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Polymorphic type inference for dynamic languages:
reconstructing types for systems combining parametric,
ad hoc, and subtyping polymorphism

Abstract: In this thesis, we present a type system based on set-theoretic types
that aims to type dynamic languages, such as JavaScript, Python or Elixir. The use
of set-theoretic types is motivated by their expressivity: they feature a subtyping
relation that supports unrestricted intersections, unions, and negations. This allows
capturing many idiomatic behaviors of dynamic languages: intersection types are
used to capture overloaded behaviors, and union and negation types open the way
to a precise typing of type-cases (dynamic tests of type) using advanced techniques
of occurrence typing (or type narrowing). Set-theoretic types can also be extended
with type variables in order to implement parametric polymorphism, which allows
designing a modular type system where the definitions are typed sequentially. How-
ever, set-theoretic types are usually used in a language where functions need to be
explicitly annotated with their type by the programmer. We get rid of this con-
straint, working on a A-calculus with no type annotation. Instead, an inference
algorithm is charged of reconstructing the type of functions.

In the first part of this manuscript, we go through the foundations of set-theoretic
types and introduce our language, a call-by-value A-calculus with pairs and type-
cases. We discuss and illustrate the challenges of typing such a language.

The second part contains the core formalization (and proofs) of our type system.
The first type system we define is purely declarative. It combines several rules in-
spired from natural deduction, in particular: the union-elimination, the intersection-
introduction, the instantiation, and the generalization. We prove the type safety of
this system: a typeable program always reduces to a value of the same type or di-
verges. We then define an algorithmic (deterministic) type system that is equivalent
to the declarative one, but that takes as additional input an annotation tree that
specifies, among others, the types of the parameters of A-abstractions. Finally, we
define a reconstruction algorithm that aims to reconstruct annotation trees.

In the last part of this manuscript, we focus on some practical aspects. We
discuss some extensions and optimizations of the algorithmic type system and
reconstruction algorithm, and we present a prototype implementation. We evaluate
this prototype on several examples, highlighting its strengths and weaknesses, and
comparing it to other related approaches.

Keywords: static typing, dynamic language, type inference, set-theoretic
types, semantic subtyping, occurrence typing, type narrowing, polymorphism,
intersection types, union types




Inférence de types polymorphes pour des langages dynamiques:
reconstruction de types pour des systémes combinant
polymorphisme paramétrique, surcharge et sous-typage

Résumé : Cette thése porte sur la conception d’un systéme de types basé sur les
types ensemblistes et visant a typer les langages dynamiques, tels que JavaScript,
Python ou Elixir. L’utilisation des types ensemblistes est motivée par leur expressiv-
ité : ils sont dotés d’une relation de sous-typage qui prend en charge intersections,
unions et négations. Cela permet de capturer de nombreux comportements idioma-
tiques des langages dynamiques : les types intersection sont utilisés pour capturer les
comportements surchargés, et les types union et négation ouvrent la voie vers un ty-
page précis des type-cases (tests de type dynamiques) via l'utilisation de techniques
de rétrécissement de types. Les types ensemblistes peuvent également étre étendus
avec des variables de type afin d’implémenter du polymorphisme paramétrique, per-
mettant la conception d’un systéme de types modulaire dans lequel les définitions
sont typées séquentiellement. Cependant, les types ensemblistes sont généralement
utilisés dans un langage ot les fonctions doivent étre explicitement annotées par leur
type. Nous nous débarrassons de cette contrainte en travaillant sur un A-calcul sans
annotation de type. A la place, un algorithme d’inférence est chargé de reconstruire
le type des fonctions.

Dans la premiére partie de ce manuscrit, nous passons en revue les fondements
des types ensemblistes et présentons notre langage, un A-calcul par appel par valeur
avec paires et type-cases, et discutons des défis posés par le typage d’un tel langage.

La deuxiéme partie contient la formalisation de base (et les preuves) du systéme
de types. Le premier systéme de types que nous définissons est purement déclaratif.
Il combine plusieurs régles inspirées de la déduction naturelle, en particulier :
I’élimination de 'union, I'introduction de I'intersection, I'instanciation et la général-
isation. Nous prouvons la siireté du typage de ce systéme : un programme typeable
se réduit toujours & une valeur de méme type ou diverge. Nous définissons ensuite
un systéme de types algorithmique (déterministe) équivalent au systéme déclaratif,
mais qui prend comme entrée supplémentaire un arbre d’annotations qui spécifie,
entre autres, les types des paramétres des A-abstractions. Enfin, nous définissons
un algorithme de reconstruction qui vise & reconstruire les arbres d’annotations.

Dans la derniére partie de ce manuscrit, nous nous concentrons sur certains as-
pects pratiques. Nous discutons de certaines extensions et optimizations du systéme
de types algorithmique et de ’algorithme de reconstruction, et nous présentons un
prototype d’implémentation. Nous évaluons ce prototype sur plusieurs exemples,
en soulignant ses forces et ses faiblesses, et en le comparant a d’autres approches.

Mots clés : typage statique, langage dynamique, inférence de type, types
ensemblistes, sous-typage sémantique, typage d’occurrence, rétrecissement de type,
polymorphisme, types intersection, types union




Résumé long

Cette thése porte sur la conception d’un systéme de types basé sur les types en-
semblistes et visant & typer les langages dynamiques, tels que JavaScript, Python
ou Elixir. L’utilisation des types ensemblistes est motivée par leur expressivité : ils
sont dotés d’une relation de sous-typage qui prend en charge intersections, unions
et négations. Cela permet de capturer de nombreux comportements idiomatiques
des langages dynamiques : les types intersection sont utilisés pour capturer les com-
portements surchargés, et les types union et négation ouvrent la voie vers un typage
précis des type-cases (tests de type dynamiques) via l'utilisation de techniques de
rétrécissement de types. Les types ensemblistes peuvent également étre étendus
avec des variables de type afin d’implémenter du polymorphisme paramétrique, per-
mettant la conception d'un systéme de types modulaire dans lequel les définitions
sont typées séquentiellement. Cependant, les types ensemblistes sont généralement
utilisés dans un langage ot les fonctions doivent étre explicitement annotées par leur
type. Nous nous débarrassons de cette contrainte en travaillant sur un A-calcul sans
annotation de type. A la place, un algorithme d’inférence est chargé de reconstruire
le type des fonctions.

Types ensemblistes

Les types ensemblistes, introduits et formalisés par Frisch (2004), ajoutent aux
constructeurs de types habituels (fleche — et produit x) la possibilité d’exprimer
l'union v de deux types, l'intersection A de deux types, et la négation — d’un type.

Le premier défi est de définir une relation de sous-typage sur ces types. Pour
ce faire, a chaque type t est associée une interprétation [t] comme un ensemble
de valeurs : par exemple, I'interprétation de Int x Bool est ’ensemble de toutes
les paires dont le premier composant est un entier et le second un booléen. Notez
toutefois que cette interprétation est plus difficile & définir pour les types de fléches
et qu’elle nécessite une attention particuliére. En utilisant cette interprétation, le
sous-typage est naturellement défini comme suit : un type ¢; est un sous-type d’'un
type t si et seulement si ’ensemble [t1] est un sous-ensemble de [[t2]. Cette relation
de sous-typage est souvent appelée sous-typage sémantique.

Cette définition formelle du sous-typage est trés bien, mais elle implique des
ensembles infinis qui ne peuvent pas étre facilement manipulés dans un algorithme.
Le deuxiéme défi consiste donc & trouver un moyen calculable de déterminer si un
type est sous-type d’un autre. Au lieu de considérer les interprétations des types,
l'algorithme de sous-typage travaille directement sur ’arbre syntaxique des types.
Une représentation spéciale est définie pour les types : la Forme Normale Disjonctive
(DNF). Chaque type peut étre représenté par une Disjunctive Normal Form (DNF),
et cette forme simplifie la décision du sous-typage et, plus généralement, la mise en
place d’opérateurs sur les types.

La DNF peut également étre utilisée pour la résolution de contraintes de sous-
typage impliquant des variables de type. Etant donné un ensemble de contraintes de
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sous-typage {s1 < t1; ... ; Sp < t,}, nous voulons trouver toutes les substitutions de
type ¢ telles que Vi € 1..n. s;¢ < t;¢p. Ce probléme, appelé tallying, est décidable,
et il s’agit d’une opération clé utilisée par notre inférence de type.

Langage et problématique

Notre langage est un A-calcul en appel par valeur, avec des constantes et des paires,
ainsi qu’une construction (e€7) ? ey :eg appelée type-case qui permet de tester le
type de 'expression e a I’exécution et de brancher dynamiquement sur la branche e
ou eg selon le résultat du test. Ici, 7 est un type qui ne contient aucun type fléche a
I'exception de Empty — Any (le supertype de toutes les fonctions). En pratique, cela
signifie que nous pouvons vérifier si une valeur est une A-abstraction ou non, mais
nous ne pouvons pas vérifier, par exemple, si cette A-abstraction accepte des entiers
en entrée ou non. Cette restriction est nécessaire pour donner une sémantique cor-
recte aux type-cases : comme nos A-abstractions ne sont pas explicitement annotées
avec leur type, il n’est pas possible, au moment de ’exécution, de déterminer le type
d’une A-abstraction.

Cette construction de type-case est trés simple, et pourtant elle est difficile &
typer. En effet, le typage d’une expression (e€7) ? e; : e peut nécessiter I'utilisation
de typage d’occurrence (ou rétrécissement de type) : il est possible que la premiére
branche e; (respectivement, la seconde branche es) ne puisse étre typée que dans un
environnement de type raffiné qui tient compte du fait que I'expression e se réduit
a une valeur de type 7 (respectivement, de type —7). En outre, les type-cases per-
mettent d’écrire des fonctions avec un comportement surchargé. Ce comportement
surchargé doit étre capturé par notre systéme de types, ce qui nous oblige a dériver
des types intersection pour les fonctions.

Enfin, notre langage et notre systéme de types doivent étre modulaires. Lors
du typage d'une base de code conséquente, constituée de plusieurs définitions suc-
cessives, le type déduit pour une définition ne doit pas dépendre des définitions
ultérieures. Par exemple, une bibliothéque doit pouvoir étre typée indépendam-
ment des projets qui l'utilisent. Pour capturer cette notion de modularité, nous
introduisons la notion de programmes, consistant en une séquence de définitions qui
doivent étre typées I'une aprés l'autre.

Systéme de types déclaratif

D’un point de vue conceptuel, le systéme de types déclaratif est assez simple : il
fusionne trois des systémes de types les plus expressifs étudiés dans la littérature,
a savoir les types polymorphes de Hindley-Milner (Hindley, 1969; Milner, 1978),
les types intersection (Coppo et al., 1981), et les types union (MacQueen et al.,
1986; Barbanera et al., 1995). Nous y parvenons simplement en rassemblant de
maniére controlée les régles de déduction caractéristiques de chacun de ces systémes,
détaillées ci-dessous, et en prouvant que le systéme résultant est stire.

Les types intersection peuvent étre utilisés pour capturer le comportement des
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fonctions surchargées : par exemple, I'opérateur surchargé + qui peut effectuer
I’addition d’entiers et la concaténation de chaines de caractéres peut étre typé
(Int — Int — Int) A (String — String — String). Pour dériver des types
intersection pour les fonctions, nous ajoutons a notre systéme de types la régle
d’introduction de l'intersection : si nous pouvons dériver le type t1 et le type to
pour une expression e, alors nous pouvons dériver pour cette derniére le type t1 A to.

Les types union sont utilisés pour implémenter le typage d’occurrence. La puis-
sance des types union est exploitée par la régle d’élimination de I'union : étant
donné une expression e que nous voulons typer et une sous-expression €’ de e dont
le type peut étre décomposé en une union t; v to, nous pouvons choisir de diviser
la dérivation de typage en deux branches indépendantes, I'une qui suppose que les
occurrences de cette sous-expression sont de type 1, et 'autre qui suppose qu’elles
sont de type ts. Cette mécanique, associée a des des régles simples pour les type-
cases qui permettent de sauter une branche lorsqu’elle est inaccessible!, permet de
typer une branche d’un type-case en considérant uniquement les environnements
de type pour lesquels elle est accessible. Ainsi, ce mécanisme capture pleinement
I’essence du typage d’occurrences.

Enfin, le polymorphisme paramétrique de Hindley-Milner est nécessaire pour
rendre notre systéme de types modulaire. Bien que les types intersection puissent
étre utilisés pour capturer le comportement des fonctions surchargées, ils ne peuvent
pas capturer complétement le comportement des fonctions génériques, car cela né-
cessiterait un nombre infini d’intersections : par exemple, la fonction identité peut
étre approximée par un type intersection tel que (Int — Int) A (—Int — —Int),
mais ce type ne convient que si I'on sait que cette fonction ne sera appliquée qu’a
des arguments de type Int et —Int. Dans un langage modulaire, cependant, nous
ne savons pas & I'avance dans quels contextes cette fonction sera utilisée. Le poly-
morphisme paramétrique apporte une solution a ce probléme, en nous permettant
de typer la fonction identité @ — a et d’instancier librement la variable de type «
plus tard, chaque fois que cette fonction est utilisée.

Le systéme de types que nous obtenons est puissant, mais il n’est pas algorith-
mique : plusieurs dérivations de typage peuvent exister pour un méme jugement, et
elles peuvent avoir des formes trés différentes, en grande partie & cause de la régle
d’élimination de I'union. Pour prouver la streté de ce systéme de types, nous re-
streignons la forme des jugements de typage en définissant une notion de dérivations
canoniques, et nous décrivons un processus de normalisation permettant de trans-
former n’importe quelle dérivation en dérivation canonique. En particulier, nous
montrons que la régle d’élimination de 'union n’a besoin d’étre appliquée qu’une
seule fois sur chaque sous-expression, et nous limitons les endroits de la dérivation o
elle peut étre appliquée. Cette notion de dérivation canonique constitue un premier
pas vers un systéme de types algorithmique.

'Trois régles de typage au total : une qui couvre le cas oti I'expression testée a le type vide
Empty et donc les deux branches sont inaccessibles, et les deux autres qui couvrent les cas ou I'une
des deux branches est inaccessible
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Systéme de types algorithmique

La définition d’un systéme de types algorithmique, correct et complet par rapport au
systéme déclaratif, n’est pas une téache facile. Pour étre algorithmique, un systéme
de types doit satisfaire deux propriétés : (i) il doit étre dirigé par la syntaxe, et (i7)
toutes ses régles doivent étre analytiques?.

Un systéme de types est dirigé par la syntaxe lorsque la syntaxe de I'expression
que nous typons identifie de maniére unique la régle a appliquer. Ce n’est pas le
cas du systéme de types déclaratif, notamment & cause de la régle d’élimination de
I'union : cette régle peut étre utilisée sur n’importe quelle expression e pour décom-
poser le type de n’importe quelle sous-expression €’ de e. Afin de rendre le systéme
de types dirigé par la syntaxe, nous restreignons 'utilisation de la régle d’élimination
de 'union en se basant sur la forme des dérivations canoniques. Sans entrer dans les
détails, lors de la saisie d’'une expression e, nous appliquons la régle d’élimination
de 'union une seule fois sur chaque sous-expression €’ de e, et ce dés que toutes
les variables libres de ¢’ sont dans I’environnement de typage. Pour implémenter ce
comportement dans le systéme de types algorithmique, nous transformons d’abord
I’expression e en une forme canonique k, qui consiste en une séquence de bindings
associant des variables & des expressions dans lesquelles chaque sous-expression pro-
pre est une variable. Par exemple, une forme canonique pour l’expression (f x,f x)
est bindy=f xinbindz=(y,y) inz . L’avantage de cette forme est que chaque sous-
expression de e est maintenant liée & une variable : le systéme de types algorithmique
peut donc simplement appliquer la régle d’élimination de 1’union une fois sur chaque
définition bind. Cependant, afin de préserver la typabilité, les formes canoniques
doivent satisfaire certaines propriétés : en particulier, deux sous-expressions syn-
taxiquement équivalentes doivent étre liées & la méme variable (cette contrainte
est nécessaire pour préserver la corrélation entre les différentes occurrences d’une
méme sous-expression). Une forme canonique qui satisfait cette propriété—et deux
autres—est appelée forme MSC (Maximal Sharing Canonical). Nous prouvons que
toute expression e posséde une forme MSC unique, notée MSC(e), et nous four-
nissons un moyen de la calculer.

Pour avoir un systéme de types algorithmique, nous avons également besoin que
toutes les régles soient analytiques. Une fois de plus, la régle d’élimination de I'union
est problématique : la décomposition de type t; v ... v t, ne peut étre déduite de
la conclusion de la régle. Une autre régle non analytique est la régle de typage
des A-abstractions, car elle doit deviner un type pour le paramétre. Pour rendre
ces régles analytiques, les jugements dérivés par le systéme de types algorithmique
sont modifiés : en plus d'un environnement de type I' et d’une forme canonique
K, ils prennent comme entrée supplémentaire un arbre d’annotations qui spécifie
ces éléments. Ce triplet formé d’un environnement de type, d’une forme canonique
et d'un arbre d’annotations, encode de maniére unique une dérivation canonique

2Une régle est analytique (par opposition & synthétique) lorsque les entrées de la conclusion du
jugement (c’est-a-dire ’environnement de type et ’expression) sont suffisantes pour déterminer les
entrées des prémisses du jugement (cf. Martin-Lof (1994); Types (2019)).
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du systéme de types déclaratif. Ainsi, nous avons réduit le probléme consistant &
trouver une dérivation pour une expression e avec le systéme de types déclaratif au
probléme consistant & rechercher un arbre d’annotations qui rend MSC(e) typable
avec le systéme de types algorithmique.

Reconstruction de ’arbre d’annotations

Le probléme suivant que nous abordons est la reconstruction (inférence) de I'arbre
d’annotations utilisé par le systéme de types algorithmique. A cette fin, nous définis-
sons un algorithme, décrit par un systéme de régles de déduction, qui raffine incré-
mentalement (en utilisant du backtracking) un arbre d’annotations, initialement
composé d'un seul noeud “infer”. Il combine deux mécanismes : (i) un qui infére
le(s) domaine(s) des A-abstractions et qui s’inspire de I’algorithme W de Damas and
Milner (1982), et (4i) autre qui déduit les décompositions de type a utiliser par les
applications de la régle d’élimination de 'union sur chaque définition bind.

Le premier mécanisme commence par typer chaque paramétre d’une M-
abstraction avec une nouvelle variable de type, utilisée comme marqueur symbolique
qui est ensuite remplacé au fur et & mesure que de nouvelles contraintes sont décou-
vertes. La principale différence avec W est que, alors que W utilise I'unification pour
résoudre des contraintes syntaxiques, nous devons résoudre des contraintes de sous-
typage sémantique : pour cela, nous utilisons I'algorithme de tallying. Les solutions
a une instance de tallying sont caractérisées par un ensemble fini de substitutions,
obligeant notre algorithme de reconstruction & se ramifier afin de considérer chaque
substitution séparément.

Le second mécanisme, pour déduire les décompositions de type a utiliser par la
régle d’élimination de I'union, est déclenché par les type-cases. Chaque fois qu'un
type-case (xeT) ?y:z est rencontré, la décomposition de type associée a x est raffinée
: le type de x est divisé en 7 et —7. Plus précisément, si ’environnement de type
courant est I', I'algorithme de reconstruction considére deux branches : I'une dans
laquelle x est de type I'(x) A 7, et une autre dans laquelle x est de type I'(x) A —7.
Cette décomposition est ensuite rétropropagée sur les autres variables apparaissant
dans la définition de x.

Aspects pratiques et implémentation

L’algorithme que nous utilisons pour reconstruire les arbres d’annotations repose
fortement sur du backtracking et des ramifications. Par conséquent, plusieurs opti-
misations et heuristiques sont nécessaires afin de réduire I’explosion combinatoire des
cas a explorer, et ainsi obtenir des performances raisonnables. En particulier, nous
présentons un systéme qui élimine les branches redondantes de I’arbre d’annotations,
des heuristiques pour simplifier les types et les substitutions, ainsi qu’un systéme de
cache basé sur de la mémofsation.

Ces optimisations sont mises en ceuvre dans une implémentation prototype du
systéme de types algorithmique et de l'algorithme de reconstruction. Ce proto-



type est écrit en OCaml, et il comporte plusieurs extensions: la prise en charge des
enregistrements, des annotations de type utilisateur, des let-bindings et du pattern
matching. Nous évaluons ce prototype sur plusieurs exemples et étudions 'impact
des différentes optimisations sur les performances.

Cela nous permet de mettre en évidence les forces et les faiblesses de notre
approche. Notre systéme de types est plus expressif que les approches concur-
rentes telles que Typed Racket et TypeScript, et il propose une inférence de type.
Cependant, 'algorithme de reconstruction utilisé pour I'inférence de type n’est pas
complet et souffre de performances inégales. Ces problémes peuvent étre atténués
par lintroduction d’annotations de type explicites, écrites par le programmeur :
non seulement ces annotations peuvent étre utilisées pour guider la reconstruction
et ainsi repousser les limites découlant de son incomplétude, mais elles améliorent
aussi considérablement les performances, car les types annotés par I'utilisateur n’ont
pas besoin d’étre raffinés ultérieurement & mesure que de nouvelles contraintes sont
découvertes, évitant ainsi d’avoir recours & du backtracking.

De futurs travaux sont encore nécessaires si nous voulons intégrer ce systéme
de types & un langage existant. Outre 'amélioration des performances, certaines
extensions doivent encore étre étudiées et implémentées, telles que le typage graduel
(afin que le systéme de types puisse étre déployé progressivement sans avoir a typer
toute la base de code déja existante), la génération de messages d’erreur simples et
pertinents, et la prise en charge des effets de bord (si le langage cible n’est pas pur).
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This manuscript aims to design a type system for dynamic languages such as
JavaScript or Python, using an approach based on set-theoretic types (Frisch et al.,
2008). Initially, this thesis was focused on the typing of dynamic type-cases (in
JavaScript, expressions of the form: if (typeof(expr) === "type”) { ... } else { ... }).
In particular, it aimed at integrating a typing technique usually referred as occur-
rence typing or type narrowing into a type system based on set-theoretic types. It
has naturally grown into the study of a more general problem: the inference of types
for polymorphic and overloaded functions.

1.1 Dynamic languages

Historically, programming languages allow programs to be executed through a phase
of compilation that transforms the source code of the program into machine code,
which can then be executed natively. The operations provided by a programming
language can operate on different type and size of data (Boolean value, unsigned
integer, signed integer, array, function, etc.), and thus a phase of type-checking
may be added before compilation in order to verify that operations are applied to
expressions of a compatible type, or to determine which operation to perform (for
instance, at the level of machine code, dividing two unsigned integers is a different
operation than dividing two signed integers). The native machine code produced
this way is very efficient, as all operations have been statically resolved: a compiled
program does not have to check at run-time whether the division must be performed
on unsigned integers or on signed integers. However, another kind of programming
language was developed, which we call dynamic programming languages (as opposed
to static programming languages).

Dynamic programming languages execute at run-time many common program-
ming behaviors that static programming languages perform during compilation.
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Usually, dynamic languages do not compile programs to native machine code, but
their source code (or a transformed version of it) is executed by an interpreter. This
usually results in poorer performance because an intermediary is required to execute
the code, but allows the expression of behaviors that would be difficult to emulate in
a static programming language. Some common characteristics of dynamic languages
are: (i) they offer limited static guarantees, (i7) the type of data manipulated can be
tested at run-time, so functions can have overloaded behaviors that are resolved at
run-time (dynamic dispatch), and (ii7) the code is part of the state and is mutable
(functions can be modified or added at run-time, which is sometimes referred as
“reflection”). This characterization includes languages such as JavaScript, Python,
Lua, PHP, Racket, R, or the more recent language Julia. Some other languages, such
as Erlang and Elixir, can also be considered to be dynamic even though they do not
satisfy the point (7i7): the functional fragment of these two languages is pure (the
state is immutable), thus there cannot be side effects.

As an illustration of the flexibility and concision that is made possible by dy-
namic languages, consider the following Python code:

def get_population(data, city):
df = pandas.read_csv(StringIO(data))
return df[df[’city’] == city].loc[®@, population’]

This function get_population takes two parameters, the first one is a string con-
taining some CSV data, and the second one a string containing the name of a city.
The CSV data must contain at least two columns, “city” and “population”. Calling
get_population(data, city) returns the population associated to city according
to the CSV string data. Line 2 uses the Pandas library to parse the CSV data
into a data-frame (a data structure for representing two-dimensional heterogeneous
tables). Then, Line 3 filters the table to only keep rows for which the field “city” is
equal to the variable city, and it returns the “population” field of the first row of
the result.

The expression df[df[’city’] == city] is interesting: it filters the data-frame
df according to the condition written inside the square brackets. Usually, the d[k]
notation is used to extract the k-th element of the list d, or to extract the value
associated to the key k in the dictionary d. However, here, the [] operator is
overloaded by the Pandas library (and so is the == operator):

e The [] operator is overloaded a first time so that it can apply to a data-frame
and a string. The result of df[’city’] is a series (basically, a one-dimensional
indexed array) that represents the “city” column of df (each element being
indexed by the corresponding row number).

e The == operator is overloaded so that, when its first argument s is a series and
its second argument v is a string, it returns a series of Boolean values which
can be seen as a characteristic function representing, among the indexes of s,
those that are associated to a value that is equal to v.
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e Lastly, the [] operator is overloaded again so that, when applied to a data-
frame d and a series s, it filters the rows of d according to the characteristic
function represented by s.

Together, these overloaded definitions make it possible to filter a data-frame by
writing df[df[’city’] == city] without requiring any modification to the Python
language itself.

Another thing to note about the get_population function is the absence of any
type annotation. Indeed, variables do not have static types in Python!: types only
exist at run-time, and are used for the dynamic dispatch.

This example illustrates how overloading with dynamic dispatch can make dy-
namic languages very flexible and concise, and thus, convenient for prototyping.
However, the lack of static types makes them more error-prone, as invalid operations
in the code are detected late at run-time, or worse, remain hidden by being automat-
ically converted to another type, and eventually result in an incorrect computation.
Moreover, large codebases may be hard to maintain due to the lack of static type
information for the programmer and the toolchain (linter, auto-completion, etc.).

In this manuscript, we aim to design a static type system that could be inte-
grated into a dynamic language (in the same way as TypeScript adds static types to
JavaScript), that would provide static safety properties (in particular, if a program
type-checks, then no type error should occur at run-time), and that would be doing
so without restraining the features of the language. Of course, a compromise has
to be found as some features of dynamic languages are notoriously difficult to type,
such as the eval function available in many dynamic languages (Python, JavaScript,
PHP, R, etc.). This thesis focuses on the “dynamic dispatch” aspect of dynamic
languages: we will be trying to infer types for overloaded functions that perform
dynamic tests of types. The type system we design works on a pure language, and
thus cannot be directly applied to a dynamic language with a mutable state. Future
work is required in order to support side effects, and to integrate gradual typing
into our type system. Gradual typing allows typed and untyped code to coexist,
which is essential for introducing a type system into an existing language, since it
allows libraries to be typed incrementally. Gradual typing may also be useful in
the presence of reflection, such as the eval function?, since we cannot expect such
operations to be typeable in the general case. This future work will be discussed in
Chapter 10.

1Still, it is possible to write static type annotations, but those are ignored by the Python inter-
preter. These static type annotations may however be used by external tools such as Mypy (Jukka
Lehtosalo).

2 Although it is often discouraged, the use of eval is pervasive in some languages: it is often
used for meta-programming purposes in languages that do not feature macros, as observed by Goel
et al. (2021) for the language R.
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1.2 Motivations

Typing dynamic languages is a challenging endeavor even for very simple pieces of
14 | |77

code. For instance, JavaScript’s logical or operator behaves like the following

function® (also in JavaScript):

function 10r (x, y) {
if (x) { return x; } else { return y; }

3

A naive type for this function is (Bool,Bool) — Bool, which states that 1or is a
function that takes two Boolean arguments and returns a Boolean result. This
however is an overly restrictive type, that does not account for the fact that in
JavaScript logical operators such as 10r can be applied to any pairs of arguments,
not just to Boolean ones. JavaScript distinguishes two kinds of values: eight “falsy”
values (i.e., false, "", @, -0, @n, undefined, null, and NaN) and the “truthy” values (all
the others). The expression if executes the else code if and only if the tested value
is falsy. If we want to change the previous type to account for this fact, then we
should give 1or the type (Any,Any) — Any (where Any is the type of all values), which
is a rather useless type since it essentially states that 1or is a binary function. To
give 10r a more informative type, we need union and intersection types (which are
already integrated in typed versions of JavaScript such as TypeScript (Microsoft) and
Flow (Facebook)): we define the type Falsy as the following union type false v " v
@ v -0 Vv on Vv undefined Vv null v NaN, where each value denotes here the singleton type
containing that value, and the type Truthy to be its complement, —Falsy, that is,
the type of all values that are not of type Falsy. Then we can deduce for 10r the
following more precise type:

((Truthy, Any) — Truthy)
A ((Falsy, Truthy) — Truthy) (1.1)
A ((Falsy,Falsy) — Falsy)

In this type, A is a type combinator denoting intersection and meaning that the
function has all the types given in the intersection: that is, in words, if the first
argument of a function of this type is a Truthy, then the function returns a Truthy
regardless of the second argument (first arrow type), while if the first argument is a
Falsy, then the result is of the same type as the second argument’s type (second and
third arrow type). Notice how the use of an intersection of arrow types corresponds
to the typing of an “overloading” behavior (also known as ad hoc polymorphism,
Strachey (1967)), insofar as the type of the result of an application depends on the
type of the input.

In order to derive such a type, the type system must deduce that whenever the
condition tested by the if holds, then x is of type Truthy and, therefore, (i) that
all occurrences of x in the “then” branch (here just one) have type Truthy and (i7)

3This definition does not capture the short-circuit evaluation of | |”.




1.2. Motivations 7

that all the occurrences of the same variable x in the branch “else” (here none) have
thus type Falsy. This kind of deduction is usually referred as type narrowing or
occurrence typing since it requires to “narrow” the type of a variable x differently
for its different occurrences. A type system such as the one for Typed Racket—
defined in (Tobin-Hochstadt and Felleisen, 2010) where the term occurrence typing
was first introduced—is able to check that 10r has the type in (1.1), meaning that
the deduction requires the programmer to explicitly specify the type in the code
(though, Typed Racket has no negation types).

We can go a step further and type lor using an intersection of polymorphic
function types, yielding the following type (where o and  are type variables):

Va, . ((a A Truthy,Any) — a A Truthy) A ((Falsy, 8) — f) (1.2)

This type can be considered as an encoding of the following type, expressed in
so-called bounded polymorphism?:

V(a < Truthy).V(B). ((a, Any) — ) A ((Falsy, B) — B)

It completely specifies the semantics of the function 10r: it states that if the first
argument is a Truthy, then the application of the function returns the first argu-
ment®, otherwise it returns the second argument. This type is more precise than
the one in (1.1), since it allows the system to deduce that, say, if the first argument
of lor is an object, then the result will be an object of the same type (rather than
just a truthy value).

The type system described in this manuscript is not only capable of checking such
a type, but also to infer it (i.e., to reconstruct it, without requiring the programmer
to write explicit type annotations). Still, it does not seem too hard a feat to deduce
that if we are testing whether x is a truthy value, then when the test succeeds we
can assume that x is of type Truthy. To show the more advanced capabilities of our
system let us have a look at how ECMAScript specifies the semantics of JavaScript
logical operators, as defined in the 2021 version of the specification (Ecma, 2021,
Section 13.13.1). Since in JavaScript there are no union or intersection types, then
the falsy and truthy values are defined via an (abstract) function ToBoolean which
simply checks whether its argument is one of the 8 falsy values and returns false,
otherwise it returns true. In our system, ToBoolean has type (Truthy — true) A
(Falsy — false). All logical operators are then defined by ECMAScript in terms of
this function: this has the advantage that any change to the specification of falsy
(e.g., the addition of a new falsy value, like the addition of the built-in bigint type
and its constant en in ES2020) requires only the modification of this function, and

1A type V(s1 € a < s2). t can be encoded by the type Va.t’ where ¢’ is obtained by replacing
every occurrence of a in t by (v v s1) A s2. See Castagna (2024, Section 2) for more details.

SStrictly speaking, the type states that the function returns a result of the same type as the first
argument, but by parametricity we can deduce that the result will be the first argument. Likewise
for the second argument. A simple way to understand it is by instantiating both type variables in
(1.2) with the singleton type of the (value result of the) argument.
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is automatically propagated to all operators. So the actual definition of 1or for
ECMAScript is the following one:

function 10r (x, y) {
if (ToBoolean(x)) { return x; } else { return y; }
}

If we feed this function to our system, then it infers for it the type in (1.2), that is, the
same type it already deduced for the simpler version of 1or defined in lines 4-6. But
here the deduction needed to perform occurrence typing is more challenging, since
the system must deduce from the type (Truthy — true) A (Falsy — false) of ToBoolean
that when the application in line 8 returns a truthy value, then the argument of
ToBoolean is of type Truthy, and it is of type Falsy otherwise. More generally, we
need a system which, when a test is performed on an arbitrarily complex application,
can narrow the type of all the variables occurring in the application by exploiting
the information provided by the overloaded behavior of the functions therein.
Achieving such a degree of precision is a hard feat but, we argue, it is necessary
if we want to reconstruct types for dynamic languages. Indeed, the core operators
of these languages (e.g., JavaScript’s “||”, “8&”, “typeof”, ...) are characterized by
an “overloaded” behavior, which is then passed over to the functions that use them.

“11” such as in the anonymous

So for instance a simple use of JavaScript logical or
function ((x) => x || 42) results in a function whose precise type, as reconstructed
by our system, is (Falsy — 42) A (Truthy A @ — Truthy A «). JavaScript functions
also routinely perform dynamic checks against constants (notably null and undefined),
which our system also handles as part of its more general approach to type narrowing

of arbitrary expressions.

1.3 Contributions

This manuscript aims to apply the power of set-theoretic types to dynamic lan-
guages featuring type-cases, first-order functions and polymorphism. Consequently,
it makes an extensive use of prior work on set-theoretic types, such as Frisch (2004);
Frisch et al. (2008); Castagna and Xu (2011).

Polymorphic type systems based on set-theoretic types have already been studied
by Castagna et al. (2014, 2015), but for a language where A-abstractions are explic-
itly typed. This manuscript proposes a new approach where A-abstractions are not
explicitly typed, and where our type system is able to infer the type of polymor-
phic and overloaded functions, while also fully capturing the essence of occurrence
typing.

The general contribution of this work is twofold. First, it proposes a way to mix
parametric, intersection/ad hoc polymorphism, and occurrence typing inside a for-
mal system of deduction rules (the declarative type system). While the rules compos-
ing this formal system are not novel (intersection-introduction, union-elimination,
instantiation, etc.), combining them all together in a type system requires some
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care, in particular for the union-elimination rule, and is an original work.

Second, it proposes an effective way to implement this type discipline by defining
a reconstruction algorithm; with respect to that, a fundamental role is played by
the analysis of the type tests performed by the expressions, since they drive the
way in which types are split: externally, to split the domain of functions yielding
intersection of arrows (intersection-introduction); internally, to split the type of
tested expressions, yielding a precise typing of branching (union-elimination). In
doing so, it provides the first system that reconstructs types and that combines
parametric and ad hoc polymorphism.

The technical contributions of this work can be summarized as follows:

e We define a declarative type system that combines parametric polymorphism
with union and intersection types for a functional calculus with type-cases,
and we prove its soundness.

e We define an algorithmic system that we prove sound and complete with re-
spect to the previous system.

e We define an algorithm to reconstruct the type annotations of the previous al-
gorithmic system, allowing the inference of overloaded and polymorphic types
for functions.

e We provide several extensions, enriching our language with records, let-
bindings, pattern-matching expressions, and user type annotations.

e We provide a full implementation of the algorithmic system and reconstruc-
tion algorithm with the extensions, available online (https://www.cduce.org/
dynlang/, Castagna et al. (2024b)).

1.4 Timeline and scientific production

The approach presented in this manuscript is the successor of two prior attempts.
These two prior attempts are not detailed in this manuscript as we consider the
present approach to be a strict improvement, both in terms of expressivity and
presentation. Still, they are briefly described and compared to the present approach
in this section.

The first approach that we explored aimed at integrating occurrence typing
(Tobin-Hochstadt and Felleisen (2008)) into a type system based on set-theoretic
types, by refining the environment using an auxiliary deduction system before typ-
ing the branches of a type-case. In order to remember type information about
complex expressions, the type environment was extended: in addition to storing
type information about variables, it could hold information about the type of ar-
bitrary expressions. For instance, when typing the first branch of an expression
if (F()) { ... } else { ... }, the environment would map the expression f(x) to the
type Truthy, and when typing the else branch it would map f(x) to the type Falsy.
This capability of the environment to contain type information about arbitrary ex-
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pressions adds some complexity to the declarative type system. To that complexity
one also needs to add the complexity of the auxiliary deduction system used for re-
fining the type environment (from the information that f(x) is Truthy, we may also
learn type information about f and x). In the end, the type system proposed was
complex, and we did not manage to propose an algorithmic version of this system
that is both sound and complete (we proposed one that was sound, and that was
complete for a restricted set of derivations). Nevertheless, this approach brought
some novel ideas to set-theoretic type systems and has been published in Castagna
et al. (2022a).

The second approach we explored is very different, though it follows the same
goal, namely, integrating occurrence typing into a set-theoretic type system. Instead
of using complex rules for type-cases, it features two very simple rules. The first one
only applies when the type of the tested expression e is a subtype of the tested type
t, in which case we only need to type the first branch. Conversely, the second rule
applies when the type of e is disjoint from ¢, in which case only the second branch
is typed. These two rules alone do not cover the general case, but the idea is to
combine them with the union-elimination rule (from Barbanera et al. (1995)), a rule
allowing to split the type of a subexpression into several smaller types and to consider
each case separately. This combination of rules captures the essence of occurrence
typing, yet still keeping a very simple declarative type system. Finding derivations
for this type system, however, is challenging: we have to decide when to apply this
union-elimination rule, on which subexpression, and how to decompose the type of
this subexpression. The main development of this work thus consists in restricting
the use of the union-elimination rule in a controlled way, and to use it to define
an algorithmic type system that is both sound and complete with respect to the
declarative one. This algorithmic type system, however, requires type annotations
to be inserted in the expression we want to type. The last part of this work aims to
define an inference algorithm whose role is to reconstruct those annotations. It is
unable, however, to infer higher-order types for function arguments. This approach
has led to a publication and presentation at POPL 2022 (Castagna et al., 2022b).

The present work can be seen as a polymorphic extension of this second ap-
proach, though its also has other benefits (in particular, a better type inference,
made possible by the introduction of type variables). It borrows some key notions
from it, such as (i) the combination of the union elimination rule with two sim-
ple rules for type-cases in order to capture the essence of occurrence typing, and
(7i) the way to restrict the use of the union-elimination rule in order to obtain an
algorithmic type system. However, the introduction of polymorphic types greatly
modifies the meta-theory. Besides its influence on the union-elimination rule, the
presence of type variables suggests a new approach for type inference, inspired by W
from Damas and Milner (1982): parameters of A-abstractions are first typed using a
fresh type variable «, acting as a symbolic marker which is then substituted as new
constraints are discovered. This yields a clear improvement, with the capability to
infer higher-order types and types of recursive functions. This work has been pub-
lished and presented at POPL 2024 (Castagna et al., 2024a). In this manuscript,
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we give a more detailed presentation of this approach, including several practical
considerations and discussions.

1.5 Outline

Part I: Context and Motivations This part introduces the motivations and the
challenges of our approach, and explains some fundamental notions about set-
theoretic types.

Chapter 2: Background This chapter introduces the notions of set-
theoretic types that will be used throughout this manuscript. All the for-
malizations and results presented in this chapter come from previous work
(Frisch, 2004; Castagna et al., 2014, 2015).

Set-theoretic types add to the usual type constructors (arrow — and product
x ) the possibility to express the union v of two types, the intersection A of
two types, and the negation — of a type.

The first challenge is to define a subtyping relation over these types. To this
purpose, we associate to each type ¢ an interpretation [t] as a set of values:
for instance, the interpretation of Int x Bool is the set of all pairs whose first
component is an integer, and whose second component is a Boolean. Note,
however, that this interpretation is more difficult to define for function types,
and requires special care. Using this interpretation, subtyping is naturally
defined as follows: a type 1 is a subtype of a type t9 if and only if the set
[t1] is a subset of [ta]. This subtyping relation is often referred to as semantic
subtyping.

This formal definition of subtyping is all well and good, but it involves infinite
sets that cannot easily be manipulated in an algorithm. Thus, the second
challenge consists in finding a way to decide this subtyping relation. Instead
of dealing with interpretations, the subtyping algorithm directly works on the
syntactic tree of types. A special representation is defined for types: the
Disjunctive Normal Form (DNF). Each type can be represented by a DNF,
and this form makes it simpler to decide subtyping, and more generally, to
implement operators over types.

Finally, the last challenge tackled in this chapter consists in the resolution
of subtyping constraints involving type variables. Given a set of subtyping
constraints {s; <t ; ...; Sp < tp}, we want to find all type substitutions ¢
such that Vi € 1 .. n. s;¢ < t;¢0. This problem, called tallying, is decidable,
and it will be a key operation of our type inference.

Chapter 3: Core Language This chapter formalizes the syntax and the
semantics of our language. We start with the usual call-by-value A-calculus,
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with constants and pairs, and extend it with a type-case construct (eet) ?e:e,
where 7 is a type that does not contain any arrow type except Empty — Any
(the supertype of all functions). In practice, this means that we can check
whether a value is a A-abstraction or not, but we cannot check, for instance,
whether this A-abstraction accepts integers as input or not. This restriction
is necessary to give a proper semantics to type-cases: as our A-abstractions
are not explicitly annotated with their type, it is not possible, at run-time, to
determine the type of a A-abstraction.

This type-case construct is very simple, and yet challenging to type. As illus-
trated by our introductory example, typing an expression (e€7) ?eq:eo may
require performing occurrence typing: the first branch e; (respectively, the
second branch ey) may only be typeable under a refined type environment
that accounts for the fact that the expression e reduces to a value of type 7
(respectively, of type —7). Additionally, type-cases make it possible to write
functions with an overloaded behavior. This overloaded behavior should be
captured by our type system, forcing us to derive intersection types for func-
tions.

Another challenge that is discussed in this chapter is the need for modularity.
When typing a consequent codebase, consisting in several successive defini-
tions, the type inferred for a definition should not depend on later definitions.
For instance, a library should be typeable independently of the projects that
use it. To capture this notion of modularity, we introduce the notion of pro-
grams, consisting in a sequence of top-level definitions that must be typed one
after the other.

Part II: Core Formalization This section is dedicated to the formalization of a
system that addresses the issues raised in the previous part. To this purpose,
it defines: (i) a declarative type system, composed of a set of simple yet
powerful deduction rules, (i) an algorithmic type system, equivalent to the
declarative one, but whose rules are syntax-directed and analytic, and (ii7) a
reconstruction algorithm, that aims to reconstruct the annotations required
by the algorithmic type system.

Chapter 4: Declarative Type System This chapter formalizes the
declarative type system. Conceptually, it is quite simple: it just merges to-
gether three of the most expressive type systems studied in the literature,
namely the Hindley-Milner polymorphic types (Hindley, 1969; Milner, 1978),
intersection types (Coppo et al., 1981), and union types (MacQueen et al.,
1986; Barbanera et al., 1995). We achieve it simply by putting together in
a controlled way the deduction rules characteristic of each of these systems,
detailed below, and proving that the resulting system is sound.

As seen with our introductory example, intersection types can be used to
capture the behavior of overloaded functions. To derive intersection types for
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functions, we add to our type system the intersection-introduction rule: if we
can derive the type ¢ and the type to for an expression e, then we can derive
for it the type t1 A to.

Union types are used to implement occurrence typing. The power of union
types is exploited by the union-elimination rule: given an expression e that we
want to type, and a subexpression €’ of e whose type can be decomposed into
a union t; v to, we can choose to split the typing derivation in two indepen-
dent branches, one that assumes that occurrences of this subexpression have
type t1, and the other that assumes that they have type to. This mechanics,
coupled with simple rules for type-cases that allow skipping a branch when it
is unreachableS, makes it possible to type a branch of a type-case only under
the type environments for which it is reachable. Thus, this mechanism fully
captures the essence of occurrence typing.

Lastly, Hindley-Milner parametric polymorphism is required to make our type
system modular. While intersection types can be used to capture the behavior
of overloaded functions, they cannot fully capture the behavior of generic
functions, as it would require infinitely-many intersections: for instance, the
identity function can be approximated by an intersection type such as (Int —
Int) A (—Int — —Int), but this type is only suitable if we know that this
function will only be applied to arguments of type Int and —Int. In a modular
language, however, we do not know in advance in which contexts this function
will be used. Parametric polymorphism brings a solution to this problem,
allowing us to type the identity function @ — « and to freely instantiate the
type variable « later, whenever this function is used.

The type system we obtain is powerful, but it is non-algorithmic: derivations
for the same typing judgment are not unique, and can have very different
shapes, largely due to the union-elimination rule. Along the way to proving
the type safety of this system, we restrict the shape of typing derivations by
defining a notion of canonical derivations, and we describe a normalization
process to turn any derivation into a canonical derivation. In particular, we
show that the union-elimination rule only needs to be applied once on each
subexpression, and we further restrict the locations in the derivation where it
can be applied. This notion of canonical derivation is a first step towards an
algorithmic type system.

Chapter 5: Algorithmic Type System This chapter defines an algorith-
mic type system, sound and complete with respect to the declarative one of
Chapter 4. To be algorithmic, a type system must satisfy two properties: (i)

SThree typing rules in total: one that covers the case where the tested expression has the empty
type Empty and thus both branches are unreachable, and the two others that cover the cases where
one of the branches is unreachable.
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it must be syntax-directed, and (74) all its rules must be analytic’.

A type system is syntax-directed when the syntax of the expression we are
typing uniquely identifies which rule to apply. This is not the case of the
declarative type system, in particular because of the union-elimination rule:
this rule can be used on any expression e to decompose the type of any subex-
pression €’ of e. In order to make the type system syntax-directed, we restrict
the use of the union-elimination rule according to the shape of the canonical
derivations characterized in Chapter 4. Roughly, when typing an expression
e, we apply the union-elimination rule only once on every subexpression e’
of e, and we do so as soon as all the free variables of €’ are in the typing
environment. To implement this behavior in the algorithmic type system, we
first transform the expression e into a canonical form k, which consists in a
sequence of bindings associating variables to expressions in which every proper
subexpression is a variable. For instance, a canonical form for the expression
(f x,f x) is bindy=f xinbindz=(y,y)inz . The advantage of this form is
that each subexpression of e is now bound to a variable: the algorithmic type
system can thus simply apply the union-elimination rule once on each bind
definition. However, in order to preserve typeability, canonical forms must sat-
isfy some properties: in particular, two syntactically equivalent subexpressions
must be bound to the same variable (this constraint is necessary to preserve
the correlation between the different occurrences of a same subexpression). A
canonical form that satisfies this property—and two others—is called Maximal
Sharing Canonical (MSC) form. We prove that any expression e has a unique
MSC form, noted MSC(e), and we provide a way to compute it.

To have an algorithmic type system, we also need all rules to be analytic.
Again, the union-elimination rule is problematic: the type decomposition ¢ v
...vt, cannot be deduced from the conclusion of the rule. Another non-analytic
rule is the rule for typing A-abstractions, as it guesses a type for the parameter.
To make these rules analytic, the judgments derived by the algorithmic type
system are modified: in addition to a type environment I' and a canonical
form k, they take as additional input an annotation tree that specifies these
elements. This triplet formed of a type environment, a canonical form, and
an annotation tree, uniquely encodes a canonical derivation of the declarative
type system. Thus, we have reduced the problem of finding a derivation for
an expression e with the declarative type system to the problem of finding
an annotation tree that makes MSC(e) typeable with the algorithmic type
system.

Chapter 6: Reconstruction Algorithm This chapter describes an algo-
rithm to reconstruct the annotation tree used by the algorithmic type system

A rule is analytic (as opposed to synthetic) when the input of the judgment at the conclusion
(i.e., the type environment and the expression) is sufficient to determine the inputs of the judgments
at the premises (cf. Martin-Lof (1994); Types (2019)).
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defined in Chapter 5. This algorithm is described by a system of deduction
rules that incrementally refines (using backtracking) an annotation tree, ini-
tially composed of a single node “infer”. It mixes two mechanisms: (i) one
that infers the domain(s) of A-abstractions and that is inspired by algorithm
W by Damas and Milner (1982), and (i7) the other that infers the type de-
compositions to be used by the applications of the union-elimination rule on
each bind definition.

The first mechanism starts by typing each parameter of a A-abstraction with
a fresh type variable, used as a symbolic marker that is then substituted as
new constraints are discovered. The main difference with W is that, while
W uses unification to solve syntactic constraints, we have to solve constraints
of semantic subtyping: for that, we rely on the tallying algorithm defined in
Chapter 2. The solutions to a tallying instance are characterized by a principal
finite set of substitutions, forcing our reconstruction algorithm to branch in
order to consider each substitution separately.

The second mechanism, for inferring the type decompositions to be used by
the union-elimination rule, is triggered by type-cases. Whenever a type-case
(xeT) ?y:z is encountered, the type decomposition associated to x is refined:
the type of x is split into 7 and —7. More precisely, if the current type
environment is I', the reconstruction algorithm considers two branches: one
in which x has type I'(x) A 7, and another in which x has type I'(x) A —7.
This decomposition is then backpropagated to other variables appearing in
the definition of x.

The reconstruction algorithm we obtain is not complete: it may fail to recon-
struct an annotation tree for an expression e even if e is typeable with the
declarative type system. Still, it yields a type inference that is evaluated in
the next part.

Part III: Towards a Practical Language In this part, we start from the core
formalization defined in Part II and transform it into a practical implemen-
tation. The language is extended with new constructs (such as records, let-
bindings, and pattern-matching), and some optimizations for the reconstruc-
tion algorithm are discussed. In addition, a prototype implementation is pre-
sented and evaluated on several examples.

Chapter 7: Extensions This chapter extends the source language with
several new constructs: (i) records, which are implemented in many languages
and can also be used to encode objects of object-oriented languages such as
JavaScript, (i7) user type annotations, which may be used to compensate for
the incompleteness of the reconstruction, (iii) let-bindings, and (iv) pattern-
matching, which is encoded in our language using let-bindings and type-cases.
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Chapter 8: Practical Aspects This chapter presents several optimiza-
tions and heuristics for the reconstruction algorithm: a system that trims re-
dundant branches of the annotation tree, some heuristics for simplifying types
and substitutions, and a caching system based on memoization. Because of
the branching nature of the reconstruction algorithm, these optimizations are
necessary to reduce the combinatorial explosion of cases.

Chapter 9: Prototype Implementation This chapter presents a pro-
totype implementation for the algorithmic type system and reconstruction
algorithm. Although it is a prototype, favoring proximity to the formaliza-
tion rather than heavy optimization, it fully implements the extensions and
optimizations introduced in Chapter 8. This prototype is then evaluated on
several examples, highlighting its strengths and weaknesses, and the impact
of the different optimizations on performance.

Chapter 10: Discussion and Conclusion This chapter discusses the lim-
itations of our approach, and shows how user type annotations can be used
to compensate for the incompleteness of the reconstruction algorithm and im-
prove performance. It concludes with a related work section and a discussion
of future work: in addition to improving performance, some extensions must
be studied and implemented if we want to integrate this type system in a
real-world language, such as gradual typing (so that the type system can be
deployed progressively without having to type the entire codebase), the gen-
eration of simple and relevant error messages, and the support of side effects
(if the target language is not pure).
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This thesis builds on pre-existing work. We recall in this chapter the basic
definitions and theorem that we reuse and refer to the relevant publications for
details and proofs.

2.1 Set-theoretic types

Most of this work is built on the set-theoretic type theory, introduced by Frisch

(2004) and extended with type variables by Castagna and Xu (2011).

Definition 1 (Set-theoretic types). The set T of set-theoretic types is the set

of reqular and contractive terms coinductively defined by the following grammar:
Types t == bla|t—t|txt|tvi|tat]|—t|0]1

where b € B is a base type and o € V a type variable. When writing a term, we
use the following precedence (by decreasing priority): —, A, v, X, —.
The notation t1\t2 is a syntactic sugar for t; A —ta.

The set B of base types and the set V of type variables are fixed, and we note
T the set of types. Types are ranged over by meta-variables ¢ and s.

As they are defined coinductively, types can be infinite trees, provided that they
satisfy the constraints of regularity and contractivity explained below. This yields a
definition of equirecursive types that does not require explicit binders for recursion.

A term is said regular if it only has a finite number of distinct subterms, and
contractive if every infinite branch goes through an infinite number of arrows and
products (— and x). The contractivity constraint ensures that every type has a
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meaningful interpretation: for instance, it prevents from expressing types such as the
one satisfying the equation t = —t. The regularity constraint ensures decidability
of the subtyping relation that we will define in the next sections.

The set of base types should be chosen according to the constants of the language.
For each constant of the language, we have the associated base type (also called
singleton type): the base type True for the constant true, the base type False for
the constant false, the base type 42 for the constant 42, and so on. Constants
are written lowercased, while types are written capitalized. In the examples below,
we assume that our language features the usual constants (true, false, integers,
etc.), and the associated singleton types. We also define the base type Bool (it is
convenient to have it as a base type even though we can construct it as the union
True v False), as well as the base type Int. Note that Bool and Int are base types,
but not singleton types, because they have more than one inhabitant.

The type O is a special type that is not inhabited by any value, and is the subtype
of all types. Conversely, the type 1 is the supertype of all types.

The x constructor is used to type pairs of our language. Intuitively, it corre-
sponds to the Cartesian product of two types. In particular, the product 1 x 1 is
the supertype of all pairs: any well-typed pair can be typed with 1 x 1.

The — constructor is used to type functions (i.e., A-abstractions). Intuitively, a
A-abstraction has type t; — t if and only if it accepts as argument a value of type
t1, in which case either it yields a value of type to or it diverges. The type 0 — 1 is
the supertype of all functions. Using the intersection A, it is possible to express the
type of overloaded functions. For instance, a function mapping integers to Boolean
and Boolean to integers can be given the type (Int — Bool) A (Bool — Int). This
capability of types to capture the behavior of overloaded functions is sometimes
called ad hoc polymorphism.

Type variables a can be used by the type system to handle parametric polymor-
phism. However, at the level of the type algebra, type variables are not quantified:
this will be handled by the type system.

2.2 Type substitutions

For any type t, we note vars(t) the set of type variables occurring in t. A formal
definition of vars(t) will be given later.

Definition 2 (Ground type). A type t is a ground type if vars(t) = &.

Definition 3 (Type substitution). A type substitution is a function ¢ : V — T
from type variables to types which is the identity everywhere except for a finite
set of type variables, called its domain and denoted by dom(¢).
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Definition 4 (Application of a type substitution). The result of the application
of a type substitution ¢ to a type t, noted te, is the type satisfying these equations:

ag = ¢(a) (t1 x t2)¢ = (t19) x (t29) (t1 v t2)d = (t19) Vv (t20)
bp =0b (t1 — t2)d = (t19) — (t20) (—t)p = —(to)
06— 0

Note that this system of equations has a unique solution, and this solution is a
type as defined by Definition 1 (in particular, it is contractive and regular).
We use ® to range over sets of type substitutions.

Definition 5 (Application of a set of type substitutions). The application of a
finite set of type substitutions ® to a type t, noted t®, is defined as follows:

10 = A yeg 10

Applying a set of substitutions ® to a type ¢ amounts to applying all the sub-
stitutions in ® to ¢t independently, and then taking the intersection of the resulting
types. For instance, applying the set of substitutions {{« ~» Int}, {« ~ Bool}} to
the type a — « yields the type (Int — Int) A (Bool — Bool).

Notation.

AOM(P) oo LffveV | ¢la) #a}
L2722 < vars(t)nV =2
e e The identity type substitution
{ag~t1s ooy an~tp) o Type substitution mapping oy to t; foriel .. n
DL O DY e Composition of substitutions ¢1 and ¢o
¢|V .......................................... Restriction of ¢ to the domain V
DRV < dom(p)nV =g
e C) P &t fvars(p(a))\{a} | o€ dom(¢)}

2.3 Type interpretation

In order to define subtyping over these types, the idea is to interpret each ground
type (i.e., a type that does not contain type variables) as a set of values of our
language. Then, subtyping can be defined as set containment over the interpretation
of types. Intuitively, each ground type is associated to the set of values having this
type: for instance, the base type True is interpreted as the singleton containing
the constant true, while the type Bool = True v False is interpreted as the set
{true, false}.
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However, this idea becomes subtler when dealing with arrow types. Although an
arrow type intuitively corresponds to a function (i.e., a A-abstraction), interpreting
an arrow type as a set of A-abstractions is problematic as it yields a circular rea-
soning: determining if a A-abstraction is in the interpretation of a type requires to
define a type system, which in turns needs the subtyping relation that we are trying
to build. In order to break this circularity, the interpretation of types is not defined
over values of our language but over a domain D defined below. Note that this does
not necessarily invalidate the “types as set of values” intuition, as it is discussed in
Castagna and Frisch (2005, Section 2.7).

Regarding polymorphic types, one may think that it is enough to define an
interpretation only for ground types, and then define subtyping by stating that
a type s is a subtype of a type t if and only if, for every instance of s and t,
respectively s¢ and t¢, if s¢ and t¢ are ground types then the interpretation of
s¢ is contained in the interpretation of t¢. However, Hosoya et al. (2005) show
that this definition of subtyping for non-ground types is hard to decide and has
counterintuitive consequences.

Consequently, we need to define an interpretation for all types, and not only
ground ones (the interpretation domain D should account for type variables). A
simple model was proposed by Gesbert et al. (2015). We succinctly present it in
this section. The reader may refer to (Castagna, 2024, Section 3.3) for more details.

Definition 6 (Interpretation domain Gesbert et al. (2015)). The interpretation
domain D is the set of finite terms d produced inductively by the following gram-
mar

d:=ct | (d,d)* | {(d,?),...,(d o}~
0u=d|Q

where ¢ ranges over the set C of constants, L ranges over finite sets of type
variables, and where € is such that Q ¢ D.

The elements of D correspond, intuitively, to (denotations of) the results of the
evaluation of expressions, labeled by finite sets of type variables. In particular, in a
higher-order language, the results of computations can be functions which, in this
model, are represented by sets of finite relations of the form {(dy, d1),.. ., (dn, dn)}%,
where Q (which is not in D) can appear in second components to signify that the
function fails (i.e., evaluation is stuck) on the corresponding input. This is imple-
mented by using in the second projection the meta-variable ¢ which ranges over
Dq =D u {Q} (we reserve d to range over D, thus excluding €2). This constant
is used to ensure that 1 — 1 is not a supertype of all function types: if we used
d instead of 0, then every well-typed function could be subsumed to 1 — 1 and,
therefore, every application could be given the type 1, independently of its argu-
ment as long as this argument is typeable (see Section 4.2 of Frisch et al. (2008)
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for details). The restriction to finite relations corresponds to the intuition that the
denotational semantics of a function is given by the set of its finite approximations,
where finiteness is a restriction necessary (for cardinality reasons) to give the se-
mantics to higher-order functions. Finally, the sets of type variables that label the
elements of the domain are used to interpret type variables: we interpret a type vari-
able a by the set of all elements that are labeled by «, that is [a] = {d | o € tags(d)}
(where we define tags(c”) = tags((d, d')*) = tags({(d1,01), ..., (dn,3)}") = L).

We define the interpretation [t] of a type ¢ so that it satisfies the following
equalities, where Ps, denotes the restriction of the powerset to finite subsets and B
denotes the function that assigns to each base type the set of constants of that type,
so that for every constant ¢ we have ¢ € B(b.) (we use b, to denote the base type of
the constant c):

[0] =2 [a] = {d | « € tags(d)} [t1 v ta] = [t1] v [t2]
[b] =B(b)  [—t] = D\[] [t x t2] = [ta] x [t2]
[ti—t2] = {R € Pun(D x Dq) | V(d,0) € R.d € [t1] = 0 € [t2]}

Note that, even though we included 1 and the intersection A in the syntax of our
types (Definition 1), those two can be defined from the other constructors: 1 = —0
and t; Aty = —(—t; v —ta) (De Morgan’s law). It is easy to see that, with these
definitions, we have [1] = D and [[t; A tao]] = [t1] N [t2]. Thus, it is not necessary to
define an interpretation for them.

We cannot take the equations above directly as an inductive definition of []
because types are not defined inductively but coinductively. Notice however that
the contractivity condition of Definition 1 ensures that the binary relation =<7 x 7T
defined by t1 v to =>t;, t1 A to > 1t;, =t =t is Noetherian. This gives an induction
principle! on T that we use combined with structural induction on D to give the
following definition, which validates the equalities above.

Definition 7 (Set-theoretic interpretation of types). We define a binary predicate
(d:t) (“the element d belongs to the type t”), where d € D andt € T, by induction
on the pair (d,t) ordered lexicographically. The predicate is defined as follows:

B(b)

€ tags(d)
tl) and (d2 tg)

(c:b

(d:a

)
)
((d1,do) : t1 x to)
)
)
)=

(d1
({(d1,01), ey (dpy On)} : t1 — ta) = Vi€ [1..n].if (d; : t1) then (J; : t2)
(d:t1vita)=(d:ty)or(d:ta)
(d:—t)=not(d:t)
(0:t) = false otherwise

'In a nutshell, we can do proofs and give definitions by induction on the structure of unions
and negations—and, thus, intersections—but arrows, products, and base types are the base cases
for the induction.
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We define the set-theoretic interpretation [.] : T — P(D) as [t] = {de D | (d:
t)}.

2.4 Semantic subtyping

Now that we have a set-theoretic interpretation of types, we can define the subtyping
preorder and its associated equivalence relation as follows.

Definition 8 (Subtyping relation). We define the subtyping relation < and
the subtyping equivalence relation ~ as t; < to <% [t] < [t2] and t; ~
to odef (tl < tg) and (tQ < tl) .

This subtyping relation is sometimes referred to as semantic subtyping, as it is
not defined on the syntax of the type but on its interpretation.

This subtyping relation is decidable, as shown by Frisch (2004) for ground types
and extended to support type variables by Castagna and Xu (2011). An explanation

of the subtyping algorithm can be found in Castagna (2020).
With this set-theoretic definition of subtyping, usual properties of sets are in-
herited by subtyping, for instance:

tivits ~te vy ti Ata >ty Aty (commutativity)
tvt~t tat~t (idempotence)

—(—t) ~ ¢t (double complement)
tv(siase)~(tvs)A(tvse) tA(s1vse)~(tAsy)v(tAss) (distributivity)

For any two type substitutions ¢; and ¢3, we write ¢1 ~ ¢2 the pointwise
subtyping equivalence of ¢; and ¢5. An important property of the interpretation
above is that subtyping is preserved by type substitutions:

Vi, to, p. t1 < to = t1¢ < a0

However, a naive definition of vars(t) is not preserved by subtyping equivalence:
for instance, we have 1 ~ av —«, while a purely syntactic definition of vars(t) would
yield vars(1) = @ and vars(a v —a) = {a}. In order to avoid this, we define vars(t)
as being the set of meaningful type variables in t. This notion has been introduced
by Castagna et al. (2016a), where it was noted as mvar(t), and is defined below.

Definition 9 (Type variables). The set of type variables of a type t, noted vars(t),
1s the following set of type variables:

vars(t) L {a e V | t{a ~ 0} # t}

With this definition, the set of variables of a type is preserved by subtyping
equivalence: Vtq,to. t1 ~ to = vars(t1) = vars(ta).
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2.5 Disjunctive Normal Form and type operators

In order to design an algorithmic type system, we need not only to decide subtyping,
but we also need a way to compute the domain of a function type, the type resulting
from an application, or the type resulting from a projection.

More formally, we want to compute the three type operators below.

Definition 10 (Type operators). Lett <0 — 1 and t’ <1 x 1.

dom(t) %' max{u|t<u—1}

<
tos min{u | t < s — u} where s < dom(t)
m(t) L minf{u | ¢ <ux1}
<

mot) L min{u |t <1 xu}

The type dom(t) is the largest type that can be accepted as argument by a
function of type ¢: it corresponds intuitively to the domain of . For instance, the
domain of the type (Int — Int) A (Bool — Bool) is Int v Bool.

The type to s is, intuitively, the result type of t when applied to an argument of
type s. This should not be confused with the codomain of ¢, as the codomain does not
depend on the type of the argument: for instance, the type (Int — Int) A (Bool —
Bool) has the codomain Int v Bool, but when applied to an argument of type Int,
the result type is Int.

Similarly, the types 71(t) and ma(t) respectively correspond to the result type
of the left projection and right projection of ¢.

In order to compute those type operators, we introduce a normal form for types,
called Disjunctive Normal Form (DNF). For that, we first define the set A of atoms
as follows:

AZBUVU{t1Xt2 | tl,tQET}U{tlﬂtQ | tl,tQET}

Definition 11 (Disjunctive Normal Form). A Disjunctive Normal Form (DNF)
is a type t € T such that:

E\/(/\M/\W> with  Wiel (/\M/\ﬁa> %0

i€l \a€P; aeN; aeP; aeN;

~

where = 1is the syntactic equality, I is a finite set of indices, and for every i€ I,
P; and N; are finite sets of atoms.

Proposition 1 (Existence of a DNF). Any type t € T is equivalent to a type
t' such that t' is a DNF. We say that t' is a DNF of t, and we note it t X ¢
(where t' is necessarily a DNF).
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We can compute a DNF of any type ¢ by using the properties of distributivity.
Note that DNF's are not unique: a type may be equivalent to several distinct DNF's.
For instance, the two DNF's (Bool v Int)x 1 and (Boolx1)v (Intx1) are equivalent.

Using DNF's, the operators defined above can be computed as follows.

For a function type (i.e., a type that is a subtype of 0 — 1) ¢ such that

t R \/ /\ QA /\ —al, A /\(sp—>tp) A /\ — (s, > t1)
iel p/GPi’ nleNf peP; nenN;

the first two operators are computed by:

dom(t) = /\\/sp

i€l peP;

\/ \/ /\ lp (for s < dom(t))

i€l \{QSPi | s€V eqsq} \PEP\Q

tos

For a pair type (i.e., a type that is a subtype of 1 x 1) ¢ such that
t R \/ /\ QA /\ —al, A /\(spxtp) A /\ — (sl x t)
el p’ePZ.’ ’I’L/GN{ peP; nenN;
the last two operators are computed by:

m -\ V (/\SPA/\ﬁS;)

i€l N'CN,; \pePF; neN’

™) =\ V (/\tp/\/\_'t/n>

i€l N'CN; \peP; neN’

For more details and proofs, the reader may refer to Frisch et al. (2008); Castagna
et al. (2022a).

2.6 The tallying problem

One very powerful tool when dealing with set-theoretic types is the tallying algo-
rithm. Intuitively, it is the equivalent of the unification (used in algorithm W,
Damas and Milner (1982)), but for a system with subtyping. It has been introduced
by Castagna et al. (2015).
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Definition 12 (Tallying problem). Let C' be a constraint set, that is, a finite set
of pairs of types, and A a set of type variables. A type substitution ¢ is a solution
to the tallying problem (C,A), noted ¢ a C, if ¢#A and for all (s,t) € C,
s¢ < to holds.

A constraint set {(s;,;)}ic; may also be noted {s; < t;}icr.

While unification consists, for two types s and ¢, in finding every type substitu-
tion ¢ such that s¢ and t¢ are syntactically equivalent, tallying consists in finding
every type substitution ¢ such that s¢ < t¢. In the definition above, A corresponds
to the type variables that cannot be substituted (¢#A).

Whereas a unification problem has either no solution or an infinity of solutions
characterized by one principal type substitution, solutions to a tallying problem are
characterized by a principal finite set of type substitutions.

Proposition 2 (Principality). For every tallying problem (C,A), the set of all
solutions can be characterized by a finite set of type substitutions ® such that:

Vope®. ¢ lka C (soundness)
Vo', ¢" kA C = Jp e ®. 3¢, ¢'#A and ¢" ~ ¢' 0 ¢ (completeness)

The problem of characterizing all solutions to a tallying instance is decidable for
the system defined in this chapter. An algorithm to characterize all solutions to a
tallying instance is proposed in Castagna et al. (2015).

Tallying can be used to determine the type resulting from an application or pro-
jection involving polymorphic types. For instance, consider the application f true
where f is the polymorphic identity function of type a — «. We cannot use the o
type operator alone to type this application, as (a« — «) o True is not even defined
(True € dom(ax — «)). Instead, we can consider the constraint (o — «, True — f3)
(where (8 is a fresh type variable that captures the type of the result of the appli-
cation), and we solve this constraint using tallying (with A = &). The solutions
to this tallying instance can be characterized by one principal type substitution
¢ ={a ~ True va; ~ True v av }. By applying ¢ to the type of f, we
get the type True v a — True v «, which can now be used to compute the type
resulting from the application: (True v a — True v a)oTrue = True v a (which can
be simplified into the type True by substituting a by 0 2). Note that the tallying
algorithm may return a set ® of several substitutions, as characterizing all the solu-
tions to a tallying instance may require more than one type substitution, in which

2More generally, when a polymorphic type variable a only occurs in covariant positions in a
type t, this type t can be simplified by substituting o by 0. Likewise, a type variable that only
occurs in contravariant positions can be substituted by 1. The type we get is an instance of ¢ that
is smaller than ¢.
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case we would apply the set of type substitutions ® to the type of f, as defined in
Definition 5.
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This chapter formalizes the language that will be used throughout this
manuscript, and presents the challenges to be met in order to type it.

3.1 Syntax

Definition 13 (Syntax of the core language). The expressions, values and pro-
grams of our core language are the finite terms produced by the following grammar:

Ezxpression e == c|xz|Ave|ee] (ee)]| me]| (eeT)?eze
Value v c| Az.e | (v,v)
Program p = letz=e;p | e

where T is a test type.

A test type is a ground type that does not feature any arrow except 0 — 1.

Definition 14 (Test type). A test type is a type produced by the following gram-
mar:

Test Type 7 == b|0—>1l|7x7|7vT|7TAT|—-7T|0]|1
Expressions of our language are A-expressions with constants ¢ € Const, variables

x € Vars, applications e e, A-abstractions Az.e, pairs (e, €), pair projections m;e, and
type-cases (eeT) ?e:e.
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A type-case (egeT) ?e;:es is a dynamic type test that first evaluates ey and,
then, if eg reduces to a value v, evaluates ey if v has type 7 or ey otherwise. Type-
cases cannot test arbitrary types but just ground types (i.e., types without type
variables occurring in them) where the only arrow type that can occur in them is 0 —
1, the type of all functions. This means that type-cases can distinguish functions
from other values, but they cannot distinguish, say, functions that have type Int —
Int from those that do not. This restriction is necessary in order to give our language
a proper semantics: having full type tests of the form v € ¢t would entail that we must
be able to check at run-time the types of A-abstractions. It is possible in languages
such as CDuce, where A-abstractions are decorated with their static type, and testing
v € t amounts to checking that t is a supertype of the function’s annotation. For us,
the problem is more complex as we consider unannotated A-abstractions: allowing
run-time tests of arbitrary arrow types would make the definition of the dynamic
semantics to depend on the type inference algorithm. We take the approach of
restricting the run-time type tests to whether a value is a function or not. We
believe this restriction to be acceptable since in practice, the dynamic languages we
want to model can test at run-time whether a value is a function but cannot have
more precise information (for the same reason as in our language: functions are not
systematically annotated with their type, making it ambiguous to determine at run-
time whether a function has a given arrow type or not). For instance, in JavaScript,
one can write the following conditional statement:

if (typeof(f) === "function") {
return 42;

}

As we will see in Chapter 9, not only the type-case expression but also the typeof
function can be encoded in our language and typed. Also note that the languages
Erlang and Elixir allow testing the arity of a function. Adding this feature to our
language and type system is possible, but requires a modification of the set-theoretic
interpretation of functions (Castagna et al., 2023). Lastly, in some object-oriented
languages, functions can be “boxed” in a class or interface which has a nominal type.
This is the case, for instance, of Java where lambda expressions are translated to
classes’. The type system defined in this manuscript does not include nominal sub-
typing (in particular, the subtyping we define for records in Chapter 7 is structural),
but such an extension is discussed in the future work section (Chapter 10).
Programs are sequences of top-level definitions, ending with an expression that
can be seen as the main entry point. This notion of program is useful to capture the
modularity of our type system. Indeed, top-level definitions are typed sequentially:
the type we obtain for a top-level definition is considered definitive and will not be
challenged by a later definition. This is where parametric polymorphism becomes
useful: for instance, if the identity function Az.z is defined at top-level, it will be

More precisely, a lambda, expression is translated to the class that is expected in the current
context. Consequently, lambda expressions can only appear in contexts where the target type is
unambiguous.
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typed Ya. @ — a. Then, whenever this identity function is used in a later definition,
it will be instantiated as required without having to re-type it. This would not be
possible without parametric polymorphism: while the identity can be typed with
several intersections, e.g. (1 — 1) A (Int — Int), we cannot know in advance the
types of the arguments that will be passed to it in later definitions. For instance, if
in a later top-level definition this identity function is applied to a Boolean, it will
yield the type ((1 — 1) A (Int — Int)) oBool = 1, which is not satisfying.

Definition 15 (Free variables). The set of free variables of an expression e,
noted fv(e), is inductively defined as follows:
fv(c) = @
fv(z) = {z}
fv(Azx.e) = fv(e)\{x}
fv(erez) = fv(er) U fv(ez)
fv((e1,e2)) = fv(er) U fv(ea)
fv(mie) = fv(e) i=1,2
fv((e1eT) 2ea:e3) =fv(er) U fv(ez) U fv(es)

Notation.

e = =2 I P Syntactic equality
== Syntactic equivalence modulo a-renaming
o T S Subterm order modulo a-renaming

Note that, for the subterm order =, a free variable is distinct from a bound
variable: we do not have x =, Az.x as x is free in the left-hand side expression and
bound to a A-abstraction (and thus subject to a-renaming) in the right-hand side
expression.

3.2 Semantics

The reduction semantics for expressions is the one of call-by-value pure A-calculus
with products and with a type-case expression, together with the context rules that
implement a leftmost outermost reduction strategy. It is formalized in Figure 3.1,
where ~ is a reduction step for expressions and ~»p, is a reduction step for programs.

Definition 16 (Capture-avoiding substitution). The capture-avoiding substitu-
tion (or just substitution) of €' for x in e, noted e{e’/x}, is defined inductively
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on e as follows:

cle/z} =c

x{eJz} =¢€

yle'jz} =y z £y
{¢//x} = \z.e

{//z} = My.(e{e'/z}) z#y, yéfu(e)
(ere2){e'/a} = (er{e/z})(ea{e'/z})

(Az.e)
)
)
(e1, e2){e’/z} = (erfe'/x}, eafe'/a})
)
)

AT.e
(Ay.e

(mie){e'/x} = mi(e{e’/x})
((e1€7) 2ea:e3){e /x} = (er{e /x}eT) 2ex{e /x} es{e /a}

Capture-avoiding substitutions are up to a-renaming: the condition y ¢ fv(e’)
in the case of A-abstractions can be ensured by first performing an a-renaming on
Ay.e.

Reduction rules

(Ar.e)v ~ e{v/z} (veT) ?e1:ea  ~ e ifver
m(v1,v2) ~ v (veET) ?e1:e2  ~  e9 ifve -1
ma(v1,v2) ~> U letz=v;p ~p, p{v/z}

Dynamic type test

typeof(c) = b,
v € T < typeof (v) < 7, where < typeof((v1,v2))=typeof(vi) x typeof(vz)
typeof(Az.e) =0-—1

Evaluation Contexts

E:=[]|vE|Ee|(v,E)|(Ee)|mE| (Eer)?e:e
P:u=[]]|letz=[];p
Ele] ~ El€'] Ple] ~pr P[€']

Figure 3.1: Semantics of the source language

The relation v € 7 determines whether a value is of a given type or not and holds
true if and only if typeof(v) < 7. Note that typeof(v) maps every A-abstraction to
0 — 1 and, thus, dynamic type tests do not depend on static type inference. This
approximation is allowed by the restriction on arrow types in the types used in
type-cases. For every value v, we cannot have both v € 7 and v € —7, thus the
reduction semantics is deterministic. Finally, the reduction semantics for programs
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sequentially reduces top-level definitions, together with a context rule that allows
reducing the expression of the first definition.
Given a reduction step relation ~, we write e ~* ¢’ when there exists a sequence

© when there exists a

of ~ steps of any length from e to ¢/. Finally, we write e ~
sequence of ~~ steps starting from e and that can be prolonged indefinitely (in this

case, we also say that e diverges).

3.3 Challenges

The main specificities of our language are (i) the presence of type-cases, (i7) the fact
that A-abstractions are not explicitly annotated with their type (which is quite un-
common for type systems using set-theoretic types), and (iii) the notion of programs
as a list of top-level let definitions.

The presence of type-cases has two consequences for the type system: first, if we
want them to be typed with precision, our type system should implement occurrence
typing, and secondly, it enables the expression of overloaded behaviors, which should
be captured by our type system.

The fact that A-abstractions are not explicitly typed adds another challenge,
as it requires our type system to be able to infer the type of the parameters of
A-abstractions. It also has significant consequences for the proof of type safety, as
it will be discussed in Chapter 4.

Finally, the notion of programs emphasizes the need for modularity: we want
our type system to be able to type later definitions without the need to re-type
previous definitions.

3.3.1 Occurrence typing

When statically typing the branches of a type-case, we may narrow the type of some
variables according to the result of the test. This is sometimes called occurrence
typing as different occurrences of the same variable may be typed differently.

For instance, for typing the expression (x€Int) ?x + 1:not x where = : Int v
Bool, + : Int — Int — Int and not : Bool — Bool, the type of x must be narrowed
to Int in the first branch and to Bool in the second branch.

Occurrence typing becomes more subtle when the tested expression is more com-
plex, for instance, when it is an application. Consider the following type-case, in-
spired from the introductory example of Section 1.2: (ToBoolean x €True) ?e; :eo
where x : 1 and ToBoolean : (Truthy — True) A (Falsy — False). When typing ey,
we can assume that x has type Truthy: any value of x not in Truthy would have
made the application ToBoolean x to return a value in False, thus taking the second
branch. Likewise, we can assume that x has type Falsy when typing es.

We want to go a step further by not only narrowing the type of variables,
but also the type of arbitrary expressions. For example, consider the expression
(fzeInt) ?(fx) + 1:x with  : 1 and f : 1 — 1. This time, we cannot narrow
the type of x when typing the branches of the type-case: whatever type we give
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to x, both branches can possibly be selected as the type of the application fz will
remain 1. However, we can narrow the type of the expression fz: we can assume it
has the type Int when typing the first branch, and the type —Int when typing the
second branch?.

Our type system must feature this capability to narrow the type of an expression
appearing in the branch of a type-case. This will be achieved, in the declarative
type system presented in Chapter 4, by adding a typing rule usually referred as
the union-elimination rule that allows decomposing the type of any expression into
several types and to treat each case separately.

3.3.2 Overloaded functions

Type-cases make it possible to define functions with an overloaded behavior. It is
the case of the A-abstraction Az. (z€Int) ?z + 1:not x, which performs a different
operation depending on the type of its argument: an addition if it is an integer, and
a logical not if it is a Boolean value.

Our type system must be able to capture this overloaded behavior. It does so
by using type intersections: the A-asbtraction above can be typed (Int — Int) A
(Bool — Bool). To derive such an intersection type, the declarative type system
(Chapter 4) needs to feature an intersection-introduction rule: if, for an expression
e (here, our A-abstraction), we can derive a type t; (here Int — Int) and a type to
(here Bool — Bool), then we can derive the type t; A t2 ((Int — Int) A (Bool —
Bool)).

3.3.3 Modularity

Modularity is essential for large-scale programming. For instance, when using a
library, the type-checker should only rely on the signature of functions and not
their implementation: imported functions, whose implementation may not even be
available, should not be re-typed. In our language, the need for modularity can be
illustrated with the notion of programs. Consider for instance the following program
excerpt:

letz=Xz.x; ... ;letz=(x42, z24);

The top-level definition x, which corresponds to the identity function, is used in a
later definition z. This top-level definition z may be very distant from the definition
of = (we may consider for instance that x is defined in an external library, together
with many other functions). At the moment where the definition of x is typed, we
do not have access to the future uses that will be made of it. Consequently, even
if z could be typed precisely by giving = the type (42 — 42) A (24 — 24), there is
no way to infer such a type for x as at this moment, it is not known that it will be
applied to 42 and 24.

2Qur language is pure, so if the occurrence of fr in the test reduced to a value v, any other
occurrence of fx will reduce to the same value v.
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For this reason, our type system needs to feature parametric polymorphism. Giv-
ing the top-level definition = the polymorphic type a — « enables the possibility
to instantiate it in different ways later: it will be instantiated with the substitu-
tion {a ~~ 42} when typing the application = 42, and {a ~~ 24} when typing the
application x 24.

3.3.4 Type inference

Languages using set-theoretic types usually have explicitly-typed A-abstractions:
this is the case for instance of the initial CDuce type system (Frisch (2004)) and
its polymorphic extension (Castagna et al. (2014, 2015)). The A-abstractions of our
language, however, are not explicitly typed, and thus their type must be inferred by
the type system (and not just checked).

From the perspective of the declarative type system, the types of the parameters
of A-abstractions do not need to be annotated, they can simply be guessed. Still,
this implies significant changes in the proof of type safety. From an algorithmic
perspective, however, the types of the parameters must be inferred from the con-
text. This will be done in Chapter 6, with the formalization of an algorithm for
reconstructing some type annotations for the algorithmic type system.

A set-theoretic type system for a language where A-abstractions are not explicitly
typed has already been formalized and implemented by Petrucciani (2019). However,
his work is different from ours on two aspects: (i) though his language features type-
cases, those are typed naively (no occurrence typing), and (ii) only single arrows
can be inferred for functions (no overloaded function types).
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Section 4.1 formalizes a declarative type system for the core language defined
in the previous chapter. Despite its apparent simplicity, this type system is quite
expressive, featuring parametric polymorphism, occurrence typing (through a union-
elimination rule) and ad hoc polymorphism (through an intersection-introduction
rule). Derivations for this type system can take very different shapes, but we can
restrict the way to combine them without losing expressivity (these restrictions
should not affect which judgments are derivable): this is done in Section 4.2, where
we introduce the notion of canonical derivation. Finally, Section 4.3 focuses on
proving a type safety theorem for this type system.

4.1 Formalization

4.1.1 Polymorphic and monomorphic types

The set-theoretic types presented in Chapter 2 do not differentiate polymorphic type
variables (i.e., those that can be instantiated) and monomorphic ones (i.e., those
that cannot be instantiated). However, this distinction now becomes important, as
our type system must feature parametric polymorphism and, thus, is in charge of
performing instantiations.
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The classical algorithm of Hindley-Milner infers for a closed expression (i.e.,
an expression with no free variable) a type scheme Va.t (with & < vars(t)). This
type scheme is a syntactic object that denotes an infinite set of types t¢ for all
type substitutions ¢ such that dom(¢) < @. The algorithm is allowed to specialize
(instantiate) the type of an expression to make the typing succeed. For instance,
if f: Va.ao — «, then f 42 is well typed and has type Int since 42 : Int and
(¢ = a){a ~ Int} = Int — Int. Notice however that during type inference,
“partially generalized” types such as Ya. f — « may occur. In such a type scheme,
it is not allowed to substitute 8 by an arbitrary type.

In this manuscript, we will use another approach, by partitioning the count-
ably infinite set V of type variables into two countably infinite sets: the set Vp of
polymorphic type variables and the set Vj; of monomorphic type variables.

Notation.

Y Set of type variables (V = Vp v V)
|2 = B Set of polymorphic type variables, ranged over by «, B, or ~
Y P Set of monomorphic type variables, ranged over by o, 3, or v

Note that, from this point, « no longer ranges over V, but only over Vp. As we
will see in the next section, a polymorphic type variable a can be freely substituted
by the type system, while a monomorphic type variable v (with bold font) cannot.

Definition 17 (Monomorphic types). The set of monomorphic types Tas is the
set of types that do not contain polymorphic type variables, that is:

Tar ¥ {te T | vars(t) < Var}

As before, the metavariables ¢ and s are used to range over the set of types. When
ranging over the set of monomorphic types specifically, we use the metavariables u
and v.

Note that the terms polytypes and monotypes can be found (albeit inconsistently)
in the literature: in particular, Milner (1978) uses the latter to denote types with
no type variables and the former when he wishes to imply that a type may, or
does, contain a variable. We avoided using them to prevent any confusion with our
monomorphic types we defined just above. While our types are indeed polytypes, our
monomorphic types are not monotypes: monotypes do not have type variables while
monomorphic types may have type variables, though only monomorphic ones. So
we used instead types (which may have type variables), ground types (which cannot
have any type variable), and monomorphic types (which may have monomorphic
type variables, only).

For what concerns subtyping and type operators, there is no difference between
monomorphic and polymorphic type variables: both v and « are type variables in
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V and thus have the same interpretation in the set-theoretic type theory presented
in Chapter 2. They thus play the same role for subtyping and in every type opera-
tor defined in Chapter 2: for instance, vars(t) can contain both monomorphic and
polymorphic type variables.

Our choice of using two disjoint sets for polymorphic and monomorphic type
variables, instead of the classical approach of using type schemes Vaj...a,.t, is jus-
tified by two reasons. First, type schemes are expected to be equivalent modulo
renaming of their bounded type variables aj,...,a,. In our case however, we do
not want polymorphic type variables to be freely renamed because of the use, in
the algorithmic type system of Chapter 5, of external annotations containing ex-
plicit substitutions over some polymorphic type variables of the context. Secondly,
introducing type schemes would require redefining many of the usual set-theoretic
type-related definitions, such as the subtyping relation <, and the type operators for
application o and projections ;. Instead, we obtain a more streamlined theory by
making subtyping and these operators ignore whether a type variable is polymorphic
or monomorphic in the current context and by explicitly performing instantiations
in the type system when required.

With this new distinction between monomorphic and polymorphic type vari-
ables, we introduce different symbols for ranging over substitutions.

Notation.

peV—->T General substitution, from type variables to types

Y e Vi — Ty Substitution from monomorphic variables to monomorphic types
ceVp—T Substitution from polymorphic type variables to types

p€Vp — Vp  Renaming (injective substitution) of polymorphic type variables

Moreover, we use ®, ¥ and > respectively to range over sets of substitutions
Y — T, sets of substitutions Vy; — Tys and sets of substitutions Vp — T.

4.1.2 Type system

The core of our type system is a classic Hindley-Milner system with first order poly-
morphism: a program is a list of let-bindings that define polymorphic functions;
these are typed by inferring a type for the expressions that define them, this type is
then generalized, yielding a prenex polymorphic type for the function. As usual, the
deduction of the type of each of these expressions is performed in a type environment
that records the generic types for the previously-defined polymorphic functions, and
the type system can instantiate these types differently for each use of the polymor-
phic functions in the expression. The novelty of our system is that when deducing
the types of the expressions that define and use polymorphic functions, the type sys-
tem can use not only instantiations of polymorphic types (rule [INST| in Figure 4.1),
but also intersection and union types. More precisely, the type system can decide
to use the classic rules of intersection-introduction (rule [A]) and union-elimination
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[ConsT| ——— [VAR| ————
F'c: b, P+a:T(x)
I'z:utre:t I'Hey:ty > ts I'eg:ty
[—1] : [—E] :
I'Xxe:u—t ' ejes:ts
F%elstl FFGQZtQ FI*BZthtQ er:tlxtg
[xTI] [XE{] —— [xEg] ———
FF(61,62)Zt1Xt2 FFﬂleitl FI*’/TQ@ItQ
I'e:0 I'e:7 I'ke:ty I'e:—7 T'kes:t
(0] o Ll o (2] o
T (eeT)?e1:eq:0 ' (eem)?eq:eq 1 1y ' (eeT) ?eq:eq : by

I'¢€:s Nx:sAuke:t Mx:sAn—-uke:t

[V] / .
Tre{e/z}:t
I'ke:t I'e:t I'e:t I'e:t
[A] : SonsT] ————— [<] <Y
T'ke:tg Aty I'ke:to I'e:t

Figure 4.1: Declarative Type System

(rule [v]). As we will see, the combination of the union-elimination with the rules of

type-cases given in Figure 4.1 constitutes the essence of narrowing and occurrence
typing.

Definition 18 (Type environment). A type environment I' is a finite mapping
from Vars to T. We note (I',z : t) the extension of I that maps x to t, with the
condition that x is not already in the domain of I.

Notation.

dom(D) ..o Domain of T: dom(T") %' {z | (z:¢)eT}
Vars(T) ..o LU wedom(ry vars(T'(z))
GHD L < dom(¢) nvars(l') = &
F’S .......................................... Restriction of ' to the domain S
| df (2 1¢) | (x:t)el}
DO df (2 :1®) | (z:t) e}

Our type system for expressions is given in full in Figure 4.1. Constants and

variables are typed by the corresponding axioms [CONST| and [VAR|. The arrow
and product constructor have introduction and elimination rules. Notably, in the

case of rule [—I] the type of the argument is monomorphic. Also, the variable z
must not already be in dom(I") in order for I', z : u to be defined, but a-renaming
can be applied implicitly on expressions whenever needed. The rules for intersection
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([A]) and subtyping ([<]) are the classical ones, and so is the rule for instantiation
(|INST]) where o denotes a substitution from polymorphic variables to types. The
type-case construction is handled by three rules: [0]; [€1]; [€2] . Rule [0] handles
the case where the tested expression is known to have the empty type. The other
two are symmetric and handle the case when the tested expression is known to have
either the type 7 or its negation, in which case the corresponding branch is typed.
These rules work together with Rule [v|, which we now describe in detail.

At first sight, the formulation of rule |[v| seems odd, since the v connector
does not appear in it. To understand it, consider the classic union-elimination rule
by MacQueen et al. (1986):

IF'—ée:s1vsy Tyx:sike:t Tox:sghe:t
efe/z}:t

[VE]

Rule [VE]| types an expression that contains occurrences of an expression e’ that
has a union type s; v sg; the rule substitutes in this expression some occurrences
of ¢ by the variable x yielding an expression e, and then types e first under the
hypothesis that x has type s; and then under the hypothesis that « has type so. If
both succeed, then the common type is returned for the expression at issue. This
rule, together with the rules for type-cases, allows the system to perform occurrence
typing. For instance, consider the expression (fyeInt) ?(fy) + 1:false, in the
context where f has type 1 — 1 and y is of type 1. This expression can be typed
thanks to the |vE| rule, by considering the subexpression fy. This subexpression
has type 1 which can be seen as the union type 1 ~ Intv—Int. We can then replace
x for fy and type, using |€;], the expression (x€Int) ?x + 1:false, with x : Int.
This yields a type Int (Rule |€;] ignores the second branch) and by subtyping, the
expression has type IntvFalse. Likewise for the choice z : —Int, using Rule [e;]
the second branch has type False and therefore IntvFalse (again via subtyping).
The whole expression has thus the desired type IntvFalse.

A key element is that the [vE]| rule guessed how to split the type 1 of fy into
Int v —Int. In a non-polymorphic setting, this is perfectly fine. But in a type
system featuring polymorphism, particular care must be taken when introducing
(fresh) type variables. As it is stated, Rule [VE| could choose to split, say, 1
into a union « v —q, with a a polymorphic type variable. If so, then the rule
becomes unsound. As a matter of fact, the premises of the [vE] behave as in
rule [—I], in that they introduce in the typing environment a fresh type whose
variables must not be instantiated. In our example, however, in one premise, the rule
introduces x : « in the typing environment which can, for instance, be instantiated
by the [INST| rule. In the second premise, it introduces z : —a which can also be
instantiated in a completely different way. In other words, the correlation between
the two occurrences of the same variable « is lost, which amounts to commuting the
(implicit) universal quantification with the v type connective, yielding a non-prenex
polymorphic type (Va.a) v (Va.—a). To avoid this unsound situation, we need to
ensure that when a type is split between two components of a union, no polymorphic
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variable is introduced. This is achieved by the [v] rule which requires the type s of
¢’ to be split as s = (s A u) v (s A —u) (here is our hidden union).

Finally, note that this [v] rule is only sound because our language is pure. In
the presence of side effects, two different occurrences of the same subexpression
could yield two different results. The support for side effects is not treated in this
manuscript: it is a future work that will be briefly discussed in Chapter 10.

The top-level definitions of a program are typed sequentially by two specific
rules:

F'e:t IFlpre:t Dox:trkpep:t
[TOPLEVEL-EXPR| ————— ¢#I" [TOPLEVEL-LET] s Pr b

I'ipre:to I'i-p,letz=e;p:t

where, intuitively, ¢ substitutes monomorphic type variables in vars(t) by fresh
polymorphic ones. The typing rule [TOPLEVEL-EXPR| generalizes the type ¢ of
expression e, converting its monomorphic type variables into polymorphic ones.
Intuitively, this corresponds to the [GEN| rule of Hindley-Milner type systems, except
it is only applicable on top-level definitions. The generalized type t is integrated
in the environment by the [TOPLEVEL-LET| rule, which then proceeds to type the
rest of the program.

Note that the substitution ¢ in [TOPLEVEL-EXPR| can be any substitution: it
is not required for it to map monomorphic type variables to fresh polymorphic ones.
It can map any type variable (monomorphic or polymorphic) to an arbitrary type,
as long as the guard condition ¢#I' is satisfied. In a Hindley-Milner system, this
would amount to successively apply a generalization and an instantiation:

I'Hwe:t
[GEN-HM| ——— a#T
I'He:t I'Hye:Vat .
— ¢#' « [INsT-HM] (Ya.t) c to
I'tpre:to I'we:to

where t; C t5 means that ¢1 is more general than ¢y, that is, ¢; can be transformed
into to by substituting universally-quantified type variables.

Note that, in our type system, generalization only takes place in “TOPLEVEL”
rules: no rule in the type system for expressions (Figure 4.1) allows the generalization
of a type variable. However, restricting generalization to occur only at top-level
is not a limitation since intersection types are more powerful than Hindley-Milner
polymorphism. For instance, let us consider a local definition of the identity function
Azx.x, and assume that it is given a generalized type @ — «. This polymorphic type
allows the identity function to be instantiated later. However, since it is a local
definition, all these instantiations are known. Thus, we can consider the set of
substitutions {o;};e; applied to this identity function, where each o; is of the form
{ae ~ t;}. These instantiations can then be eliminated from the derivation by typing
the identity function with the type /\,.;(t; — t;) using an intersection rule. This
type being a subtype of every instantiation (o« — «)o;, instantiations can thus be
replaced by a subsumption rule.

Still, as discussed in Chapter 3 (Section 3.1), generalization is of practical im-
portance since it is necessary to the modularity of type-checking. However, for
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this purpose, it is enough to generalize at top-level. The reason why we restrict
generalization at top-level will be explained in Section 4.2.

Our type system is safe: if @ p, p : 7, then either p diverges or p ~»p, v with
v € 7. This will be proved in Section 4.3.

4.2 Canonical typing derivations

Derivations for the declarative type system can have many shapes. In particular, the
union-elimination rule [v| can be used anywhere in the derivation and changes the
expression to type by performing a substitution on it. Other non-structural rules
such as [A], [€] and [INST| can also be applied anywhere in the derivation (note
that we cannot even say that the rule [A] is driven by the syntax of the output type,
since our types are considered modulo semantic equivalence). In this section, we
define canonical derivations that restrict the use of those rules. In addition to being
a first step towards an algorithmic type system, some of these restrictions will be
used in Section 4.3, whose goal is to establish a type safety theorem.

Terminology (Derivation trees). For a derivation tree D, we use the following
terminology:

Node A node in D corresponds to an application of a typing rule in D.
Conclusion The conclusion of a node N is the judgment it derives.
Premise An hypothesis of a node N 1is called a premise of N.

Path A path w is a sequence of non-negative natural numbers ny;no; ...;ni that
describes the position of a node relatively to the root of D. For instance, the
path 0;1 denotes the second premise of the first premise of the root of D.
The empty path is noted €. The node in D at path m is denoted by D(mw).
The set of valid paths in D is denoted by dom(D).

Segment A segment of D denotes a sequence of nodes of D such that the node
at position © + 1 is a premise of the node at position i.

Definition premise Given a [v| node N of D, the definition premise of N
denotes the first premise of N.

Body premise Given a |v| node N of D, a body premise of N is a premise of
N that is not its first premise.

Notation.
ID| oo Number of nodes in the derivation tree D
[DI[R] v Number of |R| nodes in the derivation tree D

(@ T @0 | PV Lexicographic order based on orders O, ..., Oy
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4.2.1 Alternative form of the declarative type system

To define our canonical typing derivations, we first need to slightly modify some
rules of the declarative type system. In order to avoid confusions, this modified
declarative type system will produce judgments of the form I' k- e : ¢ (notice the k-
turnstile).

Definition 19 (Partition of a type). Let t be a type. The set of partitions
of t, noted Part(t), is the set of all sets {t;}icr such that: (i) \/,c;ti ~ t, (i7)
Viel. t; #0, and (ii1) Vi,jel. i #j=1t; nt; ~0.

el

First, we modify the [VAR]| rule so that it can perform a renaming of the poly-
morphic type variables in I'(z):

[VAR] ———
Fkz:T(z)p

This new [VAR| rule is derivable in the initial declarative type system by com-
posing a [VAR] rule and an [INST| rule. Still, allowing the [VAR]| rule to perform
a renaming of polymorphic type variables is useful, as it allows decorrelating types
without resorting to the [INST| rule. For instance, consider the pair (z,z) with
having the type @ — «. While this pair could be typed (¢« — «) x (@ — «), this
type does not allow instantiating the left-hand side and right-hand side of the prod-
uct independently. A better type would be (o — «) x (8 — (), and with this new
[VAR] rule, it can be derived without having to use an [INST| rule. In this way, the
[INST] rule can be reserved to cases that require non-trivial instantiations (i.e., not
just renamings). Note that the necessity of performing this renaming comes from
the fact that we do not use type schemes Va. ¢, where renaming of the type variables
in @ can be performed implicitly anywhere.

Secondly, we use a [A] rule of multiple arity instead of a binary one:

(Viel) Tke:t

[A] I+
Fk—e:/\z’elti

This allows combining successive |A] rule applications into one [A] rule, making

the notion of canonical derivation easier to formulate. This new [A] rule is admissible
in the - system: it can be replaced by several consecutive |A] nodes.
Similarly, we use a [v| rule of multiple arity:

Cke s (Viel) Tho:sAru ket
[kefe/x}:t

[V] {ui}iel € Part(l)

This allows combining successive |[v| rule applications substituting the same
subexpression into one [v| rule, making the notion of canonical derivation easier
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to formulate. Again, this new [v| rule is admissible. For instance, the following
derivation:
A B C D
I'ke:s Ty:sauwmke:t Ty:saugke:t Iy:sauske:t
[efe/z}:t

can be transformed to apply the binary |v| rule twice, first performing the decom-
position {uj, —uy}, and then performing the decomposition {uz, —us} (since us is
equivalent to —u; A —uy):

A B X
vl I'ke:s T,xz:sruke:t Txz:sAn—uke:t
v
[kefe/z}:t

with X being the following derivation:

Cly/x} Diy/z}
[Var] T,z:sA—u,y:sAaugke{y/z}:t T,z:sA—-u,y:sAuskefly/a}:t

D,x:sA—uy kb (efy/zh){x/y}: ¢

[v]

This construction can be generalized for a partition of 1 of any finite cardinality.
Lastly, we distinguish variables that are introduced by a [—I| node from variables
introduced by a [v| node:

Terminology.

Lambda variable A lambda variable is a variable introduced by a A-abstraction.
The set of lambda variables is denoted by Varsy, and ranged over by x, vy,
and z.

Binding variable A binding variable is a variable introduced by a [v| rule. The
set of binding variables is denoted by Varsg, and ranged over by x, y, and z.

Variable When not specified, a variable can be either a binding variable or a
lambda variable. The set of variables is denoted by Vars, and ranged over
by x, y, and z.

The sets Varsy and Varsg form a partition of the set of variables Vars. Notice
that from this point, the symbol x no longer ranges over Vars, but only over Vars).
When needed, we use the notation & to range over both binding variables and
lambda variables (for instance we can write V& € dom(I"). I'(x) # 0).

The syntax of expressions and the rules of the type system are changed accord-
ingly, as defined in Figure 4.2 which presents the full alternative declarative type
system. This new system is equivalent to the initial type system: the combination
of both [VAR,| and [VAR, | gives the previous [VAR] rule.
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Expression e = clz|x|Azr.e|ee]| (ee)|me]| (eeT)?eze
Value v = c| Ax.e| (v,v)
CONST| ——— VAR VAR, | ——————
[ ]FEc:bC [ )\]FI%.CC [(x)p | ]FEX:F(X)p
I'z:uke:t ket —ts Ikeg:ty
[—1] — : [—E] : .
I'kXze:u—t I'kejeq :ta
Fl%(ilitl FI%GQItQ FE63t1Xt2 Fl%eithtQ
[x1] [XE{] —————  [xBE3] —————
Tk (e1,e2) : t1 X to I'-me:ty 'k mae 1o
T'ke:0 Ike:7 ket I'ke:—7 T'i-eq:ty
0] o el : [€2] — .
Tk (eem)?e1:e5:0 'k (eeT)?erten ity Tk (eeT)?erteq ity

Fkeé':s Viel) T'x:sAaujke:t
( ) {u;}ier € Part(1)

V] Ty
Dkefe'/x}:t
Viel) T'ke:t; I'ke:t I'ke:t
[A] ( ) I'#@ [INST| ———— [S] ——t <
Fke: N ti I'ke:to Fke:t
Figure 4.2: Alternative Declarative Type System
Terminology.

Structural rules [CONST| [VARy]| [—=1I] [=E] [x]] [xE1] [xE2] [0] [e1] [€2]

Non-structural rules [VAR,| [v] [A] [INsT] [<]

The rules |CONST|, [VARy|, [=1], [=E|, [xI], [xE1], [xE2], [0], |€1] and [e2] are
called structural rules as their use is guided by the structure of the expression to
type, each of them allowing to type a specific syntactic construction. In particular,
note that the rule [VAR, | is not considered structural as binding variables do not
appear in the initial expression: they are only introduced in the derivation by [v|

rules.

Definition 20 (Ground expression). An expression e is a ground expression if
and only if e does not contain any binding variable: fv(e) N Varsg = .

All the proofs in the next sections and chapters will use the k- declarative type
system, which is equivalent to the - type system:
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Proposition 3. For every ground expression e, type environment I' and type t:

I'Fe:telEe:t

Proof. Both directions are proved by structural induction on the derivation. The
= direction is trivial. The < direction follows from the rules’ admissibility out-
lined at the beginning of this section. O

We introduce a new binary relation < over types. Intuitively, ¢; <tto means that
the type t; is better than the type to. More precisely, it means that there exists
instances of t; whose conjunction is a subtype of t5. Another way to characterize
the relation <t is by saying that t; <t9 if and only if, for every I' and e, a derivation
of I' k- e : t; can be transformed into a derivation of I' k- e : t5 by applying some
[INST], [A] and [<] rules.

Definition 21. We define the binary relation <t over types as follows:

Vii,ta. t1 <ty < 2. 11X < b

Proposition 4. The relation < is a preorder (i.e., it is reflexive and transitive).

Proof. Reflexivity is trivial. Transitivity is proved below.

Let t1, to, and t3 be three types such that t; < ts and t9 < t3. Let ¥; and
Y9 be two sets of substitutions such that 13 < fo and t9¥o < t3. By pos-
ing Y = {0’2 o 01 | o1 € 21,0'2 € 22}, we get tlE < /\01621702622(7510'1)0'2 <
/\02622(/\01621 t10'1)02 < (t121)22 < t3. Thus, t1 < t3. ]

Definition 22. For every preorder O over types, we define the preorder O over
type environments as follows:

VI, Te. (I'1)O(I) < YV € dom(T'y). @ € dom(T'1) and (T'1(x))O(T'2(z))

For convenience, we introduce a new rule [<| that can perform those instantia-
tions and subsumptions all at once:

I Notation.
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The typing rule |<| is a shorthand for this specific pattern in a derivation tree:

A
I'ke:t

<] —— t<t!
[] Fke:t

(with X such that t3 < t')

!

I'ke:t

[INST] ———

(VoeX) I'ke:to
Tike:ty

< o<t
<] DEe:t

Lemma 1 (Monotonicity). Let I' be an environment, e an expression, and t a
type such that T k- e : t is derivable. Let TV be an environment such that T" < T.
Then, T k- e : t is derivable.

Proof. We consider a derivation D of I' k- e : ¢t and show that we can build
a derivation D" of T k- e : t. We show this result by structural induction on
the proof tree D. When the root is a [VAR, | or [VAR,| node, we conclude by
applying [<|. All the other cases are just straightforward applications of the

induction hypothesis. O

4.2.2 Normalization of typing derivations

Derivations for the declarative type system of Figure 4.2 can still take very different
shapes. In this section, we define three notions of canonical derivation, each restrict-
ing the use of a non-structural rule: one for the |[v| rule, one for the [INST| rule, one
for the [<] rule, and one for the [A] rule. Each time, we prove a lemma that shows
how every typing derivation can be normalized into a canonical derivation.

4.2.2.1 Normalization of [v| nodes

Our objective is to constrain the shape of derivations without losing expressivity,
that is, such that a judgment is derivable in the full system if and only if it is
derivable by a derivation in the constrained shape. In particular, in this section, we
are focusing on restricting the use of the [v] rule. In order to do so, we first prove
two lemmas that allow manipulating [v| nodes in a derivation.

Lemma 2 allows us to remove from a derivation D all the [v] nodes that perform
aliasing, that is, the [v] nodes that apply a substitution of the form {y/x}. The idea
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is that the introduction of this new variable y is useless, as it is just an alias for
x: the type decomposition performed on the variable y can instead be performed
directly on x.

This lemma is then used in Lemma 3, which gives us the ability to insert a
[v] node performing an arbitrary substitution {e’/x} at the root of a derivation D,
provided that €’ is typeable and that there is no strict subexpression in €’ that is
the object of another [v| node in D. The resulting derivation is guaranteed not to
contain [v| nodes performing aliasing on x. This manipulation will allow us to order
[v] nodes arbitrarily while getting rid of aliasing: this is the point of Lemma 4.

Definition 23. Let D be a derivation, and N be a |v| node of D. We say that
N performs aliasing for x if it applies a substitution of the form {x/y} for some
binding variables y.

Definition 24 (Aliasing-free derivation). Let D be a derivation. We say that D
is x-aliasing-free if and only if D does not contain any [v| node that performs
aliasing for x.

Lemma 2 (Elimination of aliasing). Let I be a type environment, e an expression,
and t a type. Let x be a binding variable in fv(e). Let D be a derivation of
I x: sk e:t. Then, there exists a partition {w;};cr of 1 such that for every
1 € I, there exists a x-aliasing-free derivation of I';x: s A u; ke : t.

Proof. We proceed by induction on (| D], |D]) for the lexicographic order.

e If the root is an axiom ([VAR|, [VAR, |, [CONST]), the property holds for the
trivial partition {1}.

e If the root is a [A] node deriving an intersection A, t;, then we apply the in-

duction hypothesis on all its premises. It yields a set of partitions {{u;} ez, }ier
of 1 and the associated x-aliasing-free derivations {{D;};cJ, }icr. We consider
a partition {vi}rerx of 1 that satisfies this property: Vk € K. Vi € I. Vj €
Ji. vip < uj or vi A u; ~ 0 (such a partition can easily be built by induction
on |[{u; | iel, je Ji}|).
For each k € K and ¢ € I, there exists j € J; such that v, < uj, and thus we can
derive I, x : s A vy, k= e : t; from D; by monotonicity (Lemma 1). Consequently,
for each k € K, we can build a x-aliasing-free derivation of I',)x : s A v k- e :
ey ti using a [A] node, which conclude this case.

e If the root is a [v] node that does not perform aliasing for x, then we proceed
similarly to the previous case.
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e If the root is a [v| node that performs a substitution {y/x} for some y, and that
uses a partition {u;};er, we have the following premises:
Definition premise I',x: sk x: s’ (with s < §')
Body premises Vie [.I',x:s,y:s Au;k-e:t
We build, for each i € I, a derivation I',x : s Au; = €’ : t where ¢ = e{x/y}. We
do that by applying the monotonicity lemma (Lemma 1) on the body premise

I)x:s,y:8 Au;k-e:t, yielding I',x: s Au;,y: s Au; k= e:t, and then by
substituting every occurrence of y by x in the derivation.

For each ¢ € I, we apply the induction hypothesis on our derivation I',x :
s Aw; k- €' @ t. Bach time, it yields a partition {v;}jes, of 1, and the associated
x-aliasing-free derivations. We consider the following partition of 1:

{Vz}keK dzef{Vj/\ui ’ iEI,jEJi,VjAuiiO}

For each k € K, we thus have a x-asliasing-free derivation I',x : s A v k- €' : ¢,
which concludes this case.

e The other cases are similar to the [A] case.

O
An interesting observation is that the proof above would not work if the declar-

ative type system for expressions featured a generalization rule such as:
T'ke:t

Indeed, the guard condition ¢#I' would invalidate the monotonicity lemma, as
having a new hypothesis in the environment could invalidate the application of a
|[GEN] rule. More precisely, in the [v| case of the proof of Lemma 2, if the partition
{u;}ier introduces a new monomorphic type variable, then the application of the
monotonicity lemma to derive I';)x : s A u;,y : s A u; - e : t is compromised.
This would be a major issue, as our normalization process (Lemma 4) and the
algorithmic type system we define in Chapter 5 both rely on the property that the
union-elimination rule only needs to be applied once on every subexpression (i.e.,
[v] nodes performing aliasing are redundant and can be avoided). This is the reason
why we decided to restrict the use of the generalization rule on top-level definitions
only.

Lemma 3 (Introduction of an arbitrary [v| node). Let I" be a type environment,
x a binding variable, e,ex two expressions, and t a type. Let D be a derivation
of T' k= efex/x} : t such that D does not contain any |v| node performing a
substitution {e,/y} for some y and e, where ey, is a strict subexpression of e.
If T k- ex : 1 is derivable, then there exists some type s and partition {w;}ier
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of 1 such that T' k- e{ex/x} : t is derivable by a derivation whose root is a |v|
node of the following form, whose definition premise starts with an intersection
of structural and/or [VAR, | nodes, and whose body premises are x-aliasing-free:

Viel

T'kex:s I''x:sAnuk-e:t
Ik e{ex/x} i t

[v]

Proof. Let C be a derivation of I' k- ey : 1. We collect in D and C' the set {Cj }rex
of all the subderivations of the form IV k- e, : ¢, for some IV and ¢/, and whose root
is either a structural rule or a [VAR, | rule (if ey is a binding variable). We have
the guarantee that k # @ as C contains at least one such derivation. We know
that, for every k € K, the derivation {C} }xex is still valid under the environment
I': no variable in fv(ex) can be introduced by a [—I] node in the segment from
the root to of D to the root of Cy (the substitution e{ex/x} is capture-avoiding)
nor by a [v] node (the binding variable introduced by a [v]| node cannot appear
in the final expression). For each k € K, we note s the types derived by the
derivations Cj. We pose s = /\keK Sk

Then, we build a derivation D’ of I',x : s k- e : t by substituting in D every
occurrence of ex by x, and by using [VAR, | and |<] rules to type occurrences of
x in place of the subderivations {C}}rex. Note that this is only possible thanks
to the fact that no [v| node in D performs a substitution {ey/y} with e, a strict
subexpression of ey: this ensures that this transformation does not prevent a [v]|
node to apply.

Then, we apply Lemma 2 to D', yielding a partition {u;};,c; and, for every
i € I, a x-aliasing-free derivation D! of I',x: s A u; ke : t.

Now, we build the following derivation, which concludes this proof:

Ck
—— Vke K I
ey S i )
[A] - Viel
ke :s Iix:sAauke:t

[v]

Ik efex/x}: t

O

We are now ready to define a notion of canonical derivation that restricts the
use of the [v] rule, and to prove a normalization lemma stating that, if a judgment
is derivable in the full system, then it is derivable by such a canonical derivation.

Definition 25 (Acceptable [v| node). In any derivation, a [v| node N per-
forming the substitution e{e’/x} is said acceptable if it satisfies the following
constraints:

e e contains x (no useless substitution), and
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e ¢ does not contain €' (maximal sharing)

Definition 26 (Definition context). A definition context A is an ordered list of
mappings from binding variables to expressions. Each mapping is written as a pair
(x,e). We note these lists extensionally by separating elements by a semicolon,
that is, (x1,€1);...; (X, €n) and use € to denote the empty list.

Definition 27 (Application of definition context to an expression). The appli-
cation of a definition context A to an expression e, noted e/, is the expression
inductively defined as follows:

ec = e

e(A; (x,€)) = (efe'/x})A

Note that the last mapping in A is the first to be applied to e (intuitively, we
can interpret A as a sequence of let-definitions preceding the body e).

Definition 28 (Application of a definition context to an expression order). Let
C be an expression order. Let A be a definition context. The relation Ea is the
expression order defined by e EA es < e1 A C esA.

Definition 29 (Definition context of a node). Let D be a derivation of a judgment
T'k-e:t. Let N be a node at path w in D. Let my,...,m, be the sequence of all
prefizes of w, ordered by increasing length, that satisfy the following conditions:
for a prefix ™ of w,
(i) D(7') is a [v]| node, and
(i1) 7' is followed in 7 by a natural number k > 1.

We call definition context of N in D the definition context
(x1,€1);...5 (Xn,en), where {e1/x1},...,{en/xn} are the successive substitu-
tions made by the nodes D(my), ..., D(my,).

Intuitively, the definition context of a node N is the sequence of substitutions
performed by the [v] nodes in the path from the root to N. For instance, consider
the following derivation:

[VAR)| ——— [VaRr,]
r:tkx:t rit,z:tk2z:t

[v] [VaR, |

x itk z{z/z}: t xityy:tky:t

w it y{(z{z/zh)/y}

[v]
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The definition context of the [VAR,| node in red (the middle leaf) is (z,z): in
particular, we do not consider the substitution made by the [v] node at the root
because this substitution only applies to the expression of the second premise, while
our [VAR, | node is under the first premise.

In our definition of canonical derivations, we want to capture the fact that (7) the
type of a subexpression only needs to be decomposed once (i.e., in any branch of our
derivation, we only need one [v| rule application per distinct subexpression), and
(1) the order of these different applications of the [v]| rule does not matter: when
building a typing derivation for an expression e that contains two subexpressions e
and eo that are incomparable for the subterm order =, we can arbitrarily decide
whether we first decompose the type of e; or the type of es.

In order to guarantee this second point, some definitions and lemmas that follow
are parametrized by an arbitrary order over expressions. This expression order must
satisfy the following properties:

Definition 30 (Expression order). A (possibly partial) order E over expressions
is an expression order if it is compatible with a-equivalence and if it contains the
subterm order =,.

Definition 31 (Well-positioned |v| node). Let D be a derivation of a judgment
I'ke:t. Let N be a|v] node of D performing the substitution {e1/x}. Let A
be the definition context of N in D. N is well-positioned in (D, Z) if for every
node N' in the segment from the root (included) to N (excluded), either:

e There exists x € fv(e1A) such that * ¢ dom(I'), with T being the type
environment of the conclusion of N', or

e N'is a|v] rule of definition context A" and performing a substitution {es/y}
such that e1 A & e A\,

Intuitively, a [v]| node that decomposes the type of the subexpression e; is well-
positioned if and only if it happens as early as possible in the derivation (that is,
as soon as all the free variables in e; are in the type environment). The only nodes
that are allowed to be applied before are other [v]| nodes that decompose the type
of a subexpression eg such that es is incomparable to e; or strictly smaller than e
for the order =. Note that, in particular, a |v] node cannot be well-positioned if it
is performing aliasing for a binding variable introduced by a previous |v| node.

Definition 32 (|v|-canonical derivation). For a given expression order =, a
deriwation D is |v]-canonical for the order E if every |v| node it contains is
acceptable and well-positioned in (D,E).
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We next characterize derivations with specific shapes through four new defi-
nitions: union-free derivations, non-structural derivations, and most importantly,
form derivations and atomic derivations.

Definition 33 (Union-free derivation). A derivation D is said union-free if, for
every |v| node N of path  in D, m can be decomposed into m1; w2 such that D(my)
is a [—1I] node.

Roughly, a union-free derivation does not contain any [v] node except in the
subderivation of the premise of a [—I| node.

Definition 34 (Non-structural derivation). A derivation D is said non-
structural if, for every structural node N of path © in D, w can be decomposed
into m1;0;mo such that D(my) is a [v] node.

A non-structural derivation does not contain any structural node except in the
subderivation of the definition premise of a [v| node.

Definition 35 (Form derivations, atomic derivations). Let I' be an environment,
e an expression, and t a type. Let D be a derivation of I' - e : t.
We say that D s a form derivation if:

e D is non-structural, and

e For every [v] node in D, its definition premise is an atomic derivation.
We say that D is an atomic derivation if:

e D is union-free, and

e Fvery segment from the root of D to a leaf contains at least one structural
node, and

e For every |[—1| node in D, its premise is a form derivation, and

e For every structural node in D that is not a [—I| node, its premises are
non-structural.

Roughly, atomic derivations are derivations that have exactly one structural
node: they can type a single application, or a single projection, or a single lambda
variable... Form derivations, on the other hand, are derivations that cannot apply
any structural rule directly: when typing an expression e, they must apply several
successive union-elimination rules on the different “atomic” subexpressions of e, and
each such subexpression can then be typed by an atomic derivation. Thus, in a form
derivation, structural rules only appear under the definition premises of [v| nodes.

For instance, for typing the expression (xix2, y), a form derivation could first
apply a |v| rule performing the substitution {x;x2/x}, and type x;x2 using the struc-
tural rule [>E|. Then, in the body premise(s) of this [v]| node, it applies a [v] rule
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again, performing the substitution {y/y}, and typing y with a [VAR,]| rule. Lastly,
it applies a |v] rule {(x,y)/z} and types (x,y) using a [xI] rule. It is illustrated by
the derivation sketch below, where structural rules have their names written in red
(note that, in this example, [v| nodes only have one body premise as they use the
trivial type decomposition {1}):

[xI]  [Var,]
(-F) V] [Varal Iix:tky:s [v] Dox:tyy:stkz{(x,y)/z} :t x s
DExpxg:t Oox:tk (x,y){y/y}:txs
[k (X, y){x1 x2/x}:t xs

[v]

A derivation that is both a [v]-canonical derivation and a form derivation is
called [v]-canonical form derivation.

In summary, we just defined a notion of |v|-canonical form derivation that
severely restricts the use of the [v] rule. The next step is to prove that this does
not change the expressivity of the deduction system, in the sense that a judgment
is derivable in the full system if and only if it is derivable by a [v]-canonical form
derivation.

Lemma 4 (Normalization of [v]). Let = be an expression order. Let T' be a type
environment, e an expression, and t a type. Let D be a derivation of I' - e : t.
Then, there exists, for some type t'<ut, a [v|-canonical form derivation of T ke : t/
for the order E.

Proof. From D, we can build a [v]-canonical form derivation of I" k- e : ¢'.

First, we can trivially eliminate in D the [v] nodes doing a substitution e{ey/x}
where e does not contain x. We note V the set of free binding variables in e
(V = fv(e) n Varsg): these binding variables are the only ones that can be aliased
by a [v] node in the [v]-canonical derivation we are trying to build.

Then, we proceed by induction on size(e), with size(e) inductively defined as

follows:
size(z) =1 size(x) = 1 if x e V, 0 otherwise
size(c) =1 size(ejea) = 1 + size(ey) + size(ez)
size(Az.e) = 1 + size(e) size((eq,e2)) = 1 + size(e1) + size(ez)
size(mie) = 1 + size(e) size((eeT) ?e1:ez) = 1 + size(e) + size(ey) + size(eq)

Note that the set V' does not change during this induction: it corresponds to the
free binding variables in the initial expression e.

The base case, size(e) = 0, implies that e is a binding variable not in V', and
thus it is a valid [v|-canonical form derivation.

For the inductive case size(e) > 0, we proceed as follows. We consider all the
subexpressions €’ of e such that:




56 Chapter 4. Declarative Type System

e ¢’ is not a binding variable, or it is a binding variable in V, and
o VYV e fv(e'). € dom(T), and

e There exists in D a subderivation A whose judgment is I k- €’ : ¢’ for some
IV, €/, and t'.
Among all these subexpressions, we choose one that is minimal for the expression
order =. We note €’ this subexpression, and A a derivation of I - €’ : t'. Note
that we are sure that there exists at least one such subexpression €/, otherwise it
would mean that e is a binding variable not in V, contradicting size(e) > 0.

From A, we can obtain a derivation T k- ¢’ : 1 by using a [<] node and by
using the fact that Va € fv(e’). © € dom(T"). Also note that there cannot be in D
any [v] node substituting a strict subexpression €” of e’: otherwise we would have
e’ C ¢, contradicting the minimality of ¢/. Thus, we can apply Lemma 3 on D:
it yields a derivation D’ that starts with a [v| node performing the substitution
{€’/x} and whose body premises are x-aliasing-free.

The definition premise of D’ cannot contain any [v] node, except in the sub-
derivation of a [—I| node: this is ensured by the fact that it starts with an inter-
section of structural and/or [VAR, | nodes, and by the minimality of €’. In the case
where it contains one or several [—I] nodes, we apply the induction hypothesis
on their premises in order to turn them into [v]-canonical form derivations.

Lastly, we apply the induction hypothesis on each body premise of D', with
respects to the new expression order = . (cf. Definition 28). The resulting

derivation satisfies all the properties of this lemma. O

4.2.2.2 Normalization of [INST| nodes

Now, we focus on defining another notion of canonical derivation that constrains,
this time, the use of the [INST| rule. Roughly, we can restrict the use of the [INST|
rule so that it is only used as a premise of a [—E]|, [xE1], [xE2], [0], [€1], or [€2]
node. In particular, we get rid of premature instantiations: an instantiation should
only happen when it is made necessary by an application, a projection, or a type
test.

Lemma 5. LetI' be a type environment, e an expression, andt a type. IfI' =e : t
is derivable, then for every renaming p, I ke : tp is derivable.

Proof. We proceed by induction on the derivation of I' k- e : t.
Note that any polymorphic type variable in ¢ is introduced either by a [VAR, |,
[VAR, |, or [INST| node. Thus, the interesting cases are the following:

e If the root is a [VARy] or [VAR,, | node performing a renaming p’, we perform
the renaming p o p’ instead, and

e If the root is an [INST| node performing a substitution o, we perform the

substitution p o o o p~! instead.
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e The other cases are straightforward applications of the induction hypothesis.
O

Proving a normalization lemma for [INST| nodes requires manipulating sets of
substitutions. Thus, we first prove some properties about substitutions.

Proposition 5. Let {(t;,t})}icr be a set of pairs of types such that Vi e I. t;<t;.
Then, the following relation holds: N,c;t; <0 ey ti-

Proof. For each i € I, let ¥; be a set of substitutions such that ¢/%; < t;. We
consider the set of substitutions ¥ = | J;.; Xi, and we show that (/\,.; )Y <

/\ie[ ti:
/\er(/\zeI tz)a = /\ie[ /\creEi(/\jeI ;)0
< /\ie[ /\UEZi t;U
< Nier ti2i < Nier ti

O]

Proposition 6. Let {(t;,t;)}ier be a set of pairs of types such that Vi€ I. t;<t;
and such that Vi, j € I. vars(t;) n vars(t;) n Vp = @. Then, the following relation

holds: \/zel i \/zel

Proof. For each i € I, let X; be a set of substitutions such that ¢,%; < t;. We
consider the set of substitutions ¥ = {oy U ... v, | 01 € X1,...,0, € X}
for I = {1,...,n}, where U denotes the union of two substitutions with disjoint
domains (this is guaranteed by the hypothesis Vi, j € I. vars(t;) nvars(t;) n Vp =
&), and we show that (\/,.; 1) < Vs t:

NoesVier. n 1i)0
= A(al,...,an)eEl><~~-><En(\/zel at)(oru. . uoy)
~ N(o1,om)es xox2, Viel. nt{L(O-l V...V 0on)

/\(al, On)EDL X XDy Viet. n tio (disjointness of type variables)
~Vier. n/\o’lez tio; (distributivity of v over A)

- \/'Lel n z \/iel. n ti
]

Definition 36 ([INST|-canonical derivation). A derivation D is [INST|-canonical
if every [INST| node it contains is part of a |<| pattern that is either:

e The first premise of a |0], |€1] or [€2] node, or
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e The premise of a |[xE1] or [xEsa| node, or

e One of the premises of a | >E| node

The idea of the normalization lemma for the [INST| rule is to push applications
of [INST| towards the root as much as possible.

Lemma 6 (Normalization of [INST|). Let € be an expression order. Let I" be a
type environment, e an expression, and t a type. Let D be a [v]-canonical form
(resp. atomic) derivation of I' k- e : t for the order =. Then there exists, for some
type t' < t, a [v]|[INST|-canonical form (resp. atomic) derivation of T ke : t' for
the order E.

Proof. We build a [v][INST]-canonical form (resp. atomic) derivation by induction
on D for the order (<.,<«)1ex, where D1 <, D2 < [Di|[,] < |D2|f,] and
D <y Dy & |Dy| < |Ds|.

e If the root is an axiom (|[VAR,|,[VAR,|,|CONST|), the derivation is already a
[v][INST]|-canonical derivation.

e If the root is a [INST| or [<|, we consider its unique premise as our new deriva-
tion and apply the induction hypothesis on it.

e If the root is a [A], we call the induction hypothesis on all its premises and use
the resulting derivations as premises of a new [A] root, deriving a type t'. We
know that ¢’ satisfies ¢’ <t according to Proposition 5.

e If the root is a [v| of the following form:

A B;
Fke:s Iixisauke:t
[iefe/x}:t

Viel

[v]

1. We first apply the induction hypothesis on A, which gives a derivation A’.
We consider the following derivation, where s'<is (and thus s’ Au;<is Aw;):

A B!

ke :s Ix:s Auj ket
[kefe/x}:t

Viel

[v]

with B! a derivation easily derived from B; by monotonicity (Lemma 1).
Note that the application of the monotonicity lemma might insert un-
wanted [<| patterns on [VAR,| and [VAR, | nodes, but they will be elimi-
nated with the next step.
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2. The next step is to apply the induction hypothesis on the {B/};c; premises,
yielding some derivations {B/};c; that derive some types {t;}ic; (with
Vi € I.t;<at). We can suppose that all the {t;};c; have disjoint polymorphic
type variables: if it is not the case, it can be ensured by applying Lemma 5
to these premises. Then, we consider the following derivation:

BY
K
A I)x:s Aujl-e:t; ,
o Sl - viel
e s Ix:s'nujke: ;o ti

T old/d : Vier b

The result \/,.; t; satisfies \/

3. The new [<] nodes that appear as premise of the [v| root could break the
properties of Lemma 4 if the corresponding B! ends with a [v] node. In
this case, we move up the faulty [<] nodes as needed using this transfor-

il e i <t according to Proposition 6.

mation:
M N; .
y - Viel
V] ke :s I'x:sAau ket
<l v [ kefe/x}:t
h [kefe/x}:t
!
N;
M Iix:sau;ke:t ]
=« Viel
ke :s Iix:sAawke:t

[v] T kefe/x}:t

e The other cases are straightforward applications of the induction hypothesis.

O]

4.2.2.3 Normalization of [<| nodes

Again, we define another notion of canonical derivation, this time to constrain the
use of the [<] rule. Similarly to the [INST] rule, we want to avoid premature applica-
tions of [<]. The idea of the associated normalization lemma is to push applications
of the [<] rule towards the root as much as possible, making them appear only as
premises of [>E|, [xE1], [xEs], [€1], [€2], and [v]| nodes.

Definition 37 ([<]-canonical derivation). A derivation D is [<]-canonical if
every |<| node it contains is either:

e The first premise of a [€1] or |€2] node, or

e One of the body premises of a [v] node, or
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e The premise of a |[xE1] or [xEsa| node, or

e The first premise of a [->E| node

Lemma 7 (Normalization of [<]). Let = be an expression order. Let T' be a type
environment, e an expression, and t a type. Let D be a [v]|INST|-canonical form
(resp. atomic) derivation of T ke : t for the order =. Then there exists, for some
type t' < t, a [v]|[INST|[<]|-canonical form (resp. atomic) derivation of T ke :
for the order E.

Proof. We build a [v|[INST|[<|-canonical form (resp. atomic) derivation by in-
duction on D for the order (<\/7<*)1exa where D1 <, Dy & ‘Dl‘[\/] < ‘Dg‘[v]
and D <4 Dy < ’Dly < |D2|

e If the root is an axiom ([VAR,],[VAR,|,[CONST]), the derivation is already a
[v]|INST|[<]-canonical derivation.

e If the root is a [INST]| or [<], we consider its unique premise as our new deriva-
tion and apply the induction hypothesis on it.

e If the root is a [A], we call the induction hypothesis on all its premises and use
the resulting derivations as premises of a new [A] root, deriving a type t'. We
know that ¢’ satisfies ¢’ < ¢ (trivial).

e If the root is a [—I], we call the induction hypothesis on its premise and use
the resulting derivation as premise of a new [—I] root, deriving a type t'. We
know that ¢’ satisfies ¢’ < ¢ (trivial).

o If the root is a [v] of the following form:
A B,
IF'k¢€:s I)x:sAu; ket
[kefle/x}:t

Viel

[V]

1. We first apply the induction hypothesis on A, yielding a derivation A’.
We then consider the following derivation, with s’ < s:

A B!

Fké:s I)x:s' Anu;jk-e:t
[kefe/x}):t

Viel

[v]

where each B is derived from B; by applying Lemma 1 (monotonicity),
and then Lemma 6 in order to normalize [INST| nodes that might have
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been introduced by the monotonicity lemma. Note that this might add
unwanted [<| nodes, but they will be eliminated with the next step.

2. We apply the induction hypothesis on the {B};c; premises, yielding some
derivations {B!}ie; that derive some types {t;}ier (with Vi € 1. t; < t).
Then, we consider the following derivation:

BY
A Ix:s Aujl=e:t;
— = Is o - . Viel
k¢ :s Iix:s' Awjke:\/,o ti

v ke Vit

The result \/,.; t; trivially satisfies \/,.; t; <t.

3. The new [<] nodes that appear as premise of the [v| root could break the
properties of Lemma 4 if the corresponding B! ends with a [v] node. In
this case, we move up the faulty [<] nodes as needed using this transfor-

mation:
M N; .
; o Viel
[]Flz—e:s I''x:sAau;ke:t
v
<l Tief{e/x}:t
= [iefe/x}:t
!
N;
M I'x:sAau; ke:t
—F <] Viel
ke :s Ix:sAawke:t

[ke{e/x}:t

e The other cases are straightforward applications of the induction hypothesis.

O

4.2.2.4 Normalization of [A] nodes

Lastly, we define a notion of canonical derivation that constrains the use of [A]
nodes.

Definition 38 ([A]-canonical derivation). A derivation D is [A]-canonical if
every |A| node it contains has either:

e Only [INST| premises, or

e Only [—1]| premises
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Lemma 8 (Normalization of [A]). Let & be an expression order. Let I be a type
environment, e an expression, and t a type. Let D be a [v]|[INST|[<]-canonical
form (resp. atomic) derivation of I k= e : t for the order . Then there exists
a [V]|INST|[<]|A]-canonical form (resp. atomic) derivation of I k= e : t for the
order E.

Proof. We build a [v][INST][<][A]-canonical form (resp. atomic) derivation by
structural induction on D.

If D is a form derivation, then either the root is a [v] node, in which case we
apply the induction hypothesis on every premise of D, or D is a [VAR, | node (or
an intersection of multiple copies of this [VAR, | node), in which case we can just
return this [VAR, | node.

Otherwise, D is an atomic derivation. We can suppose without loss of general-
ity that its root is a [A] node. If some premises are also [A] nodes, we recursively
merge them with the root. Since D is a |v|[INST||<]-canonical atomic derivation,
we know that all the premises are structural nodes (of the same kind). There are
several cases:

e If all premises are |[—I| nodes, we apply the induction hypothesis on their
premises.

e If all premises are [—E]| nodes, we apply the following transformation:

VAR, | ———M8M8M8M@m— VAR, | ———mM8M8M@m—
=l [ | Tk xp:T(xq) = [ | Tk xo : T(x2)
FII—XlltZ‘—>8i FIZ—XQIti
(Viel) Tk xyx9 : 84

Ik xix2 0 Njes Si

l

e e e

I xa s (Aier i) = (Nier 80) Dkxot \ierts
[ bxaxg Mgy si

=l
[—El

Note that T'(x1) < (Aes ti) = (/s 8i) can be deduced from Vi € I. T'(xq) <
t; — s; using Proposition 5. Similarly, I'(x2) < /\,c; ti can be deduced from
Viel. P(Xg) <1t;.

e The other cases are similar.
O

Now that we have defined four notions of canonical derivation constraining re-
ectively the use of the [v] rule, the [INST| rule, the [<] rule, and the [A] rule, we
mbine them together into a single definition.
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Definition 39 (Canonical derivation). Let = be an expression order. A canonical
derivation for the expression order C is a [v][INST||<||A]-canonical derivation for
the expression order E.

A derivation that is both a canonical derivation and a form derivation is called
canonical form derivation. Likewise, a derivation that is both a canonical derivation
and an atomic derivation is called canonical atomic derivation.

When qualifying a derivation D of canonical, the expression order & may be
omitted: in this case, it means that there exists an expression order E such that D
is canonical for the order =.

Theorem 1 (Normalization of derivations). Let = be an expression order. Let
I' be a type environment, e an expression, and t a type. If ' k= e : t is derivable,
then there exists, for some type t' < t, a canonical form derivation of T ke : t/
for the order =.

| Proof. Successive application of Lemma 4, Lemma 6, Lemma 7, and Lemma 8. [J

Canonical form derivations restrain the possible locations where |v|, [INST|, |<],
and [A] rules can be used, and are thus a first step towards an algorithmic type
system. In addition, we can use the structure of canonical form derivations to
establish a type safety theorem for the declarative type system: this is the focus of
the next section.

4.3 Type safety

As stated by Milner (1978), “well-typed programs cannot go wrong”. In this section,
we formalize and prove that this is true for our declarative type system. For that we
use a standard methodology: we first prove subject reduction (Section 4.3.4), stating
that the type of an expression is preserved by reduction. Then, we prove progress
(Section 4.3.5), stating that a closed well-typed expression that is not already a
value can be reduced. However, some difficulties must be addressed first, for subject
reduction to hold. We tackle those in Sections 4.3.1, 4.3.2, and 4.3.3.

4.3.1 The parallel semantics

Our plan is to prove type safety by proving subject reduction and progress. Unfor-
tunately, subject reduction does not hold for the semantics presented in Figure 3.1,
as performing a reduction step on an expression e might break the use of a [v| rule.
Indeed, if in the typing derivation of the reducendum a rule [v| substitutes multiple
occurrences of the subexpression e by a variable x, reducing one occurrence of e but
not the others can make the application of this [v| rule impossible for the reductum:



64 Chapter 4. Declarative Type System

the correlation between the reduced occurrence of e and the other occurrences of e
is thus lost.

For instance, consider the pair (e,e) where e = (Az.f ) 42, under the type
environment I' = {f : 1 — 1}. This pair can be given the type (Int x Int) v (—Int x
—Int) using the [v] rule. Indeed, although e can only be typed 1, the [v| rule allows
correlating the type of both occurrences of e by considering two cases: a first case
where both occurrences have the type Int, and a second case where they both have
the type —Int.

Now, we apply a step of reduction to (e,e), yielding the expression (f 42,¢).
In this new expression, it is no longer possible to correlate the left and right parts
of the pair: the [v] rule does not apply anymore as f 42 and (Az.f z) 42 are not
syntactically equivalent. Thus, it is impossible to infer for this expression a type that
is smaller or equivalent to (Int x Int) v (—Int x —Int). Actually, the smallest type
we can infer for it is 42 x 1, which is not a subtype of (Int x Int) v (—Int x —Int)
(in particular, the value (42, true) is in the former type and not in the latter).

To circumvent this issue, we introduce a notion of parallel reduction which forces
to reduce all occurrences of a subexpression at the same time. With this semantics,
the expression (e, e) reduces to (f 42,f 42) after one step of reduction, preserving
the syntactic equivalence between the left and right parts of the pair.

The idea is to first define reduction rules that only apply at top-level, and then
define a context rule (cf. rule [k] below) that allows reducing under an evaluation
context, but that also applies this reduction everywhere in the term. Since our
calculus is pure and deterministic, proving a type safety theorem for the parallel
semantics will allow us to deduce another (weaker) type safety theorem for the initial
semantics (Figure 3.1): this weaker version guarantees that a well-typed term either
diverges or reduces to a value of the same test type 7 (type preservation is not
guaranteed for an arbitrary type ¢, but for a test type 7).

The parallel semantics is formalized in Figure 4.3. A step of reduction happening
at top-level is noted ~»7, and a step of reduction of the parallel semantics under
any evaluation context is noted ~»p. Notice that the rule [k] applies a substitution
from an expression €’ to an expression e, which is defined below.

Definition 40 (Expression substitution). The substitution in €” of the expression
e’ by the expression e, noted €"{e/e'}, is defined as follows:

o If e =, €, then e"{e/e'} = e.

o If ' £, €, then €"{e/e'} is inductively defined as
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Top-level reductions:

(Az.e)v ~1 efv/x} (4.1)

T (Ul,vg) ~T U1 (42)
7T2(7)1,7)2) T V9 (43)
(vET) ?e1:e3 ~~T e ifver (4.4)
(vET) ?€e1:e3 ~>T €9 ifve -1 (4.5)

Parallel reductions:

/
e~sT €

Ele] ~p (Ele]){e'/e}

<]
Evaluation Context E :=[]|vE|FEe| (v,E)|(E,e) | mE | (Eet)?e:e

Figure 4.3: Parallel Semantics

clefe} =c
x{e/e'} = x
x{e/e'} = x
(erez){e/e’} = (er{e/e'})(ea{e/e’})
(\z.e0){e/e'} = Ax.(eo{e/e'}) x¢fv(e), x¢fv(e)
(mieo){e/e} = mi(eslefe'})
(e1,e2){e/e’} = (er{e/e’}, ea{e/e})
(Ce1€t) 2ea:e3){e/e’} = (e1{e/e'}et) 2ea{e/e’} 1 es{e/e’}

Expression substitutions are up to a-renaming: the conditions = ¢ fv(e’) and
x ¢ fv(e) in the case of A-abstractions can be ensured by first performing an a-
renaming on Azx.e..

Here is a reduction step on the previous example using the parallel semantics:

(At z) 42 ~7 f 42
((Az.fx) 42, Aa.f x) 42) ~p (f 42,1 42)

[%]

The parallel semantics is extended to programs in a straightforward way:

Reduction rule letz=v;p ~spp, p{v/z} e~pe
Evaluation Context P :=[]|letz=[];p Ple] ~»p.p; P[]

4.3.2 Elimination of instantiations and generalizations

In this section, we show that we can eliminate, in the typing derivation of a pro-
gram, every [INST| node and every generalization of monomorphic type variables
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happening in a [TOPLEVEL-EXPR| node. This is done by performing all necessary
instantiations beforehand (that is, in the initial environment I'). Note that this is
only possible because of intersection types: they can replace parametric polymor-
phism locally by encoding all the instantiations we need for a type.

Definition 41 (Instantiation-free derivation). A derivation D of I' ke : t is
instantiation-free if it does not contain any [INST| node.

Lemma 9 (Weak monotonicity). Let D be an instantiation-free derivation of
Ik e:t, and TV be an environment such that T' < T'. Then, there exists an
instantiation-free derivation of IV ke : t.

Proof. Straightforward structural induction on the derivation I' k- e : t. If the
root is a [VAR,-N] or [VAR)\-N| node, we use a [<]| node. The other cases are
straightforward applications of the induction hypothesis. ]

Lemma 10 (Elimination of [INST| nodes). Let I' be an environment, e an ex-
pression, and t a type. Let D be a derivation of I' k- e : t. Let ¥ be a set of
substitutions. Then, there exists an instantiation-free derivation of TY - e : tX
for some set of substitutions Y.

Proof. We proceed by structural induction on the derivation D.
We consider the root of D:

[ConsT| The type t has no type variable, thus we can directly conclude by choos-
ing ¥ = @.

[VAR)| We pose e = z, and we have t ~ T'(z). We can derive I'Y k- x : ¢t using
a [VAR,| node by choosing ¥/ = X.

[VAR, | Similar to the previous case.

[INST| or [<] We have t' <t < tX, and thus by transitivity ¢’ < ¢X. Thus, there
exists some Y” such that ¢'¥” < t3. We apply the induction hypothesis on
the premise I' k- e : t' in order to derive 'Y’ k- e : /2", We can then derive
'Y k- e : t3 by inserting a [<] node at the root.

[v] The [v] node at the root is doing a substitution e{e’/x}. We first apply
the induction hypothesis on its body premises. It yields some derivations
'Y x: sX Au; k= e : tE for i € I. We consider the set of substitutions

¥ = Uie[ 22'
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Now, we derive I'S” - ¢ : s¥/ for some X" by applying the induction
hypothesis on the definition premise. We pose X" = X" UY/. We transform,
for each i € I, the derivation I'Y), x : X! A u; k- e : 3 into a derivation
Y x : sX Au; k- e : tX using Lemma 9. Similarly, we transform I'Y" -
e : s¥ into TY” k- ¢’ : s¥'. By combining all those derivations into a [v|

node, we can derive I'S"” k- e{e//x} : tX.

Other rules We apply the induction hypothesis to each premise I' k- ¢; : s; in
order to derive, for ¢ € I, TS} k- e; : 5;5. We then consider X' = | J,.; 3,
and derive, for each 1 € I, 'Y k- e; : 5;2 using Lemma 9. We then use these
derivations as premises of a node of the same kind as the initial root.

O

Lemma 11 (Monomorphization lemma). Let e be an expression, I' an environ-
ment, and t a type. Let D be a derivation of I' k- e : t. Let o be an injec-
tive renaming from polymorphic type variables to monomorphic ones such that
vars(I') n Vp < dom(c). Then, there exists V' such that (To)¥' ke : to.

Proof. Using Lemma 10, we transform D into an instantiation-free derivation D’
of 'Y k- e : t for some ¥'. Then, we build a derivation D" of (I'Y)o - e : to
by applying the renaming o to every type and environment in D’. This is only
possible because D’ does not contain any [INST] node (substituting a polymorphic
type variable by a monomorphic one could invalidate an [INST| node).

As o is injective, it has an inverse substitution ¢, which is a renaming from
monomorphic type variables to polymorphic type variables. We pose ¥/ = {o o
o' o¢ | o' € ¥} (it is a monomorphic substitution since dom(¥’) < vars(T") N
Vp < dom(o)). We have (I'o)¥ ~ (((To)p)¥X)o ~ (I'Y')o. Thus, D" derives
(To)¥’ k- e : to, which concludes this proof. O

Lemma 12. Let D be a derivation of I' |- e : t, and ¢ a substitution. Then,
there exists a derivation of I ke : ty.

Proof. Straightforward structural induction on D. The type substitution 1 can
be applied to every type (and type environment) in D, and as dom(¢) € Vs
it does not conflict with an [INST| node. Subtyping relations are preserved as
ty < to = 17 < toh. O

We define the k-p, deduction rules for typing programs:

Fke:t Ikpre:t Dox:tkpop:t

[TOPLEVEL-EXPR| ————— ¢#T’ [TOPLEVEL-LET] -
T'kpre:to I'kpr letz=e;p :t

The type safety properties will be proved for the kp, type system, which is
equivalent to the -p, type system:
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Proposition 7. For every program p, type environment I' and type t:

I'kpe:teoT-pe:t

Proof. Both directions are proved by structural induction on the derivation, using
Proposition 3. ]

Definition 42 (Generalization-free derivation). A derivation D of I' k-p, p : t is
generalization-free if every |TOPLEVEL-EXPR| node it contains uses the substi-
tution ¢ = .

Lemma 13 (Monotonicity of programs). Let I',T” be two environments such that
I < T. Letp be a program, and t a type. Let D be a generalization-free derivation
of I k=p, p : t. Then, there exists a generalization-free derivation of I k-p, p : t.

Proof. Straightforward induction on D, using monotonicity of k- (Lemma 9). [

Lemma 14 (Elimination of generalization). Let p be a program, and t a type.
Let D be a derivation of @ kp, p : t. Then, there exists a generalization-free
derivation of @ k=p, p : to for some injective renaming o from polymorphic type
variables to fresh monomorphic ones.

Proof. Let o be an injective renaming that maps every polymorphic type variable
that occurs in D to a fresh monomorphic type variable.

Now, we prove by structural induction on a derivation D of I' kp, p : ¢
that, given a set of substitutions W, there exists a generalization-free derivation
of (To)W k-p, p: (to)V for some set of substitutions ¥’

We consider the root of the derivation:

[TorPLEVEL-EXPR| The conclusion of the root is T' k-p, e : t'¢, and the premise
isTke:t.
We pose ) = (0o ¢)‘dom(¢)' Note that ¢#I". By applying Lemma 12 on
Ik e:t and v, we get T k= e : t4p. Then, by applying Lemma 11, we
get (To)V k- e : (t'y)o for some ¥'. As (t'i))o ~ ((t'¢p)o)o ~ (t'¢)o, this
judgment can be rewritten (F'o)V’ k- e : (t'¢)o.

By applying Lemma 12 on this last judgment and ¥, we derive ((I'o) W)W |-
e: ((t'¢)o)¥. By posing ¥ = {tpo1)/ | € U, ¢’ € ¥}, this judgment can
be rewritten (o) ¥” ke : ((t'¢)o)P. We can conclude this case by building
a generalization-free [TOPLEVEL-EXPR| node that uses this premise.
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[ToPLEVEL-LET| The conclusion of the root is I k-p, letz=e;p : ¢, and the
two premises are:

1. Plt—preit/
2. Dyt kprp:t

By applying the induction hypothesis on the premise (2), we get a
generalization-free derivation B of (I'o)¥ z : (t'0)V’ k-p, p : to for some
v

By applying the induction hypothesis on the premise (1) and ¥/, we get a
generalization-free derivation A of (IF'o)¥” k-p, e : (t'o)V’ for some ¥”.

We now consider the set of substitutions ¥” = ¥” U ¥. By monotonicity
(Lemma 13), we transform A into a generalization-free derivation A’ of
(Co)¥” kp, e : ('o)¥ and B into a generalization-free derivation B’ of
(Co)¥” x: (t'o)¥V kp,p: to.

We can thus conclude by building a generalization-free derivation of
(Co)¥” k-p, letx =€ ; p : to using a [TOPLEVEL-LET| node.

O
4.3.3 Deriving negations of arrows

Before proving the type safety, we have to deal with one last difficulty: the subject
reduction still does not hold for our type system k-, even using the parallel semantics.
As a counterexample, consider this reduction step:

((A\x.x) false, Ax.x) ~p (false, \x.x)

Let us call e the expression before reduction. We can derive for e the type
False x ((False — False) A —(False — True)) by using a |v] node as follows:

A B

I k- Az.x : False — False y : (False — False) A (False — True) k- (y false,y) : O
C

[\/] y : (False — False)\(False — True) - (y false,y) : False x ((False — False)\(False — True))
7 - (y false,y){(Az.z)/y} : False x ((False — False)\(False — True))

This [v] node is decomposing the type of both occurrences of Az.x into False —
True and —(False — True). The subderivations A and C are straightforward. The
subderivation B uses the fact that (False — False) A (False — True) ~ False — 0,
and thus the application can be typed O (which makes the pair also have type 0).

However, after one step of reduction, we obtain the expression (false, \z.x) for
which it is not possible to infer the type False x ((False — False)\(False — True)):
applying a [v] rule as above would be useless as there is only one occurrence of Az.z,
and there is no other way to derive a negative arrow type for the A-abstraction Ax.z.

Another way to interpret this example is by seeing the term (Az.x) false as a
witness of the absurdity to derive the type False — True for Az.x, thus allowing to



70 Chapter 4. Declarative Type System

derive its negation —(False — True). After reduction, this witness disappears, and
thus the type —(False — True) is not derivable anymore.

More generally, the property that we need for subject reduction to hold is a
property of atomicity of the type of values: for an environment I', a typeable value
v, and a type t, we must be able to derive either I' - v : t or I' - v : —t (a
more specific version of this property is proved in Lemma 19). Unfortunately, this
property does not hold in our current type system because of the impossibility
to derive, in general, a negative arrow type for a A-abstraction (e.g., by choosing
t = (False — True), we can neither derive & |- Azx.x : t nor @ k- Ax.xz : —t).

Usually, set-theoretic type systems (such as Frisch et al. (2008)) overcome this
difficulty by adding this deduction rule (in a language where A-abstractions are
explicitly annotated with their type):

D Miersiotip e 1
[k efe/x}:—(s—t)

[ABS-| (s —=t) A(Njeysi = ti) #0

It allows any A-abstraction to be typed with a negative arrow type, as long as
this negative arrow type is compatible (i.e., not disjoint) with the type annotated for
the A-abstraction. Using this rule, the A-abstraction AFalse—=Falsey o can be typed
—(False — True). Soundness is ensured by the side condition: it prevents a A-
abstraction from being given an arrow type s — ¢ and its negation —(s — t), which
could then yield the type O by using a [A] rule.

In our language, A-abstractions are not annotated with (the positive part) of
their type. Thus, we cannot add a rule such as the [ABS-| rule above. Instead, we
define a new type system k-pr, shown in Figure 4.4.

There are several things to note about this new type system. First, there is no
intersection rule: instead, the [—>I-N] rule can directly infer a conjunction of several
arrow types (in other terms, the intersection rule has been embedded in the [—>I-N]|
rule). As shown in Lemma 15, this can be done without loss of generality. The
reason why the intersection rule has been eliminated is because it would make the
type system unsafe in the presence of this new [—I-N] rule (this is explained later).

Second, the [-I-N] rule allows deriving any conjunction of negative arrow types
for a A-abstraction, as long as these negative arrow types are compatible with the
positive arrow types inferred. This is ensured by the side condition A, ;(u; —
ti) A Njes —(vj — vj) % 0. This side condition prevents a [—I-N| node from
deriving the type 0 for a A-abstraction, which would be unsound. Note that this
is also the reason why the intersection rule has been removed: it would make it
possible to infer the type O for a A-abstraction, as shown by the derivation below.

[Vary-N] [Vary-N]

z:0kpn x:0
& k-a Az.z : (0 — 0) A —(False — False)
D l=n Axx: 0

x : False -ns @ : False

[-I-N] [-I-N]

O l=ar Az.x : False — False

[A]

Although it is more subtle, the side condition Vi,j € I. ¢ # j = u; A u; ~ 0 has
the same purpose: it prevents a potentially unsound intersection from happening.
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[ConsT-N| ————  |VARy\-N] ——————  [VAR,-N| —————
Lkpc: b TCkpaz:T(x)p [ kpa x:T(x)p
LN (Viel) Tyo:ukpne:t; I#0, Vijeli#j=u au;~0
Uiy Azee s Njep(wi = ) A Njeg =(vi = V5) Nier(i = 8 A Njey (v = v5)) %0
Tikper:ty >t Tkpres:t Tkper it Fipren:t
[>E-N| N €1ty 2 N €E2 il [xI-N] N €1t N €2l
[ kp ereg ity T kpr (e1,e2) i b1 X to
IDkayveity xt IDkayveity xt
[xE;-N] _FPverhi Xt [xEs-N] _FPverhi Xt
I‘l:—/\/me:tl FIZ—_/\[’]TQCItQ
Tikpe:T Tikarer it Tipe:—7 Tkaren o
[El—N] [GQ—N]
T'i=ar (eeT) ?erte9 1 1y Tk=ar (eeT) ?erten ity
T'kpae:0 Tipe:t
[0-N] ad <N — X% <y
Ti=pr (eeT) ?e1:e5:0 Tkpne:t
Diae:s Viel) I,x:sAawkpne:t
[v-N] — vie D) N wg}ies € Part(1)

[ ipe{e/x}:t

Figure 4.4: Declarative Type System with Negations of Arrows

Consider the expression (Ay.(Az.x)) 42. As we have just seen, A\z.x can be typed
False — False using a [—I-N] node, and it can also be typed —(False — False)
using a different [->I-N] node. When typing the outer A-abstraction Ay.(Az.x) using
a |[—I-N] node without this side condition, we may choose to type it twice for the
same domain 1. This way, we may derive the type (1 — (False — False)) A
(1 — (—(False — False))). The issue with this type is that it is equivalent to
1 — ((False — False) n —(False — False)) ~ 1 — 0. Consequently, the type
0 can be derived for (Ay.(Az.x)) 42, which is unsound. This issue can be avoided
by forcing the domains explored for a A-abstraction to be disjoint. By doing so,
the different codomains are never intersected, regardless of the value to which this
A-abstraction is applied. This side condition is used in the proof of subject reduction
(Lemma 21, case [-E-NJ).

Terminology.

Structural rules [CONST-N| [VAR)-N| [-I-N] [->E-N]
[xI-N] [xE1-N] [xE2-N] [0-N] [€1-N] [€2-N]

Non-structural rules [VAR,-N| [v-N]| [<-N]

The proofs of subject reduction and progress require an additional constraint on
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the shape of these derivations.

Definition 43 (Union-free derivation). A derivation D of I =ar e : t is said
union-free if, for every [v-N| node N of path m in D, w can be decomposed into
m1; o such that D(m) is a [-I-N| node.

Roughly, a union-free derivation does not contain any [v-N| node except in the
subderivation of the premise of a [-I-N| node.

We now introduce a weaker version of canonical derivations, namely weakly-
canonical derivations, which will be preserved throughout the transformations de-
fined in the following proofs.

Definition 44 (Weakly-canonical derivation). A derivation D of T k-pr e : t is
said weakly-canonical if and only if:

e The premises of every structural node except |—>1-N| are union-free, and

e The definition premise of every [v-N| node is union-free.

In the lemmas and theorems below, most of the derivations we manipulate will
be weakly-canonical.

Lemma 15 (Inclusion of k- in k-pr). Let I’ be an environment such that vars(T') <
Vu, e an expression, and t a type. Let D be a derivation of I' k- e : t. Then,
there exists a weakly-canonical derivation of I =nr e : t.

Proof. Using Theorem 1, we transform D into an instantiation-free canonical
derivation of " k- e : s for s <t (the fact that it is instantiation-free is a direct
consequence of vars(I') < Vyy).

We then show the following result: for any instantiation-free canonical deriva-
tion D of I' - e : s, and for any type t such that s < ¢, we can build a weakly-
canonical derivation of I" -y e : t. We proceed by induction on (s(e), |D|) for the
lexicographic order, where s(e) is the number of A-abstractions in e.

We first build a weakly-canonical derivation of I' k-pr € : s:

e If the root of D is a [A] node, then all its premises must be [—>I] nodes (because
D is an instantiation-free canonical derivation). Thus, we know that e = \z.¢€’.
Let {(u;, u})}ier be the pairs of domain and codomain used by those [—I] nodes.
We have s ~ /\,_;(u; — u}). We consider a partition {v;};e; of \/,.; u; such
that Vie I. Vj e J. u; Avj ~ 0 or v; < u; (such a partition can easily be built
by induction on |{u;}icr|). If \/,c; ui ~ 0, we consider {v;};c; = {0} instead.

For each j € J, we do the following:

1. We pose I; = {iel | v; <u}. Note that Vi e I\I;. u; A vj; ~ 0.
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2. For each i € I, we derive I,z : v; k- € : uj by applying the monotonicity
lemma (Lemma 1) on the derivation I', z : u; k- €’ : u.

3. We intersect the resulting derivations with a [A] node, yielding a derivation
of D,x:vjke: /\ielj u.

4. We apply Theorem 1 on this new derivation in order to get a canonical
form derivation of I', z : v; k- €’ : s; with s; < /\ite ul.

5. We apply the induction hypothesis on it in order to build a weakly-
canonical derivation of ',z : vj k- € : /\idj u.

We regroup the resulting derivations (for each j € J) in a [-I-N] node (it can
be verified that Aje;(v; — Auy, W) = Ay (th — ) = ).

e The other cases are just straightforward applications of the induction hypoth-
esis.

We have a derivation of I' k-pr e : s with s<t. As vars(I') € Vj,, we know that
vars(s) € Vs and thus s < t. Consequently, using a [<-N| node, we can derive a
weakly-canonical derivation of I' k-xr e : ¢, which concludes the proof. ]

We now define the -y pr typing rules for programs:

Thkaye:t
[TOPLEVEL-EXPR-N] LA
Dippre:t

'k e:t Tzt -t
[TOPLEVEL-LET-N] NPr ’ N,Prp

[kpprletz=e;p it

Definition 45 (Weakly-canonical derivation). A derivation D of I k-prprp : t is
said weakly-canonical if and only if every subderivation T t=xr €' : t' it contains
1s weakly-canonical.

Lemma 16 (Inclusion of k-p, in k-prpr). Let p be a program, and t a type. Let D
be a derivation of & k=p, p : t. Then, there exists a weakly-canonical derivation

of D knpep:t.

Proof. We first apply Lemma 14 on D in order to derive a generalization-free
derivation D’ of @ k-p, p: t.

Then, proceed with a straightforward structural induction on D’. For the case
of a [TOPLEVEL-EXPR]| root, we apply Lemma 15 on the premise. O

4.3.4 Subject reduction

In this section, we prove a subject reduction theorem for the type system k-pr and
the parallel semantics ~»p.
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Lemma 17 (Monotonicity). Let T' be an environment, e an expression, and t
a type. Let D be a weakly-canonical derivation of T t-a e : t. Let TV be an
environment such that T' < T. Then, there exists a weakly-canonical derivation
of TV k-pnr e : t.

Proof. We show this result by structural induction on the proof tree D. When
the root is a [VAR, -N]| or [VAR)-N] node, we conclude by applying [<-N]|. All the
other cases are just straightforward applications of the induction hypothesis. [

Lemma 18 (Substitution lemma). Let I' be an environment, x a binding or
lambda variable, e, e’ two expressions, and s,t two types. Let D be a weakly-
canonical derivation of I x : s k=pn e : t, and A a weakly-canonical derivation of
[ k-pr € :s. Then, there exists a weakly-canonical derivation of T k-pr e{e’/x} : t.

Proof. One naive way to construct a derivation of " k-pr e{e’/x} : t is to replace in
D the [VAR)-N] or [VAR, -N]| nodes applied on & by A. However, this would not
necessarily yield a weakly-canonical derivation. In order to get a weakly-canonical
derivation, we will move the [v-N] nodes in A at the root of D.

We proceed by structural induction on A.

Depending on the root of A:

Axiom node We replace in D every [VAR)-N] or [VAR, -N] node applied on x
by the axiom node, and return the resulting derivation.

Structural node We proceed similarly to the previous case: we replace in D
every [VAR)-N| or [VAR, -N| node applied on & by A, and return the re-
sulting derivation. The derivation obtained is weakly-canonical: as A is
weakly-canonical and its root is structural, all [v-N] nodes contained in A
must be in the subderivation of the premise of a |[—I-N]| node.

[<-N] Let us call A’ the subderivation of the premise of this [<-N] node. Let ¢/
be the type derived by A’, and ¢ the type derived by A. We replace in the
derivation D every environment I' by the environment I'\{(x,t)},« : ¢/, and
replace every [VAR)-N| or [VAR,-N| node applied on « by the following
subderivation:

[VAR)-N/VAR, -N] inw it

<N ,
IMieyax:t

Let us call D’ the resulting derivation. We conclude by applying the induc-
tion hypothesis on D’ and A’.
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[v-N] We apply the following transformation to A (where ¢’ = €|{e}/y}, and

e{e'/w} = ef(el{e/y})/x} = e{el /xH{er/y}):

A Al

VN Ckpey:s (Viel) T,y:saukpnep:t

V_
Ity eifen/y) ot
l
A D
(2
V-] Ckpney:s (Viel) T,y:snau;tnefe)/z}:t

Dby efeh/@}{ch/y} : 1
where D} is obtained by applying the induction hypothesis on D and A}

(the environment used by D can be extended with y : s A u; using Lemma 17).

O]

To prove subject reduction, we need to constrain the use of [v-N]| nodes fur-

thermore: [v-N] nodes should not decompose the type of a value. We prove in
Lemma 20 that [v-N| nodes decomposing the type of a value are not really useful
and can be eliminated.

Definition 46 (Avoidable [v-N] node). Let D be a derivation. Let N be a [v-N]|
node of D performing the substitution {€’'/x}. N is said avoidable if and only if
e’ is a value.

Definition 47 (Minimal derivation). A derivation is said minimal if it does not
contain any avoidable [v-N]| node.

Lemma 19 (Atomicity of union-free value derivations). Let " be an environment,
and v a value. Let D be a union-free minimal weakly-canonical derivation of
[ knv:s. Let {u;}ier be a partition of 1. Then, there exists for some i€ I a
union-free minimal weakly-canonical derivation of I' k-pr v i s A ;.

Proof. We proceed by structural induction on D.

e If the root of D is a |[—I-N] node, then v is a A-abstraction Az.e, and s is a
conjunction of positive and negative arrows. Let us show that we can find ¢ € 1
such that s A w; = s A Njoy—~(v; — Vi) and s A Aoy =(vj — v}) # 0 for
some {(Vj,vg»)}jej.

By contradiction, let us assume that it is not the case. Let us fix i € I. We
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consider a set of types {u; ;}jes, such that s A u; 2% Vjes, 8 A Wi, where

every u; ; is a conjunction of positive and negative arrows. We know that, for

every j € J;, s Au;; *# s A v for every conjunction of negative arrows v such

that s A v %2 0. This means that, for every j € J;, there exists a positive arrow
- / - - / - /

vij — Vi such that s Au;; < s A (vi; — vi;) and (vi; — vi;) £ s. Thus,

we have s A u; < s A (\/jeJi Vij — v;j) with \/jEJi Vij — V;J £ s.
As this is true for every i € I, we have s A \/;c;ui < s A Vi (Vey,
V; j) < s, which contradicts the fact that {u;};cs is a partition of 1. Thus, there

exists some i € I and {(v;, v})}jes such that sAw; = s A A\ ;c; —(v; — v}) 2 0.

Vij —

We can thus derive I' t-pr Aze : s A N\ oy —(vj — V)

conclude by inserting a [<-N] node at the root to derive I' k-pr Az.e : s A u;.

) using a [—I-N] node, and

e The other cases are straightforward.
O

Lemma 20. Let I' be an environment, e an expression, and t a type. Let D
be a weakly-canonical derivation of I' k- e : t. Then, there exists a minimal
weakly-canonical derivation of T k-pr e : t.

Proof. We proceed by structural induction on D, with an additional inductive in-
variant stating that if D is union-free, then the minimal weakly-canonical deriva-
tion we build is also union-free.

e If the root is an axiom (|[CONST-N]|, [VAR)-N] or [VAR,-N]), then D is already
a minimal weakly-canonical derivation.

e If the root is an avoidable [v-N]| node, we know that it is doing a substitution
e{v/x} with v a value. We note {u;};er the partition of 1 used by this node.

We apply the induction hypothesis on the definition premise I' k-pr v : s in order
to get a union-free minimal weakly-canonical derivation A of I" k-pr v : s. By
applying Lemma 19 on A, we construct a (union-free) minimal weakly-canonical
derivation A’ of T k-pr v : 8 A u; for some 7 € I.

We consider the corresponding body premise B, I',x : s A u; ka7 € : t, and we
apply the induction hypothesis on it in order to get a minimal weakly-canonical
derivation B’ of I',x: s A u; k=p € : ¢.

We can then apply Lemma 18 on B’, x and A’ to construct a minimal weakly-
canonical derivation of T' k-5 e{v/x} : t (note that, as both B’ and A’ are
minimal, the derivation resulting from Lemma 18 is also minimal as it does not
introduce any new [v-N] node).

e The other cases are straightforward applications of the induction hypothesis.
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| O

Now, that we have restricted the shape of derivations, we can prove the subject
reduction property.

Proposition 8. Let I' be an environment, v a value, and T a test type. Let D be
a derivation of T k-pr v : 7. Then, we have the relation v € T (see Figure 3.1 for
the definition of €).

Proof. Straightforward structural induction on D. Note that the case of A-
abstractions is trivial as arrows in 7 can only be 0 — 1. O

Proposition 8 will be used for proving the progress (Lemma 22), but we also
need it for the subject reduction, for treating the case of type-cases.

The next lemma is, in a sense, a more general version of the subject reduc-
tion property, where the reduction can happen under any context and is replicated
everywhere in the expression.

Lemma 21. Let I' be an environment, e an expression, and t a type. Let D
be a minimal weakly-canonical derivation of T k-a e : t. Let e, and el be two
expressions such that e, ~71 €.. Then, there exists a weakly-canonical derivation

of T k-ne{el Jeo} i t.

Proof. We proceed by structural induction on D.

If e contains no occurrence of e, (modulo a-renaming), the result is trivial.
Thus, let us assume that e contains at least one occurrence of e.

We denote by ¢’ the expression e{el /e, }, and consider the root of D:

[ConsT-N| Impossible case (e cannot contain any reducible expression).
[VAR)-N| Impossible case (e cannot contain any reducible expression).
[VAR, -N] Impossible case (e cannot contain any reducible expression).

[<-N] By applying the induction hypothesis on the premise I' -y e : ' (with
t' < t), we get a derivation of T" k-pr €' : t/, thus we can derive " k-pr €’ @ ¢
by using a [<-N| node.

[>I-N] We have ¢’ = Az. (ex{e/e.}) for some expression ey. For each i € I, we
can derive I,z : u; k-nr ex{el/eo} : t; by applying the induction hypothesis
on the premise I', z : u; k-p €y : t;, and conclude by using a [—I-N] node.

[xI-N] We have ¢/ = (e1{el/e.}, ea{el/es}) for some e; and es. We apply the
induction hypothesis on the premises, as in the previous case.
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[->E-N] We have e = ejes for some expressions e; and eg. If e, is a subexpression

of e; and/or eg, we conclude by applying the induction hypothesis on the
premises, as in the previous case.

Otherwise, e, = ejes and thus the reduction e, ~»T el uses the rule 4.1.
Consequently, we know that e, = e = (Az. e))v for some expression ey and
value v, and e, = ¢’ = e\{v/x}.

We have the following premises:

1. Tk Az ey tp — to (with to >~ )
2. Tknvov:ity

As D is a weakly-canonical derivation, we know that the premise (1) is
union-free. Thus, we can extract from (1) a collection of derivations {A4;}er
of the judgments I';z : u; k-ar ey @ s; for ¢ € I, such that Vi,j € I. i #
Jj = w; Auj ~ 0, and such that A, ;(u; — s;) < t; — to. If the partition
{u;}ier does not cover 1, we extend it with the part 1\(\/,.; w;), yielding a
new partition {u;};cp with I’ = I U {k} (if {u;}ses already covers 1, then
=1

By applying Lemma 19 on the premise (2) and the partition {u;};c;/, we are
able to derive a minimal weakly-canonical derivation B of I" k-pr v : t1 A W
for some 7 € I’ We can deduce from Proposition 8 that t; A u; % 0
(otherwise we would have v € 0), and thus we have i € I. Using the fact

that A

By inserting a [<-N] node at the root of B, we obtain a derivation B’ of
I k-p v @ u;. Using the substitution lemma (Lemma 18) on A; and B’, we
obtain a weakly-canonical derivation of T -pr ex{v/x} : s;. By inserting a
[<-N] node at its root, we obtain I' k-pr ex{v/z} : ta.

ie7(Wi = 57) <ty — tg and that all u; are disjoint, we deduce s; < to.

[xE1-N| We have e = me; for some expression e;. If e, is a subexpression of ey,

we conclude by applying the induction hypothesis on the premise.

Otherwise, e, = me; and thus the reduction e, ~»1 €/ uses the rule 4.2.
Consequently, we know that e, = e = 71 (v1, v2) for some values v; and vy,
and e/, = ¢ = vy.

As D is a weakly-canonical derivation, we know that the premise I' k-pr
(v1,v2) @ t1 X tg (with ¢; ~ t) is union-free, and thus we can extract from
it a derivation A; of I' k-pr v1 : s and a derivation Ag of ' k-pr v9 @ 8’ such
that s x s’ < t1 x t3. We thus have s < 1, as s’ cannot be 0 (this would
contradict Proposition 8).

Therefore, we can conclude this case by using a [<-N| node with the premise
Aq in order to derive I' k-pr vy : t7.

[xE2-N] Similar to the previous case.
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[v-N|] We have e = ej{es/x} for some expressions e; and ez, and thus e =
(er{ez/x}){el/eq}

We have the following premises:

Definition premise ' -pre9: s

Body premises Vie I. I',x:sAu; k-areq:t

As D is minimal, we know that e, cannot be a value. Also, we know that
e, does not contain x (otherwise there would be no occurrence of e, in e).
Consequently, e/ does not contain x neither, because a reduction step cannot
introduce a new free variable.

There are several cases:

e ¢, does not contain es and ey does not contain e..

In this case, we have:

¢ = (e1{ea/x}){e)/es} = (e1{el/es}){ea/x}. Thus, we can conclude
by keeping the definition premise of the [v-N] node and applying the
induction hypothesis on the body premises.

e ey contains e,.
In this case, we pose e, = ea{el/es}.
We have ¢/ = (ej{ez/x}){el/ec} = (e1{el/e}){es/x}. We can derive
I k-u €, @ s by induction on the definition premise, and I',x : s Au; k-pr
e1{el /es} : t for every i € I by induction on the body premises. Thus,
we can derive I' k-p (e1{e/es}){e)/x} : t using a [v-N] node.

® ¢, contains ey as a strict subexpression.
Let {eo,i}ier the set of subexpressions e” of e; that satisfy e”{es/x} =4
eo. As eg is not a value, it can only appear in e, inside a A-abstraction,
and/or inside a branch of a type-case: otherwise, e, would not be
reducible. Thus, we can deduce that, for every ¢ € I, es; ~>1 eéﬂ-
for some egﬂ-. By numbering the elements of I from 1 to n, we have
¢ = (exfea/x}){ed/ec} = (exfeq 1 /eont .. {el n/eom}){e2/x}.
Consequently, we can conclude by keeping the definition premise of
the [v-N] node and applying the induction hypothesis n times on the
body premises (once for the reduction e, ; ~>1 6/071, then once for the
reduction ey o ~> 6:372, etc.).

[0-N] We have e = (e1€7) ?ea: eg for some e, ea and e3. As values cannot have
the type O (Proposition 8), we know that e; is not a value. Thus, ¢ =
(er{eL/ec}eT) 2 eafel Jes} s es{el /ec}. We can derive I' -y er{el /es} : O by
applying the induction hypothesis on the premise, and then we can derive
I' -p € : 0 by using [0-N].

[e1-N] We have e = (e1€7) ? ey : e3 for some e1, e and e3. There are three cases:
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e/ = (er{el/ec}eT) 2ea{el e} s es{el Jes} We can easily conclude by apply-
ing the induction hypothesis on the premises.

e’ = eg The second premise, unchanged, allows us to conclude.

e’ = e3 This case is impossible. Indeed, it implies that e; is a value, and
as I' k-pr €1 ¢ 7 (first premise), we can deduce using Proposition 8 that
e1 € 7, which contradicts e ~~7 e3.

|e2-N] Similar to the previous case.

O]

Theorem 2 (Subject reduction). Let ' be an environment, e an expression, and
t a type. Let D be a weakly-canonical derivation of T k-ar e : t. Let € be an
expression such that e ~p €'. Then, there exists a weakly-canonical derivation of
Dipne it

Proof. Using Lemma 20 on D, we can build a minimal weakly-canonical derivation
of 'k-pe:t.

Moreover, the root of the reduction step e ~p €’ is a k| node, with its premise
being of the form e, ~»7 e/, and with ¢ = e{el /e, }.

Thus, by using Lemma 21, we obtain T" k-xr € : . O

Corollary 1 (Subject reduction for programs). Let I be an environment, p and
p' two programs such that p ~p p, p’, and t a type. Let D be a weakly-canonical
derivation of I' t=nr pr p : t. Then, there exists a weakly-canonical derivation of

r k_N,Prp/ 1.

Proof. Straightforward induction on D, using Theorem 2 and Lemma 18. O

4.3.5 Progress

We now prove a progress theorem for the type system k- and the parallel semantics
~SPp.

Usually, the progress property is proved for a closed expression, typeable under

an empty environment &. However, as the union-elimination rule introduces a

binding variable in the environment, we need to prove a more general property: the

typing environment does not need to be empty as long as no variable appear under

a reduction context in our expression.

Lemma 22. Let T be an environment, e an expression, and t a type. Let D be a
minimal deriwation of I k-pr e : t. If there is no evaluation context 2 and variable
x such that e = E[x], then either e is a value or 3e’. e ~p €.
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Proof. We proceed by structural induction on D.
We consider the root of D:

[ConsT-N| Trivial (e is a value).

[VAR)-N| Impossible case (contradict the hypotheses).
[VAR, -N]| Impossible case (contradict the hypotheses).
[<-N] Trivial (by induction on the premise).

| >I-N] Trivial (e is a value).

[xI-N|] We have e = (eq, e2) for some expressions e; and es.

e If ¢; is not a value, and as we have YE,x. e; # E[x], we know by
applying the induction hypothesis that e; can be reduced. Thus, e can
also be reduced under the evaluation context ([ ], e2).

e If ¢; is a value, then we can apply the induction hypothesis on the
second premise (as e; is a value, we know that VE, x. es # E[x]).
It gives that either es is a value or it can be reduced. We can easily
conclude in both cases: if es is a value, then e is also a value, otherwise,
e can be reduced under the evaluation context (eg, []).

[->E-N|] We have e = ejey for some expressions e; and eg, with I' k-pr e1 1 s — ¢
and I' a7 e @ s.

e If e; is not a value, and as we have VE,x. e; # FE[x], we know by
applying the induction hypothesis that e; can be reduced. Thus, e can
also be reduced under the evaluation context [ ]es.

e [f e is a value, we can apply Proposition 8 on it: as ' k-pre1 : 0 — 1,
it implies that e; € 0 — 1 and thus e; = Az. e) for some ey. Moreover,
we can apply the induction hypothesis on the second premise (as e is
a value, we know that YE,x. es # E[x]). It gives that either ey is a
value or it can be reduced. We can easily conclude in both cases: if ey
is a value, then e can be reduced using the rule 4.1, otherwise, e can
be reduced under the evaluation context e[ |.

[xE1-N| We have e = mye; for some ej, with T’ -pr e1 : ¢ x s. By applying the
induction hypothesis on the premise, we know that e; is either a value or
it can be reduced. If e; can be reduced, then e can also be reduced under
the evaluation context m1[]. Otherwise, as I' k-pr €1 : 1 x 1, we can apply
Proposition 8 on it, yielding e; € 1 x 1. Thus, e; = (v1, v2) for some values
v1 and vg, and consequently e can be reduced using the rule 4.2.

[xE2-N] Similar to the previous case.
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[v-N|] We have e = ej{ea/x} for some e; and es, with T' -pr e2 : s and Vi €
I.T',x:s5 Au; ka e i t. There are two cases:

e There exists an evaluation context E such that e; = FE[x]. In this
case, we know that VE' y. es # E’[y], otherwise we would have
e = E[F'[y]]. Thus, we can apply the induction hypothesis on the
definition premise. It gives that either eg is a value or it can be re-
duced. As D is minimal, es cannot be a value and thus ey can be
reduced. Consequently, e can also be reduced under the evaluation
context F.

e There is no evaluation context E such that e; = E[x]. In this case, we
apply the induction hypothesis on one of the body premises. It gives
that either e; is a value or it can be reduced. We can easily conclude
in both cases: if e; is a value, then e is also a value, otherwise, e can

be reduced.

[0-N] We have e = (e1€7) ?eg:e3 for some eq, es and es, with T' k-p eg : O.
As values cannot have the type O (Proposition 8), we know that e is not
a value. Thus, by applying the induction hypothesis on the premise, we
know that e; can be reduced. Consequently, e can be reduced under the
evaluation context ([]eT) ?ez:e3.

[€1-N] We have e = (e1€7) ?eg: e for some e, ex and ez, with I' k-pr e : 7. We
thus have e; € 7 (Proposition 8). By applying the induction hypothesis on
the first premise, we know that e; is either a value or it can be reduced. If
ey is a value, then e can be reduced using the rule 4.4. Otherwise, e; can
be reduced, and thus e can also be reduced under the evaluation context

([]em ?eq:es.
[€2-N]| Similar to the previous case.

O]

Theorem 3 (Progress). Let e be an expression. Lett be a type. Let D be a weakly-
canonical derivation of @ k=xnr e : t. Then, either e is a value or 3e’. e ~p €.

Proof. Using Lemma 20 on D, we can build a minimal derivation of @ ks e : t.
Moreover, we can deduce from @ ks e : t that there is no evaluation context
E and variable x such that e = E[x]. Thus, we can conclude using Lemma 22. [

Corollary 2 (Progress for programs). Let p be a program. Let t be a type. Let
D be a weakly-canonical derivation of @ k-prprp :t. Then, either p is a value or

3. p~pprp.
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| Proof. Straightforward induction on D, using Theorem 3. O

Theorem 4 (Type safety for the parallel semantics). Let p be a program, and
t a type. Let D be a weakly-canonical deriation of @ k-prprp :t. Then, either
P ~p p U With D k=pnrprv it or p~~Fp,.

| Proof. Direct consequence of Corollary 1 and Corollary 2. O

4.3.6 Type safety for the source semantics

The final step is to deduce a type safety theorem for the source semantics (Figure 3.1)
from the type safety theorem for the parallel semantics. The relation between these
two semantics is not trivial (they are not equivalent). For instance, the following
expression reduces to two distinct values depending on whether it is reduced using
~rp O~

(Az.z)(Az.z), \y.(Az.x)(Az.z)) ~5 (Az.x, \y.(Az.z))
(Az.x)(Az.z), \y.(Az.z) Az.x)) ~* (Az.z, \y.(A\z.z)(Az.2))

In addition, the type safety theorem for the parallel semantics (Theorem 4) uses
the type system k-xr pr, but we want to state our final type safety theorem for the
type system k-p,. Although the type system k-p, is included in the type system
k-npr (Lemma 16), the opposite is not true (in particular, it may be impossible to
derive negative arrow types for A-abstractions using k-p,, while it is possible using
l:_/\/',Pr>-

A consequence is that, for a program p such that & kp, p : t, we do not have
the guarantee that after reduction using the source semantics, the value v we get
(in the case where the expression does not diverge) satisfies & k-p, v : ¢, whereas it
is the case for reductions using the parallel semantics and the type system k- pr
(cf. Theorem 4). For instance, consider this reduction:

(Az.x)Axr.z), \y.(Az.z)(Az.x)) ~p, (Az.z, Ay.(Az.z)(Az.x))
For the program before reduction, we can derive the following type using k-p,:
(1= 0) x (1> 1> 0)) v (=(1 - 0) x (1 - ~(1—0)))

This type can be derived by decomposing the type of both occurrences of
(Az.z)(Az.z) into 1 — 0 and —(1 — 0) using the |v] rule. However, after reduction,
the [v] rule cannot relate the type of the application in the right component of the
pair with the type of the left component. Thus, it becomes impossible to derive the
type above.

This example shows that the type safety as stated in Theorem 4 does not hold
when using the source semantics and the type system k-p,. However, we can prove
a weaker version of it: instead of guaranteeing, after reduction of a non-diverging
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expression e of type t, that we obtain a value v of the same type ¢, it only states
that we obtain a value v satisfying v € 7 for every test type 7 = ¢. In particular, if ¢
is a function type, it only guarantees that after reduction we get a value ve 0 — 1
(or equivalently, that we get a A-abstraction).

The idea of the proof of this result is based on the following observation: even
though a single step of the parallel semantics may perform more reductions than a
single step of the source semantics, these additional reductions will still happen in
a future step of the source semantics, at the exception of the reductions happening
under a A-abstraction of the final value (because the source semantics does not
perform reduction under A-abstractions). Though, it is not an issue for the weaker
version of the type safety theorem, as it does not give any guarantee about the body
of the A-abstractions contained in the final value.

In order to relate the parallel semantics with the source semantics, we introduce
again another reduction semantics ~»¢ on expressions. This semantics ~»¢ can
perform a reduction ~»1 under any context C (not just an evaluation context):

Definition 48 (Reduction under any context). A reduction step ~»¢ is a top-
level reduction step ~»1 (see Figure 4.3) that can happen under any context:

Cu=[]| eC|CeleC|(Ce) | (eC)|mC e~te
| (CeT)?e:e | (eeT)?C:e | (eeT)?e:C Cle] ~¢ C[€]

Definition 49 (Subcontext). A context Cy is a subcontext of Ca, noted C; < Co,
if and only if there exists a context C} such that Co = C1[C}].

Lemma 23. For every expression e1 and e3, if we have a chain ey ~( e3 such
that at least one of the reduction steps happens under an evaluation context, then
there exists an expression ez such that e; ~ ex and ez ~j e3.

Proof. Let e; and e4 be two expressions such that e; ~§ es, where at least one
of the reduction steps happen under an evaluation context.

Let us consider the first reduction step es ~»¢ e3 happening under an evalu-
ation context. We have e; ~} es (with no reduction step happening under an
evaluation context) and ez ~»5 e4. Moreover, we have ey = E[e5] and e3 = E[e}]
for some evaluation context E and expressions €5 and €4 such that e} ~»1 ef.

No reduction step in ey ~»} es happen under a context C such that C < E:
otherwise, it would also be an evaluation context, contradicting the fact that
eo ~>¢ eg is the first reduction step happening under an evaluation context. Con-
sequently, we can reverse in E and e the reduction steps happening in e; ~{ ez

(one after the other, in reverse order):
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e If a reduction step happens under a context C such that F < C, it only
involves e}, we can thus apply the reverse rewriting to e). After that, the
expression we get is still reducible at top-level, as the reduction step that
has been reversed cannot happen under an evaluation context (no reduction
step in ey ~»% ez can happen under an evaluation context).

e Otherwise, if a reduction step happens under a context C such that C X F
and F £ C, it only involves E, we can thus apply the reverse rewriting to
E. After that, the new context we get is still an evaluation context, as the
reduction step that has been reversed cannot happen under an evaluation
context (no reduction step in e; ~»} ez can happen under an evaluation
context).

After this reversing process, we get a new evaluation context E’ and expression
e} such that e; = E'[¢]] and €] ~>7 ef for some ej such that E'[e5] ~5 E[es].
Consequently, we have e; = E'[e]] ~ E'[e5], and E'[e5] ~F Ele})] = e3 ~}

e4, which concludes the proof. O

Lemma 24. For every expression ey, ez and e3, if e; ~j ea ~»p e3, then there
exists an expression €| such that e; ~ €] ~} e3.

Proof. The step ey ~»p e3 can be decomposed into several ~»¢ steps with at least
one happening under an evaluation context. Thus, this lemma is an immediate
consequence of Lemma 23 applied on the chain e; ~§ ez ~{ e3. ]

Lemma 25. For every expression e and value v, if e ~5 v, then either e ~% or
there exists a value v’ such that e ~* v/ ~% v.

Proof. If e is a value, this lemma is trivial. Thus, let us assume that e is not
already a value. Then, there must be at least one step in e ~»% v that hap-
pens under an evaluation context (it would not be possible for v to be a value
otherwise). We can thus apply Lemma 23 successively, starting on e ~»% v and
continuing until the remaining €’ ~»$ v chain is such that ¢’ is a value. If this
process terminates, it builds a chain e ~* v/ with v" ~»} v, otherwise it builds

e~ O

Note that Lemma 25 could be strengthened into e ~»5 v = Fv'. e ~* v/ ~»% v by
showing that e ~“= e ++{ v, but this is not required by our proof of type safety.

Lemma 26. For every expression ey, ez, and value v, if e; ~§ ez ~5 v then

there exists v' such that ey ~* v’ ~% v or e; ~%.
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Proof. By induction on the number of steps in e ~% v, we prove using Lemma 24

* *

that e; ~* €’ ~~5 v for some €. Then, we conclude by applying Lemma 25 on

/ ES
e ~5 . O

Lemma 27. For every expression ey and ez, if e1 ~5 ez ~3 then ep ~.

| Proof. We can arbitrarily extend a chain e; ~» ... using Lemma 24. O

The semantics ~¢ is extended into a semantics ~»¢ p, for programs, with an
extended context allowing to perform a reduction under any top-level definition of
the program:

€ T 6/

Cpr =[] | letz=[];p | letx=e; Cp, Cpe[Cle]] ~c,pr Cre[Cle']]

Lemma 28. For every program pi1, p2, and value v, if p; WZ’,Pr D2 W:Ik?,Pr v, then
there exists v’ such that py ~p, v' ~¢ p v 0T p1 ~>p,.

Proof. Straightforward induction on the number of top-level definitions in ps,
using Lemma 26 (note that p; and pa must have the same number of top-level
definitions as p1 ~% p, P2). O

Lemma 29. For every program p1 and pa, if p1 Wz’,Pr D2 wﬁpr, then p1 ~,.

Proof. Straightforward induction on the number of top-level definitions in po,
using Lemma 27 (note that p; and ps must have the same number of top-level
definitions as p1 ~¢ p, D2). O

Lemma 30. For every value vi and vy such that vy ~5 va, if vo € T, then vy € T.

Proof. As vy is a value, every reduction step in v1 ~~§ vz can only happen under
a A-abstraction. Given that the € relation ignores the body of A-abstractions (for
every x and e, (Az.e) € 0 — 1), none of the reduction steps in vy ~»} vy can

change the relation - € 7. O

Theorem 5 (Type safety for the source semantics). For every program p and
test type T, if @ k-p,p : T, then either p ~p, v for some v e T or p ~F,.
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Proof. Straightforward combination of Lemma 16, which allows building a
weakly-canonical derivation of @ k-p pr p : 7, of the type safety for the paral-
lel semantics (Theorem 4), and of Lemmas 28 and 29.

In the case where we get p ~5 v for some value v such that Jv'. (v ~} v
and @ k-ppr v 7), we can deduce @ k-pr v : 7, then v’ € 7 using Proposition 8,
and finally v € 7 using Lemma 30. 0

/
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The declarative type system given in Chapter 4 is expressive, combining the
power of intersection types, union types, and parametric polymorphism. However,
it is non-algorithmic. How can we define an algorithm that infers whether a given
expression can be typed in this system?

The first step to answer this question is to identify the different sources of non-
determinism in the declarative type system. Rules such as union-elimination and
intersection-introduction are easy to understand, but they do not easily lend them-
selves to an implementation. There are two issues that make the type system non-
algorithmic.

First, the type system is not syntax directed: several typing rules can be applied
for the same syntactic expression. This is due to the non-structural rules that can
be applied on any expression: [<], [INST|, [v], and [A]. We can solve this issue
by constraining the use of non-structural rules, following the structure of canonical
typing derivations (Section 4.2). The typing rules [<] and [INST| are only necessary
when a destructor is applied (application, projection, type-case), and thus they can
be embedded in the corresponding structural rules. In order to constrain the use of
[v] rules, however, we need to give more structure to our expressions: this is done
in Section 5.1, which introduces a canonical form for expressions.

The second source of non-determinism is due to the fact that some typing rules
are non-analytic, meaning that some inputs of their premises (for instance, a type
added to the typing environment of a premise) cannot be determined by the inputs
of their conclusion. For instance, the type decomposition {u;};c; appearing in the
premises of the [v] rule does not appear in its conclusion, and thus we have to
“guess” it. This second issue is solved in Section 5.2 by adding to our algorithmic
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type system an additional input: an annotation tree that specifies which value to
give to these non-analytic parameters.

In order to arrive to an effective implementation of our type system, we thus
proceed in two steps: (7) in this chapter, we define an algorithmic type system
following the ideas discussed above, and (i7) in Chapter 6, we define a reconstruction
algorithm that aims to reconstruct the annotation tree used by the algorithmic type
system.

5.1 Maximal Sharing Canonical forms

One thing that makes the declarative type system non-algorithmic is the fact that
it is not syntaz-directed. A type system is syntaz-directed when the syntax of the
expression we want to type indicates which rule to apply. This is the case when the
type system only has structural rules, but in our case, we also have non-structural
rules: [A], [INST|, and [<].

The two rules [<] and [INST| can easily be eliminated, as suggested by the struc-
ture of canonical typing derivations (Section 4.2), by embedding them in destructor
rules: [—E|, [xE1], [xEs|, [0], [€1], and [e2].

The two other rules, [v] and [A], cannot be eliminated in this way. However,
for typing an expression e, the normalization lemmas of Section 4.2 suggest that |v|
rules only need to decompose the type of each subexpression of e once. Following
this idea, this section aims to make the [v] rule syntax-directed by introducing a
new syntactic construction called binding for our expressions. The idea is to make
the [v] rule to apply only on these bindings, thus turning it into a structural rule.
Expressions that use this new binding syntax are called canonical forms.

Two other constraints suggested by the normalization lemmas are that a [v] rule
decomposing the type of €’ should appear in the derivation tree as close of the root as
possible, and that it should decompose the type of all the occurrences of €’ at once.
Our canonical forms are thus further refined to match these constraints, yielding
the notion of Mazimal Sharing Canonical (MSC) form, presented in Section 5.1.2.

5.1.1 Canonical forms

As stated above, we need a syntactic way to determine when to apply the [v] rule,
and which subexpression to split. In order to achieve this, we represent our terms
with a syntax called Maximal Sharing Canonical (MSC) form.

Definition 50 (Canonical forms and atoms). Canonical forms and atomic ex-
pressions (or atoms) are finite terms produced by the following grammar:

Atomic expressions a clx| ek | (x,x) | xx | mix| (xT) ?x:x
Canonical forms Kk = x|bindx=aink
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For convenience, we use the metavariable n to range over both atoms and canon-
ical forms.

Canonical forms, ranged over by &, are binding variables (noted x, y, or z) pos-
sibly preceded by a list of definitions (from binding variables to atoms). Atoms
are either a variable from a A-abstraction (noted x, y, or z), or a constant, or a
A-abstraction whose body is a canonical form, or any other expression in which
all proper subexpressions are binding variables. Canonical forms are similar to
A-Normal Forms (Sabry and Felleisen, 1992), an intermediate representation of pro-
grams where arguments of functions can only be constants or variables, but are
even more restrictive: every constructor and destructor (like an application) can
only involve binding variables.

Notice the use of distinct sets of variables to represent M-abstracted variables
(z, y, or z) and bind-abstracted ones (x, y, or z). The reason is that we want each
subexpression on which we might want to apply the union-elimination rule to be
defined in a separate binding. As we could decide to apply the union-elimination
rule on occurrences of a single lambda variable, we have to associate a binding to
each lambda variable in our expression, but without allowing arbitrary aliasing as
it would allow for more complex canonical forms with no benefit. Distinguishing
binding variables from lambda variables solves this issue: a binding variable can
then be associated to any subexpression, including a single lambda variable, but
not to another binding variable, thus preventing arbitrary aliasing.

Definition 51 (Form context). A form context Cr is a finite term produced by
the following grammar:

Form context Cp := []|bindx=Ax.Crink | bindx=ainCp

Definition 52 (Atom context). An atom context Ca is a finite term produced
by the following grammar:

Atom context C4 := bindx=[]ink | bindx=ainC4 | bindx=Az.C4ink

I Definition 53 (Free variables). The set of free variables of a canonical form k



92 Chapter 5. Algorithmic Type System

(resp. atom a), noted fv(k) (resp. fv(a)), is inductively defined as follows:

fv(c
fv(z
fv(Az.k) = fv(k)\{z}

)
) =
)
) =
) =
x) =
)
) =

1%}

{z}

fv(x1x2 {x1,x2}
fv((x1, %)) = {x1, %}
fv(mix) = {x} 1=1,2
fv((aer) ?xp:x3) = {x1,x2, x3}

fv(x) = {x}
fv(bindx=aink) = fv(a) U fv(k)\{x}

A canonical form can be transformed into an expression of the source language
using the unwinding operator [.| that basically inlines bindings:

Definition 54 (Unwinding). The unwinding of a canonical form k, noted [k],
is the expression inductively defined as follows:

e
[2] ==
[Az.k] = Az.[K]
[x1x2] = x1X%2
[(x1,x2)] = (1, %2)
[mix| = mix i=1,2
[(x€T) ?2x1:x2] = (XET) ?7x1 : X0
[bindx=aink| = [k|{[a]/x}
[x] = x

Note that if fv(k) nVarsg = @, then [k] is a ground expression (cf. Definition 20).

The inverse direction, that is, producing from a source language expression a
canonical form that unwinds to it, is also straightforward. For that, we introduce
binding contexts, similar to the definition contexts from Chapter 4 (Definition 26),
but this time with definitions that are atoms:

Definition 55 (Binding context). A binding context B is an ordered list of
mappings from binding variables to atoms. Fach mapping is written as a pair
(x,a). We note these lists extensionally by separating elements by a semicolon,
that is, (x1,a1);...; (Xn, an) and use € to denote the empty list.
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Definition 56 (Application of binding context to an expression). The application
of a binding context B to an expression e, noted eB, is the expression inductively
defined as follows:

ee = e

e(B; (x,a)) = (e{[al/x}) B

Definition 57 (Application of a binding context to an expression order). Let
E be an expression order. Let B be a binding context. The relation Eg is the
expression order defined by e1 Eg es < 1B E ey B.

We define an operation term(B, k) which takes a binding context B and a canon-
ical form x and constructs the canonical form containing the bindings in B and
ending with «:

Definition 58. Let B be a binding context. Let k be a canonical form. The
canonical form term(B, k) is defined inductively as follows:

term(e, k) 2

term(((x, a); B), k) % bindx=ainterm(B, k)

We can now define the function [e] that transforms an expression e into a pair
(B, x) formed by a binding context B and a binding variable x such that term(B,x)
is a canonical form whose unwinding is e

Definition 59. Let e be an expression. We define [e] as the pair defined induc-
tively as follows, where xo is a fresh binding variable:

[ = (
[e] = (
[] = (
[Ax.e] = (
(
(
(

€, X)

(x0,€), %)

(%0, 2), %)

(X0, Ax.term[e])), o)
[rie] = ((
[erea] = ((
(

[(e1,€2)] =

B; (%o, miX)), Xo) where (B, x) = [e]
Bi; By; (X0, x1x2)), Xo)  where (B, x1) = [e1], (B2, x2) = [e2]
BlaB?v(XOa(Xl’)Q))) )

where (By,x1) = [e1], (B2, x2) = [e2]
[CeeT) ?e1:ea] = ((B; Bi; Ba; (%o, (XET) 7 X1t X2)), Xo)
where (B, x) = [e], (B1,x1) = [e1], (B2, x2) = [e2]
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Proposition 9. For every expression of the source language e, [term([e])] = e.

| Proof. Straightforward structural induction on e. O

A canonical form k ensures, by its syntax, that every subexpression of [k]| is
associated to (at least) one binding variable. However, different occurrences of the
same subexpression could be associated to different binding variables. Consequently,
for each expression of the source language, there are several canonical forms that
unwind to it. For our algorithmic type system we need to associate each source
language expression to a unique canonical form: the Maximal Sharing Canonical
(MSC) form.

5.1.2 Maximal Sharing Canonical forms

Maximal Sharing Canonical (MSC) forms are introduced to drastically reduce the
range of possible applications of the union-elimination rule, according to the normal-
ization lemmas of Section 4.2. The characteristic of MSC forms is that they encode
expressions and preserve typeability in the sense that every expression is typeable
if and only if its unique MSC form is typeable.

We define a congruence on canonical forms and atoms:

Definition 60 (Canonical equivalence). We denote by =, the smallest con-
gruence on canonical forms and atoms that is closed by a-conversion and such that

bindx;=ajinbindxc=asink =, bindxs=asinbindx;=a;ink

if xi¢fv(az), xo¢fv(ay)

In other words, two canonical forms are =.-equivalent if they are the same, up
to a-equivalence and re-ordering of independent bindings.

Proposition 10. If k =, £/, then [] =, [K/].

Proof. If a reordering, as defined in Definition 60, applies at top-level on the
expression bindx; =aj; inbindxs=as in k , the unwinding remains unchanged: as
x1 ¢ fv(az) and z2 ¢ fv(ay), we have k{a1/x1}{as/x2} = k{az/x2}{a1/x1}.

The general case follows from the observation that VCp, k1, ke. [k1] =q [K2] =

[Cr[r1]] =a [Cr[r2]]. O

Now, we can define Maximal Sharing Canonical (MSC) forms:
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Definition 61 (MSC forms). A Maximal Sharing Canonical (MSC) form s (any
canonical form a-equivalent to) a canonical form k such that:

1. Mazimal sharing: if bindx;=a1inky and bindxo=as inke are distinct
subexpressions of k, then a1 £, ao, and

2. Extrusion of bindings: if Ax.k1 is a subexpression of k and bind y=a in kg
a subexpression of K1, then fv(a) & fv(Ax.k1), and

3. No useless binding: ifbindx=ain k' is a subexpression of k, then x € fv(x').

The first two properties of Definition 61 are important since they ensure that an
expression of the source language is typeable if and only if it is the unwinding of a
typeable MSC form.

For the first property, it states that distinct variables denote different definitions.
It ensures the maximal sharing of common subexpressions in the source language,
where common subexpressions designate sets composed by different occurrences of
subexpressions that are equal (in our case, a-convertible). In other terms, if we
start from a source language term and put it into a MSC form, then all common
subexpressions occurring in it are bound by the same binding variable. For in-
stance, if we start from the term (f3,f3), then its MSC form is (a-equivalent to)
bindx=3inbindy=fxinbindz=(y,y)inz: both occurrences of f3 are bound to y.

Intuitively, this first property is necessary because regrouping equivalent subex-
pressions together increases the typeability of a term as it better captures correlation
between these two subexpression: if we can type a term in which two distinct vari-
ables bind the same subexpression, then the same term in which this subexpression
is bound by a single variable can also be typed by assigning to the unique variable
the intersection of the types of the distinct variables, but the converse does not hold.
This condition is similar to the condition on canonical form derivations, in Defini-
tion 25, imposing [v| rules to substitute all occurrences of the subexpression at issue
(in other words, two occurrences of the same subexpression must be substituted by
the same [v| rule).

The second property of Definition 61 requires bindings to be extruded from A-
abstractions whenever possible. This is justified by the fact that outer bindings may
produce better types. For instance, consider the expression bindx=a in Ay. x, where
a is an expression that can be either an integer or a Boolean. This expression can be
typed with (1 — Int)v (1 — Bool). However, for the expression Ay. (bindx=ainx)
which has the same unwinding as the previous one, the most precise type one can
deduce is 1 — (Int v Bool), which is strictly larger (i.e., less precise) than (1 —
Int) v (1 — Bool). In the definition of canonical form derivations (Section 4.2),
this condition corresponds to the notion of well-positioned [v| node (Definition 31),
which basically states that a [v| rule must be applied as soon as possible.

The third condition of Definition 61 states that there is no useless binding (the
bound variable must occur in the body of the bind). This is important because
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it ensures that given a source language expression e there exists a unique (modulo
a-conversion and reordering of independent bindings) MSC form whose unwinding
is e. In other words, given an expression e of the source language, all its MSC forms
(i.e., all MSC forms whose unwinding is e) are equivalent (modulo =).

Proposition 11 (Equivalence of MSC forms). Let k1, k2 be two MSC forms. If
[k1] =a [k2], then k1 =« Ka.

Proof. We show that o can be transformed into x; just with a-renaming and
reordering of independent bindings, as specified in the definition of =,; (Defini-
tion 60).

In this proof, we represent partially unwound canonical forms by a pair (B, e),
where B is a binding context and e an expression. With this representation, the
unwinding of (B, e) is eB, but for clarity we can also use the notation [(B,e)].

Let (B1,x1) be the representation of x1, with B; representing its top-level
definitions and x; its final binding variable, and (Ba,x2) be the representation of
ko. Formally, we have term(B1,x1) = k1 and term(Ba,x2) = Ka.

As [k1] =a [K2], we have [(Bi,x1)| =a [(B2,x2)]. We can assume without
loss of generality that x; = x2 = x (otherwise we use a-renaming on k), and thus
[(B1,)] = [(B2.x)].

Now, we prove the property below, from which Proposition 11 can be deduced.
Let By and By be two binding contexts. Let e be an expression such that:

e [(B1,e)] = [(Ba,e)], and

e The body of A\-abstractions in By and Bs are in MSC form (Definition 61),

and

e Both By and By satisfy the following properties (corresponding to the MSC
form properties applied to the top-level definitions), written here for a bind-
ing context B:

1. for every distinct (x1,a1), (x2,a2) € B, we have ay =%, as

2. for every (x,\z.k) € B, every binding bindy=aink’ in k is such that
fv(a) € fv(Az.K)

3. if (x,a) € B, then x is a free variable of one of the next definitions in
B or of e

Then, we can transform By into By just with a-renaming of binding variables not
in fv(e), reordering of independent definitions, and replacement of an atom by a
=, -equivalent one.

We prove this property by induction on the total number of atoms appearing
in By (by counting top-level atoms as well as, for each top-level atom that is a
A-abstraction, the atoms it contains).
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The base case (By = ¢) is trivial: as [(Ba,e)| = [(B1,e)] = [(¢,e)] = e, we
deduce with Property 3 that Bs = €.

For the inductive case (By # €), we consider, among the binding variables
defined in By and Bs, a binding variable that unwinds to a maximal expression
for the subexpression order. We note x such a binding variable.

We know that no other definition in B; or Bs can use the binding variable x
as it would contradict its maximality. We also know that e contains x (Property
3) and thus both B; and Bj contain a definition for x. We move the definition of
x at the end in both By and By (we can do so because no other definition in B;
and Bs can use Xx).

We pose By = B{; (x,a1) and By = Bl; (x,a2). As [(B1,e)] = [(Bs,e)], we
can deduce that [(B],[a1])] = [(BS, [az2])], and thus a; and ag are atoms of the
same kind. We now show that we can obtain a; = as just by a-renaming binding
variables not in fv(e) and by reordering independent bindings in a; and as.

e If a1 and a9 are atoms that are not A-abstractions and that do not contain
any binding variable (this is the case of constants and lambda variables),
we directly have a; = as.

e If a1 and a9 are atoms that are not A-abstractions and that contain only one
binding variable (this is the case of projections), we can a-rename binding
variables in By so that a1 = as.

e If a; and ay are atoms that are not A-abstractions and that contain two
binding variables x and y (this is the case of applications and pairs), we
consider two cases:

— If [(B,x)] =a [(Bj,y)], we necessarily have x = y. Indeed, if x # vy,
then we can find two distinct definitions in Bj that share the same
atom modulo =, contradicting Property 1. The same reasoning can
be done for ao, and thus we get that both a1 and ao contain the same
binding variable twice. Thus, we can a-rename binding variables in
By so that a1 = as.

— Otherwise, x and y must be different, and the same applies to as. Thus,
we can a-rename binding variables in Bs so that a; = as.

e If a; and ag are type-cases (containing 3 binding variables), we proceed
similarly to the previous case to obtain a; = as.

e In the case where a; and ag are A-abstractions, let’s say Ax. k1 and Az. ko,
we note (By,,x1) and (Bx,, x2) the representations of k1 and kg respectively.
As k1 is in MSC-form, we know that (By,,x;) satisfies Properties 1, 2 and
3. Moreover, according to Property 2, we know that every atom a in By,
is such that fv(a) € fv(Az.k1), and thus the atoms in By, and those in Bj
are distinct modulo =,. Thus, ((B]; Bx,),x1) satisfies Properties 1, 2 and
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3. Similarly, ((Bj;Bx,),x2) satisfies Properties 1, 2 and 3, and we have
[((B1; Bxi ), x1)| = [((B3; Bxy ), x2)].
Thus, we can apply the induction hypothesis on (B]; By, ), (Bb; Bx,){x1/x2}

and x;. It gives us that (B]; Bx,) and (B; By,) are equivalent modulo
reordering of the definitions, a-renaming of binding variables and =-

transformation of the atoms.

By using again the fact that every atom a in By, is such that fv(a) &
fv(Az.k1), we deduce that they all unwind to an expression containing x,
unlike atoms in Bf. Similarly, every atom a in By, unwinds to an expression
containing z, unlike atoms in Bj. Thus, we can deduce that By, and By,
are equivalent modulo reordering of the definitions, a-renaming and =-
transformation of the atoms. Thus, we can a-rename binding variables in
Bj and =-transform some of its atoms so that By, = Bx,, and thus so that
a] = ag.

In any case, we get a; = ao, thus the last definition of Bj is the same as the
last definition of Bs. The same can be proven for the previous definitions by using
the induction hypothesis on Bj, Bj and e{a;/x}. O

Definition 62. The MSC form of an expression e, noted MSC(e), is the unique
MSC form (up to =,-equivalence) whose unwinding is e.

It is easy to transform a canonical form into a MSC form that has the same
unwinding. This can be done by applying the rewriting rule --» defined in Figure 5.1.

bindx1 =aj in

-=3 i = i if = 1
bindxg = s in s +o bindxy=aq ink{x1/x2} ifa; =x a2 (5.1)
bindx=aink --s, kK ifx¢fv(c) (5.2)
bindx=\y.( . .
. . bindz=ain )
bindz=ainmo) o pindx=dgmoing 1Y EM@LzENE) - (53)
ink
K1 --* K2 if Ix| s.t. K] =, k1 and K| --+0 K2 (5.4)

Figure 5.1: Canonical to MSC rewriting rules

Rule (5.1) implements the maximal sharing: if two variables bind atoms with
the same unwinding (modulo a-conversion), then the variables are unified. Rule
(5.2) removes useless bindings. Rule (5.3) extrudes bindings from abstractions of
variables that do not occur in the argument of the binding. Rule (5.4) applies the
previous rules modulo the canonical equivalence: in practice it applies the swap
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of binding defined in Definition 60 as many times as it is needed to apply one of
the other rules. These rules can be applied under any context. They are confluent
(modulo =) and normalizing, as proved below.

Proposition 12. If k --» &/, then [k] =, [K'].
| Proof. Similar to Proposition 10. O
Proposition 13 (Normalization). There is no infinite chain k1 --» kg —=» - - -

Proof. For an atom context C4, we define A-depth(C4) inductively as follows:

A-depth(bindx=[]ink) =0
A-depth(bindx=ainC4 ) = A-depth(C4)
A-depth(bindx=Az.C4 ink ) = A-depth(C4) + 1

Let n be the maximal A-depth of atom contexts in kq:

n f max A-depth(C4)

Ca s.t. Ja. Calal=r1

Let N4 (7) be the number of atom contexts of depth ¢ in the canonical form x:
N,(i) L'{C4 | Fa.Cala] ~ k and A-depth(C4) = i}
Let S(x) be the following n-tuple:
S(k) L' (Ny(n), Ne(n —1),..., Na(0))

For every chain k; --» kg --» ---, the sequence S(k1), S(k2), ... is strictly
decreasing with respect to the lexicographic order. Thus, k1 --» kg --+ ---
cannot be infinite. O

Proposition 14. If k 4-» (i.e., no --» rule apply on k), then k is a MSC form.

Proof. We assume k {-+ and show that all 3 MSC properties are satisfied.

The property 3 (no unused bindings) is trivially verified: any binding that
does not satisfy this property can directly be eliminated with the rule 5.2. As the
rule 5.2 does not apply, this property must be satisfied.

Now, we focus on the property 2 (extrusion of bindings). We assume that
there exists a subexpression Az. k1 of k and a subexpression bindy=a in ks of k1
such that fv(a) < fv(Az. k1). We know that a does not depend on z, otherwise
x would be in fv(a) and not in fv(Az. k1). Thus, we can reorder the binding y
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(rule 5.4) in the first position of its innermost containing A-abstraction, and then
apply the rule 5.3 on it, which contradicts x 4-». Consequently, the property 2
is satisfied.

Finally, we show that the property 1 (sharing) is also satisfied. We assume
that there are two distinct bindings bindx; =aj in ... and bindxe=a9 in ... such
that a1 =, aa. As the property 2 is satisfied, and as fv(a;) = fv(az), we know
that these two bindings are in the same A-abstraction. Thus, we can reorder them
(rule 5.4) to be the one next to the other so that the rule 5.1 is applicable, which
contradicts k 4-+». Thus, the property 1 is satisfied. O

Proposition 15 (Confluence). Let k1, k2, and kb be three canonical forms such
that k1 --»* Ky and k1 --+* k5. Then, there exists k3 and k5 such that kg --+*
K3, Kb —=»* K, and k3 =, K.

Proof. Immediate consequence of Proposition 13 (normalization), Proposition 12
(preservation of [.]), Proposition 14 (4-» implies MSC form), and Proposition 11

(equivalence of MSC forms). O

In summary, the transformation defined by the rules above transforms every
canonical form into a MSC form that has the same unwinding. It thus allows
computing MSC(e), the unique (modulo =,,) MSC form of e, for every expression e
of the source language.

In practice, we do not need to apply these rewriting rules: the MSC form of an
expression e can be computed efficiently by walking through e while maintaining a
dictionary that maps every atom already defined to the associated binding variable.
This has been implemented in the prototype presented in Chapter 9.

Note that, though the transformation of an expression into its MSC form pre-
serves typing, it does not, intuitively, preserve the reduction semantics, since bind-
ings regroup different occurrences of some subexpression that in the original expres-
sion might be evaluated at different stages of the reduction, or not evaluated at
all. We said “intuitively” because no operational semantics is defined for canonical
forms: we use them just for typing.

To summarize, MSC forms tell us when to apply a [v] rule and on which subex-
pression: a term bindx=a inx means (roughly) that the expression x{a/x} must be
typed by first applying the union-elimination rule to decompose the type of all oc-
currences of a. Putting an expression into its MSC form to type it thus corresponds
to applying the [v] rule on every occurrence of every subexpression of the original
expression. This is a step toward a syntax-directed type system.

By associating each subexpression of the original expression e with a binding
variable, MSC forms allow storing type information about any subexpression of e
in the type environment. Prior to this work, we have explored in Castagna et al.
(2022a) an alternative presentation, where type environments associate types to
expressions (instead of variables). However, this implies the definition of several
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auxiliary operations to manipulate such type environments, and result in a type
system both more complex and less expressive.

5.2 Annotations and algorithmic type system

There are still two issues to solve before obtaining an algorithmic type system: (7)
rules [A], [INST| and [<] are still not syntax-directed, and (i7) rules [v], [INST|, [=]],
and [<| are not analytic. Indeed, the [v] rule requires guessing a type decomposition
(i.e., the monomorphic type u in the premises), the [INST| rule requires guessing a
substitution, the [—1I] rule requires guessing the domain u of the function, and the
[<] rule requires guessing the type ¢’ to subsume to.

The issue of [INST| and [<] not being syntax directed can be solved by embedding
them in some structural rules (|[>E|, [xE1], [xE2], [0], [€1], and [€2]), as suggested
by the normalization lemmas of Section 4.2. Moreover, the rules in which we embed
[<] can be made analytic by using the type operators dom(), o, 7v1 and 7o defined
in Section 2.5.

As for rule [A], making it syntax-directed is trickier. Indeed, the usual approach
of merging rules [—I] and [A] does not work here, since terms in MSC forms may
hoist a bind definition outside the function where they are used (cf. extrusion
property in Definition 61), causing rule [A] to be needed on a term that is not,
syntactically, a A-abstraction.

Lastly, there is no easy way to guess the substitutions used by [INST]| rules, or
the domain used in [—1I] rules, or the decomposition performed by [v| rules.

To tackle these issues, our algorithmic type system will not only take a canon-
ical form as input, but also an annotation that (i) indicates when to apply an
intersection, and (77) indicates which type decomposition (for |v| rules), which type
substitutions (for [INST| rules), and which domain (for [—I| rules) to use. Formally,
our algorithmic system uses judgments of the form I' 4 [k | k] : ¢ for a canonical
form k, and T' =4 [a | a] : ¢ for an atom a where k and a are respectively form
annotations and atom annotations defined as follows:

Definition 63 (Annotation trees). Atom annotation trees and form annotation
trees are finite terms produced by the following grammar:

QIA(qu)I( p) | @, %) [ (%)
[ 0(%) [ €1(%) !62(2)\ A{a, ..., a})

Form annotations k := p|keep (a,{(u, Ik) S (u,k)}) | skip k

| A(k, ... K}

where, we recall, p ranges over renamings of polymorphic type variables (i.e.,

Atom annotations a

injective substitutions from Vp to Vp), and ¥ ranges over instantiations (i.e.,
sets of substitutions from Vp to T ).
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For convenience, we use the metavariable h to range over both atom annotations
and form annotations.

Each node of the annotation tree indicates which typing rule to apply, and in
the case of a non-analytic rule, with which parameters. Note that each syntactic
constructor in the grammar of annotation trees is dedicated to a specific syntactic
expression: an annotation A(u, k) should be paired with a A-abstraction, an anno-
tation 0(X), €1(X), or €2(X) should be paired with a type-case, and an annotation
keep (a,...) or skip k should be paired with a bind expression. The exception is
the A(...) annotation, which indicates that a [A] rule must be applied, and that
may be paired with any atom or canonical form.

Annotation trees encode canonical derivations of the declarative type system
(cf. Section 4.2) for the MSC form they are paired with. They are a general-
ization of type annotations inserted in the code. Instead of annotating directly a
MSC form with type-annotations, we use a separate annotation tree because of the
union-elimination and intersection-introduction rules, which type several times the
same expression under different type environments; this would, thus, require dif-
ferent annotations for the same subexpressions: this naturally yields tree-shaped
annotations in which each branching corresponds either to the different deductions
performed by a union-elimination rule or to the different deductions performed by
an intersection-introduction rule.

The full algorithmic type system is given in Figure 5.2. Each rule is explained
below. As usual, a-renaming can be applied implicitly on a canonical form in order
to make a rule apply. Essentially, there is one typing rule for each annotation, the
only exception being the & annotation that is used both in the rule to type constants
and in the two rules for variables.

[CONST-ALG] [VAR-ALG]
IF'4le | 2]: b 'ty [z | 9]:T(2)

Doz:iuby [k | K]t

[-I-ALG] :
4 [Azr | A, k)] :u—t

To type the atom A\z.x, the annotation A(u, k) provides the domain u of the function,
and the annotation k for its body.

tl = I‘(xl)El, tg = F(XQ)EQ

—E-ALc
[ ] T a4 [X1X2 | @(21, 22)] :t10t9 1 <0—-1, ip< dom(tl)

To type an application one must apply an instantiation and a subsumption to both
the type of the function and the type of the argument. We recall that instantiations
(i.e., X1 and Xg) are sets of type substitutions; their application to a type t is
defined as t$ £ A sex, to. Since they cannot be directly guessed, they are given by
the annotation. Subsumption instead is embedded in two type operators, defined
in Section 2.5. The first operator, dom(), computes the domain of the arrow and
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[ConsT-ALG| [VAR-ALG]
Ciyfe | 9]: b Ly lz | 9]:T(2)

Dx:ubals | k]t
' [Aes | A(u, k)] :u—t

[-I-ALG]

tl = F(xl)Zl, tg = F(XQ)EQ

—E-ALG
[ ] T Fa [X1X2 | @(21, 22)] :t10to t1<0—-1, &2 < dom(tl)

[xI-ALG] t1 = T(x1)p1, t2 =T(x2)p2
Ui [(xasx2) | (p1,p2)] : t1 x t2

t =
A L T 2@ m t< @

[>< EQ—ALG]

[y [mox | ()] @ ma(t)

[0-ALg| r'x)X ~0
Dy [(xeT) 2x1:x9 | O(2)]:0

[e1-ALg] rx)2<r
D4 [(xeT) 2x1:x2 | €1(2)] : T'(x1)

[€2-ALG]| r'x)X < —7
[y [(x€T) 2x1:x2 | €2(2)] : T'(x2)

Pralr | k]t
[BIND;-ALG| x ¢ dom(T")
', [bindx=aink | skip k] :t

Fhafa | a]:s
(Viel) T)x:sauibalr | ki]:t;
[BIND2-ALG] - - {u;}ier € Part(1)
', [bindx=aink | keep (a, {(wi, ki) }ier)] : Ve ti

[BINDVAR-ALG]|
Ti=ax | pl: T(x)p

Viel) IR h;| : t;
g D Tl s

Caln | Alhitien)] s Nier ti

Figure 5.2: Algorithmic Type System
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is used to check that the application is well-typed. The second type operator, o,
computes the type of the result of the application.

t=T(x)X
[y [mix | 7(8)] ey (t) t<(@x1)

[xEq1-ALg|

t=TxX
[y [mox | w(8)]:mwa(t) t<(Ax1)

[xE2-ALG|

The rules for projections [xE1-ALG| and [xEs-ALG| follow the same idea as the
rule for application [>E-ALG|, with the use of the two type operators 71 and 7y
for computing the type of the result of the projection.

[XI—ALG] t, = F(Xl)pl, to = F(X2)p2
[ ba [(x1,x2) | (p1,p2)] 1 x t2

To type a pair (x1,Xg2) it is not necessary to instantiate I'(x;) or I'(x2). However,
to avoid unwanted correlations, it is necessary to rename the polymorphic type
variables of its components. For instance, when typing the pair (x,x) with x : @« — «,
we should type it with (¢« — «, 8 — ) rather than (o« — a, & — ), since the former
type has strictly more instances than the latter.

[0-ALG] rx)x~0
D4 [(xeT) ?2x1:x2 | O(X)]: 0

[e1-ALG| rxE <r
[y [(x€T) 2x1:x2 | €1(2)] : T'(x1)

[€2-ALG] F'x)2 < —7
Iy [(xeT) ?2x1:x2 | €2(2)] : T'(x2)

To type type-cases, the annotation indicates which of the three rules must be applied
and how to instantiate the polymorphic type variables occurring in the type of the
tested expression, so that it satisfies the side condition of the applied rule.

r Fa [H ’ ]k] it
[BIND;-ALG]| x ¢ dom(T")
I' 4 [bindx=aink | skip k]:¢

In rule [BIND;-ALG| the annotation indicates to skip the definition of the current
binding. This rule is used when the binding variable is not required for typing the
body x under the current context I'. For instance, this is the case when x only
appears in a branch of a type-case that cannot be selected under the hypotheses I.
The side condition x ¢ dom(T") prevents a potential unsound name conflict between
binding variables: as occurrences of x in k denote the x binding variable that is
being skipped, having the type of a former binding variable x in our environment
when typing x would be unsound.
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Note that this rule does not really have any equivalent in the declarative type
system, but is required because of the use of canonical forms, where each subex-
pression is introduced by a binding before actually being used. Indeed, whereas in
the declarative type system a subexpression is simply ignored when it appears in an
unreachable branch of a type-case (cf. rules [0], [€1], and [€2]), in the algorithmic
type system this subexpression is introduced preemptively by a binding and this
binding is skipped in the contexts where it is not used.

Phsfa | a]:s
Viel) U,x:sAawbalk | kit
[BIND,-ALG| ( ) iFale | kil {u;}ier € Part(1)
I' 4 [bindx=aink | keep (a, {(wi, ki)}ier)] : Ve ti

Conversely, the rule [BIND2-ALG] tries to type the bound atom and then decom-
poses its type according to the annotation. This decomposition corresponds to an
application of the [v| rule of the declarative type system.

[BINDVAR-ALG]|

x| ] : TGP

The type of the final binding variable of a canonical form is simply read from the

environment, and its polymorphic type variables are renamed according to p. Once

again, this renaming is necessary to avoid undesirable correlations, in particular

when regrouping the types {t;}ies of different branches into a union \/,_; ¢; in the
[BIND2-ALG| rule.

Finally, two annotations indicate when and how to apply rule [A] to atoms and

iel

canonical forms:

Viel I~ il i t;
[A-ALG] (viel) ala | ol I+

Uale | Aldaitien)] : Nierti

Viel) Ti4lr | kit
ong D Dol k)
Da s | Alkitien)] s Nier ti
Let us illustrate the relation between annotation tree and typing derivation with
an example. Consider the term Az.(fz€lnt)?g(fz):xz, where f : @ — «a and
g : Int — Int. The MSC form corresponding to this expression is written in

Figure 5.3. Figure 5.4 and Figure 5.5 give two examples of possible annotations
for this MSC form. In Figure 5.4, the function is typed with a single A annotation
of domain B. The interesting part is the annotation of the binding for u: the
corresponding keep annotation represents an application of the union-elimination
rule on the occurrences of the expression fx whose type 3 is split into BAInt and
B\Int. Each subcase is annotated accordingly. Notice in the second subcase that
the annotation for v is skip, which indicates that this particular variable must not
be used (as g(fx) cannot be typed since in the “else” branch, fx has type —Int).
This annotation yields for our MSC form the non-overloaded type 3 — 8 v Int.
This example also shows why the condition of maximal sharing for our forms
is necessary, not only for their uniqueness, but also for the completeness of the
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bind f = f in
bind g = g in

bind z = Az.
bind x = x in
bind u = f x in
bind v = gu in
bind w = (uelnt)?v:x in
w
in z

Figure 5.3: MSC form of Ax.(fzelnt) ?g(fz):x

f keep (2,{(1,.)})
A
g keep (2,{(1,.)})
z keep (., {(1,9)})
\
A8, ;)
/
X keep (2, {(1,.)})
/
u keep (€({{a ~ B}},{@}),{(Int,.), (~Int,)})
e N
v keep (e({@}, {@}),{(1,.)}) skip .
T /
w keep (€1({2}),{(1,2)}) keep (2({2}),{(1,2)})
Figure 5.4: Annotation yielding the type 8 — 3 v Int
f keep (2, {(1,.)})
. /
keep (2,{(1,.)})
/
z keep (\7{(17@)})
A{A(Int,.), A(B\Int,.)})
/// l\\\\\
x keep (2,{(1,.)}) keep (2,{(1,.)})
Ao
Y keep (e({{a ~ Int}}, {@}),{(1,.)})
/(eep @({{a~ ﬁ\lnt}W)})
v keep (e({@}, {2}),{(1,.)}) skip .
////
W keep (e1({@}),{(1,9)}) keep (e2({2}),{(1,9)})

Figure 5.5: Annotation yielding the type (Int — Int) A (3\Int — B\Int)
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algorithmic system: if the two occurrences of fz in “Az.(fzelnt) ?g(fz):x” were
not bound by the same variable, viz., if the sharing were not maximal, then it would
not be possible to deduce that g(fx) is well typed using a type decomposition on
fx.

A different annotation, yielding a better type, is the one presented in Figure 5.5.
The intersection annotation used for the definition of z separates the domain of
the A-abstraction into two cases, each typed independently, yielding for the whole
function the intersection type (Int — Int) A (B\Int — B\Int).

5.3 Equivalence with the declarative type system

An expression e is typeable if and only if its unique (modulo =) MSC form is
typeable, too:

Theorem 6 (Soundness and Completeness). For every ground expression e of
the source language:

Fe:t < 4[MSC(e) | k] :¢ (soundness)
Fe:t = 3k 4 [MSC(e) | k]:¢' <t (completeness)

These soundness and completeness properties are stated in terms of MSC forms
and annotation trees. They essentially state that an expression e has type t in the
declarative system if and only if there exists a tree annotation for the (unique) MSC
form of e that is typeable in the algorithmic system with (a subtype of) ¢.

The rest of this chapter is focused on proving this theorem, establishing the
equivalence between declarative and algorithmic type system. The soundness is
proved in Section 5.3.1 with Theorem 7, and the completeness is proved in Sec-
tion 5.3.2 with Theorem 8.

5.3.1 Soundness

Lemma 31. Let e and €' be two expressions, I' an environment, t a type, and
x a binding variable such that x ¢ dom(I'). Let D be a derivation of I k- e : t.
Then, we have T - e{e’/x} : t.

Proof. Straightforward structural induction on D to substitute occurrences of x
by €’. The condition x ¢ dom(I") ensures that D does not contain any [VAR, |
node applied on x. O

Theorem 7 (Soundness). Let I' be a type environment, n a canonical form or
atom, h an annotation tree, andt a type. Let D be a derivation of T 4 [n | k] : t.
Then, I' k= [n] : t is derivable.
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Proof. We proceed by structural induction on D in order to build a derivation
I' k- [n] : t. We consider the root of D:

[CONST-ALG| Trivial (we use a [CONST| node).
[VAR-ALG]| Trivial (we use a [VAR)] node).

[>I-ALG] We have n = Az. k, and thus [n] = \z. [k].
By induction on the premise, we get I', 2 : u k- [k] : s. By applying the rule
[—1], we get T' k- [n] : u — s (with t ~ u — s).

[->E-ALG| We have n = x1x2. We pose t; def ['(x1)%1 and to dZefF(XQ)EQ.

With a [VAR, | node, we can derive I' | x; : I'(x1) and T’ k= xgo : T'(x2).
Using a [<| pattern, we can derive from that I' k- x; : ¢; and T’ k= xo : to.
We have t ~ t; o to. Thus, according to the definition of o, we know that
t1 < to — t. Thus, with an application of the [<]| rule on T k- x3 : #1, we
can derive I k- xq : t9 — t. We can then conclude with an application of
the [>E] rule.

[xI-ALG] We have n = (x1,x2).

With a [VAR, | node, we can derive I" k- x; : I'(x1)p1 and T' k= x2 : T'(x2)p2
(with p; and pe as in the [xI-ALG| node). We can then conclude with an
application of the [xI] rule.

[xE;-AvLc] We have n = mx. We pose t, = I'(x)X.

With a [VAR, | node, we can derive I' k- x : I'(x). Using a [<| pattern, we
can derive from that I' k- x : t,. We have ¢ ~ m;(t,). Thus, according to
the definition of 71, we know that . < t x 1. Thus, with an application
of the [<] rule, we can derive I' k- x : ¢ x 1. We can then conclude with an
application of the [xE;] rule.

[xE9-ALG| Similar to the previous case.

|[0-ALG| Similar to the previous case.

[€1-ALG| Similar to the previous case.

|[e2-ALG| Similar to the previous case.
[BINDVAR-ALG| Trivial (we use a [VAR, | node).

[BIND1-ALG|] We have n = bindx=aink and thus [n] = []{[a]/x}.

By induction on the premise, we get I' k- [k] : t. We can then derive
I - []{[a]/x} : t by using Lemma 31.
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[BIND2-ALG| We have n = bindx=aink and thus [n] = []{[a]/x}.

By induction on the first premise, we get I' k- [a] : s. For every i € I,
we apply the induction hypothesis on the corresponding premise. It gives
I',x:sAu; b [k] : t;. With a [<]| node, we can obtain I',x : s A u; k= [K] : ¢
(with t ~ \/,.; ti). We conclude with a [v] node.

[A-ALG| Straightforward application of the induction hypothesis on the premises.

O

5.3.2 Completeness

For an expression e, our definition of MSC(e) is unique modulo =,. In particular,
two MSC forms that differ by the order of their independent bindings are consid-
ered equivalent. We want to prove that the algorithmic type system is complete
with respects to the declarative type system, and this regardless of the order of
independent bindings in the MSC form used. For that, we define a new MSCc(e)
operator that enforces an arbitrary expression order = on bindings and show that
the completeness holds, regardless of E.

Definition 64 (Binding context of a form context). Let Cr be a form context.
The binding context of Cr, noted bindings(Cr), is the binding context defined as
follows:

bindings([]) = ¢
bindings(bind x=Ax.Cr in k) = bindings(Cr)
bindings(bind x=a inCr ) = (x, a); bindings(Cr)

Definition 65 (Ordered MSC form). Let = be a total expression order (cf. Def-
inition 30). Let k be a canonical form. We say that k is a E-ordered MSC form
if and only if:

e x is a MSC-form, and

e For every expression k' = bind x; =ay inbind xo =as in ko and form context
Cr such that Cp[K'] = K, we have [a1|By E [az| B2 with By = bindings(Cr)
and Bo = bindings(Cr; (x1,a1)).

Proposition 16 (Unicity of ordered MSC forms). Let & be a total expression
order. Let k1 and k2 be two E-ordered MSC' forms. If [k1| =a [K2], then k1 =,
K.
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| Proof. Direct consequence of Proposition 11. O

Definition 66. Let ¢ be an expression of the source language. Let & be a total
expression order. The ordered MSC' form of e for the order =, noted MSCc (e),
is the unique S-ordered MSC' form rk modulo a-renaming such that [k] =, e.

For proving the completeness of the algorithmic type system, we first need some
intermediate definitions and lemmas to relate expressions from the source language
and MSC forms. In particular, we introduce a notion of atomic source expression
that characterizes which expressions of the source language can be represented by a
single atom in a MSC form.

Definition 67 (Atomic source expression). An expression of the source language
is an atomic source expression if it can be produced by the following grammar:
Atomic source expr. a == c|x| A r.e| (x,x) | xx | mx| (xeT) ?x:x

and if, for the case Ax.e, all subexpressions of e are either a binding variable or
they contain a lambda variable that is not in fv(Az.e).

The metavariable a is used to range over atomic source expressions.

Intuitively, the condition on A-abstractions ensures that, after transforming the
body e of a A-abstraction Az.e into a MSC form, every binding depends on z or
depends on another lambda variable introduced in e. This is necessary to ensure
that no binding can be extruded outside the definition of Ax.e.

Now, we can define for every atomic source expression a and total expression or-
der C its unique representation (modulo a-renaming) as an atom, noted MSCA(a).

Definition 68. For every atomic source expression a and total expression order
=, the atom MSCAc(a) is defined as follows:

MSCAc (Ax.e) = A\x.MSCc(e)
MSCAc(a) = a if a is not a \-abstraction

Proposition 17. For every atomic source expression a and total expression order
C, we have [MSCA(a)| =, a.

| Proof. Directly follows from the definition of MSCA(a). O
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Proposition 18. For every atomic source expression a and total expression order
C, the canonical form bind x=MSCAc(a) inx is a =-ordered MSC' form.

Proof. The extrusion property is ensured by the condition on A-abstractions in

Definition 67. The two other properties are trivially satisfied. O

This notion of atomic source expression allows us to decompose the MSC form
of any expression e, as stated by the following lemma.

Lemma 32 (Decomposition of an ordered MSC form). Let = be a total expression
order. Let e be an expression. Then, MSCc(e) is either a binding variable (if e
is a binding variable), or a binding bindx=a ink where:

e a is the smallest atomic source expression in e for the = order,
e o = MSCAc(a),
o k=MSCc (e{x/a})

Proof. We show that the canonical form bindx=ainx is a E-ordered MSC form,
which then allows concluding by uniqueness (Proposition 16).

By Property 18, we get that bindx=ainx is a E-ordered MSC form. By
construction, we also get that x is a £, 4)-ordered MSC form. Thus, we only
need to check that the definition of x in bindx=ainx is not useless, that it
satisfies maximal sharing with x, and that it respects the £ order:

No useless binding As a is a subterm of e, we have x € fv(e{x/a}) and thus

x € fv(k).

Maximal Sharing e{x/a} does not feature any subterm a-equivalent to a. Thus,
there is no atom o’ in x such that @’ = a (Proposition 10).

Order Consequence of the fact that a is chosen minimal for the order C.

O]

This decomposition of MSC forms allows us to prove an important lemma that
establishes a relation between the use of a [v| rule in a canonical form derivation
for the expression e and the structure of MSCc(e).

Lemma 33 (Relation canonical form derivation «> MSC form). Let = be a total
expression order. Let D be a canonical form derivation of I' & e : t for the order
=, whose root is a [v| node that does not perform aliasing. Then, there exists
a binding context B, a binding variable x, an atom a and canonical form k such
that MSCc (e) =, term(B,bindx=aink) and such that there exists a canonical
form derivation of T k- [bindx=aink] : ¢ for the order =g and whose root is a
[v] node doing the substitution [k]{[a]/x}.
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Proof. We proceed by structural induction on MSCc(e).

The case of MSC(e) being a binding variable is impossible: the [v| root of
D would perform aliasing. Thus, MSCc(e) is not a binding variable.

We apply Lemma 32 on MSCc(e), yielding that MSCc(e) = bindx=aink
for some a and k such that:

e @ is the smallest atomic source expression in e for the = order,

e a = MSCA(a),

e £ =MSCc  (e{x/a})

There are two cases to consider:

e The [v] root of D is performing a substitution {[a]/y} for some y, in which case
we can conclude (B = ¢).

e Otherwise, by minimality of a, D cannot contain any [v| node performing a
substitution {[a|/y} for some y. Thus, as @ is an atomic source expression
and that structural rules only occur in D as the definition premise of a [Vv|
node, we deduce that D has no subderivation for a. Thus, we can substitute
in D all the occurrences of the expression a by a binding variable y, yielding
a derivation D’ of T' k- e{y/a} : t that starts with a [v]| node that does not
perform aliasing. We can thus conclude by applying the induction hypothesis
on the derivation D’ and order =, .y (it is a valid structural induction as

MSC;(yya) (e{y/a}) =« K{y/x})

O

Now, we have all the key elements to prove the completeness of the algorithmic
type system. We start by stating a monotonicity property, which will be used in the
proof of completeness for handling the case of the union-elimination.

Lemma 34 (Monotonicity). Let I' be a type environment, n a canonical form or
atom, h an annotation tree, and t a type. Let D be a derivation of T' =4 [n | h] : ¢.
Then, for every type environment I such that T" < T', there exists an annotation
tree ' and a type t' <t such that T' 4 [n | W] :t' is derivable.

| Proof. Straightforward structural induction on D. O

Lemma 35 (Completeness). Let I' be a type environment, e an expression, and
t a type. Let E be a total expression order. Let D be a canonical form derivation
of ' k= e : t for the order = such that D does not contain any |v| node performing
aliasing. Then, 3k, t'. T' =, [MSCz(e) | k] : ¢ with t’' < t.

Let T be a type environment, a an atomic source expression, and t a type. Let
C be a total expression order. Let D be a canonical atomic derivation of I'k=a : t

for the order € such that D does not contain any [v| node performing aliasing.
Then, 3a,t’. T, [MSCAc(a) | a] : t’ with t' <t.
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Proof. We proceed by induction on the depth of D.
We consider the root of D:

[<] Impossible case (D would not be canonical).
[INsT| Impossible case (D would not be canonical).

[A] In this case, D is an atomic derivation (and the premises of this [A]
node are |[—I| rules). By induction on the premises, we get Vi €
I.T +, [MSCAc(a) | a;] : t, with t; < t;. Thus, we can derive
[ [MSCA=(a) | A({@itien)] : Nier ti (with Nej i< ie i, of. Propo-
sition 5).

|[ConsT| Trivial.
[VARy| Trivial.

[>I] We have a = Ax. e and thus MSCAZ(a) = Ax. MSCc (e).

The premise of this [—I] node is a canonical form derivation. Thus, by
induction on this premise, we get I',x : u 4 [MSCc(e) | k] : ¢/ (with
t'<t). We can thus derive I' -4 [Ax. MSCc(e) | AM(u, k)] : u — ¢, and we
have u — ¢’ <u — t, which concludes this case.

[->E] We have a = x1x3 and thus MSCAC (a) = xixa.

As D is a canonical atomic derivation, we know that the second premise,
I' k- xg : t1, is a [<] pattern with no [<] node and whose premise is a [VAR, |
node. Thus, we know that there exists ¥y such that I'(xg)Xg ~ ¢;. Similarly,
the first premise, I" k- x; : t; — to, is a [<1| pattern whose premise is a [VAR,, |
node. Thus, we know that there exists 31 such that I'(x;)¥; <t — to.

Consequently, and by definition of o, we know that (I"(x1)X1) o (I'(x2)X2) <
to. We can thus derive T' b, [xix2 | @(X1,X2)] : ¢/ (with ¢/ ~ (T'(x1)%1) o
(I'(x2)X2)) such that ¢’ < t9, which concludes this case.

[xI] We have @ = (x1,x2) and thus MSCA:(a) = (x1,x2).

As D is a canonical atomic derivation, both premises can only be [VAR, |
nodes. Thus, we can deduce that there exists two renamings of polymorphic
type variables p; and py such that I'(x;)p; ~ ¢t; and I'(xg)p2 ~ to. Thus,
we can derive I' 4 [(x1,%2) | (p1,p2)] : t1 X ta.

[xE1] We have a = m1x and thus MSCAZ(a) = mx.

As D is a canonical atomic derivation, we know that the premise, I" k- x :
t1 X tg, is a [<| pattern whose premise is a [VAR, | node. Thus, we know
that there exists ¥ such that I'(x)2 < ¢1 x to.
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Consequently, and by definition of 7, we know that 71 (I'(x)X) < ¢;. We
can thus derive I' =4 [mix | 7(2)] : ¢/ (with ¢ ~ 71 (['(x)X)) such that
t’ < tq1, which concludes this case.

[xEg| Similar to the previous case.

[0] We have a = (xeT) ?x1 :x2 and thus MSCAC(a) = (x€T) 7x1 : Xa.

As D is a canonical atomic derivation, we know that the premise, I' k- x : O,
is a [<] pattern with no [<] node and whose premise is a [VAR, | node.
Thus, we know that there exists ¥ such that I'(x)X ~ 0.

We can thus derive I' -4 [(xeT) ?x1:x2 | 0(2)] : O.

[€1] We have @ = (x€7) ?x1 :x2 and thus MSCAC (a) = (x€7) ?x1 : Xa.

As D is a canonical atomic derivation, we know that the first premise,
I' k- x: 7, is a [<] pattern whose premise is a [VAR, | node. Thus, we know
that there exists ¥ such that I'(x)X < 7. Similarly, the second premise,
I' k- x; : t1, can only be a [VAR, | rule. Thus, we know that there exists a
renaming of polymorphic variables p such that T'(xq)p ~ ¢;.

We can thus derive T' -4 [(x€7) ?x1:x2 | €1(2)] : T'(x1) with T'(x;) <t ¢5.
|€2] Similar to the previous case.
VAR, | Trivial.

[v] By using Lemma 33, we know that there exists B such that MSCc(e) =,
term(B,bindx=ain k), and such that there exists a canonical form deriva-
tion D' of T k- [bindx=aink| : t for the order = and whose root is a [v]
node doing the substitution [x]{[a]/x}.

By induction on the premises of D', we get I' 4 [a | a] : ¢’ (with &' <1 s)
and Vi € I. I',x : s Aw; b4 [k | kyi] ¢ ¢; (with ¢; <t). By monotonicity
(Lemma 34), we can derive Vi € I. I',)x : s Au; 4 [k | K] : ¢, (with
ti<t;<t). We can thus derive I' -4 [bindx=aink | k| : \/,.;t; with
k = keep (a, {(ui, ]k;)}ze])

From that, we can derive T' -, [term(B,bindx=aink) | k'] : V.t
with k' obtained by inserting at the root of k a skip annotation for each
definition in B, which concludes the proof.

O]

Theorem 8 (Completeness). Let = be a total expression order. Let T' be a type
environment, e a ground expression, and t a type. Let D be a derivation of
I'ke:t. Then, Ik, t'. T 4 [MSCc(e) | k] : ¢/ with t' < t.
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Proof. Direct application of Lemma 35 after using the normalization theorem
(Theorem 1) on D for the order =. Note that it is necessary for e to be a

ground expression so that the normalized derivation does not contain any |[v|

node performing aliasing. O
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The second of the two steps to achieve an effective implementation for the type
system of Chapter 4 is to define a reconstruction algorithm for the algorithmic
system described in Chapter 5. The statements of the soundness and completeness
properties of the algorithmic system clearly suggest what this algorithm is expected
to do: given an expression that defines a polymorphic function, the algorithm must
transform it into its unique MSC form and then try to reconstruct an annotation
tree for it, so that the pair of the MSC form and annotation tree is typeable with
the algorithmic system.

At this point, however, it should be pretty obvious that such a reconstruction
algorithm cannot be complete. Our system merges three well known systems: first-
order parametric polymorphism, intersection types, union-elimination. Now, even
if parametric polymorphism is decidable, in our system we can encode (and type)
polymorphic fixed-point combinators!, yielding a system with polymorphic recur-
sion whose inference has been long known to be undecidable Henglein (1993); Kfoury
et al. (1993). Still, despite being incomplete, our reconstruction algorithm is power-
ful enough to handle both complicated typing use-cases and common programming
patterns of dynamic languages, as we will see in Chapter 9.

Note that performance considerations are not discussed in this chapter: practical
aspects of the implementation are discussed in Chapter 8, and some experimental
results are presented in Chapter 9.

The reconstruction is performed by a system of deduction rules that incremen-
tally refines an annotation tree (initially composed of a single node “infer”) while
exploring the list of bindings of the MSC form of the expression to type. It mixes

!An example of implementation of Curry’s fixpoint combinator is given in Chapter 9 (Sec-
tion 9.1.1.3).
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Figure 6.1: Structure of the reconstruction algorithm

two mechanisms: one that infers the domain(s) of A-terms, and the other that per-
forms occurrence typing (through type decomposition of bindings) when a type-case
is encountered.

The first mechanism is inspired by algorithm Y/ by Damas and Milner (1982):
whenever the application of a destructor (e.g., a function application) is encountered,
a procedure finds a substitution (if any) that makes this application well-typed. In
the context of a Hindley-Milner type system, the algorithm at issue needs to solve
a unification problem (i.e., whether for two given types s and ¢ there exists a sub-
stitution ¢ such as s¢ = t¢) which, if solvable, has a principal solution given by a
single substitution (Robinson, 1965). In our system, which is based on subtyping,
the algorithm at issue needs to solve a tallying problem (cf. Section 2.6) which, if
solvable, has a principal solution given by a finite set of substitutions (Castagna
et al., 2015). When multiple substitutions are found, they are all considered and ex-
plored in different branches by adding an intersection branching node in the current
annotation tree.

The second mechanism refines the type decompositions applied to binding vari-
ables in order to perform occurrence typing. When the system encounters a type-
case (x€7) ?y:z, then the type of the binding variable x is split into s A7 and s A =7
(as per the [v] rule of the declarative type system, cf. Chapter 4). This decomposi-
tion is in turn backward-propagated, splitting the type of the binding variables that
appear in the definition of x, and so on.

The reconstruction algorithm is structured in two systems of deduction rules:

the main reconstruction algorithm (Section 6.2) which produces intermediate anno-
tations containing information about the domains of A-abstractions and the type de-
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compositions to use in bindings, and the substitution inference system (Section 6.3)
which converts these intermediate annotations into annotations for the algorithmic
type system by computing instantiations W for the destructors. Both the main
reconstruction system and the substitution inference system rely on the tallying
algorithm defined in Chapter 2 in order to infer the type of parameters and the
polymorphic instantiations. The main reconstruction algorithm also relies on an
independent auxiliary system, the split backpropagation system (Section 6.4), which
is used to propagate type decompositions from a binding variable to the binding
variables in its definition. This structure is summarized in Figure 6.1.

To illustrate the role of the main reconstruction system and the substitution
inference system, consider the expression Az. f (g z), with f : (Truthy — True) A
(Falsy — False) and g : a x 1 — «, whose MSC form is as follows:

bind w =
Az .
bind x = x in
bind y = g x in
bind z = fy in
z
in w

For this MSC form, the main reconstruction system will produce annotations of
the following form (some annotations have been simplified):

w keep (.

\’
AN (Truthy x 1,.), A(Falsy x 1,.)})

o

{(1,typ)})

X keep (typ, {(1,.)}) keep (typ,{(1,.)})
y / /
keep (typ, {(1,.)} keep (typ,{(1,.)})
/ e
z keep (typ, {(1,typ)}) keep (typ, {(1,typ)})

Notice how all atoms except A-abstractions are just annotated with typ, meaning
that this atom is typeable for some annotation, but this annotation is not provided.
In particular, the substitutions required to type the application g x are not provided.
The reason for not including them is that, during the process of reconstruction, the
types of parameters and the type decompositions will be refined many times, each
time invalidating the substitutions that have been computed for applications and
projections. Thus, it would be inconvenient to store these substitutions in the an-
notation during the reconstruction, as it would force us to manually invalidate them
each time a type is refined. Instead, these substitutions are re-computed when-
ever needed by the substitution inference system, which replaces typ annotations
by annotations for the algorithmic type system:
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w keep (., {(1,2)})
A{A(Truthy x 1,.), A(Falsy x 1,.)})
/ \
x keep (@,{(1,.)}) keep (2, {(1,.)})
y

keep (@({a ~ Truthy}, {@}),{(1,.)})  keep (€({a ~ Falsy}, {a}),{(1,.)})

z keep (€({@},{a}), {(1,2)}) keep (€({@},{2}), {(1,2)})

Notice in particular the annotations for the definition of y, corresponding to the
atom g x, that now specify the substitutions necessary to type this polymorphic
application. This annotation tree can now be used to type our MSC form with
the algorithmic type system, which in this case derives the type (Truthy x 1 —
True) A (Falsy x 1 — False).

6.1 The tallying algorithm

In Chapter 2, we defined the tallying problem, consisting in finding, given a set of
constraints C' (with each constraint being a pair of types) and a set of type variables
A, all the substitutions ¢ such that ¢#A and V(¢,s) € C. t¢ < s¢p. These conditions
are also noted ¢ |-o C. This problem is decidable and the set of solutions can be
characterized by a finite set ® of substitutions (where every solution is an instance
of a substitution in ®).

Tallying is a key ingredient of the reconstruction algorithm presented in this
chapter. It is mainly used in two contexts: (i) to find the result type of applications
of polymorphic function types to polymorphic arguments, and (ii) to infer the type
of the parameters of A-abstractions.

The first case requires finding, for a function of type ¢ and an argument of type
s, all the substitutions o (over polymorphic type variables) such that to < so —
(with 7 a type variable representing the type of the result of the application). For
instance, in order to type f x where f : @ — «a and x : Int, we try to solve the
tallying problem o« — « < Int — ~, where 7 is a fresh type variable capturing
the type of the result of the application. The tallying algorithm will generate the
set of constraints {& > Int ; a < v} which, when solved, yields the substitution
{a ~» Int va; v~ Intvavy}t (which, in our case, can be simplified into
{a ~» Int ; 7 ~» Int}). This use is merely to perform the type-checking of the
function application f x. For this purpose, we introduce a function tally(C') as follows:

Definition 69 (Tallying). The function tally(C') maps any set of constraints C
to a set of substitutions ¥ such that:

VoeX. oy, C (soundness)

Vo, (" Iky,, C) = (Jo € X. 30’ 0" ~ o' 0 0) (completeness)
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The second case deals with type reconstruction. Indeed, as with algorithm W,
when typing a A-abstraction, a fresh monomorphic type variable av is introduced as
the type of its argument x. While typing the body, expressions involving x may
constraint its type (e.g. mxz forces the function to accept at most a pair). To
deduce such constraints, tallying is used again, but this time we need to find some
substitutions 1) over monomorphic type variables (as parameters of A-abstractions
have monomorphic types). For instance, let us consider the expression Az.f x, with
f : Int — Int. Initially,  has type . Then, while trying to type the body, the
type of z is updated: for the application f x to be typeable, we need to substitute a
by Int A . To find this substitution, we introduce an additional tallying function
tally infer(.), this time returning substitutions over monomorphic type variables:

Definition 70 (Tallying (inference)). The function tally infer(t; < t2) maps any
constraint t; < ts to a set of substitutions ¥ such that:

Vi e W. Jo1,09. ¥ IFy, {ti01 < taoa} (soundness)
V", (Fo1,00. V" IFy, {t101 < taoo}) = (3 e U. . " ~ o)’ 0p)  (completeness)

This function tally infer(.) can be computed from tally(.), using renamings and
restrictions:

tally infer(t; < t2) def {(co0 o ¢)‘VM | o € tally({fresh(t1)¢ < fresh(t2)o})}

where fresh(¢) denotes the type ¢ where polymorphic type variables have been sub-
stituted by fresh ones; ¢ is a renaming from (vars(t1) U vars(t2)) N Vs to fresh
polymorphic type variables; and o is a substitution mapping each polymorphic type
variable appearing in vars(o’ o ¢) to a fresh monomorphic type variable.

In a nutshell, polymorphic type variables in ¢; and ty are refreshed in order to
decorrelate them, and monomorphic type variables are generalized using ¢ so that
tally(.) is allowed to find solutions involving them. Each solution ¢’ is composed with
¢ in order to restore the connection with the initial monomorphic type variables,
and the polymorphic type variables in the resulting substitution are transformed into
monomorphic ones by composing ¢ with it. Finally, the substitution is restricted to
Vi (its new domain is thus the same as the domain of ¢).

For instance, when typing f x from our earlier example (with f : Int — Int and
r : ), the tallying instance tally infer(Int — Int < a — f3) is generated (with 3
a fresh polymorphic type variable that captures the resulting type). As expected,
solving this instance yields one principal substitution {a ~» Int A a}. Note that
this substitution does not involve 8 as [ is a polymorphic type variable.

6.2 Main reconstruction algorithm

The main reconstruction algorithm, defined in this section, infers the domains of A-
abstractions and the decompositions of types into disjoint unions to use for bindings.
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It works by successively refining intermediate annotations defined below. These in-
termediate annotations store information about the domains of A-abstractions and
the decompositions of bindings. However, the instantiations > used to type destruc-
tors (i.e., applications, projections, and type-cases) in the algorithmic type system
are not stored in intermediate annotations, because they might get invalidated as
the reconstruction progresses: when new information is found about the domain of a
A-abstraction or the decomposition of a binding, the algorithm re-types some inter-
mediate definitions of the MSC form, thus invalidating the instantiations 3 of later
definitions. Consequently, these instantiations 3 are recomputed whenever needed,
using the substitution inference system (Section 6.3) that converts intermediate an-
notations into annotations for the algorithmic type system.

Definition 71 (Intermediate annotation trees). Atom intermediate annotations
and form intermediate annotations are finite terms produced by the following

grammar:
Split annotations S = {(u,K),...,(u,K)}
Atom intermediate annot. A ::= infer |untyp | typ
| A{A, ..., AL {A, ... A})
| €1 ] €2 | A(u,K)
Form intermediate annot. K := infer |untyp | typ

| AGK,....K}HL{K,...,K})

| try-skip (K) | try-keep (A, K, K)
| propagate (A,T,S,S)

| skip K | keep (A,S,S)

where [T ranges over sets of type environments.

For convenience, we use the metavariable H to range over both atom intermediate
annotations and form intermediate annotations. The meaning of each constructor
will be detailed later on.

The main reconstruction algorithm is presented as a deduction system, for judg-
ments of the form I' % (n | H) = R, where, we recall, ) ranges over atoms and
canonical forms, and R is one of the following:

Result R := Ok(H) | Fail | Split([',H,H) | Subst(¥,H,H) | Var (x,H,H)

Let us see what each result for I' -5 (n | H) means. The first two, Ok() and
Fail, are terminal, meaning that they are definitive answers that cannot be further
refined.

Ok(#'): the reconstruction successfully computed an intermediate annotation H'.
This annotation tree can be turned into an annotation tree h such that I'" 4
[ | h]:t for some type ¢ (that is, such that 7 is typeable by the algorithmic
system with the annotation h).
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Fail: the reconstruction has failed. The algorithm was not able to find an annota-
tion that makes n typeable with the algorithmic type system.

The other three results are intermediary, and specify three arguments for their
continuation: an object that generates new hypotheses to make n typeable when
analyzed again, an annotation 7 to use in that case, and a default annotation Hs
to be used when the new hypotheses do not hold.

Subst(W, H;,H2): the reconstruction found a set of substitutions ¥ that if applied
to I' may make 7 typeable. In practice, for each substitution ¢ € ¥, the
reconstruction will be called again on the environment I't¢) and annotation
‘Hiv. However, this does not necessarily mean that the reconstruction will
fail on the current environment I': 7 might still be typeable but with a less
precise type (e.g., it could yield a function type with a smaller domain). Thus,
this “default” case which does not instantiate I' is also explored, using the
annotation Hs instead of H;.

Split(I”,H;1,Hs2): the reconstruction found some splits for the variables in dom(T)
that if applied to I' may make 7 typeable. In practice, the system will generate
several new environments: one is obtained by (pointwise) intersecting I' with
I'" and will be used to re-type n with the annotation Hy; the others are obtained
by intersecting I' with {(x : —=I(x))} for any x € dom(I'), and they will be
used to re-type n with the annotation Hs.

Var (x,Hi,Hs2): the reconstruction found that in order to type 7, the definition of
the bind-abstracted variable x should be typed. Any branch that successfully
types it continues with the annotation H;j, otherwise it continues with the
annotation Hs.

Initially, any form or atom 7 is annotated with infer, and this annotation is
then refined until it yields a terminal result (i.e., either Ok() or Fail).

There are two different forms of judgments: T' 5 (n | H) = Rand I' -5
{(n | H)y = R. We first define rules for the judgment % for every canonical form
and atom. The results of these judgments are not necessarily terminal and, therefore,
it may be necessary to call the reconstruction again in order to refine them. This is
the purpose of -7, judgments which call repetitively % judgments when relevant,
so that in the end we get a terminal result. Let us first focus on ¢ judgments.

The rules below are presented by decreasing priority (i.e., the first rule that
applies is used).

OK]| [FAIL] -
I'r {(n | typ) = Ok(typ) I'-r {(n | untyp) = Fail

If a canonical form or atom 7 is annotated with typ, then reconstruction is finished
for i, and it is typeable in the current context I'. The annotation typ is never used
on A-abstractions and bindings because the system needs to store more information
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for them. Likewise, if a form or atom 7 is annotated with untyp, then reconstruction
is finished for n by failing in the current context.

[CONST]
' {c | infer) = 0k(typ)

x € dom(T)
[VAROK] [VARFAIL|
I' —» {(z | infer) = Ok(typ) ' —r {z | infer) = Fail

A constant c is typeable regardless of the environment, and thus the algorithm
returns Ok(typ). If a A-abstracted variable x is in the environment, then it is typeable
and the algorithm returns Ok(typ). Otherwise,  is undefined and Fail is returned
(we recall that the rules are presented in decreasing order of priority).

|PAIRVAR,] i ¢ dom(T)
"T g {(x1,x2) | infer) = Var (x;, infer,untyp)
x1,%2} € dom(T
[PAIROK] 1, xa) ©)

I +x {(x1,x2) | infer) = Ok(typ)

To type the pair (x1,x2), we must ensure that {xi;,xe} € dom(I"). If it is not the
case, then the two rules [PAIRVAR;| (for i = 1,2) try to remedy it by returning
Var (x;, infer,untyp), which is the result that asks the system to try to type the
atom bound to x; for x; ¢ dom(T"). If the attempt is successful, then the algorithm
will continue with the annotation infer and x; € dom(T"), otherwise it will continue
with the annotation untyp making the reconstruction fail on this pair. If both x;
and xg are in the environment, then the pair is typeable and the rule |[PAIROK|
returns Ok(typ).

x ¢ dom(T")

I+ (mx | infer) = Var (x, infer,untyp)

[PROJVAR]

U = tally_infer(I'(x) < a x )
[PROJINFER] —— o, B € Vp fresh
' g {mix | infer) = Subst(W, typ,untyp)

When typing a projection m;x, the rule [PROJVAR| handles the case where x ¢
dom(T"), similarly to the rules [PAIRVAR;| for pairs. If x € dom(I"), then the recon-
struction continues with the rule [PROJINFER]|, which tries to find all instances of
the current context in which the projection m;x is typeable, by subsuming I'(x) to
a x B. For that, it calls the tallying algorithm which returns a set of substitutions
U. Then, Subst(¥, typ,untyp) is returned, meaning that this projection should be
typeable under every instance I'i) of the current context I' (with ¢ € ¥). The de-
fault case (i.e., when the current context is unchanged, for example, when ¥ = &)
cannot be typed, so it is annotated with untyp (see rule [ITERATE;| later on).
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x; ¢ dom(T")

' -r {xixe | infer) = Var (x;, infer, untyp)

[APPVAR;|

U = tally_infer(I'(x1) < T'(x2) — «)
[APPINFER] — o € Vp fresh
[ —r (x1x2 | infer) = Subst(¥, typ, untyp)

Again, the two rules [APPVAR;| (for i = 1,2) are similar to the two rules [PAIRVAR;].
Then, if {x1,x2} < dom(I"), the rule [APPINFER] tries to find all instances of the
current context in which the application xjxs is typeable, by subsuming I'(x;) (the
type of the function) to I'(x2) — « (a function type whose domain is the type of the
argument). Again, this is done using the tallying algorithm, which computes a set
of substitutions ¥, and the annotation Subst(¥, typ, untyp) is returned.

x ¢ dom(T")
[CASEVAR]
I'gr ((x€T) ?x1 :x2 | infer) = Var (x,infer,untyp)
T r -
[CASESPLIT| b £ 7 () & =7

I'r {(x€T) ?x1:x2 | infer) = Split({(x: 1)}, infer,infer)

The key rule for type-cases is [CASESPLIT|, corresponding to the case where x is
in I', but with a type that does not allow the selection of a specific branch. Thus,
we need to partition the type of x in two, one part being a subtype of 7 and the
other a subtype of —7. This is achieved by returning Split({(x: 7)}, infer, infer):
this result is backtracked up to the binding of x, where it will be used to split the
associated type, accordingly.

Before showing the other type-case rules, we recall that in the algorithmic type
system, there are three typing rules for type-cases:

1. When x < 0, both branches are skipped (rule [0-ALG]),
2. When x < 7, the second branch is skipped (rule [e;-ALG]),

3. When x < —7, the first branch is skipped (rule [€2-ALG]).

The split performed by the rule [CASESPLIT| guarantees that we are now either in
the case 2 or in the case 3. Still, before typing the remaining branch of the type-case,
we must check whether the rule [0-ALG| could be used instead (case 1), as it would
allow skipping this branch too.
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I'(x)~0

[CASEEMPTY]| -
I'gr ((xeT) ?x1:x2 | infer) = Ok(typ)

I'(x) <7 ¥ = tally infer(I'(x) < 0)

[CASETHEN]
I'r {(x€T) ?x1:x2 | infer) = Subst(¥, typ,€;)

I'(x) < —7 U = tally infer(I'(x) < 0)

[CASEELSE] -
' r ((xT) ?x1:x2 | infer) = Subst(V, typ, €2)

When x has type 0, then [CASEEMPTY| applies and returns Ok(typ) (the type-case is
typeable using the algorithmic rule [0-ALG|). Otherwise, when the type of x allows
the selection of a branch, then either the rule [CASETHEN]| or the rule [CASEELSE]|
applies. If we are in the case of [CASETHEN]|, that is I'(x) < 7, then we have to
determine whether we will apply the algorithmic rule [0-ALG| or the algorithmic rule
[e1-ALc]. To determine it, the [CASETHEN] rule calls tally _infer(I'(x) < 0) which
returns the set of contexts I'y) (for ¢ € ¥) under which the algorithmic rule [0-ALG]|
is to be applied, that is, the contexts under which the tested expression x has an
empty type. The default case, corresponding to the case in which the type of I'(x)
is not guaranteed to be empty and, thus, in which the algorithmic rule [€;-ALG]|
must be applied, is annotated with €;. This annotation is handled by the rules
[CASEVAR;| and [CASEOK;| below, which force the system to type xp, the binding
variable associated to the first branch. The case of [CASEELSE| and [CASEVAR»| is
analogous.

Xi ¢ dom(F)

[CASEVAR,]
g ((x€T) ?7x1:x2 | €)= Var (x;, typ,untyp)

[CASEOK;]

IR {(X€T) ?x1:x2 | €)= 0k(typ)

The annotation €; (resp. €2) is an intermediate annotation, it is only used to indicate
that the rule [CASETHEN] (resp. [CASEELSE]|) has already been applied, but that
the first branch (resp. second branch) of the type-case may not have been analyzed
yet. In the end, the type-case is either annotated with typ or untyp.

One could wonder why the [CASETHEN| and [CASEELSE]| rules are necessary.
Indeed, when I'(x) < 7, the [CASEVAR;| or [CASEOK;| rule could directly be applied
(and similarly when I'(x) < —7). However, the [CASETHEN| and [CASEELSE| rules
allow finding contexts that may yield more precise types. For instance, consider the
expression Azx. (xz€Int) ? true:false. We would like to type it with the intersection
type (Int — True) A (—Int — False) rather than 1 — Bool. Indeed, when z has
type Int, then the second branch of the type-case is not taken, and thus it does not
need to be typed. Similarly, when z has type —Int, then the first branch of the
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type-case does not need to be considered. The goal of the rules [CASETHEN| and
[CASEELSE] is to find these two particular contexts: the rule [CASETHEN]| searches
the contexts under which the first branch of the type-case can be skipped, and
the rule [CASEELSE| searches the contexts under which the second branch of the
type-case can be skipped.

I'—gr Az.k | Mea,infer)) =R
[LAMBDAINFER]| o € V) fresh
I' g (Az.k | infer) =R

Mz:ukx{k | Ky=R
't Az.k | AM(u,K)) = map(X — A(u, X), R)

[LAMBDA]|

The rules for A-abstractions mimic the algorithm /. Rule [LAMBDAINFER| trans-
forms the initial infer annotation into a A(a,infer) annotation. As in W, A-
abstracted variables are initially typed with a fresh monomorphic type variable,
which will then be substituted as needed while reconstructing the type of the body.
Note that, although the type variable is monomorphic, it can still be substituted
during the reconstruction of the body, as solutions found by tally infer(.) involve
monomorphic type variables (cf. Section 6.1). Rule [LAMBDA| adds the A-abstracted
variable to the environment with the type specified in the annotation, recursively
calls reconstruction on the body, and reestablishes the variable type annotation on
the result. The notation map(X—f(X), R) denotes the result R where f has been
applied to every annotation X:

map(X > (X), OK(H)
map(X — f(X), Fail

map(X — f(X), Split(T, H1,H2)
map(X — f(X), Subst(V¥,H1,H2)
map(X — f(X), Var (x,Hi,H2)

) L ok(f(H))

) £fFail

) defSpllt( L, f(H1), f(H2))
) L subst (W, f(H1), f(Hz))
) Lvar (x, f(H1), f(Hs))

Now that we have explained the rules for atoms, let us focus on those for canon-
ical forms.

x ¢ dom(T")

[BINDVAR]
I' -r {(x | infer) = Var (x, infer,untyp)

[BINDVAROK]|
I'g (x| infer) = Ok(typ)

There is nothing new with the rules for binding variables. Note that they are
different from the rules for lambda variables: while lambda variables are introduced
by A-abstractions, and thus they cannot be skipped (the variable is systematically
added to the environment when entering the body of the A-abstraction), binding
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variables are introduced by bindings, and thus they may be skipped (cf. rule [BIND;-
ALG| of the algorithmic type system, Figure 5.2). That is why the rule [BINDVAR|
returns Var (x,infer,untyp) when the associated binding variable is not in the
environment, while the rule [VARFAIL| given at page 124 returns Fail when the
associated lambda variable is not in the environment (which can only happen if the
source expression contains variables that are not bound by a A-abstraction).

The rules for bindings are the most numerous. As bindings make the connection
between the different atoms, there are many cases to consider, each case being
handled by a rule.

'+ (bindx=aink | try-skip (infer)) =R
' (bindx=aink | infer)=R

[BINDINFER]

The |[BINDINFER| rule transforms an initial infer annotation into a
try-skip (infer) annotation which skips the binding and annotates the body
with infer. Indeed, we do not try to type the definition of a binding until it is
actually used, because its variable might appear only in unreachable positions (e.g.,
in an unreachable branch of a type-case). In other words, we implement a lazy
typing discipline for binding variables. If the variable is used at some point, then
an attempt to type it will be initiated by the [BINDTRYSKIP1| rule below:

I'% <k | K)=Var (x,K1,K2)
I'g (bindx=aink | try-keep (infer,K1,K2)) =R

|[BINDTRYSKIP/ | - - -
I'tg (bindx=aink | try-skip (K)) =R

This rule tries to type the body of the binding, starting with the annotation K (ini-
tially infer). If the result is a Var (x, K1, K2), then it means that the current binding
is used in the body x and, thus, the system should try to type it. Consequently,
the annotation for the current binding is changed into a try-keep (infer, Ky, Ks)
so that, at the next iteration, its definition will be reconstructed.

If typing the body yields Ok(K'), it means that, in the current context, the body
can be typed without using the binding variable x. Thus, the current annotation
can be changed from try-skip (K) to skip K':

[+5% (s | K= 0k(K)

[BINDTRY SKIP,| ;
'tz (bindx=aink | try-skip (K)) = Ok(skip K')

Finally, if typing the body of the binding yields a result different from
Var (x,K1,K2) and Ok(K'), then this result is just propagated as in [LAMBDA]|:

M%< | Ky=R
I (bindx=aink | try-skip (K))=R’

[BINDTRYSKIP;]

where R" = map(X — try-skip (X), R).
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Now, we need some rules to handle the annotation try-keep (A, K1, K2):
I'+% {a | Ay = 0k(A)
['+r (bindx=aink | keep (A, {(1,K1)},2)) =R
I' g (bindx=aink | try-keep (A,Ki,K2)) =R

[BINDTRYKEEP |

I'% {a | A)= Fail
't (bindx=aink | skip K2) =R

'tz (bindx=aink | try-keep (A,K1,K2)) =R

[BINDTRYKEEP,|

%< | A =R
[+ (bindx=aink | try-keep (A, K1,K2)) = R’

where R’ = map(X — try-keep (X, K1,K2), R).

As expected, if the current annotation for the binding is a try-keep (A, K1, K2),
then the system tries to reconstruct the annotation for the definition. If it succeeds,
then it becomes possible to type the definition and to continue the reconstruction
of the body using ;. This is what [BINDTRYKEEP;| does by changing the current
annotation to keep (A’,{(1,K1)}, ) (more details are given later). If the recon-
struction of the definition fails (rule [BINDTRYKEEP3]), then we have no choice but
to skip this definition and use the default annotation Ko to type the body. Finally,
the rule |[BINDSKIP3| handles all the other possibles results for the reconstruction
of the definition, and simply forwards them after reestablishing the annotation for
the current binding.

[BINDTRYKEEP;]

The rules for handling skip K annotations are as follows:
I'% (k| K)=Var (x,K1,K2)
I' —r (bindx=aink | skip K2) =R
I' g (bindx=aink | skip £)=R

[BINDSKIP |

M5 | Ky=R
'tz (bindx=aink | skip K) = map(X — skip X, R)

[BINDSKIPs|

The skip K annotation means that the definition of the binding must be skipped.
Thus, if reconstructing annotations for body of the binding yields Var (x, i, K2)
(rule [BINDSKIP1]), we do not attempt reconstructing annotations for the definition
as in the [BINDTRYSKIP;| rule, but instead the annotation for the body is changed
to Ko, and we try to reconstruct it again. The rule [BINDSKIP;| forwards any other
result, as usual.

Finally, we focus on the rules handling the keep (A,S,S’) annotations. For a
binding bindx=a inx and annotation keep (A,S,S’):

A is the annotation for typing the definition of x,
S describes the type decomposition to use for x and, for each part of the decom-

position, the annotation to use for the body. It only contains parts of the
decomposition whose annotations have not been fully reconstructed yet.
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S’ also describe the type decomposition to use for x, but it contains only the parts
whose annotations have already been fully reconstructed.

For instance, the annotation keep (A’, {(1,K1)}, @) used in rule [BINDTRYKEEP;|
means that the type of the definition does not need to be partitioned: there is only
one part, covering 1, associated to an annotation K; (for typing the body) which
has not been fully reconstructed yet.

In the more general case, types and annotations in S are processed one a time.
Those yielding a successful typing are recorded in &’. This is handled by the set of
rules below.

[BINDOK]|

I' g (bindx=aink | keep (A, d,S)) = Ok(keep (A, 2,S))

If all the parts of the type decomposition have already been reconstructed, then the
reconstruction is successful. Otherwise, the following rules are applied:

lNsda | A)=a
Fhyfa | a]:s Iix:saubgk (s | K)= 0k(K)
I+ (bindx=aink | keep (4,S,{(u,K")}uS))=R

[BINDKEEP; | ;
I' —gr (bindx=aink | keep (A, {(u,K)} uS,S))=R

lNsda | A)=a Fiala | al:s
[ix:saubgi s | K= Split(IV, Ky, Ka) x € dom(T")
Ihkp(a:—=(unal'(x)) =T '35 (a:—(u\['(x)) = o

[BINDKEEP,| ; ;
I' —g (bindx=aink | keep (A, {(u,K)} uS,S5))=R

where R’ = Split(I"\x,K},K,) with Kf = propagate (A, U Mo {(u A
F/(X)alcl)7 (u\F/(X)7’C2)} Y SaS,) and IC/Q = keep ('A¢ {(U,ICQ)} Y 575/)'

[sa | A)=a
Ftyfa]al:s TIix:saubkxr{| K)y=R
I+ (bindx=aink | keep (A4, {(u,K)}uS,S§)) =R

[BINDKEEP;]

where R’ = map(X — keep (A4, {(u, X)} uS,S’), R).

In each rule, the definition of the binding is typed using the annotation A. For
that, it is first converted into an annotation a of the algorithmic type system, using
the deduction rules for the judgment I' 5 (a | A) = a, defined in Section 6.3.
Then, the type s obtained for the definition is intersected with one of the parts u of
the type decomposition, according to the second argument of the keep annotation
(i.e., {(u,K)} U S in each rule), and the corresponding annotation for the body is
reconstructed recursively. Note that this type s A u precisely corresponds to the one
in the [v] rule of the declarative type system (Figure 4.1) and [BIND2| rule of the
algorithmic type system (Figure 5.2). Also note that, since split annotations are
sets, the order in which the parts are explored is arbitrary.
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The rule [BINDKEEP, |, for an annotation keep (A, S,S’), is responsible for mov-
ing a branch from § to &’ when its reconstruction is over (i.e., when the result for
the branch is 0k()). If instead the reconstruction of the body requires to further
split the type of x, then the rule [BINDKEEP3| splits the current branch into two
branches. However, before exploring these two branches, some information about
the split needs to be propagated in order to ensure that when a split is explored, it
is under a context as precise as possible. This is where the backward propagation
of types mentioned in our introduction occurs.

Let us explain this by an example. Assume we have, in the type environment,
a binding variable f of type @ — « and a lambda variable z of type Bool (i.e.,
I'={f:a— a; x:Bool}). We want to type the following canonical form, and
deduce for it the type True (since x and y are always bound to the same value):

bind x = z in bind y = fx in bind z = (yeTrue) ?x:true in z

At some point, the type partition associated to y will change from {1} to
{True, —=True} because of the type-case (rule [CASESPLIT|). However, if the case
corresponding to (y : True) is immediately explored, it will yield for the body the
type Bool, because x still has the type Bool in the environment. In order to obtain
the more precise type True, we must deduce, before exploring the case (y : True),
that when f x (the definition of y) has type True, then x also has type True (since
fis of type @ — «). Knowing that, the type of x should be split accordingly into
{True, —True}. This way, the following environments will be considered by our
reconstruction algorithm:

'y = {x:True; y: True} ; Iy = {x:True; y: 0} ;
I's = {x:—=True; y:0} ; 'y ={x:—True; y: —True}

Under T’y and Ty, z will be typed True (using [€1-ALG| and [€2-ALG]), and under
I’ and T's it will be typed O (using [0-ALG|). Thus, we obtain the type True for
this expression. Note that it may seem redundant to explore the environments I'y
and I'y (the environments I'y and I's already capture every possible case). Still,
these redundant cases are explored by the reconstruction algorithm: for instance,
I'y corresponds to the case where the True part is selected for x, and the False part
is selected for y (to be intersected with the type True of the atom associated to
y). We will see in Chapter 8 how to change the reconstruction algorithm to avoid
exploring such redundant cases.

This mechanism of backward propagation of splits is initiated in the
[BINDKEEPg| rule with the two premises I' 5 (a : —(u A I''(x))) = I} and
I 5 (a: —(u\I"(x))) = y. This auxiliary judgment T' 5 (a : u) = I, that
will be formally defined in Section 6.4, can be read as follows: “intersecting the
current environment I' with one of the IV € ' makes the type u derivable for the
atom a”. The refinements 1 and Ny we obtain are stored in the annotation of the
binding, using an annotation propagate (A, U g,...,...). This annotation is
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then handled by the two following rules:

I'el compatible(T', T")
I+ (bindx=aink | propagate (A,I,S,8)) =R

[BINDPROP |
where R = Split(I,K1,Kq) with T = {(x : u) € IV | I'(x) € u}, K; =
keep (A,S,S8’), and Ky = propagate (A, MN{I"},S,S).

I' % (bindx=aink | keep (A,S,S’)) =R
I' % (bindx=aink | propagate (A,I,S,S’)) =R

[BINDPROP;|

The role of those two rules is to propagate the refinements in I, so that when
the reconstruction of this binding continues, it is either under an environment that
refines one of the I'' € I or under an environment that is disjoint from all of them.
The relation compatible(I',I) ensures that I is a valid refinement for I" and that it
is not already disjoint from it. Formally, it is defined as follows:

compatible(T',T") < (dom(I") < dom(T")) and
(Vx € dom(T). (T'(x) A I'(x) 2 0) or (I'(x) ~ 0))

If at least one of the IV € ' is compatible with the current environment I', then
[BINDPROP;| initiates a split of the current environment I' according to I'' using a
Split(T”, Ky, K2) result, where I' is just a filtered version of I” where only strict
refinements are kept. The annotation Ky corresponds to the annotation to use in the
case where the environment refines I': in this case, we can continue the reconstruc-
tion with a keep (A, S,S8’) annotation. In the other cases, which use the annotation
ICo, we continue the backpropagation with the remaining refinements. When there
is no compatible refinement left, Rule [BINDPROP2| continues the reconstruction
with an annotation keep (A,S,S’).

Lastly, we need rules for intersections. Until now, we have not used intersec-
tion annotations, but they will be used by the % judgments defined at the end
of this section. Indeed, intersection annotations allow us to explore multiple typ-
ing derivations for a given atom or canonical form, which is useful when we have
several cases to explore (in particular, when reconstructing annotations for an over-
loaded function). The rules for intersection annotations are the following (we recall
that 1 denotes either an atom or a canonical form, and H denotes either an atom
intermediate annotation or a form intermediate annotation):

[INTEREMPTY] -
'z | A@,2))=Fail

O e T A9 = oA, 9)

PR [ H)=0k#H) TrrM [ ASAH}LS) =R
IEr (| A(fH} U S, 5)) =R

[INTER; |



6.2. Main reconstruction algorithm 133

I'+%<{n | Hy= Fail F'r<{n | A(SS) =R
I'ern | A(H}U S, S)) =R
%< | Hy=R
R | A({H} U S, S)) = map(X — (A({X} v S 5), R)

In an intersection annotation (S, S’), the annotations in S’ are fully processed

[INTER2]

[INTER3]

(i.e., the associated reconstruction returned Ok()), while the annotations in S are
not: they still have to be refined one after the other (rule [INTER3|). If one of them
becomes fully processed, it is moved in S’ (rule [INTER;]). Conversely, if one of
them fails, it is removed (rule [INTERz|). The process stops when S is empty: then,
the reconstruction fails if S” is empty (rule [INTEREMPTY]), and succeed otherwise
(rule [INTEROK]).

Now, we formalize the rules for the judgments =% . As said earlier, the purpose
of =% is to repeatedly call - judgments so that, in the end, we obtain a terminal
result.

g {n | H)y=Split(I',Hi, Ho) %2 | H)y=R r
'%{ | H)y=R

/:@

[ITERATE; |

L'r{n | H)= Subst({t;}icr, H1, H2)

[ITERATE;| Lk O | AlhYidier v (12}, 2)) = R Viel. 40

%< | M) =R

where H1) is the intermediate annotation H in which the substitution ¢ has been
applied recursively to every type in it.

The iteration continues as long as it yields non-terminal results that are imme-
diately usable, that is, either they return a trivial split (i.e., I = &) as in rule
[ITERATE; |, or they return substitutions that do not affect the current environment
(i.e., ¥:#) as in rule [ITERATE;|. For the latter rule, the iteration may need to
introduce an intersection annotation (useless when I is empty) in order to explore
all the cases Hi1; and the default case Hsy of a Subst({1;}icr, H1, Ho) result.

If the result is already terminal or if it is not immediately usable, then it is
directly returned:

' | H)=R
I‘F%(n | H)=R

[STOP]

In particular, if R = Split(I",H;, H2) where I £+ & (i.e., [[TERATE;| does
not apply), then [STOP| backtracks until I becomes empty; likewise if R =
Subst({®;}ier, H1,H2) and T'yy; % T for some i (i.e., [[TERATE2| does not apply),
then [STOP| backtracks until it exits the scope of the binders of the variables that
make the side condition of [[TERATE,]| fail.

An important remark about the [ITERATEy| rule is that, in addition to all the
instantiations Hj1; (for ¢ € I), the default case Hs is always considered. This default
case can be useful in order not to lose generality. The [CASETHEN]| and [CASEELSE]|



134 Chapter 6. Reconstruction Algorithm

rules discussed earlier are a good illustration. These two rules look for some possible
instantiations W of the type environment that would make the first or second branch
of a type-case unreachable. It is interesting to explore such environments separately
as they allow to find a smaller type for the type-case. However, it is not necessary
for a type-case to have an unreachable branch in order to be typeable: for instance,
(rand_bool () €True) ?42:41 is typeable (with rand_bool : Unit — Bool) even
though no instantiation of I' = {rand_bool : Unit — Bool} can make a branch
unreachable.

Sometimes, however, the default case H2 considered by the [ITERATEg| rule
might be useless, for instance if the annotation Hs is untyp, or if one of the v; is the
identity substitution. In the first case, the branch Hs of the intersection annotation
will be explored at some point, yielding Fail, which will make the [INTERs| rule to
apply and to remove this useless branch. In the second case, the branch Ho will also
be explored, but its reconstruction might succeed, and thus the branch might be
kept. While this is redundant, as the type obtained for this branch will be larger than
the type obtained for the H; branch, this is not an issue in the theory. In practice,
however, redundant branches should be eliminated for performance reasons. This
will be discussed in Chapter 8.

6.3 Substitution inference system

The substitution inference system defined in this section converts an intermediate
annotation of the main reconstruction system into an annotation for the algorithmic
type system. For that, it needs to retrieve the polymorphic instantiations ¥ needed
to type the atoms.

Formally, the algorithm takes as input an environment I', an atom or canonical
form 7, and an intermediate annotation H, and produces an annotation h for the
algorithmic type system. It is presented as a deduction system for judgments of the
form I' -5 (n | H) = h. The intermediate annotation H given as input is assumed
to be terminal: it should result from a judgment I' —5 ( | H') = Ok(H).

[ConsT] [VAR] x € dom(T")
s | typ) =@ [isdx | typ) = &

The rules for constants and variables just transform an intermediate annotation
typ into an annotation @ for the algorithmic type system.

p1 = refresh(T'(xy)) p2 = refresh(I'(x2))
['s {(xasx2) | typ) = (p1,p2)

[PAIR]

where refresh(t) denotes a renaming from vars(t) n Vp to fresh polymorphic type
variables.

The rule for pairs must produce an annotation (p1,p2), with p; a renaming
for the polymorphic type variables of the first component x; of the pair, and ps a
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renaming for polymorphic type variables of the second component x, of the pair. The
polymorphic type variables of each component are renamed to fresh type variables, in
order to avoid unnecessary correlations between the two components in the resulting
product type.

The most important rules for this system are the one for projections and appli-

cations:
Y = tally({T(x) < a x
proy STV Sax ) 5up
[ g (mx | typ) = m(¥) @ P eVpires
t1 = P(Xl) to = F(Xg) P1 = refresh(tl)
= refresh(t ¥ = tally({¢t < typy —
[APP| P2 (t2) y({tip1 2p2 — Q) S£ P

Ts(xqxz | typ) = @({cop | o€}, {oops | cex}) «€Vplesh

For applications, an annotation of the form @(X;,Y5) must be produced. In
order to find some instantiations 3; and Yo (for x; and xg respectively) that make
the application typeable, the [APP] rule solves the tallying instance tally({t1p1 <
tapa — a}). The purpose of p; and ps is to decorrelate type variables in I'(x;) and
in I'(x2). For instance, assume we want to reconstruct the instantiations for the atom
x x with I'(x) = 8 — . The tallying instance tally({3 — 8 < (8 — B) — «}) yields
only a very specific, uninteresting solution (i.e., « = f = pX. X — X) because
of the use of the same type variable 8 on both sides of <. But each occurrence
of x has a polymorphic type that can be instantiated independently. Thus, we
remove this useless and constraining dependency by refreshing the generic type
variables yielding tally({8’ — ' < (8 — ) — a}) which has interesting solutions,
in particular {8’ ~ 8 — 8 ; a~ 8 — S}

The side-condition ¥ # @& ensures that the tallying instance has at least one
solution (otherwise the annotation produced would be invalid).

o € tally({T'(x) < 0})
s {(xeT) ?x1:x2 | typ) = 0({c})

[CASEg|

(Casi| o € tally({T'(x) < 7}) 11 & dom(T)
[s{(xer) ?x1:x2 | typ) = €1({0})

(Case o € tally({T'(x) < —7}) vz € dom(T)
s {(xeT) ?x1:x2 | typ) = €2({0})

For type-cases, we need to determine which rule of the algorithmic type system
should be applied between [0-ALG|, |€1-ALG|, and [€2-ALG|. The rule [CASEq]
applies in priority, checking using tallying whether there exists a substitution ¢ such
that I'(x)o < 0. If such an instantiation exists, then the type-case can be typed
with the algorithmic rule [0-ALG|, and thus the annotation O({c}) is returned. Note
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that there might be several solutions to the tallying instance, but we only need to
return one of them: this is different from the rules for projections and applications,
where all the solutions to the tallying instance are returned in order for the resulting
type to be as small as possible. Instead, we only want here to justify that O is an
instance of I'(x), in order to satisfy the side-condition of [0-ALG|.

If the tallying instance has no solution, then we try to apply the [CASE;]| rule
which checks whether the type-case can be typed using the algorithmic rule |€1-
ALG|. It proceeds similarly, using tallying to test whether there exists a substitution
o such that I'(x)o < 7. Finally, if this tallying instance has no solution or if
x1 ¢ dom(I"), then it means that the type-case should be typed using the algorithmic
rule [€2-ALG|. In this case, the rule [CASEg| applies, and we know it will succeed
(otherwise the intermediate annotation would not be typ).

Fz:ubsdk | Ky=k

[LAMBDA]
I's Qzk | AM(u,K)) = A(u, k)

The rule for A-abstraction is straightforward: it just proceeds recursively on its
children annotation.

p = refresh(I'(x))
PEs{x | typ):p

[BINDVAR]

sk | Ky=k
[BINDSKIP| x ¢ dom(T")
I'+s(bindx=aink | skip K) = skip k

F'tséa | Ay=a Trala]| a]:s
Viel) I'x:sAau; sk | K;)=k;
[BINDKEEP] ( ) is k| Ki) ‘ {u;}ier € Part(1)
I's{bindx=aink | keep (A, {(u;, K;)}icr)) =k
where k = keep (a, {(u;, ki) }ier)-
The rule [BINDKEEP| takes as input an intermediate annotation keep (A, S,S’),
with & = & since the intermediate annotation given as input should be in a terminal

state (all branches should have been fully reconstructed by the main reconstruction
algorithm). The rule recursively transforms the intermediate annotation A for the
definition @ into an annotation a for the algorithmic type system, and uses it to
type a. It can then update the environment and proceed recursively on the body x,
for each branch in &'

Viel) T Hi) =T
[INTER] (vie D sn | Hi = I+

I'=s (| A @, {Hibier)) = A({hi}ier)

Lastly, the rule [INTER]| takes as input an annotation A\ (S, S2) and recursively
builds annotations for each branch in Ss. Similarly to the [BINDKEEP| rule, it
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requires S7 = & because the intermediate annotation given as input should be in a
terminal state.

This substitution inference system is sound, meaning that if it produces an
annotation for the algorithmic type system, then this annotation is valid (it allows
deriving a type for the corresponding atom or form):

Theorem 9 (Soundness). IfI' s {(k | Ky =Lk, then It. T 4 [r | k] : ¢t.
IfTs{a | A =a, then3t. T, [a | a] :t.

Proof. We proceed by structural induction on the derivation of T' s (k. | ) = k
or'sda | A) = a.

If the derivation I' 5 {(a | A) = a has an [APP| root, we construct a
derivation I 4 [a | a] : ¢ (for some t) with a [>E-ALG| root. In order to satisfy
the side-conditions of the rule [ >E-ALG|, we need to prove that the annotation
@(X1, X2) generated by the [APP| root satisfies I'(x;)X1 < 0 — 1 and I'(x2)¥s <
dOm(F(Xl)El).

We have, in the premise of the [APP| root, ¥ = tally({I'(x1)p1 < T'(x2)p2 —
a}) and ¥ # @. Let 0 € ¥. By definition of the tallying problem, we have
(D'(x1)p1)o < (I'(x2)p2 — a)o, which can be rewritten I'(x1) (o 0 p1) < (I'(x2) (0 ©
p2)) — (o). From that subtyping relation, we can deduce I'(x; ) (cop1) <0 — 1,
and by definition of dom(.), I'(x2) (0 © p2) < dom(I'(x1)(c 0 p1)). As (00 p2) € 3o
and (oo pp) € ¥1, we deduce I'(x1)21 <0 — 1 and I'(x2) X2 < dom(T'(x1)%1) (we
use the fact that dom(.) is monotonically non-increasing, cf. Definition 10).

The other cases are similar or straightforward. O

6.4 Backpropagation of splits

The split backpropagation system defined in this section deals with the following
problem: given an environment I', an atom a and a type ¢, how can I' be constrained
so that a has type t?

This system is used in the main reconstruction system, by the [BINDKEEPs] rule,
in order to propagate type decompositions made by bindings. It produces judgments
of the form I' 5 (a : u) = I, where I is a set of type environments containing
only monomorphic types, and such that intersecting I' with any type environment
in " makes the type u derivable for a. Note that all the deduction rules below are
axioms: they do not make any recursive call.

[ConNsTy] be<u [CONST:]
I35 (c:u) = {0} ['tp(c:u)={}

The case of a constant c is straightforward, as the type of a constant does not
depend on the type environment. If ¢ has type u, then {&} is returned (with &
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being the empty environment): this captures the fact that no additional assumption
is required for ¢ to have type u. Otherwise, ¢ cannot be typed with u, and thus {}
is returned, meaning that there is no refinement of I' that can make ¢ have the type
u.

[VAR;| F(x_) = [VARs)] :
I3 (z:u) = {2} Lhp(z:u)={}

The rules for lambda variables are quite similar to the rules for constants, which
might seem surprising. Indeed, when I'(z) € u, we could nonetheless make x have
the type u by adding the hypothesis « : u to our type environment. Thus, we
could expect the rule [VAR;| to return {{(z : u)}} instead of {}. However, the type
environments IV € [ generated by a T’ -5 (a : u) = ' judgment should only contain
binding variables (i.e., dom(I”) < Varsg). Indeed, as explained in Section 6.2, 5
judgments are used to propagate type decompositions between binding variables.
Lambda variables are not involved in this mechanism: a type decomposition does
not directly occur on a lambda variable z, but instead on the associated binding
variable bindx=x ink.

u BV (Vi (wi x vi)) v

L'g ((x1,x2) tu) = {{x1 : Wi} A {xa:v;} | 1€}

[PAIR]

For pairs, we decompose the type u into a union of atomic products \/,.;(u; x v;)
and other atoms. For that, we proceed as follows:

1. Using the DNF decomposition defined in Section 2.5, we can decompose u
into a union \/ ;e (Agep, @ A Agen, ~@) with a ranging over atoms A.

2. Summands that contain atoms that are not products are ignored (in the rule
above, they are captured by the ... notation).

3. In every remaining summand, negative atomic products can be transformed
into a union of positive atomic products (—(t x s) ~ (=t x 1) v (1 x —s)), and
using distributivity we can push these unions at top-level, yielding a decom-

position \/z‘el (/\aePi a)'

4. Every intersection A . p, @ can be transformed into an atomic product type a;
((t1 x s1) A (t2 X S2) ~ t1 A ta X s1 A s2), yielding a decomposition \/,.; a;.

Note that this decomposition is not unique: for instance, the type (Bool x True) v
(True x Bool) is equivalent to (False x True) v (True x Bool) and to (Bool x True) v

(True x False). Also note that we may have I = & (in particular, if u is a subtype
of =(1 x 1)).

[PROJ | [PROJ, |
g (mx:u) = {{x:ux1}} I'bp(mx:u) = {{x:1xu}}
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The rules for projections are straightforward.

For an application xixo, we have the choice between trying to find a refinement
for the type of x1, or trying to find a refinement for the type of xo (or both at the
same time). For instance, let us consider the example of Section 6.2, where we had
a binding bindy=f xin ... with initially f : @ — « and x : Bool. After splitting
the type of y into True and —True, a 5 judgment is used to propagate this split
to x. In order for the application f x to have the type True, we could either require
xg : True, or x; : (¢ — «) A (Bool — True).

In order to determine which of these two refinements is better, we should deter-
mine which one yields a better type decomposition. While decomposing the type of
xo (initially Bool) into True and Bool\True is useful, as seen in the example in Sec-
tion 6.2, decomposing av — « into (o — a) A (Bool — True) and (o — «)\(Bool —
True) is not really exploitable, as the second split ((@ — «)\(Bool — True)) only
differs with the initial type a — « by a negative arrow. Indeed, typing an expression
with the hypothesis f : @« — a or with the hypothesis f : (¢ — «)\(Bool — True)
barely makes any difference, as negative arrows have no impact on the typing (ex-
cept on very specific examples). More generally, decomposing a functional type is
most of the time useless, except when this functional type is a disjunction of arrows.
For instance, we may want to split a functional type (1 — True) v (1 — False) into
1 — True and 1 — False.

Our rule for applications follows from this reasoning, by decomposing the type
of the function according to the summands of its DNF, and then trying to find a
type for the argument that would make the application to have type u:

[APP] F(Xl) R \/iel ti Viel. {O'j}jEJi = tally({ti < o — 11}) o€ Vo fresh
I'kFp (xixe:u) = ;e T r

where, for every i € I, i = {{x1 : (ti0;)0%, xa : (a0j)o’} | j € J;} with o} a type
substitution mapping each polymorphic type variable 8 appearing in ¢;0; or ao; to
either:

e 1if B only appears in covariant positions in ao;,

e 0 if 8 only appears in contravariant positions in ao;,

e a fresh monomorphic type variable otherwise.

In order to find some types for xo that make the type u derivable for the ap-
plication, we rely on tallying: it allows us to find all the substitutions ¢ such that
tic < (a = u)o (with t; the type of the function, and « a fresh polymorphic type
variable representing the type of the argument), which implies (t;0) o (o) < u,
thus giving us the guarantee that the type u is derivable for x;xs when xo : @o and
X1 : t;0.

The type environments returned by 5 judgments should not contain any poly-
morphic type variable, because those type environments are then used by the main
reconstruction algorithm in order to refine the type decompositions made by bind-

ings (and those decompositions cannot feature any polymorphic type variable). This
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is the reason why the substitution a; is applied on the resulting types, transforming
any polymorphic type variable into a monomorphic one (or alternatively, into 1 or
0 if it weakens the constraint on xs).

[CASE]
I ((xem) ?x1ixg s u) = {{x:7, x; :u}, {x: =7, x2 : u}}

The rule for type-cases is straightforward: for a type-case (x€7) ?x1 : %o to have
type u, either the tested binding variable x must have type 7 and the first branch
must have type u, or the tested binding variable x must have type —7 and the second
branch must have type u. Note that there is a third possibility for the type-case to
have type u: it is for the tested expression x to have type 0. However, this case is not
interesting in our setting, as it does not yield any interesting type decomposition.

[LAMBDA]

't (A, k:u) = {}

Finally, in the case of a A-abstraction, we return {}, meaning that no assumption
on the type environment can make the A-abstraction to have type u. Note that this
is an approximation: there might exist some assumptions on the free variables of
the A-abstraction that would make it have the type u. For instance, for an atom
a €' X\z. y and a type u €11 — Int, a solution would be {(y : Int)}. However,
this scenario is very rare, as a type-case cannot directly generate a decomposition
of a function type (test types 7 cannot contain arrows other than 0 — 1), and as
the type of the function is not decomposed when backpropagating a split over an
application (cf. Rule [APP| above). Additionally, backpropagating a split over a
A-abstraction would be quite complex as it would require entering the body of the
A-abstraction, and thus defining the -5 judgment on canonical forms as well.

6.5 Discussion about the reconstruction algorithm

6.5.1 Termination

The deduction rules presented in this chapter define a terminating algorithm for re-
constructing annotations: first, the main reconstruction system 5 is used to infer
an intermediate annotation, and then, if it succeeds, the substitution inference sys-
tem kg converts this intermediate annotation into an annotation for the algorithmic
type system.

In this section, we propose a sketch of proof justifying that the deduction rules for
the reconstruction system define a terminating algorithm. The idea of this proof is
similar to the proof of termination of the Kirby-Paris hydra game (Kirby and Paris,
1982): we can associate an ordinal number weight to each node, and this weight can
only decrease as the game (or derivation) advances. Intuitively, this non-negative
weight represents the advancement of the game (or derivation). Though subtrees
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can sometimes be duplicated, their weight is always lowered before being duplicated,

resulting in a lower weight overall.
For every type environment I, canonical form or atom 7, and intermediate an-
notation H, the weight w(I',n, M) is the ordinal number defined as follows:

w(l,n,typ) =1
w(I',n,untyp) =1
W(F7777/\(51752)) = Z{W(FJ%H) | Hesl}

w(l, Ak, infer) = "I infer)

w(T, Az, A(u, K)) = @"(TeK)

w(l, e, infer) = w
w(l, z,infer) = w
if x e dom(T")

otherwise

w(T, m;x, infer) = w

w(D, m;x, infer) = w?

w(D, x1x2, infer) = w if {x1,x2} < dom(T")
w(I', x1xg, infer) = w? otherwise, if x; € dom(T")
w(T', x1xg, infer) = w? otherwise, if xo € dom(I")
w(L, x1xo, infer) = w3 otherwise

w(I, (x1,x2), infer) = w if {x1,x2} < dom(T")
w(T, (x1,x2), infer) = w? otherwise, if x; € dom(T")
w(T, (x1,x2), infer) = w? otherwise, if xo € dom(T")
w(l, (x1,x2), infer) = w3 otherwise
w(T', (X0ET) 7x1 1 %9,€;) = w
w(T, (X0ET) ? X1 : Xo, infer) = w? if T'(xp) <7
w([, (xeT) ?X1 X9, infer) = w? otherwise, if T'(xg) < —7
w(l, (X0€T) 7X1 : X2, infer) = w? otherwise, if xg € dom(I")
w(T', (X0€T) ? X1 : X9, infer) = w? otherwise

w(I',bindx=aink ,propagate (A,I,S1,8)) = w

w(l,bindx=aink,skip K) = w

w(l,k,KC)

w(l',bindx=aink, keep (A,S1,82)) = w®
with o = > {w((T',x: u), k,K) | (u,K) € S1}

a+|l|

with o = > {w((T',x: u),k,K) | (u,K) € S1}
w(I',bindx=aink, try-keep (A, K1,K3)) = w®

with a = > {w([, a, A), w((I',x:1),k, K1), w(l,k, K2)}
w(I',bindx=aink, try-skip (K)) = w®

with a = > {w(T', a, infer), w(l, k,K)}
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w(T',x, infer) = w if x e dom(I")
w(D, x, infer) = w? otherwise
where, for every multiset {ay, aa, ..., an}, S{ar, g, ... ant Ear+ag+ -+ ay

withog =2 ag = = ay.
Then, we define a weight w(I", , R) for every type environment I', canonical form
or atom 7, and result R:

w(l,n,0k(H)) =1
w(l,n,Fail) =1
w(l,n,Split(I”, Hi, Ha))
ST AT n,H1)} o {w(T A {x:—u}),n,Ha) | (x:u)el'}
w(L, n, Subst({w;}ier, Hi, Ha)) = D, {w(T, n, Ha)} U {w(T i, n, H1v) | i€ I}
w(l',m,Var (x, Hi, Ha)) = 2{w((T,x = 1),m,H1), w(l',n, Ha)}

where

def
TyaTy = <F1|dom(r1)\dom(r2)) v <F2’dom(I‘2)\dom(F1))
U{(x:Ti(x) A To(x)) | € dom(T'1) n dom(T'2)}

Lemma 36. For every I',n,H, and T" such that T" < T, we have w(I”,n, H) <
w(l,n, H).

| Proof. Structural induction on n and H. O
Lemma 37. For every I',n, H, and ¢, we have w(T'th,n, Hyp) < w(l',n, H).

Proof. Structural induction on 77 and H. For type-cases, we recall that test types
7 do not contain type variables, and thus if T'(xg) < 7, then I'(xo)Y < 7¢p ~ 7. O

Lemma 38. IfT' g (n | H)y =R orT 5% (n | H) = R, then w(I',n,H) >
w(L,n,R).

Proof. Structural induction on the derivation of I' - (n | H) = Ror I' -5,
| Hy=R. O

Theorem 10 (Termination). The deduction rules =% and g define a termi-
nating algorithm: it can either fail (if no rule applies at some point) or return a
result R.
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Proof. There can only be finitely many [ITERATE;| and [ITERATE;| nodes applied
on a given canonical form or atom, otherwise, according to the previous lemmas,
we could extract from them an infinite decreasing chain of ordinal numbers. [J

6.5.2 Incompleteness

Although terminating, the reconstruction algorithm is not complete: it may fail to
find an annotation for a MSC form even if there exists such an annotation that
would make the MSC form typeable with the algorithmic type system.

Non-principality The incompleteness of the reconstruction algorithm is inherent
to our system and derives from the lack of type principality: for a type environment
I" and an expression e that is typeable under I', there does not necessarily exist a
principal type t such that T' e : t and Vt'. T' - e : ¢ = t<t’. For instance, consider
the expression (f 42, f 42) with f : 1 — 1 (our reconstruction algorithm infers the
type 1 x 1 for this expression). For any type ¢, using the union-elimination rule,
this expression can be typed ¢ x t v —t x —t. Consequently, a principal type for this
expression must be smaller than t x t v =t x —t for every type t, thus capturing the
fact that the left and right component of the pair are ultimately the same value.
Unfortunately, this constraint cannot be expressed with our types, as we would need
an infinite intersection.

Another more common example showing the lack of principal typing is the func-
tion map, which will be detailed in Chapter 9. Briefly, our type system can check
that, for a fixed n, applying map on a list of length n yields a list of the same length
n. However, no type can capture this property for every n: again, we would need
an infinite intersection (or dependent types).

In other words, incompleteness stems from the fact that the declarative system
can use all the infinitely many decompositions of unions in the union-elimination
rule, and the infinitely many decompositions of the domain of a function when
reconstructing its type as an intersection of arrows. The algorithmic counterpart of
this, is that there are infinitely many annotations that the algorithmic system can use
to type these expressions and that these infinite choices cannot be summarized by a
notion of principal annotation: the reconstruction chooses one particular annotation,
and therefore it will miss some solutions.

Type expansion There is a second source of incompleteness in the reconstruction
algorithm: it does not perform the so-called “expansion” of intersection types.
Sometimes, typing an application may require to perform an ezpansion of the
types. For instance, consider the application g f, where f is the polymorphic identity
function of type & — «, and ¢ is a function of type (Int — Int)A(Bool — Bool) — 1
(we recall that A has precedence over —). The tallying instance for the constraints
C = {((Int — Int) A (Bool — Bool) — 1, (& — «) — f)} has no solution,
because no type substitution can make @ — « to become a subtype of (Int —
Int) A (Bool — Bool). In order to type this application, we need to expand the
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type of f into (aq — a1) A (g — ag). Unfortunately, we have no way, in general,
to know how many times a type should be expanded.

In the rule [APP| in Section 6.3, tallying is applied without expanding the types
in the constraint, which is a source of incompleteness. In some related work, such as
Castagna et al. (2015), expansion is automatically performed when tallying fails
to type an application: if the tallying instance tally({tip; < taps — «}) fails,
then the type t; of the function is expanded, yielding the new tallying instance
tally({t1p1 A t1p3 < tapz — a}), and so on and so forth by alternating expansions on
the function and on the argument types (see (Castagna et al., 2015, Section 3.2.3)
for more details). However, this heuristics may not terminate (unless we fix a maxi-
mal number of expansions) and is still incomplete: it does not handle the case where
the tallying instance has a solution but where performing an expansion may yield a
strictly more precise type for the application.

Despite incompleteness, the declarative rules of Figure 4.1 form a reliable guide
to which programs are accepted, provided we bear in mind that the reconstruction
algorithm approximates data structures according to the tests performed on them.
So, typically, the type reconstructed for a function on lists will probably differentiate
the cases for empty and not-empty lists, but not for, say, lists of size 42, unless the
function contains an explicit test for it. This (and to a lesser extent, expansion) is
essentially the main difference with the declarative system, which has the liberty to
deduce the type for the case of lists of size 42, even if this property is not tested in
the body of the function.

We will see in Chapter 7 how explicit type annotations can be added to the
language, allowing to guide the reconstruction in the cases where it fails to find a
suitable type.
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This chapter focuses on adding some new constructions to our language, and
extending the type system accordingly.

The first extension adds to the language record types and record expressions,
together with primitive operations to manipulate their values. Then we provide
the user with a way to guide the type-inference algorithm by means of user type
annotations for function parameters. We then show how to add local let-bindings to
the language as well as extended type-case constructs. While interesting in their own
rights these last two extensions are building blocks of a more powerful construct,
namely pattern-matching.

7.1 Records

Many languages have extensible records as a built-in data structure. In particular,
in languages such as JavaScript, the fundamental object type is implemented as an
extensible record. More generally, object types from oriented-object languages can
be encoded as record types mapping some labels to functional types (for methods)
or data types (for attributes). When encoded in this way, the semantic subtyping
relation over record types yields a structural subtyping relation over classes.

Record expressions are sometimes an afterthought in the definition of a calculus,
as their semantics can typically be reduced to that of pairs. Extending their op-
erations beyond projection to include field update and deletion, however, warrants
additional attention.

Syntax and semantics

The empty record constant is added to the source language, as well as some oper-
ations: record update, field deletion, and field projection. Record values consist of
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the empty records and the record update expressions whose constituent expressions
are themselves values. This is formalized in Figure 7.1.

Syntax
Expression e = c|x|Aze|ee| (ee)|mel| (eeT)?e:e
| {3 | {ewith{=¢} | e\l | el
Value v = c| Axe]| (v,v) | {3 ] {vwithl=0v}
Additional reduction rules
{v"with ¢/ =v}.l ~~v' 4 if 0 #£4

{v/with =0}l ~~v

OV -0 {v with =03\l ~» '\l

{v with ¢/ = v} ~ {\Lwith ¢ =0} if 0/ £/
Evaluation Context

E:=[]|vE|Ee|(E)|(Ee)|mE| (Eer)?e:e
| {(Ewithf=e¢} | {vwithf=E} | E\(| E.f

Figure 7.1: Syntax and semantics of the language with records

Reduction of record expressions is straightforward. It is worth noting that in
this representation, multiple identical labels may exist in a record expression, but
this is equivalent to limiting to one label, as projection reduces to the last-applied
field, and deletion removes all instances of a label from the record. Evaluation of
the expressions is performed left-to-right, as in the rest of the language.

To reduce verbosity, we use syntactic sugar for nonempty records. Assuming
all the labels are distinct, {{{{} with 1 = e1} with ¢y = ex}... with ¢, = ¢,} is
represented by {¢1 = e1, 0y = e3,..., 4, = e,

Record types

In the syntax for record types, we distinguish between two kinds of record types. An
open record type, denoted by {... ..}, is the type of records whose labels include
those explicitly written. A closed record type, denoted by { ...}, is the type of
records whose labels are ezactly those explicitly written.

Types t o= ‘{fvvf}‘{fvvf“}
Fields [ = f=t|(=2¢

The semantics of record types we use is the one by Frisch (2004), where record
values are quast constant functions, that is, functions that map labels into values
of our interpretation domain D (cf. Definition 6) and are constant apart from on a
finite number of labels. A value of a closed record type {¢1 = t1, {2 = t2} maps £1 into
a value of type t1, fo into a value of type to and all other labels into the constant
undef meaning that the field is “absent”. This constant undef is not a value of
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our language. The associated type, Undef, can be seen as the type of the result of
projection of a missing label. Undef is particular in that it is disjoint from 1, that
is, Undef A 1 ~ 0. This representation allows us to encode open record types, whose
interpretation contains quasi constant functions where all the labels not explicitly
written are mapped to a value of D (not necessarily undef).

The syntax of types does not allow us to explicitly refer to the Undef type. The
open/closed record syntax provides a way to set it for the infinitely many constant
fields that are not explicitly written in the record type. For a single label, the access
to the Undef type is provided via the syntax of fields. There are two kinds of fields:
£ = t, which indicates that the field is present in the record and that the associated
value has type t, and ¢ =? ¢, which is a syntactic sugar for £ = (¢ v Undef), indicating
that a label £ may be present, and if so, the associated value has the type ¢t. Note
the special case £ =? 0, which indicates that the field for £ is absent.

The subtyping relation defined in Chapter 2 can be extended to support records.
This will not be formalized here, but the reader may refer to Frisch (2004) for more
details. Using this subtyping relation, we can define the following three operators!:

‘0= min{u | {{=u ..} >t} ft<{{=1..%} (7.1)
“ | min{u | {£=?u ..} =t} v Undef otherwise '
. ul = tg.g if tg.f <1
fr+ 1ty = min {u vee Labels { u.l = t1.4 v (t2.0\Undef) otherwise } (7.2)
. , ul' = Undef if ¢/ =/
t\¢ = min {u V0 € Labels. { wl > tp otherwise (7.3)

Record projection (7.1) represents the union of the possible types the label ¢
could have, and also contains undef if the record type does not surely have a label /.
Record concatenation (7.2) is the right-favored merging of two records. If a label
is present in just one of the records, then the type of that label is used. If it is
present in both records, the type of the right label is used. Record label deletion
(7.3) marks the label as undef. These operators can be computed from the DNF of
record types, similarly to other type operators defined in Section 2.5. Finally, the
tallying algorithm is updated to support subtyping constraints involving records.

!The sets defined in definitions 7.2 and 7.3 may not have a minimal element. Any element of
these sets can be used as an approximation of these operators.
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Extension of the type system

Declarative type system The following typing rules are added to the declarative
type system:

T'ke:tg I'eg:ty
[RECORD] ———— [UPDATE] - t1 <{ ..}
r—4{:43 ' {eiwithl=es}:t1 +{l =t}

I'e:t I'e:t
<{..} |[SELECT| —— t<{/{=1..}

[DELETE] ————— ¢
I e\l:t\l F'—ed:tt

The empty record value has the closed record type. Record update uses the type
operator for extension and is defined provided that the type of e; is a record type
(i.e., t1 < { ..}). Field deletion uses the corresponding type operator and so does
field projection provided that the selected field £ is present in the expression e (i.e.,
t <{f=1..}). This ensures that ¢.£ does not contain undef.

Algorithmic type system The grammar of atoms is extended with the empty
record constant, record updates, record deletions and record projections:

Atomic expr a = c|x | vk | (X,x) | xx | mx | (xeT) ?x:x

| {3 ] {xwith¢=x3}|x\{|x./

The [.] transformation that maps expressions of the source language to canonical
forms is extended with the following cases, where x, is a fresh binding variable:

03] = (%6, {3)s %0)
[{e1 with £ =es}] = ((By; Ba; (X0, {x1 with £ =x33})),%o)
where (B1,x1) = [e1], (Ba,x2) = [ez2]
[e\] = ((B; (x0,xX\£)),Xo) where (B, x) = [e]
[e-f] = ((B; (Xo,x.£)),%o) where (B, x) = [e]

The algorithmic type system can then be extended with the following rules:

[RECORD-ALG]
Fa {3 ] 2]}

tl = F(X)E

[UPDATE-ALG] -
T b [Oxwith 0=y} [ =(S,p)] ct1 + =T (y)p} 1 <L)

t=T(xX

[DELETE-ALG]| T [ | \(D)]: A\ t <{ ..}

t=Tx)X
Dy x| (D)]:tet<{f=1..3

[SELECT-ALG]

In these rules:
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e =(3], p) annotates record updates {x with ¢ =y}, where ¥ is used to instantiate
x so that it satisfies the side condition, and p is just a renaming of polymorphic
type variables applied to the type of y to avoid correlations with the type of

X,

e \(X) annotates field deletions x\¢, where ¥ is used to instantiate x so that it
satisfies the side condition,

e .(X) annotates field projections x./, where ¥ is used to instantiate x so that it
satisfies the side condition.

The sets of substitutions ¥ in these annotations are needed for completeness.
For instance, when typing x./ with x : o, we can use the [SELECT-ALG| rule with the
set of substitutions { {« ~» {£ =t}} } (for any ¢) in order to satisfy the side-condition
and derive the type t.

Main reconstruction system The main reconstruction algorithm is extended

with the following rules:

x; ¢ dom(I")
I' g {x1 with £ =x} | infer) = Var (x;, infer,untyp)

[UPDATEVAR,;]

U = tally infer(I'(x;) < { ..}) xg € dom(I")
g {x1 with £ =x} | infer) = Subst(¥, typ,untyp)

[UPDATEINFER]

x ¢ dom(T")
I' —r (xX\¢ | infer) = Var (x, infer,untyp)

[DELETEVAR|

U = tally infer(I'(x) < { ..}

[DELETEINFER]| -
't (X\¢ | infer) = Subst (¥, typ,untyp)
x ¢ dom(T’
[SELECTVAR] : ¢ @) -
g (x.L | infer) = Var (x,infer,untyp)
U = tally infer(T'(x) <{{=a ..
[SELECTINFER] Y b < ¢ ) a € Vp fresh

I'+x {(x.£ | infer) = Subst (¥, typ, untyp)

These rules are similar to the rules for pair projection. For instance,
[DELETEVAR]| ensures that the binding variable x is in the environment, while
[DELETEINFER]| uses tallying to find some instances of the current context that
make x a subtype of { ..}, thus making the side conditions of the rule [DELETE-
ALG]| satisfiable.
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Substitution inference system The substitution inference system is extended
with the following rules:

¥ =tally({T'(x1) < { ..3}}) p = refresh(I'(x2))
I's {xgwithl=x23} | typ) = =(%,p)

[UPDATE|

Y = tally({T'(x) < { .-3})
Ls &0\ typ) = \(X)

[DELETE]

[SELECT] B = tally({C) < {f=a ..}) a € Vp fresh
s &L | typ) = (%)

Again, these rules follow those for pair projection. They use tallying to find
an instantiation X that satisfy the side conditions of the corresponding rules in the
algorithmic type system.

Split backpropagation system The split backpropagation system is extended
with the following rules:

un{l=1..3 2" (\V;c;a) v ...
U ({xg with £=x9}:u) = {{x1: (a;\0) +{€ =2 1},x2 : a;.l} | i€ I}

[UPDATE]|

uAn{l=20..3 2" (V. ai)v...
g (X\:u) = {{x:a; +{¢=213}} | i€}

[DELETE]

[SELECT]
Mg (xl:u)= {{x:{{=u..}}}

with a; ranging over atomic record types (open or closed).

An expression {x; with ¢ = x93} can only produce records that surely have a
field ¢. Thus, we can intersect u with {¢/ =1 ..} in Rule [UPDATE| without loss of
generality. Then, in the DNF of the result, we consider among the summands of the
outer union those composed only of an atomic record type (the other summands are
captured by ...), similarly to the [PAIR] rule in Section 6.4. For each such summand
a;, we can ensure that {x; with £ = x3} has type a; (and thus u) by giving to xy the
type a;.f and to x; the type (a;\¢) + {¢ =? 13}, which intuitively corresponds to the
type a; in which we removed any information about the field £.

The idea behind the [DELETE]| rule is similar. The type {£ =? 0 ..} corresponds
to records whose field ¢ is absent, while the type a; + {£ =? 1} corresponds to the
type a; in which we removed any information about the field ¢ (the deletion of the
field ¢ is not necessary this time as the field ¢ is already absent in a;).

Finally, the [SELECT] rule is similar to the rules [PROJ;| of Section 6.4: in order
for x.£ to have type u, we can just suppose that x has type {/=u ..}.
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7.2 User type annotations

Our type system features type inference, so that the user does not have to write
type annotations. Nevertheless, we present in this section an extension of the core
language that allows one to annotate A-abstractions. Type annotations may serve
several purposes:

Incompleteness As discussed in Chapter 6, our reconstruction algorithm is in-
complete: it may fail to reconstruct an annotation tree for an expression that
is typeable with the declarative type system. User type annotations provide a
way to guide reconstruction, and thus to type more programs.

Precision This point is related to the previous one. As we do not have principality
of typings, the user may need to write type annotations in order to derive a
more precise type for a function, or at the opposite, a simpler but less precise
type (which may improve the readability of types).

Performance The inference of the type of parameters made by the reconstruction
algorithm has a cost: it requires backtracking and inserting intersection nodes
that may lead to an explosion of the number of branches in the annotation
tree (this will be detailed in Chapter 8). Writing user type annotations is a
way to prevent this explosion and to improve performance.

Signature restriction Type annotations allow the user to restrict the domain of
a function. For instance, the user might want to define a function \z.x + x
that returns the double of an integer. However, if the + operator is overloaded,
allowing to also concatenate strings, then the type inferred for the function
Az.x + x will be (Int — Int) A (String — String). User type annotations
provide a way to restrict the domain of this function to Int.

Better error messages User type annotations can be used to generate more rele-
vant error messages. Indeed, when the body of a A-abstraction is not typeable
under a given context, the type system does not know whether it is because
of an error in the program or if it is because the domain of the A-abstraction
needs to be restrained, in which case it may remove the current branch with-
out raising any error message. Adding type annotations to the parameter of
a A-abstraction solves this issue: if the body cannot be typed for a parameter
whose type has been explicitly written by the user, then we know that an error
should be raised.

Syntax and semantics
We add to the source language a new construct for A-abstractions that allows spec-

ifying its domain:

Expression e = c|x|Xxe|ee|(ee)|mel (eer)?e:e
| Mz :uj; ... ; u)e
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There are two things to note about this new construct Mz :uy ; ... ; uy).e.

First, the types used for annotations are monomorphic types. Indeed, as this
corresponds to the type of the parameter x of the A-abstraction, it should not be
polymorphic. Actually, we restrict it even further: we consider a special subset
Vu of Vas, whose elements are called user type variables, and we require that the
types used for annotations only contain user type variables. Formally, we require
Vi e 1..n.vars(u;) € Vy. Doing so allows keeping track of which type variables
have been introduced by the user.

Secondly, the parameter x is annotated with a list of types instead of a unique
type. This allows specifying multiple types for the parameter, each of those types
yielding a separate branch and thus allowing to capture overloaded behaviors.

Note that these type annotations are different from the explicitly-typed A-
abstractions that are usually used in set-theoretic type systems, such as in Castagna
et al. (2014), and that are annotated with the full function type /\
of only the domains {s;}c;s.

e Si — t; instead

User type annotations are erased by the semantics:

AMz:u; ... ;u)e ~ Aze

Extension of the type system

Declarative type system From the point of view of the declarative type system,
these annotations are seen as a constraint rather than an indication:

F'-MXze:t
[-I-ANN] dom(t) ~ Viey , wi
FEXx:up; ... up)e:t o

Algorithmic type system The grammar of atoms is extended with user-
annotated A-abstractions:

Atomic expr a == c|z| A x| (x,x) | xx | mx | (XET) ?x:x
[ Mz :u; ... ;u)k

We extend the [.] transformation that converts a term of the source language
into a canonical form as follows:

Mz :ur; ... 5 up)e] = ((xo, Mzt ug 5 ... ;5 uy).term[e]), xo)

The following rule is added to the algorithmic type system, following the behavior
of the [>I-ANN] rule of the declarative type system:

Dy [Aes | &)t
[-I-ANN-ALG] dom(t) ~ \/iel n Wi
Pra[AMziuar; ... u,)6 | &)t -
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Reconstruction system In the reconstruction algorithm, user type annotations
are seen as an indication to initialize the annotation tree:

't Az | A({A(ug,infer) | iel..n},2)) =R
g AMz:ur; ...; u,).k | infer)=R

[LAMBDAINFER-ANN]

I'r QAz.k | A(u,K))=R

[LAMBDA-ANN]
F'br A(x:ug; ... 5 uy)k | A(u,K)) =R

The reconstruction of user-annotated A-abstractions is the same as the recon-
struction of unannotated A-abstractions, except for the initialization. While the pa-
rameter of an unannotated A-abstraction is initially typed with a fresh a € Vp,/\Vy,
the parameter of a user-annotated A-abstraction is initially typed according to the
user annotation (Rule [LAMBDAINFER-ANN]). An intersection annotation is used
to handle the case where multiple types are specified in the user annotation.

Two additional changes must be applied to the main reconstruction system.
First, the type variables in Vy should not be substituted during the reconstruction.
Indeed, if the user specified a domain for a A-abstraction, it is this exact domain
that should be used and not a specific instance of it. Thus, the tally infer(.) function
should be modified so that the solutions produced do not substitute type variables
in Vy. This change is straightforward: instead of generalizing every monomorphic
type variable, tally infer(.) should only generalize type variables in Vy/\Vy before
calling tally(.).

Secondly, the following rule should be added to the rules handling the intersection
annotations, with a higher priority over them:

F'HLrNziu; ... 5 up).k | Ay = Fail

[INTERFAIL- ANN]
FFrNMx:iur; ... 5 u,).6 | AfAU S, S)) = Fail

This rules modifies the behavior of the reconstruction algorithm when a branch of
an intersection fails, if this intersection comes from a user-annotated A-abstraction.
Instead of removing the branch and continuing the reconstruction with the other
branches, it makes the reconstruction fail for this A-abstraction, because it is not
typeable for one of the domains specified by the user.

7.3 Let-bindings

Syntax and semantics

An essential construct of every functional language is the let-binding. With the
notion of programs, our language already features top-level let constructs. However,
we are interested here in adding a local let-binding to the syntax of expressions (and
not programs), as defined in Figure 7.2. We use the usual call-by-value semantics,
where the definition is reduced before the body.
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Syntax
Expression e == c|z|Ar.e|ee]| (ee)|me| (eeT)?eze| letz=cine
Value v ou= c|Az.e| (v,v)

Additional reduction rules
letz=vine ~» ef{v/z}
Evaluation Context

E:=[]|vE|FEel|(v,E)|(E,e) | mE| (Eet)?e:e| letz=FEine

Figure 7.2: Syntax and semantics of the language with let-bindings

Declarative type system

Usually, let-bindings can be typed by adding a single rule to the type system:

e :tg Tix:ti ety

I'-letz=ejiney : ity

However, this solution is not satisfactory in our case, because of the presence of
the union-elimination rule. Indeed, let-bindings can introduce aliasing, which might
prevent the application of a [v| rule, thus limiting occurrence typing. For instance,
consider the following expression, with f:1 — 1:

Ar. lety=xin (f y €Int) ?(f =) + 1:42

We should be able to derive the type 1 — Int for this expression: as z and y
are just aliases, f y and f z both reduce to the same value (or both diverge) and
thus we can deduce in the first branch of the type-case that f x has the type Int.

The difficulty here is that the two expressions f z and f y are not syntactically
equivalent, and thus the union-elimination rule cannot apply on those two occur-
rences. Note that the same problem is present if we choose to encode let-bindings
as applications: by encoding letx=ej iney as the application (Az.e2) eg, the cor-
relation between x and e; is lost. In order to overcome this issue, we choose to
remove aliasing before applying the declarative type system. For that, we introduce
an intermediate language featuring an alternative version of let-bindings:

Definition 72 (Intermediate language). Intermediate expressions are finite
terms produced by the following grammar:

Intermediate expression & = c| x| Ax.l| & | (§8) | m& | (CeT)?&:¢
| let&iné
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In the intermediate expression let&; inés, & corresponds to the definition of
the let-binding, and & corresponds to the body. However, in order to prevent
aliasing, the definition &; is inlined in &3, so that there is no need to associate the
definition &; to a variable. Still, it is necessary to keep the definition of & (even
if this definition is not bound to a variable) in order to preserve the call-by-value
behavior of let-bindings. Indeed, in a let-binding let x =e; ines, if the definition e
is not typeable then the let-binding expression should not be typeable either, even
if x is not used in the body es.

Let-bindings of the source language can be transformed into this intermediate
form using a transformation (.):

Definition 73. Let e be a ground expression of the source language. The inter-
mediate expression (e)) is defined inductively on e as follows:

()
()
(Az-e€)

(erea) =
((e1,e2))

(mie)

(CeeT) 2e71 :€9)
)

(letz=ejiney

@)

8

1) (e2)
(1), (e2)

Az ()
e
(

Ti(e) i=1,2
((e)eT) 2 (e1) : (e2)
let (e1) in (e2){(e1)/z}

For instance, our earlier example Ax. lety=xin (f y €Int) ?(f =) + 1:42 is
transformed into the intermediate expression Axz. letzin (f x €Int) ? (f x)+1:42,
which can then be typed by the declarative type system by applying the union-
elimination rule on both occurrences of f x.

As another example, consider the expression A\x. lety=42 42in (z€lnt) ?x:y.
It is transformed into Az. let42 42in (x€lnt) ?x:42 42, which is not typeable:
the definition of the let-binding, 42 42, must be typed in all contexts, even if it is
only used in the second branch of the type-case.

Note that, just like the [v| rule, this transformation relies on the fact that our
language is pure. In the presence of side effects, this transformation may not preserve
the semantics, as inlining the definition e; in the body es could duplicate the side
effects of ey.

Now, the declarative type system takes as input an intermediate expression
instead of a source expression, and is extended with this rule:

P&t THES: it
' 1let&inég (o

[LET]

It checks that the definition &; is typeable, and then proceed with typing the
body &.
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Notice that, by inlining let-definitions, the (.) transformation may duplicate
some subterms and thus increase the size of the term. Fortunately, this expansion
does not happen in the MSC form, defined below, as the duplicated subterms are
factorized into a unique binding.

Algorithmic type system

Let-bindings are added to MSC forms as new atoms:
Atomic expr a == c| x| .k | (X,X) | xx | mx | (xeT) ?x:x | letxinx

The intuition is the same as for the declarative type system: we want to get
rid of the aliasing caused by let-bindings. To produce an atom for the expression
letx=ej iney, each subexpression must be replaced by a binding variable, yielding
letx=x;inxe. Now, it means that the variable x is only an alias for x;, which
is undesirable. Consequently, we make let-binding atoms not introduce any new
variable, which explains the letx; inxs syntax.

We extend the definition of [.] of Section 5.1.1 with the let-binding case. The [.]
operator is used to transform an expression of the source language into a canonical
form expression, but from now on it will take as input an intermediate expression
instead of an expression of the source language (the transformation from source
language to intermediate language is handled by (.)).

[[let &1 in fgﬂ = ((Bl; Bo; (XO, letx; inxy )),XO)
where (By,x1) = [&1], (B2, x2) = [&]
and X, is a fresh binding variable

For instance, the expression letxz=M\y.y in (z,x) of the source language is first
transformed into the expression let Ay.y in (Ay.y, A\y.y) of the intermediate language
using the operator (.), and then it is transformed into the following canonical form
using [.]:

bindx; = (Ay.bindy=yiny)in
bindxy = (Ay.bindy=yiny)in
bindxs = (Ay.bindy=yiny)in
bind X4 = (Xg, X3) in
bindxs=(letx;inxg)in

X5

Finally, the different occurrences of A\y.bindy=yiny are factorized by applying the
--» rewriting rules (Figure 5.1), yielding the following MSC form:

bindx; = (Ay.bindy=yiny)in
bindx2 = <X1,X1) in
bindxs=(letx; inxg ) in

X3
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The algorithmic type system can then be extended with this simple rule (with
@ the annotation associated to let-bindings):

[LET-ALG] x1 € dom(T")
I'—4 [1etx1 inxy | @] :F(Xg)

Reconstruction algorithm

The reconstruction rules are straightforward, as a let-binding is similar to a pair:
for a let-binding to be typeable, the two binding variables composing it must be
typeable.

Main reconstruction system

x; ¢ dom(T")

I' g {(letx; inxg | infer) = Var (x;, infer,untyp)

[LETVAR;]

[LETOK]

' r (letx; inxg | infer) = Ok(typ)

If one of the binding variables composing the let-binding has not been typed yet, the
rule [LETVAR;| applies and ask to type it. Otherwise, [LETOK]| applies and states
that the let-binding is typeable.

Substitution inference system

[LET]

I's{letxyinxg | typ) = &

This rule is trivial since let-bindings are annotated with @ in the algorithmic type
system.

Split backpropagation system

[LET|

't (letx;inxg :u) = {{x2 : u}}
In order for a let-binding letx; inxy to have type u, we just need xo to have type
u.
7.4 Extended type-cases

In this section, we extend our language with a more general type-case construct,
allowing to dispatch between an arbitrary number of branches at once instead of
just two.
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Syntax and semantics

Extended type-cases tcaseeof 71 — ey | ... | T, — e, are quite similar to ternary
type-cases (eeT) ?e:e. Both of them act like a dynamic dispatch, executing a
branch selected at run-time depending on the type of an expression. However,
instead of dispatching among two branches depending on the result of a unique type
test, extended type-cases can have an arbitrary number of branches, each guarded

by a type.
The syntax and semantics of extended type-cases is formalized in Figure 7.3.
Syntax
Expression e == c|z|Azr.e|ee]| (ee)|me| (eeT)?eze| letz=cine
| (tcaseeof T —>e| ... | T —>¢)
Value v o= c| Aze] (v,v)

Additional reduction rules
For every ne N* and ke 1..n:
tcasevofrm —er | ... | —en ~ e fvemn\(Vie k17i)

Evaluation Context

E:=[]|vE|Eel|(v,E)|(E,e) | mE| (Eet)?e:e| letzx=FEine
| (tcase Eof T —»e| ... | T —e€)

Figure 7.3: Syntax and semantics of the language with extended type-cases

Type constraints

From the perspective of the type system, we choose to encode extended type-cases
using ternary type-cases in order to avoid having redundant typing rules. However,
one ingredient is missing: while we can encode a dispatch between n branches
by combining n — 1 dispatches between two branches, we cannot encode the fact
that extended type-cases might not cover 1. For instance, consider the following
expression:

Az. tcasezof Int —» z + 1| Bool — =

This type-case only covers Int v Bool. If z has any other type, for instance
String, then the reduction is stuck as no branch can be selected. This is different
from the behavior of the expression Azx. (z€lnt) ?x + 1:xz, where the type-case
reduces to a value for every x. For this reason, we first add a new construct (£ : 7)
to our intermediate language that allows expressing a type constraint, for instance
“x must have type Int v Bool”. This new construct will allow us to encode extended
type-cases, by combining it with ternary type-cases and let-bindings.
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Intermediate expr. § == c|xz|Ax.&| & () | m& | (Ler) 2£:¢&
| let&ing | (£:7)

Intuitively, this (£ : 7) construct corresponds to a dynamic type cast: if the
expression £ does not reduce to a value of type 7 (and does not diverge), then the
reduction is stuck (though it is not necessary to give it a semantics as it only exists
in the intermediate language).

Type constraints should not be confused with user type annotations defined in
Section 7.2. Indeed, user type annotations are only inserted on the parameters of
A-abstractions, and they fully determine the domain of the A-abstraction. Instead,
type constraints can be inserted around any expression e, and they only check the
type of e: the expression (true : Bool) can still be typed True or 1, as long as the
type Bool is derivable for true.

Declarative type system The declarative type system is extended with this rule:
'¢:71 I'¢&:t

[CONSTR]
F-(&:7):t

Note that the type derived for an expression (£ : 7) is not necessarily 7: the rule
[CONSTR| only checks whether £ has type 7, but then independently derives another
type for &.

Algorithmic type system A type constraint construct is added to atoms:

Atomic expr a = c|x|Av.k | (Xx) | xx | mx | (xeT) ?x:x
| letxinx | x:7

The [.] transformation, for transforming expressions of the intermediate lan-
guage to canonical forms, is extended with this case:

[€:7] = ((B;(x0,x:7T)),%X,) where (B,x) = [¢] and x, is a fresh binding variable

The algorithmic type system can then be extended with the following rule, with
:(¥) a new annotation dedicated to type constraints:

[CONSTR-ALG]| rx)x<r
Cha[x:7 | (2)]:T(x)

Main reconstruction system The main reconstruction system is extended with
this rule:

x ¢ dom(I)

'z (x:7 | infer) = Var (x,infer,untyp)

[CONSTRVAR]|

U = tally infer(I'(x) < 7)
I'+g {x:7 | infer) = Subst(¥, typ,untyp)

[CONSTRINFER]
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These two rules are similar to the rules for projections: [CONSTRVAR| ensures that
the binding variable x is in the environment, while [CONSTRINFER] uses tallying to
find some instances of the current context that make x have type .

Substitution inference system The substitution inference system is extended
with this rule:

o e tally({T'(x) < 7})

[CONSTR|
['is x| typ) = :({o})

This rule uses tallying to find an instantiation o such that I'(x)oc < 7, and anno-
tates the atom with :({o}) in order to satisfy the side-condition of the algorithmic
|[CONSTR-ALG]| rule. Note that, similarly to the rules for type-cases presented in
Section 6.3, we only need to keep one such og: there is no need to return the whole
set of solutions ¥ as our objective is only to satisfy the side-condition I'(x)¥ < 7,
and not to find the smallest possible type for a destructor.

Split backpropagation system The split backpropagation system is extended
with this rule:

[CONSTR]
Chp(x:7:u)= {{x:u}}
For an atom x : 7 to have type u, we just need x to have type u. Actually, x should
also have type 7 (otherwise the atom would be untypeable), but there is no need to
check that in this rule as the 5 system is only called on atoms that have already
been typed.

Encoding in the type system

Now that our intermediate language has let-bindings and type constraints, we can
encode extended type-cases of the source language into the intermediate language
by extending the (.) transformation (Definition 73) with the following case:

(tcaseeof i —>e1 | ... | Th — €4)

=let((e) : Vier. n7i) incge(mr = (e s .- 5 7 = (en))
with ce(r — &) = ¢/
ce(r—>¢&;C)=(er)2& :¢(0)

Basically, an extended type-case tcaseeof 11 — €1 | ... | 7, — e, is encoded in
two steps. First, we ensure that the expression e reduces to a value v that is matched
by at least one pattern. This is done by the ((e) : \/,c; , i) expression. Second,
we select the first branch that applies using several consecutive regular type-cases:
this is done by the c)(m1 — (e1); ... ; 7o — (en)) expression which transforms a
type-case with multiple branches into a sequence of ternary type-cases nested on
the right. If no pattern can capture v, then the last branch would be selected, but
this case cannot happen thanks to the first step.
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7.5 Pattern matching

Pattern matching is a fundamental feature of functional languages, and even some
dynamic languages such as Python have finally implemented it (Python documenta-
tion, 2021). In this section, we add this feature to our source language by encoding
it using let-bindings and extended type-cases.

Syntax and semantics

We first define patterns and some operations on them:

Definition 74 (Patterns). The set of patterns is the set of finite terms produced
by the following grammar:

Patterns p == 7|z [pd&p|plp|(p,p)|z:=c

Definition 75. Let p be a pattern, and v a value. The substitution generated by
the pattern p for the value v, noted v/p, is defined inductively as follows:

V)T =02 ifver
v/z = {v/x}
v/(p1&p2) = (v/p1) U (v/p2) if v/p; # fail and v/py # fail
v/(p1lp2) = v/m if v/py # fail
v/(p11p2) = v/p2 if v/p; = fail

(v1,v2)/
v/

p1,p2) = (v1/p1) U (v2/p2) if v1/p1 # fail and vy/py # fail
z:=c) = {c/z}

v/p = fail otherwise

(
(

where U denotes the union of two substitutions with disjoint domains (if the two
substitutions have overlapping domains, then it yields fail).

The pattern 7 only matches values of type 7 and does not capture them. Con-
versely, the pattern x matches any value and captures it in the variable x.

The pattern p;&po matches any value v that is matched by p; and ps, and
captures both values captured by p; and by py in v (it requires the capture variables
in p; and ps to be disjoint).

The pattern p; | po matches any value v that is matched by p; or po, and captures
values captured by p; in v if v is matched by p;, and values captured by ps in v
otherwise. The set of capture variables in p; is equal to the set of capture variables
in pg: expressions featuring a | pattern for which it is not the case will not be
typeable.



164 Chapter 7. Extensions

The pattern (p1, p2) matches any pair (v, v2), and captures values captured by
p1 in v1 and values captured by ps in vo. Similarly to p1&po patterns, it requires the
capture variables in p; and py to be disjoint.

Finally, the pattern x :=c just assigns the constant ¢ to the capture variable x.
It can be useful in the presence of a union of patterns: for instance, in the pattern
(z,1)|(x :=nil), the variable x captures the first component of the matched value
if this value is a pair, and otherwise it captures the constant nil.

The next operator we define, [pf, computes the type of values matched by a
pattern p. In other words, it returns a test type 7 such that Yo ¢ 7. v/p = fail (and
such that Vv € 7. v/p # fail, provided that the pattern p does not have conflicting
capture variables).

Definition 76. Let p be a pattern. The type captured by the pattern p, noted ]pf,
1s defined inductively on p as follows:

lri =1

lzf =1
(p18p2f = 1p1 § A 1 p2f
(p1lp2f = 1p1 § v 1 p2f

L(p1,p2)§ = 1p1 § x 1 p2f
le:=cf =1

With these operators defined, it is now straightforward to add pattern-matching
to our language and define its semantics. This is formalized in Figure 7.4.

This definition of pattern-matching is borrowed from Frisch (2004), with some
additional restrictions: (7) the same restriction applies on test types 7 as for type-
cases (the only arrow type allowed is 0 — 1), and (ii) we do not support recursive

patternsQ.

Encoding in the type system

In terms of typing, we do not need to extend the type system: we can encode pattern-
matching using let-bindings and extended type-cases. The idea is to transform each
branch of the pattern-matching into a branch of an extended type-case, where every
capture variable in the associated pattern is extracted and introduced using let-
bindings.

First, we need a way to extract the value captured by a variable in a pattern:

2In Frisch (2004), patterns are extended with a recursive construct. For instance, the pattern
p = (x&8Int,p)|(1,p)|(z :=nil) captures in any list, encoded as nested pairs terminating with a
nil value, the sublist of its integer elements.
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Syntax

Expression e = c|z|Ar.e|ee] (ee)|me| (eeT)?eze| letz=cine
| (tcaseeof T > e | ... | T —>€)
| (matchewithp —»e| ... |p—e)

Value v ou= c| Aze| (v,v)

Additional reduction rules

For every ne N* and ke l..n

if velpk S\(Vier, k1 if)

matchvwithp; — e | ... | pp > en ~ ex(v/pr) and v/pp & fail

Evaluation Context

E:=[]|vE|Eel|(v,E)| (E,e) | mE | (Eet)?e:e| letx=Fine
| (tcase Eof Tt —e| ... | T—¢€)
| (match Ewithp —e| ... | p—e)

Figure 7.4: Syntax and semantics of the language with pattern-matching

Definition 77. For a pattern p, an expression e and a variable x, we define the
expression d;(p, e) inductively on p as follows:

do(z,€) =
de(z:=c,e) =c¢
dz((p1,p2),€) = dz(p1, m1€) if x € vars(py), z ¢ vars(p2)
((pl,pg), e) = d;(p2, mee) if x € vars(p2), x ¢ vars(p1)
dz(p1&p2, €) = da(p1, €) if z € vars(p1), z ¢ vars(ps)
dz(p1&p2, €) = du(p2, €) if z € vars(ps), z ¢ vars(p1)
(p1|p2,€) (ee 1 p1§) ?da(p1,e):dz(p2,e)
dz(p, e) = undefined otherwise

Intuitively, the operator d,(p,e) returns an expression that extracts from the
expression e the value captured by x in the pattern p. For instance, d, ((z1, z2),e)
returns mie.

Now, we extend the transformation (.)) to encode pattern-matching of the source
language into the intermediate language. This yields the following case:

(matchewithpy —e1 | ... | pn — €n)

= (letz=eintcasezof [ pif —el | ... | o) —e,)
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where x is a fresh variable, and where for every 1 € 1.. m,
¢} etz =d,, (ps,2)in ... letzm,=d,,, (pi, ) ine;

with 1, ..., x,, the variables appearing in p;.

Note that, in this definition, (.) is called recursively on an expression of the
source language that is not a strict subexpression of the initial expression. Still,
it is a well-founded inductive definition: each recursive call in the definition of (.)
is either on a strict subexpression, or it makes the number of pattern-matching
expressions to decrease.

When this transformation (.) is undefined, then we consider that the source
expression is untypeable. This can happen, for instance, if the source expression
contains an invalid pattern such as x&z (or more generally, a pattern p such that
Vv, v/p = fail).
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In Chapters 5 and 6 respectively, we have formalized an algorithmic type sys-
tem and an algorithm to reconstruct annotation trees. Combined, they allow us
to infer the type of expressions of the source language. However, though the re-
construction algorithm is terminating, a naive implementation would be unpractical
due to performance issues. We present now several high-level optimizations that we
implemented to mitigate the high branching factor of our backtracking algorithm.

A first source of inefficiency comes from the generation of intersection nodes
when a destructor is reconstructed. This can lead to an explosion of the number
of branches to explore, even though many of them may be redundant. This can be
mitigated by trimming branches when we estimate that they will not contribute to
make the final type strictly smaller. This optimization is explored in Section 8.1.

Another source of inefficiency comes from the type decomposition performed
after each binding. Although these type decompositions are usually small (e.g., the
type of a binding is seldom split in more than two parts), it becomes an issue when
typing large expressions with multiple type-cases, since all the decompositions of
successive bindings compose one with another, yielding an exponential explosion of
the number of cases to explore. This is addressed in Section 8.2.

A third difficulty comes from the complexity of the operations on set-theoretic
types (subtyping, tallying, etc.). The types manipulated during the reconstruction
may get more and more complex, making these type operations slower. Performing
simplifications of types and tallying solutions can thus have a significant positive
impact on performance. This is discussed in Section 8.3.

Finally, in Section 8.4, we discuss the use of memoization techniques in order to
prevent the reconstruction algorithm from retyping the same subexpression multiple
times under equivalent contexts.



168 Chapter 8. Practical Aspects

Note that the implementation of set-theoretic types and the associated type op-
erators (subtyping, DNF, tallying, etc.) are not discussed here. Efficient algorithms
for these operators are described in Castagna et al. (2015) and Castagna (2020).
An efficient implementation of these operators in OCaml can also be found in the
polymorphic version of CDuce.

8.1 Intersection nodes pruning

8.1.1 An explosion of the number of branches

While the reconstruction algorithm presented in Chapter 6 is guaranteed to termi-
nate, the number of explored branches can explode if we implement it naively.

Consider the following example, written in an OCaml-like syntax where type-
cases are noted if e is ¢ then e; else es (this is the syntax used by our prototype
implementation, which will be presented in Chapter 9):

let typeof arg =
if arg is Int then "number”
else if arg is Bool then "boolean”
else if arg is Unit then "unit”
else if arg is String then "string”

else "object”

This function typeof is inspired by JavaScript’s typeof operator. The expected
type for this function is:

(Int — "number") A (Bool — "boolean") A (Unit — "unit")A
(String — "string") A (1\(Int v Bool v Unit v String) — "object")
The corresponding MSC form is the following (instead of defining a binding for
each string constant, they have been inlined for concision):

AT.
bind x = x in

bind x; = (xeString) ?"string"” : "object” in
bind xo = (xeUnit) ?"unit” :x; in

bind x3 = (x€Bool) ?"boolean” :x2 in

bind x4 = (x€Int)?"number” :xg in

X4

During the reconstruction, x is initially given the type a. The first binding
definition to be explored is the definition of x4, triggering the reconstruction of x
(Rule [CASEVAR]), which is typed a, and then decomposing this type into two
parts, namely Int and —Int (Rule [CASESPLIT|). While exploring the Int part,
the [CASETHEN] rule is applied on the definition of x4, yielding a Subst result that
generates two branches (regrouped by an intersection annotation at the root of the
annotation tree):
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1. One issued from the substitution {a ~ a\Int} and for which, when exploring
the Int part for x, the type-case is typed using the rule [0-ALG|.

2. The other issued from the identity substitution & (the default case) and for
which, when exploring the Int part for x, the type-case is typed using the rule
[Gl—ALG].

In both branches, the exploration of the part —Int for x yields two branches again,
this time when applying the rule [CASEELSE| on the definition of x4:

1. One issued from the substitution {a ~~ a A Int} and for which, when exploring
the —Int part for x, the type-case is typed using the rule [0-ALG]|.

2. The other issued from the identity substitution & (the default case) and for
which, when exploring the —Int part for x, the type-case is typed using the
rule [e2-ALG|.

We end up with 4 branches:

1. One where x has type O and where the type-case is typed with [0-ALG]| for
both parts Int and —Int.

2. One where x has type a\Int and where the type-case is typed with |[0-ALG]|
for the part Int and with [e2-ALG| for the part —Int.

3. One where x has type a A Int and where the type-case is typed with [€1-ALG]|
for the part Int and with [0-ALG]| for the part —Int.

4. One where x has type a and where the type-case is typed with [€;-ALG]| for
the part Int and with [€2-ALG] for the part —Int.

While the exploration of the branches 1 and 3 does not yield any new branch,
branches 2 and 4 require typing x3 and thus exploring them will again generate four
branches each. This process continues with xo and x;. We can see with this example
that the number of cases to explore grows exponentially. The tree below illustrates
this explosion: each node corresponds to an intersection node in the derivation tree,
and is labeled with the domain of typeof that it captures at the moment it is

generated.
a
/\
a\Int «a
()Aa\l nt o /\ﬁ\a
/\ /\
a\Int\Bool a\Int a\Bool «a

P N 2 N

0 «a\Int\Bool a«a ABool a\Int 0 «a\Bool «a ABool «

/\ /\ /\ /\
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This explosion of the number of branches is problematic. Though, many of these
branches are redundant: our objective is thus to eliminate them. In particular,
among the nodes at depth 2 in the tree above (0, a\Int, a A Int, ), it is only
necessary to explore a\Int and a A Int: the branch with the domain O can only
yield for this function the type 0 — 1 (the supertype of all functions), and the
domain a is already covered by the union of the two more specific branches a\Int
and a A Int (i.e., we have a < (a A Int) v (a\Int)).

The generation of redundant branches can also originate from applications.
For instance, consider the canonical form Az. bindx=zin f x with f : (Int —
Int) A (Bool — Bool). When calling the reconstruction on the application f x,
with x initially typed «, the [APPINFER| rule generates three substitutions, each
corresponding to a solution to the associated tallying instance:

1. {&a ~ a A (Bool v Int)}: in this case, the result is of type Int v Bool,
2. {a ~ a A Int}: in this case, the result is of type Int,

3. {a~» a A Bool}: in this case, the result is of type Bool.

Each substitution is then applied to the environment and explored in a separate
branch. The first branch yields the type Bool v Int — Bool v Int for our A-
abstraction, while the two others yield the types Int — Int and Bool — Bool
respectively. The first branch is thus redundant as (Int — Int) A (Bool — Bool) <
Bool v Int — Bool v Int. We will see in the next section how we can detect and
trim those redundant branches.

Unfortunately, sometimes the combinatorics explosion cannot be avoided. For
instance, consider this slightly modified version of the typeof example, where z is
a variable of type 1 already in the context:

let typeof_image f =
if f x is Int then "number”
else if f x is Bool then "boolean”
else if f x is Unit then "unit”
else if f x is String then "string”

else "object”

This time, the same explosion happens (the reasoning is similar) but the domains
explored by the branches are different:

1o«

/\

1 - a\Int l-a

/\/\

1-0 1-a\Int 1-aAlnt 1-a

/\ /\
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Here, none of the nodes at depth 2 is redundant. In particular, the domain
1 — «a is not covered by the union of the two domains 1 — a\Int and 1 — « A Int:
the type (1 — a A Int) v (1 — a\Int) is strictly smaller than 1 — a (it becomes
clear when substituting a by 1: the type (1 — Int) v (1 — —Int) does not contain
functions that return integers for some inputs and Boolean values for some others
inputs, whereas the type 1 — 1 does).

8.1.2 A heuristic for trimming redundant branches

We see in this section a heuristic to trim branches that do not contribute to obtain a
smaller type. It consists in three steps: (i) we explore “more specific” branches first,
(74) we remember, for each branch, the domain it covers for each A-abstraction, and
(ii) before exploring a branch, we check if this branch explores a domain that has
not been covered yet (if not, it will be trimmed).

8.1.2.1 Order of exploration

Let us consider a simplified version of the typeof example above:

let typeof_simplified arg =
if arg is Int then "number”

else "other”

When reconstructing the annotation tree of typeof_simplified, we get the fol-
lowing branches (again, each node represents an intersection node and is labeled by
the domain it captures at the moment of its generation):

o
a\Int «
0 a\Int a A Int «a
| | | |
0—-0 a\Int > "other" a A Int— "number" o — "number" v "other"

The type under the dashed arrow is the type we obtain for each branch (note
that we only know this type after having finished the reconstruction for the branch).
The situation is similar to the one of the typeof example in the previous section:
the rightmost branch does not contribute to the final type, as the intersection of the
other branches yields a smaller type: we have (a A Int — "number") A (a\Int —
"other") < a — "number" v "other". However, when this branch is generated, we
do not know yet the type it will yield.

Still, we know that it will yield a less precise type that its neighbor branch
a A Int for the atom from which their parent intersection node originates, that
is, the atom corresponding to the type-case if arg is Int then "number" else
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"other”. Indeed, the a branch requires to type both branches of the type-case,
while the & A Int branch allows skipping the second one. Consequently, we choose
to first explore the more specific a A Int branch, and only then, if we estimate that
the branches already explored do not cover all the possible domains, we will explore
the a branch.

We apply the same idea to the intersection node at the root. In the end, the
leaves are explored in the following order: O, then a\Int, then a A Int, and finally
a. Here, every intersection node originates from a type-case, but the same idea can
be applied for intersection nodes coming from an application: among the solutions
to the tallying instance, if we know that one of them yields a smaller type than
another one for the application at issue, then the corresponding branch is explored
first.

Formally, we change the intermediate annotations for intersections, so that sets
are replaced by ordered lists:

Atom intermediate annot. A == ... | A((A;...; A),(A4; ...; A)
Form intermediate annot. K == ... | A(K;...; K),(K; ... ; K))

We update the reconstruction rules for intersections accordingly, so that branches
are explored following the order of the list. The [ITERATE| rule, that generates
intersection nodes, is updated accordingly:

Result R == ... |Subst((¢; ... ¢),H,H)

I'=r{n | H)y=Subst((v1; ... ; ¥n), Hi, Ha)
PR | A((Hahr s s Hivn s Ha),e)) =R

ITERATE
[ 2l IH%(p | H)=R

Viel..n. ;#T

Note that the default case Hs is inserted at the last position in the intersection.

Finally, we update the rules that generate a Subst result so that they give
a suitable order to the substitutions: when a rule [PROJINFER| or [APPINFER]
generates a Subst((¢1 ; ... ; v¥yp), Hi,He) result, the substitutions 1; should be
ordered by increasing estimated result type for the < order (if the current atom is
expected to have a smaller type under the environment I'y); compared to I'Y;, then
1; should precede v;). We formalize it for the rule [APPINFER| below (other rules
such as [PROJINFER] are similar):

i i n==t Il infer(T < I —
[APPINFER] Wiier. ally_infer(I'(x,) (2) > @) o € V) fresh

I'x (xaxe | infer) = Subst((¢] ; ... 5 ¥)), typ,untyp)

with Vie 1..n, ] def wi’VM\{a}’ and such that:

Viel..n.Vjei+1..n. gen(orh;) <1 ath; or gen(a);) 1 oy

where gen(t) renames all monomorphic type variables in ¢ with fresh polymorphic
ones, and where <7 is defined as follows:
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Definition 78. We define the binary relation <1 as follows:

11 <<T1t9 g do. t1o < tg

This relation <t (where the subscript T stands for “Tallying”) intuitively corre-
sponds to an approximation of the relation < that can be decided using the following
tallying instance:

ti1 <1ty <= tally({t; < mono(tz)}) # @

where mono(¢) renames all polymorphic type variables in ¢ with fresh monomorphic
ones.

8.1.2.2 Trimming redundant branches

Now that we have determined an order of exploration for branches of intersection
nodes, we have to decide when a pending branch should be trimmed. We do that
by estimating whether it allows exploring new domains or not. To be able to do
such an estimation, whenever a Subst((v1 ; ... ; ¥y), Hi, Hz) result is generated,
it is decorated with the domains of the A-abstractions it crosses while backtracking,
and this information is then stored into the generated intersection node.

Intuitively, we want to label branches of intersection nodes similarly as the nodes
of the trees we have drawn in the previous section, but in a more general setting
where there might be several A-abstractions. For instance, here is the intersection
tree that we want to build for typeof_simplified:

/\

{arg : a;\Int} {arg : as}

/\ /\

{arg:0} {arg:ag\Int} {arg:asAInt} {arg:as}
To achieve this, an extra parameter I' is added to Subst results:
Result R == ... |Subst((¢; ...;¢),[\H,H)

When a Subst result is generated, this parameter is initially set to @:

itie1, n = tally_infer(T(x1) < T(x2) —
[APPINFER| i} el y_infer( /( 1) < I /2) ) aeVy
[ {x1x2 | infer) = Subst((¢)] ; ... ; ¥1,), D, typ,untyp)

Then, this parameter is populated when leaving a A-abstraction while backtrack-
ing:
Dyz:ubk (k| K)= Subst(L,I",K1,K2)
Iz Ozs | AMu,K))y = Subst(L, (T, 2 : u), Mu, K1), AMu, K2))

[LAMBDASUBST]|
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Finally, when an intersection is created from this Subst result by a [[TERATEs|
rule, each branch Hj1); is decorated with the associated environment I"1);, and the
default branch #Hs is decorated with I":

Decorated atom annot. A° := (A1)
Atom annotations A = ] A(A%; o5 A9 (A% L5 A9)
Decorated form annot. K° == (K, T)
Form annotations K == ... A(K?; ... 5 K°), (K25 ... K°)
F '773 <77 | H> = SUbSt((’l/)l yoeee s 1/)7,,),1_\/,7'[1,7'[2)
Viel..n. H] = (Hi;, genp ("))
* o. . o . /
trmarny TER G LA s 0 #es Glageng (D)) =R

%< | Hy=R

where genp(I') is obtained by substituting in I” all monomorphic type variables in
vars(I'")\vars(T") by fresh polymorphic ones.

Now that branches of intersection nodes are labelled with an environment rep-
resenting the domains they cover, we remember the labels corresponding to the
branches that we have already explored while walking through the annotation tree.
More precisely, we parametrize our reconstruction algorithm by a set of environ-
ments . When reconstructing an intersection node, we reconstruct its first branch,
add its label to I', then reconstruct the next branch, and so on. For instance, for
the intersection tree of typeof_simplified, before exploring the rightmost leaf, we
should have collected the following set of environments I:

r = { {arg:ai;\Int} , {arg:ay A Int} }

The first environment comes from the label of the left branch of the intersection
node at the root (this left branch should have been fully explored before the right
one according to the previous section), and the second environment comes from the
label of the left branch of the {arg : as} intersection node.

Before exploring a branch of an intersection node, the set of environments I
is compared, using several tallying instances, with the label I' of this branch. We
proceed in two steps: (¢) I' is filtered in order to only keep environments that are
“more specific’ than T', then (i7) we determine whether the “union” of the remaining
environments in " covers I'.

The purpose of the first step is to consider, among the branches that have already
been explored, only those that have been generated from a type-case or application
in the same A-abstraction as the pending branch, and for which the body of this
A-abstraction is typed with a smaller type than it will (probably) be in the pending
branch. Indeed, if the label I of a previously-explored branch is smaller than the
label T of the pending branch, it means that the body of the A-abstraction that
triggered these branches has been typed under a smaller context and, thus, that it
should yield a smaller type. In other words, we want to select, among the explored
branches, those that were generated in the same A-abstraction as the pending branch
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and that type the body of this A-abstraction more precisely. This filtering is achieved
as follows:

1. [ is first filtered by removing any IV € " such that dom(I"') % dom(T"). This has
as effect to filter out every previously-explored branch that does not originate
from the same A-abstraction as the pending branch.

2. Then, for each remaining I'” € [, we generate the following tallying instance:
tally({I"(z) < T'(z) | = € dom(T)})
If there is at least one solution, then I' is kept, otherwise it is filtered away.

We note filter(T",I") the result of this filtering. In our typeof_simplified example,
with ' = {{arg : ay\Int}, {arg : a4 A Int}} and I' = {arg : as}, no branch is
filtered out (we have filter(I', ") =1T).

For the second step, which consists in determining whether the environments in
this filtered I cover the environment I' of the pending branch, we first define a rep-
resentation of an environment as a type. Let encoding(T") be the type representation
of I', defined as the following record type:

encoding(T") % {label(z) = I'(z) | = € dom(T")}

with label(x) an arbitrary fresh label associated to the variable z. Note that, as
all our environments have the same fixed domain, we could also define encoding(I")
using a product type by fixing an arbitrary order over the variables in dom(T").

Now, the idea that “the environment I' can be covered with the set of environ-
ments [ can be encoded with the following formula:

encoding(I") | =1 encoding(T")
Iefilter(I',)

where =7 is a binary relation over types defined as follows:

Definition 79. We define the binary relation =1 as follows:

o7ty <L 35 tio >t

Intuitively, the relation ¢; =1 to means that ¢; has a better coverage than ts.
Note that #; =7 t3 is not equivalent to to <ot ¢1 (cf. Definition 78): the first tries to
instantiate t;, while the second tries to instantiate t5. The relation ¢ =7 t2 can be
decided using the following tallying instance:

t1 >T1 19 — taIIy({mono(tg) § tl}) #+ J

where mono(t) renames all polymorphic type variables in ¢ with fresh monomorphic
ones.
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If \ prefirter(r,r) €ncoding (1) =1 encoding(I") holds, meaning that the domains
of the next branch to explore are already covered by the domains of the branches
already explored, then we can trim this branch. In our typeof_simplified example,
the branch labeled with I' = {arg : as} is trimmed as we have {arg = a;\Int} v
{arg = ay A Int} 7 {arg = as}.

This yields the following rule, to be added to the reconstruction system with
higher priority over other rules for intersections:

V refitter(ry,r) encoding(I™) =t encoding(I'y)
Cr | A(H3; ... 5 Hp), L) =R
Ler M | A((HLTY) 5 -5 Hy), L) =R

where [ is the set of labels of the branches already explored.

Note that intersection nodes that are created after a user type annotation should
not be pruned: in this way, the user can force the exploration of a branch, giving
them more control.

[INTERTRIM]|

8.2 Type decompositions pruning

In addition to intersection nodes, branching can also come from type decompo-
sitions made after each binding. Let us consider the following expression, with
not : (True — False) A (False — True) and arg : Bool:

if not arg is True then arg else false

The associated MSC form is the following (the binding for the constant false
has been inlined for concision):

bind x; = not in
bind x¢ = arg in
bind x3 = x3 X9 in
bind x4 = (x3€True) ?xs: false in

X4

When reconstructing the definition of x4, a type decomposition is generated for
xg. This is illustrated by the following tree, where each node represents a binding
and the type of the associated definition, and each edge represents a part of the
type decomposition performed for this binding:

x1 : (True — False) A (False — True)

x3 : Bool

Tru%\ﬂTrue
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Then, the type decomposition performed on x3 is propagated to xo:

x1 : (True — False) A (False — True)
1

Xo : Bool

—Tru rue

x3 : True xg3 : False

Trmrue Trmrue

x4 : False x4:0 x4:0 x4 : False
1 1; 1, 1;
False 0 0 False

As we can see, some of these branches are useless: for instance, in the case where
x3 : True, the —True part of the type decomposition of x5 is useless, as the other
part True is enough to cover the whole type of x3. If we want to avoid exploring such
useless parts, we need to allow the type decompositions to cover only the type of the
associated definition, instead of always covering 1. In this section, we propose some
changes in this direction for the algorithmic type system and for the reconstruction
algorithm.

The binding annotation keep (a, {(u, k),. .., (u,k)}) is modified to take a set of
substitutions ¥ as extra parameter:

Form annotations k := ... | keep (a,{(u,k),...,(u,k)},%) |
Then, the [BIND3-ALG| rule of the algorithmic type system can be modified as
follows:
Fhila | a]:s
(Viel) I'x:saujbu[k | ki)t I +2
[ k4 [bindx=aink | keep (&, {(wi, k) }ier, 2)] : Vier ti = < Vier W

[BIND,-ALG|

The guard condition {u;};er € Part(1) of the original [BIND2-ALG]| rule has been
replaced by s¥ < \/,.;u;: instead of requiring the type decomposition to cover
1, we only need it to cover (any instantiation of) the type of the definition. Note
that this instantiation X is only used to justify that the type decomposition covers
the type of the definition: it is not applied to the type s of the definition when
recursively typing the body, in order not to pollute the type of x with instantiations
that might be useless. The admissibility of this new |BIND2-ALG]| rule follows from
the monotonicity of the algorithmic type system (Lemma 34).

Now we can change the reconstruction so that parts of type decompositions that
are disjoint from (an instance of) the type of the definition are not explored. We
change the intermediate annotations for bindings as follows:

Form intermediate annot. K := ... |keep (A,S,S,u)
| propagate (A, I, S,S,m)
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with u a set of monomorphic types representing the parts of the decomposition
that will not be explored because they are not necessary to cover the type of the
definition.

The keep and propagate annotations are given this additional parameter u to
keep track of the parts of the decomposition that do not need to be explored.

The rule [BINDKEEP]| of the substitution inference system, for transforming in-
termediate annotations into annotations for the algorithmic type system, is modified

accordingly:
Frsdéa | A =a Fhala | a]:s
(Viel) I)x:sarw ks | Ki)=k;
VjelJ) ojetall < —uf
[BINDKEEP] (vjed) o y(ts ujh) (%)

I's{(bindx=aink | keep (A, d, {(u;, K;)}ier, {u;}jej)> =k

where k = keep (@, {(u;, ki) }ier, {0} jes), and (%) is (\V/;e; W) v (\/jGJ u;) ~ 1.

In short, the set u of unexplored parts is used by the rule [BINDKEEP| to produce

by tallying the set of substitutions ¥ = {o;}es required by the algorithmic type

system to check that the type decomposition covers the type of the definition.
Now, we can amend the main reconstruction system in order not to explore

useless type decomposition parts. First, we add a rule that trims a decomposition

part if it is disjoint from the type of the definition:

I' g (bindx=aink | keep (A, {(0,infer)},o,u)) =R
I' g (bindx=aink | keep (A, &, &, u)) =R

[BINDEMPTY]

lNsda | A)=a F'ala | al:s
[ g (bindx=aink | keep (A4,85,8 {u}luu)y=R yxo0
I'tg (bindx=aink | keep (A,{(u,K)}U873’7U)>:>RSAuzO

[BINDTRIM]

The rule [BINDEMPTY]| ensures that, even when the type of the definition is 0, we
explore the body of the canonical form at least once. Note that the side condition
s A u ~ 0 may be replaced by a tallying instance s A u<it O (cf. Definition 78) to
trim more branches.

The [BINDKEEP| and [BINDPROP]| rules are mostly unchanged (we just add the
additional parameter u to the keep and propagate annotations).

8.3 Simplification of types

Through the process of reconstruction, the types inferred for the parameters of -
abstractions might get more and more complex as they are successively substituted.
In particular, the number of distinct type variables appearing in those types can
grow exponentially if we are not careful about it. It is important to keep types as
simple as possible and to minimize the number of type variables: in addition to
significantly improving performance of subtyping and tallying, doing so will result
in the inference of types more readable for the user.
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8.3.1 Simplification of function types

We focus here on the simplification of the arrow part of types. Function types are
subtle to manipulate as they mix covariance and contravariance. Two equivalent
function types may have very different representations of different complexity, and
the simplification of the DNF of a function type is a hard problem. Still, even
though we have no systematic method of simplifying a function type, applying some
simple simplification rules can greatly reduce the size of the representation of many
function types generated during the reconstruction.

8.3.1.1 Simplification during the reconstruction

We recall that the DNF of a function type is as follows (see Section 2.5):

t R \/ /\ A A /\ 0 A /\(Sp_’tp)’\ /\ ~(sn = tn)

el p’ePi’ n’ENZ( peP; neN;

where « can denote either a polymorphic or monomorphic type variable, and where
for each 7 € I, the whole summand is not equivalent to O.

A first simplification consists in removing useless summands: if, for some j €
I, \/iel\{j} (/\p’EPi/ Qpr N /\n’eN{ _‘O‘;z’ A /\pEPi(Sp - tp) A /\neNi ﬁ(sln - t%)) =1,
then the summand associated to j can be removed from the DNF of ¢.

Similarly, we can remove useless literals: if, for some j € I and ¢ € P;,

\/z‘el (/\p’ePi’ Qpr A /\n’eN{ —'Oz%, A /\pePl.”(Sp - tp) A /\neNi _‘<8;L - t%)) < ¢ with
P! = Pj\{q} and Vi € I\{j}. P = P;, then the literal s; — ¢, can be removed from
the DNF of . The same applies to negative literals.

Another way to reduce the number of literals is to merge two literals together: if,
for some ¢ € I, there are two p, ¢ € P; such that s, >~ s,, then the conjunction of the
two literals s, — t, and s, — t, can be transformed into a single literal s, — t, A t,.
Similarly, if ¢, ~ t,, then (s, — t,) A (sq — t4) can be merged into s, v s, — .
Note that this does not apply to disjunctions: (s — t1) v (s — t2) is not equivalent
to s — t1 v tg in general, nor is (s — t) v (s2 — t) equivalent to s; A sy — t. This
does not apply to negative literals either.

In addition to performing these simplifications on the DNF of ¢, we can also per-
form it recursively on all the types sy, tp, s,,, and t/,. However, as types are defined
coinductively (they can be infinite trees), their memory representation may have
cycles. Thus, it is necessary to remember nodes that have already been explored.

These simplifications preserve the semantic equivalence ~, and can thus be per-
formed at any time during the reconstruction.

8.3.1.2 Simplification at top-level

Some additional simplifications can be performed at top-level, after the type of a
top-level definition has been generalized.
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A first straightforward simplification consists in substituting polymorphic type
variables that only appear in covariant positions by 0, and those that only appear in
contravariant positions by 1. For instance, for the type Int Aa — Bool v 3, we apply
the substitution {a ~ 1 ; § ~ 0}, yielding the simpler type Int — Bool. Note that
this transformation does not preserve semantic equivalence, but the resulting type
is an instance of the initial type, and is smaller than the initial type.

It is also worth noting that the transformation above is more effective when the
type variables of the initial type are not unnecessarily correlated. For instance, the
type (Int A @ — Int A @) A (—Int A @ — False) has its two branches using the
same type variable o. An alternative version of this type without this unnecessary
correlation would be (Int A — Int Aa) A(—Int A3 — False) (this alternative type
can be obtained by expansion of the initial type and by subsumption). This allows
applying the simplification we have seen on §: as 8 only appears in a contravariant
position, it can be substituted by 1, yielding the type (Int Aav — Int Aa) A (—Int —
False). Thus, it is generally worth decorrelating the different branches of top-level
types, even though this might increase the number of different type variables.

Lastly, we can try to remove redundant literals of top-level types, just as we did in
the previous section, but this time by reasoning modulo instantiation. For instance,
the polymorphic type (o — a) A (Int — Int) should intuitively be simplified into
(v — «) (as the branch Int — Int is just an instance of the branch (o — «)). More
generally, let us assume that our top-level type has the following DNF":

t R \/ (/\(Sp_’tp)>

iel \peP;

Note that this DNF does not contain top-level type variables nor negative arrow
literals: this is always the case for the type inferred for a A-abstraction. We assume
that the sets of polymorphic type variables of each summand are disjoint (if it is
not the case, we can temporarily substitute conflicting ones by monomorphic type
variables). Then, for every i € I and ¢ € P;, the literal s, — t; can be removed if
(/\pepi\{q}(sp - tp)) <1 84 — t4 (that is, if there exists an instance of the other
literals that is smaller than s; — ;).

The simplification above does not preserve the semantic equivalence ~: in fact,
even for the same initial type ¢, it may yield different non-equivalent types depend-
ing on which order the literals of ¢ are tested. Thus, it should not be performed
during the reconstruction of a definition, but only on top-level types because the re-
construction algorithm expects the algorithmic type system to be stable by semantic
type equivalence.

8.3.2 Simplification of tallying solutions

Many tallying instances are generated through the reconstruction process. In the
main reconstruction algorithm, tally infer(.) is used to find substitutions involving
the monomorphic type variables in order to infer the types of the parameters of
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A-abstractions. In the substitution inference system, tally(.) is used to instantiate
polymorphic types for applications and projections.

The solutions to a tallying instance are not uniquely characterized: they can be
captured by different sets of substitutions. We consider the tally(.) and tally _infer(.)
functions to be black boxes that can return any such set of substitutions. Still, for
better performance, it is important to simplify these solutions in order to keep types
as simple as possible and to minimize backtracking. We give in this section some
guidelines following this direction.

We start with some possible simplifications for the solutions to tallying instances
tally(.) used in the substitution inference system:

Removing useless substitutions When calling tally(.) to find instantiations for
an application involving polymorphic types, some substitutions found may be
useless. For instance, consider the application f x with f of type («« — Bool) —
a — Bool and x the identity function of type f — [. The tallying instance
generated for this application is the following:

tally({(a — Bool) — a — Bool < (3 — ) — 7})
The solutions can be captured by these two substitutions {01, 02}:
o1 ={a~»Bool A S Aa; B~ Bool AS; vy~ (Bool A S Aa— Bool) v~}

og={a~0;~v~0-1}

However, the substitution o9 is not really interesting in our case, as our objective
is to get the smallest type for the result of the application (captured by the
type variable v). Indeed, applying the substitution o9 to f and x yields for the
application the type 0 — 1, which is larger than the type we would obtain
with 1. Thus, we should ignore the substitution o9 and only instantiate f and x
with o1 in order to keep types as simple as possible.

Minimizing the number of type variables In the previous example, the substi-
tution o1 can be greatly simplified. Indeed, as our objective is to get the smallest
possible type for the result of the application (captured by = in our example),
we can substitute the type variables that only appear in the result (captured by
the type variable «) in a covariant position by 0, and substitute those that only
appear in a contravariant position by 1. Doing so on ¢, yields a new substitution
{aw ~~ Bool ; /3 ~» Bool ; 7 ~ Bool — Bool}.

We continue with some guidelines for simplifying solutions to tallying instances
tally _infer(.) used in the main reconstruction algorithm:

Substituting monomorphic type variables only when necessary Let us con-
sider the projection mx, with x the binding variable associated to a lambda
variable = of type (8, x B3) A @ (with a, 8; and 85 monomorphic). When
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encountering the atom mix for the first time, the main reconstruction algorithm
generates the following tallying instance:

tally infer((B; x B3) A @ < 71 X 72)

The solutions to this tallying instance can be captured in different ways. For
simplicity, we ignore solutions that make the left-hand side of the tallying instance
empty. The set of solutions to this tallying instance can then be captured by this
substitution ¢ (for clarity, we keep polymorphic type variables in the domain of
¢, even though tally infer(.) is supposed to restrict the domain of the solutions
to Var):

¢ ={a~ ((v1 x¥2) v =(B1 X B2)) A ;s 1~ 715 Y2~ Yo}

If we keep this solution as is, we would have to backtrack to the definition of x
and apply ¢, yielding for the parameter x the new type (8 x B5) A (71 X ¥2) A .
However, this seems unnecessary: we could instead have kept the type of x as
it is, as the current type (8, x B5) A a of x already allows typing mx with 3,
which is a type “precise enough”.

To avoid backtracking unnecessarily and adding complexity to the types of pa-
rameters, we can simplify ¢ by making the following observation: the monomor-
phic type variable a can be removed from the domain of ¢ by composing ¢
with the substitution {7y, ~» By ; 9 ~ Bs}, yielding a new substitution
¢ = {1 ~ B; ; 72 ~ B9} This new substitution does not substitute any
monomorphic type variable anymore, and thus backtracking is not necessary
anymore.

The substitution ¢’ is less general than ¢, in the sense that ¢’ can be obtained by
composing ¢ with another substitution, but not the other way around. However,
once restricted to Vi, ¢’ becomes as general as ¢, and it still allows getting a
precise type for the result of the projection. This kind of simplification can be
achieved systematically using additional tallying instances.

Avoiding the introduction of new type variables New monomorphic type
variables should only be introduced when necessary. For instance, a substitution
{a ~ Int A a A B} that would be solution to a tallying instance (with 3 a
new fresh type variable) should be simplified before being applied: the new type
variable (3 is unnecessary as it plays the same role as a. The simpler substitution
{a ~ Int A a} should be preferred.

Introducing unnecessary type variables may have a dramatically negative impact
on performance: it may imply more solutions to the future tallying instances,
which may in turn generate more redundant intersection branches in the anno-
tation tree.
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8.4 Memoization

Due to the branching nature of the reconstruction algorithm, some atoms are re-
constructed and re-typed many times in the different branches of the annotation
tree. Even within the same branch, backtracking may force an atom to be re-typed.
While it is sometimes inevitable to re-type an atom, for instance if the context has
changed, in many cases it could be avoided by performing memoization to prevent
an atom to be re-typed twice under an equivalent context (with respect to its free
variables).

Memoization may be implemented at three levels: main reconstruction system,
substitution inference system, and algorithmic type system.

Algorithmic type system Implementing caching for the algorithmic type system
is very simple: the algorithmic type system should return the same type when it is
called on the same physical annotation object. Although the type returned by the
algorithmic type system also depends on the expression and the context (it does not
only depend on the annotation), annotations for the algorithmic type system are
specific to an expression and environment: if the environment or expression change,
then the annotation will be regenerated. Thus, caching for the algorithmic type
system can easily be implemented by adding a mutable field cached_type to the
structure of annotations: the first time the algorithmic type system is called on this
annotation, it computes the type of the expression and stores it in the cached_type
field, and the next times it can just return the type stored in cached_type.

Substitution inference system The substitution inference system takes as input
an environment, an atom or canonical form, and a partial annotation, and it returns
an annotation for the algorithmic type system. This time, we cannot store a cache
as a mutable field in the structure of partial annotations, as partial annotations
are destroyed, reconstructed and duplicated many times by the main reconstruction
algorithm: it would be a nightmare to make copies of these mutable fields and
invalidate them when necessary.

Instead, we can perform some basic memoization. For that, we use a mapping
from triplets (a,.A,T) to annotations for the algorithmic type system. Each time
the substitution inference system is called on a given atom a, partial annotation
A, and environment I', we look in this mapping for a value associated to the key
(a,.A, I‘| fv(a))' If it has one, we return this value, otherwise we compute the anno-
tation and store it in the mapping. The equality relation over the keys (to use for
the mapping) should be based on the semantic subtyping equivalence for the envi-
ronments I', and for the partial annotations A we can implement a naive structural
equality relation. It may be difficult to use an efficient mapping structure, such as a
hashtable or a binary tree, because defining a hashcode or a total order that is com-
patible with semantic equivalence is still an open problem. However, using a naive
data structure such as a list of pairs (key, value) is already enough to drastically
improve performance of the reconstruction, even though searching in the mapping
may be slow.
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Note that it is not necessary to perform memoization for the reconstruction of
canonical forms: it is enough to perform it for the reconstruction of atoms. Indeed,
canonical forms are just a succession of atoms: the expensive part in the recon-
struction of a canonical form is the reconstruction of the atoms composing it. Also,
a canonical form is less likely to be reconstructed multiple times in an equivalent
context, as its free variables are the union of all of those in the atoms composing it.

Main reconstruction system The implementation of memoization for the main
reconstruction algorithm is similar to the implementation of memoization for the
substitution inference system. We can implement it by using a mapping from triplets
(a, A,T') to results R. The same data structure can be used to implement this
mapping as the type of the keys is the same (only the type of values is different: a
result R instead of an annotation a).

Memoization can be made more effective by reusing the same type variables
when possible: we should avoid having two different type variables in two different
branches that “play the same role”. For instance, if in a branch of our annotation
tree the type variable « is used to type the parameter of a A-abstraction, and if
in another branch we use the type variable 3 for the same purpose, then it might
prevent memoization to occur between those two branches for atoms that depend
on this parameter. The rule [LAMBDAINFER| of the main reconstruction system
may be modified accordingly, so that when applied to the same A-abstraction in two
different subderivations, it types its parameter with the same type variable a.

The impact on performance of implementing caching and other optimizations
seen in this chapter will be evaluated and discussed in Chapter 9 (Section 9.2.2).
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This chapter presents a prototype implementation (Castagna et al., 2024b) for
the algorithmic type system and reconstruction algorithm. It implements the ex-
tensions and practical aspects discussed in the previous chapters. The features of
the prototype are described in Section 9.1. Then, the prototype is tested on several
examples in Section 9.2, where we evaluate its performance.

9.1 Presentation of the prototype

The prototype implementation fully implements the algorithmic type system, the
reconstruction algorithm, and the extensions presented in Chapter 7. The syntax
for the source language is inspired by the syntax of OCaml, with some modifications
and the addition of type-cases. This section presents this language and its different
features.

9.1.1 Language and features
9.1.1.1 Definition of types

Figure 9.1 presents some constants and built-in types of our language. For every
constant of the language, there exists a corresponding singleton type. In order to
distinguish them, type identifiers start with an uppercase, while constants start with
a lowercase. It is possible to declare a new constant, together with the associated
singleton type:

(*x Defines a new value null and a singleton type Null )

atom null




186 Chapter 9. Prototype Implementation

Constant Singleton type Type  Inhabitants

true True Any Every value

false False Empty O

nil Nil Bool {true, false}

i (with i € Integer) i Int Integer

¢’ (with ce Char) ¢’ i1==i2  {i € Integer | i1 <i < i}

where Integer represents integers (-==iz) {i € Integer | i <ia}
written in decimal, (i1--) {i € Integer | i1 < i}

and Char represents characters. Char Char

Figure 9.1: Built-in constants and types

Function types can be constructed with the arrow type constructor S -> T,
pair types with the product type constructor (T1,T2), and record types with the
constructor { fields ..} (for open records) and { fields } (for closed records).
We can also use the union |, the intersection &, the difference \, and the negation

~

type TotalPredicate = Any -> Bool

type Coord = (Int, Int)

(* ’subtitle’ field is optional, other fields are required x*)

type Book = { id=Int, title=String, author=String, subtitle=?String ..}
type Falsy = False | "" | @ | Null

type Truthy = ~Falsy

In the code above, TotalPredicate, Coord, Falsy and Truthy are type aliases.
Identifiers for type variables start with a ’ (for instance, ’a, ’b, ’typ, etc.).
There is no syntactic distinction between monomorphic and polymorphic type vari-
ables: whether a type variable can be instantiated or not depends on the context.
In particular, type variables appearing in the type of a top-level definition are poly-
morphic.
Recursive and parametric types are supported, allowing to encode lists:

type MylList ’a = Nil | (’a, MyList ’a)
type IntList = MylList Int (% Instantiation of a parametric type *)

Lists are encoded as chains of pairs ending with the constant nil, as defined by
the type MyList above. A built-in syntax for the types of lists is available. This
syntax allows expressing lists whose elements follow a regular expression, as defined
in Figure 9.2.

For instance, the type [Int ; Bool* ; Int] is inhabited by lists starting with
an integer, followed by any number of Boolean values, and finishing with an integer.
This type is equivalent to the type Pattern defined below:

type Chain ’a ’b = ’b | (’a, Chain ’a ’b)
type Pattern = (Int, Chain Bool (Int, Nil))
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Regular expr r

Meaning

Type Inhabitants

List Lists r
[r] Lists satisfying r rilr
[1] Same as Nil T
String Same as [Charx] "
"abc" Sameas [’a’;’b’;’c’] ::

Element of type T
Union
Concatenation
Zero or more times
One or more times
Zero or one times

Figure 9.2: Built-in types for lists, regular expressions, and strings

Any regular expression can be encoded similarly.

In the rest of this chapter, we will use the syntax of our prototype for writing
types, instead of the formal syntax. In particular, the type 1 will be noted Any, the

product t1 x t9 will be noted (T1, T2), etc.

9.1.1.2 Programs and expressions

In addition to atom declarations and type definitions, a program can contain top-
level let definitions. The syntax for expressions is close to the OCaml syntax, with

the addition of type-cases (if . is. then.else.).

For instance, the example from the introduction can be written as follows (the
types inferred for these functions, and more, are detailed in Section 9.2):

atom null
type Falsy = False | "" | @ | Null
type Truthy = ~Falsy

let toBoolean =

fun x -> if x is Truthy then true else false
let 10r (x,y) =
if toBoolean x (* is True (implicit) )

then x else y

let id x = 10r (x,x)

Here is another example with operations on records:

let add_f_field r =
if r is {f=Int ..} then r else {r with f=0}

let remove_f_field r = r\f

let test =
((add_f_field { }).f, (add_f_field { f=42 }).f)
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An expression can also contain let-bindings. These let-bindings fully benefit
from occurrence typing, allowing the example below to be typed (’a & Truthy ->
’a & Truthy) & (Falsy -> False):

let test x =
let y = toBoolean x in

if y is True then x else false

However, let-bindings in expressions are not generalized as generalization only hap-
pens at top-level (cf. Section 4.1.2). Consequently, without type annotations, the
definition test below is typed (Bool, Bool)!:

let test =
let id x = x in
(id true, id false)

while this one is typed (True, False):

let id x = x
let test = (id true, id false)

Our language also features pattern-matching. Internally, pattern-matching is
transformed into let-bindings and type-cases, as detailed in Section 7.5. The syntax
of patterns is detailed in Figure 9.3.

Pattern p  Meaning

:T Match values of type T'

x Capture matched value into variable x

r=c Assign constant ¢ to variable x (match anything)
(p, P Destruct a pair and pattern-match its components

{ 1=p } Destruct a record of exactly one field 1 and pattern-match it
{ 1=p ..} Destruct a record containing a field 1 and pattern-match it
p&Dp Conjunction of patterns

plop Disjunction of patterns

Figure 9.3: Syntax for patterns

The example below uses pattern-matching to implement the hd function that
takes a list and returns its first element or nil if the list is empty. The first pattern,
:Nil, only matches empty lists (i.e., the constant nil). The second pattern, (h,
_) & :List, matches lists that are non-empty (:List matches lists, and among

'Even though it would be possible to infer the type (True, False) for test by first inferring the
overloaded type (True -> True) & (False -> False) for the local definition id, it would require user
annotations: the reconstruction algorithm by itself only infers an overloaded type for a function
when it is suggested by its body (and not by its future applications). This will be discussed in
Section 9.1.1.5.
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them (h, _) can only match non-empty ones) and captures its first element into
the variable h.

let hd 1 =
match 1 with
| :Nil -> nil
| ¢(h, _) & :List -> h
end

9.1.1.3 Recursive functions

The source language presented in Chapter 3 does not include recursive functions,
since from a theoretical viewpoint they are useless: Milner (1978, page 356) justifies
the addition of a “fix z.€” expression by the fact that their system cannot type Curry’s
fixpoint combinator, but our system can. For instance, here is an implementation
of Curry’s fixpoint combinator (for a call-by-value language):

let fixpoint = fun f ->
let delta = fun x ->
f ( fun v -> ( x x v ))
in delta delta

For this function fixpoint, our prototype infers the following type:
(Ca->"’b) > (Ca->"'b) & ’c) > ("a->"b) & ’c

Though the fixpoint combinator is traditionally given the type ((’a -> ’b) ->
(’a => ’b)) -> ’a -> ’b, our prototype infers a slightly more precise type by
intersecting the co-domain of the argument with ’c.

Using this function fixpoint, we can then implement recursive functions, such
as the factorial fact:

let fact_stub fact n =
if n is @ then 1 else (fact (n-1)) * n

let fact = fixpoint fact_stub

The prototype is able to infer the type ((--1) | (1--) -> Int) & (@ -> 1) for
fact (assuming that the multiplication * has type Int -> Int -> Int). Note that
this type is overloaded: the branch @ -> 1 captures the behavior of the base case
(n = 0), while the branch (--1) | (1--) -> Int captures the recursive case. This
overloading is suggested by the type-case in fact_stub, yielding the following type
for fact_stub:

(Any => 0 -> 1) & ((Int => Int) > (@ -> 1) & ((--1) | (1-=) -> Int))
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Then, the tallying instance generated by the application of the fixpoint combinator
to fact_stub generates several solutions that account for the different branches: in
particular, one solution yields the resulting type (@ -> 1) and another yields the
resulting type ((--1) | (1--) -> Int) 2. We will see more examples of recursive
functions in Section 9.2. Each time the same behavior occurs: recursive functions
are typed with an overloaded type that distinguishes the different cases of the body.

Although we do not strictly need recursive functions in the source language, from
a practical viewpoint the use of let rec definitions instead of a fixpoint combinator
is not only more convenient, but it may also improve the speed of reconstruction.
Thus, we implemented the classic let rec definitions:

let rec fact n =
if n is @ then 1 else (fact (n-1)) * n

This code is transformed by the prototype into the version that uses the fixpoint
combinator, with some additional type annotations to take the arity of the function
into account for improved performance, as we will see in Section 9.1.1.4. The typing
of recursive functions is thus composed of two phases: first, a type is inferred for the
stub function generated, and secondly, the type of the application fixpoint stub
is computed. As we will see in Section 9.2, the second step is usually significantly
slower than the first, as it requires solving a tallying instance that may involve many
type variables.

9.1.1.4 User type annotations

Type annotations, defined in Section 7.2, can be added to help the reconstruction
algorithm or to restrict the domain of a function. For instance, the hd function can
be written as follows, yielding the type [’a*] -> Nil | ’a (instead of ((’a, Any)
-> ’a) & ([ 1 -> [ 1) without type annotation):

let hd (l:[’ax*]) =
match 1 with
| :Nil -> nil
| ¢(h, _) ->h
end

w,

For a given parameter, multiple types can be specified using a ““;” as separator.
Each type is then considered separately, yielding the overloaded type ([’a+] -> ’a)
& ([ 1 -> Nil) for the function hd below:

let hd (1:[’a+1;[]1) =
match 1 with

2The tallying instance at issue is (("a -> ’b) -> (a -> ’b) & ’c) -> (’a -> ’'b) & 'c < (Any
-> 0 ->1) & ((Int => Int) -> (@ -> 1) & ((--1) | (1-=) => Int)) -> ’d. The substitution
{’a~0; 'b~1; 'c~ Any; ’d~> 0@ -> 1} is a solution that yields the resulting type @ -> 1,
and the substitution {"a ~» Int; b~ Int; 'c ~» Any; ’d ~» Int -> Int} is another solution that
yields the resulting type Int -> Int.




9.1. Presentation of the prototype 191

| :Nil -> nil
| ¢(h, ) ->h
end

For recursive functions, it is also possible to annotate the type of the result:

let rec fact (n:Int) : Int =
if n is 0 then 1 else (fact (n-1)) * n

This type information is forwarded to the stub function generated when encoding
the recursive function as a fixpoint. In our case, the first parameter of fact_stub
will be annotated with Int -> Int. Note that annotating the type of the result
is only possible for recursive functions (since it only impacts the type of the first
parameter of the stub function), and that the final type inferred (after applying the
fixpoint) may have a different codomain. For instance, in the special case where
the function is indicated as being recursive but never calls itself, then writing an
annotation for the result type has no impact. This is illustrated by the following
definition, for which the type ’a -> ’a is inferred:

let rec id x : Int = x

Type variables used in user type annotations are not substituted by the recon-
struction algorithm. If we want to specify an initial type for a parameter but still
allow its type variables to be substituted during the reconstruction process, we can
use type variable identifiers starting with ’_. For instance, a parameter annotated
with ’_a -> ’_b is initially given the type ’_a -> ’_b (instead of a single fresh
type variable), but the reconstruction algorithm is still allowed to substitute ’_a
and ’ _b during the reconstruction of the body. This kind of constraint can be used
to reduce the search space when we already know the shape of a parameter, thus

’

improving performance. For instance, the recursive fact function can be encoded
more efficiently with the following code:

let fact_stub (fact:’_a -> ’_b) n =
if n is @ then 1 else (fact (n-1)) * n

let fact = fixpoint fact_stub

As we can see, the parameter fact of fact_stub is annotated with _a -> ’_b as
we know that this must be a function of arity at least one. If fact_stub had an
additional parameter, then the parameter fact would be annotated with ’_a ->
’_b -> ’_c. While this annotation may seem trivial, it actually constrains the type
of the parameter fact to be a single arrow (and, in particular, not an intersection of
arrows), which can sometimes greatly reduce the search space and improve perfor-
mance. While this does not make any difference on this simple function fact_stub
(as fact is only called once on an argument of type Int, the reconstruction never
tries to give its parameter fact an overloaded function type), we will see in Sec-
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tion 9.2 another example of recursive function, flatten, whose inference is about 4
times faster with this simple annotation.

Lastly, type annotations can be provided for top-level definitions. These type
annotations are ignored when typing the body of the definition, but are compared
afterwards with the type inferred for the definition: if the inferred type is smaller
than the annotated type (by the <t order, cf. Definition 78), then the type-checking
is successful, and the type used for the top-level definition is the annotated one.
Otherwise, the type-checking fails. As an example, consider the two following top-
level definitions:

let a : Int -> Int = fun x -> X

let b : Bool = fun x -> x

The top-level definition a type-checks, yielding the type Int -> Int, while the top-
level definition b does not type-check (“the type inferred is not a subtype of the type
specified”). This can be useful if the user wants to check that a top-level definition
has a given type, or wants to propose a simpler type for this top-level definition.

9.1.1.5 Generalizing let-bindings

Our type system only generalizes top-level definitions (cf. Chapter 4). While this is
not an issue from the perspective of the declarative and algorithmic type system, as
intersection types can be used locally in place of parametric polymorphism, it does
have an impact on the reconstruction algorithm.

For instance, consider the following definition:

let test_no_gen x y =
let pack u v = (u,v) in

(pack x y, pack y x)

’

The type inferred for pack is
a top-level definition, the type variables ’a and ’b are not generalized: they stay
monomorphic during the typing of the body of test_no_gen. Consequently, in order

a -> ’b -> (’a,’b). However, as it is not

for both applications pack x y and pack y x to be typeable, the reconstruction
algorithm infers that x must be of type ’a and of type ’b, and similarly that y must
be of type ’b and of type ’a. After some simplifications, our prototype yields the
following type for test_no_gen: ’a -> ’a -> ((’a,’a),(’a,’a)).

While this type is correct, it could be more general: the parameters x and
y do not need to have the same type, and pack could be typed ’a -> ’b ->
(Ca,’b),(’b,’a)). Indeed, this is the type we obtain if we move pack at top-
level:

let pack u v = (u,v)
let test_toplevel x y =
(pack x y, pack y x)
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By doing so, the type of pack is generalized before reconstructing the annotations for
the two applications pack x y and pack y x, and thus the reconstruction algorithm
is able to type these two applications independently, using different instantiations.

In order to infer the more general type while still allowing the user to define
pack inside test_no_gen, a new let gen keyword has been introduced:

let test_gen x y =
let gen pack u v = (u,v) in

(pack x y, pack y x)

Let-definitions that use the gen keyword are moved at top-level so that they can
be generalized. They receive variables in their closure as extra parameters. For
instance, the code above is transformed into the following top-level definitions:

let pack x y u v (u,v)
let test_gen x y =

(pack x y x vy, pack x y y x)

Although this transformation is advantageous in some cases, as it allows gen-
eralizing intermediate let definitions, it comes with a counterpart: the correlation
between occurrences of a subexpression inside the let gen definition and those out-
side is lost, making occurrence typing inoperative on those occurrences. Indeed,
by moving a let-definition at top-level, the subexpressions that it had in common
with the rest of the initial expression no longer share the same bindings, but in-
stead are bound to other bindings in a different top-level definition. As an example,
consider the following definition test_no_occ_typ (where the syntax <T> is used to
“magically” construct an expression of type T):

let f = <Any -> Any> (* "magic" expression of type Any -> Any x)
let test_no_occ_typ x =

let gen gy = if f x is Int then x else y in

if f x is Int then g false else g x

In the definition test_no_occ_typ, the occurrence of f x inside the definition of g
and the one after will be bound to two independent bindings in two distinct top-level
definitions. As a result, it cannot be deduced that, during the call g false in the
first branch of the type-case, only the first branch of the type-case in g can be taken.
In the end, the type inferred for test_no_occ_typ is ’a -> False | ’a, while it
would be ’a -> ’a without the gen keyword.

This choice between generalization and occurrence typing is not a limitation of
the algorithmic type system, as intersections can be used in place of parametric
polymorphism for local definitions. However, the reconstruction algorithm is not
complete and cannot systematically infer the necessary intersections. In particular,
in the absence of user type annotations, it does not try to type a A-abstraction
with an intersection type if it is not suggested by its own body. Consequently, later
applications of this A-abstraction in the same top-level definition may result in a
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unification of the types of the arguments on which this A-abstraction is applied.
This can be solved by adding user type annotations to force the inference of an
overloaded type for a A-abstraction even when it is not suggested by its body:

let test_inter x y =
let pack (u:’a;’b) (v:’a;’b) = (u,v) in
(pack x y, pack y x)

The let gen construct is an alternative solution, relying on parametric polymor-
phism rather than intersections. This solution may lead to simpler types (because
no intersection is used) and thus better performance, but is incompatible with oc-
currence typing.

9.1.2 Architecture of the implementation

The prototype is implemented in OCaml (about 4600 lines of code). It uses the
implementation of set-theoretic types of the CDuce library. Note that it does not
feature an interpreter (the code can be typed but cannot be executed). An online
version can be tested at the following address: https://www.cduce.org/dynlang/,
and the source code is available on Zenodo: Castagna et al. (2024b). The online
version of the prototype is compiled using Js_of_ocaml and is about 8 times slower
than the native version.
The global structure of the source code is as follows:

webeditor/ This directory contains code for the interface of the online version.
It consists in an integration of the type-checker, compiled from the OCaml
sources to JavaScript using Js_of_ocaml, into the Monaco Editor (Microsoft).

src/ Contains the OCaml code for the parser and type-checker.

src/main/ Contains the code for the command line interface (for the native ver-
sion), as well as the code for the JavaScript wrappers (for the online version).
These wrappers allow calling the type-checker from JavaScript code.

src/parsing/ Contains the lexer, parser and the Abstract Syntaz Tree (AST) of
the source language.

src/system/ Contains the AST for MSC forms and the implementation of the
algorithmic type system and reconstruction algorithm. The main ideas and
algorithms presented in this manuscript are implemented in this directory.

src/types/ Wrapper around the CDuce library that provides the operations on
types (subtyping, DNF, tallying, etc.) and implements some auxiliary func-
tions over types (simplification, etc.). One difference with the interface of the
CDuce library is that, in the interface of our wrapper, there are two kinds of
type variables (monomorphic and polymorphic), while in CDuce this distinc-
tion is not at the level of type variables but at the level of type operators
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(type operators that manipulate type variables take an additional parameter
specifying which type variables should be considered as monomorphic).

src/utils/ Some straightforward utility modules and functions.

In order to clarify the contributions of this prototype, here is a summary of what
comes from the CDuce library, and what is implemented in the prototype:

Provided by CDuce Representation of set-theoretic types using Binary Decision
Diagrams (BDD) with support for records and type variables, subtyping, ex-
traction of the DNF, type operators (71, 7a, o, etc.), substitutions, tallying,
pretty-printing of types.

Implemented in this prototype Parser for the source language, conversion to
MSC form, algorithmic type system and reconstruction algorithm (with the
extensions of Chapter 7 and the optimizations of Chapter 8). It also im-
plements some specific auxiliary operators on types, such as a simplification
function for function types.

The implementation of the prototype aims to be as close to the formalization as
possible. For instance, here is an excerpt implementing the rules for type-cases of
the reconstruction system:

| Ite (v, tau, _, _), InferA ->
if memvar v then (% not [CaseVar] *)
let t = vartype v in
if subtype t empty then Ok TypA (* [CaseEmpty] =)
else if subtype t tau (% [CaseThen] )
then
let psi = tallying_infer [(t, empty)] in
(x Simplifications of Chapter 8 )
let psi = simplify_tallying_infer env empty psi in
if List.exists Subst.is_identity psi
then Ok TypA
else (* Conclusion of [CaseThen] *)
needsubst psi TypA ThenVarA
(* Other rules x*)

9.2 Results and performance

9.2.1 Type inference

In this section, we discuss the type inferred by our prototype on several examples.
Types inferred are written in comments, above each top-level definition. The time
taken for inferring the type of each example will be detailed in Section 9.2.2.
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type Falsy = False | "" | 0@
type Truthy = ~Falsy

(* (Truthy -> True) & (Falsy -> False) )
let toBoolean x =

if x is Truthy then true else false

(x ((’a \ Falsy, Any) -> ’a \ Falsy) & ((Falsy,’b) -> ’b) x*)
let 10r (x,y) =

if toBoolean x then x else y

(x ’a =-> ’a %)
let id x = 10r (x,x)

The code above features the examples used in the introduction. Note that the
type inferred for id is the simple polymorphic type ’a -> ’a: though the recon-
struction algorithm generates two branches ’a & Falsy -> ’a & Falsy and ’a &
Truthy -> ’a & Truthy, the prototype simplifies the resulting overloaded type into
a => ’a.

(x (Nil -> "Nil") &

([Char+] -> "String") &

(Char -> "Char") &

(Int -> "Number") &

(Bool -> "Boolean") &

(Any \ String \ Char \ Int \ Bool -> "Object") x)
let typeof x =

match x with
| :Nil -> "Nil”
| :String -> "String”
| :Char -> "Char”
| :Int -> "Number”
| :Bool -> "Boolean"”
| :Any -> "Object”

end

This code implements a typeof function, inspired by JavaScript, that returns a
string describing the type of the argument. One interesting thing to note here is the
type of the second branch: [Char+] -> "String”. While we could expect it to be
String -> "String", this would actually be incorrect because of our encoding of
strings: the empty string "" is encoded by the constant nil, and thus it takes the
first branch of the pattern-matching, yielding the result "Nil".

type Expr = ("const”, Int) | ("add"”, (Expr, Expr)) | ("uminus”, Expr)
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(x (("const”, ’a) -> ’a) & (Expr -> Int) *)
let rec eval e =
match e with
| (:"add”, (el, e2)) -> (eval el) + (eval e2)

| (:"uminus”, e) -> @ - (eval e)
| (:"const"”, x) -> x
end

The eval function implements the evaluation of a very basic AST for arithmetic
expressions. The type of the AST, Expr, is defined beforehand, but only to improve
the readability of the pretty printing: without this definition, the type inferred for
eval would be equivalent, though written in a less readable way.

The branch ("const”, ’a) -> ’a captures the fact that if our arithmetic ex-
pression is only composed of a constant (with no arithmetic operation performed on
it), then this constant does not even need to be an integer as it is directly returned.
While this branch is correct for this implementation of eval, we might want to forbid
this case, which can be done either by making the last case of the pattern-matching
more restrictive, or by adding a type annotation on the parameter e as follows:

(* Expr -> Int *)
let rec eval_ann (e:Expr) =
match e with

| (:"add”, (el, e2)) -> (eval_ann el) + (eval_ann e2)

| (:"uminus”, e) -> @ - (eval_ann e)
| (:"const”, x) -> x
end

The traditional map function can be implemented as follows:

(k ((’a -> ’b) -> ([’al -> [’b]) & ([’a+] -> [’b+1) & (L 1 ->[ 1)) &
(Any -=> [ 1 ->[ 1) %)
let rec map f 1 =
match 1 with
| :Nil -> nil
| (e, 1) & :List -> ((f e), map f 1)
end

Again, the type inferred is overloaded. It subsumes the usual type inferred by
Hindley-Milner type systems, stating that an application of map yields a function
that maps lists of a’s into lists of 8’s. In particular, our type captures the specific
case where map receives an empty list as second argument (in which case the first
argument can be of any type, and it returns an empty list), as well as the case where
it receives a singleton list as second argument (in which case it returns a singleton
list).

This example can be used to illustrate the lack of principal types. Indeed, the
two specific cases specified above can be generalized: for any natural number n, if
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map receives as second argument a list of length n, then it returns a list of length n.
Each of these behaviors can be captured by a type (for instance, the type (’a -> ’b)
-> [’a;’al -> [’b;’b] for n = 2), and each of these types can be checked by the
algorithmic type system (provided that the function map is annotated accordingly).
Unfortunately, it is not possible to capture all these behaviors in a single type, as
it would require an infinite intersection (which is not allowed, as it would make
subtyping undecidable).
A type annotation can be added in order to infer a simpler type for map:

(x (a =>’b) -> [ ’ax 1 -> [ ’b*x 1 %)
let rec map_ann f (l:[’ax*x]) =

match 1 with

| :Nil -> nil

| (e,1) -> ((f e), map_ann f 1)

end

Note that we do not need to annotate the type of every parameter: here, we just
annotated 1. Still, this annotation has consequences on the whole reconstruction:
in particular, the case where f has type Any is not typeable anymore.

The following code is an example of a common programming pattern that be-
comes typeable thanks to the expressivity of set-theoretic types combined with oc-
currence typing:

(x (b => Any \ True) & (’a -> Any) -> [(’a | ’b)*] -> [(’a \ ’h)x] %)
let rec filter_ann (f: (’a->Any) & (b -> ~True)) (1:[(’al|’b)*]) =
match 1 with
| :Nil -> nil
| (e,1) ->
if f e is True
then (e, filter_ann f 1)
else filter_ann f 1

end

(x (Nil -> False) & (Any \ Nil -> True) x)

let not_nil x = if x is Nil then false else true

Ce QT | 3 1 42)*1 *)
let filtered_list = filter_ann not_nil [1;3;nil;42]

¢+ (L Intx 1 -> Int) & (L 1 -> @) *)
let rec sum 1 =

match 1 with

| :Nil -> 0

| (n,tl) -> n + (sum tl)

end
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(x Int %)
let test = sum filtered_list

First, a filter_ann function is defined, taking as first parameter a characteristic
function for the set *a | ’b whose type precises that the elements in ’b do not satisfy
the predicate, and as second parameter a list of a | ’b elements. Our prototype
is able to infer that the result is a list of elements in a \ ’b. This is only possible
thanks to occurrence typing: for deriving this type, the type-checker has to deduce
that when f e is True, then e has type a \ ’b.

This filter_ann function is then used to remove nil values in a list whose
elements are either integers or nil values. The resulting type captures the fact that
the list does not contain nil values anymore. This allows applying the function sum
on this new filtered list.

Note that this precise typing of the filter_ann function requires type an-
notations. By removing type annotations from the parameters of the definition
filter_ann, then the reconstruction does not terminate after a minute. An inter-
mediate case is when only the second parameter 1 is annotated:

(+ ((’b => Any) -> [’bx1 -> [’bx1) &
((’a -> Any \ True) -> [’a*x] -> [ 1) *)
let rec filter f (l:[’a%*]) =
match 1 with
| :Nil -> nil
[ (e,1) ->
if f e is True
then (e, filter f 1)
else filter f 1

end

This type annotation may seem trivial, but actually it significantly reduces the
search space as the prototype does not explore additional specific cases for 1 (when
1 is the empty list [ ], when it is a singleton list [’al, etc.).

The type inferred for filter is less precise than the one we get for filter_ann,
but it is still more precise than the traditional type (’a -> Bool) -> [’a*] ->
[’ax*]. In particular, the branch (’a -> Any \ True) -> [’ax] -> [ ] captures the
fact that if the characteristic function is never true for elements in ’a, then filtering
a list of ’a elements yields an empty list.

The last example is an implementation of a deep flatten:

(x (L1 ->"'e ->’e) & ([’c] -> ’d -> (’c,’d)) & ([’a+] -> ’b -> (’a,T))
where T = (’a,T) | ’b %)
let rec concat x y =
match x with
| :Nil ->y
| (h, t) -> (h, concat t y)
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end
(x [’a*x] -> [’b*x] -> [’a*x ; ’bx] *)

let concat : [’a*x] -> [’b*x] -> [’a* ; ’b*] = concat

type Tree ’a = (’a \ List) | [(Tree ’a)x*]

(x (Tree ’a -> [(’a \ List)*]) & (’b \ List -> [’b \ List]) =)
let rec flatten x =

match x with

| :Nil -> nil

| ¢(h, t) & :List -> concat (flatten h) (flatten t)

| - -> [x]

end
(x Tree ’a -> [’a*x] *)

let flatten : Tree ’a -> [’a*x] = flatten

(x [(1--7)*] %)
let flatten_test = flatten [[1;[2];3];4;[5;6;[1;C7111]

This code first defines a concat function. The type inferred for it is overloaded,
separating the cases where the first argument is an empty list, a singleton list, and
a non-empty list. Another interesting thing to note is that it does not require the
second argument to be a list: indeed, the second argument could be anything as it is
never inspected. While this type is correct, we might prefer for concat the simpler
and more readable type [’ax] -> [’bx] -> [’a* ; ’bx]. This is the purpose of
the second top-level definition that explicitly specify this type using a top-level type
annotation.

Then, the flatten function transforms arbitrary nested lists into the list of their
elements. Greenberg (2019) considers this function to be the ultimate test for any
type system: as he explains, this simple polymorphic function defies all type systems
since of all existing languages, none can reconstruct a type for it and only a couple
of languages can check its explicitly typed version: CDuce and Haskell (the latter
by resorting to complex metaprogramming constructions). Our system reconstructs
a precise type for flatten as shown by the first arrow in its intersection type, which
states that flatten is a function that takes a tree (i.e., either a list of elements that
are trees, or a value different from a list) and returns the list of elements of the
tree that are not lists; the other arrow of the intersection states that when flatten
is applied to an element different from a list, then it returns the list containing only
that element.

Note that the type of flatten is reconstructed without needing any type anno-
tation. However, for readability reasons, we have rewritten the inferred type: the
type actually printed by the prototype does not feature any reference to Tree ’a,
but instead redefines it: the problem of recognizing patterns of previously-defined
type aliases for the pretty-printing is hard, and our prototype delegates this task to

’
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Naive | Pruning | Caching | P + C
typeof 817 38 227 30
eval > 100 000 836 466 325
eval_ann 130 135 42 49
map > 100 000 214 196 112
map_ann 93 62 32 30
filter 494 424 198 205
filter_ann 64 77 22 22
filtered_list 11 9 5 5
concat 522 185 112 101
concat_ann 39 50 20 19
flatten 2 006 499 338 259
flatten_ann 112 113 40 47
flatten_test 16 16 8 9
bal 21 560 19 678 2263 | 2174

Figure 9.4: Time taken for the reconstruction (in milliseconds)

the CDuce library.

The type of flatten is then changed for a simpler one (the second branch is
cut) using top-level type annotations, and it is tested on a tree whose leaves are
the integers from 1 to 7. As expected, the prototype gives to the result the type
LA-=7)*].

This example also illustrates the necessity to keep types simple. This is done
here using top-level type annotations, though it could also be achieved using type
annotations for the parameters of concat and flatten. If we keep the more complex
overloaded type inferred by the prototype for concat, then it becomes unable to infer
the type of flatten in a reasonable time (unless it is annotated): this is because it
tries to explore even more cases when reconstructing the type of concat (flatten
h) (flatten t). This limitation will be discussed in Chapter 10.

9.2.2 Performance

Our prototype focuses on proximity with the formalization, rather than on per-
formance: we used it mainly to explore and test our system, which is why it is
implemented in a purely functional style with persistent data structures. Nonethe-
less, the optimizations presented in Chapter 8 have been implemented in order to
mitigate the cost of backtracking and branching. This section aims to evaluate
performance of the prototype and the impact of these optimizations.

Figure 9.4 regroups the times taken to reconstruct the types of the definitions
of the previous section, and for an additional longer definition bal available at the
end of this section. Times are written in milliseconds and correspond to the native
version of the prototype.
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The first column lists some definitions of the previous section (suffixed with
_ann when parameters have been explicitly annotated with their types). The sec-
ond column contains the time taken for type checking each definition, in a version
of the prototype where caching and intersection nodes pruning have been disabled
(cf. Chapter 8). Note that the type simplification heuristics and type decomposi-
tions pruning are still effective (these are lightweight optimizations that we do not
measure in this section). The third column contains times for an implementation
with pruning enabled and caching disabled, the fourth column contains times for
an implementation with caching enabled and pruning disabled, and the last column
contains times for the actual prototype with both pruning and caching enabled.

The first definition, typeof, illustrates the efficiency of pruning. This example
only contains constants and type-cases (resulting from the encoding of pattern-
matching). Without pruning, for each possible combination of branch selection of
the type-cases, the corresponding type for the parameter x is explored: Any, Any
\ Nil, Any \ String, ..., Any \ Nil \ String, ... This high number of branches
implies a lot of redundancy (some atoms are typed many times under equivalent
contexts), which can be partially mitigated by implementing caching. However, the
smallest reconstruction time is obtained with pruning: instead of exploring all the
types listed above for x, the most specific cases are explored first (Nil, String \
Nil, Char, Int, Bool, Any \ String \ Char \ Int \ Bool) and the other cases
are trimmed as they do not cover new domains. In addition to a faster typing, this
results in a simpler type. Without pruning, the type inferred is a huge intersection of
arrow types, featuring one arrow type per combination of type-case branch selection.
This huge intersection can be reduced using type simplification heuristics, but this
takes time and may still yield a less readable type. Indeed, the type inferred for
typeof when the pruning is disabled is the following:

(Bool | Char | Nil -> "Boolean” | "Char” | "Nil") &

(Any \ (Bool | Char | [Char+]) -> "Nil"” | "Number” | "Object") &
(Any \ (Bool | Char | [Char+]) -> "Nil"” | "Number” | "Object"”) &
(Any \ (Bool | Int | [ 1) -> "Char" | "Object” | "String") &
(Bool | Int | [Char+] -> "Boolean” | "Number"” | "String")

While we can check that this type is equivalent to the more intuitive type (Nil ->
"Nil") & ([Char+] -> "String”) & ..., it is far less readable as the domain of
the branches are not disjoint.

The second definition, eval, cumulates type-cases with more complex atoms
(projections, applications). As eval is a recursive function, it is transformed into
a stub function that takes a function as first parameter (intuitively, itself), before
applying the fixpoint combinator. Without pruning nor caching, the reconstruction
of the stub function generates too many intersection branches for it to be typed
in a reasonable time (the execution has been stopped after 100 seconds). Surpris-
ingly, adding caching only (without pruning) is enough to drastically reduce the
reconstruction time below a second. In addition to avoiding redundancy by not
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reconstructing and/or retyping atoms under equivalent contexts, using caching has
another emerging consequence: it reduces the number of intersection branches gen-
erated by the reconstruction algorithm. Indeed, by reusing previous reconstruction
results and types as much as possible, it reduces the number of different type vari-
ables and different substitutions generated by the reconstruction algorithm. In other
words, it makes similar branches to generate similar results, which reduces the com-
plexity of types and the number of different type variables overall. Pruning can
also be used to avoid the combinatorial explosion, though it implies more overhead
than caching. While caching passively reduces the number of intersection branches
generated by increasing the sharing of type variables, pruning actively tries to trim
redundant branches. In this case, these two optimizations are complementary: the
best inference time is obtained by combining them.

The same observations can be made for the other non-annotated recursive func-
tions: map, filter, concat, and flatten. Though concat can be typed in less
than a second even without pruning nor caching, it can be worth annotating it in
order to obtain a simpler, not overloaded type. Indeed, if we keep in the context
the overloaded type inferred for concat, our prototype fails to infer a type for the
non-annotated version of flatten in a reasonable time (the fixpoint application
timeouts because the type of the stub has too many branches and type variables).
This illustrates that user type annotations are not only useful for speeding up the
type inference, but also for ensuring that types remain as simple as possible.

The annotated versions of the recursive functions are a lot faster to type-check:
even the implementation without pruning nor caching types them in less than 150ms.
For those annotated versions, adding pruning does not improve performance: as the
parameters are annotated with their types, the main reconstruction algorithm does
not generate any new intersection node. Similarly, definitions that do not feature
lambda-abstractions, such as filtered_list and flatten_test, are fast to type-
check as there is no parameter type to infer.

Lastly, the bal definition, whose code is written below, is a longer example
combining several pattern-matching expressions and type-cases (6 different pattern
matches and 4 type-cases). This function is adapted from the bal(ance) function
used in the module Map of the OCaml standard library (OCaml, 2023). For each
type-case and pattern to match, the reconstruction algorithm decomposes the type
of the associated binding variable. These type decompositions compose, yielding
a wide annotation tree: the implementation without caching takes about 20 sec-
onds to reconstruct it. In contrast to the previous examples, this one illustrates a
combinatorial explosion due to type decompositions (because of the type-cases and
pattern matches), while for the previous examples it was mostly due to intersection
nodes (because of the inference of the types of the parameters). This is the reason
why our prototype shows poor performance for this example even in the presence of
type annotations. The caching system has a huge impact on performance, dividing
the type-checking time by almost 10. This is quite expected, as caching partially
mitigates the negative impact of type decompositions: though a type decomposi-
tion duplicates a whole subtree of the annotation tree, thus causing redundancy as
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the same atom must now be typed in several branches, a significant part of this
redundancy can be removed with memoization.

(* <T> is a "magic"” expression of type T *)
let (>=) = <Int -> Int -> Bool>

let (») = <Int -> Int -> Bool>

let invalid_arg = <String -> Empty>

atom key

type T ’a =
Nil | (T ’a, Key, ’a, T ’a, Int)

let height x =
match x with
| :Nil -> 0o
| (_,_,_,_,h) ->h

end

let create 1 x d r =
let hl = height 1 in
let hr height r in
(1, x, d, r, (if hl >= hr then hl + 1 else hr + 1))

let bal (1:T ’a) (x: Key) (d:’a) (r:T ’a) =
let hl = match 1 with :Nil -> @ | (_,_,_,_,h) -> h end in
let hr = match r with :Nil -> @ | (_,_,_,_,h) -> h end in
if hl > (hr + 2) then
match 1 with
| :Nil -> invalid_arg "Map.bal"”
| (11, 1lv, 1d, 1lr, _) ->
if (height 11) >= (height 1r) then
create 11 1lv 1d (create 1r x d r)
else
match 1r with
| :Nil -> invalid_arg "Map.bal”
| (1rl, 1lrv, 1rd, 1lrr, _)->
create (create 11 1lv 1d 1rl) 1lrv 1lrd (create lrr x d r)
end
end
else if hr > (hl + 2) then
match r with
| :Nil -> invalid_arg "Map.bal”

| (rl, rv, rd, rr, _) ->
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if (height rr) >= (height rl) then
create (create 1 x d rl) rv rd rr

else
match rl with
| :Nil -> invalid_arg "Map.bal"”
| (rll, rlv, rld, rlr, _) ->

create (create 1 x d rll) rlv rld (create rlr rv rd rr)
end
end
else (1, x, d, r, (if hl >= hr then hl + 1 else hr + 1))

let bal : T ’a -> Key -> ’a -> T ’a ->T ’a = bal

Conclusion While the simple optimizations seen in Chapter 8 significantly im-
prove performance, they are still far from what would be considered acceptable for
real applications. To be used in mainstream languages, the type system has to be
adapted and restricted to ensure better and uniform performance. To this purpose,
once the type of a function has been inferred, its parameters should be annotated
accordingly so that the whole type inference does not need to run again on this
function. This way, although it may take some time to type-check a function for the
first time as the types of its parameters need to be inferred, subsequent calls to the
type-checker should be faster. This could be further coupled with slicing to limit
the combinatorial explosion that may be caused by the type decompositions in large
functions such as bal: our reconstruction could be applied to very delimited regions
that would limit the possibility of backtracking. Pieces of code that are estimated
to be independent of the rest (in terms of occurrence typing) could be enclosed in
blocks that contain their own copies of bindings, and so type decompositions would
not escape those blocks and thus would not compose with type decompositions of
other blocks. Additionally, we believe that some more language-oriented optimiza-
tion techniques could be of help. An example is what the development team of Luau
did on the occasion of its recent switch to semantic subtyping (Jeffrey, 2022). The
developers did this switch by implementing a two-phase approach: first, a sound
syntactic system, fast but imprecise, is used to try to prove subtyping, and only if
it fails, the computationally expensive semantic subtyping inference is used (Luau
targets the game developers’ community, which is quite picky on system responsive-
ness). We think not only that such a staged approach could be applied in our case,
but also that the partial results of the first phase could be used to improve per-
formance of the later phases. These techniques are language-dependent, and quite
different from the algorithmic aspects developed here, though they will completely
rely on it.
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This manuscript describes an approach for typing dynamic languages using ex-
pressive types, featuring ad hoc polymorphism, parametric polymorphism, and oc-
currence typing. This implies, however, that type inference cannot be complete (in
particular due to the lack of principality). This contrasts with other approaches,
such as MLstruct (Parreaux and Chau, 2022), that favors a decidable inference with
principal typing, at the cost of expressivity.

This choice of expressivity over principality is motivated by idioms of dynamic
languages, such as overloading, and by frequent patterns that require intersection
of arrow types and occurrence typing in order to be typed, such as the filter ex-
ample described in Chapter 9. The price to pay is the absence of principal types
and the complexity of inference. Among the multiple types derivable for an ex-
pression, the user may sometimes have to find a sweet spot between precision and
simplicity and write a type annotation accordingly. These limitations are discussed
in Section 10.1. Section 10.2 explains in more details the different sources of incom-
pleteness of the type reconstruction, and how user type annotations could be used
to retrieve the expressivity of the algorithmic type system. Section 10.3 provides a
comparison between our approach and related work. Finally, Section 10.4 concludes
this manuscript and describes future work that may be necessary in the perspective
of applying this type system to a real programming language.

10.1 Limitations

The system presented in this manuscript has several limitations, which are detailed
in this section.
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Incompleteness. The first limitation that comes in mind is probably the incom-
pleteness of the reconstruction algorithm (Chapter 6), which derives from the lack
of type principality. This has already been discussed in Section 6.5.2, and we saw in
Chapter 9 an example of function for which no principal type exists: the recursive
function map. Incompleteness can be mitigated by adding explicit type annotations
in the language: this will be discussed in Section 10.2.

Performance. The reconstruction algorithm uses backtracking, and at each of its
passes it may try to re-type the same piece of code several times. This is inherent
to the use of unions and intersections: the union-elimination rule repeatedly type-
checks the same expression, using different type hypotheses for a given subexpres-
sion; the intersection-introduction rule verifies that an expression has all the types of
an intersection, by checking each of them separately. Both features are very penal-
izing in terms of performance, and any naive implementation of the reconstruction
algorithm would yield type-inference times that grow exponentially with the size of
the program. Clearly, this is an issue that must be addressed if we want to apply
our system to real-world dynamic languages, and further work is needed to frame
and/or constrain the current system so that its performance becomes acceptable.
Fortunately, the room for improvement is significant: the prototype presented in
Chapter 9 is a proof of concept whose implementation was defined to faithfully
simulate the reconstruction inference rules, rather than to obtain an efficient exe-
cution; but the simple addition of textbook memoization techniques improved its
performance by an order of magnitude (cf. Section 9.2).

Side effects. Another limitation of our system is that it is not sound in the pres-
ence of side effects. Indeed, the union-elimination rule regroups different occurrences
of the same subexpression into the same variable, and decomposes the type of this
variable. This is sound only if all evaluations of these different occurrences return
results whose types are all in the same part of the decomposition. While this is true
for pure expressions, where syntactically equivalent expressions evaluate to the same
value, this can be invalidated by the presence of side effects. From the perspective
of the algorithmic type system, this transpires in the transformation of an initial
expression into its MSC form. As we explain in Section 5.1, these forms are called
“maximal sharing” since all equivalent subexpressions (in the sense stated by Defi-
nition 60) of the initial expression must be bound by the same variable, so that any
refinement of the type of one subexpression (e.g., as a consequence of a type-case)
is passed-through to all equivalent subexpressions. Again, this is sound only if all
evaluations of equivalent subexpressions return results that have the same types.
In the future work section (Section 10.4), we suggest some research directions on
how to modify the equivalence relation of Definition 60 to make our system work
in the presence of side effects. Nevertheless, the work presented here is closer to be
adapted/adaptable to pure functional languages such as Erlang and Elixir, than to
languages such as JavaScript or Python. It may also be worth pointing out that our
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approach works only for strict languages, since it uses a semantic subtyping relation
that is unsound for call-by-name evaluation strategies (Petrucciani et al., 2018).

10.2 Towards completeness

While the reconstruction is not complete, the algorithmic type system has been
proved complete with respect to the declarative one: any program typeable with
the declarative type system can be typed with the algorithmic one, provided that
the right annotation tree is used. Consequently, by giving the user a way to control
the different aspects of the annotation tree, for instance through type annotations
in the language, we could expect any program typeable with the declarative type
system to be typeable with the actual type-checker implementation. We detail here
different aspects of the annotation trees that may need feedback from the user, and
discuss, for each, how it can be integrated in the language.

Types of A-abstraction parameters The user should be able to indicate the
domain of a A-abstraction (or, in the case of an overloaded function, the list of
domains to explore independently). This has already been formalized in Chapter 7
(Section 7.2) and implemented in the prototype.

While the reconstruction algorithm is able, in many cases, to infer a precise type for
a A-abstraction without indications from the user, this is at the cost of performance:
type-checking is significantly slower for A-abstractions with no type annotation (see
Section 9.2). Moreover, the reconstruction algorithm must be combined with some
heuristics in order to improve its performance, in particular the pruning of inter-
section nodes and the simplification of the tallying solutions. These heuristics may
impact the inference of the types of the parameters, and they might be subject to
changes as the language and type-checker evolve.

Consequently, in order to ensure good performance and stability of the typing (that
is, if a program type-checks with a given version of the type-checker, it should
still type-checks with later versions), we believe that function parameters should
be explicitly annotated by their type. Instead of a fully autonomous system, the
reconstruction algorithm could then be used as an interactive tool, integrated into
the development environment, which would suggest domains (or arrow types) to
the programmer for each A-abstraction. The programmer could then simply pick,
among the suggested types, the ones to be turned into type annotations.

Having explicit type annotations also participates into having simpler and more
readable types, as only the domains selected by the programmer are considered.
For instance, the Any -> [ ] -> [ ] branch of the map function (cf. Section 9.2)
probably does not cover any use-case the programmer had in mind when writing this
function. In addition, explicit type annotations allow for better error messages, as
they indicate to the reconstruction algorithm which domain a function is supposed
to cover, and the reconstruction algorithm can then trigger a precise error message
if the body of the function is not typeable for a part of this domain.
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Type decompositions for the different subexpressions In addition to the
type of A-abstraction parameters, the annotation trees for the algorithmic type
system also specify the type decompositions to apply on bind definitions. In the
reconstruction algorithm, these type decompositions are inferred from type-cases
and are then propagated to the different bindings involved.

However, type decompositions are sometimes useful even in the absence of type-case.
For instance, consider the following program:

let test =
let b = bool () in
10r (neg b) b

where bool has type Unit -> Bool, 10r has type (True -> Bool -> True) & (False
-> (True -> True) & (False -> False)), and neg has type (True -> False) &
(False -> True).

Intuitively, test should be typed True, as 10r (neg b) b yields true for any Boolean
value of b. However, in order to derive the type True for test, the type of b must
be decomposed in two parts, True and False. This decomposition is not inferred by
the reconstruction algorithm, as the program does not contain any type-case, and
thus the type Bool is inferred instead of True.

In order to increase the expressivity of our type system, we can give the programmer
the ability to impose a type decomposition on any subexpression. This feature has
been added in the prototype, inferring the type True for the following definition:

let test =
let b = (bool () : True ; False) in
10r (neg b) b

The syntax (bool () : True ; False) means that the type of the subexpression
bool () should be decomposed into True and False.

Here, the decomposition True ; False already covers the type of the expression
bool (), so the reconstruction algorithm only has to split the type of the binding
variable x associated to bool (): when reconstructing the atom corresponding to
(bool () : True ; False), it simply yields a Split({x : True}, typ, typ) result.

However, if the user writes a split annotation (e : T1 ; ... ; Tn) where the
decomposition T1 ; ... ; Tn does not cover the type of e, the reconstruction
algorithm first tries to turn the type of e into a subtype of T1 | ... | Tn using
tally infer(.). This notation (e : T1 ; ... ; Tn) is thus a generalization of type
constraints defined in Section 7.4, that allows the user to express a type constraint
and to force a type decomposition at the same time.

Note that a type decomposition could also be forced just by introducing a (seman-
tically insignificant) type-case, for instance:
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let test =
let b = bool () in
if b is True then 10r (neg b) b else 10r (neg b) b

Instantiations for polymorphic applications When typing an application xj xa,
the algorithmic type system instantiates x; and xo according to two sets of substi-
tutions 1 and Y9 in the annotation tree.

These two sets of substitutions are computed by the reconstruction system using
tallying. Even though the tallying algorithm is complete, the instance may admit
no solution even for valid applications, because it may be necessary to expand the
type of x; and/or xa (see Section 6.5.2).

For instance, the application f id with f:(Int -> Int) & (Bool -> Bool) ->
Any and id:’a -> ’a can only be reconstructed by our system if the type of id is
expanded to (a -> ’a) & (b -> ’b) (in which case the reconstruction system
finds the substitution {’a ~» Int; ’b ~» Bool}). Sometimes, the application can be
typed without performing expansion, but with a resulting type that is less general
than if an expansion was performed. This is the case, for instance, when typing
f x with f:(’a -> ’a) -> (a -> ’a) and x:(Int -> Int) | (Bool -> Bool).
If no expansion is performed, the type reconstructed for this application is Empty
-> Empty, while it could be (Int -> Int) | (Bool -> Bool) by performing one
expansion to the type of f.

Some systems perform expansion automatically based on heuristics, such as
(Castagna et al., 2015, Appendix C.2.3). However, this offers no formal guarantees,
and adds even more complexity to the (already complex) reconstruction algorithm.
Performing an expansion is expensive, as it can make the tallying instance much
longer to solve (the number of substitutions needed to characterize the solutions
may greatly increase as the number of polymorphic type variables increases).

Our solution is to perform an expansion only when it is suggested by an explicit
annotation from the programmer. The programmer can annotate an expression with
an explicit conjunction of types, for instance for the previous example, f could be
annotated with the types (Int -> Int) -> (Int -> Int) and (Bool -> Bool)
-> (Bool -> Bool). The type system then checks that these annotated types are
each (supertype of) an instance of the type of f. Then, it types the application by
considering that f has type ((Int -> Int) -> (Int -> Int)) & ((Bool -> Bool)
-> (Bool -> Bool)). As this type is a conjunction of two different instances of f,
it couldn’t have been inferred by a tallying instance without performing expansion.

This feature has been added to the prototype. Our example can be writ-
ten as follows, where test_expansion does not perform any expansion while
test_expansion_annot performs one expansion on the type of f according to the
user annotation:

let f = < ("a -> ’a) -> ("a -> ’a) >
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let x = < (Int -> Int) | (Bool -> Bool) >
(* Arrow x)
let test_expansion = f x
(x (Int -> Int) | (Bool -> Bool) )
let test_expansion_annot =
(f :> ((Int -> Int) -> (Int -> Int)) ;
((Bool -> Bool) -> (Bool -> Bool))) x

In this code, the syntax (expr :> T1 ; T2) denotes a (double) type coercion: the
type system checks that the type inferred for expr has an instance that is a subtype
of T1, and that it has another instance that is a subtype of T2. If so, it types the
expression (expr :> T1 ; T2) with the type T1 & T2. There can be more than two
types: for an expression (expr :> T1 ; ... ; Tn), the type system checks each
type T1, T2, ..., Tn separately, and then uses the conjunction of all the Ti as a type
for (expr :> T1 ; ... ; Tn).

Note that the type coercion operator (expr :> T1 ; ... ; Tn) should not
be confused with the type constraint/split operator (expr : T1 ; ... ; Tn)
introduced in the previous point. Indeed, the former checks that expr has type T1,
..., Tn and then uses the conjunction of these types as a type for (expr :> T1 ;

; Tn). The latter ensures (if possible) that the type of expr is a subtype of
the disjunction of all the Ti, and then ensures that the type of expr is decomposed
according to the Ti.

Here is another example, where this time an expansion is needed for the argument
of the application:

(x ’a =-> ’a *)
let id x = x
(x (True | 123, True | 123) *)
let test_expansion2 =
let f = (fun x -> (x 123, x true)) in
f id
(*x (123, True) *)
let test_expansion2_annot =
let f = (fun x -> (x 123, x true)) in
f (id :> (123 -> 123) ; (True -> True))

In the definitions test_expansion2 and test_expansion2_annot, the function f is
typed (123 -> ’a) & (True -> ’b) -> (’a,’b). Giving to this function the
identity function (’a -> ’a) as parameter without performing any expansion yields
the resulting type (True | 123, True | 123) (both ’a and ’b must be substituted
by the same type True | 123), while with an expansion of the argument we obtain
the type (123, True).
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Conclusion Although our type system does not have principality of typings, and
our reconstruction algorithm is incomplete, we can still reach the expressivity of the
declarative type system by requiring explicit type annotations in some situations:
the programmer should provide explicit type annotations when an expansion is
needed, and when the type system should perform a type decomposition that does
not originate from a type-case. It should also be recommended to annotate the
type of function parameters to make type-checking faster and to avoid relying on
the heuristics used by the type inference, as these heuristics may change in the
future. This could be done through an interactive process where the reconstruction
algorithm suggests different domains for a function, and the programmer selects the
ones they need.

10.3 Related work

10.3.1 Formalizations using set-theoretic types

Our work is based on the formalization for set-theoretic types introduced by Frisch
(2004). In particular, it relies on the definition and implementation of subtyping, and
on the notion of DNF for computing type operators. Set-theoretic types have later
been extended with type variables (Castagna and Xu, 2011), and used to design a
set-theoretic type system featuring parametric polymorphism (with explicitly-typed
A-abstractions) by Castagna et al. (2014, 2015). The latter work also introduces
the tallying problem and an algorithm for deciding it. The approach developed
in this manuscript reuses the ideas of these articles, but with two new objectives:
performing type narrowing, and featuring a type inference capable of reconstructing
types for polymorphic and overloaded functions.

Type narrowing In our approach, the essence of occurrence typing is captured
by the combination of the union-elimination rule with three simple rules for type-
cases (|0], |e1] and [€2]). In the algorithmic type system, the union-elimination rule
is implemented by using MSC forms. We first explored these ideas in a system
without parametric polymorphism and with a limited type inference in Castagna
et al. (2022D).

Other approaches based on set-theoretic types implement type narrowing differ-
ently. In particular, Schimpf et al. (2023) and Castagna et al. (2023) have developed
set-theoretic type systems for the languages Erlang and Elixir respectively. These
languages feature guarded pattern matching, allowing to express dynamic conditions
over the type of an expression. When typing the branch associated to a guarded
pattern, some assumptions can be made about the type of the variables appearing in
the guard. The type systems developed by Schimpf et al. (2023) and Castagna et al.
(2023) perform type narrowing directly in the typing rule for patterns. As the exact
set of values captured by a guard cannot always be expressed as a type (in particu-
lar, guards can test the equality between two variables), they define an operator to
compute a type that over-approximates this set, and another operator to compute
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a type that under-approximates it. Those operators are then used to perform type
narrowing and to check the exhaustiveness of a pattern-matching. This is different
from our approach, where type narrowing is not performed at the level of type-
cases (or pattern-matching expressions) but upstream, using the union-elimination
rule to decompose the type of variables. While our approach is more general and
fully captures the essence of occurrence typing, allowing to narrow the type of any
subexpression (applications, projections, etc.), it comes at the cost of performance,
as applying the union-elimination rule requires typing the same subexpression mul-
tiple times.

Inference of function types Inferring the type of A-abstractions in a set-
theoretic type system is not very common: most set-theoretic type systems
use explicitly-typed A-abstractions. Still, this problematic has been explored by
Castagna et al. (2016b) and further developed by Petrucciani (2019). In their work,
type inference is performed by encoding expressions into a language of constraints,
mostly consisting in subtyping constraints. Then, these constraints are solved all
at once by an algorithm that uses tallying. This approach is faster than our, as
it does not require backtracking, however it only infers single-arrow types for A-
abstractions (overloaded behaviors are not captured). In comparison, our work does
infer intersection types for functions, capturing overloaded behaviors, but this has a
cost in terms of performance since backtracking is necessary during the reconstruc-
tion. Note that backtracking might still be necessary in the approach of Petrucciani
(2019), but in a more subtle way. Indeed, for a given top-level definition, the set
of constraints generated by their inference system may have several solutions, in
which case one solution is chosen over the others. Sometimes, this choice might be
challenged later, requiring either to backtrack in order to make another choice, or
to fail and ask for user type annotations.

10.3.2 Other formalizations

Using set-theoretic types is not the only option to define subtyping. In the section,
we compare our type system with other approaches that do not rely on semantic
subtyping. In particular, we focus on (i) work on the union-elimination rule and
on occurrence typing, (i7) work on intersection types and the expression of over-
loaded behaviors, and (iii) work on type inference for Hindley-Milner systems and
intersection type systems.

Union-elimination and occurrence typing The use of a union-elimination
rule in a type system has been studied by Barbanera et al. (1995). In addition to
a union-elimination rule, their type system features a rule for the introduction of
unions and for the elimination of intersections: this is different from our approach,
where the introduction of unions and the elimination of intersections derive from
the subtyping relation on set-theoretic types (rule [<]). The novelty of our work
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is to combine the union-elimination rule with three basic rules for type-cases, thus
capturing the essence of occurrence typing.

This approach to occurrence typing is very different from the approach of Tobin-
Hochstadt and Felleisen (2008, 2010) implemented in Typed Racket. In this and
subsequent work, types are annotated by two logical propositions that record the
type of the input depending on the (Boolean) value of the output. For instance,
the type of the number? function states that when the output is true, then the
argument has type Number, and when the output is false, the argument does not.
These propositions are propagated and used in conditionals to refine the type of
variables in the “then” and “else” branches. However, this analysis only focuses
on a particular set of pure operations. Contrary to these works, we try not to
depend on an external logic but, rather, to express these conditions with set-theoretic
types. Our approach is more global since, not only our analysis strives to infer type
information by analyzing all types of results (and not just true or false), but also
tries to perform this analysis for all possible expressions (and not just for a restricted
set of operations). This allows our system to type all the examples given in Tobin-
Hochstadt and Felleisen (2010) and, contrary to the cited work, to do so without
needing any type annotation.

Intersection types and overloaded behaviors The use of trees to annotate
calculi with full-fledged intersection types is common. In the presence of explicitly-
typed overloaded functions, one must be able to precisely describe how the types
of nested A-abstractions relate to the various “branches” of the outermost function.
The work most similar to ours is Liquori and Ronchi Della Rocca (2007), since the
deductions are performed on pairs of marked terms and proof terms. A marked
term is an untyped term where variables are marked with integers and a proof term
is a tree that encodes the structure of the typing derivation and relates marks to
types. Other approaches, such as Ronchi Della Rocca (2002); Wells et al. (2002);
Bono et al. (2008), duplicate the term typed with an intersection, such that each
copy corresponds exactly to one member of the intersection. Lastly, the work of
Wells and Haack (2002) does not duplicate terms but rather decorate A-abstractions
with a richer concept of branching shape which essentially allows one to give names
to the various branches of an overloaded function and to use these names in the
annotations of nested A-abstraction. Note that none of these works features type
reconstruction, which was our main motivation to eschew annotations within terms,
since the backtracking nature of our reconstruction would imply rewriting terms
over and over.

Work by Oliveira et al. (2016) and Rioux et al. (2023) study disjoint intersection
and union types. They allow expressing overloaded behaviors by a general deter-
ministic merge operator (which may also work on non-functional values, such as
records). In our work, we do not have a general merge operator: overloaded behav-
iors only emerge through the use of type-case expressions (or the application of an
overloaded function). Our work can be extended with pattern-matching, in which
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case the first matching branch is selected. This is an approach different from the
one used with disjoint intersection types, where branches are disjoint and have no
priority, and where ambiguous programs are rejected using a notion of mergeability
and distinguishability. These notions make it possible to define a general merge
operator and to support nested composition, which may be useful in some contexts
such as compositional programming (Zhang et al., 2021).

Type inference Our type reconstruction algorithm combines several ideas from
prior works on type inference. When thinking about type inference, the first type
systems that come in mind are Hindley-Milner type systems. Hindley-Milner type
systems have first-order prenex polymorphism, principal types, and type inference
is decidable: Damas and Milner (1982) describes a simple method, referred as algo-
rithm W, for inferring types using unification. Our current approach for reconstruc-
tion takes inspiration from algorithm W, where A-abstracted variables are first given
a fresh type o, which is then substituted as required while going through the body.
Algorithm W uses unification to compute, for each application, the substitution to
apply to the current context in order for this application to be typeable. In our
case, we rely on tallying instead of unification as we have semantic subtyping. The
main difference is that, while unification either returns one principal substitution
or fail, tallying returns a set of substitutions. The consequence is that, while algo-
rithm W can just apply the substitution to its context and continue typing the rest
of the expression, we need to explore the different solutions using an intersection
annotation®.

Inference for ML systems with subtyping, unions, and intersections has been
studied in MLsub (Dolan and Mycroft, 2017) and extended with richer types and a
limited form of negation in MLstruct (Parreaux and Chau, 2022). Both work trade
expressivity in favor of principality. They define a lattice of types and an algebraic
subtyping relation that ensures principality, but forbids intersections of arrow types.
This precludes them from capturing overloaded behavior of functions, but allows
them to define a polymorphic type inference with principal types. We justify our
choice of set-theoretic types, with no principality and a complex inference, by our
aim to type dynamic languages, such as Erlang or JavaScript, where overloading plays
an important role. We favor the expressivity necessary to type many idioms of these
languages, and rely on user-defined annotations when necessary to compensate for
the incompleteness of type inference.

Jim (2000) presents a polar type system which features intersections and para-
metric polymorphism. In Jim’s type system, quantifiers may appear only in positive
positions in types, while intersections may only appear in negative positions. This
yields a system that is more expressive than rank-2 intersection types, and therefore
more expressive than ML. Furthermore, the system features principal types, and a
decidable type inference. Some aspects of this work are similar to ours, in particular
the use of MGS, an algorithm to compute the most general solution to a (syntactic)

'In addition, it is necessary to backtrack in order to retype some intermediate definitions.
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sub-typing problem, that plays the same role as our tallying algorithm. Despite
these similarities, the approaches differ in the kind of programs they handle: in Jim
(2000), intersections are only deduced by applying higher-order function parameters
to arguments of distinct types within the body of a function, while in our approach,
they can also be caused by a type-case.

In a recent work, Parreaux et al. (2024) define Fiy, a A-calculus with first-class
polymorphism (in particular, quantification is not prenex and can happen in the
left-hand side of an arrow) and MLstruct-like subtyping. It features intersections
and unions, but the use of those is restricted: intersections can only appear in neg-
ative positions, and unions can only appear in positive positions. They show that
this is equivalent to having first-class polymorphism with multiple bounds on type
variables. They define a type inference for this system, SuperF, inspired in part
by the polar type system of Jim (2000). In practice, SuperF yields better results
than all first-class-polymorphic type inference systems proposed so far, although
it is incomplete: for instance, it can infer the type (123,True) for the expression
(Az.(x 123,z True)) id. This approach takes a different direction from ours: while
we choose to restrict polymorphism to be prenex, they use unrestricted first-order
polymorphism but restrict the use of intersections and unions in negative and posi-
tive positions respectively (which makes it impossible to capture the behavior of an
overloaded function at top-level).

Angelo and Florido (2022) provide a principal type inference for a type system
with rank-2 intersection types?. In their work, overloaded behaviors are expressible
using intersection types, but they are limited by the rank-2 restriction. Union types
are not supported, nor are equirecursive types (actually, their work does not feature
a general notion of subtyping between two arbitrary types). Their inference does
not require backtracking: it generates a set of constraints that are then solved using
a set unification algorithm. This approach for inference has some similarities with
the one by Castagna et al. (2016b) improved and further developed by Petrucciani
(2019) in a context with set-theoretic types, where the set unification algorithm is
replaced by tallying in the presence of subtyping.

10.3.3 Dynamic languages

The language Julia is dynamic, offering the possibility to test the type of an ex-
pression at run-time, and yet functions can be annotated with types. However,
these type annotations are not intended for type safety, but rather semantics, since
they are used to determine, at run-time, which definition of an overloaded function
should be called depending on the type of the parameters (dynamic dispatch). The
dynamic dispatch of Julia is quite powerful as it takes into account the type of all
the arguments passed to the function, following a policy referred as triangular dis-
patch. However, this can lead to two kinds of errors at run-time: (i) no definition
of the function is compatible with the types of the arguments given, or (ii) more

2A type t satisfies the rank-2 restriction if no path from the root of the syntactic tree of ¢ to an
intersection passes to the left of 2 or more arrows.
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than one definition of the function is compatible with the types of the arguments
given, and none of these definitions is strictly more specific than the others (thus,
which function to call is ambiguous). We believe our type system could be applied
to a language such as Julia in order to detect some of these errors statically: our
types are expressive enough to capture those of Julia (in particular, we have sin-
gleton types and union types) and to capture the behavior of complex overloaded
functions. However, modeling the dispatch system of Julia using set-theoretic types
may be complex: in Julia, adding a definition for a function may reduce its do-
main, as it may introduce new ambiguous cases that are rejected at run-time. It
is different from the behavior of the extended type-cases introduced in Chapter 7,
where the first branch that applies is selected (rather than the more specific one).
Some features of Julia are also missing from our type system and would require
future work, such as the support for abstract data types with nominal subtyping
(cf. Section 10.4).

Other work is aimed at adding a static type system to an existing dynamic
language. This is the case of TypeScript (Microsoft) for JavaScript, or Mypy (Jukka
Lehtosalo) for Python (Python already has a syntax for type annotations, but no
static type checker). Unfortunately, these approaches lack a formal foundation.
They are not designed to provide strong static guarantees (the type checker of
TypeScript is unsafe on many aspects, prioritizing flexibility for the programmer and
time performance over type safety), but rather to detect some type inconsistencies
(but not all of them), and to provide type information for the documentation and
the toolchain. Mypy provides a type inference for the parameters of functions, but it
is limited and hard to predict. TypeScript does not provide such type inference. We
hope that our work could form the basis of a formal static type system for dynamic
languages, providing more expressive types (Python does not have intersection types,
and neither Python nor TypeScript have negation types), occurrence typing, type
inference, and strong type safety guarantees. However, our type system cannot be
applied as it stands to these languages: in addition to the missing features (row
polymorphism, support for side effects, etc.), compromises will have to be found in
order to obtain homogeneous time performance and not to constrain the programmer
(for instance with the integration of gradual typing, cf. Section 10.4).

Another work that adds a static type system to an existing dynamic language
is Luau. Luau uses a type system featuring semantic subtyping to statically type
Lua code. In addition to the safety guarantees it brings, the static type information
is used by their interpreter to perform optimizations. Their implementation of
semantic subtyping, which they call pragmatic semantic subtyping, is inspired by set-
theoretic types, though it differs from the set-theoretic interpretation for functions
(Jeffrey, 2022). As with set-theoretic types, they support singleton types, unions,
and intersections. However, negation is only supported on test types (those that
can appear in their type-cases), and not on structural types (in particular, arrow
types). Their type system is gradual: it features a type any that can be used as
an arbitrary type (it should not be mistaken with our top type 1, which they call
unknown). Overall, they have opted for a pragmatic approach that restricts some
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features of set-theoretic types (in particular, the absence of arbitrary negation types
is a limitation for implementing our general approach for occurrence typing) and
with a limited type inference, but with an efficient type checking algorithm that
shows homogeneous performance.

10.4 Conclusion and future work

This work aims at providing a formal and expressive type system for dynamic lan-
guages, where type-cases can be used to give functions an overloaded behavior.
It features a type inference that mixes both parametric polymorphism (for modu-
larity) and intersection polymorphism (to capture overloaded behaviors). In that
sense, our work is more than a simple study on typeability: as a matter of fact,
monomorphic intersection and union types are sufficient to type a closed program
where all function applications are known, but this would be bad from a language
design point of view, and it is the reason why people program using ML-style pro-
gramming languages rather than intersection based ones. Separate compilation and
modular definitions are requirements of any reasonable programming language. The
essence of this work is thus to challenge the limits of how much precision one can ob-
tain (through intersection types)—ideally precise enough to type idioms of dynamic
languages—while preserving modularity (thanks to parametric polymorphism).

While this work is a step towards a better static typing of dynamic languages,
several key features are still missing. First, the presence of side effects may invalidate
our approach: if the [v] rule in Figure 4.1 is applied to two different occurrences
of an expression ¢’ that is not pure, then the rule may type an expression that
yields a run-time type error. This can be seen on the algorithmic system, where the
transformation into a MSC form binds the two occurrences of €’ to the same variable,
thus wrongly assuming that they both yield the same result. Strictly speaking, our
algorithmic approach does not require expressions to be pure; it just needs that
when two occurrences of an expression may produce two distinct values, then these
two occurrences must be bound by two different binds. Having only pure expressions
is a straightforward way to satisfy this property. Having each subexpression bound
to a distinct variable (i.e., no sharing, that is, a less precise system, in which the
union rule is never used) is a way to retain safety in the presence of side effects.
But between these two extrema, there is a whole palette of less coarse solutions that
make it possible to apply our approach in the presence of side effects. This poses two
main challenges: (7) how to separate problematic expressions from non-problematic
ones which, in terms of the type system, corresponds to characterizing a class of
subexpressions €’ that can be safely used in rule [v]; and (i) how to do so before
our type inference, namely when putting expressions into their MSC form, at a point
when type information is not available, yet.

Second, one may want to add gradual typing (Siek et al., 2015) to our type sys-
tem. Indeed, even though we have (an incomplete) type inference, the programmer
still has to write type-safe code and to insert, sometimes, type annotations. During
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a phase of experimentation, the programmer might prefer to locally drop the guaran-
tees of static typing in favor of a more hassle-free programming style. Also, gradual
typing could be of help in the presence of language features that are notoriously
difficult to type, such as the eval function: if we are able to estimate the variables
in the context that may be impacted by a call to eval, we may use gradual types
to express uncertainty about the type of these variables after the call to eval. In
addition, gradual typing is necessary if we want to apply this type system to a lan-
guage with an already large codebase, as this codebase (and in particular, libraries)
may not be typeable out of the box and thus, may require consequent work over
time to be annotated. A successful use of gradual typing to this purpose has been
achieved in TypeScript (Microsoft), where typed codebases can freely interoperate
with untyped ones, making the transition from JavaScript to TypeScript a lot easier
but at the expense of type safety. The objective of TypeScript is to add a layer of
static types on top of a dynamic language without worrying about blame when a
type inconsistency happens at run-time: this differs from the approach of Siek et al.
(2015) that aims to preserve a form of type safety by adding casts at runtime in
order to detect type inconsistencies as early as possible. The formalization of grad-
ual typing in set-theoretic types has been studied by Castagna and Lanvin (2017)
and Castagna et al. (2019). Roughly, it consists in adding a new type constructor
? (sometimes called “unknown type” or “dynamic type”) and a materialization rule
that allows substituting any occurrence of ? by any type. From an algorithmic per-
spective, the DNF of types must be extended in order to account for ?, and new type
operators have to be defined in order to get rid of the materialization rule (which is
not syntax-directed nor analytic) by “embedding” it in other rules whenever needed.

Third, depending on the targeted language, one has to consider adding support
for abstract data types with nominal subtyping. Such an extension is required, for
instance, to type the language Julia, where the user can define abstract data types
and write subtyping relations between them (for instance, abstract type SomeType
<: SuperType end). Abstract data types can be encoded in our current type
algebra using type variables: each abstract data type can be associated to a fresh
monomorphic type variable, and we can encode nominal subtyping between two
abstract data types by using an intersection. For instance, two abstract types T1 <:
T2 can be represented by the types a1 and aq A aig respectively (with ap and ag two
fresh monomorphic type variables). Unfortunately, this encoding does not suffice
anymore in the presence of parametric data types (or equivalently, generic types).
The way to implement them may vary depending on the targeted language. In some
languages, parameters of generic types can be qualified with a variance: they can
be bivariant, covariant, contravariant, or invariant. This is the case, for instance,
of Python and OCaml. In other languages, such as Java and Julia, parameters of
generic types cannot be qualified with a variance (the type system treat them as
if they were invariant), but at the level of methods, bounded polymorphism can
be used in place of a built-in notion of variance: for instance, in the Julia function
definition f{T<:Real}(a::Array{T}), the type Array{T} is incomparable with every
type Array{S} where S is distinct from T (invariance), but T can be arbitrarily
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instantiated by any type smaller than Real.

Fourth, an important missing feature is the support of row-polymorphism: while
the present work already supports records (cf. Chapter 7), the precise typing of
functions operating over records requires row-polymorphism. This is especially im-
portant for dynamic languages where records are seamlessly used to encode both
objects and dictionaries. A first step in that direction may be to integrate the work
by Castagna (2023), which unifies dictionaries and records.

Fifth, the performance of the type reconstruction can certainly be improved by
using more sophisticated implementation techniques and heuristics on the lines we
outlined at the end of Chapter 9. Before being applicable to a real-world language,
our type-checker should ensure uniform performance. While this requirement seems
hard to reach for a fully unannotated codebase where the type of each function has
to be inferred each time it is typed, it seems a lot more realistic to achieve it for an
annotated codebase, where type inference would only be a tool for the programmers
to annotate their functions.

Lastly, an important aspect that has not been discussed is the pretty printing
of types and the generation of error messages. Finding a safety error through static
typing is an interesting feature, but it is pointless if we cannot locate it precisely
and display a clear error message to the programmer. Generating intuitive error
messages is complicated when dealing with set-theoretic types: types can be very
long, in particular recursive ones, and it may be difficult to recognize a user-defined
type alias inside a more complex type (especially for parametric type aliases). Still,
heuristics could be used to improve the readability of types. For instance, when the
programmer annotates a definition using a type alias, a special care should be taken
to recognize this type alias when pretty-printing the types within this definition.
Furthermore, this pretty-printing information should be forwarded to later code
that uses this definition. In other words, even though we use semantic subtyping,
it may be worth storing some syntactic information about the types and use it for
pretty printing. For what concerns the localization of errors, in the absence of user
type annotations, we must also rely on heuristics to prioritize the different possible
origins of errors. Even when a definition is well-typed, it might be worth raising
an error: for instance, Ax. (x€lnt) ?x: (42 42) is well-typed (the type inferred is
Int A @ — Int A «), but it is highly improbable for the expected domain of this
A-abstraction to be Int as it makes the second branch of the type-case unreachable.
These practical considerations are independent of the core type system presented in
this manuscript, and their answers may depend on the language we are targeting.

To conclude, set-theoretic types are starting to be integrated into real-world
languages, for instance by Schimpf et al. (2023) for Erlang, by Jeffrey (2022) for
Luau, and by Castagna et al. (2023) for Elixir. We believe that, in the future, our
work could be used in these systems in order to benefit from a more precise typing of
type-cases and pattern-matching, as well as by providing an optional type inference
that can be used in conjunction with explicit type annotations.
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