,jEJ(tiaj — siaj).

(ALG-CASE-NONE): consider the derivation

AsTk4 e:0
AsT gy (e€t?er:e9):0

By induction, we have AsI' - e : 0. No branch is type-checked by the rule (case),
so any type can be assigned to the type case expression, and in particular we have
AsTF (eet?ey:ez): 0

(ALG-CASE-FST): consider the derivation

AsThgqe:t! /<t AsThkger:s
AsT gy (et?er teg): sy

By induction, we have A T e : ¢/ and A3T F ey : s1. As t’ < t, then we
only need to type-check the first branch. Therefore, by the rule (case), we have
AsTF (ect?eg :eg): s1.

(ALG-CASE-SND): similar the case of (ALG-CASE-FST).

(ALG-CASE-BOTH): consider the derivation

/£ =t and AT Fy4er: sy
AsT et

/£t and AT Fy4es:so
AsT 4 (e€t?er:ea):s1V s




8.2. ALGORITHMIC TYPING RULES 161

By induction, we have AsT'Fe:t/, AsT'Fep: sy and AT F e : s9. It is clear

that s1 < s1V s2 and so < s1V s2. Then by (subsum), we get AsT'Feq : sV s9

and AsT F ey : 51V so. Moreover, as t' £ =t and t' £ t, we have to type-check

both branches. Finally, by the rule (case), we get AsT'F (e€t?ey :ea) : s1V sa.
(ALG-INST): consider the derivation

AslkFye:t Vied oj i A
AsT gy €[Uj]jeji/\jeJtUj

By induction, we have A§I' e :t. AsVj € J. o; § A, by (instinter), we get
AT Felojljes - /\jeJ to;.

O]

The soundness theorem states that every typing statement that can be derived from
the syntax-directed rules also follows from the original rules. While the completeness
theorem that follows states that the syntax-directed type system can deduce for an
expression a type at least as good as the one deduced for that expression from the
original type system.

Theorem 8.2.20 (Completeness). Let < be a subtyping relation induced by a well-
founded (convex) model with infinite support and e an expression. If AT e :t, then
there exists a type s such that AsT'F4e:s and s <t.

Proof. By induction on the typing derivation of A §T' F e : t. We proceed by case
analysis on the last rule used in the derivation.

(const): straightforward (take s as b;).
(var): straightforward (take s as I'(x)).
(pair): consider the derivation

ASF"elitl A;FI—eQ:tQ(air)
AsTF (e1,e2) 1 t1 X ta P

Applying the induction hypothesis twice, we have A $I' -4 e; : s; where s; < ;.
Then the rule (ALG-PAIR) gives us A 3T 4 (e1,€e2) : 81 X s9. Since s; < t;, we
deduce (81 X 82) < (tl X tg).

(proj): consider the derivation

A;FI—é.:.(tlxtg) ( )
ASFl—ﬂ'i(e):ti Proj

By induction, there exists s such that AsT'F4 e : s and s < (f1 X ta). Clearly we
have s < 1 x 1. Applying (ALG-PROJ), we have AT 4 m;(e) : m;(s). Moreover,
as s < (t1 x ta), according to Lemma 8.2.3, we have m;(s) < t;. Therefore, the
result follows.
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(appl): consider the derivation

A;F|—61:t1—>t2 A;FI—€22t1( l)
A;Fl—elegltg app

Applying the induction hypothesis twice, we have AI'F 4 e :tand AL’ F 4 e5: s

where t < t; — t3 and s < t;. Clearly we have t < 0 — 1 and t < s — t3 (by

contravariance of arrows). From Lemma 8.2.9, we get s < dom(t). So, by applying

the rule (ALG-APPL), we have AT 4 ejes : t-s. Moreover, it is clear that to is

a solution for t < s — s’. Consequently, it is a super type of ¢ s, that is t-s < ts.
(abstr): consider the derivation

Viel,jeJ AT, (z:tijo;) - eQloj] : s;0;

o Nierti—>s; . P P
AsT )\[aj]jg z.e: Nierjes(tio; = sioj)

(abstr)

where A’ = AUvar(/\ieLjeJ(tiaj — s405)). By induction, for alli € I and j € J,
there exists s}; such that A"sT, (x : t;0;) EAtg@[gj] : s;; and s;; < s;05. Then
the rule (ALG-ABSTR) gives us AsI' 4 Af{;’i{e’js’x.e  Nier jes(tioj = si0j)

713 ’

(case): consider the derivation

t'£-t = Aslher:s
AsTke:t
V£t = AiTreas
AsDF (ect?e; te) s

(case)

By induction hypothesis on AsI" - e : t/, there exists a type ¢’ such that AsI' -4 e :
t"and t" < t'. Ift" ~ 0, by (ALG-CASE-NONE), we have AsT" -4 (e€t?eq : e3) : 0.
The result follows straightforwardly. In what follows, we assume that ¢ 2 0.
Assume that t” < ¢. Because t” < t/, we have t' £ -t (otherwise, ¢ ~ 0).
Therefore the first branch is type-checked, and by induction, there exists a type
s1 such that AsI'F4 e; : s and s; < s. Then the rule (ALG-CASE-FST) gives us
AsT Ey (e€t?e te): sy
Otherwise, ¢ £ t. In this case, we have t' & t (otherwise, ¢ < ¢). Then the
second branch is type-checked. By induction, there exists a type ss such that
AsT k4 eg: 89 and s < s. If t” < —t, then by the rule (ALG-CASE-SND), we
have AT k4 (e€t?ey :e3) : s2. The result follows. Otherwise, we also have
t" £ —t. Then we also have t' £ -t (otherwise, ¢ < —t). So the first branch
should be type-checked as well. By induction, we have A sI' k4 e : s1 where
s1 < s. By applying (ALG-CASE-BOTH), we get AsT' 4 (e€t?eq :ea) : 51V so.
Since s1 < s and s9 < s, we deduce that s1 V so < s. The result follows as well.
(instinter): consider the derivation

AsThe:t VjiedojtA
A;Fl—e[a'j]jgji/\jejt(fj

(instinter)
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By induction, there exists a type s such that A¢I' 4 e: s and s < t. Then the
rule (ALG-INST) gives us that AT 4 e[oj]jes : ey s05. Since s <1, we have
Njes 05 < \jeytoj. Therefore, the result follows.

O]

Corollary 8.2.21 (Minimum typing). Let e be an expression. If AsT 4 e : t, then
t=min{s | A¢T Fe:s}.

Proof. Consequence of Theorems 8.2.19 and 8.2.20. O

To prove the termination of the type-checking algorithm, we define the size of an
expression e as follows.

Definition 8.2.22. Let e be an expression. We define the size of e as:

size(c) =1
size(r) =1
size((e1,e2)) = size(er) + szze(eg) +1
size(m;(e)) = size(e) +
size(ereg) = size(eq) + szze(eg) +1
szze()\f\zelt ige) = size(e) +
size(e€t 7 ey 1 e2) = size(e) + szze(el) + size(ea) + 1
sizelelojljes) = sizele) +

The relabeling does not enlarge the size of the expression.

Lemma 8.2.23. Let e be an expression and [0j]jcy a set of type substitutions. Then
size(eQ[o;]jer) < size(e).
Proof. By induction on the structure of e. O

Theorem 8.2.24 (Termination). Let e be an expression. Then the type-checking of
e terminates.

Proof. By induction on the sizes of the expressions to be checked.

(ALG-CONST): it terminates immediately.

(ALG-VAR): it terminates immediately.

(ALG-PAIR): size(e1) + size(ez) < size((e1, e2)).

(ALG-PROJ): size(e') < size(m(€')).

(ALG-APPL): size(eq) + size(eg) < size(eiez).

(ALG-ABSTR): by Lemma [8.2.23, we have size(e/@Q[o;]) < size(e’). Then we get
size(e'Q[o;]) < size()\f\;ﬁ;z:s’ix.e’).

(ALG-CASE): size(€') + size(e1) + size(eg) < size(e'€t 7 ey : e3).

(ALG-INST): size(e') < size(€'[o;]je)-
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Chapter 9

Inference of Type-Substitutions

We want sets of type-substitutions to be inferred by the system, not written by the
programmer. To this end, we define a calculus without type substitutions (called
implicitly-typed, in contrast to the calculus of Section 7.1, which we henceforth call
explicitly-typed), for which we define a type-substitutions inference system. There will
be a single exception: we will not try to insert type-substitutions into decorations, since
we suppose that all A-abstractions initially have empty decorations. The reasons for
this restriction is that we want to infer that an expression such as A*7%x.3 is ill-typed
and if we allowed to infer decorations, then the expression could be typed by inserting
a decoration as in )\‘E‘I_n’g“/a}x.& Generally, if the programmer specifies some interface
for a function it seems reasonable to think that he wants the system to check whether
the function conforms the interface rather than knowing whether there exists a set of
type substitutions that makes it conforming. We therefore look for completeness of the
type-substitutions inference system with respect to the expressions written according
to the following grammar.

e = clx|(ee)]|mle)|ee| NiclliZ%ige|ect?e:e| e[oj]jes

We write &y for the set of such expressions. The implicitly-typed calculus defined in this
chapter corresponds to the type-substitution erasures of the expressions of &y. These
are the terms generated by the grammar above without using the last production,
that is, without the application of sets of type-substitutions. We then define the type-
substitutions inference system by determining where the rule (ALG-INST) have to be
used in the typing derivations of explicitly-typed expressions. Finally, we propose an
incomplete but more tractable restriction of the type-substitutions inference system,
which, we believe, is powerful enough to be used in practice.

9.1 Implicitly-typed calculus

Definition 9.1.1. An implicitly-typed expression a is an expression without any type
substitutions. It is inductively generated by the following grammar:

a == c|x|(aa)|ma)|aal| \NEtiTS%ga|act?a:a
where t;, s; range over types and t € Ty is a ground type. We write &4 to denote the set
of all implicitly-typed expressions.

165



166 CHAPTER 9. INFERENCE OF TYPE-SUBSTITUTIONS

Clearly, &4 is a proper subset of &p.
The erasure of explicitly-typed expressions to implicitly-typed expressions is defined
as follows:

Definition 9.1.2. The erasure is the mapping from &y to &4 defined as

erase(c) = ¢
erase(xr) = x
erase((e1,e2)) = (erase(ey), erase(ez))
erase(m;(e)) = m;(erase(e))
erase(\Nierti=sig o) = \Nierti=sig ergse(e)
erase(ejes) = erase(ey)erase(ez)
erase(ect 7 ey : ea) = erase(e)Et ? erase(ey) : erase(ez)
erase(elojljes) = erase(e)

Prior to introducing the type inference rules, we define a preorder on types, which
is similar to the type variable instantiation in ML but with respect to a set of type
substitutions.

Definition 9.1.3. Let s and t be two types and A a set of type variables. We define
the following relations:
[0ilicr IF sEat N so; <t and Vi€el. o; § A
el

sCat <& Aloilicr such that [o;)icr IF s Cat

We write s Za t if it does not exist a set of type substitutions [o;];c; such that
[0i]icr IF s Ca t. We now prove some properties of the preorder Ca.

Lemma 9.1.4. Let t1 and ty be two types and A a set of type variables. If t; CaA $1
and ta CA Sa, then (t1 Ate) Ca (s1 A s2) and (t1 X ta) EA (s1 X S2).

Proof. Let [04,]iyer, IF t1 Ca s1 and [04,]ier, IF ta Ca s2. Then

Nienur, (i At2)o; (Aier,ur, t100) A (Nier,ur, t204)
(/\ileh tlah) A (/\i2612 75201'2)

S1 N\ 8o

ININ R

and
((/\iehub tlgi) x (/\ieIIUIQ tZUi))

((Niyer, t1iy) X (Niyer, t20i,))
(51 X 82)

Nienur, (1 X t2)0;

INIA R

O]

Lemma 9.1.5. Let t; and ts be two types and A a set of type variables such that
(var(tl) \ A) N (var(tg) \ A) = 0. If t1 EA s1 and t9 EA So, then ty Vio EA s1V So.
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Proof. Let [0y, ]iyer, IF t1 A s1 and [0y, )ier, IF t2 A s2. Then we construct another
set of type substitutions [0y, )i er,,iscr, such that

o (o) a € (var(ty) \ A)
Tiyin(@) = S o5, (a)  a € (var(tz) \ A)

Qo otherwise
So we have
Nisenisen, 1 Vt2)oi i, = Njer, (Npen,(t1V t2)0i,4,)

~ Nier, Niyer, (110i145) V (220i,,45)))
= /\i1€h (/\iQEIQ (tlail \ t20_i2))

= /\ileh (tlail \ (/\@612 tZUiQ))

= (/\’i1€I1 tlo—il) \/ (/\’iQEIQ t20—7:2)

< 51V s

O]

Notice that two successive instantiations can be safely merged into one (see Lemma
9.1.6). Henceforth, we assume that there are no successive instantiations in a given
derivation tree. In order to guess where to insert sets of type-substitutions in an
implicitly-typed expression, in the following we consider each typing rule of the explicitly-
typed calculus used in conjunction with the instantiation rule (ALG-INST). If instantia-
tion can be moved through a given typing rule without affecting typability or changing
the result type, then it is not necessary to infer type substitutions at the level of this
rule.

Lemma 9.1.6. Let e be an explicitly-typed expression and [0;)icr, [0j]jes two sets of
type substitutions. Then
A H I l_.A (E[O'i]iej)[gj]jej = A 9 I |_A 6([0’j]jeJ o [Ui]ie]) it
Proof. =>: consider the following derivation:
AsTkFge:s ot A
AsT g eloilier : Nierso: o 4 A
AT Ea(eloilicn)lojljer : Njes(Nier s0i)o;j
As o; # A, 0 § A and dom(o; o 0;) = dom(o;) Udom(o;), we have o; 00; f A.
Then by (ALG-INST), we have A §T' 4 e([o; o oilicrjes) : Nierjes (o 0 0i),

that is A§I' 4 e([ojljes o [oilier) © Njes(Nier 50i)0;-
<=: consider the following derivation:

Asl'Fyqe:s  ojoo; B A

AsT Fae((ojljes oloilier) : Nier jes 8(0j 0 03)

As ojoo; f A and dom(ojo0;) = dom(o;) Udom(o;), we have o; § A and o; § A.
Then applying the rule (ALG-INST) twice, we have A §T' k4 (e[oilicr)[oj]jer -

/\jeJ(/\z‘eI 50;)0;, that is A§T' 4 (e[oilier)[oj]jer /\z‘el,jeJ s(oj o ay). -
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First of all, consider a typing derivation ending with (ALG-PAIR) where both of its
sub-derivations end with (ALG-INST):

A;Fl—Aelitl leéJl.O'jlﬁA ASF"AGQ:tQ VjQGJQ.UjQﬂA
AsT 4 el[ajl]jlejl :/\j16J1 t10j AsT Fy 62[0'j2]j2€J2 : /\erJ2 t104,

AsT Fy (el[gjl]ﬁézhv62[Uj2]j26]2) : (/\jleJl tlajl) X (/\j2€J2 tlajz)

We rewrite such a derivation as follows:

AsTFqer:ty AsT 460t
AgFI—A(el,eg):tlxtQ VjGJlUJQ.O'jﬁA
AT (er,e2)[o5]jenus + Njesus(tt X t2)0;

Clearly, A;c s 0, (t1 X t2)o; < (Nj e t1051) X (Ajye, t10j,). Then we can deduce that
(e1,€2)[o5]jenus, also has the type (A; cj, t105:) X (Aj,es, t105,) by subsumption.
Therefore, we can disregard the sets of type substitutions that are applied inside a
pair, since inferring them outside the pair is equivalent. Hence, we can use the following
inference rule for pairs.

AsT'Frar:t1 AsThEzag:t
AEF'—I (al,ag):tlxtg

Next, consider a derivation ending of (ALG-PROJ) whose premise is derived by
(ALG-INST):

AsT'Fy et Vied oA
AsT 4y e[Jj]jeJ : /\jGJtJj (/\jEJtUj) <1x1
AsT 4y m(e[ajbeJ) :1r,~(/\j€Jtaj)

According to Lemma 8.2.6, we have m;(/\ ;c ; to;) < /\;c; ™i(t)o;, but the converse does
not necessarily hold. For example, 71(((¢1 x t2) V (s1 X '\ $2)){52/a}) = t1{52/n} while
(m1((t1 xt2) V (s1x @\ s52))){52/a} = (t1Vs1){52/a}. So we cannot exchange the instanti-
ation and projection rules without losing completeness. However, as (/\ ieJ to;) <1x1
and Vj € J. o; # A, we have ¢ Ca 1 x 1. This indicates that for an implicitly-
typed expression m;(a), if the inferred type for a is ¢ and there exists [0;];es such that
[0j]jes IFt Ea 1 x 1, then we infer the type m;(A s to;) for mi(a). Let IT% () denote
the set of such result types, that is,

A (t) = {u | [o]jes Ft Ea 1 x L,u =m;( \ to))}
J€J
Formally, we have the following inference rule for projections
AsThza:t uelly(t)
A;Fl—zm(a) U

'Tf one of the sub-derivations does not end with (ALG-INST), we can apply a trivial instance of
(ALG-INST) with an identity substitution ;4.
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The following lemma tells us that HiA(t) is “morally” closed by intersection, in the
sense that if we take two solutions in IT (¢), then we can take also their intersection
as a solution, since there always exists in 1T} (t) a solution at least as precise as their
intersection.

Lemma 9.1.7. Let t be a type and A a set of type variables. If u1 € 114 (t) and
Uy € HiA(t), then Jug € HiA(t). ug < up A us.

Proof. Let [0j]j,es. IFt Ca 1 x 1 and u = ?ri(/\jkeJk toj,) for k = 1,2. Then
[o5ljenum IFt Ea 1 X 1. Som(A\jc) 00, toj) € LIA(t). Moreover, by Lemma 8.2.4, we
have

m( N\ toy) <mi( N\ tog) Ami( N\ tog,) =w Aus

JjeJ1UJ J1€J1 Jj2€J2
O]

Since we only consider A-abstractions with empty decorations, we can consider the
following simplified version of (ALG-ABSTR) that does not use relabeling

Viel. AUvar(/\(ti —s)))sT,z:tiFae: s, and s, <s;
i€l
AT by NViettizsig ¢ . /\(tZ — 8;)
el

(ALG-ABSTRO)

Suppose the last rule used in the sub-derivations is (ALG-INST).

ANsTz:tibae:s, Vjed oA

Vi e 1. AsT,z:t; b4 E[O'j]jeJ:/\jergo-j
/\jeJ 5i0j < 8i
A" = AUvar(\,;c;(ti — si))

AT Fy Nietti=sigeloslics @ Nier(ti — si)

From the side conditions, we deduce that s; Car s; for all i € I. Instantiation may be
necessary to bridge the gap between the computed type s, for e and the type s; required
by the interface, so inferring type substitutions at this stage is mandatory. Therefore,
we propose the following inference rule for abstractions.

Viel { AUvar(Nierti = si) 3T (w2 i) Fraz s
. 8; EAUvar(/\ieI
AT g Nietti=Sig g \

ti—S;) Si

ierti = Si

In the application case, suppose both sub-derivations end with (ALG-INST):

AsTFger:t ViieJi.op 8 A AslkFger:s Vig€Jooj 8 A
AsThaellojljen : Njjen ton  AsTRaeogljern t Njyes, 54
/\jlejl toj, <0—1 /\j26J2 504, < dom(/\jleJl tJj1)

AT Fy (el[aﬁ]jleh)(e? [Uj2]j26J2) : (/\j1€J1 t0j1) ’ (/\jgeJQ Ssz)
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Instantiation may be needed to bridge the gap between the (domain of the) function
type and its argument (e.g., to apply A*7%z.z to 42). The side conditions imply that
[0j]jien Ft Ea 0 = 1 and [oj,]j,es, IF s Ea dom(A\j, ¢, toj,). Therefore, given an
implicitly-typed application ajae where a1 and ao are typed with ¢ and s respectively,
we have to find two sets of substitutions [0},]j,cs, and [0},]j,e., verifying the above
preorder relations to be able to type the application. If such sets of substitutions exist,
then we can type the application with (A; ¢, toj,) - (A, 504,)- Let t o4 s denote
the set of such result types, that is,

[oiicr IFt Ea 0—1
te,s & u [0;]jes IF s Ea dom(A;c; to;)
u=Nertoi- /\jeJ 50

This set is closed under intersection (see Lemma 9.1.8). Formally, we get the following
inference rule for applications

AsThzar:t As'bFzas:s uctens
AgFI—IalaQ:u

Lemma 9.1.8. Let t, s be two types and A a set of type variables. If uy € t eps and
Ug Etons, then Jug € tons. ug < up Aus.

Proof. Let ug = (\; ez, toi) - (Nj, ey, 505;) for k =1,2. According to Lemma 8.2.15,

we have (Ajer,ur, 10i) - (Njesug, 505) € toas and (Nicrur, t0i) - (Njenun, 595) <

/\k:1,2(/\ikelk toi,) - (/\jkeJk 80j,) = u1 A us.
O

For type cases, we distinguish the four possible behaviours: (i) no branch is se-
lected, (i) the first branch is selected, (ii7) the second branch is selected, and (iv)
both branches are selected. In all these cases, we assume that the premises end with
(ALG-INST). In case (i), we have the following derivation:

AgT ket Vjed ojfA
AT kg efojljer : /\jejt,dj /\jeJt’ch <0
AsT 4y (e[aj]jeJ)Gt?elzeg:(I)

Clearly, the side conditions implies ' £ 0. The type inference rule for implicitly-typed
expressions corresponding to this case is then
AsTlza:t ¢ CAO
ASF Fr (aet?a1 : ag) : 0

For case (ii), consider the following derivation:

AsThge:t! ot A AsThger:s1 o5 A
AsTrkaelojlies: Njest'o;  Njest'oj <t AsTraelojljen : Njes 5100

AT Ea (elogljes)et ? (erlogljien) s e2 s Njey, 5105
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First, such a derivation can be rewritten as
AsThye:t UjﬁA
A;Pl—Ae[O'j]jeJ:/\jeJt/O'j /\jeJt/UjSt AsTF4eq:s1
AT F 4 (elojljer)Et?er s e s o, 1A
AT a ((elojljer)€t 7er = e2)logi]ien) : Njyes, 5105

This indicates that it is equivalent to apply the substitutions [0},];,cs, to e; or to the
whole type case expression. Looking at the derivation for e, for the first branch to
be selected we must have ¢’ Ca t. Note that if ¢ CA —t, we would have t' CA O by
Lemma 9.1.4, and no branch would be selected. Consequently, the type inference rule
for a type case where the first branch is selected is as follows.

AsThrza:t! ¢ Cat t'Za—-t A3Tbza;:s
AsT k7 (a€t?ay :ag): s

Case (i71) is similar to case (ii) where ¢ is replaced by —t.
At last, consider a derivation of Case (iv):

AsThy et Vjeld ojgtA
A;Fl—A 6[0’j]jeJ . /\jEJt/Uj

A;Fl—Aellsl Vj1€J1.Jj1ﬁA
/\je] tlaj £t and A3TFyen [0j1]j1€J1 : /\jlejl 81035,

ASF"AGQ:SQ VjQGJQ.O‘jQﬁA
L /\jEJtIO'j ﬁ t and A‘;F }_A eg[ajz]jQGJQ :/\j2€J2 5203,

AsT 4 (e[aj]jGJet? (el[ajl]j1€J1> : (62[Uj2]j2€J2)) : /\j16J1 5105 V /\j26j2 520,

Using a-conversion if necessary, we can assume that the polymorphic type variables of e;
and ey are distinct, and therefore we have (var(sy) \ A) N (var(sz) \ A) = . According
to Lemma 9.1.5, we get s1 V s9 Ca /\j16J1 5104, V /\]-26(]2 520, Let [0,]0e010 IF
51V sy CAa /\jlejl 5105, V /\j2€J2 520j,. We can rewrite this derivation as
'AgFl—Ae:t' Vied ojtA
AsTEacelojlies s Njest'oj

/\jEJt/O'j £ =t and AT Fger:s

\/\jejt’ajﬁt and AsTky4es: sy
AsT' 4y (G[Uj]jejet?el : 62) 181V 82 Vi12 € Jio. Ojia A

AsT 4 ((e[aj]j@]et 7ep: 62)[Uj12]j12€J12) : Ajlgejlg (31 v 32)Uj12

As Njesn(81V 82)0j, < Njeg, 5105 V N\jyeu, 520j,, by subsumption, we can deduce
that (e[o;]jes€t 7 €1 : e2)[0,]j1,e0:, has the type A; cj 5105, V \j,c, 5205, Hence,
we eliminate the substitutions that are applied to these two branches.



172 CHAPTER 9. INFERENCE OF TYPE-SUBSTITUTIONS

We now consider the part of the derivation tree which concerns e. With the specific
set of substitutions [o;];es, we have A\, ;t'o; £ —t and A\, t'o; £ t, but it does
not mean that we have ¢’ Za ¢t and t' [Zx —t in general. If ¢’ Ca t and/or t' T —t
hold, then we are in one of the previous cases (i) — (iii) (i.e., we type-check at most
one branch), and the inferred result type for the whole type case belongs to 0, s; or
s9. We can then use subsumption to type the whole type-case expression with s1 V ss.
Otherwise, both branches are type-checked, and we deduce the corresponding inference
rule as follows.

t/ZA_\t and A;Fl—zalzsl
t'Zat and AT Fzas: s

AsT Fz (a€t?ay :ag): 1V s2

AsThrra:t {

From the study above, we deduce the type-substitution inference rules for implicitly-
typed expressions given in Figure 9.1.

9.2 Soundness and completeness

We now prove that the inference rules of the implicitly-typed calculus given in Figure
9.1 are sound and complete with respect to the type system of the explicitly-typed
calculus.

To construct an explicitly-typed expression from an implicitly-typed one a, we have
to insert sets of substitutions in a each time a preorder check is performed in the rules
of Figure 9.1. For an abstraction \‘i€tti7%igx q, different sets of substitutions may be
constructed when type checking the body under the different hypotheses = : t;. For
example, let a = A\(Int—=TInt)A(Bool—Bool), (Na—ay )y When a is type-checked against
Int — Int, that is, x is assumed to have type Int, we infer the type substitution
{Int/y} for (A*7%y.y). Similarly, we infer {Bool/y} for (A*7*y.y), when a is type-
checked against Bool — Bool. We have to collect these two different substitutions
when constructing the explicitly-typed expression e which corresponds to a. To this
end, we introduce an intersection operator e M e’ of expressions which is defined only
for pair of expressions that have similar structure but different type substitutions.
For example, the intersection of (A*7%y.y)[{Int/y}|x and (A*7*y.y)[{Bool/y}|x will be

(A7 y.y) [{Int/a}, {Bool/n}].

Definition 9.2.1. Let e, ¢’ € & be two expressions. Their intersection eMe’ is defined
by induction as:

clle = ¢
xMNr = x
(e1,e2) (el e5) = ((exMey), (e2Meh))
mi(e) Mmi(el) = m(ene)

ereaMeley, = (exMe))(eaMel)
(/\/\ieltiﬁsix_e) M (/\/\ieltiﬁsim_e/) )\/\ieztiﬁsix_(e M e/)
(eo€t? eyt e2) M (et ?e] : €h) epMeyet?erMe] :exMel
(e1[oj]er) N (€1]o]je0) (e1 1 €y)[oj]je0
e (ei[oj]jer) (eloid]) M (eto]je0r) if e # e1lojljes
(e1[oj]jes) e = (erlojljes) M (€oid]) if € # eilojljer
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(INF-CONST) (INF-VAR)

AsThze: b, AsThzz:T(x)

ASFI‘Ialitl A;FI_Iagitg
A;Fl—z (al,ag):tl X to

(INF-PAIR)

AsTkza:t u € Iy (t)
AsT Frmia):u

(INF-PROJ)

AsThrar:t AsT'Fras:s uEtons

(INF-APPL)
AsT bz ajas:u

AUvar(/\ti —s) s, (z:ti) Fra:s,
Vi e 1. iel
3; EAUvar(/\ieltiﬁsi) Si
AT b Nhierti=sig q /\ t; — S;
i€l

(INF-ABSTR)

AsThza:t ' CAD

(INF-CASE-NONE)
AsT Fz (a€t?ay :az): 0

AsThkra:t ' Cat t' Za it AsThrar:s

(INF-CASE-FST)
AsT Fz (a€t?ay :az): s

AsThrza:t! tCa-t tEZAt Asllzag:s

(INF-CASE-SND)
AsT bz (a€t?ay:ag): s

t ZA -t and A;FI—I ai : S1
t'Zat and AT lFras:so
AsT bz (a€t?ay :az): s1V s2

A;FI—Ia:t’ {

(INF-CASE-BOTH)

Figure 9.1: Type-substitution inference rules

where o;q 1s the identity type substitution and is undefined otherwise.

The intersection of a same constant or a same variable is the constant or the vari-
able itself. If e and e’ have the same form, then their intersection is defined if their
intersections of the corresponding sub-expressions are defined. In particular when
e is form of ei[oj]jes and € is form of €}[o}]jcr, we merge the sets of substitu-
tions [0j]jes and [oj]jcs into one set [0j]jesuy. Otherwise, e and €' have different
forms. The only possible case for their intersection is they have similar structure but
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one with instantiations and the other without (i.e., e = ei[oj]jcs, € # €}loj]jer or
e # e1[ojljes, € = €}[ojljer). To keep the inferred information and reuse the defined
cases above, we add the identity substitution ;4 to the one without substitutions (i.e.,
€'[oi4] or eloiq]) to make them have the same form. Note that o;y is important so
as to keep the information we have inferred. Let us infer the substitutions for the
abstraction A(f17s0)A(2=s2) 4 ¢ Assume that we have inferred some substitutions for
the body e under t; — s; and t2 — s respectively, yielding two explicitly-typed ex-
pressions e; and es[oj]jes. If we did not add the identity substitution o;q for the
intersection of e; and es[oj]jcy, that is, e; M (e2[o;]jes) were (e1 Mea)[o;]jes rather
than (e; Me2)([0iq) U [0j]jes), then the substitutions we inferred under ¢; — s; would
be lost since they may be modified by [0];cs.

Lemma 9.2.2. Let e, e’ € & be two expressions. If erase(e) = erase(e’), then e e’
exists and erase(e M e') = erase(e) = erase(e’).

Proof. By induction on the structures of e and ¢’. Because erase(e) = erase(e’), the
two expressions have the same structure up to their sets of type substitutions.

¢, ¢t straightforward.

x, x: straightforward.

(e1,€2), (€], €5): we have erase(e;) = erase(e}). By induction, e;Me] exists and erase(e;

eh) = erase(e;) = erase(e}). Therefore (e1,e2) M (€], €)) exists and

erase((e1,e2) M (e}, €5)) = erase(((exMe), (eaMeh)))
= (erase(e; Me)), erase(ea Méh))
= (erase(ey), erase(ez))

= erase((e1, e2))

Similarly, we also have erase((e1,e2) M (€}, €5)) = erase((€], €5)).
mi(e), mi(e'): we have erase(e) = erase(e’). By induction, elle’ exists and erase(ele’) =
erase(e) = erase(e’). Therefore m;(e) Mm;(e') exists and

¢))
¢))

erase(mi(e) Mmi(e')) = erase(m;(e
m;i(erase(e
m;i(erase(e)
= erase(m;(e)

M
N

)
)

Similarly, we also have erase(m;(e) Mm;(e’)) = erase(m;(¢')).
ejez, €jeh: we have erase(e;) = erase(e}). By induction, e;Me} exists and erase(e;MNe;) =
erase(e;) = erase(e}). Therefore ejes M€ ef exists and

erase((ere2) M (€ eh)) = erase((e1 T €])(e2 M eh))

= erase(e; M¢€))erase(ea Mely)
(
(

= erase(ey)erase(es)

Similarly, we also have erase((e1ez) M (e€h)) = erase(e}el).
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Nvierti=sig e \\ierti=sip ¢/ we have erase(e) = erase(e’). By induction, e e’ exists
and erase(ele’) = erase(e) = erase(e’). Therefore (\Vierti=sig e)M(A\ ierti=sig e!)

exists and

erase((\Vierti=sig o) M (A\Nierti=sig o)) = erase(\\ielti7sig. (ee))

\Nierti=siy erase((e Me’))
NVierti=siy ergse(e)

= erase(\Vierti™sip e)

Similarly, we also have
erase((\VEriTsig o) M (NVierti=sig o)) = erase(\Vieltisig o)

eo€t 7 ey : e, e(EL 7€) 1 ey we have erase(e;) = erase(e;). By induction, e; M¢€] exists
and erase(e;MNe,) = erase(e;) = erase(e}). Therefore (eg€t 7 ey : ea)M(epEL 7 €] : €f)
exists and

erase((eg€t 7 ey 1 e2) M (e[ €L 7€) : €))
= erase((eoMep)et? (exMe)) : (eaMeh))
erase(eo M e)EL ? erase(er M e}) : erase(eg Meh)
(
(

erase(eg)€t 7 erase(ey) : erase(ea)
erase(eg€Et 7 ey : €3)

Similarly, we also have
erase((eg€t 7 ey 1 e2) M (e(€t 7€) 1 €h)) = erase(epet 7€) : €h)

elojljer, €'|oj]jes: we have erase(e) = erase(e’). By induction, e M €' exists and
erase(e M €') = erase(e) = erase(e’). Therefore (e[o;]jcs) M (€'[o]jcr) exists
and

—

erl 6/)[Uj]jeJuJ’)
Me)

erase((elojljes) M (€'[ojljer)) = erase

[

3 g

ISEES

®» »

> D
NN N N

@

= erase

Similarly, we also have erase((eloj]jcs) M (€'[oj]jcr)) = erase(€'[o)]jc.).
lies = [oial-

e, €'[ojljet a special case of e[oj|jes and €'[oj];c» where [0
elojljes, €'+ a special case of e[oj]jes and €'[0}];c.r where [0}]jcr = [0id).

O]

Lemma 9.2.3. Let e, ¢’ € & be two expressions. If erase(e) = erase(e’), AsT e :t,
AsT'Ee ', et A and e § A, then AsT Fene it and AT Fene : t' .

Proof. According to Lemma 9.2.2, eMe’ exists and erase(ele’) = erase(e) = erase(e’).
We only prove AT+ eMe’ : t as the other case is similar. For simplicity, we just
consider one set of type substitutions. For several sets of type substitutions, we can
either compose them or apply (instinter) several times. The proof proceeds by induction
on As'ke:t.
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(const): AsT'F c:be. As erase(e’) = ¢, € is either cor ¢[oj]jes. If €’ = ¢, then eMe’ = ¢,
and the result follows straightforwardly. Otherwise, we have eMe’ = c[ojq, 0j]je.
Since ¢’ § A, we have o; § A. By (instinter), we have A 3T F c[oiq,05]jes :
be A /\jeJ beoj, that is, AT+ clojq, 0j]jer : be.

(var): Tk o :T(z). As erase(¢’) = x, € is either x or z[o]jes. If ¢ =z, then eMe’ = z,

and the result follows straightforwardly. Otherwise, we have eMe’ = (044, 0} e
Since €' § A, we have o; § A. By (instinter), we have A 3T F x[0i4,0,]jes :
L(z) A /\jeJF(x)aj, that is, A§T' F z[0iq, 0j]jes : ['(2).

(pair): consider the following derivation:

A;FI—elztl A;FI—eg:tg(
A;FI—(el,eg):tlxtQ

pair)

As erase(e') = (erase(e1), erase(ez)), € is either (e},e5) or (e},€5)[o}]jes such
that erase(e;) = erase(e;). By induction, we have A 3T + e; Me} : t;. Then
by (pair), we have AsT F (ex Mel,ealMeh) : (L1 x ta). If € = (e),€),), then
efe’ = (exMel,eaMel). So the result follows.

Otherwise, eMe’ = (e Mey, eaMeb)[0id, 05]jes. Since € § A, we have o § A. By
(instinter), we have A§I' &= (e1 ey, eaMey)[oia, o5]jer o (b1 X t2) AN e (B X t2) 0.
Finally, by (subsum), we get AT F (e Mel, ea M eh)[oia, 0jlier = (t1 X t2).

(proj): consider the following derivation:

AsT'Feg:ty Xty
ASFl—ﬂ'i(eo):ti

(proj)

As erase(e’) = m;(erase(ey)), € is either ;(e) or m;(ep)[0j]je.s such that erase(ef)) =
erase(ep). By induction, we have A§T' - egMef @ (¢ X t2). Then by (proj), we
have A¢T F mi(eg Mep) : t;. If € = mi(ef)), then eMe’ = m;(eg Mep). So the result
follows.
Otherwise, e M€ = m;(eg M ey)[0id,04]jes. Since € § A, we have o; § A. By
(instinter), we have AT & mi(eo M e€p)[0ia, 05]jes  ti A \jeytioj. Finally, by
(subsum), we get AT m;(eo Mep)|oid, 0j]jer : ti

(appl): consider the following derivation:

AsThep:t—s Aslhkes:t

AsT'Fejeg: s (pair)
As erase(e’) = erase(er)erase(es), € is either eje, or (ejeh)oj]jcs such that
erase(e;) = erase(e;). By induction, we have A ¢T' F e;Me} : t — s and

AT F eyMel o t. Then by (appl), we have A ¢T F (eg Me))(ea Meh) : s.
If ¢ = ¢lely, then eMe’ = (eg Me))(e2Meh). So the result follows.

Otherwise, eMe’ = ((e1Me})(e2Me)))|04d, 04]jes. Since €' § A, we have o; § A. By
(instinter), we have A§T' = ((e1 Mey)(e2 Mey))[oia, 05]je : 8 A N\jey s0j. Finally,
by (subsum), we get AT F ((ex Me))(e2 Meh))[0ia, 0j]je : s.
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(abstr): consider the following derivation:

Vi e . A”;F,(:U:ti) Feg:s;
A" = AUvar(\,c ti — si)
AT F \hiertizsigp eq : N\

abstr
tl' — S; ( )

i€l
As erase(e') = NVierti=sig erase(ep), € is either N\ierti=*siy el or
(ANhierti=sig el)[o)]jes such that erase(e)) = erase(eq). As NVierti?sig el is well-
typed under A’ and I, ey § A" Uvar(A;c;ti — s;). By induction, we have
A"sT, (z : t;) FegMef : si. Then by (abstr), we have AgT = \Vierti=Sig eq Mef
Nierti = si- If €/ = AhiettizSig el then eMe’ = XNielti™Sig egMep. So the result
follows.
Otherwise, eMe’ = (\Vietti7Sig eq Mef))[0ia, 0] jes. Since € § A, we have o, § A.
By (instinter), we have A §T' b (AVerti=Sig e M ef)[oia, 05] e (Njerti —
8i) A /\jEJ(/\iEI t; — s;)oj. Finally, by (subsum), we get A = (AVierti=Sig e
eo)[oid, ojljer i Nier ti = si-

(case): consider the following derivation

/L=t = AsThker:s
AsT ket
/<t = AsThkes:s
AsTF (eg€t?e:ea): s

(case)

s erase(e’) = erase(eg)€t 7 erase(ey) : erase(es), €' is either eyt 7€) : €}, or

A ! t? " is either et 7€) : €]
(epet ? €] : €4)[oj]jes such that erase(e;) = erase(e;). By induction, we have
AsT FeyMe:t and A¢T - e;Mel : s. Then by (case), we have AT
((eoMep)et? (e Me)):(eaMeh)) + s. If e = ej€t?e]:€), then eMe =
(eoMep)et?(exMel) : (e2Meh). So the result follows.
Otherwise, eMe’ = ((egMep)€t ? (e1 Mey) : (eaMesy))[0id, 0jjes. Since € § A, we
have o; § A. By (instinter), we have A §T = ((eg Mep)et?(er Mef): (e2 M
e5))[oias 05ljes + 8 N \jeys0;. Finally, by (subsum), we get AT F ((eg I
ep)EL? (e1T1€y) : (e2T1€5))]oia, 0jljes : 5.

(instinter): consider the following derivation:

Asl'kFeg:t o; A
A;Fl—eo[aj]jejt/\jejtgj

(instinter)

As erase(€') = erase(eg), €' is either e or eyoj]jc,s such that erase(e) =

erase(ep). By induction, we have A§T - egMef : t. If € = ef, then eMe’ = (e M
€p)|oj; oialjes. By (instinter), we have A§T = (eo Mep)[0, 0idljes + Njestoj At
Finally, by (subsum), we get A3T'+ (eo Mep)[oy, gialjer : N\jeytos

Otherwise, eMe’ = (egMeg)[oj]jequg. Since € § A, we have o § A for all j € J'.
By (instinter), we have A§T' + (e M eg)[ojljesur © Njesuptoj. Finally, by
(subsum), we get AsT = (eo Meg)losljesur = N\jestos
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(subsum): there exists a type s such that

AsTlkFe:s s<t
AsT'Fe:t

(subsum)

By induction, we have A 3T F eMe’ : s. Then the rule (subsum) gives us
AsTkene :t.

O]

Corollary 9.2.4. Let e,e¢’ € & be two expressions. If erase(e) = erase(e’), AsT 4
e:t, ANsTVbF e :t', et A and €t A, then
1. there exists s such that AT eMe s ands<t.
2. there exists s’ such that A'sT 4 eneée 18 and s’ <t .
Proof. Immediate consequence of Lemma [9.2.3 and Theorems 8.2.19| and |8.2.20. ]
These type-substitution inference rules are sound and complete with respect to the

typing algorithm in Section 8.2, modulo the restriction that all the decorations in the
A-abstractions are empty.

Theorem 9.2.5 (Soundness). If AT b1 a : t, then there exists an explicitly-typed
expression e € &y such that erase(e) =a and AsT Fye:t.

Proof. By induction on the derivation of A§T' 7 a : . We proceed by a case analysis
of the last rule used in the derivation.

(INF-CONST): straightforward (take e as c).
(INF-VAR): straightforward (take e as z).
(INF-PAIR): consider the derivation

AsT'bFzaq:tq AsT Fzas:ty
AsT kg (al,a2):t1 X to

Applying the induction hypothesis, there exists an expression e; such that erase(e;) =
a; and AsT 4 e; : t;. Then by (ALG-PAIR), we have A §T' 4 (e1,e2) : t1 X to.
Moreover, according to Definition 9.1.2, we have

erase((e1,e2)) = (erase(ey), erase(es)) = (a1, az).
(INF-PROJ): consider the derivation

A;I"l.—.za:t u € T4 (t)
A;FI—Zm(a):u

By induction, there exists an expression e such that erase(e) = a and A§T F4
e:t. Let u = mi(\;c;toi). As o; f A, by (ALG-INST), we have AT 4
eloilier = Njertoi. Moreover, since ;. to; < 1 x 1, by (ALG-PROJ), we get
AT g4 mi(e[oilier) @ ®i(\;jertoi). Finally, according to Definition 9.1.2, we
have

erase(r;(e[oilier)) = mi(erase(e|oslicr)) = mi(erase(e)) = m;(a)



9.2. SOUNDNESS AND COMPLETENESS 179

(INF-APPL): consider the derivation

AsT'Fra1:t AsTFzas:s u€Etens
AsTFrajas:u

By induction, we have that (i) there exists an expression e; such that erase(e;) =
a; and A F 4 ep : t and (47) there exists an expression ey such that erase(ez) = ag
and A§T' Fa et s. Let u= (A toi) - (Njeys05). Asop f Afor h € TUJ,
applying (ALG-INST), we get AT 4 e1[oilier : Njeptoi and AT 4 exfoj]jer -
Njey s0j- Then by (ALG-APPL), we have ASI' F 4 (e1]oilier)(e2(o]es) + (Aigs toi):
(Ajess0;). Furthermore, according to Definition 9.1.2, we have

erase((e1[oilicr)(e2(0j]jes)) = erase(eq)erase(ez) = araz

(INF-ABSTR): consider the derivation

Viel A/Uvar(/\ielti%si)sf, (x:t;)Frza:s,
S EAUvar(/\ielti—wi) 54
A sT g Mierti=sig o . /\iel t; — S;

Let A" = AUvar(\,c;ti = s:i) and [0,]j,c5, IF s; Ear s;. By induction, there
exists an expression e; such that erase(e;) = a and A" T, (z : t;) F 4 €; : s} for
all i € I. Since oy, § A’, by (ALG-INST), we have A" §T', (z : t;) k4 €i[0},]je,
Nj,es, 8i0j;- Clearly, e;oj,]j,es, # A" and erase(ei[0y,]j,e,) = erase(e;) = a. Then
by Lemma 9.2.2, the intersection [ ];,c;(ei[0,],c7,) exists and we have

erase([ 1;cp(€iloj,]jies;)) = a for any non-empty I' C I. Let e = [,/ (eilo,]jie;)-
According to Corollary|9.2.4, there exists a type ¢, such that A'sT, (z : ¢;) Fa e : ]
and t; < A cj 805, for all i € I. Moreover, since t; < A, ;. s;0j, < si, by
(ALG-ABSTR), we have A§T g AiertizSig e o A, (t; — s;). Finally, according
to Definition 9.1.2, we have

erase(N\EIti=sig o) = \Nielti=siy epgse(e) = NVielti=sig g

(INF-CASE-NONE): consider the derivation

AsThFza:t! t'CAO
AsT Fz (a€t?ay :az): 0

By induction, there exists an expression e such that erase(e) = a and A§T Fy4
e:t'. Let [oi)icr IF ' CaA 0. Since o; § A, by (ALG-INST), we have AT 4
eloilicr : Njept'oi. Let er and ea be two expressions such that erase(er) = a; and
erase(ez) = az. Then we have

erase((e[oi]icr)Et?er : e2) = (a€t 7 ay : az)
Moreover, since \;c;t'o; < 0, by (ALG-CASE-NONE), we have

AsT Fy ((eloilier)€t?er s e) : 0
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(INF-CASE-FST): consider the derivation

AsThza:t! T Cat t'Za—-t AgThzar:s
AsT Fz (a€t?ay :az): s

By induction, there exist e, e; such that erase(e) = a, erase(e;) = a1, AT 4
e:t',and AT by e; 2 s. Let [04]ier, IF £ Ea t. Since oy, § A, applying
(ALG-INST), we get AT 4 eloyijer, @ Njep, t'0iy- Let ez be an expression
such that erase(es) = ag. Then we have

erase((e[oi, |ier,)EtTer : e2) = (a€t 7 ay : az)
Finally, since \; c;, t'0i, <t, by (ALG-CASE-FST), we have
A sk 4 ((6[0'2'1]2'16]1)615?61 : 62) : S

(INF-CASE-SND): similar to the case of (INF-CASE-FST).
(INF-CASE-BOTH): consider the derivation

tIZA_'t and A;FFIal:sl
AsTkza:t

tIZAt and A;FFICLQ:SQ
AT F¢ (aEt?a1:a2):81\/82

By induction, there exist e, e; such that erase(e) = a, erase(e;) = a;, AT 4 e : ¥/,
and A4 e; 1 s;. According to Definition [9.1.2, we have

erase((ect ey : e2)) = (a€t?ay : az)

Clearly ' # 0. We claim that ¢’ £ —t. Let o4 be any identity type substitution.
If t/ < —t, then t'o;g ~ t' < —t, i.e., t' CA —t, which is in contradiction with
t" Za —t. Similarly we have t' « ¢. Therefore, by (ALG-CASE-SND), we have
AsTHy (e€t?er teg): 51V so.

O]

The proof of the soundness property constructs along the derivation for the implicitly-
typed expression a some expression e that satisfies the statement of the theorem. We
denote by erase~!(a) the set of expressions e that satisfy the statement. Notice that
C A gauges the generality of the solutions found by the inference system: the smaller
the type found, the more general the solution is. As a matter of facts, adding to the
system in Figure 9.1 a subsumption rule that uses the relation Ca, that is:

A;Fl—za:tl t1EAto
AsTFza:ts

(INF-SUBSUM)

is sound. This means that the set of solutions is upward closed with respect to Ca
and that from smaller solutions it is possible (by this new subsumption rule) to deduce
the larger ones. In that respect, the completeness theorem that follows states that the
inference system can always deduce for the erasure of an expression a solution that
is at least as good as the one deduced for that expression by the type system for the
explicitly typed calculus.



9.2. SOUNDNESS AND COMPLETENESS 181

Theorem 9.2.6 (Completeness). Let e € & be an explicitly-typed expression. If
AsT k4 e:t, then there exists a type t' such that A§T b7 erase(e) : t' and t' T t.

Proof. By induction on the typing derivation of A§I' -4 e : t. We proceed by a case
analysis on the last rule used in the derivation.

(ALG-CONST): take t’ as b,.
(ALG-VAR): take t’ as I'(z).
(ALG-PAIR): consider the derivation

AsTk et AsThH ety
AsTFy (61,62)2t1 X to

Applying the induction hypothesis twice, we have

). AT b1 erase(er) : t) and t) Ca t;
th. AT b1 erase(eq) : th and th Ca to

Then by (INF-PAIR), we have
AT bz (erase(er), erase(e)) : t] X th,

that is, AsT 7 erase((e1, e2)) : t} x t. Finally, Applying Lemma 9.1.4, we have
(tll X tlz) CA (tl X tz).
(ALG-PROJ): consider the derivation

ASF‘F;ale:t t<1x1
AsT 4y 7ri(e) :ﬂ'i(t)

By induction, we have
3, [ok]ker- AT b1 erase(e) : t' and [og|per IFt Cat

It is clear that A, t/or < 1 x 1. So m(Apeg t'ox) € UL(Y'). Then by
(INF-PROJ), we have

AT 7 mi(erase(e)) : m;( /\ t'or),
keK

that is, A §T' bz erase(m(e)) : i(Apeg t'or). According to Lemma 8.2.3, t <

(w1(t),w2(t)). Then A\ cxt'or < (w1(t),mw2(t)). Finally, applying Lemma 8.2.3

again, we get ; (A, t'or) < mi(t) and a fortiori wi( e t'or) Ea mi(t).
(ALG-APPL): consider the derivation

AsThy et AsThy er:s t<0—1 s<dom(t)
AsT'Fyeien:t-s

Applying the induction hypothesis twice, we have

3ty [o ]keKl AT b7 erase(er) : t) and [o ]keKl -] Cat
3th, [o ]keKQ- AsT b1 erase(es) : th and [o ]keKQ IFt) Ca s
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It is clear that A,cp, thiop < 0 — 1, that is, A\, tio, is a function type. So
we get dom(t) < dom(A\,cx, thol). Then we have

/\ tho? < s < dom(t) < dom( /\ thot)
kEK, keK)

Therefore, (Aperc, t10%) - (Apek, t207) € th eat].
Then applying (INF-APPL), we have

AT b1 erase(er)erase(ez) /\ thot) - /\ tho?),
keK, keK>

that is, AT Fz erase(ere2) @ (Apeg, thot) - (Arerc, tho?). Moreover, from
Nkex, thop < dom(t) we deduce that t- (A g, tho}) exists. According to Lemma
8.2.11, we have

(A ton)- (N thop) <t-( )\ thop) <t-s

keK1 keKo keKo

Thus, (/\k;eKl 75/1”1%) : (/\kng 75/201%) Lat:-s.
(ALG-ABSTRO): consider the derivation

Viel AUvar(N\jcpti = s:) 8T, (x:t;) Fae:s; and s) <s;
AT by Nettizsig e s Nty — s

Let A" = A Uvar(\,c;ti — si). By induction, for each i € I, we have
3t.. A'sT, (x : t;) b1 erase(e) : t; and t, Cas s
Clearly, we have t; Cas s;. By (INF-ABSTR), we have
AT bz \Vietti=sig ergse(e /\ ti — S;

that is, A g T 7 erase(AVerti™%ize) : Ao ti — si
(ALG-CASE-NONE): consider the derivation

AsTrac:0
A F"_A(@Et?el 62) 0

By induction, we have
3ty. ATz erase(e) : t and ty Ea O

By (INF-CASE-NONE), we have A §T' b7 (erase(e)€t ? erase(ey) : erase(ez)) : 0,
that is, AsT' 7 erase(e€t? ey : e9) : 0.
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(ALG-CASE-FST): consider the derivation

AgFI—Ae:t’ <t AsTF4eq: 81
AsTHy (e€t?er teg): sy

Applying the induction hypothesis twice, we have

3ty. AgT b1 erase(e) : ¢, and t{, Ca t/
). AsT b1 erase(er) : t) and t) Ca s

Clearly, we have t{, Ca t. If t; Ca —t, then by Lemma 9.1.4, we have t{ <a O.
By (INF-CASE-NONE), we get

AT 1 (erase(e)et 7 erase(er) : erase(ez)) : 0

that is, A§T' 7 erase(ect?e; : e3) : 0. Clearly, we have 0 Cx $7.
Otherwise, by (INF-CASE-FST), we have

A 3T b1 (erase(e)€t ? erase(ey) : erase(ez)) : t)

that is, A gT b7 erase(e€t ? ey : ea) : t]. The result follows as well.
(ALG-CASE-SND): similar to the case of (ALG-CASE-FST).

(ALG-CASE-BOTH): consider the derivation

/£ -t and AsThky4er: s
AsThye:t

£t and AsTky4es: sy
AsTEy (e€t?er teg): 81V 89

By induction, we have

3ty. AgT b1 erase(e) : ¢, and t{, Ca t/
). AsT b1 erase(er) : ) and t) Ca s1
3th. AgT b1 erase(ez) : th and ¢, Ca so

If ¢t;, Ca 0, then by (INF-CASE-NONE), we get
AT b1 (erase(e)€t ? erase(eq) : erase(ez)) : 0

that is, AsI' 7 erase(ect?e; : ez) : 0. Clearly, we have 0 T s1 V so.
If ¢, Ca t, then by (INF-CASE-FST), we get

A 3T b1 (erase(e)€t 7 erase(ey) : erase(ez)) : t)

that is, A ¢T' b7 erase(e€t ? ey : eg) : t). Moreover, it is clear that ¢} Ca s1 V s2,
the result follows as well.

Similarly for ¢t Ca —t.

Otherwise, by (INF-CASE-BOTH), we have

AT b7 (erase(e)et 7 erase(ey) : erase(ez)) : t) V
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that is, A ¢T' b7 erase(e€t ? ey : eg) : ] V ). Using a-conversion, we can assume
that the polymorphic type variables of ¢} and t} (and of e; and e3) are distinct,
Le., (var(ty) \ A) N (var(tj) \ A) = 0. Then applying Lemma 9.1.5, we have
tll \/tl2 LAty Vi

(ALG-INST): consider the derivation

AsT ket Vjed ot A [J>0
A;Pl—A 6[0’j]jeJZ/\j€JtO'j

By induction, we have
I, [oklker- AT bz erase(e) : t' and [og]pex I Ca t

Since erase(elojljcs) = erase(e), we have A §T bz erase(elojljcs) : t'. As
Niert'or < t, we have A;c;(Arex t'or)os < N\jestoj, that is Njcyrext'(oj 0
or) < /\jestoj. Moreover, it is clear that o; o oy § A. Therefore, we get
LL/ EA /\jeJtaj‘

O]

The inference system is syntax directed and describes an algorithm that is para-
metric in the decision procedures for Ca, II% () and ¢ e, s. The problem of deciding
them is tackled in Chapter 10 .

Finally, notice that we did not give any reduction semantics for the implicitly
typed calculus. The reason is that its semantics is defined in terms of the seman-
tics of the explicitly-typed calculus: the relabeling at run-time is an essential feature
—independently from the fact that we started from an explicitly typed expression or
not— and we cannot avoid it. The (big-step) semantics for a is then given in expres-
sions of erase™!(a): if an expression in erase”!(a) reduces to v, so does a. As we see
the result of computing an implicitly-typed expression is a value of the explicitly typed
calculus (so A-abstractions may contain non-empty decorations) and this is unavoidable
since it may be the result of a partial application. Also notice that the semantics is
not deterministic since different expressions in erase™!(a) may yield different results.
However this may happen only in one particular case, namely, when an occurrence of a
polymorphic function flows into a type-case and its type is tested. For instance the ap-
plication (A\(Imt—Int)=Bool £ £cB,01—+Bool 7 true : false)(A\**%x.z) results into true
or false according to whether the polymorphic identity at the argument is instanti-
ated by [{Int/y}] or by [{Int/}, {Bool/y}]. Once more this is unavoidable in a calculus
that can dynamically test the types of polymorphic functions that admit several sound
instantiations. This does not happen in practice since the inference algorithm always
choose one particular instantiation (the existence of principal types would made this
choice canonical and remove non determinism). So in practice the semantics is deter-
ministic but implementation dependent.

In summary, programming in the implicitly-typed calculus corresponds to program-
ming in the explicitly-typed one with the difference that we delegate to the system the
task to write the type-substitutions for us and with the caveat that doing it makes the
test of the type of a polymorphic function implementation dependent.
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9.3 A more tractable inference system

With the rules of Figure 9.1, when type-checking an implicitly-typed expression, we
have to compute sets of type substitutions for projections, applications, abstractions
and type cases. Because type substitutions inference is a costly operation, we would
like to perform it as seldom as possible. To this end, we give in this section a restricted
version of the inference system, which is not complete but still sound and powerful
enough to be used in practice.

First, we want to simplify the type inference rule for projections:

AsThza:t uelly(t)
AsT Frmi(a):u

where 114 (t) = {u | [0j]jes IF t CaA 1 x 1, u = wi(\jesto;)} Instead of picking
any type in 11} (t), we would like to simply project ¢, i.e., assign the type m;(t) to
m;i(a). By doing so, we lose completeness on pair types that contain top-level variables.
For example, if ¢ = (Int X Int) A «, then Int A Bool € II%(¢) (because a can be
instantiated with (Bool x Bool)), but m:(t) = Int. We also lose typability if ¢ is
not a pair type, but can be instantiated in a pair type. For example, the type of
(Ao (@V((B=H\(Int—Tnt)) g 2)(42,3) is (Int x Int) V ((8 — B) \ (Int — Int)), which
is not a pair type, but can be instantiated in (Int x Int) by taking f = Int. We
believe these kinds of types will not be written by programmers, and it is safe to use
the following projection rule in practice.

AsThra:t t<1x1
AsT bz mi(a) i mi(t)

(INF-PROJ’)

We now look at the type inference rules for the type case a€t?aj : as. The four
different rules consider the different possible instantiations that make the type t' in-
ferred for a fit ¢t or not. For the sake of simplicity, we decide not to infer type
substitutions for polymorphic arguments of type cases. Indeed, in the expression
(A*7%z.x) € Int — Int ? true : false, we assume the programmer wants to
do a type case on the polymorphic identity, and not on one of its instance (otherwise,
he would have written the instantiated interface directly), so we do not try to instan-
tiate it. And in any case there is no real reason for which the inference system should
choose to instantiate the identity by Int—Int (and thus make the test succeed) rather
than Bool—Bool (and thus make the test fail). If we decide not to infer types for
polymorphic arguments of type-case expression, then since @ — « is not a subtype of
Int — Int (we have @ — o Cy Int — Int but @ — a £ Int — Int) the expression
evaluates to false. With this choice, we can merge the different inference rules into
the following one.

AsThra:t! ti=tAt to=t ANt
t; 20 = AsThzra;:s;

A;I‘I—I (CLEt?al :ag) : \/ S;
;240

(INF-CASE’)



186 CHAPTER 9. INFERENCE OF TYPE-SUBSTITUTIONS

Finally, consider the inference rule for abstractions:

AUvar(/\ti —s8)30,(z:t) Fra: s
Vi el icl
C S
Si =Auvar(\;c; ti—si) 7t
AsT F7 NVvierti=sig g . /\ t; — S;
el

We verify that the abstraction can be typed with each arrow type t; — s; in the
interface. Meanwhile, we also infer a set of type substitutions to tally the type s/
we infer for the body expression with s;. In practice, similarly, we expect that the
abstraction is well-typed only if the type s, we infer for the body expression is a subtype
of s;. For example, the expression

ABoOL(Int=1Int) . vt rue 2 (A7 %.y) ¢ (A 7YY (A7 2.2)y)
is not well-typed while
ABool=(a=a) . retrue ? (A7) + (A7 (A2 T%%.2)y)
is well-typed. So we use the following restricted rule for abstractions instead:

Viel. AUvar(/\ti —si) sl (z:t;)Fra: s, and s, <s;
el
AT b Nhierti=sig g /\ ti — s
el

(INF-ABSTR’)

In conclusion, we restrict the inference of type substitutions to applications. We
give in Figure 9.2 the inference rules of the system which respects the above restrictions.
With these new rules, the system remains sound, but it is not complete.

Theorem 9.3.1. If ' bz a : t, then there exists an expression e € &y such that
erase(e) =a and ' 4 e : t.

Proof. Similar to the proof of Theorem 9.2.5. O
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(INF-CONST)

_— (INF-VAR)
AsThze: b, AsThFrz:T(x)

AsThrar:tg AsThras:ty
A;Fl—I (al,ag):tl X to

(INF-PAIR)

AsThra:t t<1x1
A;FI—I m(a) Zﬂ'z‘(t)

AsT'bFraq:t AsT'Fras:s uEtons
A;Fl—zalag:u

Viel. AUvar(/\ti —si)sl,(z:t;)) Fra: s, and s, <s;
i€l
AT g Niettizsig g /\ti — 8
icl

(INF-ABSTR’)

AsThza:t t1=t'At ta=t' ANt
tz-;éd) = A‘;Fl—zai:si
AsT bz (a€t?ay : ag): \/ S;
t; 220

(INF-CASE’)

Figure 9.2: Restricted type-substitution inference rules




188 CHAPTER 9. INFERENCE OF TYPE-SUBSTITUTIONS



Chapter 10
Type Tallying

All the decision procedures in the inference system presented in Chapter 9 correspond
to solving the problem to check whether, given two types ¢t and s, there exist pairs
of sets of type-substitutions [0];.; and [o;];cs such that A;_;so; < \/ieltoil. The
goal of this chapter is to solve this problem. We first define and solve a type tallying
problem. We then explain how we can reduce the problem with fixed cardinalities of
I and J to the type tallying problem, and provide a semi-algorithm for the original
problem. Finally, we give some heuristics to establish upper bounds (which depend on
t and s) for the cardinalities of I and J.

10.1 The type tallying problem

We first give some definitions about constraints.

Definition 10.1.1 (Constraints). A constraint (¢, c, s) is a triple belonging to T x {<
,>} X T. Let C denote the set of all constraints. Given a constraint-set C C C, the set
of type variables occurring in C is defined as

var(C) = U var(t) U var(s)

(t,c,5)eC

Definition 10.1.2 (Normalized constraint). A constraint (t,c,s) is said to be nor-
malized if t is a type variable. A constraint-set C C C is said to be normalized if every
constraint (t,c,s) € C is normalized. Given a normalized constraint-set C, its domain

is defined as dom(C) ={a | J¢, s. (a,¢,s) € C}.
A type tallying problem and its solution are defined as follows:

Definition 10.1.3 (Type tallying). Let C C C be a constraint-set and A a set of
type variables. A type-substitution o is a solution for the tallying problem of C' and A,
noted o lka C, if o § A and

V(t,<,s) € C . to < so holds and Y(t,>,s) € C . so < to holds.

'For applications the problem should be /\j€ ;805 < Viel dom(to;). However, we can conservatively
consider it as A\;_; so; <\/,_;dom(t)o:.

189
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When A is empty, we write o IF C for short.
We also define two operations on sets of constraint-sets:

Definition 10.1.4. Given two sets of constraint-sets S1,So € P (C), we define their
union as

S1US =85 USy

and their intersection as
SISy = {Cl U Cy | Ches§,05 € 82}

The tallying solving algorithm can be logically decomposed in 3 steps. Let us
examine each step of the algorithm on some examples.

Step 1: normalize each constraint.

Because normalized constraints are easier to solve than regular ones, we first turn
each constraint into an equivalent set of normalized constraint-sets according to
the decomposition rules used in the subtyping algorithm (i.e., Lemmas 4.3.9 and
4.3.10). For example, the constraint ¢; = (ax a) < ((Int x 1) x (1 x Int)) can be
normalized into the set S; = {{(a, <,0)}; {(c, <, (Int x 1)), (e, <, (1 x Int))}}.
Another example is the constraint co = ((6 x ) — (Int x Int), <, a — «),
which is equivalent to the following set of normalized constraint-sets So = {{(a, <
;0 }{(a, <, (Bx8)), (a, >, (Int x Int)) }}. Then we join all the sets of constraint-
sets by (constraint-set) intersections, yielding the normalization of the original
constraint-set. For instance, the normalization S of {c1,co} is S M Sy, It is
easy to see that the constraint-set C1 = {(«, <, (Int x 1)), (o, <, (1 X Int)), (a, <
,(BxB)),(a,>,(Int x Int))} is in S (see Definition 10.1.4).

Step 2: saturate each constraint-set.

Step 2.1: merge the constraints with the same type variables.

In each constraint-set of the normalization of the original constraint-set,
there may be several constraints of the form (a,>,t;) (resp. (o, <,t;)),
which give different lower bounds (resp. upper bounds) for ae. We merge all
these constraints into one using unions (resp. intersections). For example,
the constraint-set C7 of the previous step can be merged as Co = {(«, <
,(Int x 1) A (1 X Int) A (B x ), (a, >, (Int X Int))}, which is equivalent
to {(a, <, (Int A B x Int A S3)), (a, >, (Int X Int))}.

Step 2.2: saturate the lower and upper bounds of a same type variable.
If a type variable has both a lower bound s and an upper bound ¢ in a
constraint-set, then the solutions we are looking for must satisfy the con-
straint (s, <,t) as well. Therefore, we have to saturate the constraint-set
with (s,<,t), which has to be normalized, merged, and saturated itself
first. Take Cy for example. We have to saturate Cy with ((Int x Int), <
, (Int A x IntAfB)), whose normalization is {{(3, >, Int)}}. Thus, the satu-
ration of Cy is {Co} M{{(B, >, Int)}}, which contains only one constraint-set

C3 = {(a, <, (Int A x Int A §)), (@, >, (Int X Int)), (5, >, Int)}.

Step 3: extract a substitution from each constraint-set.
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Step 3.1: transform each constraint-set into an equation system.

To transform constraints into equations, we use the property that some set
of constraints is satisfied for all assignments of « included between s and t if
and only if the same set in which we replace a by (sVa/)At? is satisfied for all
possible assignments of o/ (with o/ fresh). Of course such a transformation
works only if s < ¢, but remember that we “checked” that this holds at the
moment of the saturation. By performing this replacement for each variable
we obtain a system of equations. For example, the constraint set Cj is
equivalent to the following equation system E:

a= ((Int x Int) V&) A (Int A S x Int AS)
B= IntVp

where o/, 3/ are fresh type variables.

Step 3.2: solve each equation system.
Finally, using the Courcelle’s work on infinite trees [Cou83], we solve each
equation system, which gives us a substitution which is a solution of the
original constraint-set. For example, we can solve the equation system FE,
yielding {(Int x Int)/,, Int V 5’3}, which is a solution of C3 and thus of

{61,02}.

In the following sections we study in details each step of the algorithm.

10.1.1 Constraint normalization

The type tallying problem is quite similar to the subtyping problem presented in Chap-
ter 3 . We therefore reuse most of the technology developed in Chapter 3 such as, for
example, the transformation of the subtyping problem into an emptiness decision prob-
lem, the elimination of top-level constructors, and so on. One of the main differences is
that we do not want to eliminate top-level type variables from constraints, but, rather,
we want to isolate them to build sets of normalized constraints (from which we then
construct sets of substitutions).

In general, normalizing a constraint generates a set of constraints. For example, (aV
B,>,0) holds if and only if (a,, >, 0) or (3, >, 0) holds; therefore the constraint (aV 3, >
,0) is equivalent to the normalized constraint-set {(«, >, 0), (8, >,0)}. Consequently,
the normalization of a constraint-set C' yields a set S of normalized constraint-sets.

Several normalized sets may be suitable replacements for a given constraint; for
example, {(a, <, 5V t1), (B, <, V t2)} and {(a, <, B8 V t1), (a, >, 5\ t2)} are clearly
equivalent normalized sets. However, the equation systems generated by the algorithm
for these two sets are completely different equation systems and yield different sub-
stitutions. Concretely, {(a,<,5 V t1),(8,<,a V t2)} generates the equation system

{a=ad' AN(BVt),8=70 A(aViy)}, which in turn gives the substitution oy such that

o1(a) =px. (/AN Ax)V(/ ANB At2)V (! Aty))
o1(B) = pz. (BN Az) V(B A Aty) V(B At2))

20r by sV (&’ A ).
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where o/ and (' are fresh type variables (see Section 10.1.4 for more details). These
recursive types are not valid in our calculus, because x does not occur under a type
constructor (this means that the unfolding of the type does not satisfy the property that
every infinite branch contains infinitely many occurrences of type constructors). In con-
trast, the equation system built from {(«, <, 8Vt1), (o, >, B\ t2)} is a = ((B\t2) V')A
(B V t1), and the corresponding substitution is oo = {((8\t2) V&) A (B V t1)/s}, which
is valid since it maps the type variable « into a well-formed type. Ill-formed recur-
sive types are generated when there exists a chain ag = a1 By t1,...,0; = a1 Bita
titly .-, 0n = g Bpy1 tny1 (where B; € {A,V} for all i, and n > 0) in the equa-
tion system built from the normalized constraint-set. This chain implies the equation
ag = ag B t' for some B € {A,V} and ¢/, and the corresponding solution for ag will
be an ill-formed recursive type. To avoid this issue, we give an arbitrary ordering on
type variables occurring in the constraint-set C' such that different type variables have
different orders. Then we always select the normalized constraint (¢, ¢, t) such that the
order of « is smaller than all the orders of the top-level type variables in t. As a result,
the transformed equation system does not contain any problematic chain like the one
above.

Definition 10.1.5 (Ordering). Let V be a set of type variables. An ordering O on
V' is an injective map from V to N.

We formalize normalization as a judgement ¥ Fxr C' ~» &, which states that under
the environment 3 (which, informally, contains the types that have already been pro-
cessed at this point), C' is normalized to S. The judgement is derived according the
rules of Figure |[10.1L

If the constraint-set is empty, then clearly any substitution is a solution, and,
the result of the normalization is simply the singleton containing the empty set (rule
(NEMPTY)). Otherwise, each constraint is normalized separately, and the normaliza-
tion of the constraint-set is the intersection of the normalizations of each constraint
(rule (NJOIN)). By using rules (NsyMm), (NzERrO), and (NDNF) repeatedly, we trans-
form any constraint into the constraint of the form (7, <,0) where 7 is disjunctive
normal form: the first rule reverses (¢',>,t) into (¢,<,t'), the second rule moves the
type ¢’ from the right of < to the left, yielding (¢t A =t', <,0), and finally the last rule
puts t A=t in disjunctive normal form. Such a type 7 is the type to be normalized. If 7
is a union of single normal forms, the rule (NUNION) splits the union of single normal
forms into constraints featuring each of the single normal forms. Then the results of
each constraint normalization are joined by the rule (NJOIN).

The following rules handle constraints of the form (7,<,0), where 7 is a single
normal form. If there are some top-level type variables, the rule (NTLV) generates
a normalized constraint for the top-level type variable whose order is the smallest.
Otherwise, there are no top-level type variables. If 7 has already been normalized (i.e.,
it belongs to X), then it is not processed again (rule (NHYP)). Otherwise, we memoize
it and then process it using the predicate for single normal forms ¥ 3, €'~ S (rule
(Nassum)). Note that switching from ¥ Fn C ~ S to ¥ F}, C ~» S prevents the
incorrect use of (NHYP) just after (NASsuM), which would wrongly say that any type
is normalized without doing any computation.

Finally, the last four rules state how to normalize constraints of the form (7, <,0)
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Sha i cit)}~ S
—— (NEMPTY
DI (T S S (e ) il - []5
iel

(NJOIN)

ShA{A ' S0} -8 ' #0
s S(NSYM) Sty {t<t)}~S

Sha{t<t)} S
>

SFy (7 (NZERO)

Sk {(dnf(t) <0)} ~ S Sha{(ri<0)|iel}~8
T {0}t ~S (NoxE) Sty {(\/ <0} ~S

i€l

(NUNION)

= / _JH@ <t} o' ep
tiv(ro) =0  o'4oPUN 3{{{(&2’%,)}} o EN

S (A an N\ ~aAmn <o)}~ S
aeP aeN

(NTLV)

T0 €D tiv(mo) =0 YU{ro}Fry {(r0 <0)} ~ S T0¢ % tiv(rg) =0
S (0 < 0)) = (0 ) Stn (<0~ S

'/\bi/\./\ﬁbjS(D '/\bi/\./\"bjg(D
P JEN (NBAs1C-T) e JEN

SEY LA bin A —bj <0)} {0} SE (A bin A\ —bj <0}~

ieP JEN i€P JEN

(NAssum)

(NBASIC-F)

St {A A N\ -t <0}~ Sy
VYN’ C N. iep o JeN’
= St {AN A N\ <0}~ SR
icP JEN\N'
S LA @ xE)A N~ x5) <0}~ [] (SyrUS)

icP JEN N'CN

(NPROD)

Skx{t A N\ —tf <0}~ Sp
i€ P’
PeNVP CPQ Sty { N\ tIA-t3<0}~SE P #P
i€P\P’
812\]/ =0 otherwise

S A BN A~ B <o) L] [ @b ush) e

ieP JEN JEN P/CP

where ¢ and ¢ with scripts are types, ¢; belongs to {<, >}, 79 and 7; are single normal forms, ajo P U N
denotes a has the smallest order in P U N under the ordering O, and t,s is the type obtained from
Nacp @A Ngen " A To by eliminating o,

Figure 10.1: Normalization rules

where 7 is a single normal form and contains no top-level type variables. Thereby 7
should be an intersection of atoms with the same constructor. If 7 is an intersection of
basic types, normalizing is equivalent to checking whether 7 is empty or not: if it is (rule
(NBAsIC-T)), we return the singleton containing the empty set (any substitution is a
solution), otherwise there is no solution and we return the empty set (rule (NBASIC-F)).
When 7 is an intersection of products, the rule (NPROD) decomposes 7 into several
candidate types (following Lemma 4.3.9), which are to be further normalized. The case
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when 7 is an intersection of arrows (rule (NARROW)) is treated similarly. Note that, in
the last two rules, we switch from ¥ F3, €'~ S back to ¥ Fx €' ~ § in the premises
to ensure termination.

If ) Fpr C ~ S, then S is the result of the normalization of C. We now prove
soundness, completeness, and termination of the constraint normalization algorithm.

To prove soundness, we use a family of subtyping relations <,, that layer < (i.e.,
such that | J, oy <n=<) and a family of satisfaction predicates I, that layer I- (i.e.,
such that (J,,c s IFn=IF), which are defined as follows.

Definition 10.1.6. Let < be the subtyping relation induced by a well-founded con-
vex model with infinite support ([_],D). We define the family (<,)nen of subtyping
relations as

t<ps < vn. [t]an C [slwn

where [ |, is the rank n interpretation of a type, defined as
[l = {d € [t]n | height(d) < n}
and height(d) is the height of an element d in D, defined as

height(c) =1
height((d,d’)) = maz(height(d), height(d')) + 1

1 n=>0
height({(dy,d), ..., (dn,d))}) =
ght({(d,d), .. ( 2 maz(height(d;), height(d}),...)+1 n >0

Lemma 10.1.7. Let < be the subtyping relation induced by a well-founded convexr model
with infinite support. Then

(1) t<ogs forallt,seT.
(2) t<s<=Vn.t<,s.
(3)

Nierti <n Vjept;
/\(tiXSi> <n+1 \/(thSj)<:>VJ/gJ. V

el JjEJ /\iGI S; Sn \/jEJ\J/ S5
(4)
tjo <n Viep ti
V
/\(ti — Si) <n+1 \/(t]’ — Sj) 4 EljoEJVI/gI I 7& I
el jedJ A
Nienr 5i <n Sjo

Proof. (1) straightforward.

(2) straightforward.
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(3) the result follows by Lemma 4.3.9 and Definition 10.1.6.

(4) the result follows by Lemma 4.3.10 and Definition 10.1.6.
O

Definition 10.1.8. Given a constraint-set C' and a type substitution o, we define the
rank n satisfaction predicate -, as

def

olb, C <= V(t,<,s)eC.t <, sandV¥(t,>,s) €C. s <, t

Lemma 10.1.9. Let < be the subtyping relation induced by a well-founded convex model
with infinite support. Then

(1) oo C for all o and C.
(2) olFC <= Vn.ol, C.
Proof. Consequence of Lemma, 10.1.7. O
Given a set of types X, we write C(X) for the constraint-set {(¢,<,0) | t € X}.

Lemma 10.1.10 (Soundness). Let C' be a constraint-set. If ) bxnr C ~» S, then for
all normalized constraint-set C' € S and all substitution o, we have o I- C' = o I- C.

Proof. We prove the following stronger statements.

(1) Assume X by C ~ S. For all C' € S, o and n, if o I, C(X) and o Ik, C’, then
ol C.

(2) Assume X 3, C ~» S. For all C' € S, ¢ and n, if o IF, C(X) and o Ik, C’, then
g “_n+1 C.

Before proving these statements, we explain how the first property implies the lemma.
Suppose O Fpr C ~ S, C" € S and o IF C'. Tt is easy to check that o I, C(()) holds for
all n. From o I- C’, we deduce o I, C’ for all n (by Lemma 10.1.9). By Property (1),
we have o I, C for all n, and we have then the required result by Lemma [10.1.9.

We prove the two properties simultaneously by induction on the derivations of
YhyC~Sand ¥ C~ S.

(NEMPTY): straightforward.

(NJOIN): according to Definition 10.1.4, if there exists C; € S; such that C; = (), then
[;cr Si = 0, and the result follows immediately. Otherwise, we have C" = J,; Ci,
where C; € S;. As o Ik, C', then clearly o Ik, C;. By induction, we have
o lbn {(ti ¢ t)}. Therefore, we get o Iy, {(t; ¢; t}) | i € I}.

(NsyM): by induction, we have o Ik, {(t < t')}. Then clearly o Ik, {(t' > t)}.

(NzERO): by induction, we have o Ik, {(t A =t < 0)}. According to set-theory, we
have o I, {(t < t')}.

(NDNF): similar to the case of (NZERO).

(NUNION): similar to the case of (NZERO).
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(NTLV): assume o has the smallest order in PUN. If o/ € P, then we have C' = (/, <
, “te). From o Ik, C') we deduce o(a’) <,, ~tyo. According to set-theory, we
have o(a’) Atyo <, 0, that is, o -, {(Ayep @A Ageny @A To < 0)}. Otherwise,
we have o/ € N and the result follows as well.

(NHYP): since we have 79 € ¥ and o I, C(X), then o Ik, {(70 < 0)} holds.

(NassuM): if n = 0, then o I-g {(790 < 0)} holds. Suppose n > 0. From o I, C(X)
and o Ik €7, it is easy to prove that o I C(X) (*) and o IFp C7 (**) hold for all
0 < k < n. We now prove that o I, {(19 < 0}) (***) holds for all 1 < k < n. By
definition of Iy, we have o Iy C(X U {79}) and o Iy C’. Consequently, by the
induction hypothesis (item (2)), we have o I-; {79 < 0}. From this and (*), we
deduce o IF; C(XU{19}). Because we also have o |1 C’ (by (**)), we can use the
induction hypothesis (item (2)) again to deduce o I3 {(70 < 0}). Hence, we can
prove (***) by induction on 1 < k < n. In particular, we have o I, {(19 < 0}),
which is the required result.

(NBASIC): straightforward.

(NPrROD): If [y N(Sh US%)) is 0, then the result follows straightforwardly. Oth-
erwise, we have C' = |Jy/cy Cn, where Cyr € (Sh, U S%/). Since o I, C,
we have o Ik, Cp for all subset N/ C N. Moreover, following Definition
10.1.4, either Cyv € Sk, or Cyr € 8%,. By induction, we have either o I,
{Niepti A N\jen: —t; <0} or o by {A\iep t? A Njenar 15 < 0}. That is, for all
subset N’ C N, we have

/\tila/\ /\ ﬂt}a <, 0 or /\t?a/\ /\ —df?a <, 0
ieP JEN' ieP JEN\N'
Applying Lemma [10.1.7, we have
2 1y 42
N x o n N\ () x 1) <npa 0
icP JEN

Thus, o IFni1 {(Ajep(tl x t2) A /\jeNﬂ(t} x 13) < 0)}.
(NARROW): similar to the case of (NPROD).

O]

Given a normalized constraint-set C' and a set of type variables X, we define the
restriction C|x of C' by X to be {(o,¢,t) € C | a € X}.

Lemma 10.1.11. Let t be a type and O Fnr {(¢t,<,0)} ~> S. Then for all normalized
constraint-set C' € S, all substitution o and all n, if o Iy, Clyyyy and o -1 C\Clay),
then o IF, {(t,<,0)}.

Proof. By applying the rules (NDNF) and (NUNION), the constraint-set {(¢,<,0)} is
normalized into a new constraint-set C”, consisting of the constraints of the form (7, <
,0), where 7 is a single normal form. That is, @ Far {(¢,<,0)} ~ {C'}. Let C] = {(7, <
,0) € C" | tiv(1) # 0} and C) = C"\ C]. It is easy to deduce that all the constraints in
C'\ Cluy) are generated from Cj and must pass at least one instance of F}, (i.e., being
decomposed at least once). Since o I-,—1 C'\ Clyy), then according to the statement
(2) in the proof of Lemma 10.1.10, we have o I, C5. Moreover, from o Ik, Clyyy), we
have o I, C]. Thus, o Ik, C" and a fortiori o I+, {(t,<,0)}. O
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Lemma 10.1.12 (Completeness). Let C be a constraint-set such that O Far C ~~ S.
For all substitution o, if o I+ C, then there exists C' € S such that o I+ C".

Proof. We prove the following stronger statements.

(1) Assume Xy C ~~ S. For all o, if o I C(X) and o I C, then there exists C' € S
such that o I- C".

(2) Assume X H3, C ~» S. For all 0, if 0 IF C(X) and o I+ C, then there exists C' € S
such that o IF C".

The result is then a direct consequence of the first item (indeed, we have o IF C(0)

for all o). We prove the two items simultaneously by induction on the derivations of
YExyC~Sand XL, C~ S.

(NEMPTY): straightforward.

(NJOIN): as o IF {(t; ¢; t}) | ¢ € I}, we have in particular o IF {(¢; ¢; t})} for all .
By induction, there exists C; € S; such that o IF C;. So o IF UZe 7 Ci. Moreover,
according to Definition 10.1.4, | J;c; C; must be in [],.; S;. Therefore, the result
follows.

(NsyM): if o IF {(# > ¢)}, then o I- {(t < t')}. By induction, the result follows.

(NZERO): since o I {(t < ')}, according to set-theory, o I+ {(t A =t/ < 0)}. By
induction, the result follows.

(NDNF): similar to the case of (NZERO).

(NUNION): similar to the case of (NZERO).

(NTLV): assume o' has the smallest order in PUN. If o’ € P, then according to set-
"~ theory, we have o/o < — “(Aaep\{o}) ¥NNaeny "aATo), that is o I {(o < =to)}.
Otherwise, we have o/ € N and the result follows as well.

(NHYP): it is clear that o IF (.

(Nassum): as o IF C(X) and o IF {(17p < 0)}, we have ¢ IF C(X U {70}). By induction,

~ the result follows.

(NBASIC): straightforward.

(NPROD): as

alE{(A\ x YA N\ (] x £3) <0)}

ieP jEN

N xton N\ -t xt)o <0

ieP JEN

we have

Applying Lemma 4.3.9, for all subset N’ C N, we have

Ntion N\ ~tjo<oor Ntfon A —tio<o0

ieP JEN' ieP JEN\N'

that is,

glF{(ANtin N\ ~tj<o)oralb{(Atin N -t;<0)}

ieP JEN' ieP JEN\N'
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By induction, either there exists C}V, € 311\/' such that o IF C’}V, or there exists

C2?, € SJZV, such that o IF C2,. According to Definition 10.1.4, we have leva C3, €

S, U S%,. Thus there exists C, € Sk, U S/ such that o I C,. Therefore

o Ik Unren Cr- Moreover, according to Definition 10.1.4) again, |Jy/cny Cv €

|_|N,CN(S_1 , US2,). Hence, the result follows. -
(NARROW): similar to the case (NPROD) except we use Lemma [4.3.10.

We now prove termination of the algorithm.

Definition 10.1.13 (Plinth). A plinth 3 C T is a set of types with the following
properties:

e 1 is finite;
e 1 contains 1, O and is closed under Boolean connectives (N, V,—);
e for all types (t1 x t2) or (t1 — t2) in 3, we have t; € 3 and ty € 1.

As stated in [Eri04], every finite set of types is included in a plinth. Indeed, we
already know that for a regular type t the set of its subtrees S is finite. The definition
of the plinth ensures that the closure of S under Boolean connective is also finite.
Moreover, if ¢ belongs to a plinth 3, then the set of its subtrees is contained in J. This
is used to show the termination of algorithms working on types.

Lemma 10.1.14 (Decidability). Let C be a finite constraint-set. Then the normal-
ization of C' terminates.

Proof. Let T be the set of type occurring in C. As C' is finite, T is finite as well. Let
3 be a plinth such that 77 C 3. Then when we normalize a constraint (¢ < 0) during
the process of () Fpr C, ¢t would belong to 3. We prove the lemma by induction on
(|13\X], U, |C]) lexicographically ordered, where ¥ is the set of types we have normalized,
U is the number of unions V occurring in the constraint-set C' plus the number of
constraints (¢,>,s) and the number of constraint (¢, <,s) where s # 0 or t is not in
disjunctive normal form, and C' is the constraint-set to be normalized.

(NEMPTY): it terminates immediately.
(NJOIN): |C]| decreases.

(Nsym): U decreases.

(NZERO): U decreases.

(NDNF): U decreases.

(NUNION): although |C| increases, U decreases.
(NTLV): it terminates immediately.

(NHYP): it terminates immediately.
(NassuMm): as 79 € J and 79 ¢ %, the number |3\ ¥ decreases.
(NBASIC): it terminates immediately.
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(NPrROD): although (|3 \ X|,U, |C|) may not change, the next rule to apply must be
one of (NEMPTY), (NJOIN), (Nsym), (NzErO), (NDNF), (NUNION), (NTLV),
(NuYP) or (NAssuMm). Therefore, either the normalization terminates or the
triple decreases in the next step.

(NARROW): similar to Case (NPROD).

O]

Lemma 10.1.15 (Finiteness). Let C' be a constraint-set and ) Fpr C ~» S. Then S
is finite.

Proof. 1t is easy to prove that each normalizing rule generates a finite set of finite sets
of normalized constraints. O

Definition 10.1.16. Let C be a normalized constraint-set and O an ordering on var(C).
We say C' is well-ordered if for all normalized constraint (o, c,ty) € C and for all

B € tiv(ty), O(a) < O(B) holds.

Lemma 10.1.17. Let C be a constraint-set and O e C ~ S. Then for all normalized
constraint-set C' € S, C" is well-ordered.

Proof. The only way to generate normalized constraints is Rule (NTLv), where we have
selected the normalized constraint for the type variable a whose order is minimum as
the representative one, that is, V3 € tlv(ts) . O(a) < O(B). Therefore, the result
follows. O

Definition 10.1.18. A general renaming p is a special type substitution that maps
each type variable to another (fresh) type variable.

Lemma 10.1.19. Let t, s be two types and [pilicr, [pjljes two sets of general renam-
ings. Then if O by {(sAt, <,0)} ~ 0, then O Fn {((Ajes505) A (Nier tpi), <:0)} ~ 0.

Proof. By induction on the number of (NPROD) and (NARROW) used in the derivation
of 0 Fpr {(s A —t,<,0)} and by cases on the disjunctive normal form 7 of s A —=t. The
failure of the normalization of (s At,<,0) is essentially due to (NBasic-F), (NPROD)
and (NARROW), where there are no top-level type variables to make the type empty.
The case of arrows is a little complicated, as we need to consider more than two types:
one type for the negative parts and two types for the positive parts from ¢ and s re-
spectively. Indeed, what we prove is the following stronger statement:

(ZH_N{(/\ tkwgv@)}“”@:@}_/\/{(/\( /\ tkpik)v§7®)}ww

keK keK incly
where |K| > 2 and p;, s are general renamings. For simplicity, we only consider |K| = 2,
as it is easy to extend to the case of |K| > 2.

Case 1: 7 =7, AT, and 7 % 0, where 7, (75, resp.) is an intersection of basic types
from s (t resp.). Then the expansion of 7 is

(/\ TooPj) N\ (/\ o Pi) = Toy A To, 7 0

jeJ i€l

So 0 Fx {((Ajes m.05) N (Nier Topi), <, 0)3 ~ 0.
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Case 2: 7=\, cp (wp, Xvp )N\ en, “(Wn, X0n )AN,, e p, (Wp, XUp )A Ny, e, ~ (W, X
Un, ), where Ps, Ng are from s and Py, Ny are from t. Since § Far {7,<,0)} ~ 0,

by the rule (NPROD), there exist two sets N. C N; and N/ C N such that

Q}_N{ /\ is/\ /\ _‘wns/\ /\ wpt/\ /\ _'wnt,g,@)}“”"@

psePS nseNé ptEPt ntENt/
0n{ /\ Up, A /\ —Up, A /\ Up, N /\ Wy, <,0)} ~ 0
psEPs nsENs\N! ptEP ni€Ng\N/

By induction, we have

Q)'_N{/\( /\ Wp, A /\ _‘wns>/’j/\/\( /\ Wp, N /\ ~Wn, ) pi, <,0)} ~ 0

J€J ps€EP;s ns€N} i€l ptePy nt€N/
O AACA v A o ANCA v A N\ —on)pin <,0)} 0
]EJ psEPS nSGNS\Né el ptGPt ntENt\Né

Then by the rule (NPROD) again, we get

0a LA ()05 A \()pis <00} ~ 0
jeJ iel
where 7o = A\, cp (Wp, X vp, ) AN,y en, (Wi, X vp,) and 7 = A, o p, (wp, X Up,) A
/\ntGNt _'(wnt X vnt)'
Case 3: 7 = N\, cp (wp, = vp,) A Nyen, 7(Wng = o) A Npep, (Wp, — vp,) A
/\nteNt —(wp, — vp,), where P, Ny are from s and P, Ny are from t¢. Since
O Fp {7, <,0)} ~ 0, by the rule (NARROW), for all w — v € Ny U Ny, there exist
a set P, C Ps and a set P/ C P; such that

O { /\ —wp, A /\ —wp, ANw, <,0)} ~ 0

psEPél- ptEPt/
Pl=P AP =PorObx{ N vpA N vpA-0<0)}~0
psePS\Pé ptEPt\Pt/

By induction, for all p € [p;]icr U [p;]jcs, we have

(0x AACA ~wn)os ANC A ~wn)pi Awp, <,0)} ~ 0

Jj€J pseP} 1€l peP)
Pl=P,AP/ =P,
or

@l—/\/’{/\( /\ Ups)pj/\/\( /\ vpt)pi/\_‘vpvgad))}w(b

jeJ psePs\P_gl- Z'Gl ptEPt\PtI

Then by the rule (NARROW) again, we get

0 Fa {/\(Ts)pj A /\(Tt)m, <,0)} ~ 0

jed el

Where Ts = /\psEPs (wps — Ups) A /\nsENs “(wns — vns) a’nd Tt = /\ptEPt (wpt -
Upt) A /\nteNt _'(wnt - vnt)'
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Case 4: 7 = (V. cx. Tha) N (Vi,ex, The), Where 7 and 73, are single normal forms.
As O bpr {(7,<,0)} ~ 0, there must exist at least one ks € K and at least one
k: € K; such that 0 Far {(7%, A Tk, <,0)} ~» (0. By Cases (1) — (3), the result
follows.

O]

The type tallying problem is parameterized with a set A of type variables that
cannot be instantiated, but so far, we have not considered these monomorphic variables
in the normalization procedure. Taking A into account affects only the (NTLV) rule,
where a normalized constraint is built by singling out a variable a. Since the type
substitution o we want to construct must not touch the type variables in A (i.e.,
ot A), we cannot choose a variable o in A. To avoid this, we order the variables in C'
so that those belonging to A are always greater than those not in A. If, by choosing
the minimum top-level variable «, we obtain « € A, it means that all the top-level
type variables are contained in A. According to Lemmas 5.1.2| and |5.1.3, we can then
safely eliminate these type variables. So taking A into account, we amend the (NTLV)
rule as follows.

{{(O/a Sv_'to/)}} O/ epP \ A
tv(m) =0 a'4oPUN  S={{{(e',2t)}} o eN\A
St {(n<0)} o' €A
Stv{(A\ ar N\ ~anm<0)}~S

acP aEN

(NTLV)

Furthermore, it is easy to prove the soundness, completeness, and termination of the
algorithm extended with A.

10.1.2 Constraint saturation

A normalized constraint-set may contain several constraints for the same type variable,
which can eventually be merged together. For instance, the constraints o > t; and
a > t9 can be replaced by a > t; V tg, and the constraints @ < ¢; and « < to can be
replaced by o < ¢; Ate. That is to say, we can merge all the lower bounds (resp. upper
bounds) of a type variable into only one by unions (resp. intersections). The merging
rules are given in Figure 10.2.

After repeated uses of the merging rules, a set C' contains at most one lower bound
constraint and at most one upper bound constraint for each type variable. If both lower
and upper bounds exist for a given «, that is, > t; and a < t2 belong to C, then the
substitution we want to construct from C must satisfy the constraint (¢, <,t2) as well.
For that, we first normalize the constraint (¢1, <, tq), yielding a set of constraint-sets S,
and then saturate C' with any normalized constraint-set C’ € S. Formally, we describe
the saturation process as a judgement ¥, Cx, ks C ~ S, where 3, is a set of type pairs
(if (t1,t2) € X, then the constraint ¢; < ¢ has already been treated at this point),
Cy is a normalized constraint-set (which collects the treated original constraints, like
(o, >,t1) and (a, <, t2), that generate the additional constraints), C' is the normalized
constraint-set we want to saturate, and S is a set of sets of normalized constraints (the
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Viel.(a>t)eC || > 2
Fm C v (C\{(azt) |ie ) u{(az\/t)}

el

(MLB)

Viel.(a<t)eC || > 2
Fm O~ (C\{(a<t) |ie I Uf(a< A\t)

i€l

(MUB)

Figure 10.2: Merging rules

result of the saturation of C joined with Cy). The saturation rules are given in Figure
10.3.

ZP,CEU{<O¢Zt1),(Oé§t2)} Fs C ~ S (tl,tg) Ezp

5, CxFs ((@a>t),(@<t2)} UC =S (Stve)
(t1,t2) ¢ 5 OFa {(t1 <t2)} ~ S
S'={{(a>t),(@<t:)}UCUCS}NS
vC' e S Xp U {(tl,tg)},(b Fums C° ~ Sor (Sassum)

Sp, O Fs {(a>t), (a <t)}UC ~ | | Ser
ces’

Va,ty,ty B{(a>t1), (a <)} CC
Ep,Cz Fs C ~ {CUCE}

(SDONE)

where X, Csx, Fas C ~» S means that there exists C’ such that g C' ~» C” and
Yy, Cr ks O~ S.

Figure 10.3: Saturation rules

If @« > t; and a < t3 belongs to the constraint-set C' that is being saturated, and
t1 < t3 has already been processed (i.e., (t1,t2) € ¥,), then the rule (SHYP) simply
extends Cy, (the result of the saturation so far) with {a > ¢1,a < t2}. Otherwise,
the rule (SAssum) first normalizes the fresh constraint {t; < ¢2}, yielding a set of
normalized constraint-sets S. It then saturates (joins) C' and Cy, with each constraint-
set Cs € S, the union of which gives a new set S’ of normalized constrain-sets. Each
C’ in 8’ may contain several constraints for the same type variable, so they have to be
merged and saturated themselves. Finally, if C' does not contain any couple o > ¢; and
a <ty for a given a, the process is over and the rule (SDONE) simply returns C' U Cx.
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If 0,0 Fps C ~ S, then the result of the saturation of C' is S.

Lemma 10.1.20 (Soundness). Let C' be a normalized constraint-set. If 0,0 s

C ~ 8, then for all normalized constraint-set C' € S and all substitution o, we have
cl-C'"=ol-C.

Proof. We prove the following statements.
e Assume Fpq C ~ C'. For all o, if o IF C’, then o IF C.
e Assume X,,Cx ks C ~ S. For all 0 and Cy € S, if o I- Cp, then o I-F Cx U C.

Clearly, these two statements imply the lemma. The first statement is straightforward.
The proof of the second statement proceeds by induction of the derivation of ¥, Cx; ks
C~S.

(SHYP): by induction, we have o IF (Cx U {(av > t1), (v < t2)}) U C, that is o IF
CxU({(a>1t1),(a<ty)}ul).

(SAssuM): according to Definition 10.1.4, Cy € S¢r for some C’' € S’. By induction
on the premise X, U {(t1,t2)},0 Fpms C' ~» S¢r, we have o I C'. Moreover,
the equation &' = {{(a > t1),(a < t2)} UCUCy} NS gives us {(a > t1), (a <
t2)} U CUCyxy C C'. Therefore, we have o IF Cx U ({(a > t1), (a < t2)} U C).

(SDONE): straightforward.

O

Lemma 10.1.21 (Completeness). Let C be a normalized constraint-set and 0,0 b s
C ~ 8. Then for all substitution o, if o I+ C, then there exists C' € S such that o I+ C".

Proof. We prove the following statements.
e Assume Fpq C ~ C'. For all o, if o I C, then o I C'.

e Assume X,,Cx Fs C ~ S. For all o, if o IF Cx U C, then there exists Cy € S
such that o IF Cy.

Clearly, these two statements imply the lemma. The first statement is straightforward.
The proof of the second statement proceeds by induction of the derivation of ¥, Cx; ks
C~S.

(SHYP): the result follows by induction.

(Sassum): as 0 IF Cx U ({(a > t1),(a < t2)} UC), we have o IF {(t1 < t2)}. As
0 Fa {(t1 < t2)} ~ S, applying Lemma [10.1.12, there exists C{; € S such that
ol-Cj. Let ' = Cx U ({(a > t1), (e < t2)} UC) UCY. Clearly we have o I+ C’
and C’ € S’. By induction on the premise X, U {(t1,t2)},0 Fas C7 ~» Ser, there
exists Cg € Scr such that o I- Cy. Moreover, it is clear that Co € | |oicq Sor
Therefore, the result follows.

(SDONE): straightforward.
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Lemma 10.1.22 (Decidability). Let C' be a finite normalized constraint-set. Then
0,0 Fps C terminates.

Proof. Let T be the set of types occurring in C. As C'is finite, T is finite as well. Let J
be a plinth such that ' C 3. Then when we saturate a fresh constraint (¢1, <,t3) during
the process of 0,0 - s C, (1, t2) would belong to Ix 3. According to Lemma 10.1.14,
we know that () Far {(t1,<,t2)} terminates. Moreover,the termination of the merging
of the lower bounds or the upper bounds of a same type variable is straightforward.
Finally, we have to prove termination of the saturation process. The proof proceeds by
induction on (|(3 x 3)| — |£,|, |C]) lexicographically ordered:

(Shyp): |C| decreases.
(Sassum): as (t1,t2) ¢ ¥, and t1,t2 € 3, [(3 x J)| — |, decreases.
(Sdone): it terminates immediately.

O]

Definition 10.1.23 (Sub-constraint). Let Cq,C5 € 2€ be two normalized constraint-
sets. We say Cy is a sub-constraint of Co, denoted as Cy < Cy, if for all (o, c,t) € C,
there exists (o, c,t') € Cy such that t' ¢ t, where ¢ € {<,>}.

Lemma 10.1.24. Let C, Cy € 2 be two normalized constraint-sets and C1<Cy. Then
for all substitution o, if o IF Co, then o I- CY.

Proof. Considering any constraint («,¢,t) € Cq, there exists (o, c¢,t') € Cy and ' ¢ t,
where ¢ € {<,>}. Since o |- Cq, then o(«) ¢ t'o. Moreover, as t' ¢ t, we have t'c ¢ to.
Thus o(a) c to. O

Definition 10.1.25. Let C € 2€ be a normalized constraint-set. We say C' is saturated
if for each type variable o € dom(C),

(1) there exists at most one form (o > t1) € C,
(2) there exists at most one form (o < t3) € C,

(3) if (a« > t1),(a < tg) € C, then O bar {(t1 < t2)} ~ S and there exists C' € S
such that C' is a sub-constraint of C' (i.e., C' <C).

Lemma 10.1.26. Let C be a finite normalized constraint-set and 0,0 Fyps C ~ S.
Then for all normalized constraint set C' € S, C' is saturated.

Proof. We prove a stronger statement: assume ¥, Cs Faps C ~ S If

(i) for all (t1,t2) € X, there exists C' € (0 Far {(t1 < t2)}) such that ¢’ < Cx, UC
and

(1) for all {(a > t1), (o <t2)} C Cy the pair (t1,%2) is in X)),

then Cjy is saturated for all Cy € S.

The proof of conditions (1) and (2) for a saturated constraint-set is straightforward
for all Cyp € S. The proof of the condition (3) proceeds by induction on the derivation
¥p, Cs Fs C ~» S and a case analysis on the last rule used in the derivation.
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(SHYP): as (t1,t2) € Xy, the conditions (i) and (4¢) hold for the premise. By induction,
the result follows.

(SASSUME): take any premise X, U {(t1,t2)},0 Fs C” ~» Scr, where C' € S’ and
Fam €'~ C". For any (s1,s2) € X, the condition () gives us that there exists
Co € (0 Far {(s1 < s2)}) such that Cyp < Cx U ({(a > t1), (e < t2)} UC). Since
S'=CxU{(a>t),(a<t)}UC)MS, we have Cy < C”. Moreover, consider
(t1,t2). As 0 Far {(t1 < t2)} ~ S, there exists Cyp € S such that Cy < C”.
Thus the condition (i) holds for the premise. Moreover, the condition (i) holds
straightforwardly for premise. By induction, the result follows.

(SDONE): the result follows by the conditions (i) and (ii).

d

Lemma 10.1.27 (Finiteness). Let C be a constraint-set and 0,0 s C ~~ S. Then
S is finite.

Proof. Tt follows by Lemma 10.1.15/ O

Lemma 10.1.28. Let C be a well-ordered normalized constraint-set and 0, -5 C ~
S. Then for all normalized constraint-set C' € S, C' is well-ordered.

Proof. The merging of the lower bounds (or the upper bounds) of a same type variable
preserves the orderings. The result of saturation is well-ordered by Lemma|10.1.17. O

Normalization and saturation may produce redundant constraint-sets. For example,
consider the constraint-set {(« x ), <, (Int x Bool)}. Applying the rule (NPROD), the
normalization of this set is

{{(a, <,0)},{(8, <, 0)}, {(, <,0), (8, <, 0)}, {(e, <, Int), (B, <,Bool) }}.

Clearly each constraint-set is a saturated one. Note that {(a, <,0), (8, <,0)} is redun-
dant, since any solution of this constraint-set is a solution of {(a, <,0)} and {(8, <,0)}.
Therefore it is safe to eliminate it. Generally, for any two different normalized con-
straint sets C1,Co € S, if C; < (9, then according to Lemma [10.1.24, any solution of
(5 is a solution of C;. Therefore, C5 can be eliminated from S.

Definition 10.1.29. Let S be a set of normalized constraint-sets. We say that S is
minimal if for any two different normalized constraint-sets C,Co € S, neither C; < Co
nor Cy < C1. Moreover, we say S ~ S’ if for all substitution o such that 3C € S. o I+
C<+=3IC"eS . ol-C".

Lemma 10.1.30. Let C be a well-ordered normalized constraint-set and 0,0 Fas C ~
S. Then there exists a minimal set Sy such that Sg ~ S.

Proof. By eliminating the redundant constraint-sets in S. O
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10.1.3 From constraints to equations

In this section, we transform a well-ordered saturated constraint-set into an equivalent
equation system. This shows that the type tallying problem is essentially a unification

problem [BSOT].

Definition 10.1.31 (Equation system). An equation system F is a set of equations
of the form o = t such that there exists at most one equation in E for every type variable
a. We define the domain of E, written dom(E), as the set {a | It . a =1t € E}.

Definition 10.1.32 (Equation system solution). Let E be an equation system. A
solution to E is a substitution o such that

Va = te E.o(a) ~ to holds

If o is a solution to E, we write o I+ E.

From a normalized constraint-set C, we obtain some explicit conditions for the
substitution ¢ we want to construct from C. For instance, from the constraint a < t
(resp. a > t), we know that the type substituted for a must be a subtype of ¢ (resp. a
super type of t).

We assume that each type variable o € dom(C') has a lower bound ¢; and a upper
bound 5 using, if necessary, the fact that 0 < o < 1. Formally, we rewrite C' as follows.

thi<a<1l ifa>t1eCandPt.a<teC
0<a<ty, fa<tyaeCandPt.a>teC
1 < a<ty ifOéZtl,OéSthC

We then transform each constraint t; < a < ¢5 in C' into an equation o = (t1 V') N2
where o is a fresh type variable. The type (1 V o’) A to ranges from 1 to to, so the
equation o = (t1 V o) A to expresses the constraint that t; < a < ty, as wished. We
prove the soundness and completeness of this transformation.

To prove soundness, we define the rank n satisfaction predicate I, for equation
systems, which is similar to the one for constraint-sets.

Lemma 10.1.33 (Soundness). Let C C C be a well-ordered saturated normalized
constraint-set and E its transformed equation system. Then for all substitution o, if
ol E then o IF C.

Proof. Without loss of generality, we assume that each type variable o € dom(C') has
a lower bound and an upper bound, that is t; < a <ty € C. We write O(Cy) < O(Cs)
if O(a) < O(B) for all & € dom(Cy) and all 8 € dom(C3). We first prove a stronger
statement:

(*) forall o, nand Cxy C C,if o Ik, E, 0 Ik, Cx, 0 lF—1 C'\ Cx, and O(C'\ Cx) <
O(CE), then o ”_n C \ CE.

3 Or, equivalently, a = t; V (& At2). Besides, in practice, if only a > t1 (a < t2 resp.) and all the
occurrences of a in the co-domain of the function type are positive (negative resp.), we can use o = t1
(v = t2 resp.) instead, and the completeness is ensured by subsumption.
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Here Csx; denotes the set of constraints that have been checked. The proof proceeds by
induction on |C'\ Cx|.

C\ Cx, = 0: straightforward.

C\ Cx, # 0: take the constraint (t1 < o < t3) € C'\ Cy, such that O(«) is the maximum
in dom(C'\ Cy). Clearly, there exists a corresponding equation o = (t; Va/) Aty €
E. As oIk, E, we have o(a) ~, ((t1 V /) Ata)o. Then,

U(Oé) N —too >~ ((tl V Oé,) A tQ)J N —too
~, 0

Therefore, o(a) <,, tao.
Consider the constraint (¢1, <, «). We have

tio0 A —o(a) ~, tioA=((t1Va)At)o
~, tio N\ -tao

What remains to do is to check the subtyping relation ti0 A —tao <, 0, that is, to
check that the judgement o I, {(t1 < t2)} holds. Since the whole constraint-set
C' is saturated, according to Definition 10.1.25, we have § Fxr {(t1 < t2)} ~ S
and there exists C' € S such that C' < C, that is C' < Cy UC \ Cx. More-
over, as C' is well-ordered, O({a}) < O(tlv(t1) U tlv(t2)) and thus O(C \ Cx) <
O(tlv(t1) U tlv(t2)). Therefore, we can deduce that C’lyy,)utiv(t,) < Cs and
C"\ C'lavt)utivitz) < €\ Cs. From the premise and Lemma 10.1.24, we have
g H‘n C/|tlv(t1)utlv(t2) and o ”—n,1 C/\Cl|tlv(t1)Utlv(t2)' Then, by Lemma 10.1.11, we
get o Ik, {(tl < tg)}.

Finally, consider the constraint-set C'\ (Cx U {(t1 < a < t2)}). By induction, we
have o I, C'\ (Cx U {(t1 < a <t2)}). Thus the result follows.

Finally, we explain how to prove the lemma with the statement (*). Take Cy = 0.
Since o IF E, we have o |-, E for all n. Trivially, we have o I C. This can be used to
prove o IF1 C. Since o I E, by (*), we get o I C, which will be used to prove o Ik C.
Consequently, we can get o I, C for all n, which clearly implies the lemma. O

Lemma 10.1.34 (Completeness). Let C C C be a saturated normalized constraint-
set and E its transformed equation system. Then for all substitution o, if o |- C then
there exists o' such that o' § o and c Ud’ I E.

Proof. Let o' = {o(a)/y | « € dom(C)}. Consider each equation a = (t; V') Aty € E.
Correspondingly, there exist & > ¢; € C' and o < t9 € C. As o IF C, then t1o0 < o(a)
and o(a) < tyo. Thus

((t1 V) Nta)(cUd') (ti(lcUod") V(o Ud)) Ata(c Ud’)
= (tioVo(a)) Atao

ola) Ntao  (tio < o(a))

o(a) (o(a) < t20)

(0 ua’)(a)

12
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Definition 10.1.35. Let E be an equation system and O an ordering on dom(E). We
say that E is well-ordered if for all equation o =t € E, we have O(a) < O(B) for all
B € tiv(ty) Ndom(E).

Lemma 10.1.36. Let C be a well-ordered saturated normalized constraint-set and E
its transformed equation system. Then E is well-ordered.

Proof. Clearly, dom(E) = dom(C'). Consider an equation o = (t1 V &’) A ta. Corre-
spondingly, there exist a > t; € C and a < to € C. By Definition 10.1.16, for all
B € (tlv(t1) Utlv(t2)) Ndom(C) . O(a) < O(B). Moreover, o is a fresh type variable in
C, that is o ¢ dom(C). And then o ¢ dom(FE). Therefore, tlv((t1Va')Aty)Ndom(E) =
(thv(t1) Utlv(t2)) N'dom(C'). Thus the result follows. O

10.1.4 Solution of equation systems

We now extract a solution (i.e., a substitution) from the equation system we build from
C. In an equation a = t,, @ may also appear in the type t,; such an equality reminds
the definition of a recursive type. As a first step, we introduce a recursion operator
w in all the equations of the system, transforming a = t, into a = pxy. ta{Za/n}.
This ensures that type variables do not appear in the right-hand side of the equalities,
making the whole solving process easier. If some recursion operators are in fact not
needed in the solution (i.e., we have o = pxzq .ty with x4 ¢ fv(ty,)), then we can simply
eliminate them.

If the equation system contains only one equation, then this equation is immediately
a substitution. Otherwise, consider the equation system {a = pxq. to} U E, where E
contains only equations closed with the recursion operator u as explained above. The
next step is to substitute the content expression ux,. t, for all the occurrences of « in
equations in F. In detail, let 3 = pxg. tg € E. Since t, may contain some occurrences
of B and these occurrences are clearly bounded by uxg, we in fact replace the equation
f = pxg. tg with § = pxg. tg{tra- to/o}{*s/3}, yielding a new equation system E'.
Finally, assume that the equation system E’ (which has fewer equations) has a solution
o'. Then the substitution {ta0/y} @ ¢’ is a solution to the original equation system
{a = pzq. to} U E. The solving algorithm Unify() is given in Figure 10.4.

Definition 10.1.37 (General solution). Let E be an equation system. A general
solution to F is a substitution o from dom(E) to T such that

Yo € dom(o) . var(o(a)) Ndom(c) =0

and
Va = t€e E.o(a) ~ to holds

Lemma 10.1.38. Let E be an equation system. If o = Unify(E), then dom(o) =
dom(E) and Vo € dom(c). var(c(a)) Ndom(a) = 0.

Proof. The algorithm Unify() consists of two steps: (¢) transform types into recursive
types and (i7) extract the substitution. After the first step, for each equation (o =
ta) € E, we have a ¢ var(t,).

Consider the second step. Let var(E) = |J, pvar(ty) and S = V' \ S where S

a=tqa)€E
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Require: an equation system F
Ensure: a substitution o
1.
2.
3.

10

11.
12.

©® NS o e

let e2mu (a,ty) = (@, pzqa. ta{%o/a}) in
let subst (a.ta) (5,t5) = (5, tallofa} {25} in
let rec mu2sub £ =
match F with
i — 1l
(o, t0) o B —
let E” = List.map (subst (a,ty)) E' in
let o/ = mu2sub E" in {ta0'/y} ® o’
in
let e2sub £ =
let £/ = List.map e2mu E in
mu2sub E’

Figure 10.4: Equation system solving algorithm Unify()

is a set of type variables. We prove a stronger statement: Vo € dom(o). var(o(a)) N
(dom(o) Uvar(E)) = () and dom(c) = dom(E). The proof proceeds by induction on E:

E = (): straightforward.
E={(a=ty)}UE": let E" = {(8 = tg{to/a}{rs/8}) | (B = tg) € E'}. Then there

exists a substitution o” such that ¢” = Unify(E”) and o = {ta0”/y} ® o”. By
induction, we have V3 € dom(o”). var(c”(8)) N (dom(c”) U var(E")) = 0 and
dom(c”) = dom(E"). As a ¢ dom(E"), we have o ¢ dom(¢”) and then dom(c) =
dom(c”) U {a} = dom(E).

Moreover, « ¢ var(E"), then dom(c) C dom(c”) Uvar(E”). Thus, for all g €
dom(o”), we have var(c”(B3)) N dom(c) = 0. Consider t,0”. It is clear that
var(t,o”) Ndom(c) = (. Besides, the algorithm does not introduce any fresh
variable, then for all § € dom(o), we have var(tg) Nvar(E) = (). Therefore, the
result follows.

O]

Lemma 10.1.39 (Soundness). Let E be an equation system. If o = Unify(E), then
ol E.

Proof. By induction on F.

E = (): straightforward.
E={(a=ty)}UE" let E" = {(8 = tg{to/a}{rs/8}) | (B = tg) € E'}. Then there

exists a substitution ¢” such that ¢” = Unify(E”) and o = {ta0”/y} ® o”. By
induction, we have ¢” I+ E”. According to Lemma [10.1.38, we have dom(¢”) =
dom(E"). So dom(c) = dom(c”) U {a}. Considering any equation (8 = tg) € E
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where 3 € dom(o”). Then

o(B)= o"(B) (apply o)
~ tp{toja{s/p}0” (as o I+ E”)
= tg{tal®8/8}/a, vs/g}o”
tg{tal®s/8}o" /o, ws0" 3} ® o
ta{ta({260"/3} ® 0", 250"/3} & 0"
ta{ta({t80"/8} ® 0")fu, ts0"/3} & 0" (expand )
ta{ta{P"/8Y ® 0")fo, Bo"[3} @ 0"  (as o” Ik E")
= tg{tad"/a} @ 0"
= tgo

P

12

Finally, consider the equation (o =t,). As

o(a) = tao” (apply o)
= to{B9"/3 | B € dom(c”)} (expand o)
= ta{Po/g | B € dom(c")} (as fo = Bo”)
= to{Bo/p | € dom(c”)U{a}} (as a ¢ var(ty))
(as dom(o) = dom(o”) U {a})

= ta{Po/3 | B € dom(0)}

tao
Thus, the result follows.

O]

Lemma 10.1.40. Let E be an equation system. If o = Unify(E), then o is a general
solution to E.

Proof. Immediate consequence of Lemmas [10.1.38 and |10.1.39. 0

Clearly, given an equation system FE, the algorithm Unify(E) terminates with a
substitution o.

Lemma 10.1.41. Given an equation system E, the algorithm Unify(E) terminates with
a substitution o.

Proof. By induction on the number of equations in F. O

Definition 10.1.42. Let 0,0’ be two substitutions. We say o ~ o' if and only if
Va. o(a) >~ o'(a).

Lemma 10.1.43 (Completeness). Let E be an equation system. For all substitution
o, if o Ik E, then there exist oy and o’ such that o9 = Unify(E) and o ~ ¢’ o0 oy.

Proof. According to Lemma 10.1.41, there exists o such that oy = Unify(E). For any
a ¢ dom(oy), clearly we have aopoc = ao and then acgo ~ ao. What remains to
prove is that if o IF E and o = Unify(F) then Vo € dom(op). aogo =~ ao. The proof
proceeds by induction on E:

E = (): straightforward.
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E={(a=t)}UE" let E" = {(B = tg{tofa}{7s/8}) | (B = tg) € E'}. Then there
exists a substitution ¢” such that ¢” = Unify(E") and o = {ta0”/n} ® o”. Con-
sidering each equation (8 = tg{lo/a}{rs/3}) € E", we have

to{tofaH{zs/gto = tp{tel®8/BYa, To/rs}o
= tp{tal®8/8Y0/0, Ts0/3} © 0
= tp{ta{¥89/8} ® ), 150/3} & 0
t3{ta({189/8} @ 0)/n, ts0/g} & 0 (expand xg)
ta{ta({P9/8} © 0)f, Bo/3} o (as o I E)
= to{terfa} @0
tp{aoja} & o
tgo
Bo

Therefore, o |- E”. By induction on E”, we have V3 € dom(c”). fo"0 ~ fo.
According to Lemma [10.1.38, dom(c”) = dom(E”). As a ¢ dom(E"), then
dom(cg) = dom(c”) U {a}. Therefore for any 5 € dom(c¢”) Ndom(oy), Bogo =~
Bo" o ~ Bo. Finally, considering o, we have

R

IR

12

tao"o (apply 00)

ta{B"/3 | B € dom(c”)}o (expand o)

— ta{fo"als | B € dom(o")} &0

ta{Bo/g | B €dom(c”)} ® o (as VB € o0”. fo ~ fo"0)
ta 0

oo (as o IF E)

aopgo

IR

1

Therefore, the result follows.

O]

In our calculus, a type is well-formed if and only if the recursion traverses a con-
structor. In other words, the recursive variable should not appear at the top level of
the recursive content. For example, the type px. V¢ is not well-formed. To make the
substitutions usable, we should avoid these substitutions with ill-formed types. Fortu-
nately, this can been done by giving an ordering on the domain of an equation system
to make sure that the equation system is well-ordered.

Lemma 10.1.44. Let E be a well-ordered equation system. If o = Unify(E), then for
all « € dom(o), o(a) is well-formed.

Proof. Assume that there exists an ill-formed o(«). That is, o(a) = px. t where
x occurs at the top level of ¢. According to the algorithm Unify(), there exists a
sequence of equations (o =)ag = tag, 01 = tay, ..., 0n = ta, such that a; € tlv(ta, ;)

and ag € tlv(ta, ) where i € {1,...,n} and n > 0. According to Definition 10.1.35,
O(a;—1) < O(y) and O(a,) < O(ag). Therefore, we have O(ap) < O(ag) < ... <
O(ay) < O(ap), which is impossible. Thus the result follows. O

As mentioned above, there may be some useless recursion constructor p. They
can be eliminated by checking whether the recursive variable appears in the content



212 CHAPTER 10. TYPE TALLYING

expression or not. Moreover, if a recursive type is empty (which can be checked with
the subtyping algorithm), then it can be replaced by 0.

To conclude, we now describe the solving procedure Sola(C) for the type tally-
ing problem C. We first normalize C into a finite set & of well-ordered normalized
constraint-sets. If S is empty, then there are no solutions to C. Otherwise, each
constraint-set C; € S is merged and saturated into a finite set S¢, of well-order satu-
rated normalized constraint-sets. Then all these sets are collected into another set S’
(i.e., 8" = Ue,es Sc,)- I S’ is empty, then there are no solutions to C. Otherwise,
for each constraint-set C! € §’, we transform C/ into an equation system E; and then
construct a general solution o; from F;. Finally, we collect all the solutions ¢;, yielding
a set © of solutions to C. We write Sola(C) ~» © if Sola(C') terminates with ©, and
we call © the solution of the type tallying problem C.

Theorem 10.1.45 (Soundness). Let C' be a constraint-set. If Sola(C) ~» O, then
foralloe®, ol C.

Proof. Consequence of Lemmas 10.1.10, 10.1.17} {10.1.20, [10.1.26, 10.1.28, 10.1.33| and
10.1.39. ]

Theorem 10.1.46 (Completeness). Let C be a constraint-set and Sola(C) ~» ©.
Then for all substitution o, if o I+ C, then there exists o/ € © and o” such that
o~ oo

Proof. Consequence of Lemmas 10.1.12, 10.1.21, 10.1.34 and 10.1.43. O

Theorem 10.1.47 (Decidability). Let C' be a constraint-set. Then Sola(C) termi-
nates.

Proof. Consequence of Lemmas 10.1.14) 10.1.22| and [10.1.41}. O

Lemma 10.1.48. Let C be a constraint-set and Sola(C') ~» ©. Then
(1) © is finite.
(2) for all o € © and for all a € dom(o), () is well-formed.
Proof. (1): Consequence of Lemmas 10.1.15/ and 10.1.27.

(2): Consequence of Lemmas 10.1.17, 10.1.28, 10.1.36| and |10.1.44.

10.2 Type-substitutions inference algorithm

In Chapter|9 , we presented a sound and complete inference system, which is parametric
in the decision procedures for C, IT'y (), and e, In this section we tackle the problem
of computing these operators. We focus on the application problem e,, since the other
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two can be solved similarly. Recall that to compute t e, s, we have to find two sets of
substitutions [0;];cr and [0]jes such that VA € TU J. oy, § A and

Ntoi<0—1 (10.1)
i€l
/\ so; < dom(/\ toy) (10.2)
jeJ iel

This problem is more general than the other two problems. If we are able to decide
inequation (10.2), it means that we are able to decide s’ T t’ for any s’ and ¢/, just by
considering ¢’ ground. Therefore we can decide Ca. We can also decide [o;];cr IF s Ca
1 x 1 for all s, and therefore compute I (s).

Let the cardinalities of I and J be p and ¢ respectively. We first show that for
fixed p and ¢, we can reduce the application problem to a type tallying problem. Note
that if we increase p, the type on the right of Inequality (10.2) is larger, and if we
increase ¢ the type on the left is smaller. Namely, the larger p and ¢ are, the higher the
chances that the inequality holds. Therefore, we can search for cardinalities that make
the inequality hold by starting from p = ¢ = 1, and then by increasing p and ¢ in a
dove-tail order [Pys76] until we get a solution. This gives us a semi-decision procedure
for the general application problem. For the implementation, we give some heuristics
based on the shapes of s and ¢ to set upper bounds for p and ¢ (see Section [10.2.3)).

10.2.1 Application problem with fixed cardinalities

We explain how to reduce the application problem with fixed cardinalities for I and .J
to a type tallying problem. Without loss of generality, we can split each substitution
or (k € I UJ) into two substitutions: a renaming substitution p; that maps each
variable in the domain of oy, into a fresh variable and a second substitution o}, such
that oy, = 0}, 0 pr. The two inequalities then can be rewritten as

/\(tpi)o*z'- <0—1
el
N\ (sp;)0 < dom(/\ (tpi)o})
jeJ el

The domains of the substitutions oj are pairwise distinct, since they are composed
by fresh type variables. We can therefore merge the o) into one substitution o =
Ukerus - We can then further rewrite the two inequalities as

(A\tp))o <01

el
(/\ (sp;))o < dom((/\ (tp:))o)
jeJ iel
which are equivalent to
to<0—1

s'oc < dom(t'o)
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where t' = (A, tpi) and s = (A\;c;8p;). Ast'oc <0 — 1, then #'o must be a function
type. Then according to Lemmas 8.2.9/and 8.2.10, we can reduce these two inequalities
to the constraint set:

C={{t,<,0-1),,<,s =)}

where 7 is a fresh type variable. We have reduced the original application prob-
lem t e, s to solving C, which can be done as explained in Section 10.1. We write
AppFixx (t,s) for the algorithm of the application problem (with fixed cardinalities)
t oo s and AppFixa (¢, s) ~» © if AppFixa(,s) terminates with ©.

Lemma 10.2.1. Let t, s be two types and v a type variable such that vy ¢ var(t)Uvar(s).
Then for all substitution o, if to < so — yo, then so < dom(to) and o(vy) > to - so.

Proof. Consider any substitution o. As toc < so — ~vo, by Lemma 8.2.9, we have
so < dom(to). Then by Lemma 8.2.10, we get o(y) > to - so. O

Lemma 10.2.2. Let t, s be two types and v a type variable such that v ¢ var(t)Uvar(s).
Then for all substitution o, if soc < dom(to) and v ¢ dom(o), then there exists o’ such
that o’ § o and t(c Uo’) < (s = v)(c Ud’).

Proof. Consider any substitution 0. As so < dom(to), by Lemma 8.2.10, the type
(to) - (so) exists and to < so — ((to) - (so)). Let o’ = {(to) - (so)/y}. Then

t(ocUo’) to
so — ((to) - (s0))
so — o'
(s = 7)(cUd)

IA

O

Note that the solution of the 7 introduced in the constraint (¢, <, s — ) represents
a result type for the application of t to s. In particular, completeness for the tallying
problem ensures that each solution will assign to v (which occurs in a covariant position)
the minimum type for that solution. So the minimum solutions for - are in ¢t e, s (see
the substitution o’(y) = (to) - (so) in the proof of Lemma 10.2.2).

Theorem 10.2.3 (Soundness). Let t and s be two types. If AppFixa(t,s) ~ O, then
for all o € ©, we have to <0 — 1 and so < dom(to).

Proof. Consequence of Lemmas [10.2.1 and 10.1.45. O

Theorem 10.2.4 (Completeness). Let t and s be two types and AppFixa(t,s) ~ ©.
For all substitution o, if to < 0 — 1 and so < dom(to), then there erists o' € © and
o such that o ~ o" o o’.

Proof. Consequence of Lemmas [10.2.2| and 10.1.46. O

“The first constraint (#', <,0 — 1) can be eliminated since it is implied by the second one.
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10.2.2 General application problem

Now we take the cardinalities of I and J into account to solve the general application
problem. As stated before, we start with I and J both of cardinality 1 and explore all
the possible combinations of the cardinalities of I and J by, say, a dove-tail order [Pys76]
until we get a solution. More precisely, the algorithm consists of two steps:

Step A: we generate a constraint set as explained in Section [10.2.1] and apply the
tallying solving algorithm described in Section [10.1, yielding either a solution or
a failure.

Step B: if all attempts to solve the constraint sets have failed at Step 1 of the tallying
solving algorithm given at the beginning of Section 10.1.1, then fail (the expression
is not typable). If they all failed but at least one did not fail in Step 1, then
increment the cardinalities I and J to their successor in the dove-tail order and
start from Step A again. Otherwise all substitutions found by the algorithm are
solutions of the application problem.

Notice that the algorithm returns a failure only if the solving of the constraint-
set fails at Step 1 of the algorithm for the tallying problem. The reason is that up
to Step 1 all the constraints at issue are on distinct occurrences of type variables: if
they fail there is no possible expansion that can make the constraint-set satisfiable
(see Lemma 10.2.5). For example, the function map can not be applied to any integer,
as the normalization of {(Int,<,a — )} is empty (and even for any expansion of
a — ). In Step 2 instead constraints of different occurrences of a same variable
are merged. Thus even if the constraints fail it may be the case that they will be
satisfied by expanding different occurrences of a same variable into different variables.
Therefore an expansion is tried. For example, consider the application of a function of
type ((Int — Int) A (Bool — Bool)) — ¢ to an argument of type o — «. We start
with the constraint (&« — a, <, (Int — Int) A (Bool — Bool)). The tallying algorithm
first normalizes it into the set {(«, <, Int), (o, >, Int), (e, <,Bool), (e, >,Bool)} (i.e.,
Step 1). But it fails at Step 2 as neither Int < Bool nor Bool < Int hold. However,
if we expand o — «, the constraint to be solved becomes

(1 = a1) A (ag = a2), <, (Int — Int) A (Bool — Bool))
and one of the constraint-set of its normalization is
{(alv <, Int)7 (ala >, Int)v (OQ’ <, BOO:L)» (OQ’ 2, BOOl)}

The conflict between Int and Bool disappears and we can find a solution to the ex-
panded constraint.

Note that we keep trying expansion without giving any bound on the cardinalities
I and J, so the procedure may not terminate, which makes it only a semi-algorithm.
The following lemma justifies why we do not try to expand if normalization (i.e., Step
1 of the tallying algorithm) fails.

Lemma 10.2.5. Let t, s be two types, v a fresh type variable and [pilicr, [pjlics
two sets of general renamings. If O Fa {(t,<,0 — 1),(t,<,s — )} ~ 0, then

@ }_N {(/\'LEI tp27 Sa 0— ]l)? (/\iGI tpla §7 (/\jEJ Sp]) — ’Y)} ~ @
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Proof. As 0 Fpn {(t,<,0 = 1), (¢, <,s = )} ~ 0, then either 0 by {(¢,<,0 = 1)} ~
0or0ka{(t, <,s— )}~ (. If the first one holds, then according to Lemma 10.1.19,
we have 0 Far {(A;jcrtpis <,0 = 1)} ~ 0, and a fortiori

B Far {( N\ tpin <0 = 1), (N toi <, (\ 505) = 7)) = 0

icl i€l jeJ

Assume that 0 Fpr {(¢,<,s = v)} ~ 0. Without loss of generality, we consider the
disjunctive normal form 7 of ¢:

T = \/ Thy V \/ Tk, V \/ Thy,

kye K, kp€K, k€K,

where 74, (73, and 73, resp.) is an intersection of basic types (products and arrows
resp.) and type variables. Then there must exist k € K, U K, U K, such that () Far
{(76, <,0 = 1)} ~ 0. If k € K, U K, then the constraint (7, <,s — =) is equivalent
to (7, <,0). By Lemma 10.1.19, we get 0 Far {(A;jc; Thpis <,0)} ~ 0, that is, 0 Fp
{(Nier Tepis <, (Njes spj) = 7)} ~ 0. So the result follows.

Otherwise, it must be that k € K, and 7, = A, cp(wp = vp) A N\,ey =(wn — vp).
We claim that @ Far {(7%, <,0)} ~ 0 (otherwise, O Fpr {(7%,<,s — )} ~» 0 does not
hold). Applying Lemma 10.1.19 again, we get () Far {(A;c; Twpi, <,0)} ~ (). Moreover,
following the rule (NARROW), there exists a set P’ C P such that

@l—N{/\ —wp NS, <,0)} ~ 0
peEP’
P'=Por(ky{ /\ vp A=y, <,0)} ~ 0
pEP\P’

Applying [10.1.19, we get

0En AACA ~w)pin N 505, <.0)} 0

i€l peP’ JjeJ
P,:.Por@'__/\/'{/\( /\ Up)pz/\_"Y7§7®)}W®
i€l peP\P'

By the rule (NARROW), we have

0 {ACA wp = v))pin <, (\ spj) = 1)}~ 0

i€l peP jeJ

Therefore, we have 0 Far {(A;e; Tkpis <, (Ajes spj) — 7)} ~ 0. So the result follows.
O

Let Appa(t, s) denote the algorithm for the general application problem.

Theorem 10.2.6. Let t, s be two types and v the special fresh type variable introduced
n (Niertoi, <, (\jes 05) = 7). If Appal(t, s) terminates with ©, then

(1) (Soundness) if © # 0, then for each o € ©, o(y) € t e,s.
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(2) (Weak completeness) if © = (), then t exs = (.

Proof. (1): consequence of Theorem 10.2.3/ and Lemma 10.2.1.

(2): consequence of Lemma 10.2.5.
O

Let us consider the application map even in Section 1.4 again. The types of map and

sven e map = (a— B)— [a] =[]
even :: (Int — Bool) A ((a\ Int) — (a\ Int))

We start with the constraint-set
C1 ={(a1 = B1) — [a1] = [1] < ((Int — Bool) A ((a \ Int) — (a\ Int))) — v}

where 7 is a fresh type variable (and where we a-converted the type of map). Then the
algorithm Sola (C7) generates a set of eight constraint-sets at Step 2 :

{v = lea] = [A1], 0 <0}

{7 > [a1] = [B1], a1 < 0,81 > Bool}

{v =[] = [Bi],00 <0,81 > o\ Int}

{v > [a1] = [B1],01 < 0,51 > BoolV (a\ Int)}
{y>[a1] = [B1],1 < 0,51 >Bool A (a\ Int)}

{y > [a1] = [A1], 1 < Int,p; > Bool}

{v =[] = [Bi];n <@\ Int, B > a\ Int}

{v > [a1] = [B1],1 < IntVa, 1 > BoolV (a\ Int)}

Clearly, the solutions to the 2nd-5th constraint-sets are included in those to the first
constraint-set. For the other four constraint-sets, by minimum instantiation, we can
get four solutions for « (i.e., the result types of mapeven): [| — [ ], or [Int] — [Bool],
or [\ Int] — [a\ Int], or [Int V a] — [Bool V (a'\ Int)]. Of these solutions only the
last two are minimal (the first type is an instance of the third one and the second is
an instance of the fourth one) and since both are valid we can take their intersection,
yielding the (minimum) solution

(e \ Int] = [a\ Int]) A ([Int V o] — [Bool V (a \ Int)]) (10.3)

Alternatively, we can dully follow the algorithm, perform an iteration, expand the type
of the function, yielding the constraint-set

{((ax = B1) = [aa] = [Bi]) A (a2 = B2) = [a2] — [B2])
< ((Int — Bool) A ((a\ Int) = (\ Int))) — ~}

from which we get the type (10.3) directly.

As stated in Section [10.1, we chose an arbitrary ordering on type variables, which
affects the generated substitutions and then the resulting types. Assume that o1 and o9
are two type substitutions generated by different orderings. Thanks to the completeness
of the tallying problem, there exist o} and o) such that oy ~ ¢} 0 01 and o1 ~ ), 0 0.
Therefore, the result types corresponding to o1 and o9 are equivalent under T, that is
o1(y) Ea o2(7y) and o2(y) Ea o1(7y). However, this does not imply that o1(y) ~ o2(7).
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For example, a EA 0 and 0 Ca «, but a 2 0. Moreover, some result types are easier to
understand or more precise than some others. Which one is better is a language design
and implementation problem®. For example, consider the map even again. The type
(10.3) is obtained under the ordering o(a1) < o(f1) < o(«). While under the ordering
o(a) < o(ay) < o(B1), we would instead get

([8\ Int] — [8]) A ([Int V Bool V §] — [Bool V A]) (10.4)

It is clear that (10.3) Ty (10.4) and (10.4) Cy (10.3). However, compared with (10.3),
(10.4) is less precise and less comprehensible, if we look at the type [Int V BoolV ] —
[Bool V ] : (1) there is a Bool in the domain which is useless here and (2) we know
that Int cannot appear in the returned list, but this is not expressed in the type.

Besides, note that the tallying algorithm will generate some solutions based on
(7) the fact that 0 — ¢ contains all the functions, or (ii) the fact that (0 x ¢) or
(t x 0) is a subtype of any type. Most of these solutions would yield useless types
for the application problem. If there exist some other solutions, then any one can be
taken as the result type. For example, consider the application of a function f of type
(¢ = a) = (o = «) to an argument of type Int — Int. The constraint-set to be
solved is {(Int — Int < a — «)}, to which there are two solutions: one is {0/}
and the other is {Int/y}. The first one is generated from the fact (i) and yields the
useless type 0 — 0 (as it provides little information). While the second one yields the
type Int — Int, which can be taken as the result type for the application. Otherwise,
although the application is typable, it could not be used further. For instance, if f
applies to an argument e of type Int — Bool, then the constraint-set to be solved is
{(Int — Bool < a — «)}, which has only one solution {0/,}. Thus, the result type
would be 0 — 0. At present, we focus on whether an expression is typable, while
whether and how the useless solutions can be eliminated is left to the implementation.

There is a final word on completeness, which states that for every solution of the
application problem, our algorithm finds a solution that is more general. However
this solution is not necessarily the first one found by the algorithm: even if we find
a solution, continuing with a further expansion may yield a more general solution.
We have just seen that, in the case of map even, the good solution is the second one,
although this solution could have already been deduced by intersecting the first minimal
solutions we found. Another simple example is the case of the application of a function
of type (a x 8) — (8 x a) to an argument of type (IntxBool)V (BoolxInt). For this
application our algorithm returns after one iteration the type (IntVBool) X (IntVBool)
(since it unifies o with /) while one further iteration allows the system to deduce the
more precise type (IntxBool) V (BoolxInt). Of course this raises the problem of the
existence of principal types: may an infinite sequence of increasingly general solutions
exist? This is a problem we did not tackle in this work, but if the answer to the previous
question were negative then it would be easy to prove the existence of a principal type:
since at each iteration there are only finitely many solutions, then the principal type
would be the intersection of the minimal solutions of the last iteration (how to decide
that an iteration is the last one is yet another problem).

5In the current implementation we assume that the type variables in the function type always have
smaller orders than those in the argument type.
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10.2.3 Heuristics to stop type-substitutions inference

We only have a semi-algorithm for te,s because, as long as we do not find a solution, we
may increase the cardinalities of I and J (where I and J are defined as in the previous
sections) indefinitely. In this section, we propose two heuristic numbers p and ¢ for the
cardinalities of I and J that are established according to the form of s and ¢. These
heuristic numbers set the upper limit for the procedure: if no solution is found when
the cardinalities of I and J have reached these heuristic numbers, then the procedure
stops returning failure. This yields a terminating algorithm for t e, s which is clearly
sound but, in our case, not complete. Whether it is possible to define these boundaries
so that they ensure termination and completeness is still an open issue.

Through some examples, we first analyze the reasons why one needs to expand the
function type ¢t and/or the argument type s: the intuition is that type connectives
are what makes the expansions necessary. Then based on this analysis, we give some
heuristic numbers for the copies of types that are needed by the expansions. These
heuristics follow some simple (but, we believe, reasonable) guidelines. First, when the
substitutions found for a given p and ¢ yield a useless type (e.g., “O — 0” the type
of a function that cannot be applied to any value), it seems sensible to expand the
types (i.e., increase p or ¢), in order to find more informative substitutions. Second,
if iterating the process does not give a more precise type (in the sense of C), then
it seems sensible to stop. Last, when the process continuously yields more and more
precise types, we choose to stop when the type is “good enough” for the programmer.
In particular we choose to avoid to introduce too many new fresh variables that make
the type arbitrarily more precise but at the same time less “programmer friendly”. We
illustrate these behaviours for three strategies: increasing p (that is, expanding the
domain of the function), increasing ¢ (that is, expanding the type of the argument) or
lastly increasing both p and ¢ at the same time.

Expansion of t
A simple reason to expand t is the presence of (top-level) unions in s. Generally, it is
better to have as many copies of ¢ as there are disjunctions in s. Consider the example,

t=(a—=a) = (a—a)

s = (Int — Int) V (Bool — Bool) (10.5)

If we do not expand ¢t (ie, if p is 1), then the result type computed for the application of
t to s is 0 — 0. However, this result type cannot be applied hereafter, since its domain
is 0, and is therefore useless (more precisely, it can be applied only to expressions
that are provably diverging). When p is 2, we get an extra result type, (Int — Int)V
(Bool — Bool), which is obtained by instantiating ¢ twice, by Int and Bool respectively.
Carrying on expanding ¢ does not give more precise result types, as we always select
only two copies of ¢t to match the two summands in s, according to the decomposition
rule for arrows (ie, Lemma 4.3.10).

A different example that shows that the cardinality of the summands in the union
type of the argument is a good heuristic choice for p is the following one:

t=(axp)—= (8 xa)
s = (Int x Bool) V (Bool x Int) (10.6)
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Without expansion, the result type is ((Int V Bool) X (BoolV Int)) (« unifies Int and
Bool). If we expand ¢, there exists a more precise result type (Int xBool)V(Bool X Int),
each summand of which corresponds to a different summand in s. Besides, due to the
decomposition rule for product types (ie, Lemma 4.3.9), there also exist some other
result types which involve type variables, like ((IntVBool) x )V ((IntVBool) x (IntV
Bool) \ «). Further expanding ¢ makes more product decompositions possible, which
may in turn generate new result types. However, the type (Int x Bool) V (Bool x Int)
is informative enough, and so we set the heuristic number to 2, that is, the number of
summands in s.

We may have to expand t also because of intersection. First, suppose s is an
intersection of basic types; it can be viewed as a single basic type. Consider the
example

t=a— (axa)and s = Int (10.7)

Without expansion, the result type is 73 = (Int x Int). With two copies of t, besides
~v1, we get another result type v2 = (6 x )V (Int \ f x Int \ ), which is more general
than 71 (eg, 1 = 12{09/3}). Generally, with k copies, we get k result types of the form

= (B xB)V...V(Bro1 x Be—) V (It \ (\/ B) xInt\( \/ B))

i=1..k—1 i=1..k—1

It is clear that vx11 Cg v, - Moreover, it is easy to find two substitutions [0, 03] such
that [o1, 02] IF vk Cp Y1 (k > 2). Therefore, 72 is the minimum (with respect to Cp)
of {vk,k > 1}, so expanding ¢t more than once is useless (we do not get a type more
precise than v2). However, we think the programmer expects (Int x Int) as a result
type instead of 5. So we take the heuristic number here as 1.

An intersection of product types is equivalent to Vie I(s’i X s%), so we consider just
a single product type (and then use union for the general case). For instance,

t=((a=a)x(B=7)—= (80 x(a—=a) (108)
s = (((Even — Even) V (0dd — 0dd)) X (Bool — Bool)) ’

For the application to succeed, we have a constraint generated for each component
of the product type, namely (&« — « > (Even — Even) V (0dd — 0d4d)) and (8 —
B > Bool — Bool). As with Example (10.5), it is better to expand o — « once
for the first constraint, while there is no need to expand 8 — B for the second one.
As a result, we expand the whole type ¢ once, and get the result type ((Bool —
Bool) x ((Even — Even) V (0dd — 0dd))) as expected. Generally, if the heuristic
numbers of the components of a product type are respectively p; and pa, we take py *ps
as the heuristic number for the whole product.
Finally, suppose s is an intersection of arrows, like for example map even.

t=(a—p)—=la] = [f]

s = (Int — Bool) A ((v\ Int) — (v Int)) (10.9)

When p = 1, the constraint to solve is (« — 3 > s). As stated in Subsection [10.2.2,
we get four possible result types: [ | — [ ], [Int] — [Bool], [ \ Int] — [« \ Int],
or [Int V a] — [Bool V (« \ Int)], and we can build the minimum one by taking the
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Table 10.1: Heuristic number H,(s) for the copies of ¢

Shape of s Number H,(s)
Vier si YicrHp(si)
Niep bi A Nien —bi A /\iePl i N\ /\z’eNl Qi 1
/\z‘eP<Sz1 X 57) A Nien —(s; % 57) Snren Hp(spr X s3r)
(s1 % 52) Hpy(s1) * Hp(s2)
Niep(si = 57) A Nien —(s1 — 57) 1

where (sy, % s37) = (Nicp 51 A Nien' =58 X Niep 57 A Nien\n —87).

intersection of them. If we continue expanding ¢, any result type we obtain is an
intersection of some of the result types we have deduced for p = 1. Indeed, assume we
expand ¢ so that we get p copies of t. Then we would have to solve either (\/i:L.p o —>
Bi > s) or ( /\izl..p a; — B > s). For the first constraint to hold, by the decomposition
rule of arrows, there exists ¢y such that s < oy, — 3;,, which is the same constraint as
for p = 1. The second constraint implies s < a; — B; for all i; we recognize again the
same constraint as for p = 1 (except that we intersect p copies of it). Consequently,
expanding does not give us more information, and it is enough to take p = 1 as the
heuristic number for this case.

Following the discussion above, we propose in Table 10.1 a heuristic number Hp(s)
that, according to the shape of s, sets an upper bound to the number of copies of t. We
assume that s is in normal form. This definition can be easily extended to recursive
types by memoization.

The next example shows that performing the expansion of ¢ with H,(s) copies may
not be enough to get a result type, confirming that this number is a heuristic that does
not ensure completeness. Let

t = ((true x (Int — a)) = t1) A ((false x (v — Bool)) — t2) (10.10)

(Bool x (Int — Bool))

Here dom(¢) is (true x (Int — «)) V (false X (o« — Bool)). The type s cannot be
completely contained in either summand of dom(t), but it can be contained in dom(t).
Indeed, the first summand requires the substitution of « to be a supertype of Bool
while the second one requires it to be a subtype of Int. As Bool is not a subtype of
Int, to make the application possible, we have to expand the function type at least
once. However, according to Table 10.1, the heuristic number in this case is 1 (ie, no
expansions).

Expansion of s

For simplicity, we assume that dom(/;c;to;) = \/,c;dom(t)o;, so that the tallying

problem for the application becomes A ;soi < ;. dom(t)o;. We now give some

heuristic numbers for |.J| depending on dom(t).
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First, consider the following example where dom(¢) is a union:

dom(t) = (Int — ((Bool — Bool) A (Int — Int)))
V(Bool — ((Bool — Bool) A (Int — Int) A (Real — Real)))  (10.11)
s= (Int = (¢ — «a)) V (Bool — (8 — f))

For the application to succeed, we need to expand Int — (o — «) with two copies
(so that we can make two distinct instantiations aw = Bool and a = Int) and Bool —
(8 — ) with three copies (for three instantiations = Bool, 5 = Int, and = Real),
corresponding to the first and the second summand in dom(t) respectively. Since the
expansion distributes the union over the intersections, we need to get six copies of
s. In detail, we need the following six substitutions: {a = Bool, = Bool}, {a =
Bool, 3 = Int}, {« = Bool,3 = Real}, {& = Int,3 = Bool}, {& = Int, = Int},
and {a = Int, 8 = Real}, which are the Cartesian products of the substitutions for «
and f.

If dom(#) is an intersection of basic types, we use 1 for the heuristic number. If it is
an intersection of product types, we can rewrite it as a union of products and we only
need to consider the case of just a single product type. For instance,

dom(t) = ((Int — Int) x (Bool — Bool)) (10.12)

(= a) X (= «))

It is easy to infer that the substitution required by the left component needs « to be
Int, while the one required by the right component needs o to be Bool. Thus, we need
to expand s at least once. Assume that s = (s1 X s2) and we need ¢; copies of s; with
the type substitutions: o, ... ,th. Generally, we can expand the whole product type
so that we get s; X sg copies as follows:

Njmtoqi (51 % 52)07 ANy g, (51 % 52)07

((/\j:l..q1 51‘7]1‘ A /\j:l..qg 31‘7]2‘) X (/\j:l..q1 32‘7]1‘ A /\j:l..qg 32‘7]2‘))

. . . 1 2
Clearly, this expansion type is a subtype of (/\j:luq1 8107 X /\jzluq2 s207) and so the
type tallying succeeds.
Next, consider the case where dom(t) is an intersection of arrows:

dom(t) = (Int — Int) A (Bool — Bool)
s

o (10.13)

Without expansion, we need (¢« — «) < (Int — Int) and (o = a) < (Bool — Bool),
which reduce to @ = Int and o = Bool; this is impossible. Thus, we have to expand s
once, for the two conjunctions in dom(t).

Note that we may also have to expand s because of unions or intersections occurring
under arrows. For example,

dom(t) = ¢ — ((Int — Int) A (Bool — Bool))

s= t' = (a—=a) (10.14)

As in Example (10.13), expanding once the type o — « (which is under an arrow in s)
makes type tallying succeed. Because (t' — s1) A (t — s2) =t — (s1 A s2), we can in
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Table 10.2: Heuristic number Hy(dom(t)) for the copies of s

Shape of dom(t) Number H,(dom(t))
Vie[ li Hie[ Hq(ti) +1
/\ieP bi A /\ieN —bi A /\iePl i A\ /\ieNl % 1
Niep(ti X t5) N Nien ~(t; X 7) [ven Ho(tpr X t30)
(t1 x t2) Hy(t1) + Hy(t2)
Nicp(ti = 17) A Nien (] = £7) [Pl * (Hqy(t]) + Hy(t7))

where (tj, X t3) = (Nicp ti A Niens 71 X Niep ti A Niennr 7t7),

fact perform the expansion on s and then use subsumption to obtain the desired result.
Likewise, we may have to expand s if dom(t) is an arrow type and contains an union in
its domain. Therefore, we have to look into dom(t) and s deeply if they contain both
arrow types.

Following these intuitions, we define in Table 10.2 a heuristic number H,(dom(t))
that, according to the sharp of dom(t), sets an upper bound to the number of copies of
s.

Together

Up to now, we have considered the expansions of ¢t and s separately. However, it might
be the case that the expansions of ¢ and s are interdependent, namely, the expansion of
t causes the expansion of s and vice versa. Here we informally discuss the relationship
between the two, and hint as why decidability is difficult to prove.

Let dom(t) = t; Vta, s = s1V s2, and suppose the type tallying between dom(t) and
s requires that t;0; > s;, where o1 and o9 are two conflicting type substitutions. Then
we can simply expand dom(t) with o1 and o9, yielding t;01 Vteo) Vitiog Vigos. Clearly,
this expansion type is a supertype of t101 V too9 and thus a supertype of s. Note that
as t is on the bigger side of <, then the extra chunk of type brought by the expansion
(i.e., tao1 V t102) does not matter. That is to say, the expansion of ¢ would not cause
the expansion of s.

However, the expansion of s could cause the expansion of ¢, and even a further
expansion of s itself. Assume that s = s1 V s9 and s; requires a different substitution
o; (i.e., sjo; < dom(t) and oy is in conflict with o3). If we expand s with o1 and o9,
then we have

(81 V 82)0'1 A (81 V 82)0'2
= (810’1 VAN 810'2) V (810'1 VAN 820'2) V (520'1 VAN 810'2) V (820'1 A 520'2)

It is clear that s101 A s102, s101 A S202 and s301 A sa09 are subtypes of dom(t). Consider
the extra type sjo9 A s9oq. If this extra type is empty (e.g., because s; and sy have
different top-level constructors), or if it is a subtype of dom(t), then the type tallying
succeeds. Otherwise, in some sense, we need to solve another type tallying between
s A (s201 A s102) and dom(t), which would cause the expansion of ¢ or s. This is the
main reason why we fail to prove the decidability of the application problem (that is,
deciding e,) so far.
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To illustrate this phenomenon, consider the following example:

dom(t) = ((Bool — Bool) — (Int — Int))
V((Bool — Bool) V (Int — Int)) — ((f — /) V (Bool — Bool))
V(B x B)
s= (a— (Int — Int)) V ((Bool — Bool) — «) V (Bool X Bool)
(10.15)

Let us consider each summand in s respectively. A solution for the first summand is
a > Bool — Bool, which corresponds to the first summand in dom(¢). The second
one requires a < Int — Int and the third one 8 > Bool. Since (Bool — Bool) is not
subtype of (Int — Int), we need to expand s once, that is,

s = S{Bool — Bool/a} A S{Int — Int/a}
= ((Bool — Bool) — (Int — Int)) A ((Int — Int) — (Int — Int))
V((Bool — Bool) — (Int — Int)) A ((Bool — Bool) — (Int — Int))
V((Bool — Bool) — (Bool — Bool)) A ((Int — Int) — (Int — Int))
V((Bool — Bool) — (Bool — Bool)) A ((Bool — Bool) — (Int — Int))
V(Bool x Bool)

Almost all the summands of s’ are contained in dom(t) except the extra type
((Bool — Bool) — (Bool — Bool)) A ((Int — Int) — (Int — Int))

Therefore, we need to consider another type tallying involving this extra type and
dom(t). By doing so, we obtain 5 = Int; however we have inferred before that 5 should
be a supertype of Bool. Consequently, we need to expand dom(t); the expansion of
dom(t) with {Bool/g} and {Int/3} makes the type tallying succeed.

In day-to-day examples, the extra type brought by the expansion of s is always a
subtype of (the expansion type of) dom(¢), and we do not have to expand dom(t) or s
again. The heuristic numbers we gave seem to be enough in practice.



Chapter 11

Compilation into CoreCDuce

In this chapter, we want to compile the polymorphic calculus into a variant of the
monomorphic calculus (e.g., CoreCDuce). The aim of this translation is to provide
an execution model for our polymorphic calculus that does not depend on dynamic
propagation of type substitutions. We first introduce a “binding” type-case, which
is needed by the translation (Section 11.1). Then we present the translation from our
polymorphic calculus to CoreCDuce and prove the soundness of the translation (Section
11.2). Lastly we discuss some limitations of this approach and hint at some possible
improvements (Section 11.3).

11.1 A “binding” type-case

The translation we wish to define is type-driven, and therefore expects an annotated,
well-typed expression of the polymorphic calculus. We therefore assume that we have
access to the (already computed) type of every expression. The translation relies on an
extension of the (monomorphic) type-case expression so as it features binding, which
we write (z=e)€t 7 e; : e2, and that can be encoded as:

()\((S/\t)ﬁtl)A((S/ht)%h)x.xet 7e1:eg)e

where s is the type of e, t; the type of e; and t5 the type of e5. An extremely useful and
frequent case (also in practice) is when the expression e in (z=e)€Et ? e : ey is syntacti-
cally equal to the binding variable x, that is (z=x)€t 7 e; : ea. For this particular case
it is worth introducing specific syntactic sugar (distinguished by a boldface “belongs
to” symbol): xet?e; : ea. The reader may wonder what is the interest of binding a
variable to itself. Actually, the two occurrences of x in (z=z)€t denote two distinct
variables: the one on the right is recorded in the environment with some type s; this
variable does not occur either in e; or es because it is hidden by the x on the left; this
binds the occurrences of z in e; and eo but with different types, sAt in e; and sA—t
in eo. The advantage of such a notation is to allow the system to use different type
assumptions for z in each branch, as stated by the typing rule directly derived from

225
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the encoding:

t1 = F(.%') ANt to = F(x) Nt
t; 20 = Asl(x:t;)Foei:s;
(Ccase-var)
AsT Fo (:L'et'?el : 62) : \/ S;
t; 20

Note that x is defined in I' but its type I'(z) is overridden in the premises to type the
branches. With this construction, map can be defined as:

plo=B=ted= B8 A p Ad=18p penil?nil s (f(mil), mf(mal))

If the unbinding version € were used instead, then £ in the second branch (f(m£),mf(mw2f))
would still have type [a]. So m;¢ is not well-typed (remind that [a] ~ (a, [a]) Vnil)
and thus neither is map.

In practice any real programming language would implement either € (and not €)
or an even more generic construct (such as match_with or case_of pattern matching
where each pattern may re-bind the x variable to a different type).

11.2 Translation to CoreCDuce

We first illustrate how to translate our polymorphic calculus to CoreCDuce and then
prove that the translation is sound.

The translation we propose creates CoreCDuce expressions whose evaluation sim-
ulates the run-time type substitutions that may occur during the evaluation of an
expression of the polymorphic calculus. As a starting point, let us recall what happens
during the evaluation of an expression of the polymorphic calculus (Figure 7.2 of Sec-
tion 7.3). First, an explicit substitution is propagated using the relabeling operation
(Rule (Rinst) in Figure 7.2). This propagation stops at the lambda abstractions, which
become annotated with the propagated set of substitutions. Second, when a lambda
abstraction is applied to some argument the annotations of that lambda abstraction are
propagated to the body (Rule (Rappl)). However the type of the argument determines
which substitutions are propagated to the body. The translation from the polymorphic
calculus to CoreCDuce reproduces these two steps: (1) it first pushes the explicit sub-
stitutions into the decorations of the underlying abstractions, and (2) it encodes the
run-time choice of which substitutions to be propagated by a set of nested type-case
expressions.

Consider the following expression

()\(a%a)ﬁa%af')\a%ax'fl,)[{Int/a}7 {Bool/a}] (11.1)

Intuitively, the type substitutions take effect only at polymorphic abstractions. So we
first push the explicit type substitutions into the decorations of the underlying abstrac-
tions. To do so, we perform the relabeling on the expression, namely the application
of @, yielding

A(a%a)%a%a f.)\a%aw.fl’

[{Int/a},{BooL/n}]
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Second, we show how we encode the dynamic relabeling that occurs at application time.
In our example, the type for the whole abstraction is

((Int — Int) — Int — Int) A ((Bool — Bool) — Bool — Bool)

but we cannot simply propagate all the substitutions to the body expression since this
leads to an ill-typed expression. The idea is therefore to use the “binding” type case,
to simulate different relabeling on the body expression with different type cases. That
is, we check which type substitutions are used by the type of the parameter and then
propagate them to the body expression. So the encoding of (11.1) is as follows:

)\((Int%lnt)%lnt%lnt)/\((Boolﬁ\Bool)HBoolﬂBool) f

fe(a— a){Ia} A (o — a){BooYa} 7 CINITS, | ooryy-fal
fe(a— a){Int/}7C| ﬁﬁ?c‘/a}]x.fx]] : (11.2)

fe(a— a){Bool/,}? C[[)\?];o)gi/a}]x.fx]] :
C[A\*7%x.fx]

where C[e] denotes the encoding of e. The first branch simulates the case where both
type substitutions are selected and propagated to the body, that is, the parameter
f belongs to the intersection of different instances of & — « with these two type
substitutions. The second and third branches simulate the case where exactly one
of the substitutions is used. Finally, the last branch denotes the case where no type
substitutions are selected. Note that this last case can never happen, since by typing,
we know that the application is well-typed and therefore that the argument is of type
Bool — Bool or Int — Int (or of course, their intersection). This last case is only here
to keep the expression syntactically correct (it is the “else” part of the last type-case)
and can be replaced with a dummy expression.

Here, we see that the “binding” type-case is essential since it allows us to “refine”
the type of the parameter of a lambda abstraction (replacing it by one of its instances).
Note also that although the binding type case is encoded using a lambda abstraction,
it is a lambda abstraction of CoreCDuce since it is not decorated.

The trickiest aspect of our encoding is that the order of the branches is essential: the
more precise the type (in the sense of the subtyping relation) the sooner it must occur
in the chain of type-cases. Indeed, consider the previous example but suppose that one
tests for (Int — Int) before (Int — Int) A (Bool — Bool). For an argument of type

(Int — Int) A (Bool — Bool), the branch C[ ﬁﬁ%/a}]x.fzn]] would be evaluated instead
a—Qo

of the more precise C[[)\[{Int/a} {Bool/a}]x.fﬂv]]. Worst, if one now tests for Bool — Bool
before (Int — Int) A (Bool — Bool) and if the argument is again of type Int — Int,

then branch C[ ﬁ&%‘l/a}]x. fx] is taken (since the intersection between Int — Int and

Bool — Bool is not empty). This clearly yields an unsound expression since now f
is bound to a value of type Int — Int but used in a branch where the substitution
{Bool/y} is applied.

Definition 11.2.1. Let S be a set. We say that a sequence L = Sy, ..., S, is a sequence
of ordered subsets of S if and only if

o Z(5)=1{So,...,Sn}
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o Vi, je{0,...,n},S;,CS; = i>]j

Given a set S, there exists several sequences of ordered subsets of S. We consider
the sequences equivalent modulo permutation of incomparable subsets and denote by
OrdSet(S) the representative of this equivalence class. In layman’s terms, OrdSet(S) is
a sequence of all subsets of .S such that any subset of S appears in the sequence before
its proper subsets. We also introduce the notation:

{zet;?e;izim

which is short for
rxet1?e; :

T€lp_17€p-1 :
[xet,?] e,
We can now formally define our translation to CoreCDuce:

Definition 11.2.2. Let C[ | be a function from & to &c, defined as

Cle] = ¢
Cla] = =
Cl(er,e2)] = (Clea], Cle2])
Clmi(e)] = mi(Clel)
Cler es] = Cleq] Cleo]
C[[6€t761 2]] [[ ]]€t7C[[61]] : C[[GQ]]
Acﬂf[UJ]JEJH = C[eQ[oyljes]
[[ i€l H“51'%, 6]] W\iel, jegtioj—5i0j 40

lojljes
{x etp ?C[eQlo;]jocP] FPeordset(1x.)

where tp = \(; jep tio; and j o< P means that j € {k | 3i. (i,k) € P}.

We must show that this translation is faithful, that is that given an expression and
its translation, they reduce to the same value and that both have the same type. We
proceed in several steps, using auxiliary lemmas. First we show that the translation
preserves types. Then we prove that values and their translations are the same and
have the same types. Lastly we show (at the end of the section) that the translation
preserves the reduction of well-typed expressions.

We prove that the translation is type-preserving (Lemma 11.2.4). We first show an
auxiliary lemma that states that the translation of relabeled expression preserves its

type:

Lemma 11.2.3. Let e be an expression and [0j]jcs be a set of type-substitutions. If
AT F eQlojljey : t, then T' ¢ CleQ[o;]je] : .

Proof. The proof proceeds by induction and case analysis on the structure of the typing
derivation e.
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(subsum): the typing derivation has the form:

AT FeQlojljey:s s<t
AT+ eQlojljer i t

(subsum)

By applying the induction hypothesis on the premise, we have I' ¢ Cle@Q[o;]j¢] :
s. Since s < t, by subsumption, we have I' k¢ Cle@[o;]c /] : t.

(const) e = c: here, CleQ|o;]jc] = eQ[o;]jes = c. Trivially, we have
I' o CleQlojl e ] : be

(var) e = x: similar to the previous case.

(paz'r) e = (61, 62): e@[gj]jej = (61@[Jj]je], 62@[Uj]jej) and
CleQ[o;]jes] = (Cle1@[oj] ], Cle2@[o;] e5]). The typing derivation ends with:

A 5 'k 61@[O—j]jej N A 9 'k 62@[Uj]jeJ D) (pai’/“)
AsT'F (61@[0]']]‘6],62@[0]']]‘6]) : (81 X 82)

Applying the induction hypothesis on each premise, we obtain I' ¢ Cle; Q[o;] je./] -
s;. We conclude by applying rule (Cpair), which gives us

I't¢ (ClerQ[oj]jes], Cle2@[oy]je]) « (s1 % s2)

that is I' F¢ C[[(el,eg)@[(fj]je]]] : (81 X SQ).

(proj) e =mi(e'): here, eQlo;]je; = mi(e'Qloj]je,) and CleQ[o;]je] = mi(Cle'Q[o;]je]).-

The typing derivations ends with:

A;F H 6,@[0]']]'6] 1t X to
A;I‘I—m(e’@[aj]jej) it

(proj)

By induction, we have I' ¢ C[e/Q[o;]je ] : t1 x t2. We conclude this case
by applying rule (Cproj), which gives us I' F¢ m;(Cle’Q[oj]jes]) : i, that is
r l_C C[[ﬂi(e’)@[aj]jeJ]] : ti.

(appl) e = erez: here, eQlojljcs = (e1Q[0]jer)(e2@Q[0;]je7) and

CleQ[o;]jes] = Cle1Q[o]cs[Cle2@Q[o;]je ] The typing derivation ends with:

AT FeQojljes it =5 AT eQ@lojljcy:t
AT F (e1Qloj]jer)(e2Q[o]je) : s

(appl)

We apply the induction hypothesis on the premises and obtain I' k¢ Ce1Q[o;] je 1] :
t — s and I' ¢ Cle2@[oj]jes] : t. Then the rule (Cappl) gives us the result:
I' ¢ Cle1Qloj]jcs]Cle2@Q[o]je] : s, that is I' ¢ Cl(e1e2)Q[o;]jeq] : 5.
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(abstr) e = )\f;’ke]; Z:Six.e’ : unsurprisingly, this case is the trickiest. We have

Nierti—>s;

e@[aj]jGJ = )‘[UﬂjeJO[Udke

Kx.e’ , and the typing derivation ends with:

Viel,jeJ ke K. A'3T,(x:ti(oj00k))F €Qlojooy]:si(oj00)

(abstr)

o Nigrti—s; /. oy s
AT E AT olonlkex €t Nierjespex til05 0 k) = si(0j 0 on)

Let us consider Definition 11.2.2 in which we replace o; by o; o 0;.. We obtain:
[ Nierti=si z.] = ANiel,jeskekti(0500k)—si(0500%) 4
lojljesolonlvex ™" ) :
{zetp7Cle'Qlo; o 0k](j k)Pt PeOraset(1x Tx k)

where tp = /\(; ; pyep ti(oj 0 o) and (j, k) o< P means that 3i. (i, j,k) € P. Let
us consider the premises of the (abstr) rule. For each arrow type t;, (o, © o%,) —
Sio(0jo © Ok, ), We need to prove

F, (ZL‘ . tio(gjo o Uko)) l_C
{z etp ?Cle'Q[o; 0 01 (jk)xPl} PeOraset(rxix k) * Sio(Tjo © Oky)

or, said differently, that each branch of the type case is either not type-checked or
if it is, that it has type s;,(0j, 0 ok, ). Let us consider any branch whose condition
type is tp.

First let us remark that if (ig, jo, ko) (the triple that defines the type of ) is
not in P, then the branch is not type-checked. Indeed, since the branches are
ordered according to OrdSet(I x J x K), if (ig, jo,ko) ¢ P, then there exists
P" = P U{(io,jo, ko)}. Since P C P’ the branch whose condition type is tps is
placed before the one with type tp in the type case. We can therefore deduce
that for the case tp, x has type t;,(0j, 00%,) Atp A-tpr A= ... ~ O (the negations
coming from the types of the previous branches —including ¢ p/— that are removed,
see rule (Ccase-var)). Since x has type 0 the branch is not type-checked.
Therefore we can assume that (ig, jo, ko) € P and that the branch is taken. In
this branch, the type of x is restricted to:

t/P: /\ ti(O'jOO'k)/\ /\ —\ti(O'jOO'k)
(i.5,k)EP (i,5,k)E(Ix I X K)\ P
We now only have to prove that:
F, (:L’ . t})) l_C (E[[e/@[aj o O'k](j,k)fo]] * Sig (Ujo e} ng)

for all ¢, such that (i, jo, ko) € P and ¢/, % 0. Based on the premises of the rules
(abstr), by Lemma 7.4.14, we get

A’;( /\ F),(x:tp)Fel@[UjOUk](jk)ocp: /\ Si(JjOUk)
(i.g,k)eP (i.g,k)eP
Then following Lemma |7.4.8, we have

AT (22 tp) F€Qlojo bl s [\ silo5000)
(i.j;k)eP
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on to which we can apply the induction hypothesis to obtain:

T, (z: tp) Fo Cle'Qloj 0 op](jmyacp] : /\ si(oj o op)
(¢,5,k)eP

Since (o, jo, ko) € P, we have /\(i,j,k)eP si(oj o or) < Sio(0j, © Oky). The result
follows by subsumption.

(case) e = (eg€t?eq : e2): here, eQloj]jcs = (e0Q[oj]jes€t 7 €1Q[0}]jcs : €2Q[0;]je)
and C[[e@[aj]jej]] = C[[eo@[aj]jej]]Gt ? C[[el@[O'j]jeJ]] : C[[eg@[aj]jeJ]]. The typing
derivation ends with:

'Lt = AsT'FeQojljes:s

AsT F 60@[0']']]'6] ot

tlﬁt = A;FFQQ@[U]']]'EJ:S

case
A;F F (eo@[o'j]jejet?el@[o'jb‘ej : 62@[Uj]jej) .S ( )

By induction hypothesis, we have I' k¢ Clleg@[o;]jes]) : ' and I’ k¢ Cle; Q[oj] 5]
s. We can apply the typing rule (Ccase), which proves this case.

(instinter) e = €'[oy]icr: here, eQoj]jes = €'Q([0; 0 0i](ji)e(sxr)) and CleQ[oj]jes] =
Cle'Q([oj00i](ji)esx1)]- By induction on €', we have T' -¢ Cle'Q[oj004] (j iye(rxn)] :
t, that iS, r |_C C[[(e’[ai}iej)@[aj}jej]] i t.

O]

Lemma 11.2.4. Let e be an expression. If AsT'Fe:t, then ' ¢ Cle] : t.

Proof. We proceed by case on the last typing rule used to derive the judgment AsI' +
e : t and build a corresponding derivation for the judgment I' ¢ Cle] : ¢.

(const): AsT'F c: b, and C[c] = ¢. It is clear that I' F¢o ¢ : b.

(var): AgT F 2 :T'(x) and Clz] = x. It is clear that I' ¢ o : T'(z).

(pair): consider the derivation:

AsTher:t1 AslbFes:t

A eIk (61,62) 1t X to (pCLZT')

Applying the induction hypothesis on each premise, we get I' ¢ Cle;] : ¢; (for
i = 1..2). Then by applying (Cpair), we get I k¢ (Cle1], Cle2]) : (t1 x t2), that
iS, T l_C C[[(el,ez)]] : (tl X tQ).

(proj): consider the derivation:

AsT'Fe:ty Xty

AsTF mle) : t; (proj)




232 CHAPTER 11. COMPILATION INTO CORECDUCE

By induction, we have I ¢ C[e] : t1 X t2. Then by (Cproj), we get T' k¢ m;(Cle]) :
t;, and consequently I' - Clm;(e)] : t;.

(appl): consider the derivation:

AsT'Fep:t— s AgI‘l—eg:t( ir)
AsTFees:s parr

By induction, we have I' ¢ Cle1] : t — s and T' k¢ Cflez] : ¢t. Then by (Cappl),
we get I' o Cle1]Cllez] : s, that is, I' ¢ Cleres] : s.

(abstr): consider the derivation:

Viel,jeld A'§T, (x: t,aj) F eQlo;] : sio;

A = AUvar(/\ZeIJEJtZUJ — 5;05) (abstr)
AT \Veti=sig o0 A tio; — 8;0; e
[o5]ie0 “Niel,jeg tigj i0j
According to Definition 11.2.2, we have
CINSEI e = Xhiersesbni=osg {a e tp ? Cle@o;| o} peoraseri)

where tp = A(; jyeptioj, j o< P means that Ji. (i,j) € P. Then for each arrow
type ti,0j, — Siy0j,, we need to prove that
L,z :tiyoj Fo{zetp ?CleQ[oj]jp]} Peordset(rx.7) * SinTio

Similar to the proof of Lemma 11.2.3 for every branch P such that (ig, jo) € P
(since otherwise, the branch is not type-checked) and t), % 0, we need to prove
that

L,z : th o Cle@loj]jnp] : Siy0jo

where th = A\ ep tioj A N jyerxnp tioj. Using Lemma 7.4.14, we get
A ( /\ D), (x:tp) F eQoj]jxp : /\ ;0
(i.5)eP (i.5)eP

Then following Lemma [7.4.8, we have

A'sT,(z:tp) b eQloj]jup : /\ 5,0
(i.)ep

By Lemma 11.2.3, we get

L, (z:tp) Fo CleQloj]jxp] /\ 5i0;
(i,9)eP

Since (io,jo) € P, we have A\; ycpsioj < si,0j, and the result follows by sub-
sumption.



11.2. TRANSLATION TO CORECDUCE 233

(case): consider the following derivation

VL ~t = Aslter:s
AsTre:t
<t = AsTlhkes:s
AsTF (ect?e;:ez): s

(case)

By induction, we have I' ¢ Cle] : ¢ and T' ¢ Cle;] - s. Then by (Cease), we get
I' ¢ (Cle]et? Clei] : Clez]) : s, which gives I' o Clect ey : ea] : s.

(instinter): consider the following derivation:
AsT'Fe:t oj A
AT Felojljes - /\jejtaj

According to Corollary 7.4.13, we get AT - eQ[o;]jer : /\jeJ toj. Then by
Lemma 11.2.3, we have I' F¢ Cle@[oj]jes] : e toj, that is, I' F¢ Cle[o]je ] -

(instinter)

(subsum): there exists a type s such that

AsThe:s s<t
AsTke:t

(subsum)

By induction, we have I' k¢ C[e] : s. Then by subsumption, we get I' F¢ Cle] : ¢.
O

Although desirable, preserving the type of an expression is not enough. The trans-
lation also preserves values, as stated by the following lemma:

Lemma 11.2.5. Let v € ¥ be a value. Then Clv] € ¥¢.
Proof. By induction on v.

c: it is clear that C[c] € ¥¢.

Nicrti—s; . Nierti—s;
orlker L€ clearly, (D[[)\[Uk]keK x.e] € Y.

(v1,v2): Clv] = (Cvi], Clvz]). By induction, we have Clv;] € Yc. And so does
(], Clea]) € Yo

O]

Relating arbitrary expressions of the core calculus and their translation in CoreCDuce
is tricky. Indeed, since the translation forces the propagation of type substitutions,
then expressions of the polymorphic calculus that are not well-typed may have a
well-typed translation. For instance, the expression (A*7%z.3)[{Int/y}] is not well-
typed (since the inner A-abstraction is not), but we can deduce that its translation
Cl(A*72.3)[{Int/q}]] has type Int — Int. To circumvent this problem, we restrict
ourselves to values for which we can show that a value and its translation have the
same minimal type:
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Lemma 11.2.6. Let v € ¥ be a value. There exists a type t such that
1. Fv:t and for all s if-v:s thent <s;
2. Fo C[v] : t and for all s if F¢ Clv] : s then t < s.

Proof. By induction on v.

c: C[c] = e. Tt is clear that t = b,.

Nicrt; —8; . .. . . e .
[GZTE’J ‘z.e: according to Definition 11.2.2, we have Cv] = N‘ieriestioi=si%ig ¢,
J13

Note that C[_] does not change the types in the interface. Therefore, t =
Nier jes tio; = sioj.

(v1,v2): Clv] = (Cv1], Clve])). By induction, there exists ¢; such that (a) b v; : ¢; and
for all s if - v; : s then t; < s, and (b) F¢ Clvi] : ¢; and for all s if F¢ Clvg] : s
then ¢; < s. Then, let ¢t = (¢1,t2) and the result follows.

O]

We now want to show that the translation preserves the reduction, that is that if
an expression e reduces to €' in the polymorphic calculus, then C[e] reduces to C[e’]
in CoreCDuce. Prior to that we show a technical (but straightforward) substitution
lemma.

Lemma 11.2.7. Let e be an expression, x an expression variable and v a value. Then
Cle{v/z}] = Clel{Clvlz}.

Proof. By induction on e.

c:

Cle{vz}] = Cld

A Clola}
= C[{Clvlz}

I

Cly{vztl = Cly]

Yy
= y{Clvlz}
= Clyl{Clvl/z}

Cla{vz}] = Clv]
= 2{C]}
= Clz{Clvlz}

153

(e1,e2):

Cl(er, e2){¥z}] = Cl(ea{/a}, ea{¥fa})]

(Clex {v/a}, Clea{v/a})

(Cles{Clvla}, Clea]{Clvz})  (by induction)
(Clea], Clea]) {Clvlz}

= Cl(ex, e2)[{Clvlc}
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mi(e'):

Clmi(e){vf}] = Clmi(e'{v2})]
mi(Cle'{¥/a}])

(e
Cle
7 (C[e']{Clv]/x}) (by induction)
(CE[e

’]]){C[[”/a:}
Clmi(e){Clola}
€1€9:

Cl(erea){vx}] = Cl(er{¥a})(e2{v/a})]
Cle1{v/z}Clea{v/a}]
(Clea]{Clvla}) (Cleal{Cl¥l/z})  (by induction)
(Clea]Clea]){Clol/z}
Clereal{Clvl/z}

z.ep: using a-conversion, we can assume that tv(v) NJ;c; dom(o;) =0

Nierti—s;
lojles

SIS 2 eo){ta}]

J

SIS o o)

Nhieniestioj=5i% 5 {z e tp 7 C(eo{V/x}) Qo] jocP]} Peordset(rx.)
NNieniestoi=9% ; {z e tp ? C(e0Q[oj]jocp ){ ¥/} ]} Peordser(rxsy  (Lemma [7.4.5)
NNieriestio=%% ; {z e tp 7 CleoQ[oj] joc P[{CI )} peoraser(rx.s)  (by induction)
(Mhieliestioi =595 2 {z e tp ? Cleo@[o]jocP]} Peordset(rx.r) ) {ClV1z}

Cﬂ)‘[«fe]jt T zeo] {Clolz}

J

et eyt eo:

Cl(eot 7 €1 : e2){v/z}]

Cl(eo{v/a})et ? (er{¥a}) : (e2{v/x})]

Cleo{v/z}]€t ? Clei{¥/a}] : “3[[62{%}]]

Cleo]{Clvl} et 7 (Clea]{Clv]/x}) : (Clex]{CIvl}) (by induction)
(Cleolt 7 Cler] - Cleal){CTT}

C[[€0€t 7er: 62 {C[[U]]/x}

e'[oj]jes: using a-conversion, we can assume that tv(v) NJ;c; dom(o;) =0

Cl(e[ojlje) ¥}l = Cl(e{va})lojljesl
Cl(e'{v/z})Qlo;]5e]
Cl(e'Qoj]jer){vx}] (Lemma 7.4.5)
Cle'Q[oj];es[{Clvl/x} (by induction)
Cle'[o5]je1{Clo i}

O

We can now show that our translation preserves the reductions of the polymorphic
calculus.

Lemma 11.2.8. IfT'Fe:t and e ~ €, then Cle] ~¢ C[€']. More specifically,
1. if € ~(Rinst) €', then Cle] = C[e'];
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2. if e ~(gy € and (R) # (Rinst), then Cle] ~{, C[e].

Proof. By induction and case analysis on e.

/\ielti_%si

< z.eg: irreducible.
[U] ],7 eJ

Cy T O A

(e1,e2): there are two ways to reduce e:
(1) e1 ~» €. By induction, Cfei] ~»¢ C[e}]. Then we have (Cle1], Cleza]) ~¢&
(Clel], Cleal), that is, Cl(ex, e2)] ~% CI(¢}, )]
(2) e1 = v1 and ep ~ €5. By induction, Cles] ~+¢ C[e5]. Moreover, according to
Lemma 11.2.5, Clv1] € #¢. So we have (Clv1], Clez]) ~& (Clv1], Cles]), that is,

Cl(v, e2)] ~¢ Cl (w1, e3)]-

mi(ep): there are two ways to reduce e:
(1) eg ~» €p. By induction, Cleg] ~¢ Cleg]. Then we have m;(Cleg]) ~~¢
mi(Cleg]), that is, Clm;(eo)] ~& Clmi(ep)].
(2) eg = (v1,v2) and e ~» v;. According to Lemma 11.2.5, C[(v1, v2)] € #¢. More-
over, C[(v1,v2)] = (CJv1], Clvz])). Therefore, m;(Clv1], Clvz]) ~¢ Clvi], that is,
C[[ﬂ'i(?]l,UQ)]] ~ o C[[UZ]]

ejeg: there are three ways to reduce e:
(1) er ~ €|. By induction, Cle;] ~¢ C[ej]. Then we have Clei]Clea] ~¢
Clé)]Clez], that is, Cleiea] ~& C[é]e2].
(2) e1 = v and ez ~» €5. By induction, Cles] ~7 C[es]. Moreover, according
to Lemma [11.2.5, Clv1] € #c. So we have Clv1]C[ez] ~»¢ Cluvi]C[es], that is,
Clviea] ~¢ Cgvleé]].
(3) e1 = )\f(\;ﬁjelfslx.eo, ex = vp and ejez ~ (e9Q[o;]jep){v2/z}, where P = {j €

J|Jiel Fwy:tioj}. According to Definition 11.2.2, we have
Cler] = MVietiestioi=si% g {xetp? Cleo@[o;]jocP]} PeOrdset(rx)

(recall that tp = A\(; ;)eptioj and j oc P means that j € {k | 3i. (i,k) € P}).
By Lemma 11.2.5, Clva] € #¢. Let Py = {(4,4) | F v2: tijo;}. Since - vy : ti05,
by Lemma 11.2.4, we have F¢ Cluva] : tijo;. Then we get F¢ Cluva] : tp,.
Therefore, Cle1]Clva] ~¢ Cleo@o;]jocr, [{Clv2l/z}. Moreover, by lemma [11.2.7,
Cleo@lo]jocr J{Clv2lfz} = Cleo@lo]jcry {v2/x}], that is, Cl(eo)@[o;]ep{v2/2}],
which proves this case.

ep€t 7 ey : eg: there are three ways to reduce e:
(1) eg ~» €;. By induction, Cleg] ~»§ Cleg]. Then we have

Cleo]et ? Cles] : Clez] ~& Clep]et ? Cler] = Cllez]

that is, Clep€t ? €1 : e2] ~¢ Cleget 7 eq : ea].

(2) e = v, F vg : t and e ~» e;. According to Lemmas 11.2.5 and 11.2.4,
Clvo] € Y¢ and F¢ Cvg] : t. So we have Clug]€t ? Clei] : Clez] ~¢ Clei].

(3) eo = wg, ¥ vp : t and e ~ eg. By lemma 11.2.5, Clv] € ¥¢. Accord-
ing to Lemma 11.2.6), there exists a minimum type ¢y such that - vy : tg and



11.3. CURRENT LIMITATIONS AND IMPROVEMENTS 237

Fo Cluo] = to. It is clear that tg % ¢ (otherwise b vy : ¢). So we also have
¥ ¢ Clvo] : t. Therefore, Clug]€t ? Clei] : Clez] ~>¢ Clez].

eolojljcs: €~ eg@ojljes. By Definition 11.2.2, Clegloj]jcs] = Cleo@[o;] es]. There-
fore, the result follows.

O]

We can finally state the soundness of our translation:
Theorem 11.2.9. Ifte:t and Cle] ~¢ ve, then

1. there exists v such that e ~~* v and CJv] = ve.

2. Fouvo i t.

Proof. Since - e : t, according to Theorem 7.4.17 and |7.4.16, there exists v such that
e ~* vand F v : t. By Lemmas 11.2.8 and 11.2.5, we have Cfe] ~¢ C[v] and
C[v] € ¥¢. From the reduction rules in Figure 2.2, the reduction is deterministic!.
Therefore, Cv] = ve. Finally, following Lemma 11.2.4, we get b ve : t. O

In addition, according to Lemma 11.2.8, the translations of an instantiation ex-
pression e[oj]jcs and of its corresponding relabeling expression eQ[o;];¢; are the same:
this is because the relabeling only propagates type substitutions without “changing” ex-
pressions. Therefore, restricting to the normalized calculus presented in Section [7.4.4,
the translation still possesses all the properties presented above. Note that we can use
Cle] ~¢ C[€] instead of Cle] ~¢ C[e’] in Lemma 11.2.8.

11.3 Current limitations and improvements

The translation we present allows one to encode the relabeling operation using only ba-
sic monomorphic constructs and the polymorphic subtyping relation defined in Chapter
4] . While of theoretical interest, this “blunt” approach has, in our opinion, two impor-
tant drawbacks, that we discuss now before presenting some possible optimizations and
workarounds. First, it is clear that the number of type-cases generated for a function

f:fe]l ‘:ﬁtix.e is exponential in the product of the size of I (the set of overloaded func-
J17

tions that forms the interface of a lambda abstraction) and the size of J (the size of the
set of substitutions applied to a lambda). This not only increases the code-size but also
yields, in the worst case, an exponential time overhead (failing all the type-cases but
the last one). Second, the translation breaks modularity, since a function is compiled
differently according to the argument it is applied to.

Next we hint at some possible improvements that alleviate the issues highlighted
above. The key idea is of course to reduce the number of type cases for the translation
of abstractions.

'Without the restriction of evaluation contexts, we can prove that the reduction satisfies congruence.



238 CHAPTER 11. COMPILATION INTO CORECDUCE

Single Substitution. When only one substitution is present in the label of an ab-
straction, it can straightforwardly be propagated to the body expression without any
encoding:

CﬂAg]Elti_)six.eﬂ = Nherhomsi7g Cle@o]]

Global Elimination. As stated in Section 7.4.1, the type variables in the domain
of any type substitution that do not occur in the expression can be safely eliminated
(Lemma 7.4.10) and so can redundant substitutions (Lemma 7.4.11), since their elimina-
tion does not alter the type of the expression. This elimination simplifies the expression
itself and consequently also simplifies its translation since fewer type cases are needed
to encode the abstraction. For instance, consider the expression

)\ﬁﬁ%/a,Int/BL{Int/wBool/B}]554” (11-3)

Since 3 is useless it can be eliminated, yielding )\ﬁﬁﬁé‘/a} (Tnt), ) T2 Now since the two

type substitutions are the same (the second one being redundant), we can safely remove
one and obtain the simpler expression ﬁﬁ‘?ﬁ‘/ L Finally since only one substitution
(63

(Int—Int)

remains, the expression can be further simplified to A T.T.

Local Elimination. One can also work on the condition type in the generated type
cases and eliminate those that are empty. Consider the translation of (11.3):

C[[)\a%a .Z’JJ]] — A(Int%lnt)/\(lnt%lnt)

[{Int/,Int/3},{Int, Bool/g}) Z.

reInt AInt?x :
relnt?x :
relnt?zx :
rel?x

Clearly, the second and third branches can never be used since they are excluded by
the first branch and the last branch is trivially useless. Thus the translated expression
is equivalent to AI2t=Int)z o More generally, consider a branch zetp?ep in the
translation of C[[)\?‘iﬁjzfsix.e]]. If the type th = tp A \(; jye(rx)\p tio; is 0, then the
branch will never be used. So we can eliminate it. Therefore, the translation of an
abstraction can be simplified as

Niel,je tioj—8i0; .
P YAUS SVISPATA) sz%;g_{xetp?C[[e@[Jj]]o(P]]}PeOrdSet(lxJ)/\tjpgétD

No Abstractions. The reason for encoding an abstraction by a set of type cases is
to simulate the relabeling. In each branch, a modified version of e (the body of the
original function) is created where nested lambda abstractions are relabeled accordingly.
Obviously, if e does not contain any lambda abstraction whose type variable need to
be instantiated, then the type substitutions can be straightforwardly propagated to e:

CIAS! ] = Whieresboi ooy Cle@loy) e ]
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A Union Rule. Consider the following union typing rule

AsT (z:s))Fe:t AsT (x:s9)Fe:t
AsD,(z:s1Vsy) et

(union)

(which is sound but not admissible in our system?®). This rule allows us to simplify the
translation of abstractions by combining the branches with the same relabeling

[[)\/\ielti‘)-si

[o)se s x.€] = N\ieriestioj =59y Lretp ? CleQlo;ljepl} Peordset(s)

where tp = A je p(Vierti)oj. Notice now the ¢;’s are combined inside each tp. The size
of the encoding now is only exponential in |J|.

2We can simulate this union rule with an explicit annotation that drives the case disjunction, see
Section 7.4 in [ECBOg] for more details.
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Chapter 12

Extensions, Design Choices, and
Related Work

In this chapter, we first present some extensions and design choices, such as recursive
functions, type substitution application and/or negation arrows for Rule (abstr), open
type cases, and so on. Finally, we discuss related work.

12.1 Recursive function

It is straightforward to add recursive functions with minor modifications in our calculus.

First, we use the p notation to denote recursive functions, that is /L[/l\f]lzjsl fAx. e
717

(without decoration in the implicitly typed calculus), where f denotes the recursion
variable which can, thus, occur in e. Second, we add in the type environment the
recursion variable f associated with the type obtained by applying the decoration
to the interface, that is Ajer jestio; — s;05. Formally, the typing rule for recursive
functions is amended as

t= /\ tin — 8i0;
ieljed
Viel,jeJ AUvar(t)sI,(f : 1), (x: tio;) F eQ[oj] : s;0

AT F plieh 7% f xp et

lojljes

(abstr-rec)

This suffices for our system: the reader can refer to Section 7.5 in [FCBO§] for a
discussion on how and why recursion is restricted to functions. Finally, we also need
to expand the recursive variable f during (application) reduction, that is to replace f
by the recursive function itself, which is formalized as

(Rappl-rec) ( A"Qt"_wif Az, € )~ (e’@[aj]jgp){ﬂ/\iyti_}sif Ax. e’/f,v/x}

M[Uj]je.l lojlies

where P = {jeJ | Jiel. Fv:to;}

241



242 CHAPTER 12. EXTENSIONS, DESIGN CHOICES, AND RELATED WORK

12.2 Relabeling and type-substitution application

Given a type substitution ¢ and an expression e, the application of ¢ to e, denoted as
eo, is defined as

co= ¢
(61 62)0 = (610) (620)
( f(\;ﬁ{t’ﬂsix.e)a = AT e
jlies [Uj/]JeJ/
(elojljes)o = (eo )[Uj]jeJ

where ¢/ = U‘dom(a)\UjEJ dom(o;)> a;- = (UOO’j)‘U]EJ dom(o;) and o|x denote the restriction
of o to X, that is {0(a)/n | & € dom(c) N X }.

A concession to the sake of concision is the use of the relabeling operation ‘@’
in the premises of both “abstr” rules in Figures 7.1/ and [8.1. A slightly different but
better formulation is to use as premises ... -, eo; : s;0; instead of ... F, e@[aj] D 8,05
Both formulations are sound and the differences are really minimalist, but this second
formulation rules out few anomalies of the current system. For instance, with the
current formulation )\gltﬁlnty.(()\ﬁ_’o‘x.lﬁ)[{Int/a}]y) is well-typed if and only if the
decoration D is a non empty set of types-substitutions (whatever they are). Indeed a
non empty D triggers the use of ‘Q’ in the premises of the “abstr” rule, and this “pushes”
the type substitution [{Int/,}] into the decoration of the body, thus making the body
well typed (taken in isolation,)\ﬁﬁ%/a}]mAQ is well typed while ( ﬁ_}aw.42)[{1nt/a}] is
not). Although the second formulation rules out such kind of anomalies, we preferred
to present the first one since it does not need the introduction of such technically-
motivated new definitions.

There exists another solution to rule out such kind of anomalies. It is easy to
see that these two formulations differ only in the instantiations with respect to the
type-checking. Similar to the relabeling of abstractions, we can also perform a “lazy”
relabeling on the instantiations:

(elojljes)Qloklker = (€lojljcs) oulrex

and the propagation of substitutions occurs, whenever is needed, that is, during either
reduction:
(elojlien) orer ~> €Qorlker 0 [ojlie)

or type-checking:

(instinter’)

where 0} = Uk|dom(ak)\UjGJdom(aj) and a;-“ = (o} © UJ')|UjeJd°m(Uj)' Note that we keep
the restriction of the composition of the substitution o; to be propagated and the
substitutions [0}]jes in the instantiation to the domain of [0}];cs, but push the other
substitutions into the instantiation term e within the rule (instinter’). Thus, the expres-
sion )\glt_”nty.(()\ﬁ_’o‘x.éﬁ)[{Int/a}]y) is not well-typed since we will check Af™%z.42.
However, this solution would make our calculus more involved.
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12.3 Negation arrows and models

In this work we dodged the problem of the negation of arrow types. Notice indeed
that a value can have as type the negation of an arrow type just by subsumption.
This implies that no A-abstraction can have a negated arrow type. So while the
type —(Bool—Bool) can be inferred for, say, (3,42), it is not possible to infer it for
A= Inty (x+3). This problem was dealt in CDuce by deducing for a A-abstraction
the type in its interface intersected with any negations of arrow types that did not
make the type empty [FCBO§]. Technically, this was dealt with “type schemas” a
function such as A™*7tz 1 + 3 has type schema {{Int—Int}}, that is, it has ev-
ery non empty type of the form (Int—1Int) A A;c;~(t;—s}) (and thus, in particular,
(Int—Int) A =(Bool—Bool)). Formally, the typing rule for abstractions in CDuce is

t=Nti—>sin \-(t;— s} t#£0
i€l jeJ
Viel.I,(f:t),(x:t;))Fce:s;

[l pletti=sif \g. e t

(Cabstr-neg)

In our context, however, the presence of type variables makes a definition such as
that of type schemas more difficult. If we take the same definition of type schemas
as CDuce, we would assign the type 0 for abstractions, which is clearly unsound. For
example, as (&« — «) A =(Bool — Bool) is not empty, we deduce that - \*7%x.x :
(o = a) A—(Bool — Bool). Then we can further apply the instantiation rule with the
set of type substitutions [{Bool/,}], yielding the unsound judgment = \Bool—Booly 4. @,
Therefore, a type schema should probably denote only types that are not empty under
every possible set of type substitutions. Thus, considering negation arrows, the typing
rule for abstractions in our system is

A =AU var( /\ tiJj — Sin)
iel,jed
= N\ tio; = siop A\ ot = sh) tEZaO
iel,jeJ keK
Viel,jeJ AT, (z:tio;) F eQloj] : si0;

AT R ANEtiTsig o0 g

lojlies

(abstr-neg)

As witnessed by CDuce, dealing with this aspect is mainly of theoretical inter-
est: it allows us to interpret types as sets of values and the interpretation forms a
model [ECBOS]. In our case, as the presence of type variables, the problem becomes
more complicated. For example, there is no way to deduce either - v : « holds or
F v : =« for any value v and any type variable a. Moreover, does the function
Ant=Inty » + 3 has type @ — a? If it does, then it can be used as a polymorphic
function, which is clearly unsound. If it does not, then we deduce that it has =(a — «)
and thus we get = A%y 2+ 3. Int — Int A —(a — «). We can then apply the in-
stantiation rule with {Int/y}, yielding the unsound judgment - A\™*=I8t 3 » 1.3 : 0. The
problem is that without any meaning (or assignment) of type variables, the meaning
of a non-ground type is not clear.
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Therefore, we first focus on the ground types 7o and study a possible interpretation
for the ground types':

[tlo={ve? |Fuv:s,sCyt}.

Under this interpretation, the interpretations of ground arrow types contain not only ab-
stractions with ground arrow types but also abstractions with non-ground arrow types.
For example, the interpretation of Int — Int contains not only the value \I**—Inty e
but also the value A*7“z.e (since A* *z.e can be instantiated as AT** 712y e@{Int/,}).

Next, we can prove that the interpretation is a model for ground types (and thus
¥ is a solution to D = € + D? + P;(D?), where € = Jyc 4[blo U [1 — O]).

Lemma 12.3.1. Let b be a basic type, and ty,ts,t,s € To ground types. Then
(1) [b]o = {c | be < b};
(2) [[tl X tQ]]v = {(Ul,UQ) | Fop:sg, s Lo ti},'

(3) [t — s = {Af;ﬁjf_gﬁ%.e €V | Nerjestio; — sio; Syt — s};

(5) [tr Atalo = [ta]w N [t2]o;
(6) [-tlo =7\ [t

(7) [tr V t2]o = [t2]o U [t2]v;
8) [ty =0 <=t ~0.

Proof. (1),(2),(3): similar to the proof of Lemma 7.4.3.
(4): we prove the following statement:

YweV VseT. Fvis=sy0

by induction on the typing derivation:

(const): straightforward.

(pair): v = (v1,v2), s = (s1 X s2) and - v; : s;. By induction on F v; : s;, we have
si Zp 0 and thus (s; X s2) Zp 0.

(abstr-neg): v = )\fz;ﬁjzjsix.e and s = N\;c;(ti = si) A Njes ~(t; = 8j). One of
the premises of the rule is s Zy 0.

(subsum): Fv:s and ¢ < s. By induction on F v : s, we have s’ Zy 0 and thus

s Zy 0.
Therefore, Vv € ¥. v ¢ [0],, that is, [0], = 0.

! Another solution is that we could parameterize the typing judgment with a semantics assignment
7, which gives the interpretation for type variables (and thus non-ground types). We leave it for future
work.
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(5): we first prove the statement
if t < s then [t], C [s]y (*).

Consider any v € [t],. There exists ¢’ such that Fv: ¢ and ¢/ Cyt. Ast <s, we
have t' Ty s. So v € [s],. Therefore, [t], C [s].-

Applying (*) on t; Aty < t;, we get [t1 A ta], C [ti]v, and thus [t; A ta], C
[[tl]]v N [[t2]]v-

Considering any value v in [t1], N [t2]v, there exists s; such that - v : s; and
s;i Cg ti. Then v : sy Asy by Lemma|7.4.2 and s; Asa Ty t1 Aty by Lemma|9.1.4.
Sowv € [[tl A tg]]v. Hence [[tl]]v N [[tg]]v - [[tl VAN tQ]]U.

(6): since t A it ~ 0, we have

[t N [—t]o = [t A —t], = [0], = 0.
It remains to prove that [[¢], U [-t], = ¥, that is,

Yo e ¥ NteTy. (Is1.Fwv:syand sy 5y t)

or (Is3. F v : s9 and sy Ty —t). (12.1)

We prove (12.1) by induction on v and a case analysis on the pair (v,t).
First, to simplify the proof, given a value v, we use T to denote the set

{teTo

(3s1. AgT Fov:s;and s Ca t)
or (Isg. A¢T'F v : sy and so Ca —t)

and prove the following statement
T contains 0 and is closed under V and — (and thus A)  (xx).

It is clear that 7' is closed under — and invariant under ~. As AsT'F v : =0(~ 1),
then 0 € T. Consider t1,to € T. If 3s € 7. AsI' v : sand s Ca t1 V to, then
the statement holds. Otherwise, Vs € T. AsT'F v :s= s LA t1 Vta. Then we
have Vs € T. AgT' v : s = s [ZA t;. Since t; € T, then there exists s; such
that AT’ F v : s; and s; EA —t;. By Lemma 7.4.2) AsT'F v : s1 A sg, and
by Lemma 9.1.4, s1 A s9 Ca ity A —ite, that is, s1 A sg Ca —(t1 V t2). Thus the
statement holds as well.

Thanks to the statement (%), we can assume that ¢ is an atom a. If v and a
belong to different kinds of constructors, then it is clear that - v : —a. In what
follows we assume that v and a have the same kind.

v=c: we have b ¢ : b.. As b, is a singleton type, we have either b, < a or
be < —a. Thus, either b. Ty a or b. Ty —a.

v=(v1,v2),a =11 X ta: if Is;. Fv; 1 s; and s; Ty t;, then - (v, v2) @ (s1 X s2) by
(pair) and (s1 X s3) Cy (¢1 X t2) by Lemma 9.1.4. Thus (12.1) holds.
Otherwise, assume that Vs;. - vy : s1 = s1 £y t1. Then by induction, there
exists s such that F vy : s] and s] Ty —t;. Besides, - vy : 1 always holds.
Thus, we get b (v1,v2) : (8] x 1) and (s) x 1) Cy (=1 x 1) < —(t1 X t2).
(12.1) holds as well.
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v = [A;]E]ji’jslxe, a=t— s: wehavelF v : /\iel’jeJtin — si05. It \

sioj Cg t — s holds, thus (12.1) holds. Otherwise, we have ;. ;c;tio; —

sioj Lyt — s. Since t — s is a ground type, we deduce that /\iel,jejtigj —
sio; N (t — s) Lp 0. By (abstr-neg) and (subsum), we get = v : =(t — s).

icl jeg tioj —

(7): consequence of (5) and (6).

(8): <: by (4).
= since t is ground, we have [[t]n = [t]n for all n and 7. So we can write [t] for
[t]n where n is any semantics assignment. We prove the following statement:

Vi € To. [t] # 0 = [t], # 0

which implies that [t], = 0 = [t] = 0 (ie, Vn.[t]n = 0). Thus t ~ 0. Since [t] # 0,

there exists at least one element d € [t]. We prove the statement by induction on

d.

d = c¢: we have ¢t ¢ : b.. Since b, is a singleton type, we have [b.] C [t] and thus
b, < t. Hence b. Ty t and a fortiori ¢ € [t],.

d = (d1,dz): we can find (P,N) € dnf(t) such that d € [\ «,)epl(t1 x t2)] \
U, xiy)e NIt x t5)]. According to set-theory, there exists N’ C N such
that dy € [s1] and da € [s2], where

1= /\(t1 Xt2)EP tr A /\(t’lxt’z)EN’ _‘tll
/
52 = Nt xta)ep 22 N N, xeyen\ne 7o

By induction on d;, we have [[s;], # 0 and thus [s; X s2], # 0. Besides, by
Lemma 4.3.9, we get (s1 X 82) < /\(, xs,)ep(t1 X t2) /\/\(tllxté)eN(t’l x th) and
thus (s1 X s2) < t. According to the statement (%) in the proof of (5), we
deduce that [t], # 0.

d={(d1,d}),...,(dn,dy)}: wecanfind (P, N) € dnf(t) such that d € (,, s, e pl(t1 —
t2)\U s u)enl(ty = 85)]. Wewrite ¢’ for A,y yep(ty = L) AN yen (b —
t). Then we get ¢ £ 0 and thus ¢ Zy 0. Let us take the value v =
MA(H—*Q)EP(“_”Q)]“. Ax. fz. By (abstr-neg), we have - v : t'. Moreover, it is
clear that t' < t. Therefore v € [t]), (ie, [t], # 0).

O

Finally, similar to the techniques used in the proof of Corollary 4.6.8, we can extend
this model to a convex value model for all the types by adding semantics assignment
7, for type variables.

In addition, concerning the circularity problem mentioned in Section 2.1, based on
the value model, we define a new subtyping relation as

def

s<,t <= Vne 2V [s]lun C [tlon

Then we prove that these two subtyping relations < and <, coincide (Theorem 12.3.2),
so we close the circularity.

Theorem 12.3.2. Lett be a type. Thent ~ 0 <=1t ~, 0.
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Proof. =: straightforward.

<: we proceed by contrapositive: if In.[t]n # O then In,.[t],n, # 0. Similar to the
proof of Lemma 4.6.5, we use the procedure explore pos(t) to construct a value v
and an assignment 7, such that v € [[t],7,, where the set from which we select the

elements is ¥ instead of D. The existence of v and 7, is ensured by In.[t]n # 0.
O

12.4 Open type cases

As stated in Section 7.1, we restrict the condition types in type-cases to closed types.
This was made by practical considerations: using open types in a type-case would have
been computationally prohibitive insofar as it demands to solve tallying problems at
run-time. But other motivations justify it: the logical meaning of such a choice is
not clear and the compilation into monomorphic CDuce would not be possible without
changing the semantics of the type-case. We leave for future work the study of type-
cases on types with monomorphic variables (ie, those in A). This does not require
dynamic type tallying resolution and would allow the programmer to test capabilities
of arguments bound to polymorphic type variables.

Moreover, there is at least one case in which we should have been more restrictive,
that is, when an expression that is tested in a type-case has a polymorphic type.
Our inference system may type it (by deducing a set of type-substitutions that makes
it closed), even if this seems to go against the intuition: we are testing whether a
polymorphic expression has a closed type. Although completeness ensures that in some
cases we can do it, in practice it seems reasonable to consider ill-typed any type-case
in which the tested expression has an open type (see Section |9.3)).

12.5 Value relabeling

We require the semantics for our calculus to be a call-by-value one to ensure subject
reduction? (see Section 7.3). However, the notion of reduction for instantiations is

elojljes ~ eQloj]jer

which does not conform to call-by-value, as e may not be a value. There indeed exists
a conforming one®:

v[ojljes ~ vQ[oj]je.

This conforming reduction yields a different semantics, with respect to which the
type system can be proved to satisfy the safety property as well. This follows from
the fact that the second notation is a restricted version of the first notation. The
main difference between these two semantics is the case where the expression e ap-
plied by the set of type substitutions is/contains a type case. Take the expression

2Note that the use of call-by-name would not hinder the soundness of the type system (expressed
in terms of progress).

3In system F, the notion of reduction for instantiations is: (Aa.e)[t] ~ e{¥/n}, where Aa.c is a value
in system F.
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(A*7%z.x€Int — Int ?true : false)[{Int/y}] for example. Under the first notation,
the set of type substitutions is applied to A*7*x.x€Int — Int ?true: false first,
yielding A\ 710ty p€Int — Int ? true : false (note that the set of type substitutions
modifies the type of the argument of the type case). Then the type test is checked.
As the type test is passed, the expression reduces to true at last. While under the
second semantics, the type test is checked first. As the test fails, the type case reduces
to false, on which the set of type substitutions is applied, which does not affect the
value false (ie, the set of type substitutions is useless here). It looks a little strange
that the type a — « is in the scope of {Int/y} but not be affected from it. Therefore,
we prefer the first semantics. Moreover, it is more difficult to compile our calculus
to CoreCDuce with respect to the second semantics as we should not propagate the
set of type substitutions to the argument of type-cases (which is different from the
relabeling).

12.6 Type reconstruction

Finally, to make the programmers’ tasks easier, we would like to reconstruct the inter-
faces of abstractions, namely, to assign types for abstractions. Taking full advantage
of the type tallying problem, we can infer the types for expressions, and thus those
in the interfaces of abstractions. To this end, we define an implicit calculus without
interfaces, for which we define a reconstruction system.

Definition 12.6.1. An implicit expression m is an expression without any interfaces
(or type substitutions). It is inductively generated by the following grammar:

m == c | x| (mm) | m(m) | mm | pf Ae.m | met?m:m

The type reconstruction for expressions has the form I' - e : ¢ ~ &, which states
that under the typing environment I', e has type t if there exists at least one constraint-
set C' in the set of constraint-sets S such that C are satisfied. The type reconstruction
rules are given in Figure 12.1.

The rules (RECON-CONST), (RECON-VAR), (RECON-PAIR), (RECON-PROJ),
(RECON-APPL), and (RECON-ABSTR) are standard but differ from most of the type
inference of other work in that they generate a set of constraint-sets rather than a single
constraint-set. This is due to the type inference for type-cases. There are four possible
cases for type-cases ((RECON-CASE)): (i) if no branch is selected, then the type to
inferred for the argument mg should be 0 (and the result type can be any type); (i) if
the first branch is selected, then the type tg should be a subtype of £ and the result type
a for the whole type-case should be a super-type of the type t; inferred for the first
branch my; (4i4) if the second branch is selected, then the type to should be a subtype
of =t and the result type « should be a super-type of the type 9 inferred for the second
branch mg; and (iv) both branches are selected, then the result type « should be a
super-type of the union of ¢; and ty (note that the condition for ¢y is the one that does
not satisfy (¢), (#¢) and (iii)). Therefore, there are four possible solutions for type-cases
and thus four possible constraint-sets. Finally, the rule (RECON-CASE-VAR) deals with
the type inference for the special binding type-case introduced in Section [11.1.
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T Tr e b (0] (RECON-CONST) FTr o T() < (0] (RECON-VAR)

T'krmiity ~ &1 't mg:ty ~~ Sy
I'bkgr (ml,mg):tlxtgwsl NSy

(RECON-PAIR)

'trgm:t~8
I'kr wz(m) coy ~ ST {{(t,g,al X ag)}}

(RECON-PROJ)

Fl—leit1W81 Fl—ngttQWSQ
I'kr m1m2204«~>51[—|52|_|{{(t1,§,t2 —)Oz)}}

(RECON-APPL)

L(fra—=p0),(x:a)Frm:t~S
Dhr pf Azm:a— 5~ STH{{(t, <, 0)}}

(RECON-ABSTR)

F"RmottOWS() (m0¢X)

T l—R my 1 ~ 81

I'tr mg ity ~» Sy

S= (SoMn{{(to,<,0),(0,<,a)}})
U (So M S M {{(to, <, 1), (t1, <, )} )

(So M S2 M {{(to, <, =), (t2, <, @) }})

(So S NS M {{(to, <, 1), (t1 Via, <, )} })
I'Fr (mo€t?my :mg) v~ S

C

U

(RECON-CASE)

()/\t)l—leztlwé‘l
( ) —\t) FR m2't2’\"‘>82
{

(z:T
I(x:T
E {(T(2), <,0), (0, <, ) }})
(
(

S

&

Sll—l{{( ( )7§7t)7(t17§7a)}})
Sy M{{I'(2), <, —t), (t2, <, ) }})
81|_|82|_|{{( ( )>§a1)7(t1\/t27§’05)}})
F'Fr(zet?my:mg):a~S

[ i |

(RECON-CASE-VAR)

where «, a; and S in each rule are fresh type variables.

Figure 12.1: Type reconstruction rules

The idea of the type reconstruction is that, given an implicit expression m and a
typing environment I' (which is always empty), we first collect the set S of constraint-
sets and then infer a possible type ¢t which contains some fresh type variables in S. In
particular, functions are initially typed by a generic function type a — 3, where «, 8
are fresh type variables. Finally, to find solutions for ¢, we just look for any substitution
o that satisfies any constraint-set C' € S. If there are no such substitutions, then m is
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not typable.
Consider an implicit version of map, which can be defined as:

pm Af .M. Lenil ?nil : (f(ml),mf(m2l))

The type inferred for map by the type reconstruction system is a; — ag and the
generated set S of constraint-sets is:

{ {zs = as<az,a5 <au,a3 <0,0 < as},
{ag = a4y < ag,a5 < ay,a3 <nil,nil < as},
{as = oy < ag,a5 < ay, a3 < -nil, (ag X ag) < as} UC,
{as = oy < ag,a5 <ay,a3 <1, (ag X ag) Vnil < a5} UC }

where C' is {aq < a7 = ag, a3 \ nil < (a7 X ag),a; = a2 < a1 — ajg,a3 \nil <
(11 X a12), @10 < a2 — ag}. Then applying the tallying algorithm to the sets, we get
the following types for map:

a1 — (@ — 015)

a1 — (nil — nil)

0— ((017 N a1 X ag A 0112) — (Oé6 X 059))

(047 — Ckﬁ) — ((D — (046 X Oég))

(a7 = ag) = (0 — [og))

0— ((nil V (Oé7 N a11 X ag A 0612)) — (nil V (046 X Oég)))
(a7 = ag) = (nil — (nil V (ap X ag)))

(7 = ag) = ((px. nil V (a7 A agr X ag A x)) — [ag))

By replacing type variables that only occur positively (see Definition 4.6.3) by 0 and
those only occurring negatively by 1, we obtain

1—-(0—0)

1 — (nil — nil)
0—=((1x1)—0)
(0—1)— (0—0)

(- B) = (0 [8)

0— ((nilVv (1 x 1)) — nil)
(0 — 1) — (nil — nil)

(@ = B) = (lo] = [8])

All the types, except the last two, are useless?, as they provide no further information.
Thus we deduce the following type for map:

((a = 8) = (o] = [B)) A ((0 = 1) = (nil = nil))

which is more precise than (o« — ) — ([a] — [5]) since it states that the application
of map to any function and the empty list returns the empty list.

4Similar to the type-substitutions inference for the application problems (see Section |10.2.2), these
useless types are generated from the fact that 0 — ¢ contains all the functions, or the fact that (0 x ¢)
or (t x 0) is a subtype of any type, or the fact that Case (z) in type-cases is useless in practice.
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12.7 Related work

In this section we present some related work only on explicitly-typed calculi for in-
tersection type systems, constraint-based type inference, and inference for intersection
type systems.

12.7.1 Explicitly typed A-calculus with intersection types

This section present related work on explicitly-typed calculi for intersection type sys-
tems by discussing how our term

(AT ooy - (A7) ) (12.2)

is rendered.

In [Ron02 (WDMTQ2], typing derivations are written as terms: different typed
representatives of the same untyped term are joined together with an intersection A.
In such systems, the function in (12.2) is written

()\Int—>1ntx'()\Intﬁlnty.x)x) A (/\B°°1_>B°°1x,()\B°°1_>B°°1y.$)$).

)\Int%lntx ()\Int%lnt )\Bool%Boolx (ABoolﬁBool

Type checking verifies that both y.x)x and
are well typed separately, which generates two very similar typing derivations. The
proposal of [LRO7] follows the same idea, except that a separation is kept between the
computational and the logical contents of terms. A term consists in the association of
a marked term and a proof term. The marked term is just an untyped term where term
variables are marked with integers. The proof term encodes the structure of the typing
derivation and relates marks to types. The aforementioned example is written as

Az : 0.(Ay : 1.2)2)@Q((A0™E.(A1™.0)0) A (A0B°°L.(A1B°°.0)0))

in this system. In general, different occurrences of a same mark can be paired with
different types in the proof term. In [BVBOJ|, terms are duplicated (as in [Ron02]
[WDMT0Q2]), but the type checking of terms does not generate copies of almost identical
proofs. The type checking derivation for the term

(()\Int—ﬂntx' (/\Int—>Int H)\Bool—>Boolx_ (}\Bool—>Bool

y.-x)x) y.z))

verifies in parallel that the two copies are well typed. The duplication of terms and
proofs makes the definition of beta reduction (and other transformations on terms) more
difficult in the calculi presented so far, because it has to be performed in parallel on all
the typed instances that correspond to the same untyped term. Branching types have
been proposed in [WHOZ] to circumvent this issue. The idea is to represent different
typing derivations for a same term into a compact piece of syntax. To this end, the
branching type which corresponds to a given intersection type t records the branching
shape (ie, the uses of the intersection introduction typing rule) of the typing derivation
corresponding to t. For example, the type (Int—Int) A (Bool—Bool) has only two
branches, which is represented in [WHOQ2] by the branching shape join{i = x,j = x}.
Our running example is then written as

AJOIn{l =x,j= *}')\x{izlnt,j:Bool}'()\y{izlnt,j:Bool}‘x)x‘

Note that the lambda term itself is not copied, and no duplication of proofs happens
during type checking either: the branches labeled ¢ and j are verified in parallel.

Y.T)x
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12.7.2 Constraint-based type inference

Type inference in ML has essentially been considered as a constraint solving prob-
lem [OSW97] [PRO5]. We use a similar approach to solve the problem of type unifi-
cation: finding a proper substitution that make the type of the domain of a function
compatible with the type of the argument it is applied to. Our type unification prob-
lem is essentially a specific set constraint problem [AW93]. This is applied in a much
more complex setting with a complete set of type connectives and a rich set-theoretic
subtyping relation. In particular because of the presence of intersection types to solve
the problem of application one has to find a set of substitutions rather than a single
one. This is reflected by the definition of our C relation which is much more thorough
than the corresponding relation used in ML inference insofar as it encompasses instan-
tiation, expansion, and subtyping. The important novelty of our work comes from our
use of set-theoretic connectives, which allows us to turn sets of constraints of the form
s < a < t, into sets of equations of the form a = (8 V s) At. This set of equations is
then solved using the Courcelle’s work on infinite trees [Cou83].

12.7.3 Inference for intersection type systems

Coppo and Giannini presented a decidable type checking algorithm for simple intersec-
tion type system [CG95] where intersection is used in the left-hand side of an arrow
and only a term variable is allowed to have different types in its different occurrences.
They introduced labeled intersections and labeled intersection schemes, which are in-
tended to represent potential intersections. During an application M N, the labeled
intersection schemes of M and N would be unified to make them match successfully,
yielding a transformation, a combination of substitutions and expansions. An expan-
sion expands a labeled intersection into an explicit intersection. The intersection here
acts like a variable binding similar to a quantifier in logic. Our rule (instinter) is
similar to the transformation. We instantiate a quantified type into several instances
according to different situations (i.e., the argument types), and then combine them as
an intersection type. The difference is that we instantiate a parametric polymorphic
function into a function with intersection types, while Coppo and Giannini transform a
potential intersection into an explicit intersection. Besides, as the general intersection
type system is not decidable [CD7g], to get a decidable type checking algorithm, Coppo
and Giannini used the intersection in a limited way, while we give some explicit type
annotations for functions.

Restricting intersection types to finite ranks (using Leivant’s notion of rank [Lei83])
also yields decidable systems. Van Bakel [Bak93] gave the first unification-based infer-
ence algorithm for a rank 2 intersection type system. Jim [Jim9@] studied a decidable
rank 2 intersection type system extended with recursion and parametric polymorphism.
Kfoury and Wells proved decidability of type inference for intersection type systems of
arbitrary finite rank [KW99]. As a future work, we want to investigate decidability
of rank restricted versions of our calculus. A type inference algorithm have also been
proposed for a polar type system [Jim0Q], where intersection is allowed only in negative
positions and System F-like quantification only in positive ones.
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Chapter 13

Conclusion and Future Work

13.1 Summary

XML is a current standard format for exchanging structured data, which has been
applied to web services, database, research on formal methods, and so on. Many
recent XML processing languages are statically typed functional languages. However,
parametric polymorphism, an essential feature of such languages is still missing, or when
present it is in a limited form. In this dissertation, we have studied the techniques to
extend parametric polymorphism into XML processing languages, which consist of two
parts: a definition of a polymorphic semantic subtyping relation and a definition of a
polymorphic calculus.

In Part II, we have defined and studied a polymorphic semantic subtyping relation
for a type system with recursive, product and arrow types and set-theoretic type con-
nectives (i.e., union, intersection and negation). Instead of replacing type variables by
ground types, we assign them by subsets of the domain set. The assignments allow type
variables to range over subsets of any type. Thus we define the subtyping relation as
the inclusion of denoted sets under all the assignments for type variables. The defini-
tion is semantic, intuitive (for the programmer) and decidable. As far as we know, our
definition is the first solution to the problem of defining a semantic subtyping relation
for a polymorphic extension of regular tree types.

In Part [III, we have designed and studied a polymorphism calculus, which is a
polymorphic extension of CoreCDuce and takes advantage of the new capabilities of the
subtyping definition of Part II. The novelty of the polymorphic extension is to decorate
A-abstractions with sets of type-substitutions and to lazily propagate type-substitutions
at the moment of the reduction (and type-checking). Our calculus is also an explicitly-
typed A-calculus with intersection (and union and negation) types, which contrasts
with current solutions in the literature which require the addition of new operators,
stores and/or pointers. In practice, the sets of type-substitutions are transparent to
the programmer. For that we have proposed an inference system that infers whether
and where type-substitutions can be inserted into an expression to make it well-typed.
Our inference algorithm is sound, complete, and semi-decision: decidability is an open
problem, yet. Finally, to provide an execution model for our calculus, we have studied
the translation from our polymorphic calculus into a variant of CoreCDuce.
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13.2 Future work

The work presented above provides all the theoretical basis and machinery needed to
start the design and implementation of polymorphic functional languages for semi-
structured data. There are several problems still to be solved or several continuations
to be studied, which are listed below.

Extensions of the type system

The first continuation concerns the definition of extensions of the type system itself.
Among the possible extensions the most interesting (and difficult) one seems to be the
extension of types with explicit second order quantifications. Currently, we consider
prenex polymorphism, thus quantification on types is performed only at meta-level. But
since this work proved the feasibility of a semantic subtyping approach for polymorphic
types, we are eager to check whether it can be further extended to impredicative second
order types, by adding explicit type quantification. This would be interesting not
only from a programming language perspective, but also from a logic viewpoint since
it would remove some of the limitations to the introspection capabilities we pointed
out in Section 3.5. This may move our type system closer to being an expressive
logic for subtyping. On the model side, it would be interesting to check whether the
infinite support property (Definition 4.6.1) is not only a sufficient but also a necessary
condition for convexity. This seems likely to the extent that the result holds for the
type system restricted to basic type constructors (ie, without products and arrows).
However, this is just a weak conjecture since the proof of sufficiency heavily relies (in
the case for product types) on the well-foundedness property. Therefore, there may
even exist non-well-founded models (non-well-founded models exist in the ground case:
see [FCBOS [Er104]) that are with infinite support but not convex. Nevertheless, an
equivalent characterization of convexity—whether it were infinite support or some other
characterization—would provide us a different angle of attack to study the connections
between convexity and parametricity.

Convexity and parametricity

In our opinion, the definition of convexity is the most important and promising theoret-
ical contribution of our work especially in view of its potential implications on the study
of parametricity. As a matter of fact, there are strong connections between parametric-
ity and convexity. We already saw that convexity removes the stuttering behavior that
clashes with parametricity, as equation (3.2) clearly illustrates. More generally, both
convexity and parametricity describe or enforce uniformity of behavior. Parametricity
imposes functions to behave uniformly behavior on parameters typed by type variables,
since the latter cannot be deconstructed. This allows Wadler to deduce “theorems for
free”: the uniformity imposed by parametricity (actually, imposed by the property of
being definable in second order A-calculus) dramatically restricts the choice of possible
behaviors of parametric functions to a point that it is easy to deduce theorems about
a function just by considering its type [Wad89]. In a similar way convexity imposes
a uniform behavior to the zeros of the semantic interpretation, which is equivalent to
imposing uniformity to the subtyping relation. An example of this uniformity is given
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by product types: in our framework a product (¢; X ... X t,) is empty (e, it is empty
for every possible assignment of its variables) if and only if there exists a particular ¢;
that is empty (for all possible assignments). We recover a property typical of closed
types.

We conjecture the connection to be deeper than described above. This can be per-
ceived by rereading the original Reynolds paper on parametricity in the light
of our results. Reynolds tries to characterize parametricity—or abstraction in Reynolds
terminology—in a set-theoretic setting since, in Reynolds words, “if types denote spe-
cific subsets of a universe then their unions and intersections are well defined”, which
in Reynolds opinion is the very idea of abstraction. This can be rephrased as the fact
that the operations for some types are well defined independently from the represen-
tation used for each type (Reynolds speaks of abstraction and representation since he
sees the abstraction property as a result about change of representation). The under-
lying idea of parametricity according to Reynolds is that “meanings of an expression
in ‘related’ environments will be ‘related’” [Rey83]. But as he points out few lines
later “while the relation for each type variable is arbitrary, the relation for compound
type expressions (ie, type constructors) must be induced in a specified way. We must
specify how an assignment of relations to type variables is extended to type expres-
sions” [Rey83]. Reynolds formalizes this extension by defining a “relation semantics”
for type constructors and, as Wadler brilliantly explains [WadR9], this corresponds to
regard types as relations. In particular pairs are related if their corresponding compo-
nents are related and functions are related if they take related arguments into related
results: there is a precise correspondence with the extensional interpretation of type
constructors we gave in Definition 4.2.6/ and, more generally, between the framework
used to state parametricity and the one in our work.

Parametricity holds for terms written in the Girard/Reynolds second order typed
lambda calculus (also known as pure polymorphic lambda calculus or System F [GirT]]
Rey74]). The property of being definable in the second-order typed lambda-calculus
is the condition that harnesses expressions and forces them to behave uniformly. Con-
vexity, instead, does not require any definability property. It semantically harnesses
the denotations of expressions and forces them to behave uniformly. This seems to
suggest that convexity is a semantic property related to, albeit weaker than, what in
Reynolds approach is the definability in the second-order typed lambda-calculus, a
syntactic (rather, syntactically-rooted) property.

Although we have this intuition about the connection between convexity and para-
metricity, we do not know how to express this connection in a formal way, yet. We
believe that the answer may come from the study of the calculus associated to our
subtyping relation. We do not speak here of some language that can take advantage of
our subtyping relation and whose design space we discussed earlier in this thesis. What
we are speaking of is every calculus whose model of values (ie, the model obtained
by associating each type to the set of values that have that type) induces the same
subtyping relation as the one devised here. Indeed, as parametricity leaves little free-
dom to the definition of transformations, so the semantic subtyping framework leaves
little freedom to the definition of a language whose model of values induces the same
subtyping relation as the relation used to type its values. If we could determine under
which conditions every such language satisfied Reynolds abstraction theorem, then we
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would have established a formal connection between convexity and parametricity. But
this is a long term and ambitious goal that goes well beyond the scope of the present
work.

Decidability

The problem of the decidability of inference of type-substitutions is unsolved yet. The
property that our calculus can express intersection type systems a la Barendregt,
Coppo, and Dezani [BCDS&3] is not of much help: if we know that a term is well-typed,
then it is not difficult to extract from its type the interfaces of the functions occurring
in it; undecidability for intersection type systems tells us that it is not possible to decide
whether these interfaces exist; but here we are in a simpler setting where the interfaces
are given and we “just” want to decide whether they are correct. In particular, the
problem we cannot solve is when should we stop trying to expand the types of a func-
tion and of its argument. The experience with intersection types seems to suggest that
this should not be a problem since undecidability for intersection type systems is due
to expansions taking place at different depths. As Kfoury and Wells proved [KW99], it
suffices to bound the rank of the types (ie, the maximum dept —counted in terms of
arrow types— at which intersections can appear) to obtain decidability. As a matter
of fact, in our case intersections do not seem to be the main problem: unions are the
tough problem, for when we expand a union, then it distributes over intersections thus
creating new combinations of types that did not exist before. Trying to restrict our
approach only to intersection types seems unfeasible since the use of set-theoretic laws
involving a complete set of connectives is so pervasive of our approach that we do not
see how the use of unions or negations could be avoided. And in any case it would
hinder the application of this theory to XML document processing that, we recall, is
our initial motivation. The hope here is either to prove decidability (which looks as
the most likely outcome) or at least find some reasonable restrictions on types so as to
keep under control the generation of union types and thus limit the number of different
expansions to be tried by the algorithm.

In addition, as stated in Section 10.2.3, when computing Appa (t, s), the expansion
of the type t of functions would not cause the expansion of the type s of arguments.
This suggests us to expand ¢ with a sufficient number of copies (although the number
is not clear yet) and thus we only need to consider the expansion of s, which is the case
of CA. Then a problem in mind is: whether the decidable problem of type-substitution
inference can be reduced to the decidable problem of the preorder Ca.

Principal type

We did not tackle the problem that whether our inference system has principal types,
due to the unknown of the decidability of type-substitution inference. From a set-
theoretic view, this problem is clearly equivalent to deciding whether both the sets
IT%\ () and te,s have minimums with respect to Ca. Clearly, it requires the decidability
of Ca. Moreover, we have proved that both sets are closed by intersection (Lemmas
9.1.7and 9.1.8), which implies that if the minimals of these two sets exist and are finitely
many, the minimums must exist (by taking the intersection of all the minimals).
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Even if the inference of type-substitutions were decidable, it does not ease the proof
of the existence of principle types. As the example (10.6) in Section 10.2.3 shows, one
further iteration of the algorithm Appa (¢, s) allows the system to deduce a more precise
type. This raises the problem: may an infinite sequence of increasingly general solutions
exist? If the answer were negative, then it would be easy to prove the existence of a
principal type, which would be the intersection of the minimal solutions of the last
iteration.

Non-determinism

The non determinism of the implicitly typed calculus has a negligible practical impact,
insofar as it is theoretical (in practice, the semantics is deterministic but implemen-
tation dependent) and it concerns only the case when the type of (an instance of) a
polymorphic function is tested: in our programming experience with CDuce we never
met a test for a function type. Nevertheless, it may be interesting to study how to
remove such a latitude either by defining a canonical choice for the instances deduced
by the inference system (a problem related to the existence of principal types), or by
imposing reasonable restrictions, or by checking the flow of polymorphic functions by
a static analysis.

Efficient compilation

On the practical side the most interesting direction of research is to study efficient
compilation of the polymorphic language. A naive compilation technique that would
implement the beta reduction of the explicitly-typed calculus as defined by (Rappl) is
out of question, since it would be too inefficient. The compilation technique described
in Chapter [11] coupled with some optimization techniques that would limit the expan-
sion in type-cases to few necessary cases can provide a rapidly available solution for
a prototype implementation that reuses the efficient run-time engine of CDuce (inter-
estingly, with such a technique the compilation does not need to keep any information
about the source: the compiled term has all the information needed). However it could
not scale up to a full-fledged language since it is not modular (a function is compiled
differently according to the argument it is applied to) and the use of the nested type-
cases, even in a limited number of cases, causes an exponential blow-up that hinders
any advantage of avoiding dynamic relabeling. We think that the solution to follow is a
smart compilation in typed virtual machines using JIT compilation techniques [Ayc03].
Since the types in the interfaces of A-abstractions are used to determine the semantics
of the type-cases, then relabeling cannot be avoided. However relabeling is necessary
only in one very particular situation, that is in case of partial application of curried
polymorphic functions. Therefore we plan to explore compilation techniques such as
those introduced in the ZINC virtual machine [Ler00] to single out partial applications
and apply possible relabeling just to them. This can be further coupled with static
analysis techniques that would limit relabeling only to partial applications that may
end up in a type cases or escape in the result, yielding an efficient run-time on par with
the monomorphic version of CDuce.
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Type reconstruction

We have shown how to reuse the machinery developed for the inference of type-
substitutions to perform type reconstruction in Section 12.6, that is, to assign types
to functions whose interfaces are not specified. The idea is to type the body of the
function under the hypothesis that the function has the generic type a—( and deduce
the corresponding constraints. However, the work is rough and there are still many
problems to be studied.

The soundness and the termination of the reconstruction system is easy to be
proved, because of the soundness of the type tallying problem and the finiteness of ex-
pressions respectively. Completeness instead is not clear: given a well-typed implicitly-
typed expression a, it is not clear whether all the interfaces in a can be reconstructed
(since we do not consider the expansion in the reconstruction rule for applications), and
if so, whether the reconstructed types are more general than those in the interfaces.
Meanwhile, the study of whether the type-substitution inference system and the type
reconstruction system can be merged seamlessly (e.g., to use (INF-APPL) instead of
(REG-APPL)) is worth pursuing as well.

Another problem worth studying is the question of how far the type reconstruction
system can go away. Conservatively, we believe the reconstruction embraces the type
inference of ML, which is our minimum requirement. As a future work, we would
like to extend it to a type inference system for A-calculus with intersection types. In
a nutshell, the problem of inference with intersection types is “expansion” [CDCVEI],
[CG92]. The key idea is to locate the possible “expansions”’ in types, which are the
function types inferred for abstractions (corresponding to the sets of type-substitutions
in the decorations of abstractions), and to solve the “expansions” when inferring types
for applications, where we need to tally the type for the argument with the domain of
the type for the function. Of course, general type reconstruction is undecidable, but
we reckon it should not be hard to find reasonable restrictions on the complexity of
the inferred types to ensure decidability without hindering type inference in practical
cases.

Extensions of the language

The overall design space for a programming language that could exploit the advanced
features of our types is rather large. Consequently, besides the extensions and design
choices presented in Chapter [12, there are a lot of possible variations can be consid-
ered (e.g., the use of type variables in pattern matching) and even more features can
be encoded (e.g., as explained in Footnote 3, bounded quantification can only be en-
coded via type connectives). While exploring this design space it will be interesting to
check whether our polymorphic union types can encode advanced type features such as
polymorphic variants [Gar98] and GADTs [XCCQ3].

Notice that the usage of values (i.e., the call-by-value semantics) ensures subject-
reduction but it is not a necessary condition: in some cases weaker constraints could
be used. For instance, in order to check whether an expression is a list of integers, in
general it is not necessary to fully evaluate the whole list: the head and the type of
the tail are all that is needed. Studying weaker conditions for the reduction rules is
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an interesting topic we leave for future work, in particular in the view of adapting our
framework to lazy languages.

Implementation issues

Finally, besides the non-determinism of the implicitly-typed calculus and the efficient
compilation problem, there exist other issues to be considered for the implementa-
tion: the order on type variables (which will affect the result type), the elimination of
the useless result types, the trade-off between precision and efficiency (when to stop
Appa (t,8)), and so on.
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