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Titre : Refactorisation de programmes fonctionnels par les ornements

Résumé :

Les ornements fournissent un moyen de définir des transformations de défini-
tions de types de données inductifs réorganisant, spécialisant et ajoutant des
champs & des types de données déja existants. A partir d’une telle transforma-
tion, nous nous intéressons a la refactorisation semi-automatique d’un code déja
existant, écrit en ML et opérant sur le type de base pour le faire opérer sur le
type ornementé. Nous décrivons un cadre pour de telles transformations, basé
sur deux phases : tout d’abord, le terme de base est généralisé au maximum en
ajoutant des abstractions sur les détails des types de données utilisés. Le terme
est ensuite spécialisé pour opérer uniquement sur le type ornementé. Nous dé-
crivons un langage intermédiaire fournissant les abstractions nécessaires pour
présenter le terme générique, et garantissant qu’il est possible de simplifier le
terme spécialisé pour ne présenter a I'utilisateur que des termes du langage de
base. Le langage intermédiaire permet notamment d’exprimer des abstractions
dépendantes, de représenter les égalités apprises par le filtrage de motifs, et four-
nit une construction permettant de se référer de fagcon opaque au résultats de
calculs déja effectués. Nous exploitons la paramétricité du terme généralisé pour
prouver une relation de cohérence entre le terme de base et le terme ornementé,
garantissant la correction de la refactorisation. Nous présentons une implémen-
tation de cette transformation sur un langage ML noyau, et justifions de son
utilité dans de nombreux cas courants de transformation de programme : refac-
torisation pure, ajout de nouvelles données et spécialisation. Nous présentons
aussi une nouvelle technique de dépliage permise par notre transformation qui
autorise a changer la structure récursive des fonctions, et illustrons son utilité
pour optimiser certaines représentations de données et pour la programmation
générique.

Mots clefs : ornements ; langages de programmation fonctionnelle; types; rela-
tions logiques ; refactorisation ; ML.

Title: Refactoring functional programs with ornaments

Abstract:

Ornaments provide a way to express transformations of inductive datatypes that
reorganize, specialize, and add fields to already existing datatypes. From such a
transformation, we consider the problem of semi-automatically refactoring an al-



ready existing ML program operating on the base type into a program operating
on the ornamented type. We describe a framework for such transformations by
decomposing them in two phases: first, the base term is maximally generalized
by abstracting over the details of the manipulated datatypes. This generic term
is subsequently specialized to operate only on the ornamented type. We de-
scribe an intermediate language providing the necessary abstractions to present
the generic term. This language notably includes dependent abstractions, al-
lows representing the equalities learned from pattern matching, and provide a
way to refer to the opaque result of previous computations. We exploit the
parametricity of the generic term to derive a coherence relation between the
base term and the ornamented term, guaranteeing the correctness of the orna-
mented term. We present an implementation of this transformation on a core
ML language, and illustrate its usefulness in many common cases of program
transformation: pure refactoring, adding new data and specialization. We also
present a new unfolding technique afforded by our transformation and present
its use for optimizing certain data representation and for generic programming.

Keywords: ornaments; functional programming languages; types; logical rela-
tions; refactoring; ML.
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Résumé en francais

Un programme est une description en terme précis des opérations qu’un ordina-
teur doit suivre afin d’accomplir une tache donnée. Les instructions élémentaires
interprétées par un ordinateur son extrémement rudimentaires. I1 faut parfois
plusieurs centaines d’instructions pour trier une liste de nombres entiers; les
programmes les plus complexes, tels les navigateurs web, sont composés de di-
zaines de millions de ces instructions. Les langages de programmation sont des
outils d’abstraction : ils permettent aux programmeurs de ne donner qu’une
explication & un haut niveau d’abstraction de ce que le programme doit faire.
Des compilateurs et des interprétes traduisent les représentations de haut niveau
manipulées par les programmeurs en instructions de bas niveau. En libérant les
programmeurs de la nécessité de penser a ’échelle des instructions élémentaires,
les langages de programmation permettent aux programmeurs de construire des
programmes plus complexes, plus vite.

Un programme n’est que rarement écrit d’une seule traite, sans ne rien effa-
cer, et distribué pour n’étre plus jamais modifié. Méme lorsqu’on écrit la version
initiale d’un programme, on peut ne pas avoir une idée exacte de la forme qu’il
va prendre, et on a souvent besoin de revenir en arriére et changer certaines défi-
nitions & mesure que notre compréhension du probléme s’affine. Une fois achevée
I’écriture de la version initiale, on peut aussi s’apercevoir que les besoins ont
changés, nécessitant un code plus général par certains aspects et moins général
par d’autres : on doit alors changer certaines parties du programme pour cor-
respondre aux nouvelles demandes. Tous ces changements ne sont pas locaux :
méme si I’essentiel du changement consiste en ne modifier que quelques éléments
du programme, il peut demander une refactorisation trés étendue pour faire cir-
culer les nouvelles données a travers le code déja existant. La version refactorisée
d’un fragment de code peut venir remplacer le code déja présent, ou les deux
versions du code peuvent étre amenées & coexister dans le programme, pour
étre utilisées dans des contextes différents. Ces transformations sont souvent
longues, répétitives, et sans intérét. Face a une telle tache, un programmeur a
souvent une idée générale de la transformation a réaliser, mais se retrouve obligé
d’effectuer manuellement chaque changements requis pour cette refactorisation.
Notre but est de fournir des outils rendant cette transformation plus rapide et
facile.

Si le programmeur a pris soin d’éviter les effets de bords, les différents frag-
ments du programme communique en échangeant des données a travers les argu-
ments de fonctions et leurs valeurs de retours. Ces données sont contraintes : les
parties du programme qui communiquent doivent s’accorder sur un format pour
les données qu’elles échangent. Si le langage de programmation le permet, une
partie de ces contraintes peut s’exprimer sous forme de types. Les types peuvent
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étre vus comme un systéme de classification de valeurs et de programmes qui,
de plus, est compréhensible par le langage de programmation. Les types forment
un outil puissant : ils permettent au langage de programmation de rejeter un
programme dés la compilation car il pourrait & I’exécution atteindre un état in-
correct. Les types jouent aussi pour le programmeur un réle de documentation
dont I'exactitude est garantie par le langage. En lisant le type d’une fonction,
on apprend des contraintes sur la fagon dont elle doit étre appelée, et on obtient
des garanties sur le comportement et les valeurs retournées par cette fonction.
Cela permet de s’assurer que des catégories entiéres de comportement erronés
ne peuvent se produire.

Bien qu’ils ne caractérisent le comportement que d’une seule version d’un
programme considéré en isolation, les types fournissent un guide utile pour la
refactorisation : lorsque 1'un des effets de la refactorisation est de changer le
type de certaines données, le systéme de types peut orienter un programmeur
vers les emplacements du programme qui sont maintenant mal typés. Le pro-
grammeur peut alors effectuer les changements locaux nécessaires et relancer
le typeur. Le typeur va alors soit pointer vers d’autres emplacements qui sont
maintenant mal typés, soit accepter le programme, concluant ainsi la refactori-
sation. Ce n’est pourtant pas une solution satisfaisante. Premiérement, certaines
transformations ne changent pas les types, seulement la fagon dont leurs valeurs
sont interprétées. Par exemple, si la transformation inverse le sens d’une valeur
booléenne, le systéme de types sera incapable d’indiquer les endroits ot le code
doit étre modifié, et le programmeur devra garder trace de ces emplacements
lui-méme. De plus, cela reste un processus extrémement manuel et ennuyeux : le
programmeur ne doit plus chercher lui-méme les emplacements & modifier, mais
doit tout de méme effectuer chaque changement manuellement. Ces change-
ments, qui devraient étre simplement mécaniques, sont aussi sources d’erreurs.
Tout cela décourage les programmeurs d’effectuer de tels changements : & la
place, ils choisissent souvent de laisser un commentaire indiquant qu’un refac-
torisation devrait étre effectuée.

On attend d’un outil de refactorisation qu’il élimine autant que possible ces
colts, ne laisse que le minimum de travail au programmeur, et qu’il fournisse
une garantie solide que le nouveau programme est seulement une adaptation du
programmeur d’origine & de nouvelles données.

Dans la famille des langages dérivés de ML, les types de données induc-
tifs sont I'outil principal pour décrire ’organisation des données. On les définit
comme des sommes étiquetées de produits de types primitifs et d’autres types
inductifs. Les produits permettent de former des valeurs composées de plusieurs
autres valeurs, permettant par abstraction de les manipuler comme une valeur
singuliére. Par exemple, plutét que de manipuler individuellement des paires
de coordonnées, un programmeur trouvera plus pratique de manipuler un point
a deux dimensions comme une unité de programmation et de pensée, et il ne
considérera les deux coordonnées que pour définir des opérations basiques sur
ces points. Les sommes permettent I’expression de choix : une forme géomé-
trique est soit un triangle, défini par ses trois sommets, ou un cercle, défini
par son centre et son rayon. Finalement, la récursion permet de représenter des
structures de taille illimitée : une liste de formes géométriques est soit la liste
vide, soit une liste formée en ajoutant un élément en téte d’une autre liste.

Une méme structure de données peut souvent étre représentée par plusieurs
structures isomorphes, en utilisant un arrangement différent de sommes et de



produits. Deux structures de données peuvent aussi n’étre différente que par des
éléments mineurs. Par exemple, le type des arbres binaires portant des valeurs
aux feuilles et le type des arbres binaires portant des valeurs aux branches
partagent une méme structure ou chaque noeud posséde deux sous-arbres, mais
les fonctions opérant sur ces deux types doivent étre définies séparément.

Puisque les types de données inductifs sont la maniére principale de repré-
senter les données en ML, et puisque, dans des programmes bien structurés,
des modules distants interagissent principalement par I’échange de données, la
transformation des types inductifs est une catégorie importante de refactorisa-
tion en ML.

La théorie des ornements [McBride, 2010, Dagand and McBride, (2013}, [2014]
fournit un cadre dans lequel exprimer ces transformations. Elle définit des condi-
tions sous lesquelles une nouvelle définition de données peut étre décrite comme
un ornement d’une autre. Un ornement est essentiellement une relation entre
deux types de données inductifs qui réorganise, spécialise et ajoute des données
a un type de base pour obtenir un type ornementé.

Prenant les ornements comme brique de base, on peut définir des types d’or-
nement qui expriment une relation entre un terme de base et un terme /ifté : un
type d’ornement n’est pas simplement une spécification unaire qui classifie des
termes pris individuellement, mais plutét une spécification binaire qui indique
comment le comportement du terme de base, qui opére sur le type de base, est
lié au comportement du terme lifté, qui opére sur le type ornementé. Ces types
donnent donc une spécification de I'opération de refactorisation : un lifting est
correct si son résultat est lié au terme de base par la relation définie par le type
d’ornement demandé.

Nous décrivons dans cette thése une approche bien-fondée pour obtenir des
liftings garantis corrects. Cette approche est basée sur la construction a poste-
riort d’une variante la plus générale possible en abstrayant sur les détails de la
représentation de données, qui peut ensuite étre spécialisée pour obtenir un lif-
ting concret. Les abstractions nécessaires ne peuvent pas étre exprimées en ML.
Pour la construire, nous définissions mML, une version de ML étendue avec les
mécanismes d’abstraction nécessaires, mais construire de sorte a garantir que les
termes spécialisés puissent étre simplifiés pour obtenir & nouveau des termes de
ML. Nous montrons ensuite que le terme de base peut étre exprimé comme une
instance particuliére du terme généralisé, o1 ’on sélectionne systématiquement
Iornement identité, qui lie un type avec lui-méme. Cela nous permet d’exploiter
la paramétricité pour prouver l’existence de la relation désirée entre le terme de
base et le terme ornementé.

Ce travail théorique est accompagné d’une implémentation opérant sur une
version noyau de ML avec types de données et polymorphisme. Ce prototype,
disponible en ligne sur https://morphis.me/ornaments/, met en ceuvre un
certain nombre de techniques, que nous décrivons dans ce manuscrit, pour gé-
nérer du code proche de ce qu’un programmeur aurait écrit manuellement. I1
est accompagné d’une bibliothéque d’exemples illustrant ses capacités.

La premiére partie de ce manuscrit introduit le concept d’ornement par le
biais d’exemples illustrant différentes possibilités d’utilisation : refactorisation
pure, ajout de données, spécialisation, optimisation et programmation géné-
rique. Ces exemples servent aussi d’illustration des capacités de notre implé-
mentation. Nous donnons ensuite une vue d’ensemble du processus d’ornemen-
tation : nous faisons abstraction des détails les plus techniques et présentons les
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principes généraux guidant la transformation.

Dans une deuxiéme partie, nous laissons pour un moment de coté les or-
nements, et nous nous concentrons sur la conception et la formalisation des
briques de base permettant de construire notre transformation. Bien qu'’ils aient
étés congus pour permettre I'ornementation, ces briques sont indépendantes des
ornements et pourraient étre appliquées pour réaliser d’autres transformations
de programme. Nous présentons tout d’abord une définition et la méta-théorie
de notre ML noyau. Nous ajoutons ensuite les fonctionnalités nécessaires a la
transformation désirée. Tout d’abord, les programmes font en pratique interve-
nir des effets de bord : ils peuvent ne pas terminer, terminer avec une erreur,
tirer des nombres aléatoires, ou lire et écrire des fichiers. Ces opérations, non
purement fonctionnelle, sont un obstacle & la transformation de programmes :
elles ne peuvent pas étre librement dupliquées, réordonnées, ou supprimées.
Nous définissions un systéme d’étiquetage permettant de se référer au résultat
d’une de ces opérations précédemment effectuée sans avoir a dupliquer 'opéra-
tion elle-méme. Nous utilisons ces étiquettes pour définir eML, une extension de
ML ajoutant une construction de filtrage par motifs au niveau des types. Pour
permettre de réduire le filtrage au niveau des types, le filtrage au niveau des
termes introduit une égalité entre le terme sur lequel on filtre et le motif de la
branche sélectionnée. Si le terme sur lequel on filtre contient une application
de fonction, on utilise son étiquette pour s’y référer, tout en gardant 'applica-
tion opaque pour les régles de raisonnement de eML. Cela permet notamment
de fournir un jugement d’égalité décidable. Nous définissons ensuite un langage
appelé mML en ajoutant des abstractions dépendantes & eML. Nous prétons
particuliérement attention a isoler ces abstractions pour garantir qu’il soit pos-
sible de les réduire entiérement sans évaluer les parties eML du terme : nous
garantissons ainsi qu’elles peuvent étre éliminées du terme lifté avant de le pré-
senter & 'utilisateur. Afin de raisonner sur mML, nous définissons une relation
logique indicée. Cette relation fournit un cadre sur lequel il sera possible de
définir des ornements d’ordre supérieur a partir d’ornements de base, et d’ex-
primer la relation entre un type de base et un type ornementé. Finalement, nous
décrivons un procédé permettant de simplifier un terme eML pour obtenir un
terme ML bien typé, garantissant ainsi que les constructions puissantes utilisées
pour la transformation ne soient plus apparentes dans le code généré.

Une fois les briques de base définies, nous revenons & la définition de notre
transformation, et nous construisons une preuve de sa correction. Nous décri-
vons tout d’abord comment transformer une définition d’ornement fournie par
P'utilisateur a la fois en une définition de relation compatible avec la relation lo-
gique, et en fragments de code utilisés pour spécialiser le terme générique. Nous
définissons, relativement & la relation induite, un critére de correction pour ces
fragments de code, et montrons qu’il est satisfait. Nous décrivons ensuite com-
ment transformer un terme de base en terme générique. Nous définissons sa
spécialisation par I'ornement identité, et prouvons qu’elle est équivalente au
terme de base. Finalement, nous expliquons comment une demande de lifting
fournie par 'utilisateur est transcrite en une spécialisation d’un terme générique,
et prouvons le lien entre le terme de base et le terme ornementé.

Nous nous tournons ensuite & ’aspect pratique du travail : nous décrivons
certains aspects clés de 'implémentation du prototype, et les stratégies utilisées
pour présenter & 'utilisateur du code lisible, ainsi que les améliorations permet-
tant de réduire le travail nécessaire pour spécifier un lifting. Nous présentons une
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technique de dépliage permettant de définir des liftings qui ne respectent pas la
structure récursive de la fonction de base, et nous présentons des exemples de
manipulations de structure de données rendues possibles par cette technique.
Nous décrivons finalement quelques pistes de travail dans la continuation de
cette these, et les liens avec des travaux existants.
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Chapter 1

Introduction

A program is a description in precise terms of the operations a computer should
follow to accomplish a particular task. The elementary instructions executed
by computers are extremely rudimentary. Sorting a list of integers may re-
quire hundreds of instructions; complex programs, such as web browsers, are
composed of tens of millions of these elementary instructions. A programming
language is a tool of abstraction: it allows programmers to give a higher-level
explanation of what the program should do. Compilers and interpreters trans-
late the high-level representations manipulated by programmers into low-level
instructions. By freeing the programmer from having to think at the level of the
computer, programming languages enable programmers to build more complex
programs faster.

Programs are rarely written in one go, without erasing anything, then ship-
ped and never modified again. Even when writing the initial version of a pro-
gram, the programmer may not have an exact idea of what a program should
look like, and may often need to go back and change some definition as they
understand the requirements better. After the initial version is written, they
may realize that the requirements have changed, requiring more generality in
some aspects, and less in some others, and change some part of the program
to fit the new requirements. Some of these changes are non-local: while the
core of the change may consist in modifying just a few program locations, they
require extensive refactoring to weave new data and behavior throughout the
existing code base. The refactored version of a piece of code may replace the
existing code, or both versions of the code may co-exist in the program, to be
used in different contexts. These transformations are often repetitive, time-
consuming, and uninteresting. Programmers may have a high-level view of the
transformation they wish to perform, but have to manually perform every single
change required by the refactoring. Our goal is to provide tools making these
transformations easier.

If the programmer has been careful in avoiding side-effects, the different
parts of their program communicate by exchanging data through function ar-
guments and return values. This data is constrained: the parts of a program
communicating together must agree on a format for the data they are exchang-
ing. If the language permits it, some of these constraints may be expressed as
types: types can be understood as a kind of classification of programs that is
accessible to the programming language. Types are a powerful tool: they al-
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low the programming language to reject a program at compilation time because
its execution may reach an incorrect state. Types also operate as a form of
guaranteed-correct documentation to programmers: reading the type of a func-
tion gives information to the programmer about how the function ought to be
called, and what kind of result may be expected. They allow the programmer
to trust that whole classes of behaviors will never occur.

Even though they only characterize the behavior of one version of a pro-
gram in isolation, types are useful to guide refactoring: when one effect of the
refactoring is to change the type of some data, the type system is able to point
the programmer to now ill-typed program locations. The programmer makes
the necessary changes and runs the type checker again: the type checker will
either point to new ill-typed locations, or accept the program, signalling that
the refactoring is complete. This is still not a satisfying solution: First, some
refactorings do not change the types, but only the way values are interpreted: if
the meaning of a boolean is inverted, the type system would be unable to point
us to the program location that need fixing and the programmer would have
to track this location themselves. More importantly, this is still a boring and
manual process: the programmer does not have to find the location to change
anymore, but still has to perform all changes manually. These changes, that
should often be simply mechanical, are still error-prone. This discourages pro-
grammers from attempting such changes: they may instead simply leave a note
saying that a refactoring ought be performed.

A principled refactoring tool should eliminate as much as possible of these
costs, leaving as little work as possible to the programmer, and providing a
strong guarantee that the final program is merely an adaptation of the old one
to the new data.

In the ML family of languages, inductive datatypes are the key tool used
to describe the organization of data. They are defined as labeled sums and
products of primitive types and other inductive datatypes. Products allow for
composite values abstracting over sets of multiple values: for example, instead
of manipulating pairs of coordinates, a programmer will find more convenient to
manipulate two-dimensional points as a unit of programming and thought, and
only look at the individual coordinates for implementing basic operations on the
points. Sums allow the expression of choice: a shape is either a triangle, defined
by three points, or a circle, defined by its center and radius. Finally, recursion
allows representing data structures of unbounded size: a list of shapes is either
the empty list, or a list formed by adding a first shape in front of another list
of shapes.

However, the same data can often be represented with several isomorphic
data-structures, using a different arrangement of sums and products. Two data-
structures may also differ in minor ways, for instance sharing the same recursive
structure, but one carrying an extra information at some specific nodes. For
example, the type of leaf binary trees and the type of node binary trees both
share a common binary-branching structure and are isomorphic but functions
operating on them must be defined independently.

Since inductive datatypes are the main form of representing data in ML, and
since distant modules in well-structured programs interact mostly through the
exchange of data, the transformation of inductive datatypes is an important
category of refactoring in ML.

The theory of ornaments [McBride, 2010, [Dagand and McBride| [2013] 2014]
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provides a framework to express these changes. It defines conditions under
which a new datatype definition can be described as an ornament of another.
In essence, an ornament is a relation between two datatypes, reorganizing, spe-
cializing, and adding data to a bare type to obtain an ornamented type.

From ornaments as building blocks, we define ornament types relating a base
term and a lifted term: an ornament type is not simply a unary specification
classifying single terms, but a binary specification explaining how the behavior
of the base term, operating on the base type, is related to the lifted term,
operating on the ornamented type. These types thus give a specification for a
lifting: a correct lifting is a lifting that is related to its base term at the desired
ornament type.

We describe a principled approach to obtaining correct liftings. We abstract
a posterior: a base term into a most general elaborated term, that can then
be instantiated into a concrete lifting. This abstraction is not expressible in
ML: we define a superset mML of ML that supports the necessary abstraction
mechanisms, and guarantees that instantiated terms can be simplified back to
terms of the original language. The base term can be seen as an instantiation
of the generic term with identity ornaments, transforming a type into itself. We
exploit parametricity to prove the expected relation between the base term and
the ornamented term.

We implement this transformation on a core ML language with datatypes and
polymorphism. Our prototype tool, available online at https://morphis.me/
ornaments/, implements a number of techniques to generate code that is close
to code that would have been manually written, and comes with a collection of
examples illustrating its features.

The rest of this dissertation is structured as follows. In Part[l] we first give an
introduction to ornaments by way of examples (Chapter. These examples also
serve as a demonstration of our prototype tool, and show a variety of program
transformations afforded by ornamentation. We then provide an overview of
the ornamentation process, skipping over the most technical details to present
the guiding principles of the transformation (Chapter [3)).

In Part [[I, we forget about ornaments for a moment and design and for-
malize the building blocks of our transformation. Although they were designed
for ornamentation, they are independent from ornaments and could be applied
to other program refactorings. In Chapter [d] we present the definition and
meta-theory of core ML. The next three chapters add the features necessary to
present the transformation. Practical ML programs feature side-effects: they
might not terminate, terminate with an error, draw random numbers, or read
and write files. These impure computations are an obstacle to program trans-
formation since they cannot be freely duplicated, reordered, or removed. We
define in Chapter [5| a notion of labels allowing to refer to the results of pre-
viously performed computations in the terms evaluated subsequently, without
duplicating the computations themselves. This is used in Chapter [] to define
eML, a language extending the types of ML with type-level pattern matching.
To reduce type-level pattern matching, term-level pattern matching introduces
in a branch an equality between the scrutinee and the pattern of the branch.
If the scrutinee contains a function application, labels allow us to refer to the
result of these applications while leaving them otherwise opaque to eML’s rea-
soning rules. To allow us to define the generic term, we define in Chapter [7]
a language mML formed by adding dependent abstractions to eML. These ab-
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stractions are carefully isolated by enforcing staging so that they can be fully
reduced without evaluating the eML parts of the term: this guarantees that
they can be eliminated from the lifted term before presenting the term to the
user. This is important, as we want the lifted term to be a term of the original
language, that can be used as input to the same compiler. We define in Chap-
ter [8 a binary logical relation on mML. That will give us a framework to build
higher-order ornaments from datatype ornaments, and allow us to express the
relation between the base type and the ornamented type. Finally, in Chapter[9]
we describe how to simplify an eML term back to an ML term, ensuring that
our intermediate language do not leak in the generated code.

Having defined the necessary machinery, we come back to ornaments in
Part [[TIl This part formalizes the concepts introduced in Chapter [3] and builds
up to a correctness proof for lifting. In Chapter we describe how to turn an
ornament definition into a datatype ornament compatible with the logical rela-
tion, and into the construction and destruction functions required to instantiate
the generic term. We define what it means for these functions to be correct with
respect to an ornament, and prove that our elaborated definitions are indeed
correct. In Chapter we explain how to turn a base term into a generic term
that can be instantiated. We prove that the identity instantiation of the generic
term is indeed equivalent to the base term. Finally, in Chapter we describe
how to instantiate a generic term and compute the resulting lifting specifica-
tion. We then prove that this lifting specification indeed describes the relation
between the base term and the lifted term.

This theoretical work is accompanied by a proof-of-concept implementation
that demonstrates the practical usefulness of ornamentation. In Part [[V] we
start by describing some keys aspects of the implementation (Chapter and
some strategies to generate readable code as output, as well as features that
help reduce the work involved in specifying liftings. In Chapter [I4] we describe
unfolding, a way to define liftings that do not follow the recursive structure of
the original function. We give examples of interesting manipulations of data
structures that are allowed by unfolding. In Chapter we explore some future
work around possible extensions to the theory and our implementation, notably
how one would adapt lifting to work on a real-world language such as OCaml.

Finally, in Part [V| we describe some related work (Chapter before con-
cluding (Chapter
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Chapter 2

Ornaments by example

Let us discover ornaments by means of examples. All examples preceded by a
blue vertical bar have been processed by a prototype implementationﬂ which
follows an OCaml—likeE] syntax. Output of the prototype appears with a wider
green vertical bar. The code that appears without a vertical mark is internal
intermediate code for sake of explanation and has not been processed.

2.1 Code refactoring

The most striking application of ornaments is the special case of code refac-
toring, which is an often annoying but necessary task when programming. We
start with an example reorganizing a sum data structure into a sum of sums.
Consider the following datatype representing arithmetic expressions, together
with an evaluation function.

type expr =
| Const of int
| Add of expr x expr
| Mul of expr * expr

let rec eval a = match a with
| Consti — i
| Add (u, v) — add (eval u) (eval v)
| Mul (u, v) — mul (eval u) (eval v)

The programmer may realize that the binary operators Add and Mul can be
factored, and thus prefer the following version expr’ using an auxiliary type of
binary operators, given below.

type binop = Add' | Mul'
type expr’ =
| Const’ of int
| Binop' of binop * expr’ x expr’

There is a relation between these two types, which we may describe as an or-
nament oexpr from the base type expr to the ornamented type expr’.

1The prototype, available at url https://morphis.me/ornaments/, contains a library of
detailed examples, including those presented here.
%http://caml.inria.fr/
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type ornament oexpr : expr = expr’ with
| Consti = Const'i
| Add (u, v) = Binop’ (Add’, u, v) when u v : oexpr
| Mul (u, v) = Binop’ (Mul', u, v) when u v : oexpr

This definition is to be understood as

type ornament oexpr : expr = expr’ with
| Const i_ = Const’ iy wheni_ = i, inint
| Add (u—, v—) = Binop’ (Add’, uy, vy)
when u_ = u; and v_ = v, in oexpr
| Mul (u—, v—) = Binop' (Mul', u, v4)
when u_ = u; and v_ = v, in oexpr

This recursively defines the oexpr relation. A clause “x_ = x4 in orn” means that
x— and x4 should be related by the ornament relation orn. The first clause is the
base case. By default, the absence of ornament specification for variable i (of
type int) has been expanded to “when i— = iy in int” and means that i_ and i
should be related by the identity ornament at type int, which is also named int
for convenience. The next clause is an inductive case: it means that Add(u—, v_)
and Binop'(Add’,uy, v4) are in the oexpr relation whenever u_ and u; on the one
hand and v_ and v; on the other hand are already in the oexpr relation.

In this example, the relation happens to be an isomorphism and we say that
the ornament is a pure refactoring. Hence, the compiler has enough information
to automatically lift the old version of the code to the new version. We simply
request this lifting as follows:

let eval’ = lifting eval : oexpr —»

The expression oexpr — _ is an ornament signature, which follows the syntax of
types but replacing type constructors by ornaments. (The wildcard represents
a part of the ornament specification that is inferred; it could have been replaced
by int, the ornament specification corresponding to the identity ornament on the
type int.) Here, the compiler will automatically elaborate eval' to the expected
code, without any further user interaction:

let rec eval’' a = match a with
| Const’ i — i
| Binop' (Add’, u, v) — add (eval' u) (eval’ v)
| Binop' (Mul', u, v) — mul (eval’ u) (eval’ v)

Not only is this well-typed, but the semantics is also preserved—by construction.
Notice that a pure refactoring also works in the other direction: we could have
instead started with the definition of eval’, defined the reverse ornament from
expr’ to expr, and obtained eval as a lifting of eval'.

Pure refactorings such as oexpr are a particular but quite interesting subcase
of ornaments because the lifting process is fully automated. As a tool built upon
ornamentation, we provide a shortcut for refactoring: one only has to write the
definitions of expr’ and oexpr, and lifting declarations are generated to transform
a whole source file. Thus, pure refactoring is already a very useful application of
ornaments: these transformations become almost free, even on a large code base.

Besides, proper ornaments as described next that decorate an existing node
with new pieces of information can often be decomposed into a possibly com-
plex but pure refactoring and another proper, but hopefully simpler ornament.
Notice that pure code refactoring need not even define a new type. One such
example is to invert values of a boolean type:
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type bool = True | False
type ornament not : bool = bool with
| True = False
| False = True
Then, we may define bool or as a lifting of bool and, and the compiler inverts
the constructors.

let bool and u v = match u with True — v | False — False
let bool or = lifting band : not — not — not

let bool or uv = match u with
| True — True
| False — v

It may also do this selectively, only at some given occurrences of the bool type.
For example, we may only invert the first argument:

let bool notand = lifting bool and : not — bool — bool

let bool notand u v = match u with
| True — False
| False — v

Still, the compiler will carefully reject inconsistencies, such as:

let bool andnot = lifting bool and : bool — not — bool

Indeed, given the structure of the program, the second argument can be returned
untransformed. Lifting preserves this structure: then coherent liftings must use
the same ornaments for the second argument and the result.

2.2 Code refinement

Code refinement is an example of a proper ornament where the intention is to
derive new code from existing code, rather than modify existing code and forget
the original version afterwards. To illustrate code refinement, observe that lists
can be considered as an ornament of Peano numbers:

type nat = Z | S of nat

type 'a list = Nil | Cons of 'a * 'a list

type ornament 'a natlist : nat = ’a list with
|Z = Nil
| Sm = Cons (_, m) when m : 'a natlist

The parametrized ornamentation relation 'a natlist is not an isomorphism: a nat-
ural number S m_ will be in relation with all values of the form Cons (x, my) for
any x, as long as m_ is in relation with m;. We use an underscore “_” instead
of x on Cons (_, m) to emphasize that it does not appear on the left-hand side
and thus freely ranges over values of its type. Hence, the mapping from nat to
'a list is incompletely determined: we need additional information to translate
a successor node. (Here, the ornament definition may also be read in the reverse
direction, which defines a projection from 'a list to nat, the length function! but
we do not use this information hereafter.)
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The addition on numbers may have been defined as follows (on the left-hand
side):

let rec add m n = match m with let rec append m n = match m with

| Z—>n | Nil > n
| Sm' — S (add m’ n) | Cons (x, m") — Cons(x, append m’ n)
val add : nat — nat — nat val append : ’a list — ’a list — ’a list

Observe the similarity with append, given above (on the right-hand side). Having
already recognized an ornament between nat and list, we expect append to be
definable as a lifting of add.

let appendy = lifting add : _ natlist »  natlist —  natlist

However, this returns an incomplete lifting:

let rec appendp m n = match m with
| Nil - n
| Cons (x, m") — Cons (#2, appendy m' n)

Indeed, this requires building a cons node from a successor node, which is un-
derdetermined. This is reported to the user by leaving a labeled hole #2 in the
generated code. The programmer may use this label to provide a patch that
will fill this hole. The patch may use all bindings that were already in context
at the same location in the bare version. In particular, the first argument of
Cons cannot be obtained directly, but only by matching on m again:

let append = lifting add :  natlist >  natlist —»  natlist

with #2 < match m with Cons(x, ) — x

The lifting is now complete, and produces exactly the code of append given
above. The superfluous pattern matching in the patch has been automatically
removed: the patch “match m with Cons(xg, ) — xo” has not just been inserted
in the hole, but also simplified by observing that x, is actually equal to x and
need not be extracted again from m. This also removes an incomplete pattern
matching. This simplification process relies on the ability of the meta-language
to maintain equalities between terms via dependent types (§6)), and is needed
to make the lifted code as close as possible to manually written code. This is
essential, since the lifted code may become the next version of the source code
to be read and modified by the programmer. This is a strong argument in favor
of the principled approach that we present next and formalize in the rest of the
manuscript.

Although the hole cannot be uniquely determined by ornamentation alone,
it is here the obvious choice: since the append function is polymorphic we need
an element of the same type as the unnamed argument of Cons, so this is the
obvious value to pick—but not the only one, as one could also look further in
the tail of the list. Instead of giving an explicit patch, we could give a tactic
that would fill in the hole with the “obvious choice” in such cases. However,
while important in practice, this is an orthogonal issue related to code inference
which is not the focus of this work. Below, we stick to the case where patches
are always explicitly determined and we leave holes in the skeleton when patches
are missing.

This example is chosen here for pedagogical purposes, as it illustrates the key
ideas of ornamentation. While it may seem anecdotal, there is a strong relation
between recursive data structures and numerical representations, whose relation
to ornamentation has been considered by [Ko| [2014].
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2.3 Composing transformations: a practical use
case

Ornamentation could be used in different scenarios: the intent of refactoring is
to replace the base code with the generated code, even though the base code
could also be kept for archival purposes; when enriching a data structure, both
codes may coexist in the same program. To support both of these usages, we
try to generate code that is close to manually written code. For other uses,
the base code and the lifting instructions may be kept to regenerate the lifted
code when the base code changes. This already works well in the absence of
patches; otherwise, we would need a patch description language that is more
robust to changes in the base code. We could also postprocess ornamentation
with some simple form of code inference that would automatically try to fill the
holes with “obvious” patches, as illustrated below. Our tool currently works in
batch mode and is just providing the building blocks for ornamentation. The
ability to output the result of a partially specified lifting makes it possible to
build an interactive tool on top of our interface.

The following example shows how different use-cases of ornaments can be
composed to reorganize, enrich, and cleanup an incorrect program, so that the
final bug fix can be reduced to a manual but simple step. The underlying idea is
to reduce manual transformations by using automatic program transformations
whenever possible. Notice that since lifting preserves the behavior of the original
program, fixing a bug cannot just be done by ornamentation.

Let us consider a small calculus with abstractions and applications and tuples
(which we will take unary for conciseness) and projections. We assume given a
type id representing variables.

type expr =
| Abs of id x expr
| App of expr * expr
| Var of id
| Tup of expr
| Proj of expr

We write an expression evaluator using environments of type (id * expr) list.
We assume given an assoc function of type 'a — (‘a * 'b) list — 'b option that
searches a binding in the environment.

let rec eval enve =

match e with

| Var x — assoc x env

| Abs(x, f) — Some (Abs(x, f))

| App(el,e2) —

begin match eval env el with
| Some (Abs(x,f)) —

begin match eval env €2 with
| Some v — eval (Cons((x,v), env)) f
| None — None

end
| Some (Tup ) — None (% Type error * )
| None — None (x Error propagation )
| Some  — fail () (* Not a value 2! %)

end
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| Tup(e) —
begin match eval env e with
| Some v — Some (Tup v)
| None — None
end

| Proj(e) —
begin match eval env e with
| Some (Tup v) — Some v

| Some (Abs ) — None (% Type error *)

| None — None (* Error propagation )
| Some  — fail () (* Not a value 2! x)
end

(* eval : (id * expr) list —> expr —> expr option %)

The evaluator distinguishes type (or scope) errors in the program, where it
returns None, and internal errors when the expression returned by the evaluator
is not a value. In this case, the evaluator raises an exception by calling fail ().
We soon realize that we mistakenly implemented dynamic scoping: the result
of evaluating an abstraction should not be an abstraction but a closure that holds
the lexical environment of the abstraction. One path to fixing this evaluator
is to start by separating the subset of values returned by the evaluator from
general expressions. We define a type of values as an ornament of expressions.

type value =
| VAbs of id * expr
| VTup of value

type ornament expr_value : expr = value with
| Abs(x, e) = VAbs(x, e) when e : expr
| Tup(e) = VTup(e) when e : expr_value

| — ~

This ornament is intendedly partial: some cases are not lifted. Indeed, orna-
ments define a relation between the bare type and the ornamented type. They
are defined syntactically, with both sides being linear patterns. Moreover, the
pattern for the ornamented type should be total, i.e. match all expressions of
the ornamented type. Conversely, the pattern of the bare type need not be
total, but it must not throw away any information: in particular, it cannot use
wildcards or alternative patterns. When lifting a pattern matching with a par-
tial ornament, the inaccessible cases will be dropped. On the other hand, when
constructing a value that is impossible in the lifted type, the user will be asked
to construct a patch of the empty type, which could be filled for example by
an assertion failure. In some cases, the holes that should be filled with values
of the empty type will disappear during simplification, guaranteeing that the
program will not attempt to construct such values. The notation ~ corresponds
to the empty pattern.

This ornament does not preserve the recursive structure of the original
datatype: the recursive occurrences are transformed into values or expressions
depending on their position. By contrast with prior works [Williams et al.,
2014}, Dagand and McBride, 2013}, 2014], we do not treat recursion specifically.
Hence, mutual recursion is not a problem; for instance, we can ornament a mu-
tually recursive definition of trees and forests or modify the recursive structure
during ornamentation. We also allow changing the recursive structure of func-
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tions, transforming a single recursive function into a group of mutually recursive
functions (Chapter [14)).

Using the ornament expr _value we transform the evaluator by making explicit
the fact that it only returns values and that the environment only contains values
(as long as this is initially true):

let eval’ = lifting eval : (id * expr_value) list — expr — expr_value option
(x val eval’ : (id * value) list —> expr — > value option *)

The lifting succeeds—and eliminates all occurrences of fail () in eval'.

let rec eval’ env e = match e with
| Var x — assoc x env
| Abs(x, ) — Some (VAbs(x, €))
| App(el, e2) —
begin match eval’ env el with
| (None | Some (VTup _)) — None
| Some (VAbs(x, e)) —
begin match eval’ env e2 with
| None — None
| Some v — eval" (Cons((x, v), env)) e
end
end
| Tupe —
begin match eval’ env e with
| None — None
| Some e — Some (VTup e)
end
| Proje —
begin match eval' env e with
| (None | Some (VAbs(_, ))) — None
| Some (VTup e) — Some e
end

We may now refine the code to add a field for storing the environment in closures:

type value’ =
| VClos' of id * (id = value') list * expr
| VTup' of value'

type ornament value value' : value = value’ with
| VAbs(x, €) = VClos'(x, , e)
| VTup(v) = VTup’(v) when v : value value’

Since this ornament is not one-to-one, the lifting of eval’ is partial. The advanced
user may realize that there should be a single hole in the lifted code that should
be filled with the current environment env, and may directly write the clause
113 b))

| * — env™

let eval” = lifting eval' with ornament * « value value', Qid | * < env

The annotation ornament * « value value', Qid is another way to indicate which
ornaments to use. This is sometimes more convenient than giving a signature.
For each type that needs to be ornamented, we first try value value’, and use
the identity ornament if this fails (e.g. on types other than value). A more
pedestrian path to writing the patch is to first look at the output of the partial
lifting;:

let eval" = lifting eval’ with ornament * «— value value', Qid
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let rec eval” env e = match e with
| Abs(x, e) — Some (VClos'(x, #32, e))
| App (el, e2) — ... |

The hole has been labeled #32 which can then be used to refer to this specific
program point. The patch associated to this label can access all variables in
scope where the label #32 appears in the partially lifted term.

let eval” = lifting eval' with ornament * < value value’, Qid | #32 < env

An interactive tool could point the user to this hole in the partially lifted code
shown above, so that they directly enters the code env, and the tool would
automatically generate the lifting command just above. Notice that env is the
most obvious way to fill the hole here, because it is the only variable of the
expected type available in context. Hence, a very simple form of type-based
code inference could pre-fill the hole with env and just ask the user to confirm.

When the programmer is quite confident, they could even ask for this to be
done in batch mode:

let eval” = lifting eval’ with
| ornament x < value value', Qid
| x — try by type

Example-based code inference would be another interesting extension of our
prototype, which would increase the robustness of patches to program changes.
Here, the user could instead write:

let eval” = lifting eval’ with
| ornament x — value value’, @id
| * < try eval env (VAbs (_, )) = Some (Closure (_, env, ))

providing a partial definition of eval that is sufficient to completely determine
the patch.

For each of these possible specifications, the system will return the same
answer:

let rec eval'’ env e = match e with
| Abs(x, ) — Some (VClos'(x, env, €))
| App(el, e2) — bind’ (eval" env el) (function
| VClos'(x, _, e) — bind' (eval” env e2) (fun v — eval” (Cons((x, v), env)) e)
| VTup’ _ — None)
| Var x — assoc x env

So far, we have not changed the behavior of the evaluator: the ornaments
guarantee that the result of eval” on some expression is essentially the same
as the result of eval—up to the addition of an environment in closures. The final
modification must be performed manually: when applying functions, we need
to use the environment of the closure instead of the current environment.

let rec eval” env e = match e with
| Var x — assoc x env
| Abs(x, ) — Some (VClos'(x, env, €))
| App(el, e2) —
begin match eval’ env el with
| (None | Some (VTup' )) — None
| Some (VClos'(x, closure env, e)) —
begin match eval’ env e2 with
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| None — None
| Some v — eval” (Cons((x, v), closure_env (* was env x))) e
end
end
| Tupe —
begin match eval” env e with
| None — None
| Some v — Some (VTup' v)
end
| Proje —
begin match eval'’ env e with
| (None | Some (VClos'(_, , ))) — None
| Some (VTup' v) — Some v
end

2.4 Hiding administrative data

Sometimes data structures need to carry annotations, which are useful informa-
tion for certain purposes but not at the core of the algorithms. A typical example
is location information attached to abstract syntax trees for error reporting pur-
poses. The problem with data structure annotations is that they often obfuscate
the code. We show how ornaments can be used to keep programming on the
bare view of the data structures and lift the code to the ornamented view with
annotations. In particular, scanning algorithms can be manually written on the
bare structure and automatically lifted to the ornamented structure with only
a few patches to describe how locations must be used for error reporting.

Consider for example, the type of A-expressions and its call-by-name evalu-
ator:

type 'a option =
| None
| Some of 'a
type expr =
| Abs of (expr — expr)
| App of expr * expr
| Const of int

let rec eval e = match e with
| App (u, v) —
(match eval u with Some (Abs f) — Some (f v)
| _ — None)
| v.— Some (v)

The datatype expr’ that holds location information can be presented as an or-
nament of expr:

type loc = Location of string x int * int
type expr' =

| App’ of (expr’ * loc) * (expr’ * loc)

| Abs' of (expr’ * loc — expr’ * loc)

| Const’ of int
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type ornament add loc : expr = expr’ x loc with
| Abs f = (Abs' f, ) when f: add loc — add loc
| App (u, v) = (App’ (u,v), ) when uv:add loc
| Consti = (Const’i, )

The datatype for returning results is an ornament of the option type:

type (‘a, 'err) result =
| Ok of 'a
| Error of 'err

type ornament (‘a, 'err) optres : 'a option = ('a, 'err) result with
| Some a = Ok a
| None = Error _

If we try to lift the function without further information,
let eval incomplete = lifting eval : add loc — (add _loc, loc) optres
the system will only be able to do a partial lifting, unsurprisingly:

let rec eval incomplete e = match e with
| (App'(u, v), x) —
begin match (x 2 x) eval incomplete u with
| Ok (Abs' f, x) — Ok (fv)
| ((Ok (App'(_, _, )| Ok (Const'(_, )))
| Error ) — Error #4
end
| (Abs' f, x) — Ok e
| (Const’ i, x) — Ok e

Indeed, in the erroneous case, eval' must now return a value of the form Error (...)
instead of None, but it has no way of knowing which arguments to pass to the
constructor, hence the hole labeled #4.

To complete the lifting, we provide the following patch, using the auxiliary
identifier _2 to refer to the inner match expression. This auxiliary identifier is
defined for convenience, and is indicated as a comment next to the corresponding
term when printing partial liftings, as in the code above.

let eval loc = lifting eval : add _loc — (add _loc, loc) optres with
| #4 «— begin match 2 with Error err — err
| Ok — (match e with (_, loc) — loc) end

We then obtain the expected complete code. Notice that the pattern matching
on all error cases has been expanded to match the different branches of the
patch:

let rec eval loc e = match e with
| (App'(u, v), loc) —
begin match eval loc u with
| Ok (Abs' f, x) — Ok (fv)

| (Ok (App’(_, _, _)) | Ok (Const'(_, ))) —
Error loc
| Error err — Error err
end

| (Abs' f, loc) — Ok e
| (Const'i, loc) — Oke
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Common branches could actually be refactored using wildcard abbreviations
whenever possible, leading to the following code, but this has not been imple-
mented yet:

let rec eval loc e —» match e with
| App' (u, v), loc —
begin match eval loc u with
| Ok (Abs' f, loc) — Ok (f v)
| Ok (_, ) — Error loc
| Error err — Error err
end
| —Oke

While this example is limited to the simple case where we only read the abstract
syntax tree, some compilation passes often need to transform the abstract syntax
tree carrying location information around. More experiment is still needed to see
how the ornament approach scales up here to more complex transformations.
This might be a case where appropriate tactics for filling the holes could be
helpful.

This example suggests a new use of ornaments in a programming environ-
ment where the bare code and the lifted code will be kept in sync, and the user
will be able to switch between the two views, using the bare code for the core of
the algorithm that need not see the decorations and the lifted code only when
necessary.

2.5 Higher-order types, recursive types

Lifting also works with higher-order types and recursive datatype definitions
with negative occurrences. For example, we could extend arithmetic expres-
sions with nodes for abstraction and application, with functions represented by
functions of the host language:

type expr =
| Const of int
| Add of expr x expr
| Mul of expr * expr
| Abs of (expr — expr option)
| App of expr * expr

Then, the evaluation function is partial:

let rec eval e = match e with
| Const i — Some(Const i)
| Add (u,v) —
begin match (eval u, eval v) with
| (Some (Const i1), Some (Const i2)) — Some(Const (add il i2))
| _ — None
end
| Mul (u,v) —
begin match (eval u, eval v) with
| (Some (Const i1), Some (Const i2)) — Some(Const (mul i1 i2))
| _ — None
end
| Abs f — Some(Abs f)
| App(u, v) —
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begin match eval u with
| Some(Abs f) —
begin match eval v with None — None | Some x — f x end
| _ — None
end
val eval : expr — expr option

We could still prefer the following representation factoring the arithmetic oper-
ations:

type binop’ =
| Add’
| Mul’

type expr’ =
| Const’ of int
| Binop' of binop’ x expr’ * expr’
| Abs’ of (expr' — expr’ option)
| App’ of expr’ x expr’

Then, we can define an ornament between these types, despite expr’ recursively
occurring to the left of a function arrow in its definition:

type ornament oexpr : expr = expr’ with
| Const (i) = Const' (i)
| Add (u,v) = Binop’ (Add',u,v) when u v : oexpr
| Mul (u,v) = Binop’ (Mul' ,u,v) when uv : oexpr
| Abs f = Abs’ f when f : oexpr — oexpr option
| App (u,v )= App' (u,v) when uv: oexpr

In the clause of Abs, the lifting of the argument is specified by an higher-order
ornament type oexpr — oexpr option that recursively uses oexpr as argument of
another type, and on the left of an arrow. We can then use this to lift the
function eval:

let eval' = lifting eval : oexpr — oexpr option
with ornament x «— @id
val eval’ : expr’ — expr’ option

The annotation ornament * < @id indicates that, for all ornaments that are not
otherwise constrained, the identity ornament should be used by default. This
is necessary because we create and destruct a tuple in eval, but the type of the
tuple does not appear in the signature, so we cannot specify the ornament that
should be used through the signature. We give more details in Chapter



Chapter 3

Overview of the lifting process

Whether used for refactoring or refinement, ornaments are about code reuse.
Code reuse is usually obtained by modularity, which itself relies on both type
and value abstraction mechanisms. Typically, one writes a generic function gen
that abstracts over the representation details, say described by some structures
§ of operations on types 7. Hence, a concrete implementation a is schemati-
cally obtained by the application gen T s; changing the representation to small
variation § of types 7' of the structures s, we immediately obtain a new imple-
mentation gen 7' &, say a’.

Although the case of ornamentation seems quite different, as we start with a
non-modular implementation a, we may still get inspiration from the previous
schema: modularity through abstraction and polymorphism is the essence of
good programming discipline. Instead of directly going from a to ¢’ on some
ad hoc track, we may first find a modular presentation of a as an application
Ggen T § 50 that moving from a to o’ is just finding the right parameters 7’ and
5’ to pass to agen.

This is depicted in Figure In our case, the elaboration that finds the
generic term agep is syntactic and only depends on the source term a. Hence,
the same generic term age,, may be used for different liftings of the same source
code. The specialization process is actually performed in several steps, as we do
not want a’ to be just the application age, 7' 5, but be presented in a simplified
form as close as possible to the term we started with and as similar as possible
to the code the programmer would have manually written. Hence, after instan-

instantiation
QAgen f———
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o = Qgen T S \mizta—reductlon

S trivial T ay

elaboration
 specialization - ~._specialization \fimpliﬁcation
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Figure 3.1: Overview of the lifting process
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tiation, we perform meta-reduction, which eliminates all the abstractions that
have been introduced during the elaboration—but not others. This is followed
by simplifications that will mainly eliminate intermediate pattern matchings.

Having recovered a modular schema, we may use parametricity results, based
on logical relations. As long as the arguments s and s’ passed to the polymorphic
function agen are related—and they are by the ornamentation relation!—the
two applications agen, 7 5 and agen, 7' 8 are also related. Since meta-reduction
preserves the relation, it only remains to check that the simplification steps also
preserve equivalence to establish a relationship between the bare term a and the
lifted term a’ (Chapter [7] and [9).

The lifting process is formally described in Chapter In the rest of this
section, we present it informally on the example of add and append.

3.1 Encoding ornaments

Ornamentation only affects datatypes, so a program can be lifted by simply in-
serting some code to translate from and to the ornamented type at occurrences
where the base datatype is either constructed or destructed in the original pro-
gram.

We now explain how this code can be automatically inserted. For sake of
illustration, we proceed in several incremental steps. Intuitively, the append
function should have the same structure as add, and operate on constructors Nil
and Cons similarly to the way add proceeds with constructors S and Z.

To help with this transformation, we may see a list as a nat-like structure
where just the head of the list has been transformed. For that purpose, we
introduce an hybrid open version of the datatype of Peano naturals, called
the skeleton, using new constructors Z' and S’ corresponding to Z and S but
remaining parameterized over the type of the argument of the constructor S:

type 'anat_skel =Z' | S' of 'a

We define the head projection of a list into nat_skeE| where the head is trans-
formed and the tail stays a list:

let proj nat_list : 'a list — ’a list nat_skel = fun m #> match m with
| Nil =2’
| Cons(_,m)—>Sm

We use annotated versions of abstractions fun x #= a and applications a#b
called meta-abstractions and meta-applications to keep track of helper code
and distinguish it from the original code, but these can otherwise be read as
regular functions and applications.

Once an 'a list has been turned into 'a list nat_skel, we can pattern match
on it in the same way we match on nat in the definition of add. Hence, the
definition of append should look like:

let rec append; m n = match proj nat_list # m with
| Z'—>n
| S'm"— ... S’ (append; m’' n) ...

10ur naming convention is to use the suffix _nat_ list for the functions related to the
ornament from nat to list.
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In the second branch, we must construct a list out of the nat skeleton containing
alist S’ (append; m' n). We use a helper function to inject an 'a list nat_skel into
an 'a list:

| "' m" — inj_nat_list; (S'(append m' n)) ...

Of course, inj nat_list requires some supplementary information x to put in the
head of the list:

let inj _nat_list : “a list nat_skel > ’a — ’a list =
fun n x #» match n with
| Z' — Nil
| S"n" — Cons (x, n")
As explained earlier (§2.2), we need the patch (match m with Cons (x, ) — x)
to obtain append, and it must be user provided as patch #2. Hence, the lifting
of add into lists is:

let rec appendz m n = match proj nat_list # m with
| Z"—>n
| S"m —
inj_nat_list # (S'(append2 m' n)) # (match m with Cons (x, ) — x)
This version is correct, but not final yet, as it still contains the intermediate
hybrid structure, which will eventually be eliminated.

However, before we see how to do so in the next section, we first check
that our schema extends to more complex examples of ornaments. Assume, for
instance, that we also attach new information to the Z constructor to get lists
with some information at the end, which could be defined as:

type (‘a,’b) listend = Nilend of 'b | Consend of 'a * ('a, 'b) listend
We may write encoding and decoding functions as above:

let proj nat_listend = fun | - match | with
| Nilend — Z'
| Consend (_,I') - S I

let inj nat_listend = fun n x — match n with
| Z' — Nilend x
| S" I' — Consend (x,I")

However, a new problem appears: we cannot give a valid ML type to the func-
tion inj nat_listend, as the argument x should take different types depending on
whether n is zero or a successor. This is solved by adding a form of dependent
types to our intermediate language—and finely tuned restrictions to guarantee
that the generated code becomes typeable in ML after some simplifications. The
general idea of the simplifications is given next.

3.1.1 Eliminating the encoding

The mechanical ornamentation both creates intermediate hybrid data structures
and includes extra abstractions and applications. Fortunately, these additional
computations can be avoided, which not only removes sources of inefficiencies,
but also helps generate code with fewer indirections that is more similar to
hand-written code.

We first perform meta-reduction of appends, which removes all helper func-
tions (we actually give different types to ordinary and meta functions so that
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meta functions can only be applied using meta-applications and ordinary func-
tions can only be applied using ordinary applications):

let rec appends m n =
match (match m with Nil - Z' | Cons (x, m") —» S’ m") with

|Z" —>n
|[S"m —
match S'(appends m' n) with
| Z' —> Nil

| S'r — Cons ((match m with Cons(x, ) — x), r")

(The grayed out branch is inaccessible). Still, append; computes two pattern
matchings that do not appear in the manually written version append. Inter-
estingly, both of them can be eliminated. Extruding the inner match on m in
appends, we get:

let rec appendy m n = match m with
| Nil > (match Z' with Z' - n | S m’ —> 0)
| Cons (x, m') - (match S’ m’ with 7’ n|S m —b)

Since we know that m is equal to Cons(x,m’) in the Cons branch, we simplify b
to Cons(x, append m' n). After removing all remaining dead branches, we exactly
obtain the manually written version append:

let rec append = fun mn —
match m with
| Nil > n
| Cons (x, m") — Cons (x, append m' n)

3.1.2 Inferring a generic lifting

We have shown a specific ornamentation append of add. However, instead of
producing such an ornamentation directly, we first generate a generic lifting
of add abstracted over all possible instantiations, and only then specialize it
to some specific ornamentation by passing encoding and decoding functions as
arguments, as well as a set of patches that generate the additional data.

Let us detail this process by building the generic lifting add _gen of add, which
we repeat below.

let rec add = fun m n — match m with
| Z—>n
| Sm’ — S(add m' n)

Because they will be passed together to the function, we group the injection
and projection into a record:

type ('a,’b,’c)orn={inj: 'a > 'b = 'c; proj : 'c —> 'a }

let nat_list = { inj = inj _nat_list; proj = proj nat_list; }

The code of appends could have been written as:

let rec append> m n = match nat_list.proj # m with
| Z'—>n
| S'm' — nat_list.inj # (S'(add m’ n)) # (match m with Cons (x, ) — x)
in append,

Instead of using the concrete ornament nat_list, the generic version abstracts
over arbitrary ornaments of nats and over the patch:
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let add _gen = fun m_orn n_orn p; #>
let rec add _gen’ m n = match m_orn.proj # m with
| Z'—>n
| "' m’ — n_orn.inj # S'(add_gen' m' n) # (p1 # add_gen’ # m # m' # n)
in add _gen’

While append; uses the same ornament nat_list for ornamenting both argu-
ments m and n, this need not be the case in general; hence add gen has two
different ornament arguments m_orn and n_orn. The patch p: is abstracted
over all variables in scope, 4.e. m, n and m'.

In general, we ask for a different ornament for each occurrence of a con-
structor or pattern matching on a datatype. We then apply ML inference on
the generic term (ignoring the patches) allowing us to deduce that some orna-
ments encode to the same datatype. In order to preserve the relation between
the bare and lifted terms (see Chapter , these ornaments are merged into
a single ornament, with a single record. We thus obtain a description of all
possible syntactic ornaments of the base function, i.e. those ornaments that
preserve the structure of the original code. The patch p; describes how to ob-
tain the missing information from the environment (namely add gen, m, n, m")
when building a value of the ornamented type. While the parameters m_orn
and n_orn will be automatically instantiated, the code for patches will have to
be user-provided.

The generalized function abstracts over all possible ornaments, and must
now be instantiated with some specific ornaments. We may for instance decide
to ornament nothing, i.e. just lift nat to itself using the identity ornament on
nat, which amounts to passing to add gen the following trivial functions:

let proj nat_nat = fun x # let inj nat nat = fun x () #
match x withZ - 7' |Sx — S' x match x withZ' - Z | S x > S x
let orn _nat_nat = { proj=proj nat_nat; inj = inj_nat_nat }

There is no information added, so we may use the following unit_patch for p::

let unit_patch =fun = = ()
let add; = add _gen # orn_nat_nat # orn_nat_nat # unit_patch

As expected, meta-reducing add; and simplifying the result returns the original
program add.

We may also instantiate the generic lifting with the ornament from nat to
lists and the following patch. Meta-reduction of appends gives appends which can
then be simplified to append, as explained above.

let orn_nat_list = { proj = proj nat_list; inj = inj _nat_list }
let append patch = fun m  #> match m with Cons(x, ) — x
let appends = add _gen # orn_nat_list # orn_nat_list # append _patch

The generic lifting is not exposed as is to the user because it is not convenient
to use directly. Positional arguments are not practical, because one must refer-
ence the generic term to understand the role of each argument. We can solve
this problem by attaching the arguments to program locations and exposing the
correspondence in the user interface. For example, in the lifting of add to append
shown in the previous section, the location #2 corresponds to the argument p;.

The next two parts formalize the intuition given in this chapter: in Part [T}
we define a layer over ML allowing to express the encoding of ornaments and
reasoning tools that will be used to prove that ornamentation is correct; in



44 CHAPTER 3. OVERVIEW OF THE LIFTING PROCESS

Part [[TT] we exploit this language to define the encoding and prove that lifting
is correct.



Part 11

A calculus for program
transformation
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In this part, we build a meta-language on top of ML as a tool to define
and reason about ornamentation. We start by formally defining our subset of
OCaml (Chapter [4]). We then define a labeling of function applications to reuse
the results of previously computed applications (Chapter . We build upon
this concept to present eML, an extension of ML with equalities and type-level
pattern matching (Chapter@. On top of eML, we add another layer to represent
meta-abstractions and meta-applications as well as richer type-level computation
(Chapter @ This layer is carefully designed so that it can disappear simply by
reduction (Theorem [7.3)). We present a logical relation allowing us to reason
on mML terms (Chapter ; later, we will encode ornaments into this relation.
Finally, we show that eML terms can be simplified to ML in appropriate context
(Chapter E[), preserving the logical relation.
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Chapter 4

Core ML

The transformations done during lifiting take an ML program as input, and
return an ML program as output. We will consider here a small subset of OCaml
|[Leroy et al. [2020], featuring data types and polymorphic let bindings. In
particular, our core language has no references or module system. We discusses
extending ornamentation to a larger language in

4.1 Notation

We often need to write tuples and sequences of arguments. We write (Q;)*!
for a tuple (Q1,..@n). We often omit the set I in which ¢ ranges and just
write (Q;), using different indices i, j, and k for ranging over different sets
I, J, and K; we also write @ if we do not have to explicitly mention the
components @Q;. In particular, @ stands for (Q,..Q) in syntax definitions. We
write Q[z; < @Q;]%7, or Q[z; « Q;]° for short, for the simultaneous substitution
of z; by Q; in Q for all ¢ in I. We sometimes need to consider dependent indices:
we write for example j € J; for j ranging on a set J; depending on the index 1,
and (Qij)iel’je‘]i for the sequence ranging over the pairs of ¢ and j. In this case,
we usually keep the explicit notation. The order of the indices is relevant: we
consider that the order relation < orders the indices such that the index of an
element is smaller than the indices of elements to its right.

4.2 Types and datatypes

To prepare ML for further extensions, we slightly depart from traditional presen-
tations. Instead of defining type schemes as a generalization of monomorphic
types, we do the converse and introduce monotypes as a restriction of type
schemes. The reason to do so is to be able to see both ML and eML as sublan-
guages of mML—the most expressive of the three. We use kinds to distinguish
between the types of the different languages: for ML we only need a kind Typ, to
classify the monomorphic types, and its superkind Sch, to classify type schemes.
The syntax of kinds (noted «) and types (o, 7) is given on Figure[£.1] The mono-
types include function types 7 — 7 and application of type constructors d7,
while universal quantification V(« : Typ) 7, restricted to monotypes, builds a
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Kon= Kinds
| Typ Monotypes
| Sch Type schemes

T,0 = Types
| « Type variable
| 7> 1 Function type
| ¢ 7 Datatype
| Y(: Typ) T Universal quantification

I = Typing environments
| & Empty
| Tyo: 7 Variable
| T,a: Typ Type variable

D = Datatype environments
| & Empty
| D,¢: (Typ,.. Typ) = Typ Type constructor
| D,d:V(a; : Typ)' (15)7 = ¢ ()" Data constructor

Figure 4.1: Types, kinds and environments for ML

type scheme. Diverging from the traditional ML syntax, we take type construc-
tors as prefix: thus, the type of lists of booleans is noted list bool instead of
bool list. Type environments I'" bind a set of type variables «, all of kind Typ,
and term variables x; of types 7;, which may be type schemes.

We assume given a fixed set of type constructors, written ¢. Each type con-
structor has a fixed signature of the form (Typ, .. Typ) = Typ. We require that
type expressions respect the kinds of type constructors and type constructors
are always fully applied. We also assume given a set of data constructors. Each
data constructor d comes with a type signature, which is a closed type scheme of
the form V(o : Typ)’ (15;)7 — ¢ (a;)". The mapping between type constructors,
data constructors and their signatures is stored in a datatype environment D,
whose syntax is given on Figure

By convention, we choose lowercase names for type constructors, and capi-
talized names for data constructors. Some well-known datatypes will be useful
in examples: the datatype unit with one constructor Unit, the datatype bool with
two constructors False and True, the empty datatype void with no constructors.
We will also use the type of natural numbers nat with two constructors Z and S,
the type of lists list o with two constructors Nil and Cons, the type option o with
two constructors None and Some, the type either (o, 8), with constructors Left
and Right, and the type pair («, 8) with one constructor Pair. The corresponding
type environment is given on Figure [£.2]

The well-formedness rules for datatype environments, type environments,
and types are given in Figure A datatype environment D is well-formed
(noted + D) if the types given to the fields of data constructors are valid
. Note that this definition permits arbitrary recursion between
types, including mutually recursive types, non-strictly positive types, and non-
regular types [Bird and Meertens), [1998|. A typing environment I is well-formed
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unit
Unit

bool
True
False

void

nat
yA
S

list

Nil
Cons
option
None
Some

either
Left
Right

pair
Pair

Typ
unit

Typ
bool
bool

Typ

Typ
nat
nat — nat

Typ = Typ
V(o : Typ) list «
V(e : Typ) (o, list ) — list «

Typ = Typ
V(o : Typ) option «
V(« : Typ) o — option «

(Typ, Typ) = Typ
V(o : Typ, 8 : Typ) a — either («, 3)
V(a: Typ, B : Typ) B — either (a, 3)

(Typ, Typ) = Typ
V(o : Typ, 8 : Typ) (o, B) — pair («, 5)

Figure 4.2: Definition of some datatypes
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EnvVar EnvTVar
DT DT
}E)N:Eg”y I'7:Sch  ao#T a#T
D-T,x:71 DT a:Typ
K-Var
D-T K-DATATYPE , 4
a:Typel DFT (¢: (Typ)' = Typ) e D (D;T + 7, : Typ)®
DT+ a: Typ D;T = ¢ (7)" = Typ
K-ARR K-SuTYP
D;T'+ 7 : Typ D;T'+ 7 : Typ D;T'+—7:Typ
D:T+—m — 1 Typ D;T'+ 7:Sch
K-ALL

D;T,a:Typ+ 7:Sch
D;T + Y(a: Typ) 7 : Sch

WEF-DATATYPE ] ] )
V(d:V(a;: Typ)' (1)) — ((ai)") € D, ‘
(C: (Typ)" = Typ) € D A (D;(a; : Typ)' = 7 : Typ)?
D

Figure 4.3: Well-formedness rules
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a,b = Terms
| = Variable
| letz =aina Let binding
| fixz(z:7):7.a Function by fixed point
| aa Application
| at Type application
| Ala: Typ). u Type abstraction
| d7a Construction
| match a with (P —>a|..P — a) Pattern matching

P o= Patterns
| d7 T
u = a|d7u|fixz(z:7):7.aluT|Ala:k).u|letz=uinu

| match v with (P —>u|..P — u)

Figure 4.4: Syntax of ML

in a datatype environment D, noted D I I if it only contains well-formed types
and does not bind the same variable twice. Finally, a type 7 is well-formed with
kind k in a context D;I', noted D;I" -+ 7 : k if all applications of type con-
structors have the right number of arguments and any variable
that appears in the type is bound in the context or by a preceding universal
quantification . If it does not contain universal quantification, it has
kind Typ. Otherwise, all universal quantification must be at the head of the type
(because the kind Sch cannot appear as the argument of the function arrow or
a type constructor), and it has kind Sch . The rule allows
monotypes to be considered as an instance of type schemes. Types (and terms)
are considered up to a-conversion.

Since the datatype environment D does not vary, we will almost always leave
it implicit.

4.3 The syntax of explicit ML

Since we are mainly interrested in transforming ML programs, we describe an
explicitly typed version of ML.

The syntax of ML is given on Figure Terms are represented by the meta-
variables a and b. Instead of having a special notation for recursive functions,
functions are always defined recursively, using the construction fix f (z : 1) :
7o . a. This avoids having two different syntactic forms for values of function
types. For convenience, we still use the standard notation A(z : 71). a for non-
recursive functions, but we just see it as a shorthand for fix f (z : 71) : 72 . a
where f does not appear free in a and 75 is the function’s return type. Type
abstraction and type application are explicit, respectively noted A(a : Typ). a
and a 7. Constructors d take as arguments both a list of types, instantiating the
corresponding type arguments of the datatype, and a list of terms corresponding
to their fields.
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VAR TABs
= rz:0€l lNa:Typu:o
F'x:0 '~ A(a: Typ).uw:V(a: Typ) o
TApPP

L' 7:Typ F'a:V(a:Typ)o

Part:ofa<~r7T]

Fix
I'~7:Typ ' 7m:Typ Ne:m >my:mba:m

PHfixe(y:m):me.a:7 — T

AppP LET
I'b:m I'Fa:m —m F'a:7 | R o
I'ab:m I'Hletz=ainb: 7
Con

T Hd:V(a;: Typ) (1) — ¢ (Oéj)j

(T + 75 : Typ)? (T a; 1oy —7517)°
L= d(r)’ (a:)" = ¢ (75)!

MATcH . )
[7:Sch (di: Y(ax : Typ)* (7i;)7 — ¢ (an)*)"
I'a: C(Tk)k (T, (@ij = Tijlouw < Tk]k)J Fb 1) F (d;)* : ¢ complete
T I match a with (d;(7%)"(z;)7 — ;)" : 7

Figure 4.5: Typing rules for ML

We distinguish a class of non-expansive terms, noted u, whose evaluation
does not involve reducing function application. We require that the body of
type abstractions is non-expansive. This is a slightly relaxed version of value
restriction [Wright|, [1995]. Non-expansive terms will be useful later on because
their reduction terminates. Note that the class of non-expansive terms is not
preserved by substitution of variables for arbitrary terms, but only for substi-
tution by non-expansive terms. To preserve the syntax of terms, we must be
careful to only substitute non-expansive terms for variables.

The typing judgment I' - a : 7 (which is a shorthand for D;T"  a : 7,
with D considered constant), expresses that a is well-typed of type 7 in the
typing context I'. Its derivation rules are given on Figure We need to
ensure that all pattern matchings are non-overlapping and complete. This is
done in through an auxiliary judgment + (d;)® : ¢ complete, defined
as follows: + (d;)* : ¢ complete if and only if (d;)? contains once and only
once all constructors d such that there exists (a;)7 and (7)* such that (d; :
V(ag : Typ)® (1i;)7 — ¢ (ax)¥) € D. The rules of the typing judgment ensure
that if ' - a : 7, then T" is well-formed and " - 7 : Sch; in rule this
requires checking explicitly that I' - 7 : Sch, i.e. that 7 and T' are well-formed,
as the pattern matching can have zero branch if we are matching on a datatype
without constructors.
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<

= d70 |fixe(x:7):7.a| Ala: Typ).v
E :=[]|Fal|vE|dT(a,..a,E,v,..v) | Ala:Typ). E|ET
| match E with (P —>a|..P—>a)|letz=FEina

(fixe (y:7"):7.a)v —>g alz — fixx (y: 7)) : 7 . a,y «— v]
(A(a: Typ).v) T —»g v[a < 7]
letz=wvina —>g alr — v]
match d; 7 (v;)" with (d; 7 (2;;)" — a;)? —>g ajlzji < vi]*

CONTEXT-BETA
a —>g b
Ela] —3 E[b]

Figure 4.6: Reduction for ML

4.4 FEvaluation

The language is equipped with a weak (i.e. we disallow reduction under binders),
call-by-value reduction semantics, expressed in small-step style. To match the
behavior of OCaml, we evaluate applications left-to-right and constructor ar-
guments right-to-left. The definitions of values v, of the evaluation contexts F
are given in Figure @ The reduction — 3 is defined as performing head-
reductions —>g in evaluation contexts E. While reduction does not occur under
term abstractions, we reduce under type abstractions: thus evaluation occurs as
if the type abstractions were absent. This is important because abstractions are
not visible in the implicitly-typed language that is presented to the programmer.
If type abstractions did block reduction, the programmer would have to guess
where abstractions are inserted to understand the semantics of the program
they wrote.

Reduction always substitutes variables by values, which are a subset of non-
expansive terms. Thus, the syntax of terms is preserved. Given the evaluation
contexts we have defined, the reduction is deterministic, and values are indeed
irreducible.

Lemma 4.1 (Values are irreducible for — ). Consider a value v. Then, there
s no term a such that v —g a.

Proof. By contradiction, consider a reduction of v. There exists a decomposition
v = E[b] where E is an evaluation context, and b —>g b, and a = E[V].

Let us prove by structural induction of values that this is impossible. There
is no head-reduction on values (because values start with a constructor, while
head-reduction reduces only terms that start with a destructor). Thus, the
evaluation context F is non-empty. Let us consider the different cases for values:

e Suppose v = d(7)(vj)". Then E is of the form d(r)"((v})7, E', (v},)*),

therefore there is some value v in (v})* that decomposes as v = E’[b] and
reduces to E’[b']. This is impossible by induction hypothesis.

e Suppose v = fixz (y : 7') : 7 . a. There is no possible non-empty context
E such that v = E[b].
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e Suppose v = A(a : Typ). v’ for some value v'. Then E = A(«a : Typ). E/,
thus v' = E’[b] reduces to E’'[b']. This is impossible by induction hypoth-
esis. O

Lemma 4.2 (—g is deterministic). Suppose a —p b and a — 3 b'. Then
b=1"b.

Proof. Let us show that any term a decomposes in at most one way as E[a’]
where o’ is head-reducible. This implies the lemma, because head-reduction is
deterministic.

We proceed by induction on a.

e If the term is a variable, the reduction is blocked.

e If it is a let binding a = let x = b in ¥’ there are two cases to consider. If b
is not a value, a does not head-reduce. Then, the decomposition must of
the form E = let x = E’ in b’ and we apply the induction hypothesis on b.
If b is a value, the decomposition cannot be of this form, since that would
imply that b reduces. Thus, E is necessarily the empty context.

e If the term is a function definition by fixed point, it is a value, and thus
irreducible.

e If a = b/ is an application, there are three cases to consider. If b is not a
value, the term does not head-reduce, and the only possible decomposition
is of the form E = E’ ¥'. Then we can apply the inductive hypothesis to
b. If b is a value but ¥’ is not, the term does not head-reduce, and the only
possible decomposition is of the form E = b E’ (b does not decompose as
it is a value). The we can apply the inductive hypothesis to &’. Otherwise,
we necessarily have E = [].

e Similarly, for type application a = b 7, either b is not a value and a does
not head-reduce, or b is a value, does not decompose further, and FE is the
empty context.

e For type abstraction the context is necessarily of the form E = A(a :
Typ). E’, and we can apply the induction hypothesis.

e For constructors we find the first field (starting from the right) that is not
a value, and apply the inductive hypothesis.

e For pattern matching, either the scrutinee is not a value and the term
does not head-reduce, then we can apply the induction hypothesis, or it is
a value and does not decompose so the empty context is the only possible
context. O

4.5 Type soundness

As usual, weakening allows us to transport a term to another context, which is
useful to prove that substitution preserves types. We have two ways to enrich
an environment: either add a type variable a : Typ, or add a term variable
a : 7. Similarly, we have three judgments where a typing environment appears:
well-formedness of environments + I', well-formedness of types I' - 7 : k and
typing I' - a : 7. Thus, we have six statements of weakening:
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Lemma 4.3 (Weakening). Suppose - I',TV. Then,

o ifa# IV, we have —T',« : Typ,IV;

o ifr# T IV and '+ 7 : Sch, then — T,z : 7,T".
Suppose T, TV + 7 : k. Then,

o ifa# T, TV, we have ', : Typ, IV 7 : k;

o ifr# IV and T+ 7' : Sch, then T,z : 7/, TV 7 : k.
Suppose I', TV a : 7. Then,

o ifa# TV, thenT,a: Typ,I" a: 75

o ifr# T, TV and T+ 7:Sch, then T,z : 7,1V a: 7.
Proof. By induction on the derivation. For weakening on type variables, since
the variable is free for the context, the context. stays , a.nd t-he
only rule that accesses the context for type variables (K-VAR]) is monotonic with

respect to the context. Similarly for term variables, with [ENvVar]and [Varl O

Similarly, substitution has six different statements:
Lemma 4.4 (Substitution). Suppose I' - o : Typ. Then,

e if T, a: Typ, IV, then T, T [ < o];

o if T a: Typ, IV 7 :k, then T, T [ «— o] F T[aw < o] : K;

o if T a:Typ,I"Fa: 7, then T,T'[aw — o] I a[a < o] : T[ax < 7].
Suppose I' = : 7.

o if—D,x:7,I', then T, T;

o if Uz : 7.V —7:k, then T,V 7 : k;

o ifCx:7,I"Fa:7, then I\T" - a[z — u] : 7.

Proof. By induction on the derivations. For type substitution, substitute in
subderivations by induction, replacing by the derivation of T' - o : Typ.
For term substitution, substitute in subderivations by induction, replacing rule
by the derivation of T' - u : 7. O

The reduction preserves typing.

Lemma 4.5 (Subject reduction for head reduction). Suppose T + a: 7. Then,
if a —>Z a', we have T a’ : 7.

Proof. Consider the different redexes.

o If a = (fixx (y:7q): 75 .b) v, then the last derivation rule is necessarily
Thus, there exists 71 such that I' - fixa (y : 74) : 75 .b: 71 — 72 and
'+ v : 7. The last derivation rule of I' - fixx (y : 74) : 74 .b: 71 — T2
is necessarily Thus, we have I'yx : 1y —» 7,y : 1 + b : 7. By
substitution (Lemma[.4), I' - a[z « fixz (y: 7/) : 7 . by < v] : 7.
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e Proceed similarly for the other redexes (type application and abstraction,
match and constructor, and let and value), by inverting the typing deriva-
tion and applying substitution. O

Theorem 4.1 (Subject reduction). Suppose I' = a : 7. Then, if a —g o', we
have ' a' : 7.

Proof. By induction on the context where head reduction takes place.
e If the context is empty, apply Lemma

e Otherwise, notice that typing derivations are not dependent: we can
change subterms as long as we keep the same type. Then apply the in-
duction hypothesis on the reduced subterm. O

Moreover, well-typed irreducible terms are values.

Lemma 4.6 (Inversion). Consider a value v, such thatT' v : T.
o If 7 =11 — T, there exists a such that v =fixx (y:71) : 72 . a.
o If T =V(a:Typ) 7, there exists w such that v = A(a : Typ). w.

o If 7 =( ()", there exists a constructor - d : V(a; : Typ)® (15)7 — ¢ (o)’
and terms (a;)? such that a = d(7;)"(a;)?.

Proof. By examining the different cases for values, and inverting the typing
derivation. O

Theorem 4.2 (Progress). Consider J - a : 7. Then, either a reduce, or it is
a value.

Proof. We proceed by induction on the term, as in the proof of Lemma [£.2] In
the induction, we will reduce under type abstractions. For the proof by induction
to work, we need to prove a strengthened result where the typing environment
can bind any number of type variables: consider a set of type variables (c;)®.
Then, if (o : Typ)' - a : 7, either a is a value or a reduces.

e Term variables are not well-typed in the empty context.
e A function definition by fixed point is a value.

e Each argument of the constructor is well-typed in I', thus is either a value
or reduces. If all arguments are values, a is a value. Otherwise, we can
reduce the rightmost non-value argument.

e The term inside a well-typed type abstraction is well-typed in an environ-
ment ', « : Typ enriched with one type variable, thus is either a value or
reduces. If it reduces, the abstraction reduces. Otherwise a is a value.

e If a is a let binding let x = b in ¥/, apply the induction hypothesis on b,
well-typed in I". If b reduces to b”, a reduces to let z = " in /. Otherwise,
b is a value, and a reduces to b'[z < b].
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e In the case of applications a = b ¥, by inverting the last typing rule, b and
b’ are well-typed. If b’ reduces, a reduces. Otherwise, it is a value. Then,
if b reduces, a reduces. Let us assume b and b’ are values. By inverting the
type derivation, we know that there exists a type 7; such that @ -0 : 7
and & + b: 7 — 7. Then, by Lemma [4.6] we know that there exists a’
such that b = fixxz (y : 71) : 7 . @’. Then, a reduces to a’[z < b,y <« V'].

e Proceed similarly for pattern matching and type application. O



60

CHAPTER 4. CORE ML



Chapter 5

Labelling ML terms

We introduce a labeling system for ML: expansive computations are labeled so
that their result can be reused without recomputation later in the term, without
having to introduce explicit bindings. This will be used in eML, presented in
the next chapter, to refer to results of previous computations that were useful
in determining, e.g. which branch is taken. eML only requires the labels being
available at type-level. The language we present here also has labels at value
level (and, indeed, is mostly untyped).

5.1 Overview

When lifting an ML program, we provide patches to fill in the missing parts of
the term. When writing these patches, we might need to access a previously
computed result after it has been computed. For example, suppose we are lifting
the following term by lifting the output boolean to an integer:

match random _int_option () with Some _ — True | None — False
We obtain a program of the form
match random _int_option () with Some _ — Some #1 | None — None

To provide a value for the hole #1 we need to access the result of the call
to random _int_option, but we dropped some information. We cannot call the
function a second time, as it may have side-effects, or in this case return a
different result altogether. If we can recover the result of the call, we can simply
match on it again to finish the transformation.

This is already achievable in ML by program transformation: in that case,
we simply have to bind the result of the computation to a variable that we can
reuse later on:

let z = random _int_option () in
match x with Some ~ — True | None — False

The lifted term becomes:

let # = random _int_option () in
match 2 with Some _ — Some #1 | None — None

61
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The hole #1 can then be patched with match z with Some y — y | None — 0.

Note that we have another issue there: we know from the branch we are
in that x is necessarily Some | but we have to provide a complete pattern
matching. In this example, we simply insert a placeholder value there. We
solve this problem in Chapter [f] by teaching the type system how to use branch
information to decide that some branches are unreachable. This re-uses the
labelling system to refer to previously performed computations.

We don’t need to give names to computations that don’t involve function
application: we consider them both safe and cheap to duplicate if needed.

More complicated cases can also be handled by program transformation,
although at increased cost. Consider for example the program

let x; = match f () with
| True > g()!=2
| False — False
in
Cl#1]
We can only bind g () to a variable if it is actually evaluated, which means we
have to extrude the match around the binding of x; and duplicate the context
C[_] so we can reuse the result in #1:

lety; =f () in
match y; with
| True —
let y> = g () in
let X1 = Y2 = 2in

Cl#1]

| False —

let x; — False in
Cl#2]

With more pattern matching, we would have to duplicate even more code, nest
even more pattern matchings, and generate even more patches. Moreover, our
lifting strategy does not allow us to perform only the necessary extrusions: since
we want to create a completely generic term that can support any lifting of the
base function, we have to perform all extrusions, even if they are unneeded.

We would rather take the inverse approach: only perform the necessary
extrusions at the latest possible moment, once the term has been instantiated
and we are reducing it back to an ML term. We label each application in the
execution of a program with an unique label p, noted above the application as
in fP x. When we want to reuse the result of a previously executed application,
we access the value of the label, noted #p. Our first example becomes: match
random _int_option! () with Some _ — Some #1 | None — None, and we can
patch it with match 1 with Some y — y | None — 0.

Labels are substituted as soon as the corresponding expansive computation
is evaluated: thus, labels are accessible in all subterms evaluated after the ap-
plication that binds them in the ML evaluation order.

We want applications to have unique names, and application of a function
can create new applications to be evaluated later by duplicating the code inside
the body of the function. Therefore, we need a way for each separate application
to generate its own labels. Instead of using abstract names for labels, we use
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paths constructed by concatenating abstract labels. We want a function appli-
cation labelled by a (unique) label p to only generate applications prefixed by p
with a unique suffix. This guarantees that the labels generated throughout the
execution are unique. We add to each term abstraction a label variable 7: all
applications in execution position inside the abstraction will then have a label
prefixed by .

Our presentation here is untyped, we only add some well-labeling checks
to ensure unicity of the generated labels (and later confluence, see . In
particular, we do not worry about using labels that are only defined in some
branches: the problem of knowing whether a particular label is valid to use or
not is solved by the extension to eML in Chapter [6]

When reducing an application labelled with p, we immediately substitute
all instances of *p with the result of the application. This requires some care:
consider let x = (A" (y : unit). random™! ())* () in (z,*1). If we substituted
all instances of 1 with the result of the application when reducing the lambda,
we would obtain let # = random!! () in (z,random!! Unit). This is wrong:
we duplicated the call to random and we will probably end up with different
results for the two calls. We also duplicated a label, while we want labels
to uniquely identify applications. Instead, we substitute a reusable version of
the term, obtained by replacing all new applications by a reuse of their label:
here, this reusable version is simply #1 - 1. The reduced term is thus: let z =
random!! () in (z,*1-1).

5.2 Labelled reduction

In this section, we define the syntax of labelled terms and their reduction (Fig-
ure .

Result names, noted p and g are formed by appending a sequence of path
components n to either the root name ¢ or a path variable 7. When writing a
path starting from the root component, we may omit it: we write nq - ny for
€-n1 - ng. If ¢ is a path starting from the root, we note p - ¢ the path formed
by appending all path components of ¢ to p. We say a path ¢ is a suffix of p,
noted p < ¢, if ¢ can be formed by adding some path components to p. It is a
strict suffix if it is different from p.

The syntax of terms « is identical to the syntax of ML, with a few deviations:
first, all applications are labelled: a? b is read as the application of a to b
labelled with p. Second, we write *p the reuse of the result of the application
labelled p. When the application is reduced, #p is replaced with the result of
the reduction. Third, lambda abstractions also bind a path variable w. This
variable can be used as a prefix for the labels appearing in the variable (either
being defined or used). When an application is reduced, the label variable
on the lambda is substituted with the label of the application in the body of
the abstraction. The grammar of non-expansive terms u is also extended. As
before, applications are expansive. Conversely, reused results #p are always non-
expansive. The grammar of values v is unchanged, except for the label variables
added to abstractions.

The definition of the evaluation contexts, the head reduction, and the context
rule are given on Figure 5.2l We define evaluation from elementary context
layers &: they represent the possible right-to-left evaluation contexts in ML,
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let x = aina
fix"z(x:7):7.a
af a

aT

Ao : Typ). u
dT a

\

|

|

|

|

|

|

| match a with (P - a|..P — a)
| #p
|

|

|

|

d7 (x)*
€

T

p-n

Terms
Variable
Let binding

Function by fixed point

Application
Type application
Type abstraction

Construction
Pattern matching
Reuse

Patterns

Result names
Root
Variable
Path

zld7u |[fix"z(z:7):7.a|lut|Ala: k). u|letz=uinu

match u with (P —> u | .. P — u) | *p
x| d7o |[fix"x(x:7):7.a| Aa:k).v

Figure 5.1: Syntax of labelled ML
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Eu=letz={[]inal|[]Pa|v?[]]|dT(a,..a,[],v,..v) | Ala: Typ). []|[] T
| match [] with (P > a]|..P — a)

(A(a: Typ).v) T 9, v[a « 7]

(fix"x (y:7y): 7 .a)P v

spereuse(a[m—p,x«fix" z (y:7 )7y . a,y<71])

Ietm:Uina&a[aw—v]

alr —p,x —fix"x (y:7]): 75 . a,y — 7]

match dj?(vi)i with (dj P(LUJZ)Z — aj)j 9, a; [l‘ji «— ’Ui]i

RED-NOLABEL RED-LABEL
0 *kpe—u
a—b — b

Ela] = E[0] Ela] 2= (Exp «— u])[b]

Figure 5.2: Reduction for labeled ML

and embed constrains about the fact that terms to the right must already be
reduced to value for a subterm to be in evaluation position.

The reduction — 4 is similar to the ML reduction, except that the reduction
is labelled: a reduction - indicates that the head-reduction was performed on a
non-expansive term, while a reduction EPTY, labelled with a substitution indi-
cates that an expansive term with label p has been reduced to some expression
to which w is a representation. Then, all occurrences of #p in the evaluation con-
text are substituted by the non-expansive term w. This is done in the context
rules (propagating the empty label) and (applying
the substitution and propagating it to the enclosing context).

The evaluation contexts £ do not bind term variables, and only non-expansive
terms occur under type abstraction; thus we do not need to take precautions to
ensure that the terms substituted for labels stay well-scoped while moving up
the context layers.

The head reduction rules are almost identical to the ML reduction rules.
They are also labelled: reductions of non-expansive redexes (type application, let
binding and pattern matching) have an empty label. Reductions of applications
are labelled with a substitution #p <« w of the label p of the application with
a non-expansive representation u of the result of the application. The non-
expansive representation of a term a is noted reuse(a). It is formed by replacing
all expansive computations in evaluation position (not under a term abstraction)
by a reuse of their label. This makes it equivalent to the term, as long as the
term is already evaluated once before. The definition is given in Figure the
important rule is given first, the others simply descend on the structure of the
terms.

Lemma 5.1 (Values do not reduce). Values are irreducible for —»Z

Proof. By structural induction on values. Values are never head-reducible (be-
cause they start with a constructor), and if v = £[a], then a is a value too. O
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reuse(a? b) = #p
reuse(z) =z
reuse(#p) = wp

(
’
reuse(A ( : Typ). u) Ala: Typ). u
reuse(fix"z (y:7'):7.a) = fix'z(y:7):7.a
(
(a
(d
(

reuse(let z = a in ) let x = reuse(a) in reuse(b)
reuse(a 7) reuse(a) T
reuse(d; (7;)? (ax)*) = di(7;)’ (reuse(ay,))"*
reuse(match a with (d;(73,)"(2i;)? — b;)*)

= match reuse(a) with (d;(7%,)"*(x;;)7 — reuse(b;))?

Figure 5.3: Making ML terms reusable

Lemma 5.2 (Unique decomposition). Consider a reducible term a. Then, ei-
ther a is not head-reducible and there is a unique decomposition as a = E[b]
where b is reducible, or a is head-reducible and there is no such decomposition.

Proof. Consider the different cases for a.
e Variables x and reused results #p are not reducible.

e Suppose a is let £ = a1 in as. If a; is not a value, the term is not head-
reducible, and the only possible reduction context is £ = let z = [] in as.
Then a; must be reducible (otherwise a would not be reducible), and
we have a = £[a1]. If a1 is a value, a head-reduces. The only possible
reduction context is &€ = let « = [] in ay but it does not produce a
decomposition because a; is not reducible (by Lemma .

e We proceed similarly for terms starting with destructors (application, pat-
tern matching).

e Term abstractions are always values and do not reduce.

e For other constructors: we consider the case of data constructors, with a =
d(T)"(a;)?. Since a is reducible, there exists a decomposition of (a;)? =
(br)*b(v,)* such that b reduces. By Lemma b is not a value. Other
possible contexts are of the form & = d(7)*(by)*b(ve)*<"[](ve)*>" with
a = E[v,]. But v, is irreducible.

O

Lemma 5.3 (Determinism). Suppose a is reducible. There exists a unique b

and | such that a Lh b.

Proof. By induction on the term, using unique decomposition: if there were two
reductions, there would be two decompositions. [

5.3 Full reduction

In this section, we introduce a full reduction for labeled ML. While we will
not use it directly, it will serve to explain how the labeling, that seems very
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(Ala: Typ).w) T 2, ufa < 7]

(fix"z(y:7y): 75 .a)’ u

kpereuse(a[m—p,afixT x (y:71):75 - a,yeT1]) let 2 = wina R (l[{ﬂ - u]

altr —pyx —fix"x(y:7): 7% .a,y — 1]
match d; (7)) (v;)? with (d;(7)* (z5:)" — a;)7 > aj[zj; — v;]’
Figure 5.4: Full head reduction for labeled ML

Cu=letz={[]inalletz=ain[]|a?[]|[|Pa]|d7T(a,..q,[],a,. a)
| Ala:Typ). [] | fix"z(z:7):7.[]|[]7
| match [] with (P — a|..P — a) | match a with (P > []|...P — a)

Figure 5.5: Contexts for full reduction

dependent on the evaluation order of ML, is actually compatible with full re-
duction. We will build upon the concepts defined here to provide full reduction
for meta-abstractions in mML (Chapter [7]).

The full reduction allows reduction in any position, including under a lambda.
Moreover, instead of requiring values in redexes, we only require terms to be
non-expansive. The definition of the head reductions is given in Figure
Other than requiring non-expansive terms instead of values, they are identical
to the head reductions of the weak reduction.

The contexts of the reduction are all shallow contexts C. We enumerate
them in Figure

There is an additional wrinkle to take care of when performing full reduction.
Consider the reduction of let z = let z = True in (A(y : bool). y)? z in *p. If we
start by reducing the abstraction, we need to propagate a result *p « x. This
is fine until we leave the scope of x, but if we continue propagating this to the
toplevel, we end up with let z = let x = True in = in z, which reduces to x.
If we follow the weak reduction order on the same term, we end up with True:
our reduction is not confluent. We need a way to keep the value of x available
in the term, even if z has not been evaluated yet. Fortunately, we have exactly
that: when #p <« u passes through a let x = a in [] layer, we transform it into
*p «— u[x < reuse(a)].

We encounter similar problems with pattern matching. We can perform the
same pattern matching to get the values of the variables in a branch, but we are
blocked in other branches: we know locally which branch has been taken, but
there is no way to use this information to create terms to fill the other branches.
We work around this (until Chapter |§| gives us a better solution) by allowing
incomplete pattern matchings.

Lambda abstractions also bind term variables. There is no easy way to
recover a value for these variables because lambda abstractions are detached
from the term that will be used as argument. For this reason, when reducing
inside of a lambda abstraction, we hide the label on the reduction from the
context outside of the abstraction: the reduction becomes unlabeled. Lastly,
type abstractions contain only non-expansive terms, and reducing non-expansive
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(#p—w) T Hix"7[]: (y: 7). = 0

(#p < u) t match awith P - []|... = #p < match reuse(a) with P — u

(#sp<—u) tletx=ain(] = #p <« u[x < reuse(a)]

(#p—u)tletx=1]ina = #pe—u

(p —u) Ta ] = *p—u

(*p(—u)T[]qa . _ = %p<—u

(#p —u) 1 d7 ((as)", [, (a5)7) = #p—u

(sp—u) T[T = #p—u

(#p < u) T match [Jwith (P - a|..P —>a) = #p<—u
Figure 5.6: Translation

RED-NOLABEL RED-LABEL

0 *p—u
a—b AN A

Cla] S C[b] Cla] CE=E, (Clap — u])[b]

Figure 5.7: Full reduction

terms will not produce a label.

We express these transformations on labels by defining a translation function
(#p < u) 1 C that returns either a new label #p « «’ or 0. Its definition is given
in Figure For weak reduction contexts (i.e. the last six cases), the label is
propagated as-is, which is consistent with the fact that we did not need label
translation in weak reduction contexts.

Then, the full reduction is defined using these two functions in Figure [5.7}
It generalizes the previous reduction:

Lemma 5.4 (Superset). Suppose a b Thenasb.

Proof. The evaluation contexts and redexes of the weak reduction are a subset
of the evaluation contexts and redexes of the full reduction, the weak head re-
duction is a subset of the full head reduction, and the context rules are identical
for evaluation contexts. O

The reduction preserves non-expansivity. Moreover, reduction of non-expan-
sive terms does not produce a label:

Lemma 5.5 (Non-expansivity). Suppose u Y a. Then a is non-expansive and
l=0.

Proof. By induction on the contexts. Contexts that yield non-expansive terms
either have a non-expansive term in the hole or remove the label. Non-expansive
redexes do not produce a label when reducing. O

5.4 An attempt at well-labelling

Unfortunately, the full reduction is not confluent. There are three causes for
this. The first cause is that we can have two redexes with the same label.
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Depending on which we reduce first, we get two different results. Consider for
example the following two reduction paths from the same term:

(#p, A" 2. 2)P 1, (A" y. yP )2) (xp, A" 2. 2)P 1, (A" y. y)P 2)
FEL (1L L (T g )P 2) A2 (2, (AT )P 1,2)
A2 (1,1,2) F2(91,9)

Secondly, depending on the order of evaluation, a label may or may not be
substituted. Consider the following example, where *1 - 1 is substituted or not
depending on whether we start by reducing the outer or the inner thunk:

G L Ty A2 ) )) (1L ATy (A2 a) ™ () ()
AL (11, (A 2 )M () 2y (+1-1, (Vg a) ()
*1-1—x (.TJ,.T) kle—x (*1 . 1,.’L')

Third, under branching constructs, evaluation might simply discard the expres-
sion generating a label before it is substituted: for example, in the following
example, the label 1 is generated in a dead branch. But nothing prevents the
full reduction from evaluating inside this dead branch:

(x1,if False then (AT 2. 2)! 2 else 2) (x1,if False then (A" 2. 2)! 2 else 2)
2 (2,if False then 2 else 2) '&(*1, 2)
2 (2.2)

We can solve the first two issues by defining a set of well-labeled terms, stable
by reduction. The third issue is solved by the introduction of eML in Chapter [6}
We have two constraints. First, the labels produced by the reductions must be
distinct. We cannot merely ask the labels present in a term to be distinct,
because reduction of expansive redexes creates new redexes. To control the new
labels, we require that the labels generated by reduction of a redex labeled p
have labels prefixed by p. Then, a term should produce a set of labels such
that no label is a prefix of another: this guarantees that replacing p with a
set (p-n;)" will never create a conflict. Second, the order of evaluation should
not influence when a label gets substituted. This is a constraint on the uses of
labels: we must be certain that whatever the order of evaluation, a label will be
substituted, or that whatever the order of evaluation it won’t be. The second
case is useful for subject reduction, because we need to handle the case where
the expression producing a label was under a branch that disappeared during
reduction.

To control the unicity of label, we need to define orthogonal sets of paths.

Definition 5.1 (Prefix). A path p is a prefiz of q, noted p < q, if there a exists
a (possibly empty) sequence of labels (n;)* such that ¢ = p-ny ... ny,. This
defines a partial order on the set of paths.

If neither p < q nor q < p, we say that p and q are orthogonal, noted
pla ¢

Definition 5.2 (Orthogonal set, union). A set S of paths is orthogonal, noted
orthogonal(S), if there are no distinct elements p and q such that p < q.

If S1 and So are orthogonal, and for all py € Sy,p2 € So, p1 L pa2, then
S1 and Sy are said to be orthogonal, and there union S U Sy is an orthogonal

set. &
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L-Var L-TABs L-TApp

orthogonal(T") ST u= & ST a= A

LIl e=o TP Al Typ).u= STl ar=A
L-Fix

THD YmlFa= A
ST fixTz(y:m):m.a=Q

L-App
D a= Ay ST, A H)b=Ay  p<q qLlT,A; A

ST - a?b= A, Ag,q

L-LET
Z,FI—?CL@Al E,F,Al}—fb:}Ag

STl letz =ainb= Ay, Ay

L-Con ‘ ]
orthogonal(T") (35T, (AR 1P a; = A;)

ST d(m) (a5) = (A)

L-Marcu ) )
ST H a= A (ST, A a = Ay)' orthogonal(A;)*

3T = match a with (P; — a;)" = A, (A’

L-REUSE
orthogonal(T") pelvplT

ST wp= &

Figure 5.8: Well-labeling
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We define a well-labeling judgment ;T - a = A, asserting that under
an environment with label variables ¥ and that produces the set of labels T,
and when the current prefix for introducing new labels is p, the term a is well-
labeled and may produce labels A. The rules of the judgment are given in
Figure[5.8 They are essentially a miniature type-system that is only concerned
with the existence of labels. Information flows following the evaluation order:
for example, in application , the labels obtained evaluating the left-hand
expression are added as input to the right-hand expression. The well-labeling
judgment is only very weakly concerned with the existence of reused labels: it
just wants them to be unambiguously bound, or unambiguously unbound. The
latter case can happen if a reduction removes the code that would have emitted
the label. A latter reduction might then remove the use of the label. For this
reason, we allow reused labels to be either in I' or independent from
r.

The rules maintain some invariants.

Lemma 5.6 (Scoping of path variables). Suppose ;T ' a = A. Then, X
does not contain duplicate variables, and all variables occurring in I, A, p, a
are in 2.

We write the reduction rules such that if ;' - a = A, I’ and A are
orthogonal. This is enforced by requiring I' to be orthogonal in and re-
quiring the different outputs to be orthogonal in[L-MatcH| The rest is implicitly
enforced:

Lemma 5.7 (Disjoint labels). Suppose ;T' = a = A. Then, I' L A and all
labels in A are prefized by p.

Proof. T is orthogonal: all derivation rules have a premise whose set of input
labels is T or a superset of I' (then, proceed by induction), except where
we check explicitly that I' is orthogonal.

I' L A: the only rule that grows I' U A is[L-Aprp| and [L-App|checks that the
union of input and output labels remains independent.

A is orthogonal: for most rules, A is obtained by the union of part of
the input of a premise and its output. checks that the new label is
independent of the already-existing output. explicitly checks that the
output is orthogonal.

All labels in A are prefixed by p: labels are only introduced by and
it checks that the label is prefixed by p. O

Lemma 5.8 (Non-expansivity). Suppose ¥;T' — a = A. If a is non-expansive,
then A = &, and for all ¢, ;T ] a = .

Proof. By induction on the derivation. No rules can inspect p or add something
in A until passing through because function application is expansive, and
[[-Fix] erases the label and A. O

We need to prove weakening and substitution:

Lemma 5.9 (Weakening). Suppose ¥;T 7 a = A. Then:
o Suppose q < p, and q independent of I',)A. Then, ¥;T ] a = A.
o Suppose ¢ . Then, ¥, m; T - a = A.
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e Suppose g L p,T';A. Then, ¥;T,q ) a = A.

Proof. By induction on the derivation: these changes translate to weakening in
the premises. The independence side-conditions stay true in the derivations. [

Lemma 5.10 (Substitution). Suppose ;T ] a = A.

e Consider m € X, and ¢ L T';A. Then, ¥ — m; L[ « ¢ kf[m_(ﬂ alr «
q] = Alr —¢J.

e Consider x and a non-expansiwe term u such that ;T 7 uw = &. Then,
YT afz —u] = AL

Proof. By induction on the derivation. O

We can prove that well-labeling is preserved by reduction (this is a form
of subject reduction). Reduction can emit a label, which changes the set of
possibly emitted labels: the emitted label p must be in A, and it is replaced by
a set of labels prefixed by p. If no label is emitted, A does not change.

Lemma 5.11 (Subject reduction for well-labeling). Suppose ;T 7 a = A.

Moreover, suppose a 5 b, Then:
e Ifl =0, we have ;' -} b = A" where A is a subset of A.

o Ifl=xq <« u, we have ;T - b= A" where A" = A — {q} w S where S
is an orthogonal set of labels prefized by p.

Proof. Let us first prove the result for head reductions:

e For reduction of an application (fix" z (y : 7) : 7/ . a)? u: the application
reduces to a[r «— ¢z « (fix"ax (y : 7) : 7 .a),y < u], with label
| = #q < reuse(a[z < u]). Inverting rule[L-App| we obtain that p < ¢ and
there exists Ay and Ay such that A = AjwAsw{g}, with ;T -7 fix" z(y :
7): 7' .a= Ay and Z;T, Ay H) w = A,. Since both fix"z (y : 7) : 7/ . a
and u are non-expansive, Ay = Ag = J (Lemma . Further inverting
the first subderivation (that must use , we obtain that there exists
Asz such that: ¥, mI' =] a = As. By substitution of term variables
and path variables (Lemma , we have X; (7 «— ¢] - a[m — ¢,z <
(fix"x(y:7): 7" .a),y < u] = Agz[m < g]z. The path variable 7 does not
appear in I' (the free variables of " are included in ¥, thus I'[r < ¢] =T
By Lemma all labels of Ag[m < ¢] are prefixed by ¢q. By weakening
of the path prefix (Lemma 7 we have ;T 7 a[m « ¢,z — (fix" 2 (y :
7): 7 .a),y < u] = As[r < ¢], which is the result we are looking for
(we have A = {q}, and S = Asz[7 — q]).

e Consider the reduction of a type application: (A(. « : Typ)u) 7 reduces to
u[ae < 7] with label 0. Inverting the last rule (L-TApp), we get X;T" 7
Ala : Typ). u = J and A = . Inverting rule we get X;T 7
u = (J. By substitution of the type variable (Lemma [5.10), ;T 7
ula — 7] = &,
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e Consider the reduction of a let binding: let z = w in a reduces to a[x < u]
with label 0. By inverting the last derivation, we get that there exists
A1, A, such that A = Ay w Ay, and ;T H uw = Ay and 5;T, Ay 7
a = As. Since u is non-expansive, A; = ¢ and A = Ay. Then, by
substitution (Lemma , 3T Y alz — u] = As.

e Consider reduction of a pattern matching:
match dj(T]/C/)k(ul)z with (dj(Tk)k(xji)i — aj)j

It reduces with label 0 to a;[zj; < u;]’. Let us invert the rule
There exists A, (A;)? such that A = A’ w (A;)7, T P d;(7])F (vi)" =
A, and, for all j, ;T A" ) a; = A;. We have A = J because
d;j(m)*(v;)? is non-expansive. By inverting the rule we get that,
for all 4, 3;T ' w; = . By substitution, ;T H} aj[zj; <« u;]" = Aj.
This satisfies subject reduction, since A; is a subset of A.

Then, we proceed by induction on the reduction context. Let us consider a
few different cases for context (other cases are similar):

e Suppose C = let z = [] in b, and ag LN ai. Then, let © = ag in b s
let = ag in b[l]. Suppose let = ag in b is well-labeled: then the last
rule of the well-labeling derivation is[L-Let|and there exists 3, T, p, Ay, Ay
such that ;T - ag = Ay, B;T,A1 H b= Ay, and ;T ] let o =
ap in b = A1, Ay. By induction hypothesis, there exists A} such that
T ) a1 = A}, We have A} L Ay: this is true for A; and the new
elements of A} are suffixes of elements of A;: thus, if an element of A} is a
prefix of an element of Ay, then an element of A; was a prefix of an element
of Ay. Conversely, if an element of A, is a prefix of an element of A/, either
it is a prefix or a suffix of the corresponding element of A;. Moreover,
we have X; T, A} 7 b[l] = A,. This is true if Ay = A}. Otherwise, the
emitted label is q. By substitution, we have X;I", A1 — ¢ k?[l] Ay = .
Consider p such that p is either included in A; or independent of A;. If
p is g, it is eliminated by substitution. Otherwise, p is either included in
A or independent of A}, as A} is a subset of A; — ¢, and we obtain the
result by weakening. Thus, we have X;T" -] let z = aq in b[l] = Af, As.

e Suppose C = fix"z (y : 7) : 7 . []. Suppose ag s 1. Then, fix" x (y:7):
7 .a0 S fix" x (y:7'):7 .a1. Suppose fix" z (y : 7') : 7 . ap: there exists
I',p,Asuch that ¥, m;T T ag = Aand ;T = fix" z(y : 77) : 7 .ap = .
By induction hypothesis, there exists A} such that ;T - a; = Af.
Then, 5; T H fix" 2 (y: 7) i 7 .a1 = &,

O

As mentioned before, the full reduction is not confluent, even on well-labeled
terms. We could prove that two reduction paths either converge or one of them
gets blocked on an unbound label. Instead, we will use equalities to develop a
richer type system that allows us to encode precisely when labels are available
in Chapter [6]
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Chapter 6

A language for equalities

In this chapter, we construct an extension of ML with type-level pattern match-
ing, dependent on the variables in the context: for example, a term of type
match x with True — 7 | False — ¢ must have a value of type 7 if z is true,
and of type o otherwise. To allow the construction of terms of these types,
term-level pattern matching introduces an equality witnessing the information
learned by matching the term: the term that is matched upon is equal to the
pattern of the current branch. Then, this equality (for instance x = True) can
be used to reduce type-level pattern matching: under this equality, the type
match = with True — 7 | False — o is equivalent to 7, and terms with these
types are freely interconvertible.

This extension, called eML, is carefully designed so that it can be simplified
back to ML by some well-identified code transformations.

6.1 Design constraints

The introduction of eML is motivated by the fact that, when doing ornamenta-
tion, the programmer decorates a value of the base type with some supplemen-
tary information that will be used to construct a value of the ornamented type.
The type of this supplementary information depends on the original value: for
example, when lifting natural numbers to lists, one has to provide an element for
lifting S into a Cons, but no information (i.e. a value of type unit) is needed for
lifting Z into Nil. In that case, the supplementary information depends only on
the constructor. In general, it could depend on information found deeper into
the term: for example, one could add a value to Some True and leave Some False
as-is.

Type-level pattern matching provides an expressive way of handling the typ-
ing of the supplementary information: the ornament writer can use an arbitrarily
deep (but finite) view of the base term to determine the appropriate type for
the patch.

To write a term of the appropriate type, the writer of the patch can use
the local information in the function: for example, if the patch is to be applied
below a pattern matching Z, the type of the information required is equivalent
to unit. This can be proved to the type system using an equality introduced
in the context by the pattern matching, witnessing the branch that is currently

(6]
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being executed. It is important to the design of eML that this information
is local, i.e. is not propagated through function calls and returns: one key
requirement on eML is that we still want to be able to output ML programs
after ornamentation. Exploiting the fact that the information used to interpret
type is local, it is possible (under some typing conditions) to simplify any eML
term to an equivalent ML term.

The equivalence between types defined by eML depends on an equivalence
between terms: one can reduce a type-level pattern matching (such as match
a with Z — unit | S _ — bool) when one knows that, in the current context,
the term that is matched is equivalent to a term of the shape of one of the
branches (for example, a being equivalent to Z). This equivalence between
terms needs to be appropriately limited: first, it is more convenient if it is
decidable (this allows, for example, to easily eliminate dead branches in eML
code when translating it to ML). A simple way to do that is to not recognize the
equality between a function application and its reduction. A second reason to
not recognize this equality is that, in OCaml, functions may have side-effects.
If an application returns True the first time it is called, there is no guarantee
that it will not return False the second time. The presence of side-effects also
means that it is not sound to replace a call to a function by its result, since
the call may have other effects. Equalities between an application and its result
may be introduced as a witness of the result of a pattern matching: match
rand_bool Unit with True — a | False — b introduces when typing a an equality
between rand _bool Unit and True. A pattern matching on the same expression
could introduce the equality between rand _bool Unit and False. Taken together,
these two equalities give the equivalence of True and False, which notably proves
the equivalence of any two types.

The equalities we actually mean to introduce in this case are that a particular
call to rand _bool Unit returned a particular boolean, without any implications
on the result of other evaluations of this expression. We express this by using
the labels that we introduced to refer to the result of previous applications: each
application executed in the program is attributed a different label, and one can
refer using this label to the result of this specific application.

6.2 Description of eML

This section builds on the presentation of labeled ML ( We combine the
typing rules of ML with the well-labeling rules of labeled ML, and add constraints
on labels to ensure that well-typed terms do not get stuck on unsubstituted

labels (Lemma [6.24)).

6.2.1 Extended syntax

The syntax of eML is identical to the syntax of labeled ML, except for the in-
troduction of type-level pattern matching. The new syntax of types is given on
Figure type-level pattern matching is identical to term-level pattern match-
ing, except that it can only match on non-expansive terms, and the branches are
types instead of terms. For example, match u with True — unit | False — bool is
a valid eML type.
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T,0 = Types
| a Type variable
| 7 Function type
| ¢7 Datatype
| V(ao: Typ) 7T Universal quantification
| match u with P — 7 Pattern matching

Figure 6.1: Types and kinds for eML
match d; (7)) (v;)" with (d;(7,)" (5)" — 037 > 0[5 < vi]'

Figure 6.2: Additional head reduction rule for eML

6.2.2 Extended labeled reduction

The weak reduction stays the same as in labeled ML: it only reduces the terms,
whose syntax is unchanged.

Since redexes can now appear in types, it is necessary to extend the full
reduction to also reduce these types: this introduces new (non-expansive) eval-
uation contexts and places where a potential substitution is allowed. The ad-
ditional reduction rule is given in Figure[6.2} it is the reduction of a type-level
pattern matching. It is identical to the reduction of a term-level pattern match-
ing, except in that the branches are types. The other rules are identical to those
given in Figure The modified contexts are given in Figure Since none
of the new contexts may contain expansive expressions, the translation function
is identical to its definition in Figure [5.6]

We could also define a well-labeling relation for eML terms. Instead, we
provide a typing judgment that refines the well-labeling judgment.

6.2.3 Combining typing and labeling

The definitions of datatypes stay unchanged. In particular, we require that they
do not include type-level pattern matching. This is necessary so that they are
still ML datatypes, so that we can simplify eML types to ML types.

The typing judgment for eML combines the typing of ML with the well-
labeling judgment of labeled ML. The syntax of typing environments is given
on Figure They include term and type variables as in ML, but also path
variables 7 and input labels (u)#p : 7. Input labels are guarded with a non-
expansive term u: this is a boolean expression that guards the use of the label.
The typing judgment will ensure that the guard condition is true whenever we
try to refer to a label. We also indicate the type 7 of the computed result. The
typing environments are also extended with witnesses of equalities between non-
expansive terms u; and us at a type o, written (u; ~ ug) : 0. The equalities
are introduced and used implicitly, thus are unnamed.

C = ...\d(r..1[,7.1)a,..a) | fix"z(x:7):[] .ca|fix"z(x:[]):7.a

Figure 6.3: Additional contexts for eML reduction
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I == Typing environments
| & Empty
| Do 7 Variable
| T a: Typ Type variable
| T)m Path variable
| T, (u)sp: 7 Precomputed result
| T, (u~u): 7 Equality

A = Computed applications
| & Empty
| A (u)sp: T Result

Figure 6.4: Typing environments for eML

The typing judgment is of the form I" P a : 7 = A. It can be read similarly
to a ML typing judgment I' - a : 7 by ignoring the parts related to labeling:
under context I', the term a has type 7. It can also be read as well-labeling
judgment ¥;T' 7 a = A where ¥ is the set of label variables defined in T, and
I represents only the labels that are defined in T' (T" plays both roles in the eML
judgment), and under a path prefix p, the term a emits the labels specified in
A. The output specification A is similar to A in the well-labeling judgment.
Its syntax is defined on Figure[6.4} it is a subset of the syntax of I" where only
precomputed results are allowed. As with I, it associates to each output label
p a condition u, and the type 7 of the computed result.

For a non-expensive term u, if I' P u : 7 = A, the set of computed results A
is always empty, and p is irrelevant. In this case, we may instead write I' - u : 7.

The definition of the typing judgment is given in Figure [6.5] It follows the
structure of both the ML typing judgment and the well-labeling judgment.

We need to keep track of which abstractions have been reduced so we can
reduce the results. This is done through the output A of the typing judgment:
A contains a list of paths and the type of the result of the application. This
is not enough to guarantee that a term can be reused: in code with branches,
whether or not an application has actually been evaluated may depend on which
branch was taken. For instance, in let = match u with True — True | False —
fP y in a, when typing a, a subexpression #p would be valid if and only if u
were equal to False. This condition is added (in to A: a typing of
b = match u with True — True | False — f? y could be T' ™ b : bool =
(match u with True — False | False — True)=p : bool, indicating that =p is valid
only when the expression match u with True — False | False — True is equal to
True, i.e. when u is equal to False. This mechanism works well for matching
on non-expansive terms. Matching on expansive terms is problematic, because
we need the condition u to be non-expansive. We exploit the notion of reusable
terms defined in Chapter since the constraint will only be used after the
evaluation of the abstraction in the expansive term, reuse(a) is a valid non-
expansive substitute for a. Similarly, the type of the introduced path may use
variables that are only bound in the place where the application is present in the
term. To be able to use these types somewhere else, we must transform them
as we leave the contexts of pattern matchings and let bindings: this is done in
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VAR TABs
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PP fix"z(y:m):mm.a:m > T=>
App
kaa;'rl—»T23A1 F,Aleb:leAQ pP<q qJ‘F’Al’Az
PP alb:my = Ay, Ay, (True)xq : 7

LeT
FrPa:1 = A ALz 7 (x ~reuse(a)) : 7' P b7 = Ay

FPletz =ainb: 7= Ay, Ax[x < reuse(a)]

CoN
T o d:V(ey: Typ)j (Ti)i —( (aj)j ‘ |
I+ 75 Typ)’ (r, (Ak)k>l FPoa; - Ti[aj «— Tj]j = A;)
D=7 d(r)? ()" = ¢ (5)7 = (&)

MaTcH )
F (d;)" : ¢ complete
I'—17:5ch (di = V(e : Typ)* (1i;)F — ¢ (au)®)’ TP a: ()" = A
(T, A, (w45 = il < 1)), (di(70) " (25)7 ~ reuse(a)) : ¢ (1u)* P b; o 7 = A)

T ? match a with (d;(73,)% (z;)7 — b;)" ' T ‘
= A, (match reuse(a) with d; ()" (z;)7 — A;)

COERCE

F'*Pa:7"=A Tr7:>7:k

F'rFPa:7=A

REUSE-PRESENT
(w)yxq: 7€l I' - w : bool ~ True : bool

F'rFPxqg:7=>

REUSE-ABSURD
qLlT I" - False : bool ~ True : bool I'7:Typ

PFPrg:7=>

Figure 6.5: Typing rules for eML
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rules [Marcs| and [LE1l The transformations are similar to these done to pass
the values associated to labels through let and match contexts. The notation
match wug with di<7'k)k(l'ij)j — A is to be interpreted as transforming each
element (u)#p : 7 of A into (match ug with d; (%)% (z:;)7 — w | (de(73)* (25) —
False)?*¥)«p : match ug with d;(7%)*(z:;)7 — 7 | (de(73)%(2e;)? — void)*#? (the
type void could be replaced by any other type).

Function definitions also introduce variables in the scope of their bodies,
but the results from evaluating the body do not escape the abstraction (they
are blocked by the reduction rule, and removed by the typing rule), so there
is no need to retain information about these variables. Abstractions on types
can also avoid doing this for another reason: the body of the abstraction is
non-expansive (by syntactic guarantee) and thus its evaluation cannot involve
reducing an application.

In the judgment I' P a : 7 = A, p is a prefix that constrains the labels that
can be returned in A. Most rules simply leave p unchanged. The application
rule checks for an application a? b that the label ¢ is a suffix of p, and that
it is independent from the labels in I" and the labels in A; and Ay generated
by a and b. The returned set of results is composed of A, Ay, and the newly
introduced result (True)=q : 7o: the condition is True because in this context
the application must be reduced. The fixed-point rule types the body a
of an abstraction fix" z (y : 7) : ¢ . a under the path variable = introduced by
the application. The computed results A are discarded: they are not available
outside of the body of the abstraction.

When re-using a result ¢ (REUSE-PrESENT| and [REUSE-ABSURD|) we need to
check that the evaluation of this application did take place. As in the well-
labeling judgment, there are two possibilities: either the label is present in
the context as (u)#q : 7, in which case we look up its condition v and check
that it is equal to True in the current context (by using the equality I' - w :
bool ~ True : bool): then the type of the expression is 7. The other possibility
is that ¢ is not present in the context. In that case, we require,
as in the that ¢ is independent of T, and that the branch is dead, as
execution would be stuck if we had to reduce the term. This is expressed by
asking that True be equal to False in the current context. Then, we accept to
type this term with any well-formed type.

The features of eML rely on the ability of the type system to track branches.
This is done by adding equalities in the typing context: when under a branch,
for example in the term a in the expression match u with Z — a | S z — b,
the context contains an equality (u ~ Z) : nat. This equality witnesses that u
must be Z when evaluating a, which allows for example reusing the results of
applications computed below such a branch in a previous location in the term.
When matching on a term ¢, not necessarily non-expansive, we introduce an
equality between reuse(c) and (e.g.) Z instead. This is done in For
convenience, we also introduce an equality for let bindings : in let z =
a in b, if a has type 7, the equality (z ~ reuse(a)) : 7 is available when typing b.
The equalities in the context are always between non-expansive terms. These
equalities are not used directly in the typing judgment, but in type and term
equality judgments, written I' = 7 : k1 @ o ko and '+ aq : 74 ~ as : 72. The
definition of these judgments is given in the next section (§6.2.4)).

Equality judgments are used in two places in the typing derivations. First,
they are used to coerce terms from one type to another : if two types
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ExvE ENvPATHVAR EnxvVar
FN% MPTY FT  a#D T T rF7:Sch z#TD
FI,mw [ A
ENnvTVAR ENVEQ
I a#T =T w7 I'Hug: 7
FTla:k FT,(up ~ug): 7
EnvPTR
=T plT (p=m-q = wel) I' — u: bool '~ 7:Sch
FT,(u)sp:7
K-Var K-DATATYPE ) _
T a:Typel T F¢: (Typ)' = Typ (TF 7 Typ)
T o:Typ T ¢(r): Typ
K-ARrr K-ALL K-SuTypP
F'—m7 :Typ I'—m:Typ Ia:kt 7:Sch F'—7:Typ
F'm — 1 Typ '+ VY(a: Typ) 7 : Sch '~ 7:Sch
K-MarcH

- (di)" : ¢ complete  (d; : Y(ay : Typ)* (7i;)” = ¢ (ar)®)’  Tru:((m)
(F, (mij : Tij[ak <« Tk]k)J, (di(Tk)k(:Eij)] ~ u) : C (Tk)k [ g; . H)’L
T - match u with (di(Tk)k(xij)j —o) ik

Figure 6.6: Well-formedness rules of eML

are equal (in a given environment), terms of one type can be used as terms of
the other type. In our system, this rule is mostly to introduce and eliminate
pattern matching in types. We chose to make coercion invisible in the syntax
of terms: this makes the syntax much lighter and allow us to express simply
transformations that would have to perform complicated transformations on
equalities: indeed, we will introduce a full reduction for non-expansive parts
—>, that would need to perform complex transformations on explicit equalities.
Second, they are used in to check that the result that we are
attempting to reuse has been computed.

Before proceeding with describing equality, we describe in Figure [6.6] the
well-formedness rules for type environments (- I') and for types (I' - 7 : k).

The well-formedness judgment for I', as well as the typing rules, reproduce
the assumption in labeled ML that the set of available names is orthogonal:
checks that path variable names are unique, and ensures
that the introduced path is neither a prefix nor a suffix of an existing path, and
that if it starts with a variable, this variable is present in I'.

6.2.4 The non-expansive equality judgment

We define the equality judgment on type and non-expansive terms. These terms
do not emit labels: the equality judgment can then be built around a simpler
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version of the typing judgment. We want equality to be symmetric, reflexive
(on well-formed types and on well-typed non-expansive terms) and transitive.
It also needs to be a congruence, and compatible with reduction of type-level
and term-level pattern matching, let binding, and type application.

We start with the type equality judgment I' - 71 : k1 ~ 75 : ko, stating that
under the environment I', the types 7 and 75 of kinds ;1 and ko are equal. Its
rules are given on Figure [6.7, We include a rule for transitivity
and for symmetry (]WQ——S% . Reflexivity can be proved using the congruence
rules. For each well-formedness rules for types, we include a corresponding
congruence rule that states that two types of a given syntactic shape are equal if
their subtypes are equal: [TEQ-VAR]for [K-VAR] [TEQ-DATATYPE] for [K-DATATYPH,
[TEqQ-ARrR| for [K-ArR] [TEq-ALL] for [K-AL1] Since the kind of the types appear
in the judgment, we also include a rule that allows converting the
left-hand side of an equality from the kind of monotypes to the kind of schemes.
We can do the same transformation on the right-hand side using symmetry. The
rule[TEqQ-Marc] corresponding to[K-MarcH]is particular: since it compares two
pattern matchings where two different (but equal) terms are matched on, we
need to chose whether to include an equality with the term on the left- or
right-hand side of the equality. We choose the left-hand side. The reduction
of type-level pattern matching is handled through a rule [TEqQ-REDUCEMATCH|
Note that the reduction can be done even when the term we are matching on is
not fully reduced to a value. Finally, we allow case-splitting on non-expansive
terms of a datatype . For each constructor, we can try to prove the
equality assuming that the term starts with this constructor. If we can prove
the equality in all of these cases, then it is true. This implies that, if we have a
term of a datatype without constructors such as void, we can prove the equality
of any two types.

The non-expansive term equality judgment I' — u; @ 71 ~ ug : 7o is de-
fined by the structural and reduction rules in Figure [6.8] and the congruence
rules in Figure While it is apparently an heterogeneous equality, we prove
(Lemma that it actually only proves equality between terms of equal types.
Its structure is similar to the type equality judgment: it has a transitivity

(Ea-Trans), symmetry (Ea-5vv) and case-splitting rule (Eq-Spur), congru-

ence rules for each syntactic construct of eML terms (Figure[6.9), and reduction
rules for let binding (Eq-RepuceLEeT)), type application (Eq-REpUCETAPP) and
pattern matching (Eq-REbucEMarcH|). The rule [Eq-Corrcg| allows substitut-
ing the types on both side of the equality by equal types. Finally, the rule
allows using equalities in the context.

Note that when there is a contradiction in the context (such as True = False),
we can deduce the equality of any two types or non-expansive terms: consider
types 71 and 72. Then, by the types match True with True — 71 |
False — 75 and match False with True — 71 | False — 75 are equal. Reducing
these two equal types, we get 11 for the first and 75 for the second. By tran-
sitivity, we have proved (True ~ False) : bool - 7 : Sch ~ 75 : Sch. Similarly,
(True ~ False) : bool - uy : 71 ~ ugy : 75 for any wuy, us, 71, To.

6.2.5 Full term equality

There is a wrinkle in this definition: we only define equality on non-expansive
terms, but arbitrary terms can appear under lambda abstractions. In order
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Figure 6.7: Type equality

83
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Figure 6.8: Non-expansive term equality
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Figure 6.9: Non-expansive term equality (congruence rules)
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not to get stuck, we delegate checking of equality for terms to a judgment
TermsEqual(I' P a1 : 71 >~ a9 : 72): this judgment assert that the terms a; and
as are equal at types 71 and 75 under an environment I' and a label prefix p.
This judgment does not compare the results computed when evaluating a; and
as. This does not prevent us from defining the rule since A is removed
by the typing rule, and many reasonable program transformations change
labels.

Decomposition of terms

To define the equality on term, we want to separate the expansive part of a
term from its non-expansive parts, and reason by equality on these two com-
ponents separately. We define an extraction of expansive computations from
an expansive term a. This extraction returns a mapping from computation
labels to ezpansive atoms, i.e. applications of the form w u’, where both
sides of the application are non-expansive terms. For example, for the term

a = Some ((uy! uz)? (A" (z 1 7). us™! uy)), its decomposition is:

%] — U U
#2 = k1T (AT (20 7). uz™ ! uy)
reuse(a) +— Some (#2)

We need to add typing information to the decomposition: suppose I' P a :
7 = A. Then, we want every expansive atom to be typed in I', A’, with A’ a
(strict) subset of A, under a condition (u ~ True) : bool. Consider for example
I equal to f : bool — bool,z : bool, A = (True)*1 : bool, (x)*2 : bool and the
following term:

o [ lety = Truein fly, _
T'r ( match x with True — f2 %1 | False » 2 /)~ bool > bool = A

The expression labeled 2 depends on the expression labeled 1, thus its hypotheses
will be A’ = (True)*1 : bool. Moreover, the expansive atom labeled 1 is under
a let binding. We use context translation (as in reduction) to express it in I
Finally, the expression labeled 2 is only computed if = True, so it is protected
by a condition z. The full decomposition is then the following. Note that the
expansive terms are ordered in the same order they would be evaluated in the
original term.

r F (True)*1 := f True : bool
LA - (x) %2 f =1 : bool

[ lety = Truein =1,
[LA - reuse(a) = (match x with True — #2 | False — x

) : bool x bool

The general decomposition of a term, noted atoms(a), is defined in Fig-
ure [6.10F it returns the list of atoms and the set of labels that they depend
on (the final non-expansive expression for the term is given by reuse(a)). We
note labels(a) the set of labels defined in a term, and addlLabels(S, (xp; <«
(Tiyu; ul))?) = (xpi < (S U Ty,u; ul))" the addition of the labels in S to

the dependencies of all atoms of the second argument. We use this for example
in the definition of atoms(a? b): the decomposition is obtained by concatenating
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atoms(u) = &
atoms(a 7) = atoms(a)
atoms(let x = a in b) =
atoms(a), (addLabels(labels(a), atoms(b)))[z < reuse(a)]
atoms(match a with (¢; 7 (z31)" — b)) =
atoms(a), (addLabels(labels(a), match a with ¢;(7;)7 (zix)* — atoms(b;))’
atoms(c7 (a;)7) = (addLabels((labels(bx))*>7, atoms(a;)))’

atoms(a? b) =
atoms(a),
addLabels(labels(a), atoms(b)),
xp «— (labels(a) U labels(d), reuse(a) reuse(b))

Figure 6.10: Decomposition of terms

the decomposition atoms(a) of a, then the decomposition atoms(b) of b, with all
labels of a added as dependencies, then the label #p corresponding to the appli-
cation. The decomposition of non-expansive terms is empty. For general terms,
it obeys the following typing property:

Lemma 6.1. Suppose I P a : 7 = A, and atoms(a) = (xp; < (S, u; ul)).
Then, the labels of A are the (p;)' and for all i, there exists 7;, o; such that
F,Aﬁsil—uiZTi—)Ui andF,AmSil—u;:n,

Proof. By induction on the typing derivation. O

Reasoning on decompositions

We define an equality on decompositions that preserves the fact that equivalent
expansive atoms are evaluated in the same order in both terms. We still want
to allow the evaluation of a subexpression to be split, and subexpressions to be
renamed: the terms f! z and match y with True — f2 x | False — f3 should be
considered equivalent, as in the y = True case, 1 on the left will match 2 on the
right, and 3 on the right will not be evaluated, and in the case of y = False, 1 will
match 3 and 2 will not be evaluated. Thus, an equality should allow to provide
a mapping between the labels on the left-hand side and on the right-hand side.

The evaluations are ordered and we have conditions available telling us if an
expansive atom is evaluated or not: thus, we simply want the first evaluated
atom on the left to match the first evaluated atom, and so on until the last
evaluated atom.

We first define an indexing function that takes a list of non-expansive condi-
tions and associated terms or types and returns the term or type corresponding
to the k-th true condition.

Definition 6.1 (Indexing). Consider a type end with one zero-argument con-
structor End. We use this type and this constructor as a special marker when
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indezing goes past the end. We define INDEXy(u; — ul)! as follows:

INDEX (&) = End
INDEXq (u; — uf)?€{n} = match u; with

| True —

| False — INDEXq(u; — u})*€{2m}
INDEX,, 1 (u; — u})€{h-mt = match u; with

| True — INDEX,, (u; — u})?€{2n}
| False — INDEXyvs1 (15 —> 1l )i(2in)

Similarly, we can define for types:

INDEX (D) = end
INDEX(u; — ;)€ = match u; with

| True > 71

‘ False — INDEXO(Ui — Ti)i€{2 """ n}
INDEXn+1(Ui i Ti)ie{l """ nh = match u; with

| True —> INDEX,, (u; — 7'1-)1'6{2 """ n}
| False — INDEX,, 41 (u; — 7;) €2}

We have the following typing lemma for indexing:

Lemma 6.2 (Typing of indexing). Consider an environment T' and suppose
(T + wu; : bool)® and (T, (u; ~ True) : bool — ! : 0;)®. Then for all n,
I + INDEX,, (u; — u})* : INDEX,, (u; — 0;)".

Proof. By induction on the list: at each stage we add a pattern matching in
each of the branches to match the indexing function. O

We then use the following definition:

Definition 6.2 (Term equality). Consider an environment I', two terms a, b,
and two types T4, Ty such that there exists p, Ay, Ap such thatT' FP a: 7, = A,
and T HP b1, = Ay. Let S, = labels(a), S, = labels(b)

Suppose atoms(a) = (#p; < (T Ua,i 1l ;)PS0 and atoms(b) = (xq; —
(T, 5, up,; u%))q-ie'abe's(b). Moreover, suppose that for all i, I')/Aq 0 Ta b U :
Tai — Oq4 ond I';Aq 0Ty - u;’i : Ta,i and similarly for all j, I') Ay U Ty 5 -
Upj : Toj — Opy and Iy Ay 0 Ty ugd- t Tv5. Finally, suppose that A, =
((ug ;)#pi = 0a,0)" and Ay = ((uf ;)%q; = 0b,5) .

We define a type app (7,0) with one constructor App : (1 x (T — o)) — app
(1,0) to represent function application atoms. Then, we say that a and b are
equal, noted TermsEqual(T' P a : 7, ~ b : 73) if and only if:

o Forall k:

T, Ag, Ay, ((INDEX(uf ; — pi)* ~ INDEX,(uf ; — ¢;)7) - INDEX(uf ; — 7)) <k
- INDEXg (uf, ; — ApP(Ua,i; g ;)" + INDEXE (uf ; — app (Tais 0a,i))’
I

a,i

~ INDEXy, (uf ; — App(up,j, up ;)7 : INDEXy,(uf ; — app (7b,5,0.5))’

i.e. the k-th application on the left-hand side has equal function and argu-
ments to the k-th application on the right-hand side.
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e The final expressions are equal:

F) Aa7 Aba
(INDEX(ug ; — pi)" =~ INDEXg(uf ; — ¢;)7) : INDEXy(ug ; — 73)")=max(nm)
- reuse(a) : 7, ~ reuse(b) : Ty

where n and m are the number of labels appearing in a and b respectively.

¢

Note that if two non-expansive terms are equal, they are equal as terms:
all indexing operation will rewrite to simply End (or end), and their reusable
versions will be themselves, equal by hypothesis.

6.3 Metatheory of eML

As for ML, the reduction — 4 is deterministic (— g does not change between
ML and eML).

6.3.1 Basic properties

We prove some basic properties of the typing judgments of eML.

First, we need to prove a weakening lemma: we can freely add variables, type
variables, path variables, computed results and equalities to the environment
and preserve the typing and equality judgments.

Lemma 6.3 (Weakening). Consider T', TV and A, and let J be a judgment of
the following forms:

o I TV
e 'V 7:k

e I'I"IPa:7T= A

DTV b7k >~ Tt ko

DIV Ewupim ~ug 7o

TermsEqual(T, TV FP ay : 7 ~ ag : T2)
Suppose J holds. Then:
o Suppose a # T, T". Then J also holds with T, T replaced by T, o : Typ,T"”.

e Suppose x # ', IV and I' - o : Sch. Then J also holds with T',T" replaced
by T,z :0,T.

o Consider u}, uf and o such that T v} : 0 and T+ ub : 0. Then J also
holds with T',T" replaced by T', (v} ~ u}) : o, T".

e Consider q, v’ and o such that T' - v’ : bool, I - 7 : Sch, and suppose q
starts at the root or a variable in T and ¢ L T, T',A. Then J also holds
with T, T replaced by T, (u')*q : o, T".
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e Consider a path variable w such that w ¢ T',T". Then J also holds with
I, TV replaced by T, w,T".

Proof. Let us look at the proof in the case of type variables:

By mutual induction on the derivations. For rules that grow the environ-
ment, adding I'”, note that for any I'”, ', a : Typ,IV,T"” is still a weakening of
I, T/,T”, so we can use the induction hypothesis on the subderivations. Then
we copy the rule with the new environment. The only rules that access the
environment instead of growing it are the variable rules [Var] [EQ-VAR] [K-VAaR]
[TEQ-VAR] and [EQ-SuBsT| but they only check membership in the environment
so they stay true when the environment grows.

In the case of results, we also need to check that the newly introduced path
q does not clash with any existing path: this is true because all results not
introduced under lambdas are already in I', IV or A, and paths introduced
under lambdas start with a variable that is not in I'.

For TermsEqual(T' -7 ay : 71 ~ ag : 72): all the judgments used in the proof
are compatible with weakening. O

For proving substitution, we first need reflexivity of the equality judgment
on well-typed terms and types:

Lemma 6.4 (Reflexivity). Consider an environment I', a kind k, a type T, and
a non-expansive term a.

o Ifl'71:k, thenl'-7:Kk~T:!K.
o I[fT+a:T,thenT a:7T~a:T.
o IfTHPa:7= A, then TermsEqual(T FP a: 7 ~a: 7).

Proof. For type and non-expansive equality: translate each typing rule to the
equivalent equality rule and apply reflexivity inductively to the subtypes/sub-
terms.

For full term equality: all the required conditions hold by reflexivity. O

Even though it does not have a transitivity rule, full term equality is tran-
sitive:

Lemma 6.5 (Term equality is transitive). Suppose TermsEqual(I' P a1 : 71 ~
as : 1) and TermsEqual(T' +? as : 7o ~ a3 : 73). Then, TermsEqual(T' ? a; :
T1 >~ as: 7'3).

Proof. In all three terms, the k-th evaluated atoms are equal. O

We can then show substitution for type and term variables and for equalities.
For equalities, substitution means that we can remove from the environment an
equality that can be derived from the rest of the environment.

Lemma 6.6 (Substitution, type variables). Consider T',T' and « such that
T, a: Typ,IV. Let o be a type such that T + o : Typ. Then,

e we have - I'\T'[a — o];

o if T a:Typ,I' +7:k, then T, T [ «— o] - T[ao < 0] : k[ax — 7];
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fDoa: Typ, IV FP a: 7 = A, then I, I"[a « o] P a[a <« o] : T[a <
o]l = Ala <« o];

Moreover, consider o1, o9 such that ' =01 : k1, ' =09 : ko and ' - o7 :
Typ ~ o9 : Typ. Then,

ifT,a: Typ, IV 71t K1 ~ T2t Ka, then T\ T [ac <« o01] - i[a < o01] :
kila — 01] = o < o2] : Kela — o3];

ifTya: Typ, IV b+ ug : 7 >~ ug @ 7o, then T,V [aw «— o01] - wi[a — o1] :
T — 01] ~ ug[a «— o2] : [ — 09];

if TermsEqual(T, o : Typ, IV P a1 : 71 ~ ag : 72), then TermsEqual(T, TV [a «
o1] FP aia <« o1] : i «— 01] ~ ag[a «— 03] : o[a «— 03]).

Lemma 6.7 (Substitution, term variables). Consider T, and z such that
FT,2:0,1'. Let u be a type such that T' + wu : o. Then,

we have = T, T[x < b];
ifT,x: 01" 7k, then T,TV[x « b] - [z < b] : K[z < b];

ifTx:olVFPa:17= A, then T,T'[x < b] P alz « ] : [z « b] =
Alz < b];

Moreover, consider uy, us such thatU' —wuy : 7, T us:7 and '+ uq 1 7 ~
ug : 7. Then,

ifTya: Typ, IV 71t K1 ~ To : Ka, then T\ T [a «— w1] - 7o — wq] :
Kila «— ui] ~ mola <« ug] : Koo «— ug];

ifToa: Typ, IV b uf i1 =~ uh i 7o, then T, V[ — w1] b w)[a < uy] :
T — up] ~ uh[a — ug] : [ — ug];

if TermsEqual(T', o : Typ, IV FP aq : 71 ~ ag : 72), then TermsEqual(T', TV [« <
ul] F?P aq[a «— uy] s 1o« u] = agla «— us] : [« us]).

Lemma 6.8 (Substitution, equalities). Consider T',T” and uy, us such that
F T, (ug:01) ~ (ug: 02), IV, Suppose T+ uy : 01 ~ ug : 03. Then,

we have - I',T;
if Ty (uy io1) = (ug:02), IV 7k, then T,TV 7 : &;
ifT(uy:o1) = (ug :09), IV FPa:7= A, then T FP a: 7= A;

T, (ug:01) = (ug:09), IV b7 1 k1 =To: Ko, then T,V 71 1 kg =~ 7o :
R2;

if T(uy i o1) = (ug :09), IV uy i1 = ub i, then T, TV w1y >~y
725

if TermsEqual(T, (uy : 1) ~ (ug : 02),I" FP a1 : 1 ~ ag : T2), then
TermsEqual(T, TV FP ay : 7y ~ ag : 7).

Lemma 6.9 (Substitution, computed results). Consider I'\ TV and p, u and 7
such that = T, (w)#p : 7,T". Suppose T, (u ~ True) : bool - ug : 7. Then,
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o we have - T, T [#p <« wp];
o if T (wxp:17,T" 7 : K, then T, T[xp <« ug| b 7[*p < uo] : k[*p — uo];
o if T (u)sp : 7,TV % a : 7 = A, then T,T"[+p «— ug] - q : a[*p «
uo]T[#p < uo] Al#p < uo].
Moreover, consider uy, us such that T, (u ~ True) : bool - uy : 7, T, (u ~
True) : bool - wug : 7 and '+ uy : 7 ~ ug : 7. Then,
o if T (u)sp: 7,1V 71 : K1 = T : Ko, then T, T'[#p — u1| - T1[#p < 1] :
K1[#p < u1] = To[*p — uz] : Ka[xp «— ual;
o if T, (w)sp: ,T" = uj : 71 >~ ub : 7o, then T, TV[#p «— u1] F wf[*p — u1] :
T — ur] > uh[xp — ua] : mo[#p — us);
o if TermsEqual(T, (u)*p : 7, TV F9 ay : 71 >~ ag : T2), then TermsEqual(T', T [+p «
ur] F2 a1[#p — u1] : Ti[#p — u1] = ag[#p — us] : T[*#p — uz]).
Lemma 6.10 (Substitution, path variables). Consider I',TV and m such that
T, 7, IV, Suppose p L T',T'. Then,
e we have - I, TV[r « p];
o if U, IV 7:k, then T,T'[r < p| b 7[m < p] : k[7 < p|;
o if I,m,TV 9 a:7 = A, then T,I"[r — p| FI™ Pl [ — p] : 7[r <
p] = Alr < p].
o if I,m, IV b 7 : K1 ~ To : Ko, then T,TV[m «— p| - 7|7 <« p] : Ki[m <
p] = mo[m « p] i Ko7 < pl;
o f U\, TV b wj : 7 ~uh: 1o, then T,T/[mr «— p] - uj[r <« p] : 17 «
pl = up[m < p]: mo[m < pl;
o if TermsEqual(T', 7,I" +9 a1 : 71 ~ as : 7o), then TermsEqual(T',I"[r «
pl Fm Pl ag[m — p] s mfm < p] = ag[m < p] : o[m — p]).

Proof. By induction on the derivations. When extending the environment, use
weakening on the thing we are substituting. When reaching a variable rule for
the substituted variable (e.g. [VAR), replace the rule by the typing derivation.
For the corresponding equality rule (e.g. [Eq-VAR]|), use reflexivity and replace
the rule by the derivation obtained.

For computed results, use substitution with the equality in Rule[REUSE-PRESENT]
after weakening. O

6.3.2 Extraction

We can now prove a useful result: the environments and types appearing in type
well-formedness and typing derivations are well-formed and the types given in
equality judgments are correct.

Lemma 6.11 (Extraction for environment well-formedness). The following all
mmply = T':

e ['7:kK
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e '"a:7= A (this additionally implies - T', A)

I'F7iKk =Ty Ko

e 'Hwup:m ~us:my

TermsEqual(T P aq : 71 ~ ag : T2)

Proof. By induction on the derivation. There is always an hypothesis that
implies - I', TV with TV some (optional) extra bindings. From this we can derive
F I' by inverting the derivation. O

The following two lemmas need to be proved by mutual induction:

Lemma 6.12 (Extraction for type well-formedness). Suppose I' =™ a : 7 = A.
Then, there exists k such that T' - 7 : k. Suppose I' = 71 : kK1 >~ T : ka. Then,
I'71:k1 and T+ 7o : Ko. Suppose I' = uy : 71 ~ us : 5. Then, there exist Ky
and Ko such thatI' =711 : k1 and ' - 79 : Ko.

Lemma 6.13 (Extraction for well-typing). Suppose T' - w1 : 71 =~ us : To.
Then, ' —uy : 1 and T' - ug @ 7.

Proof. By mutual induction, using substitution when needed. O

6.3.3 Subject reduction

We can now proceed to proving subject reduction for eML. Compared to subject
reduction for ML, we need to handle both labels and equalities. Compared to
subject reduction for labeled ML, we need to ensure that results are substituted
with terms of the right type and that the reuse conditions stay true.

The main difficulty is to prove that the coercions we distribute in the sub-
terms when reducing actually correspond to valid equalities. For example, we
need to prove that when I' - 7y > 7ot K ~ 7] > 75 : &/, then T' - 7 : Typ ~
To: Typand ' 7{ : Typ =~ 75 : Typ.

Lemma 6.14 (Projection). Consider an environment T' and types (7;)' and
()"

e IfT+m > mo:ik~T1 > 7h:k, then T =71 : Typ ~ 71 : Typ and
T 7 Typ =~ 75 : Typ.

o IfTHVY(a:Typ)T:k=V(a:Typ) 7 : k', then T, : Typt 7:Sch ~ 7/
Sch.

o IfT (¢ () i k= (1) : K, then (T 7 : Typ =~ 7/ : Typ)®.

Proof. The three cases are similar. We give the proof for universal quantifica-
tion.
Let us define a function tail as follows:

tail(V(a: Typ) 1) = 7
tail(match a with (P; — 7;)") = match a with (P; — tail(;))?
tail(t) = Any

Here, Any stands for some well-formed typed. For example, we may take
V(o : Typ) « for Any. The function tail returns the type below the universal
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quantifier, but it is also able to look under pattern matching, as if the quantifier
were lifted out of the pattern matching.

Then, we show by induction on type equality derivations that whenever
I'7:k~7":k, then I' | tail(7) : Sch ~ tail(7") : Sch (or Typ for the case of
type constructors and function types). This implies the result.

For apply transitivity on the tails.
For [TEQ-SpLiT], split on the same term to prove the equality of the tails.
e For [TEqQ-SyM| apply symmetry on the tails.

e For apply the induction hypothesis on the branches. The
tails will start with a pattern matching on the same two equal terms.

Then, we can use to prove that the tails are equal.

e For [TEQ-ReEDUCEMATCH] note that the pattern matching in the left-hand
tail will reduce in the same way as the pattern matching in the original
term.

has equality of the tails as a premise.

e For the other congruence rules, the tails of the two terms are Any, which
is equal to itself by reflexivity.

e For [TEQ-SuBTYP| apply induction to the subderivation.

We are now able to prove that two equal terms have equal types:

Lemma 6.15 (Equal terms have equal types). Suppose T' - uy : 71 ~ us : 7.
Then, there exists k1 and ko such that I' — 71 : kK1 ~ Ty @ Ka.

Proof. By induction on the derivation. This is immediate for most rules by ap-
plying the lemma inductively on the hypotheses. For[EqQ-Coerceland|[EQ-TRANS|
use transitivity. For [EQ-SpLiT| and [EQ-MaTcH| split on the same term using
[TEQ-SpLit} For[Eq-TApp| use Lemmal6.14) to deduce equality of o1 and o3 from
the equality of ¥(a : Typ) o1 and V(a : Typ) o1, then apply substitution. O

Now we’ll prove subject reduction. To pass to context, we need to prove
that the equalities introduced using one term are preserved when the term
reduces. For non-expansive reductions, we will show that reduction preserves
equality of the reusable versions of the terms. For expansive reductions, they
are represented in other terms by their label: we can then use substitution on
the label.

The typing derivation are syntax-directed, except for the rule Thus,
we will often resort to the following pattern of reasoning:

Lemma 6.16 (Extracting a coercion). Suppose we have a derivation T' - a : .
Then, it has a subderivation T' — a : 7/ whose first rule is not (so, is

syntaz-directed), and T 7 :k ~ 7' 1 K.

Proof. By induction:
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e Suppose the derivation does not start with Then, we can take
7/ = 7. Since I'  a : 7, there exists a kind « such that I' - 7 : k. Then,
by reflexivity (Lemma[6.4]), 7 is equal to itself: ' 7: Kk ~ 7 : k.

e Otherwise, the derivation is an application of to a derivation of
Pka:7, and we have ' - 7 : k ~ 7/ : k. By induction hypothesis
on the subderivation, there exists 7" and a subderivation of I" - a : 7"
starting with a syntax-directed rule. Then, it is a subderivation of the
initial derivation too, and we have I' - 7/ : ¥’ ~ 7" : k¥”. We obtain

'k 7:k~7":k" by transitivity. O

When reducing a term typed I' =™ a : 7 = A, the reduction might change
the conditions in the output A, the types, and some labels may disappear.
For instance, reducing match True with True — fP* z | False — ¢P2 y to
fP* x removes the label py and changes the condition for label p; from match
True with True — True | False — False to True. We ensure that the outputs
are still equivalent: notably, we need to ensure that the type for non-eliminated
labels stay consistent (i.e. are equivalent for type equality), and that, for elimi-
nated labels, their conditions were already equivalent to False. This ensures that
the [REUSE-PRESENT| and [REUSE-ABSURD| typing rules still apply in the context
where the reduced subterm appears.

Definition 6.3 (Reduced outputs). Let Ay and As be outputs. We say that
Ag is a reduced output of A1 in context T', noted T' = A1 2 Ao, if for all
p€ As, pe Ay and for all p e Ay such that (u1)=p: 1 € Ay, either p ¢ Ay and
I' - w : bool ~ False : bool or (ug)#*p : 7o € Ay and we have both T' - uq : bool ~
ug : bool and ', (ug ~ True) : bool - 71 : Sch >~ 75 : Sch. &

Lemma 6.17 (Substitution of outputs). Suppose I' = A1 2 Ay. Then,
o T, A, TV implies = T', Ay, TV;
e A TP a:7= A" impliesT, A, TV P a: 7= A/;
e and similarly for other judgments.

Proof. By induction on the derivations. If something is independent of Aq,

it is also independent of As. When the results are read (in
and their equivalent in the equality judgment), in the “present”

case, the conditions are both true, so the types are equal and we can use coercion;
in the “absent” case, the result stays absent. O

Lemma 6.18 (Subject reduction). Let I' be an environment, a a term such

that ' V™ a : 7 = A. Suppose a L b, We can interpret 1 as a substitution.
Then there exists A" such that T =" b: 7[l] = A’ and:

o If1 =0, we have ' A 2 A",

o Ifl = q— u, we have A" = (A—q)[+q — u]uS, where S is an environment
of labels with all labels prefixed by q.

Moreover, T', A’  reuse(a)[l] : 7 ~ reuse(b) : T.
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Proof. First, let us prove this for head reductions: we need to use projection
(Lemma . Take for example reduction of a type-level application: we have
I' - (A(a : Typ). v) 79 : 0. Invert the derivation rules until we reach a rule
that is not Then, the last rule is necessarily By inverting
the type derivation, we obtain I' - 79 : Typ, 0 = 7[a <« 79] and T' - A(« :
Typ).v : V(a : Typ) 7. After extracting a coercion, and inverting the last syntax
directed rule, we obtain that there exists 7/ such that I',a : Typ — v : 7/ and
I' - V(a:Typ) 7 : & ~ V(a:Typ) 7 : £'. Then we apply projection on this
equality: we obtain I',a : Typ + 7 : Sch ~ 7/ : Sch. Thus, applying
we get I'a : Typ - v : 7. Then we conclude by substitution: T' - v[a «— 79] :
7T[aw < 79]. The equality of the reusable versions of the terms is guaranteed by
|IEQ-REDUCETAPP|

Let us also examine the reduction of a pattern matching, as it removes labels:
if it reduces, the conditions for the output labels reduce too, and they reduce
to False in the branches that are not selected, so the new outputs A’ with the
results in.discarded branches removed are reduced outputs of A.

For context: by induction on the context. The subterm that is reduced
does not appear in the resulting type, but its reusable version may appear in an
equality for typing another subterm that is not reduced. But we know by induc-
tion hypothesis that the reusable versions stay equal. The output changes, but
stays equivalent, so any well-typed term with the old output is also well-typed
with the new output. We need to show equality of the reused versions. This
is immediate by congruence (for we require the equality on expansive
terms to embed the equality on non-expansive terms). Finally, we need to show
equivalence of the computed result sets. This is immediate by substituion/con-
gruence (for [Eq-LeT| and [EQ-Marcsl), and the fact that we combine equivalent
computed result sets. O

6.3.4 Soudness via a logical relation for equality

In order to prove soundness, we need to show that, in evaluation contexts,
there will never be an equality between, e.g., an arrow type and a datatype, or
between True and False. This is not an obvious result because it depends on
the equalities in the environment: for example, if we have True = False in the
environment we can prove any equality.

We prove that these equalities cannot be proved in inhabited environments,
i.e. typing environments for which we can provide an instanciation of the type
and term variables with types and terms that satisfies the equality in the context.
For this, we explain the meaning of equality in the empty environment.

We define a terminating subset of the reduction —, on non-expansive terms
that only does non-expansive reduction. It is defined in Figure [6.11] and does
not emit labels.

The reduction —, does not involve labels, since applications are not re-
duced. It is confluent. It also preserves types, since its head reduction is a
subset of — 3.

We need to prove that —, terminates. Then, this gives a meaning to ||al|,
the normal form of a for —,.

Lemma 6.19. The reduction —, is strongly normalizing: there is no infinite
reduction path for —, starting from a term or type (even ill-typed).
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(Ao : Typ).w) T —>, ula < 7] let z = wina —, a[z — u]
match d;(7!)" (wi)" with (d;(m)*(250)" — a;)7 — ajlzji < ]’
match d; ()" (us)" with (d;(7,)" ()" — o)) —, 0jlzji < ]’
ConTExT-IoTA

a—, b

Cla] —. C[b]

Figure 6.11: Non-expansive reduction

Proof. Note that this result is not restricted to well-typed terms and types.
Implicitly, every reduction mentioned in this proof will be —,.

We define the set S, of strongly normalizing types: we will show that every
type belongs in S,.. We also define the set S, as the largest set of terms such
that:

e if a € S,, a is strongly normalizing;
e ifa e S, reduces to A(a : Typ).u, then for all types 7 € S;, u[aw < 7] € Sg;
e if a € S, reduces to d(7;)?(a;)?, then for all i, a; in S,.

These two sets are stable by reduction because the restrictions apply to all
reductions of terms or types that are in the sets. Finally, let v associate type
variables to types and term variables to terms. We say that v € S, if for all
a € dom(y), 7(«) € S; and for all x € dom(«), v(x) € S,.

We prove, by mututal induction on the structure of types and terms, the
following results:

e for all types 7,if ye€ Sy, y(7) € S-;
o for all terms a, if y€ S, v(a) € S,.
For types 7:

o If 7 = a, ifa € dom(7), then y(7) = v(«) € S;, because v € S,,. Otherwise,
7 does not reduce.

o If 7 = 74 — 75 (similarly for 7 = V(a:Typ) o, and 7 = ((7;)"), the
reduction sequences from 7; and 79 are finite, thus the reductions from
T = 71 — T are finite (the arrow will never reduce).

e If 7 = match a with (d;(7;)7 (zix)* — 7:)%, then we have
7(7) = match y(a) with (d(7))’ (zir)* — 7(7:))’

By induction hypothesis, the subterm v(a) and the subtypes (7;) do not
have an infinite reduction sequence. Thus any infinite reduction sequence
includes a head reduction. Suppose the reduction is from 7/ = match
b with (d;(7;)? (zix)* — 7/)". Then, b = d;(7})7 (ux)"*. The head reduction
then reduces 7/ to 7/ [z < ux]*. Let 7/ = y[w; < ui]®. We havey' € S,
because for all k, uj € S,. Thus, by induction hypothesis, 7/(7;) € S;. But
! [z, < ug]® is a possible reduction of v/(7;), thus 7/[x; < ui]* € S;.
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ENVT-E ENvT-VAR
NV L-EMPTY YT x#T Fy(z) : y(7) ~(z) is nonexpansive
AN yTo:T
EnvT-TVArR ENnvT-EqQ
TED  a#l  Eaa):yk) D =) (1) = y(u2) (1)
yHTa:k YET, (ug ~ug): 7

ENv-PATH-VAR
YT y(m) LT

yEI,m

ENv-RESULT
y-T (- () : bool ~ True : bool) = (F ~v(p) : ¥(7))

TET (wep:T

Figure 6.12: Environment typing

For terms a:

The cases of variables and pattern matching are similar to their type
equivalents.

Labels stay labels and are never substituted.

For function definition and application, the subterms are strongly normal-
izing by induction hypothesis, and they never reduce to a type abstraction
or a type constructor.

For constructors, by induction hypothesis on the fields, they are all in S,,.
A constructor never reduces to a type abstraction.

If a = A(a : Typ). u, then, by induction hypothesis, v(u) has no infinite
reduction sequence. Moreover, for every type 7, if ¥ = y[a < 7], then
+'(u) has no infinite reduction sequence. Thus, u[a < 7] € S,. Then
a€S,.

If a = d’ 7, there are no infinite reduction sequences from a’ and 7 by
induction hypothesis, thus an infinite reduction sequence from a must
include a head reduction, and so must be a reduction sequence that yields
a constructor or a type abstraction. Suppose the head reduction is from
b= (A(a: Typ).u) 7. Then b reduces to u[a < 7']. Let v = y[ax < 7'].
We have 7' € S, because 77 € S; by induction hypothesis. Thus by
induction hypothesis, we have 7/(¢) € S; and v'(u) € S,. O

For an environment I' and a mapping from term variables to non-expansive
terms, type variables to types, path variables to paths, and paths to non-
expansive terms 7y, we define a judgment v  I" that indicates that the types
and terms in 7y are closed and well-formed and define a valid instance of I'. The
rules defining this judgment are given in Figure [6.12]

We will prove that every well-typed closed non-expansive term reduces for
—, to a value of the correct syntactic shape for its type. We will also prove
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that equal non-expansive terms normalize to values, and that these values are
semantically equal according to some relation. Although tempting, we cannot
take this relation to only relate identical terms (up to renaming). Indeed, in
function definitions A(x : 7).a, a is not closed anymore, and does not necessarily
reduce to a value (for example, a = match = with Unit — Unit is equal to Unit,
but reduction does not prove the equality). Since the terms inside function
definitions are never taken out of the definition by the reduction —,, we can
simply ignore them (as long as they are syntactically equal). We do not actually
define a (unary) set of terms with the correct syntactic shape: instead, we use
reflexivity and say that for any closed well-typed term a of type 7, the pair
(a,a) is in &[7]. The set E[7] of comparable coerced terms is defined in terms
of V[7], the set of comparable values at type 7. Two equal coerced terms may
have different, but equal, types. This is not a problem, as we prove that, for
two closed equal types 7 and 1o, V[11] = V[12].

The definition implementing these ideas is given in Figure We limit
our definitions, for £[7], to closed well-typed non-expansive terms equal in the
empty environment, and for V[7] to values of types equal to 7. To keep the
definitions readable, we implicitly limit the sets we define to only contain pairs
of terms verifying these conditions, i.e. we allow ourselves to omit the typing
conditions. The sets £[7] and V[r] are defined as the least fixed point of the
equations given here (it exists, because we never use the interpretation in a
contravariant position). For the needs of the proof, we also define a relation on
environments 7;,7v2: we say (v1,72) € G[I'] if the terms and types in the two
environments are syntactically equal, related and of the appropriate type. In
the same way, we require the environments to be well-typed.

To start with, we need the following technical lemma on the interpretations.
Proving that an environment is related to itself is important to build environ-
ments to apply transitivity in.

Lemma 6.20 (Left slicing).
o If (uy,uz) € E[1], (u1,u1) € &[7].
o If (v1,v2) € V[1], (v1,v1) € V[T].
o If (71,72) € G[T'], (71,7) € G[T'].

Proof. For the second item, by induction of the derivation of (vi,v2) € V[7].
The syntactic typing/equality conditions are immediately true (by reflexivity of

equality, Lemma .

e For (v1,v2) € V|11 — 72]: v1 has the right syntactic form, and there are
no other conditions.

e For (v1,v2) € V[V(a: Typ) o]: we have v; = A(a : Typ). wy and vy =
A(e : Typ). we. Consider + 7 : Typ. We have (wi[a <« 7], we[ax «
7]) € V[o[a < 71]]: by induction hypothesis we conclude that (v1[a <
T],v1[a < 7]) € V[o[a « 7]].

e For (v1,v2) € V[((7;)7], we similarly apply the induction hypothesis on
all fields.

e For a pattern matching: the selection of the branch is only decided by the
type, then we can apply the induction hypothesis on the branch.
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Elr] € {(ur,u2) |Fup:7~uy: 7}
elr] = A{lua,u2) | (luall, luzll) € VI])}
V(7] c {(vi,v2) |Fv T ~vy: T}
V[r — 73] = {(fix"z(y:m):7m.dfix"x(y:m): 75 .a")}
V[V(a: Typ) o] =
{< Afa : Typ). u ) ’V(ThTz) (F7:Typ~ 1 Typ A V[r1] = V[2]) }
Ve )]]A(a Typ). u — (w|o = 7] uz = 7)) € V[o[a — 7]

vlm v21 E V Tl[a] — TJ]J])Z
(z35)7 — 03)'] =

{ Vioi[zij < v;)] if { lall = di(7,)* (v;)?

{(d E) (- d: ¥(a; : Typ) ()} — <(>)}
(k

- di V(o Typ) (1)F = ¢ (an)*
otherwise

Q

g[ry c {(m7) T AT}
Gl] = O
G[T, o : Typ] =
- {(71[]0 — 71|, 2la < 1)) | (71,72) € G[T] AV[11] = V[R]A 71 : Typ >~ 72 : Typ}
Tx:7 =
{(nla — ui], el < ua]) | (v1,72) € G[T'] A (u1,u2) € V[1i(7)]}
gl (ur = uz) : 7] = {(71,72) | (1,72) € G[T'] A (71 (w1),72(uz)) € E[y (7)1}

Figure 6.13: Interpretation of types
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The proof of the result on environments similarly follows the structure of
g[ry.
O

We also need to prove that the interpretations are transitive:

Lemma 6.21 (Transitivity).
o If (v1,v2) € V[7] and (ve,vs) € V[7], then (v1,v3) € V[T].
o If (uy,us) € E[1] and (uq,u3) € E[7], then (ui,usz) € E[7].

Proof. Transitivity of £[7] is immediately implied by transitivity of V[r]. The
typing conditions are immediately satisfied by transitivity. The rest of the proof
is done by mutual induction.

For transitivity of V[7], consider the different cases. Similarly to the previous
lemma, , it suffices to follow the structure of the derivation. O

Lemma 6.22 (Correcteness of the intepretation).
o IfT+ wu:T, then for all (v1,72) € G[T], (71(w),y2(u)) € E[y1(7)].

o IfT' uy : 71 =~ ug : T then for all (v1,72) € G[T], (71(u1),v2(us2)) €
Eln(m)].

o IfT' 71 : K1 ~Ta: ke, then for all (v1,72) € G[T], V[v1(11)] = V[y2(72)].
Moreover, if v+ T, then (v,7) € G[T'].

Proof. We prove the three first results by mutual induction on the derivations.
The first result is essentially a special case of the second: we could indeed obtain
it by first applying reflexivity to deduce that wu is equal to itself, although that
changes the derivation so that we cannot proceed by induction. We will focus
on the second result on term equality instead.

For term equality: suppose I' - uq : 71 ~ ug : 72, and (71,72) € G[I']. Let us
consider some of the different rules.

e For [EQ-Trans| we have premises I' - uy : 7 ~ ug : 73 and ' - ug : 73 ~
us : T3. By Lemma we have (y1,71) € G[I']. Thus, by induction
hypothesis on the first premise, (y1(u1),7v1(u3)) € E[y1(r1)]. By induc-
tion hypothesis on the second premise, (v1(us),v2(u2)) € E[v(m3)]. We
also have I' - 71 : k1 ~ 73 : kg (Lemma [6.15)), thus E[y1(71)] = E[v1(13)].
Then, by transitivity of £[y1(71)] (Lemmal6.21)), (y1(u1),v2(u3)) € E[y1(71)]-

° For consider the premise I' - u : ¢ (7)*. By induction hypothe-

sis, (71(u), 12(w)) € E[71(¢ (72:)*)]- Thus, (Iya ()], [r2(w)]) € V(¢ (m)")]-
Then there exists a constructor - d : V(az : Typ)* ()" — ¢ (o )* such that

(@) = d(rig)* (v15)"; [v2(w)l| = d(7or)* (v2i)’, and for all 4, (vii,v2:) €
E[mi[ej < 1;)’]. Suppose the premise corresponding to this branch is

D, (x; : 1oy < Tk]k)i, (d(Tk)k(xi)i ~u): C(Tk)k T Uy Ty

Consider the environments v = vi[z; < vi;]* and 74 = ya[z; < vo;]’.
We have:

(71, 7%) € GIT, (wi = milou < 1]")", (d(7e)* (ws)" ) ~ (¢ (m)* <))

Thus, (v (u1),7i(u2)) € E[y1(1)]. Since 7;(u;) = v(u;) for i € {1,2}, we
have (v1(u1),y2(u2)) € E[y1(m1)]-
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e For this is true by the hypothesis (v1,72) € G[I'].

e For [Eq-CoErce| use (by induction hypothesis) the equality of the inter-
pretation of equal types.

e For on z, by hypothesis (v1(x),v2(x)) € E[y1(7)]. Then we have
(e @) [v2(2)N) € V()]

e For congruence rules, let us consider for example We have u; =
let z = wpp in w1 and ug = let * = ugo in uy2, with premises I' - wug; :
01 X Up2 - 02 and ].—‘,.Tl CT1, (SU ~ uOl) P01 U T X U2k To. Apply the
induction hypothesis on the first premise: we have (||v1 (uo1)||, [|[72(uwo2)||) €
V[v1(r1)]. Consider v = y1[z « [[y1(uo1)||] and 75 = y2[2 < [|72(uo2)]-
We have both 94 - T,z : 01 and 744 + T,z : o1, since '  72(0q) :
k ~ y(o}) : k. Then, (7],7) € G,z : o1,(x ~ o1) : a1], and by
induction hypothesis, (+(t11), 73 (u1)) € E[} (r)]. Finally, |7, (1) =
[lv1 (u11) [z < Jluor|l]l] = |lvai(let 1 = upr in wip)|| and similarly for ws.
Thus, (y1(|/let 21 = up1 in u11]]), v2(||let z2 = ugz in uia||) € E[y1(m1)].

e For reduction rules, the two terms normalize to the same thing and have
the same type. We conclude by applying the first result on the typing
derivation of one of the sides of the equality.

For equality on types, consider the last rule in the derivation:

e For proceed as for suppose we have I' - 7p :
k1 ~ 79 : kg and ' b 75 : ko ~ 73 : k3 and counsider (y1,7v3) € G[I']. By
Lemma (v1,71) € G[T'], thus (applying the induction hypothesis on
the first premise), V[v1(71)] = V[y1(72)]. From the second premise, we

obtain V[v1(m2)] = V[y3(73)]. Thus, V[y1(m1)] = V[v3(13)].
e For select a branch and build an environment as for

then use the induction hypothesis on this branch.

e For congruence rules, take for instance We have I', o : Typ +
o1 : Sch ~ 05 : Sch. We want to prove that, for a term u and a closed
type 7 such that - 7 : Typ, u[aw < 7] € V[y1(01)[cx < 7]] if and only if
u[ae «— 7] € V[y2(02)[ex « 7]]. Consider, for i € {1,2}, v} = y[a <« 7].
Since V[r] = V[7], (71,7%) € G[TI',« : Typ]. By induction hypothesis,
V[vi(o1)] = VIva(o2)], and ~j(0i) = vi(oi)[a < 7].

e For consider the premise on the term that is matched on:

'k a : 71 ~ as : 7o Then, ||[y1(a1)|| and ||y2(aq)|| both normalize
to the same constructor. Then the correct branch can be selected as in

e For [TEQ-REDUCEMATCH} compute the intepretations on both side, they
are actually the same.

O

From the fact that the V[r] are distinct for different shapes of 7, we can
conclude that, in the empty environment, it is impossible to prove an equality
between, e.g., arrow types and universally quantified types. This suffices to
prove progress.
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Lemma 6.23 (Inversion). Consider a value v such that (ay. : Typ)* v : 7.
o If T =1 — 7o, there exists a, 11, 74 such that v =fix"x (y: 1]) : 7% . a.
o If T =V(a: Typ) 7/, there exists w such that v = A(« : Typ). w.

o If 7 =((m)", there exists a constructor - d : ¥(c; : Typ)® (1;)7 — ¢ ()",
types (7!)" and terms (a;)? such that a = d(7})*(a;)’.

?

Proof. We will only look at the last case, the other cases are similar. Consider
the different cases for v:

o Ifv="fix"x(y:7): 72 .a, then we have (o} : Typ)* - v : 7 — 7, and
(ag : Typ)k = ¢ (7)) : k ~ 71 — 75 : k. We can instantiate the aj with,
e.g. unit: we get - C (ri[agx < unit]®)? : k ~ 7o < unit]® — wap
unit]® : ” But this would imply V[ri[ax < unit]® — 7o < unit]*] =
V[¢ (7i[au, < unit]®)?], which is false (function definitions are present in
the first set but not the second).

e Similarly for v = A(a : Typ). u, and for v = d(7;)’ (vg)* where d is a
constructor of another type.

e There remains only the case v = d(7!)%(v;,)* with d a constructor of C.

O

Lemma 6.24 (Progress). Suppose - a : 7. Then, either a —g b for some
term b, or a is a value.

Proof. We proceed by induction on the base term, as in the proof of Theorem [4.2]
for ML, strengthening the induction to accept environments of the form (a; :
Typ)‘. Instead of inversion for ML, we use Lemma [6.23]

For the (new) case of|[REuse-PreseEnT|and [REUSE-ABSURD} if @ = #p, a is not
typeable in an environment composed only of type variables: the only possibility
is that (a;)" - True : bool ~ False : bool, which is impossible as (True, False) is
not included in the interpretation of bool. O

6.3.5 Full term equality and reduction

We'd like to prove that full term equality is stable by reduction. We have two
cases to consider for an equality between a and b: the first one is performing
a non-expansive reduction (—>,) on one of the terms (e.g. a reduces to a').
Then, a' stays equal to the same terms. The second is performing an expansive
reduction on one term. Then, we can perform some number of non-expansive
reductions then an expansive reduction on the other term and recover equal
terms: essentially, we are performing the same reduction on the two sides up to
non-expansive reduction.

Lemma 6.25 (Stability by non-expansive reduction). Suppose TermsEqual(T" -7
a:7,~b:7), and a —>, a’. Then, TermsEqual(T' -7 o’ : 7, 2 b: 7).

Proof. The atoms of a’ are obtained by reducing one subterm of the decom-
position of a, and removing some atoms. The removed atoms must have their
condition equivalent to False by subject reduction for —, (subject reduction
tells us the returned results from a’ are reduced outputs of those of a, as defined

in Definition . O
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Lemma 6.26 (Stability by expansive reduction). Suppose TermsEqual((«a; :
Typ)! %7, :b~1:), and a —> 5 a’' where the reduction reduces a function
application. Then, there exists b, b” such that b —% b without performing an
expansive reduction, then b/ —sg V", performing an expansive reduction, and
TermsEqual(T' P o’ : 74 >~ V" : 7).

Proof. Reduce b until reaching either a value or an expansive reduction. If
we reach a value 0/, we must have TermsEqual(I' - a : 7, ~ ¥ : 7). The
decomposition of b’ has no expansive atoms, thus the condition for all expansive
atoms in a must be equivalent to False, thus there is no expansive reduction
from a (expansive reductions in evaluation position have a constraint equal to
True, by induction on evaluation context).

Otherwise, we reach an expansive reduction. It must be a reduction with
equivalent function and argument. Then, by substitution, the bodies with ar-
gument substituted are equal terms. O



Chapter 7

Staging with mML

In this chapter, we introduce another component of our encoding of ornaments,
as an extension of eML called mML. This extension has two purposes. First,
it allows separating some meta-abstractions and meta-applications than can
be reduced in a separate phase from the abstractions and applications already
present in user code. The language is designed so that all mML code can be
reduced without touching the eML code. Building on this phase distinction,
we can introduce richer abstractions facilities to mML: since we guarantee that
they can be eliminated, we can add things that are not available in eML, such
as dependent types, abstraction on equalities, and type-level functions.

7.1 Overview of the design

We want the extensions in the language mML to be able to reduce in a separate
phase from the eML reduction. This imposes several constraints.

We write mML application with a # to distinguish it from ML application.
Similarly, all mML abstraction are marked with #.

First, we must ensure that ML constructs (functions, pattern matching, etc)
do not return meta abstractions, because then reduction of some ML code could
make new mML redexes appear. We ensure this by introducing a superkind Met
of Sch that classifies the types of meta abstractions.

Since term meta-abstraction can reduce at any moment, even when the ar-
gument is not fully evaluated, it could substitute expansive terms for variables.
But this would break stability of non-expansivity by evaluation. Thus we limit
meta term application to non-expansive terms.

In an environment with an incoherent equality (such as (True ~ False) :
bool), any two eML types are equal. We prefer to avoid this for mML: since
mML code will be evaluated under arbitrary contexts, we need, e.g., that type
abstractions are not confused with term abstractions under any context. This
is solved by disallowing mML types in type-level pattern matching, and limiting
case splitting to only operate on types of kinds Typ and Sch.

Finally, we have to decide whether mML abstractions and applications are
expansive. To allow reducing mML redexes in equalities, we consider most
abstractions and applications non-expansive, and we require the body of ab-
stractions to be non-expansive terms. However, to allow transporting expansive

105
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computations in mML, for example for patches, we introduce thunks, noted [m.a]:
thunks can contain an expansive term, whose labels start with 7. A thunk is
applied, noted (u)?, by choosing a label p for the result of the evaluation of the
body of the thunk. For example consider,

((A\#(x : bool). [m. f™1 z]) # True)?

This reduces to:
([zr. f™* True])?

This reduces to the following term, emitting a label #p « =p - 1:
7L True

Thus, thunks allows us to transport expansive computations inside mML ab-
stractions, as long as the place where they are used is ready to unthunk them.
This is similar to labeled ML abstractions, but we can eliminate the thunk-
ing and unthunking at mML reduction time, and we allow the thunk/unthunk
redexes to be reduced in the full term equality for mML.

7.2 Definition of mML

7.2.1 Syntax and typing

The syntax of mML builds on the syntax of eML. One thing we need to add
is type-level functions, taking types, terms, or equalities as arguments. This
requires a richer language of kinds to denote these abstractions. In the same way,
we need a richer language of types to represent the term-level meta-abstractions
on types, terms, and equalities.

The syntax of kinds and types is given in Figure Compared to the
syntax of kinds and types of eML (Figure , the kinds are enriched with a
kind of meta types Met that will serve to separate terms having a meta type
from terms having an eML type, and kinds for the type-level dependent meta-
abstractions on types, terms and equalities. Equalities stay unnamed in meta-
abstractions. The syntax of types is similarly enriched with types for term-level
meta-abstractions on types, terms and equalities. These types have kind Met.

We also add type-level meta abstractions and applications on types, terms
and equalities. The meta abstractions and applications are marked with # to
distinguish them from normal abstractions and applications. As discussed pre-
viously, we limit meta term application to non-expansive terms. When applying
an equality, we explicitly mark the equality, using the syntax (u ~ w) : 7 (this
is the syntax used to mark equalities in eML typing environments). This makes
typing easier. Finally, the syntax of typing environments is modified to allow
type variables at any kind instead of only the kind Typ. The syntax of terms
(Figure is similarly enriched with meta-abstractions and applications. We
add meta-abstraction to non-expansive terms, but not meta-application as its
reduction can yield an expansive term.

We now describe the typing rules of mML. Datatypes stay the same (in
particular, they cannot contain values of a meta-type). The rules for the well-
formedness of environments are staightforward and given on Figure [7.3] In

the type of the variable can now be of kind Met. In we
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Kinds

Monotypes

Type schemes

Meta types

Type function

Term function

Types

Type variable

Function type

Datatype

Universal quantification
Pattern matching

Type abstraction (meta
Term abstraction (meta
Type application (meta
Term application (meta
Term function (meta
Equality function (meta

Reused result function (meta

)

(meta)

(meta)

(meta)

Type function (meta)
(meta)

(meta)

(meta)

Thunk (meta)
Typing environments
Empty

Variable

Type variable
Equality

Precomputed result
Path variable
Computed applications
Empty

Result

Figure 7.1: Kinds and types of mML
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a,b = Terms
| x Variable
| letx =aina Let binding
| fix"z(x:7):7.a Function by fixed point
| a? a Application
| at Type application
| Ala: Typ). u Type abstraction
| d(7)"(a) Construction
| match a with (P > a|..P — a) Pattern matching
| =p Reused result
| M (a: k). u Type abstraction (meta)
| M (z:7).u Term abstraction (meta)
| M (u~u):7.u Equality abstraction (meta)
| w# T Type application (meta)
| w#u Term application (meta)
| u# (u~u):7 Equality application (meta)
| [ u] Thunk creation (meta)
| (w)? Thunk evaluation (meta)
| M ((w)*p: 7). u Result abstraction (meta)
| w#u Result application (meta)

P = Patterns
| d(r)i(a)’
w =2 |d7) ) |fixTz(x:7):7.aluT|Ala:k).ulletz=uinu

| match uw with (P — | .. P —u)|+p | X (a:k).u| X(z:7).u
| Mu~u):mulu#r|uftulu#t(a~a):7|[ra] | X ((w)sp:7). u
| uw#*u

Figure 7.2: Syntax of mML



7.2. DEFINITION OF MML 109

ENVEMPTY ENVPATHVAR EnvVARr
F%MH I m#T I Thk7:Met o#0D
[ o [
EnvTVARr
=T 'k wf a# T
FIa:k
EnVEQ
T C-wup:r C'Hwug 7 I'+~ 7:Sch
FT,(up ~ug): 7
EnvPTR
= plT (p=7m-q = wel) I' = u: bool I' = 7:Sch
FT,(u)sp:7
WF-BASE Wr-TyFun
T x € {Typ, Sch, Met} a#l  Trrwlf T,a:st k" wf
'k wi I-T{a: k)& wf
WF-TERMFUN

x#T ' 7: Met Iz:7+ Kk wf
F+I(z:7) K wt

Figure 7.3: Well-formedness for environments and kind

allow quantification on type variables of any kind. We introduce a new judgment
for well-formedness of kinds: we write I' -+ x wf if k is well-formed in the
environment IT'.

The well-formedness rules for types are given in Figure [7.4, We introduce
new rules for the new constructions. The types of term-level abstractions are
classified with kind Met. Type-level meta-abstractions are dependently typed
using the new kinds. Type-level pattern matching and universal types are still
limited to types of kind Typ or Sch: this enforces that the types of term-level
meta-abstractions cannot appear inside a ML type. This is important for cor-
rectly reducing from mML to eML. We add a subtyping rule from
Sch to Met: thus, the base kinds form a hierarchy, with Met containing Sch
containaing Typ.

The typing rules are similar to the typing rules for eML, except that we add
rules for the new constructs, similar to those for types. In rule we check
that the type of the term in the binding and of the returned type is of kind Sch
and not Met. This was already done for

7.2.2 The meta reduction

In mML, two reductions coexist: the normal eML reduction — 3 and a reduc-
tion —> that only reduces meta applications. The reduction —4 is non-
deterministic and can occur under any context, including applications. Its defi-
nition is given in Figure As in — g, meta-reduction emits results that can
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K-Var K-DATATYPE _ v
=T a:kel =T ¢ (Typ)' = Typ T+ 7 Typ)
N'Fa:x L' ¢ ()" : Typ
K-ARR K-SusTvyp K-SuBScH
L7 Typ L7y Typ Pe=7:Typ '~ 7:Sch
k71 — 7 Typ I' = 7:Sch '~ 7:Met
K-ALL

I'a:k+ 7:Sch
I'— Y(a: Typ) 7 : Sch

K-Marcu
k € {Typ, Sch}
- (d;)" : ¢ complete (di = (g : Typ)¥ (135)7 — ¢ (ar)®)’ T w: ¢ (m)k
(T, (w4 : Tij[ow < )™)Y, (di(mr) " (@i5)7 >~ u) : ¢ ()" 03 2 k)
T match u with (d;(7%)"(2i;)? — 04)" : K

K-TyABs K-TyApp
Da:kg—7:k F7:1(e: ko) K '~ 79: Ko
=M (o ko). 7 T(a: ko) & I 7 # 70 k[la < 70
K-TERMABS K-TERMAPP
Tz:mob7:K F7:1(z:70) K F'u:m
DM (7). 7:(x:70) k F'7#u:k[z < ul
K-TYMETAARR K-TERMMETAARR K-EQMETAARR
I'a:x+7:Met I'z:7F 7: Met [, (u; ~ug): 0 7: Met

I'+(a: k)7 : Met I'T(z: 1) 7: Met ' (u; ~ ug): o7 : Met

K-PTRMETAARR
plT
I' - u : bool T, (u ~ True) : bool - 7 : Sch T, (u)#p: 7 o : Met

P+ TI((u)*p: 7)o : Met

K-THUNK
'~ 7:Sch

' [7] : Met

Figure 7.4: Kinding rules for mML
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VAR TABs

I r:0€el Na:TyprPu:o=g

' a:0=g FHP Ala: Typ).u:V(a: Typ) o = O
TAppP

I'7:Typ F'tPa:VY(a:Typ)o= A

TrHPat:ola—1]=A

Fix
Dymr:m >,y a:m=A

PHPHixX "2 (y:m1) T2 .a:1 > T =
App
Fl—paZTl—>T2©A1 F,Al}_pb:']—l:AQ péq qJ_F,A17A2
THPa%lb:m = A1, Ay, (True)xq : 7

LET
F'+Pa:7 = A
DAL z7 (o ~reuse(a)) -7 =P b7 = A, Thk7:Sch Tt 7' :Sch
PrPletx =ainb: 7= Ay, As[x < reuse(a)]

ConN
ST d:Vlag Typ) () = Clay) |
Cr7:Typ) (0, (AR HP a; 1y « 7 = Ay
L P d(my) (@) C (1) = (D)

MarcH )
F (d;)* : ¢ complete
I' = 7:Sch (di = Y(ag : Typ)¥ (135)7 — ¢ (an)k)! P a:C(m)f = A
(T, A, (i« Tij[ar < m]%), (di(6) " (245)7 ~ reuse(a)) : ¢ (76)* P b 1 7 = A’
T -7 match a with (d;(13,)" (zi;)7 — b)) : 7
= A, (match reuse(a) with d;(14)"(2:;)7 — A;)

COERCE
F'rPa:7=A 7 :k~71:k

T'rFPa: 7= A

REUSE-PRESENT
(u)#q : 7T ' w: bool ~ True : bool

I'tPxqg:7= g

REUSE-ABSURD
qLlT I' I False : bool ~ True : bool T'7:Typ

PP sq:7=

Figure 7.5: Typing rules for mML (eML rules)
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TYMETAABS
Na:sx+FPu: 7=

PP A (a:k).u:(a: k)T = O

TyYMETAAPP
PP u:Il(a: ko) T= O '~ 79: ko

F'FPur:rla—T1]=J

TERMMETAABS
Fz:morFPu:7=g

CHP A (z 7). u:H(z:7) T = F

TERMMETAAPP
FFPu:Ml(z:m) 7= I'Pug:mg=g
TP u#up: 7[x —ug]l = &

EqQMETAABS
Iy(ug ~ug):oFPu:7=

TP N ((uy ~ug) ro).w: T((uy ~up) :0) 7= &

EQMETAAPP
PP u:Il(ug ~ug):07= F'~up:o~uy:o
PP u# (ug ~u):0:7=¢

PTRMETAABS
T, (up ~ True) : bool - 7 : Sch T, (up)xq: 7P u:0=

T =P M ((ug)#q : 7). u: T((ug)*q: 7)o = &

PTRMETAAPP
P u:((uo)sp:7)o =&  T,(ug ~ True): bool P u' : 7 = &
TP u#* v colsp —u]= O

THUNK UNTHUNK
Lr"a:7= A F+Pu:r]=g p<gq gLl T A
PP [r.a]: [r]= O TP (w)?:7= A, (True)xq: 7

Figure 7.6: Typing rules for mML (new rules)
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KEQ-TRANS KEQ-BASE
T Kk ~ ke ' ko ~ K3 =T k € {Typ, Sch, Met}
I'- k1 ~ K3 'K~k

KEQ-TyPE-FuN
T+ K1~ ko T a: k1 b K] ~ K

I (a: k) k) ~(a: ke) kY

KEQ-TERM-FUN
TFT K ~T: Ko D,x:m b Ky ~ K

M-z :m) k) ~ (2 72) K

Figure 7.7: Kind equality for mML

be reused. This only happens when evaluating thunks. The label translation
rules are extended for the new abstractions and applications (see Figure :
thunk abtraction hides the labels emitted inside, all applications are transparent
to labels. We do not provide a label translation for the other meta abstractions
as they only expect non-expansive terms.

7.2.3 Equality

The equality of mML is similar to the equality of eML. There are three major
changes: we include congruence rules corresponding to the new constructs on
types and terms; we include reduction rules corresponding to the head reduc-
tion of — 4 (the non-head reduction are included because non-expansive term
equality is a congruence). We limit case-splitting to proving equalities between
terms whose type is of kind Sch, and between types whose kind is Sch: this en-
sures that the mML part of type equality always holds, even in contexts that are
absurd, and thus unreachable for eML reduction: we need to guarantee progress
for the full mML reduction.

The new and changed rules are given on Figure [7.8| for the congruence rules
for types, Figure for the congruence rules for terms. As in eML, the congru-
ence rules follow the structure of the typing rules. The reduction rules, the new
split rule and the subkinding rules are given in Figure and Figure [T.11}

Since types can appear in kinds, we also have a kind equality judgment, that
only includes congruence rules (defined on Figure .

We also extend term equality to take thunk application into account. There
is a new atom of the form (u)?. We can either chose to keep these atoms as-is, in
which case they are equal to atoms (u')? when u and u’ are equal, or to expand
them: we must provide a such that u is equal to [m. a]. Then, the atom is
replaced by the decomposition of a before evaluating the equality. This makes
such atoms transparent for term equality: we can reduce them as needed, thus
meta-reduction preserves term equality.

Then, the definition of equality is in two steps: first we allow expanding as
much as desired on each side, then we compare the terms for equality.

Definition 7.1 (Expansion). Consider I' =P a : 7 = A. Let S = labels(a) and
suppose atoms(a) = (#p; < (Ty, a;))Pi€2P5(0) with for all i,
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TEQ-TYABS

/ / !
I' = k] >~ Ky Dokl 7116 >T Ko

DM (a: k). m (e kh) k= M (o /b)) 1 (o KY) ke

TEQ-TERMABS
[ oy k) ~og: kY Dox:o1 Tkl ~To: Ko

I+— /\#(x co1). 1 (2 0p) Ky ~ M (2 : 02). T2 : (2 : 03) Ko

TEQ-TYAPP
Mo H(a:k)) ki ~oy: (e ky) ke  TE7iK] ~7o kY

L'k oy # 71t ki|a— 1i]og # Toko|a — T2

TEQ-TERMAPP
Phoy:I(z:m) Kk ~o9: 1(z: T2) ko Thu:m~us: 7

T oy # uy : ki[z < up]os # ugka[z < us]

TEQ-TYMETAARR
' k) >~ Ko I'a:ky 71 : Met ~ 75 : Met
I'TI(a: k1) 71 : Met ~ II(a : ko) T2 : Met

TEQ-TERMMETAARR
7k ~T: ke T,z:7 oy : Met ~ 05 : Met
F-T(z:7) oy : Met ~TI(z : 72) 02 : Met

TEQ-EQMETAARR
T'F wupr i 01 >~ ugy : 09
'~ uig 01 >~ Uz : 09 [, (u11 ~ugs) : o1 71 : Met ~ 75 : Met
'+ H(u11 >~ U12) L0171 - Met ~ H(u21 >~ u22) 02T Met

TEQ-PTRMETAARR
plT

T, (uy ~ True) : bool - 71 : Sch ~ 75 : Sch
T, (up)*p: 11 - o1 : Met ~ o9 : Met

I T((u1)*p: 71) o1 : Met ~ TI((ug)*p : 72) 09 : Met

T+ up : bool ~ us : bool

TEQ-THUNK
'+~ 71 :Sch ~ 75 : Sch

I [11] : Met ~ [12] : Met

Figure 7.8: Type equality for mML: new congruence rules
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EqQ-TYMETAABS
I' K1 ~ Ko lNa:kikFu :7T>~uy: 7
DA (a: k). up (e k)T~ N (ko). ug : TI(a s ko) T

EqQ-TERMMETAABS

T'k7: Met ~ 1 : Met e:mba:01~a9:09

DM (z:m). a0 :T(z: 7)o =~ A (2: 7). a4 : Tz 2 72) 0

EQ-EQMETAABS
FFU11:012U21202
FI—'LL1220'22’U,2220'2 F7(U112%12)20’1'—U12T12U22T2
D A ((ugy > ui2) c o1).ug : T((ugy >~ uio) c 01) 1y
ZA#((Uzl ~ 7.L22) : 0'2). ug H((u21 ~ Ugg) : 02) T2

EQ-PTRMETAABS
pLlT T uj:bool ~uj: bool
T, (u}y ~ True) : bool - 71 : Sch ~ 75 : Sch [, (u))*p: T b up 01 ~ ug : 09

- )\#((u&)*p c7y).ug s H((u))xp : 11) o1

EQ-THUNK
TermsEqual(T' " a; : 7y ~ as : T2)

Dk (7 a1]: [11] = [7. as] : [12]

EqQ-TYMETAAPP
P wup (o k) o1 ~ug : (a: Ka) oo I'71:K1 ~To: Ko

Pw # 7 oifa— n] = us # 7 oo]a — 7]

EQ-TERMMETAAPP
Trwu :M(z:m)m~ug ()7 Thu)m ~ub:7)

Doy # ) mifr — u)] ~ug # vl o[z« uf)

EqQ-EQMETAAPP
Iy M(upy >~ uig) : o1 71~ ug : H(ugy = ugs) 02 T2
FI—’U,1120'12U1220'1 F}—’LL212022'LL22102

FI—U1#(U11 2u12)1011712U2#(u212u22)30237'2

EQ-PTRMETAAPP
Ty T((u))sp 1) o1 =~ ug - T((us)*p : 71) o2
T, (u] ~ True) : bool - uj : 7 ~ uj :

T oup #* u) coq[xp — u)] ~ ug #* ub : oo[xp «— uj)

Figure 7.9: Term equality for mML: new congruence rules
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TEQ-SuBScH
F'7:Sch~7:k
T'7:Met~7:k

TEQ-SPLIT
(- di = ¥(aw = Typ)* (m35)7 — ¢ (an)®)’
FI—UZC(Tk)k I't-o01: K1 T'oy: ke K1, ke € {Typ, Sch}
(T, (zij : Tij[ou < 7]"), (di(Tk)k(xij)j ~u): () o1k >0 Ry)’

I'ko1:Kk1 ~09: Ko

TEQ-REDUCE-METATAPP
lNa:koHo:k I'—7:ko

T (M (a: ko). o) # 7 kla— 7] ~ola 7] : K[a < 7]

TEQ-REDUCE-METAAPP
lNe:7Ho:k 'Fu:r

L'\ (z:7).0) #u:k[z—u] ~o[z —u]: K[z — u

TEQ-REDUCE-METAEQAPP
Iy(ug @ug):7hHo0: kK 'u:7>~ug: 7

D M\ ((ug ~ug):7).0) # ((ug ~ug):7) k>0 K

Figure 7.10: Type equality for mML: subkinding, reduction and split

EqQ-REDUCE-METATAPP
INa:kHu:o I'7:k

I'- (M (a:k).u) #7:0la— 7] ~ufa — 7] : ofa « 7]

EQ-REDUCE-METAAPP
Fe:moru:r I'wg:mo

D= M\ (z:7).u) # ug: Tz — up] >~ uz — up] : [z — ug]

EQ-REDUCE-METAEQAPP
T, (ug ~ug):7ThHu:o Pup:7~ug: 7

D= A\ ((ug ~ug):7)ou) # (ug ~up) :7):o~u:o

EQ-REDUCE-METAPTRAPP
pLlT T, (ug)sp:ThHu:o T, (ug ~ True) : bool v’ : 7

L= W\ ((ug)#p : 7). uw) #* ' ofs#p — '] ~ u[#p — '] : o[#p — /]

Figure 7.11: Term equality for mML: new reduction rules
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u - olr—u
#

A (k). u) # 7 i# u[a — 7]
(A (x: 7). u) # up E,# u[x — ug]
A (ug ~ ug) 1 7ou) # (0] ~ ) : 7/ 2y u
uw)xp 7). u i - ul*p < ug
)\# / #* 0 #
([Tr. a])p skpreuse(a[m—p]) a[ﬂ' - p]
RED-NOLABEL RED-LABEL
0 *pe—u
a —4 b # b
Cla] S c[t] Cla] P2, (Clp < ul)[B]

Figure 7.12: Definition of — 4

(#p —u) T [ []] =0

(sp—u) T[] #7 = speu
(#p —u) T[] # o' = *p—u
(#)p —u) T[] # (g ~up) :7 = #p—wu
(sp «—u) T[] #* o = #peu
(xp —u) T ([])? = #p—u

Figure 7.13: Label translation for mML
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o cither a; = u; uy, and then T, AVT; —u; : 7 — oy and T, AT, - u) @ 75

o ora; = (u;)P and then T, A UT; - u; : [oy]

. Then, consider a set of non-expansive term expand; for all i for which a; is a
thunk application, and a set of terms expanded,, such that:

e For all i, I'' A U T, - expand, : bool, i.e. the expand, are boolean non-
exPansive eTrpressions.

e Foralli, T',A UT;, (expand; ~ True) : bool - u; : 0; ~ [p. expanded,] : o;,
i.e. the expression inside the thunk application is equivalent to [p.expanded;]
whenever expand; s True.

Then, consider a’ the term obtained by replacing all thunk application atoms
in a with match expand; with False — (u;)?¢ | True — expanded,[r «— p;]. We
say that a’ is a one-step expansion of a.

We way that a' is an ezpansion of a if it can be obtained from a by a finite
number of expansions. &

Definition 7.2 (Term equality for mML). Consider an environment T', two
terms ay, by, and two types 14, T,. Consider expansions a and b of these terms,
and suppose there exists p, Aq, Ay such that T P a : 7, = Ay and T' P b :
7y = Ay. Let S, = labels(a), Sy = labels(d)

Suppose atoms(a) = (xp; < (T, ;)PP and atoms(b) = (xq; <
(Ty,5,b5)) i€labels(b) “yith for all i,

o cither a; = w; ul,
Ta,i — UfLi “Tayis

and then I', Ay U Ty i b Uit Tai — 0q and I'; Ay U

o ora; = (u)P* and then T'; Ay U Ty i b ;2 [04,]

and similarly for Moreover, suppose that for all i, and similarly for all j, T'; Apu
Ty = upj 7o — op; and I, Ay 0 Ty 5 - ug)j : Ty Finally, suppose that
Ag = ((ug;)*pi : 0aq)" and Ay = ((uf ;)*q; < 0p5)

We define a type unthunk 7 with one constructor Unthunk: 7 — unthunk 7 to
represent thunk-valued atoms. Then, for each i, we define atom, ; = App(u;, u})
and atomty, ; = app (7;,0;) if the expression defining p; is of the form w; uj,
and atom, ; = Unthunk u, atomty, ; = unthunk o, ; if the expression defining p;
is of the form (p;)—, and similarly for each j

Then, we say that that a and b are equal, noted TermsEqual(T' P a,, : 7, ~
by : 1) if and only if:

e For all k,

T, Ag, Ap, (INDEX(ug ; — pi)* ~ INDEX(uf ; — ¢;)7) : INDEX,(u ; — 73)%)<F

a,: a,i

- INDEX (uf, ; — atom, ;)" : INDEX (uf, ; — atomty,, ;)*

a,i a,i

~ INDEX (uf ; — atomy;)* : INDEXy(uf ; — atomty, ;)’

i.e. the k-th atom on the left-hand side is equivalent to the k-th atom on
the right-hand side.
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e The final expressions are equal:

F7 Aau Ab7
(INDEX(uf ; — pi)* = INDEXg(uf ; — ¢;)7) : INDEX,(ug ; — 73)") =)
 reuse(a) : 7, ~ reuse(b) : 7,

where n and m are the number of labels appearing in a and b respectively.

¢

This equality has the same properties as the eML equality. In particular, for
transitivity, we can perform expansion on all terms and then apply transitivity
as for eML.

Then, reduction preserves equality:

Lemma 7.1 (Meta reduction preserves equality). Suppose ' P a: 7= A and
a —y a'. Then, TermsEquall' P a: 7 ~d’ : 7).

Proof. A meta-reduction is either a non-expansive reduction, that preserves
equality as in Lemma [6.25] or a reduction of a thunk, in which case we need to
mark the expanded thunk as to-be-expanded and then recover identical terms.

O

7.3 Metatheory of mML

7.3.1 Confluence

First, we prove that the mML reduction — 4 is confluent. This is not immediate
because of labels: we need to show that the same labels are substituted whatever
the order thunks are reduced in, and independently of where mML reduction
moves them. As explained when presenting labeled ML, this is only true for
well-typed terms and well-formed types and kinds.

Well-labeling and subject reduction

We have not yet proved subject reduction for — 4, and we intend to use con-
fluence in the proof. Fortunately, the reduction — 4 does not drop expansive
expressions and labels are preserved: the obstacles to proving confluence using
only the well-labeling of §5] are absent here.

Our first step is thus to extend the well-labeling defined in Figure to
mML. The new rules, given in Figure for terms, and Figure for types,
are essentially a simplification of the typing rules for mML, where only the label
information is kept: the judgment ¥;T' 7 a = A reads as with path variables
> and labels T' in context, and with current label p, the term a is well-labeled
and emits labels in A. We also give a well-labeling judgment for kinds and
terms. Since they do not emit labels, the judgments are simpler: ;T ; 7
(resp. X;T k) states that the type 7 (resp. the kind k) is well-labeled in the
environment Y, I'.

The well-labeling judgment for mML is more lenient than the typing judg-
ment:
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L-Var L-TABs
orthogonal(T") ST u= &

LT e=o ST Y Ala: Typ).u = &

L-TApp
T a= A ' 7
ST ar=A

L-Fix

THY S,mlHa= A 'y Iy 1o

ST fix"z (y:m):m2.a=
L-App
E,Fl—fa:Al E;F,All—‘?bﬁAg péq qJ_F,Al,AQ
E,F I—? aqb:>A1,A2,q

L-LET
T a= Ay T, A H b= Ay
ST etz = ainb= Ay, Ay

L-ConN ) ) )
orthogonal(T") ST =) (ST, (AR 1 ay = A;)
ST ] d(ri)' (a;) = (4;)

L-MAaTcH
T a= A _
(8:T b ) (ST, A a; = Ay) orthogonal((A;)")
T I—f match a with (di(Tk)k(Jﬁij)j — bz)l = A, (Az)l

L-REUSE L-TYMETAABS
orthogonal(T") pelvplT DR RS ST uw= o
5T wp = & ST M (k). u= &

L-TYMETAAPP
T a= A ST 7

ST a# 1= A

L-TERMMETAABS
STl ST u=O

ST H A (z:7).u= &

L-TERMMETAAPP
ST H a= A ST u=
ST a#u= A

L-EQMETAABS
X' o E;F}—fm:@ Z;Fl—f’uQ:@

ST u= &
ST H A (ug ~wg) 1 0).u=

L-EQMETAAPP

ST H a= A ;' o ST u = & ST H up = &

ST a# (u ~ug):o=A

Figure 7.14: Well-labeling for types
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L-PTRMETAABS
glT ST w = S 7 UTgHlu= g

ST P A (up)*q : 7). u = &

L-PTRMETAAPP L-THUNK
ST a= A ST u= & THY YmlFa= A
ST a# u= A ST D [roa]l = @

L-UNTHUNK
p<q qg LT, A ST a= A

ST H ()= Aq

Figure 7.15: Well-labeling for types (cont.)

LT-Var LT-DATATYPE ] LT-ARR
orthogonal(T") orthogonal(T") ST 7))t Y:I'm DI AN
DR R 5T ¢ ()i S5iI'bpm > 7
LT-ALL LT-MaATcH ‘
T 7 T I—f U= (3T Tk)/C (30 by 0y)"
YT V(a: Typ) 7 ¥;T b match u with (d; ()" (z45) — ;)"
LT-TyABs LT-TyAprp
iUk U7 Xi:I'kH o U7
ST M (k). T i io# 7
LT-TERMABS LT-TERMAPP
5P ik 0 iU 7 ST u=
E;Fl—l)\#(x:T).J St #u
LT-TYMETAARR LT-TERMMETAARR
Xk i1 i1 ;' o
5T+ (a: k)T 5T+ (x:7)o

LT-EQMETAARR
ST uy = ST up = & iU b7 il ko
5T+ M(uy ~ug): 7o

LT-PTRMETAARR LT-THUNK
plT Tl u= iU X;Uypby o XUy m
ST+ I((w)sp: 7)o 5T b [7]

Figure 7.16: Well-labeling for types
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LK-BAse LK-TyFun
orthogonal(T") € {Typ, Sch, Met} Tk ST b &
STk ST (o k) K
LK-TErMFUN

iU b7 iUk
5T+ Oz 7))k

Figure 7.17: Well-labeling for kinds

Lemma 7.2 (Well-typed expressions are well-labeled). Consider a typing en-
vironment I'. We can obtain a labeling environment X; TV from it by removing
everything except path variables and the names of labels. Similarly, from a list
of computed results for typing A with their types and conditions, we can obtain
a list of computed results for labeling A'. Then,

o if I' K wf, then ;1" | K;
o if '+ 7:k, then 5; TV -, 7;
o if T p:arA, then B;T -7 a = A

Proof. By induction on the derivation. Some hypotheses requires in the label-
ing derivation but absent from the mML derivation can be extracted from the
already-present typing hypotheses (Lemma [6.12)). O

We need weakening and substitution for this judgment:
Lemma 7.3 (Weakening). Suppose ;T - a = A. Then:
e Suppose q < p, and q independent of T, A. Then, ;T - a = A.
e Suppose w ¢ X. Then, ¥, m; I - a = A.
e Suppose g L p, T, A. Then, ;T',q - a = A.
We have the same results for types and kinds.

Proof. By induction on the derivation: these changes translate to weakening in
the premises. The independence side-conditions stay true in the derivations. [

Lemma 7.4 (Substitution). Suppose ;" -] a = A.

e Consider m € ¥, and ¢ L T')A. Then, ¥ — m;T[1r — ¢] l—f[”gq] alm «
q] = A[r —q].

e Consider x and a non-expansive term u such that ;T }—f u = . Then,
T -] alr —u] = A.

We have the same results for types and kinds.
Proof. By induction on the derivation. O

We then prove subject reduction for the well-labeling. This lemma is similar
to Lemma [5.11] except that we do not need a case for labels that disappear. It
is also extended to handle types and kinds.
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Lemma 7.5 (Subject reduction for well-labeling and — ).
o Suppose ;T - k. If & —> 4 K/, then ;T - K.

o Suppose L;T ;7. If T —> 4 7/, then ;T ;7.

o Suppose ¥;T' 7 a = A. Moreover, suppose a L# b. Then:

— If1 =0, we have ;T H b= A.

— If l = %q <« u, we have ;T ] b = A" where A" = A — {q} w S
where S is an orthogonal set of labels prefived by q, and q € A.

Proof. The proof is similar to Lemmal[5.11} except that we do not have to handle
the case of reduction of a pattern matching, thus labels never disappear. O

The parallel reduction

In order to prove confluence, we follow |Takahashi| [1989]. We define a parallel
reduction for — 4. For types, it is noted a>7a’, where o is a substitution of la-
bels, corresponding to the labels emitted by the one-step reductions represented
by this parallel reduction. When o is empty, we will also write a > a’. It also
applies to types and kinds. Since all terms appearing in types and kinds are non-
expansive, o will always be empty and we write 70> 7" and x> x’. The reduction
has two parts: it has congruence rules, presented in Figure [7.1§| for terms and
Figure [7.19] for types and kinds, and reduction rules, presented in Figure [7.20}
The congruence rules (for example reduce each subexpression. If labels
are generated, the labels are substituted in all the subexpressions, as well as
in the substitutions that were generated while reducing these expressions (until
there is nothing to substitute). The rules for let binding and pattern
matching also ensure that the substitutions stay well-scoped, as is
already done by label translation.
We will need a few substitution and reflexivity results on >:

Lemma 7.6 (Reflexivity of t>). The parallel reduction is reflexive:
e Foralla, a2 a.
o Forallm, 71> 7.
o Forall k, K> k.

Proof. By mutual induction on terms, types, and kinds: apply the lemma for
each subexpression, and always choose the congruence rules. O

Lemma 7.7 (Substitution for ). Let o be a substitution (of term, type or label
variables, or of labels). Consider o% a reduced version of this substitution (i.e.
where some terms and types have been replaced by their reductions by t> ). Then,

o Ifar!d, then a[o] > a/[0™].
o IfTr> 7', then T[o] > 7'[0™].

o If k> K, then k[o] > K'[07].
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PV P-LET
- VAR a |>la a/ b le b/
9 let 2 = a in bletollevreuse(@] ot o — o/ in B'[1,]
P-Fix P-Aprp
ala > T T > T aled bbby

fix"x (y:7):m .aPfix"x(y:714) 7] .d a? bstabllad /P /(1]

P-TABs P-TAPP

w2 ala
Al : Typ). u>2 A : Typ). o/ artd r
P-MaTcH

ald (1 > 71" (b >l bl
match a with (di(Tk)k(ﬂfij)j N bi)ibl,(matchreuse(-a’) with di(?—k)k(mij)jﬂli[l])i
match o with (d;(14)* (zi;) — bi[1])°

PR P-TYMETAABS P-TyMETAAPP
~REUSE kD> K w9 w2 7> 7
sp>2 xp M(a: k). usP N\ (a: k). uH TP H#T
P-TERMMETAABS P-TERMMETAAPP
> T w9 up 9 ) ug >9 uly
Mz ). us2 X (z: 7). o w1 # ug 2 Uy # b
P-EQMETAABS
uo >2 u) up >9 ) ug >9 ul > 7
M (ug > ug) 0 Toug 2 N (uf ~ ub) 7w
P-EQMETAAPP
uo >2 u) up >2 ) uy >2 7> 7
ug # (ug =~ up) : 72wl # (uy ~ubh) T’
P-PTRMETAABS P-PTRMETAAPP
uo >2 u) w9 o > 7 up >9 ug >9 uly
)\#((uo)*p ST).u > )\#((u{))*p s uy # ug 2 u) # uy
P-THUNK P-UNTHUNK
ata w9 o
[7.a] >2 [r.d] (u)? 2 (u')P

Figure 7.18: Parallel reduction: congruence for terms
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P-KBAsSE
k € {Typ, Sch, Met}

K> K

P-KTERMFUN
> 7T kD> K

M(z:7)s>M(x:7") K

P-TYDATATYPE
(ri > 7))

C(r)' > (7))

P-TyMaAtcH
|

al"a

125

P-KTvyFun
K1 D> Hll

(v : k1) ko > (s KY) kY

’
Ko > Ko

P-TyFun
P-TyVar > T{ T > Té
al o 7'1—>7'2[>7-{_>7-£
P-TyALL
T 7

V(a: Typ) 7> V(a : Typ) 7/

(1% > T]/C)k (o; > Ug)i

match u with (d;(14)" ()7 — &;)" > match u’ with (d;(14)*(2:;)7 — o)

P-TyTvYABs P-TyTvyAprp
kD> K T> 7 oo’ > 7
M(a: k). 7> M (a: k). 7 ocH#T> H#T
P-TYyTERMABS P-TYyTERMAPP P-TYyMeETATYFUN
> T o>o’ 7> 7 u>u kD> K > 7
M(z:7).o> N(z:7). 0 THuUD>T H#u Mo : k) 7> M(a: &) 7’
P-TYyMETATERMFUN P-TYMETAEQFUN
r>7 oo uy > uh ug > ub > oo
Hz:7m)o>I(x: 7)o’ H(uyp ~ug): 7o > I(u) ~ub): 7 o
P-TYyMETAPTRFUN P-TYTHUNK
>y > 7 o> o’ T> 7

M((u)*p : 7)o > (v )sp: 7') 0’

[r]> [']

Figure 7.19: Parallel reductions: congruence for types and kinds
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P-TYyTErRMRED P-TyTYRED
o> o u>u o> o > T
M (z:7).0) #ur o[z —u] M (a: k). o) #17> 0 [a 7]
P-TERMTERMRED P-TErRMTYRED
uy > u) ug > uh uru T> 7
(N (22 7). ur) # ug > vy [z < ub)] M (o k). u) # 70> u[a— 7]

P-TERMEQRED
uu

M (uy >~ up) s 7ow) # (ug >~ up) : 7 > o/

P-TERMPTRRED
U D> s ug > uf

N ((wy)#p : 7). ug) # ug > ubl+p — ub]

P-TERMTHUNKRED
artd

([ﬂ'. a])p ‘>*p<—reuse(a')['n—<ﬁp] a’[w - p]

Figure 7.20: Parallel reductions: reduction rules

Proof. By induction on the derivation of the reduction. When reaching a vari-
able substituted by o, use the reduction from its value for o to its value for
o". O

We also need to prove that the reduction is compatible with making terms
reusable:

Lemma 7.8 (Reusability for ). Suppose a >! a’. Then, there exists u such
that reuse(a) >! u and reuse(az) = u[l].
Proof. By induction on the derivation. O

Embedding of one reduction into the other

We then need to prove that — 4 is a subset of >, and that > is a subset of
—%. From this, we will deduce subject reduction for >, and that — 4 is
confluent if > is confluent.

We need a few lemmas analogous to lemmas from §5] The following lemma
is the equivalent for mML of Lemma [5.7]

Lemma 7.9 (Disjoint labels). Suppose ;T 7 a = A. Then, I and A are
orthogonal and all labels in A are prefized by p.

Proof. Similar to Lemma [5.7] O

The two next lemmas state that the typing describes what labels may be
emitted by reducing a term. We need one for the usual reduction and one for
the parallel reduction:

Lemma 7.10 (Emitted labels). Suppose ;T ] a = A.
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e Ifa ﬂ»# a', then pe A.
o Ifald, forallsp—uel, pe A.
Proof. By induction on the derivation of the reduction. O

The usual reduction and the parallel reductions do not perform the same
substitutions of labels: in a b, if the reduction of b emits a substitution, it will
be substituted in a by the usual reduction but not by the parallel reduction.
We need to prove that this has no consequences on the result: this is the case
because all labels that could be emitted by b are out of scope for a.

Lemma 7.11.
o IfS;THa= A andp¢ T, A, then al+p « u| = a.
o IfX;T ;7 andp LT, then t[*p <« u] = 7.
o If ;T k andp LT, then k[*p <« u] = k.
Proof. By induction on the derivation. O

We also need the same result for the emitted substitutions. Here, we need a
stronger hypothesis because emitted substitutions may reference labels that are
suffixes of already existing labels.

Lemma 7.12. Suppose ;' ] a = A. Let #p <« u be a substitution with
g<pandp LT,A. Suppose a>'b. Then, I[*p < u] = I.

Proof. By induction on the reduction, we prove that all labels appearing in the
terms in [ are suffixes of the labels in T", A. O

We prove that the parallel reduction embeds the usual reduction. This relies
on the well-labeling to be true: when propagating reduction labels, the par-
allel reduction only substitutes in the part of the context that are after the
evaluation of the label, while — 4 substitutes in the whole context. The well-
labeling guarantees that such labels cannot appear in the parts that are before
the evaluation.

Lemma 7.13 (— 4 is included in ).

o Suppose ;T ) a = A. Then if a L# a,ala.
o Suppose L;T' —; 7. Then, if T —p 7, 7> 7.
o Suppose ;T —; k. Then, if  —4 k', kD> K

Proof. By induction on the reduction, inverting the typing derivation along the
way.

Head reduction map directly to reduction rules of the parallel reduction.
The subexpressions of the reduction rules are not reduced: we map them to
themselves using reflexivity for parallel reduction (Lemma .

For context rules, we will take the reduction in context C = let x = a in [] as
an example, as it has the most complicated features, and we will suppose that
the term in the context reduces with an attached substitution.
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skp—ul[zreuse(a)]
e T

Suppose b M# a’. Then, C[b] # let © = a[*p «— u] in
b[#p « u[z < reuse(a)]]. Consider the labeling derivation of let = a in b. The
last rule must be Inverting the rule we obtain X;T' +/ a = A and
T,A /b= A’. By Lemma we know that p € A’. Thus, p L T, A.

Then, we can apply Lemma we have a[#p < u] = a.

We conclude by applying we have a>9 a (by reflexivity, Lemma |7.6))
and b >*P<" } by induction hypothesis, thus let z = a in b >*P<ulz<reuse(a)] ot
x=ainb. O

We also prove that the parallel reduction is a subset of the (iterated) usual
reduction:

Lemma 7.14 (> included in —4).
e Suppose 3T+ k and k> k'. Then, Kk —% K.

e Suppose ;T +; 7 and 7> 7. Then, T— T

*
e Suppose ¥;T ¢ A=, and a>'a’. Then, a L# a.

Proof. By mutual induction on the parallel reduction derivations. We describe
the reasoning for two representative rules:

e If the last rule is a congruence rule such as

P-LET
ate d br>b p

let 2 = a in b>lelellezrevse(@] ot o — o/ in B[1,]

The last rule of the well-labeling derivation must be

L-LET
Z,FI—?G@Al E,F,Al }—g)b:>A2

ST H etz = ainb= Ay, Ay

By induction hypothesis on the well-labeled term b, we have b l—b># b.
All the labels g € [, are in Ay by Lemma Thus, I L T', Ay, and
for any subset 15 of I3, a[l5] = a. Thus, (by applying the context rule for

Iy [z<reuse(a)] *
—_

C=letz=ain[], we have letx = ainb yletz=ainb'

By induction hypothesis on the well-labeled term a, we have a l—“># a.
Thus, by applying the context rule for C = let z = [] in b/, we obtain

*
let z = ain b’ L# let x = ain ¥'[l,]. By composing these two reductions

lalp[la,z<reuse(a’)] *

yletz =a"inV'[l,].

we obtain: letz = ainb

e If the last rule is a reduction rule such as[P-TERMTHUNKRED}

P-TERMTHUNKRED
atad
([77, a])p [>*p<—reuse(a/)[7r<—p] a/[w - p]

By inverting the well-labeling derivation (L-UNTHUNK|then [L- THUNKD we

obtain that a is well-typed. Thus, by induction hypothesis, a —># a'.
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Then, ([r.a])? —7% ([7.a’])? (the [x.[]] removes the substitution emitted

by the reduction of a). By head-reduction, we have

([7‘(‘. a,])p skpreuse(a’)[mp] 4 a/[ﬂ‘ - p]

We conclude by composition. O

Confluence for >

We now define the maximal reduction for >: a >! @’ is a maximal reduction of
a if we always use the reduction rules whenever possible. Then, we write this
a >>'a’. We can similarly define a maximal reduction for types and kinds.

The core of the confluence proof is the following lemmas, expressing that if
we start by doing a step of non-maximal reduction, we can always obtain the
maximal reduction by performing another step of reduction. The term version
is more complex to express because it also needs to state how the substitutions
labelling these reductions are related: intuitively, performing a first reduction
might make some redexes that were hidden under a lambda exposed. Reducing
these lambdas in the second reduction step will emit labels that are not visible
when doing the maximal reduction in one step. The labels of these now-revealed
redexes are suffixes of labels emitted in the first reduction.

Lemma 7.15.

o Suppose ;T - kg. Consider a mazimal reduction kg >>kKe. Suppose we
also have ko > k1. Then, kK1 > Ko.

e Suppose ;T +; 19. Consider a mazimal reduction o >>To. Suppose we
also have 19 > 1. Then, 71 > 7.

o Suppose X;I' ] ag = A. Consider a mazimal reduction ag >>h2a,.
Suppose we also have ag>" ay. Then, there exists lo, b and 17 such that:

_ I2,15
a1 >"%"2 ag.

— l[le,15] > 1¥, ie. 1Y associates labels to reduced versions of their
corresponding terms in ly.

— The labels in 1} are suffizes of the labels in 1y,
— lig = I%[l2, 1], 1.

Proof. By mutual induction on terms, types and kinds. We consider a few
representative cases:

o If the last rule of the maximal reduction is the last rule of the
non-maximal reduction is also [P=THUNK]

aop |>>l“’12a2 ap [>l“’1 a1

[7. ag) B2 [7. az] [7. ag) >2 [7. ai]

Inverting the well-labeling derivation, we obtain that a is well-labeled.
Then by induction hypothesis, there exists [, 2, lfl’z such that aq>le2a2 gy,
Then, applying [7.a1] >2 [r. az]. We conclude with [} =I5 =
lo=l=0hy=0.
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o If the last rule of the maximal reduction is then the last rule

of the non-maximal reduction is also (the last rule cannot

be [P-TerMTHUNKRED| because if it was possible to apply it it would be
applied in the maximal reduction).

UQ >|>@uz Uug >2 U1
(uo)? B>>2 (ug)P (uo)? >2 (u1)?

Inverting the well-labeling derivation, we obtain that u is well-labeled.
Then by induction hypothesis, we have u; > uy. Thus, applying the rule

we obtain (u1)P >9 (ug)P.

If the last rule of the maximal reduction is[P-TERMTHUNKRED| and the last
rule of the non-maximal reduction is then, the second-to-last
rule of the non-maximal reduction is [P=THunkl

ap [>l“’1 aq
ap D>'*12ay [7. ap] >2 [7. a:]
([ ag))? pi>*rerevseledlmPlgy [ — p] ([ ao))? &2 ([m. ar])?

By inverting the well-labeling derivation, we obtain that ag is well-labeled.
By induction hypothesis, there exists la,g,l;’2 such that a; pla2le as
Then, by [P-TERMTHUNKRED, we obtain ([7.a;])Pr>*Preuse(@2)m—plgy [
p]. We conclude, with l15 = Iy = #p < reuse(az)[r < p], and I} = 1T =
h=0.

If the last rule of the maximal reduction is [P-TERMTHUNKRED| and the
last rule of the non-maximal reduction is not it must be
(P-TErRMTHUNKRED| too.

ag >[>l“’12a2

([7‘(‘_ G'O])p l>‘>>!<p<—reuse(ag)[7\'<—p]a2 [7‘( - p]

agp l>l“’1 aq

([71'_ ao])p I>>x<pereuse(al)[7rep] a [7‘r - p]

Similarly to the previous case, we have ag l>>lav}2a2, ap>letay, ag p>la2:0a,2
as. By substitution, we have a;[7 < p] > (ta,2:l 2) [mp] as[m < pl.

We have I; = #p < reuse(ai)[r < p]. By substitution (Lemma [7.7), we
have a1[r « p] >22)1mPl gy[1 « p]. Then, by Lemma there exists
u such that reuse(ay) >% u and =as[m < p] = u[(l2, 1) [7 < p]].

Let Iy = &, 15 = (la2,0, 2)[7 < p], Then, let I = #p < u. We have
ulla, l5] = *as[m < p]|. Thus [T [l2, 1] = =p < reuse(az)[m < p]

By subject reduction for well-labeling (Lemma, the labels emitted by
the reduction aj[r « p] a2 la2) 7Pl g, [x — p] must be prefixed by p
(the output label set for ([7. ag])? only contains p, thus the new labels
appearing may only start with p and parallel reduction only emits exposed

labels by Lemma [7.10).

Then, l12 = 7, I and we conclude.
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o If the last rule of the maximal reduction is the last rule of the
other reduction is also [P-LeT}

ao >l>l“’12a2 bo [>I>lb’12b2

let z = ag in by B>le12bbazllaseereuse(@)]jor o — g, in ba[la12]

ao D\>l“’1a1 bo |>I>ll"1b1

let z = ag in by pp>ta by illeeereuse(an)]jer 4 — g in bi[laa]

By inverting the well-labeling derivation, we obtain that ag and by are
well-labeled. Thus, by induction hypothesis, there exists I |, la,2, [, 5 such

a,l
that a; > la,2, a,2 as and la,12 = l(lil[laQ’ la72], la72, and lb717 lb72, lb,2 such that

by 2l by and lg10 = 15 [lb2, 1 o), Ib.2-
By substitution (Lemma , we have by [lg1] p>lelidal b 22 (051
Thus, applying we get:

let x = a; in bl[la 1]
plazla s (2l 2) U0z lazlis] ot 2 = ay in ba[lg 1 1[la,2, 15 ]

Let us first show that the reduced expression is the one we want: we have
b2[ll> ][la 25 /a2] = b?[lI> [la 25 ;2] la 27l/a 2] = b?[lI> [la 25 ;2] lq 2] =
ba[la,12]. The second-to- last equahty is true because the labels in I/ 0.2 do
not appear in be because they are strict suffixes of labels that may be
emitted by the reduction of ag (by induction hypothesis).

By a similar argument, we have:

(Iv.2, 13, 2)[lD ][x « reuse(az), lag,l;g]

(Ib,2: 0y o) [z < reuse(az), 1 1 [la,2, lé 2)sla2, 1 ]
(lo,2, lb 2)[55 < reuse(az), ! a, 1[ a,2) la, w2l la2]

= (Ib,2,ly o) [z < reuse(az),!

a, 12]

We take Iy = lo,1,lp1[2 < reuse(ar),la1], 1T = 151,15 [z < reuse(ac), 7 5],
lg = laﬁz,l;,,g [33 <« reuse(ag), la712], 1/2 = l:z,Q’ lb’Q[JZ <« reuse(a2), la,12]~

Then, we have 112 = llb [lg, 1/2], l2. ]

From this, we deduce the diamond property for the parallel reduction. We’ll
allow ourselves to write > without label for ! for some substitution .

Lemma 7.16 (Diamond property for t>). Consider a well-labeled term ay Sup-
pose ag>aq and agt>as. Then, there exists a1o such that: ai1>aqs and as > aqs.
We have the same results on types and kinds.

Proof. Take a2 to be the maximal reduction of ag. O

Lemma 7.17 (Confluence for t>). Suppose ag>* a1 and ag >* ay. Then, there
exists aia such that a1 >* a1o and as >* aqa.
We have the same result for types and kinds.
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Proof. We will write the proof for types. Suppose 790> 71,0 > ... > Ty, 0 and
70,0 > 701 > ... D> Tom-

By subject reduction, the 7; o and 79 ; are well-labeled.

For each 0 <i < n, 0 < j < m, suppose 7,1 ;—1 is well-labeled and let 7; ;
be the type such that 7; ;1 > 7;; and 7;_1 ; > 7; ;. It exists by the diamond
property (Lemma . Moreover, it is well-labeled by subject reduction.

Then 7, is such that 7, 0> 7, 1> ... D> Tpm and 7o D> T1m B> ... D> Tpom,
ie. Ty0 D% Tom and 7o,m >* T m. O

As a consequence, we have confluence for — 4 :

Theorem 7.1 (Confluence for — 4 ). The reduction — 4 is confluent: con-

sider a well-typed term ag, and suppose agy l—1># ai, ag l—2># as. Then, there

v 1
exists az and 1,1, such that a; =>4 az and as >4 as.
The same result is true for types and kinds.

Proof. Well-typed terms, types, and kinds are well-labeled (Lemma > is
confluent on well-typed terms, types and kinds, and >* and —>;"; coincide. [

7.3.2 Basic properties of the typing derivation

We need weakening, reflexivity and substitution lemmas as for eML (see §6.3.1)),
as well as symmetry of the equality. Neither the proofs nor the statements
change significantly, and we will not repeat them here.

7.3.3 Strong normalization

Our goal in this section is to prove that meta-reduction and type reduction are
strongly normalizing. The notations used in this proof are only used here, and
will be re-used for other purposes later in this article.

Theorem 7.2 (Normalization for meta-reduction). The meta-reduction — 4
is strongly normalizing.

As usual, the proof uses reducibility sets |Girard et al., [1989]. We need some
unusual properties to deal with labels: terms must stay strongly normalizing,
even when labels are substituted by arbitrary terms of the right types. Since
the labels are always substituted by expressions whose types are eML types,
and thus substitution of labels does not interact with the mML reduction, we
actually allow substitution of labels by safe term:

Definition 7.3 (Safe terms). The set of safe terms B, is defined as the maximal
set of terms such that

o All terms in B, are strongly normalizing.

e Ifa e B,, then a does not begin with a meta-abstraction or a meta thunk.
e Suppose a € B,. If a ﬂ)# a,d e€B, Ifa M# a’, then both o' € B,
and u € B,.

¢



7.3. METATHEORY OF MML 133

(Typ) = {B.}
_ (e : k1) ko) = (k1) — (K2)
ey = o (M r) ) = 1 ()

Figure 7.21: Interpretation of kinds as sets of interpretations

The set of safe terms is stable by reuse(_): reuse distributes over reduction,
and does not create meta abstractions or thunks.

Lemma 7.18 (Stability by label substitution). Suppose a € B,, and consider a
label p and u € B,. Then, a[*p «— u] € B,, and we have the same property for
partial substitution (where only some labels are substituted).

Proof. All reductions of a[+p « u] are either reductions of a or of u: because
u can never begin with a constructor for — 4, there can be no redex spanning
the substitution boundary. O

We now define reducibility sets. The unusual property here is CR4, which
asserts that labels can be arbitrarily substituted. CR2 needs to check that
generated labels are still safe.

Definition 7.4 (Reducibility set). A set S of terms is called a reducibility set
if it respects the properties CR1-4 below. We write C, the set of reducibility sets
of terms.

CR1 FEvery term a € S is strongly normalizing.
CR2 IfaeS andag# a’ then a’' € S; ifaﬂ# a’ thena €8 and u € B,.

CR3 Suppose a is not a meta-abstraction (i.e. it is a neutral term for meta-

reduction), and for all o’ such that a L# a’ we have a’ € S and moreover
ifl=xp<—u thenue B,. Thena€eS.

CR4 IfaeS and u € B,, then a[#p — u] € S

Similarly, replacing terms with types and kinds, we obtain a version of the prop-
erties CR1-4 for sets of types and sets of kinds. A set of types or kinds is
called a reducibility set if it respects those properties, and we write C; the set of
reducibility sets of types, and Cy the set of reducibility sets of kinds. &

Lemma 7.19. B, is a reducibility set.

Proof. The properties CR1-3 are immediate from the definition. CR4 is exactly
Lemma [T.18 O

Let us all Ny, N;, and N, the maximal reducibility sets of kinds, types and
terms.

Definition 7.5 (Interpretation of types and kinds). We define an interpretation
(k) of kinds as sets of possible interpretations of types, with 1 the set with one
element o. Type-level abstractions and applications are interpreted as functions
in set theory. The interpretation is given on Figure [7.21]

On Figure we also define an interpretation k]|, of a kind r as a set
of types and an interpretation 7], of a type T as a set of terms, both under
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[[Typ]]p = IISCh]]p = [[Met]]p = N

) B V7' € [k1]l,, [7'], defined
It m) maly = qreM| ™ 5 [[@]]p[w[[r'ﬂp]}
M) al, = {reN;|Vue [l # ue [xl,)

[, pla)
[rn—7l, = [¢7l, = [matchawith ..., = [V(a:Typ)...], = Ba
[(z:7) =], = {aeN,| VVU/E [[El]%m fﬁ#}f]]u (ei [1[{2]]5}
7" € [[k]l,, [7']], define
Mo ) 71, aehs :$<%#f€ﬂﬂmwuwmﬁ
MI(ur ~uz) : 77, = {aeN,|a# (w1 ~ug):7e[7],}
[((w)xp:7)oll, = {aeN;|[Vuel[r], a#* uelo],}
[[=1l, = {aeN:|Vp.(a)” €[]}
N (z:7). 7], = Xe.[I7],
M (a:r). 7], = A(Sa€ (k). [T]pjacs.)
[m #7ll, = [nl, [0,

[r#ull, = [l,e

Figure 7.22: Interpretation of kinds and types as sets of types and terms

an assignment p of reducibility sets to type variables. The definition is done by
mutual induction on types and kinds.

¢
Definition 7.6 (Type environment). We will write p =T if for all (a: ) €T,
p(a) € (). o

Lemma 7.20 (Equal kinds have the same interpretation). If ' - k1 ~ ka, then

{(r1) = (r2)-

Proof. By induction on the derivation of the judgment I' - k1 ~ Ko.
e This is immediately true for

e For apply the induction hypothesis and use transitivity of
equality.

e For [KEQ-TypPE-FuN| and [KEQ-TERM-FUNE the subkinds have equal inter-
pretations by induction hypothesis, so the interpretations are equal. [

Lemma 7.21 (Interpretation of kinds and types). Assume p =T. Then:
o If Tk wf, then (k) and [[k]l, are well-defined, and [[£]), € C;.
o If T 7 : K, then [7], is well-defined, and we have [[7], € (k).

Proof. By simultaneaous induction on the well-formedness derivations for types
and kinds.

e For if (a: k) € T, since p =T, then p(a) € (k).
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e The types in the conclusion of rules[K-DataTyPr] [K-ARR] [K-ALL], [K-MarcH],
[K-SusTvr|and [K-SusScH|are all interpreted as NV,, which is in the intepre-
tation of the kinds (Typ, Sch and Met) that appear as conclusions of these
rules.

e For rule the interpretations of Typ, Sch and Met is A, which is

in Ct'

e For the type-level meta abstractions (K-TyAss|and [K-TErRMABS)), by in-
duction. The extended type environment p’ matches the extended type
environment I': we still have p’ = IV. The interpretation is a function,
which is in the interpretation of function kinds as sets of interpretations.

e Similarly for the type-level applications (K-TvApp|and [K-TERMAPP|): we
provide an argument of the right type, and the interpretation of the kind
of the function guarantees that the application will be in the interpretation
of the result kind.

e The rules[Wr-TYFuN}, IWF-TERMFUN| [K-TYMETAARR] [K-TERMMETA ARR)
[K-EQMETAARRL [K-PTRMETAARR| and [K-THUNK| are similar. We only give
the proof for [K-TERMMETAARR} take 7 = II(x : 71) 75. Define Sy = [71]],
and Sy = [[72]],. By induction hypothesis, S1 and S, are reducibility sets.
We will prove CR1-4 for S = [[7]|, = {a € N, | Vu e S1,a # u e Sa}.

CR1 S is a subset of Nj.

CR2 Consider a € S and @ such that a -4 a/. For a given u € Sy,
a# ue Sy 5y a # ulo]. Thus, @’ # ulo] € S2 by CR2 for Ss.
Then, o’ € S. Moreover, we know that ¢ only substitutes a safe term.

CR3 Consider a, not an abstraction, such that if a i»# a,a €8. For
u € S1, we'll prove a # u € S,. Since a is not an abstraction, a # u
reduces either to a’ # u[o] with a 54 @', or a # v/ withu &# . In
the first case, a’ € S by hypothesis and u[o] € S1, so @’ # u[o] € Ss.
In the second case, v’ € S; by CR2, so a # u’ € So. By CR3 for Sy,
because a # u is not an abstraction, a # u € Ss.

CR4 Consider a € S, and a substitution *p < u with u € B,. For v’ € Sy,
we have to prove a[#p < u] # u’ € Sy. This is a partial substitution
of a # v’ € S5 thus is in Sy too, O

We need the following substitution lemma:
Lemma 7.22 (Substitution). For all 7, k, 7/, «, a, u, x, p and p, we have:
o [rlotacrir,1 = [l <711,
o [5lpfacprn,) = [sle < 711,
o [7l, = l[7lz < alll, = [7[+p — u]l,
o [£l, = [slz < alll, = [x[+p < ull,

Proof. By induction on types and kinds. This comes from the fact that the
interpretation of type variables is obtained by looking them up in the context,
and that the interpretation never considers the terms inside types and kinds. [J
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We then need to prove that conversion is sound with respect to the relation.
We start by proving soundness of reduction:

Lemma 7.23 (Soundness of meta-reduction). Assume that p =T, and 7, 7/,
k, &' are well-kinded (or well-formed) in I'. Then (7], = [[7'], whenever
T — 7" and [[k]], = [+'], whenever K — 4 K.

Proof. By structural induction on the context in which head reduction occurs.
The only interesting context is the hole []. Consider the different kinds of
head-reduction on types (the induction hypothesis is not concerned with terms,
and there is no head-reduction on kinds). The cases of all meta-reductions are
similar. Consider for example (\# (v : k). 7) # 7/ —»; T[aw < 7']. The inter-
pretation of the left-hand side is (ASa € (k). [7]ljjas.]) [7'1, = [71ptaci17,]
and the interpretation of the right-hand side is [7[a < 7']], = [7]pjacfr7,]

by substitution (Lemma [7.22]).

Lemma 7.24 (Soundness of conversion). If p =T and '+ 71 : K1 ~ 75 : Ko,
then [[Tl]]p = [[TQ]]p. IfF — R1 = KRg, then <<K,1>> = <<l<62>>

Proof. By induction on the equality judgment.

e This is obviously true for [TEQ-TraNs| and [KEQ-TrANS|

e By induction hypothesis, this is true for subtyping rules (TEQ-SuBTYP
TEQ-SUBSCH]).

e For all eML congruence rules (TEqQ-Dararypr} [TEQ-Arg} [TEq-ALL, TEQ-
MATcH), the result holds because the interpretation of [71], = [72], =
B,.

e For all mML congruence rules, the result holds: by induction hypothesis,
the interpretation of the subtypes/kinds appearing as premises is the same,
so the interpretation of the types/kinds is the same.

e For the mML reduction rules, by soundness of meta-reduction (Lemmal(7.23]).

e For and the eML reduction rules (TEQ-REpUCEMATCH]), the
types 71 and 75 have kind Typ or Sch. Their interpretations are in [ Typ], =
[Sch]l, = {N}, thus are both equal to N;.

Now we can prove the fundamental lemma. We consider environments -y
associating term variables to terms and type variables to types.

Definition 7.7. We say p,y =T if p =T, for all (x : 7)€ T, v(x) € [7],, for
all sp € T', v(xp) € Ba, and for all (a: k) € T, [v(a)]l, = p(c).

Lemma 7.25 (Fundamental lemma). Suppose p,y = T'. Then:
o IfT + k wf, then v(k) € Nk.
o IfT 71 :k, then y(7) € [£],-
o IfT\-a:T, then v(a) € [7],.

Proof. By mutual induction on typing, kinding, and well-formedness deriva-
tions. We will examine a few representative rules:
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e If the last rule is a conversion, use soundness of conversion.

o If the last rule is a reuse: (xp) € B,, and the type in conclusion of the
typing derivation has kind Sch so its interpretation is B,.

e If the last rule is suppose a = ajas, with I' — a; : 14 — 7» and
' ag: 7. Assume p,v = I'. We have y(a1) € [71], and v(az2) € [2],.
We need to show: (a1 a2) = v(a1) v(az) € [r2]l, = Ba (because 75 is
necessarily of kind Typ). Meta-reduction does not reduce ML application:
then, any reduction is either a reduction of y(a1) or vy(az). By hypothesis,
these two terms are strongly normalizing, thus v(ay az2) € B,.

e If the last rule is a meta-application

Prw:I(z: 7)1 P :m
THu#u oz — ]

Consider p,7 &= I'. Then, by induction hypothesis, we have: ~y(u) €
[II(x : 71) 72]l,, and y(u') € [[71]],. We thus have: v(u # u') = v(u) #
v(u') € [[2],- By Lemma [, = [m2[z < «]],. It follows that
A #t o) € [ralz — w]],.

e If the last rule is a meta-abstraction [TERMMETAABS

Fe:mbu:n
DM (z:m). u:1(z: )

Consider p,v = I'. Consider v’ € [71],. We need to prove that (\#(z :
Y(11)). v(uw)) # v € [12],. Let us write v’ = y(u), 7{ = v(71). Then we
will proceed by induction on the sum of the longest derivation starting 71,
o', and u'. Let us apply CR3 to (\#(x : 7{). u”) # «’, and consider all
possible reductions:

— If the reduction happens in 71, u”, or u/, we obtain a term of the
same shape with the number of possible reductions strictly decreased.
Then, we apply the induction hypothesis.

— Otherwise, we reduce the head redex: by hypothesis, v"[z — u'] €

[[7'2]]p~
e If the last rule is [K- Ty ABpst

INa:ki 71Ky
DM (a: k). 7:V(a: k) ko

As previously, we need to prove that for all 7/ € [[k1]],,, A\ (v : (k1)) (7)) #
7" € [K2]l,- We will only consider the case of the head redex:

— if [7]l, is not defined, there is nothing to prove;

— otherwise, we need to show that y(7)[a « 7'] € [Ka]lpjacqr,]-
Define v/ = v[a < 7'] and p' = pla «— [[7']l,]. Then, we have
p,7 =T, a: k. We conclude by the induction hypothesis.
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— If the last rule is [UNTHUNKE

UNTHUNK

p<gq qgLlT, A PP u:[r]= A
CP (u)?:7= A, (True)xq: 7

We examine the possible reductions as for When

reducing the thunk, we emit #y(a) where a is the term currently
inside the thunk. We have v(a) € B,, thus #vy(a) € B,. O

We can now prove the main result of this section:

Proof. |Proof of Theorem Consider a kind, type, or term X that is well-
typed in a context I. We can take the identity substitution y(z) = z for all
2 € I' and apply the fundamental lemma. All interpretations are subsets of N,
thus X e V. O

7.3.4 Subject reduction and soundness

In order to prove subject reduction and soundness, we need to understand better
the equalities on mML types. We prove a decomposition result: if we have an
equality between two mML types that start with a type constructor, then they
must start with the safe constructor, and the arguments to the constructor are
also equal. This is a stronger result than the same for eML: we assert that, even
in absurd contexts, we cannot derive an absurd equality between meta types.
This makes the strong reduction sound.

The proof is by normalizing equality derivations, i.e. maximally reducing
(for — ) the terms appearing in the derivation. Then such derivations do not
have any type-level mML reduction. Once we have such a derivation between two
terms with a given mML head constructor, we can show by case analysis that the
head constructor is preserved throughout the equality derivation. The definition
of normalized equality derivations, noted I' jppm 71 @ K1 = To @ Ko is given in
Figure [7.23] for non-congruence rule and Figure [7.:24] for congruence rules. The
rules are a subset of the rules for I' - 7y : kK1 ~ 75 : Ko. For mML, the congruence
rules (equivalent to the rules presented in Figure for the full equality) and the
transitivity rule (TEQN-TRANS) are preserved, while the meta-reduction rules
(that were presented in Figure [7.10) are removed. Once the derivation reaches
an eML type or a term, it proceeds using the usual equality rules (TEQN-EML)).
We also need to preserve the sub-kinding rules (TEQN-SuScH-R)).

Normal equalities are a subset of the usual equality, and are compatible with
substitution.

Lemma 7.26 (Normal equalities are equalities). Suppose T' bporm T1 @ K1 =~
To i Ky, Then, ' T 1 kK1 ~ T : Ko

Proof. By induction on the derivation: each rule of the normal equality can be
translated to the corresponding rule on the usual equality, except |TEQN-EML
which directly embeds an usual equality. O

Lemma 7.27 (Substitutions for normal equalities). Suppose ',z : 0, T porm
T1 iK1 ~To: K. Then, if D' uy 1 0 =~ ug : o, we have T, T [z — u1] Fnorm
[z — u1] : k1| — u1] = Tz — us] : Koz — us].
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TEQN-EML
| A R R NN K1, k2 € {Typ, Sch}

T lfnorm T1 Rl = T2 R2

TEQN-TRANS
F|_norm7—1:’$1:7—2:/€2 F}_norm7—2:/€2:7—3:/€3

r Frorm T1 1 K1 =~ T3 : K3

TEQN-SuBScH-L TEQN-SuBScH-R
I Fporm T:5Sch~ 7' 1 K T Fporm T2 Kk ~7 :Sch
I'bporm 7: Met~7": g I bporm 7t k=7 : Met
TEQN-SuBTYP-L TEQN-SusTYP-R
Fl_normTz_l-yp:'r/:"i Fl_normT:K/:T/:Typ
I'bporm T:Sch~7" 1k I'Fporm 71k =7 :Sch

Figure 7.23: Normal equalities (except congruence rules)

Simialarly, if T, o 6,1 bporm T1 1 K1 =~ To @ ka. Then, if T' porm 01 & K =~
o9 i Kk, we have T, T [a «— 01] Fnorm Ti[a <« 01] : k1| — 01] = m[a <« 09] :
Kola < 03].

Proof. By induction on equalities, similarly to substitution for usual equalities.

O

We prove that every equality can be turned into a normal equality. This
requires some care around function kinds: we not only want to prove that
the equality between the two type-level functions can be normalized, but also
that for any pair of arguments with a normal equality between them, there
is a normal equality between the application of the the left function to the
left argument and the right function to the right argument. What we want
is a logical relation: we aim to prove that if ' - 7 : kK1 ~ 7o : Ko, then
(t1,72) € [T+ k1], and if (71, 72) € [T + &[], then T bpopm ||71]] 2 & = [|72]] : &.
The relation [[I' + k] is defined by induction on the kind-depth of I'. Its
definition is given on Figure [7.26] For the base kinds Typ, Sch and Met, we
simply require that the equality derivation between them be normalizable. For
arrow kinds, we require that the equality be normalizable, and that, for any pair
of equal arguments (according to the relation), the applications of the (equal)
types to equal arguments have a normal equality.

It is not immediate that this relation is well-defined: the substitutions in
the arrow rules may grow the size of the kind. To make the definition precise,
we define the kind-depth of a kind KindDepth(x) inductively as the depth of the
kind expression, stopping at types and terms (Figure Kind-depth ignores
the types and terms present in a kind: it is thus invariant by substitution of

type and term variables. This is enough to prove that the logical relation is
well-defined.

Lemma 7.28 (Substitution preserves kind-depth). Consider a kind k, type
and term wariables x and «, a non-erpansive term u and a type 7. Then,
KindDepth(x) = KindDepth(x[z < u]) = KindDepth(x[a — 7]).
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TEQN-TVAR
(a:k)eT

I'Foorma:k~a:k

TEQN-TYABs

’ ’ ! : .
I'- K] >~ Ky I'Na: K] Fporm T1 1K1 =~ T2t K2

T Fporm A (a: 6)). 1 T s k) my o~ M (o wb). o T s k) Ky

TEQN-TERMABS

A L . . ~ .
Flfnm*m 011Ky =021 Ky F7x~0—1 Frorm T1 1 K1 =~ Ta @ K2

T horm )\#(ac co1).m: (z:o1) Ky > )\#(SU 202). T (2 09) Ko

TEQN-TYAPP

I Fporm 01 (o KY) k1 >~ 09 2 (e : KY) Ko T Fporm T1 0 Ky >~ To @ Kb
I o1 # 71t ki[a — Ti]os # Taka[a — T2

TEQN-TERMAPP

T bporm o1 : (x 7)) k1 ~ o9 : (22 72) Ko

I'u:m~ug:m
T o1 # up: k1[z — up]og # ugke[x < us]

TEQN-TYMETAARR

I'F k1 >~ ko I'a: k1 Frorm 712 Met ~ 75 @ Met

T bporm (e : k1) 71 : Met ~ T« : ko) 72 : Met

TEQN-TERMMETAARR

T Fporm T1: K1 =~ T & Ko T,z : 71 Fporm 01 : Met ~ 09 : Met

T bporm O(x : 11) 01 : Met ~ II(x : 72) 0o : Met

TEQN-EQMETAARR
F}—U11:012UQ110'2

T, (’LL11 ~ ulg) 201 Fnorm T1 2 Met ~ 75 : Met
T porm M(utt =~ ugg) : o1 71 2 Met >~ Il(ugy =~ ugg) : 0 72 : Met

' uig 01 >~ ugg : 09

TEQN-PTRMETAARR
plLT

T, (u1 ~ True) : bool Fyorm 71 : Sch ~ 75 : Sch
T, (u1)#p : 71 Fnorm 01 : Met ~ 09 : Met

T porm H((u1)#p : 71) 01 : Met >~ II((ug)*p : 72) o2 : Met

I' = uy : bool ~ us : bool

TEQN-THUNK
r Frorm T1 : Sch ~ T2 : Sch
I' Hnorm [7'1] : Met ~ [7'2] : Met

Figure 7.24: Normal equalities: congruence rules
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KindDepth(Typ) = KindDepth(Met) = KindDepth(Sch) = 0
KindDepth(II(« : k1) k2) = 1 + max(KindDepth(x1), KindDepth(rz))
KindDepth(II(z : 7) k) = 1 + KindDepth(x)

Figure 7.25: Kind depth

[T+ x € {Typ,Sch, Met}]| = {(01,02) | T Fnorm llo1l : & =~ |loz| : K}
[T+T(z:7) k] =

r l_norm ||O'1|| : H(JZ . 7') R >~ HO’QH : H(x : 7') K
(01,02) | A V(up,ue),ThHu:7~uy:7 =

(o1 # u1,09 # ug) € [T - Kz — ui]]

IT+I(a: k) k] =

T'bnorm ol : e : &) & ~ oz : (e : &) K
(o1,02) | ~ VY(r,m) eI+ 1],

(o1 # 11,00 # 1) €T + kla — 7]]

Figure 7.26: Logically normalizable equalities

Proof. Immediate by structural induction on the kind: kind-depth does not take
into account any part where substitution can occur. O

This definition is invariant by substitution of equal things:
Lemma 7.29 (Substitution of terms and types).

e Consider U,z : 7+ Kk wf. Suppose Ty :7 ~wug:7. Then, [T F k[z <
w]]] = [T+ klz — us]]].

e Consider I'a : k — k" wf. Suppose T' porm 01 : kK ~ 09 : k. Then,
[T+ K[a—o]]] =]+ &[a—o2]].

Proof. Immediate by induction on the definition of the relation, and using the
same results on the normal equality derivations. O

We need symmetry and transitivity for the relation:

Lemma 7.30 (Symmetry for logical normalizability). Suppose (11,72) € [T +
K]l. Then (12,71) € [T+ &].

Proof. By induction on kind-depth.

e For base kinds, we need to prove I' Form |72l : £ =~ ||711] : 5. By
hypothesis, I' Fporm |71 : & = [|72]] : k. By symmetry of normal equality,
we have the result.

e For arrow kinds: we’ll examine the case k = I(a : k1) k2. For the base
normalized equality, proceed as for base kinds. Consider (o1,02) € [T
k1]]. We need to prove (1o # 01,71 # 02) € [I' - ko[ < o1]]. We
have (09,01) € [I' + k1] because [T 1] is symmetric by induction
hypothesis. Thus, (11 # 02,72 # 01) € [[' + ko[a « 02]]. By invariance
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by substitution of equal things (Lemma [7.29), [T - ra[a < o2]] = [T +
ko[ «— o1]]] Moreover, by induction hypothesis, [I' - ka[a <« o1]] is
symmetric (it has the same kind-depth as x5 which is lower than the kind-
depth of k). Thus, (12 # 01,71 # 02) € [T  ka[a — o1]]

O

Lemma 7.31 (Logical normalizability is transitive). Suppose (11,72) € [T + &]|
and (12,73) € [T + &]|, then (11,73) € [T F &]|

Proof. By induction on kind-depth:

For base kinds, we have ' bporm [|71]] : & = ||72]] : & and T p0mm |71

> o] ¢ 5. By [TEQRZTRANS T b-por ] 1~ ] : .

For arrow kinds: the base normalized equality is obtained as for base
kinds. We’'ll examine the case k = I(a: k1) ke. Consider (o1,03) €
[T + k1]]. We need to prove (11 # 01,73 # 03) € [T  Ka2[a — o1]].
We have (01,01) € [I' - k1]]: from (01,03) € [T - k1], by symmetry
(Lemma|7.31} we have (03,01) € [I' - £1]], and we conclude by transitivity
(since k1 has lower kind-depth than x). From (7,72) € [T + &[], we
obtain (1 # 01,72 # 01) € [I' + kola «— o1]]]. We also have (mo #
01,73 # 03) € [T + ko[ — o01]]]. By transitivity of [T' - ko[a < o1]]]
(induction hypothesis, since ka[a < 1] has lower kind-depth than k),
(11 # 01,73 # 03) € [T F K2la «— a1]].

O

We know want to prove, by induction on equality derivations, that pairs of
equal types are included in the relation. We’ll need to strengthen our inductive
hypothesis to allow some substitutions without changing the derivation we are
doing the induction on. We need to introduce a notion of environments mapping
one typing environment to another.

Definition 7.8 (Environment mapping). We say that a pair of environments
(71,72) map T to T’, noted I + (vy1,72) : T, if it has the same domain as T

and:
[ ]

Forall (z:7) e, I" - yi(z) : 11(7) = y2(x) : y2(7).
For all (a: k) €T, (1(a),72()) € [T - 1 (k)]
ForallmeTl, mel’.
For all (w)sp: 7T, (y1(u))*p: y(r) eI’
¢

Then a pair of identity environments, mapping variables to themselves, satis-
fies this definition. Then we can state a lemma that can be proved by induction
on the derivations:

Lemma 7.32 (Equalities are logically normalizable). SupposeT - 11 : k1 ~ 7o :
Ko. Moreover, suppose T' + (y1,72) : T'. Then, (y1(71),v2(m2)) € [T" + 71 (k1)]-
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Proof. We must (simultaneously) prove a reflexivity result, although it’s the
same process because any well-formedness derivation for a type can be expanded
into an equality derivation between this type and itself. We need a separate
result for the induction to be structural on derivations, but the arguments are
identical and we omit it. The result is the following: suppose I' - 7 : k, and
suppose T” - (71,72) : T. Then, (11(7), (7)) € [T" - 71 ()]

Let us consider the proof of the main result. By induction on the equality
derivation:

e Suppose the last rule is an eML congruence or reduction rule, or
Then, the conclusion of the rule has kind Typ or Sch and we can directly

apply [TEQN-EML

e Suppose the last rule is Then, the subderivation inside
TEQ-THUNK| has kind Sch, and is immediately normal after applying the
rule [TEQN-EML

e Suppose the last rule is

TEQ-TRANS
I'7 Kk =70 Ko 'm0 ke ~73: K3

I'F7 ik ~73: K3

Consider the two sub-derivations I' =7 : k1 ~ o i ko and I' - 75 @ Ko ~
T3 : k3. By induction hypothesis, (v1(71),7v1(m2)) € [T -+ 1(k1)] and
(71(72),72(73)) € [T =71 (k2)]]. Then [I' = y1(k1)] = [I' = v (k2)]. We
conclude by Lemma

e Suppose the last rule is

TEQ-VAR
FT a:Typel

TF'a:Typ~a:Typ

Then, by hypothesis on (y1,72), (71(),72(a)) € [T + 71 (k1)]-

e Suppose the last rule is an mML reduction (rules TEQ-RED-META-*).
Then, the two ends of the equality normalize to the same well-formed
type. We conclude by the reflexivity result.

e For conversion rules (TEqQ-SuBScH|TEQ-SusTYP|), observe that Typ, Sch
and Met have the same interpretation up to subkinding: we apply the
corresponding normal rule for normal derivations.

e Suppose the last rule is a congruence for an mML type constructor (ie. one
of the rules [TEQ-TYMETAARR] [TEQ-TERMMETAARR]} [TEQ-EQMETAARR],
[TEQ-PTRMETAARR] [TEQ-THUNK]). Take for example [TEQ-TyMETAARR}

TEQ-TYMETAARR
' K1 ~ Ko T'a:ky 71 : Met ~ 75 0 Met

I'II(a: k1) 71 : Met ~ I(ax : K2) T2 : Met

Then we have I' - k1 ~ kg and I',a : kK1 - 71 : Met ~ 7 : Met. We need
to prove, that (y(II(a : k1) 71), y(T(a : k2) 72)) € [T + v(Met)]] = [T +
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Met], .. T Fporm Tl(ac -7 (e0) [l (r)l]: Met = Ti(a s 72(6)) 17 (7)1 :
Met. We intend to apply [TEQN-TYMETAARR} we need to prove that IV
~v1(k1) =~ y2(k2) (this is true by substitution), and that I b porm [|71(71)]| :
Met ~ ||v1(72)]|| : Met- Consider 7] = v1[a <« '], ¥4 = y2[a < o’]. Then,
we have IV, o/ : v1(k1) = (71,7%) : T, : k1. By induction hypothesis,
(v1(m1),74(72)) € [T" + 4 (Met)]| = [TV + Met]]. From this we obtain the
desired result.

Suppose the last rule is a congruence for an application. Consider for

example [TEQ-TYAPP

TEQ-TYAPP
Mo H(a:k))k ~og: (e ky) ke  ThEmiK] ~7o kY

I o1 # 71t ko — Ti]og # Tora[a — T2

Consider I + (y1,72) : It by induction hypothesis, (v1(o1),72(02)) €
[T+ I : y1(&])) v1(k1)], and (y1(71),72(72)) € [T = 71 (K7)]. Then,
by definition of [TV F TI(« : v1 (k%)) v1(k1)], (1(o1) # Y1(71),72(02) #
Y2(72)) € [I" = 71 (k1) [ < 71 (m1)]]]-

Suppose the last rule is a congruence for an abstraction. Consider for

example [TEQ-TYABS

TEQ-TYABs
[+ k) ~ K Dokl 1 ik~ ke

DM (a: k). m (o kh) k> M (o k). 1 (o kD) ke

Consider v such that IV + (y1,72) : I'. We first need to prove that
I e (71 V(0 1) 7)) 5 0 (T #5) 1) > s (Vs ). 7l :
v2(I(ev : KS) Kk2). This is very similar to the case of congruence for con-
structors treated above.

Now consider (o1,02) € [I' = v1(k})]. We want to show (71 (A\¥(a :
K1) 1) # o2 (A (ot wh). 1) # 02) € [IV = (ke < o1])]], This
is equivalent to showing that: (y1(m1[a < 01]), v2(m2[a < 032])) € [T +
v (k1[a < a1])]. Let 74 = y1[a < 1], ¥4 = y2[ar < o2] be the extension
of 71,72 with values for a. Then, IV + (71,7) : I a : &}, and the
previous inclusion can be rewritten as: (vi(71),74(72)) € [I" + i (k1)],
true by induction hypothesis.

O

As an immediate corollary, if two terms are equal, there is a normal equality

derivation between their normal forms.

We can now prove a projection result very similar to the one for eML

(Lemma [6.14])).

Lemma 7.33 (Projection). Consider an evironment T'. and types (7;)* and

(7))
o IfT+ [r1] : Met ~ [12] : Met.

o IfT+1II(z:7)o1: Met ~II(x : 7o) 09 : Met, thenT' - 71 : Met >~ 75 : Met

and ',z : 71 F o1 : Met ~ 05 : Met.
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o IfT'+1II(c: k1) op: Met ~ II(a: ko) 09 : Met, then I' - k1 ~ koMet and
I''a: ki oy : Met ~ oy : Met.

o If T+ I((uy ~u)): 7)oy : Met ~ II((ug >~ uj) : 72) o2 : Met, then T’
71 :Sch~m:Sch, T wy : 7 ~ug : 7, D wf 7 ~ub: 1, and
T, (u; ~ug): 7 b oy : Met >~ oo : Met.

o If T+ I((uy)*p:71) o1 : Met =~ TI((ug)#p: 72) o2 : Met, then T'  wuy :
bool ~ wg : bool, T, (u; ~ True) : bool - 7 : Sch ~ 75 : Sch, and
T, (up)*p: 71 o1 : Met ~ 09 : Met

Proof. All cases are similar. Let us consider the first one: suppose we have
I' - [11] : Met ~ [12] : Met. Let v be the identity environment for I'; we have
I+ (v,7) : T, thus by Lemma [7.32) we have (||[7]|[, [|[72]]]) € [T + Met]. We
have ||[7]]| = [7]. Then, by definition of [I" - Met]], we have ' - orm [||71]l] :
Met ~ [||72]|] : Met.

We will then show that such an equality implies T = ||7|| : Sch ~ |||l :
Sch. This is done by induction on the equality derivation, generalizing to have
any kinds instead of Met in the equality, and anything on the right-hand side:
suppose I' Fporm [T1] © K1 ~ 02 : Ka. Then, gy = [72] for some 75, and
I' = 71 : Sch ~ 75 : Sch.

e If the last rule is a congruence rule, it must be [TEQN-THUNKl Then, the
result we need is an hypothesis of the rule.

e If the last rule is a subkinding rule, apply the induction hypothesis to the
premise.

e The last rule cannot be this would imply I"  [||71]]] : Sch
which is impossible.
e If the last rule is

TEQN-TRANS
r I_norm [Tl] tR1 =02 K2 T l_norm 02 1 kg =03 : R3

r |_norm [Tl] cR1 =03 K3

apply the induction hypothesis to the first premise: we obtain o9 = [12],
with I' = 7p : Sch >~ 75 : Sch. Then, the induction hypothesis can also
be applied to the second premise: we obtain o3 = [r3], with T - 75 :

Sch ~ 73 : Sch. Finally, by transitivity , we conclude that
I'+~ 7 : Sch ~ 73 : Sch. O

This is sufficient to prove subject reduction for eML:

Lemma 7.34 (Subject reduction, mML). Let I' be an environment, a a term

such that ' " a : 7 = A. Suppose a L# b. Then there exists A" such that
F'+"b:7[l] = A’ and:

o If1 =0, we have ' A 2 A",

o Ifl =qr— u, we have A" = A[#q «— u] —qu S, where S is a environment
of labels with all labels prefived by q.

Moreover, T A" - all] : 7 ~b: 7.
Proof. Identical to the proof for eML, using the projection result. O
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7.4 mML elimination

The last result we need to prove about mML is that any mML term that can
be typed in an environment without any meta construct normalizes by — 4 to
an eML term of the same type. It does not suffice to normalize the term, check
that it does not contain any mML syntactic construct and conclude by subject
reduction: we have to show the existence of an eML typing derivation of the
term.

To distinguish mML derivations from eML derivations, we will write eML
derivations with a subscript, for example I' Feprr w1 @ 71 =~ ug @ 7o for typ-
ing derivations. In this section, we take || || to perform every possible meta-
reduction in a term or type.

The proof is similar to the subject reduction proof: we construct a logical
relation for terms and types stating that (under the right typing conditions)
they reduce to terms that have an eML typing derivation. The logical relation
is defined by mutual induction on the syntax of types and kinds.

The interpretation of types as binary relations is given in Figure It is
written [I” - (7),.r]], where I is the eML environment in which the reduction
is performed, 7 the type we interpret and  an environment mapping variables
in a mML environment I" to terms and types scoped in V. ~ is useful because, as
we descend inside mML abstractions, we accumulate some mML-typed variables
in the environment that we need to keep separated (as they must be handled
by reduction). For eML types, [I" - (7).r] is simply the set of pairs of non-
expansive terms of the correct type that can be proved to be equal in eML.
For mML constructs, the interpretation is still a set of pairs of non-expansive
terms, but since we need to evaluate them, we check that they can be properly
applied. Finally, we interpret type-level abstractions and applications as set-
theoretic abstractions and applications.

We define in Figure given a type 7 of kind &, the set (I - (7 : K),.r)
of acceptable interpretations of 7. This is useful because, in type abstractions, it
breaks a circular dependency: we cannot abstract on a type and then compute
the interpretation of this type, as the type we are given is not a subtype of
the type abstraction. Instead, we ask for an acceptable interpretation only.
To interpret transitivity, we require the binary relations R to have the zig-zag
property, noted zigzag(R): for all a, b, ¢, d, if a R b R~ ¢ R d, then a R d.
This is a variant of transitivity for heterogenous relations where the left and
right-hand side are taken from different sets. For Typ and Sch, we only allow
one possible interpretation. We check (Lemma that this interpretation
has the zig-zag property too.

Similarly, we define in Figure [7.28 an interpretation of kinds as sets of pairs
of equal types, noted [[I - (k)4.r]|. For the kinds Typ and Sch, we require that
the types are equal in eML. For Met, we simply require that they be equal in
mML, and functional kinds are interpreted as pairs of type-level functions that
map valid pairs of terms or types to valid pairs of types. We also define the
set of possible interpretations of kinds (I - (k)+.r)) in Figure[7.30l As for sets
of interpretations of types, we require all relations to be between types of the
correct kind, and to have the zig-zag property.

Finally, we define in Figure[7.31]the set [I” I I'] of acceptable environments
~ representing an mML typing environment I' in the eML environment I".
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[T+ (2)y.r] = vr(a)

[T = (o)l = {(u1,u2) [T Fenrr wa : [ya(o)|| > w2« |lv2(0) I}
o= Vl(a :AT2yp) T

o=¢(n) _ _

o = match u with (d;(7)*(zj;)" — o)

[ = ((z : 7) 0)yr]l =

when

I’ =71 Met ~ ’Yl( ) Met
M(z s 7)., A TV 75 Met ~ y5(7) : Met
, A V(up,up) € [T = (7)yr]]
(e (sl — ]l sl < wi )
€ IIF/ = (J)W,z@(u’l,u’z):F,x:T]]
[T - (o s ) )] = ) .
"R >k
AN F/ = Ro ~ ’}/2( )
< ( M (s k). ug, ) A Y(m1,T2) € [[F F ()]
. VR e << Fo(rik )’Y¢F>>
(lur[er <= ]I, [luz[a < 72]|)
€ [[F/ = (U)V,Q@(Tl,TQ,R):F,Oé:K]]

[T = (g ~up) : 7) 0)y.r]] = |
(T 7; : Sch ~ (1) : Sch)le{LQ}

#(0l ~ 1) - A (I up 1 T vilug) : ;)12
( A (u% : ug) :7'1. U1, ) A I+ ul Ty~ vi(up) : )ze{l .2}
a . (

e [, (v (wa) I = [y (uo) D) = v (D E (0) 5, (ug ) ]
[T+ (II((w)#p : 7) 0)ser ]l =
(I 7 Typ ~ %i(7) : Typ{)"E{}l’Z}
#( () . A (T g7~ () o) 2
( Nell)ep )., ) A () € 1, (7 ()] = True) £ bool b= ()1 (uraTrueybooll
? (lur [=p — u ][], luz[+p < us]|])
€ [T = (0) . speug u) o (wy e ]

[T = ([o])y.r] =
{( [7. a1], ) ‘ TermsEqual(I” =" ay : [[y1(0)|| ~ a2 : [[y2(o)])
[7. az] A (a; €U 7= (0)y ipall) et1.2)
IIF/ = (/\#(x i 7). U)’Y F]] = Au1,uz) € [[F/ = (T)-:’Y]] [[F/ = (U)%x&(uhuz):lﬁr:‘r]]
[T = (7 # w)yr] = [I" & (7)y.r ]l (@], [ (w)]])
[ = (A (e : k). 0)yr]l = 71, 72) € [T = (8)4r - AR € (T 1= (712 K)yer ) [T 1= (9) 1,0 (ry 70 R)T ]
[T+ (o # 7)yer]l = [T = (@)Dl (I (DI [[2(DI) [T F (7):r]

Figure 7.27: Logical relation for mML elimination: type interpretation
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[T = (Typ)yrl = {(71,72) | T/ tmenrr 71 : Typ =~ 7 : Typ}
[[F, [ (SCh)W:F]] = {(Tl,TQ) | I’ Fem T1 0t Sch ~ T2 : SCh}
[[F/ = (Met),yzp]] = {(Tl,Tz) | I 71 : Met ~ 75 : Met}
[T+ ((z : 7) K)yr]l =

"+ 71 : Met >~ (1) : Met
) A T 750 Met > y5(7) : Met

N (2 7). 01,
N (22 7). 09

V(ur,uz) € [I" = (7)y:r]]
(lo1[z — w]l, [loa[z «— ua]l])
€ [[F/ = (H)'Y#E‘_(UlyuQ):Fy-’L‘:T]]

N

[T+ ((a : k) &)yr]] = - "
"Fr1 (kR
ATV = Ko ~ ’}/2( )
< NACTYGYNCE ) A V(11 7) € [I7 = (K)yr]]
. VR € <<F (Tl )'y:F>>
(lurla = ]ll, luza — m]|))
€ [[F/ = (H/)'y,aH(Tl,TQ,R:F,a:n]]

Figure 7.28: Logical relation for mML elimination: kind interpretation

(T - (7 Typ)yr) = T - (7 Sch)r) =
(o) | T enrr o (P = 1 [a(7) I}

(I (7 Met).r) —
{S | Z|gzag(S) AV(up,u2) € ST B uy : y1(T) = ug : ya(7)}

e H@ - (0)r]
{F ‘ ula u2 «F/ (T #x: K")’Y,IF(Ul,Ug)ZF,IZO'» }

(I (71 ) K)yr) =
{F ‘ 71,72 € [I" = (K)yr ] YR € (I t= (71 : £)er) }
ul’ U2 (R> <<F/ = (T #a: K)'y,a<—(7—1,7—2,7€):1“,a:0>>

Figure 7.29: Logical relation for mML elimination: constraints on type inter-
pretation

(I = (8)yr) =
{S | zigzag(S) A V(11,72) € ST =11 : 71(K) =~ T2 : y2(K)}

Figure 7.30: Logical relation for mML elimination: constraints on kind inter-
pretation

[T+ 7l = {7}
[T,z 7] = {o e (u,m) v e [V - T A (ur,u2) € [ (7)oer)
[T"=T,a: k] =

{v.aa— (11,72, R) |[vye[I" T A (11,72) € [I" - (RK)y:r ]l AR € (L (71 : K)yer )}
[I"=T, («)xp: 7] =

{’}/7 *D <« (ul,uQ) | Y E IIF/ (= F]] N (Ul,’LLQ) € IIF/, (Ul ~ TI’UE) : bool - (T)W:F,(u’:True):bool]]}
[+ T, 7] = {vwreplye[=T]ap LT}
[T-T, (ug ~up) : 7] =

(Vlvell" T AT Fenrr I (ua)ll = e (D) = Iva(us)|l = Iy (7)1}

Figure 7.31: Logical relation for mML elimination: environments
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Lemma 7.35 (The interpretations of Typ and Sch have the zig-zag property).
Consider k € {Typ, Sch}, and suppose S € (I = (7 : k)y.r). Then, zigzag(S).

Proof. We necessarily have:

S ={(wr,u2) [T Fenrr wn = I ()] = wg = [ly2(7) [}

Suppose (ug,u1) € S, (ug,u1) € S and (ug,us) € S. Then, we have T' Feprp,
ug < [y ()] > ur : [T T benrr w2 c [y (T = wr 27l T benrr ug

7 (D = uz = r2(7)]l-
By symmetry and transitivity, T' beprr wo : |71 (7)|| 2 us @ ||y2(7)])- O

We first need to prove substitution properties for our interpretations:

Lemma 7.36 (Substitution). Suppose v € [I” + T']| and consider T + w : 7.
Let v = v, 2 «— (v1(u),v2(u)). Then,

e Ye[I'+T,z:7]

[ = ()yr el = [T 1= (7] = ul)yer]

o [I'"t (K)yrarll = [T = (K[z < u])yr]]
o (I'"H(7: “)7’:1",1:7'» = ("t (7[z < u] : Kz u])"/:F»
o (It (K)yirar) = (I B (5l < u])yr)

We have the same result with type substitutions, with~" = a «— (y1(7),v2(7), [I" -+

(7))

Proof. By induction on the definitions. O
We can then prove all the following by mutual induction:

Lemma 7.37 (Well-typed things are in relation). Suppose v € [I" + T']l. Then,

(a) Suppose T +71:k (orT+7:k>=7 K, orT'+7":Kk ~7:k). Then,
[T = (7)yerll € (I = (72 K)yor)-

(b) Suppose T K wf (or Tk ~ k', or ' k' ~ k). Then, [I" - (k)y.r] €
(I'" = (K)yr)-

(¢c) Suppose T' - uy : 71 ~ ug : 7. Then, (|[v1(uw)|, [|72(u2)|) € [TV +
(7'1)7:1“]]-

(d) Suppose '+ w7 (orT' w7 ~u : 7). Then, (|[y1(w)|], |v2(w)]) €
[T = ()50l

(e) Suppose T' - 11 : K1 ~ T2 : ka. Then, (|va(m)|, lv2(m)l) € [T +
(k1)y.r]-

(f) Suppose T t= 7 : k. Then, (|y1(7)[l; [2(T)) € [T+ (5)5.r]-

(9) Suppose ' = 71 : k1 ~ 7o : ka. Then, [I" + (11)yr]l = [TV = (72)4r],
and (I = (11 : k1)y0) = (I" = (72 1 K1)y0)-

(h) Suppose I' = k1 ~ ka. Then, [I" - (k1)yr] = [IV + (k2)y.r], and
(T (72 s1)yr) = (I = (72 Ka)yr)-
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(i) Suppose TermsEqual(T' P a1 : 74 >~ a9 : 7o), with ' — 71 : Sch and
'+ 75 : Sch. Then TermsEqual(T' F-PeMt ||y (a1)|| = (|71 (7)) = ||v2(a2)] :
2 (r2)1)-

Proof. By induction on the typing/kinding/equality derivations of the judgment
after "Suppose".

Consider part (a). We'll only consider the kinding derivation as a premise.
We can derive equivalent properties from the equalities (because they imply
that their left-hand side has the right kind). Let us consider some representative
kinding rules:

o If the last rule is the type variable rule, with 7 = a, and (« : k) € I', then
by hypothesis, vz () € (I" - (71(e) : K)4.rv)) where I', 4" is a subset of
I',~v. By weakening and substitution, (I - (v1() : £)y.rv ) = (IV - (o :
K)y)-

o If the last rule is a conversion: we have (I' - (7 : K)yr) = (T F (7 :
K')yr) for T' =k ~ &' by (h).

e If the last rule is an eML type formation rule, then the type is of the form
71 — 72, V(o : Typ) 7, € (73)?, or a pattern matching. Thus it has kind Typ
or Sch, and the interpretation matches the single allowed interpretation.

e If the last rule is the formation of an mML arrow type, for example the

rule [K-TERMMETAARRE

K-TERMMETAARR
' 79 : Met I'yz:7mF 7: Met

' I(x: 1) 7 : Met

The interpretation of this kind is:

I 71 : Met >~ 31 (7) : Met
A TV 715 Met ~ 95(7) : Met
)| v e e ()]
(lur[z < w]], [Juz[z < us]ll)
€ [[F, = (J)'y,a:<—(u’l,u’2):r‘,:v:r]]

The equality condition is satisfied by using the two equality conditions and
by transitivity. Let us prove this satisfies the zig-zag property: suppose
(A (x 2 70). o, N (2 1 71). ug) € S, A (2 1 72). ug, \¥ (2 : 71). uy € S and
M (21 72)uz, A (2 : 73).ug € S, and consider (uf), uy) € [T - (7).r]. Let
T=[I"F+ (O'),.sz(_(ullvué):r‘,m:T]]. By induction hypothesis, T' has the zig-
zag property, and (||luo[z — ug]l], [lus[z — u3][]), (l[uz[z — uo]ll, [[ua [z —
usll]), (lluzlz — ws]l], [lus[z — us]l]) € T Thus (luolz — up]ll, [us[z —
ugll]) € T.

e If the last rule is a type-level abstraction, such as:

K-TERMABS
I'- 79 : Met .71k

DM (7). 7:(x: )k
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The type is interpreted as:

F = Xui,ug) € IIF/ = (T)-:“/]] IIF/ = (‘7>'y,z<—(u1,u2):1‘,m:7]]

The interpretation of this kind is:

(I (7 1Mz 0) R)r) =
{F ‘ V(u1,uz) € [[F'/l— (0)yrll }
F(uhu?) € <<F H (T # Z: K‘)’Y,CI)H(’U&,HQ)ZF,ZZU»
Consider (ui,u2) € [I” = (0)yr]. Then, v/ = v,z «— (u1,u2) € [T
T,z : o]]. Thus, by induction hypothesis,
F(U1, u?) = [[FI = (U)v,xe(ul,ug)znm:‘r:ﬂ € <<F/ — (T # € K)v,r%(ul,u2):F,z:J>>
e If the last rule is a type-level application, such as:
K-TERMAPP
P7:(z:0)k F'u:o
7 #u:k[x < ul

By induction hypothesis (d), ([y1(w)[l; [v2(w)]l) € [I” + (9)~.r]l; and by
induction hypothesis (a), [I" = (7)y.r]] € (I" = (7 : I(z: 0) K)yr)-
Then, [[I" = (7 # w)y.r]l € (T" (7 # 2 1K)y 2 @)L ra (Do) =
(I - (7 # u : K[z < u])r.y)) by substitution.

For part (d), let us consider some representative rules. We will omit part
(d), (e) and (f) as they are very similar.

e If the last rule is variable rule, this is immediate by hypothesis on ~.

e If the last rule is a conversion rule: by part (g) the interpretation of the
original type and the converted type are equal.

e If the last rule is the transitivity rule:

EQ-TRANS
I'Hu:m~ugy:m I'Hug:m~uz:73

I'Hwup:m ~ug:73

By induction hypothesis (g), we have [I” + (71),.r] = [IV F (72)~.r]-
We also have, by (c) and (d):

= (I (u)ll e (u2)l) € [T = (71)5.r]]

= (I u2)ll; 12 (u2)|) € [T = (72)5.r]

= (I (u2)ll; 12 (us)ll) € [T = (72)5.r]

Thus, by the zig-zag property, ([|y1(u1)ll, [[v2(us)|) € [I" = (71)+:r]-

e If the last rule is an eML congruence or reduction rule, or the split rule
(ie. any eML rule that has Sch-kinded output types): we will consider
for example.

EqQ-LET
T' oy :Sch I'x:01 71 :Sch
I'-up:01 ~us: oo Tox:op ) im~ub:m

FHletz=wuinu):m ~letx =uyinub:m
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By induction hypothesis, (|1 (un)], [r2(ua)]) € [T + (o1)r] € (T -
(91 : Sch)r). Thus, we have I’ boary, [y ()| = (o)l = ()]
[v2(o2)| and similarly I,z @ ||vi(o0)l| Femr vl = [y (m)ll ~
[lv2(u5)]l = |v2(72)||- Then, by we have IV cprp let & = [|y1(ug)|| in
(i) = [yl = let @ = |[yv2(u2)ll in [[y2(ud)[] ¢ [[v2(72)]|. Finally,
[vi(let @ = u; inwg)|| = let @ = [[y;(u)| in []7i(u)]]-

e If the last rule is congruence for an mML abstraction, for example:

EQ-TERMMETAABS
' 7 : Met ~ 75 : Met Ie:mbar:01~as: 09

I'+— )\#(w c71). a1 (2 :m) op ~ Nz 7). ag II(z : 72) 02

The interpretation of the type is:

I 7 : Met ~ ~;(71) : Met
A TV 75 Met ~ y5(71) : Met
)| v ) e I ()
(lur [z < ui ][], [Juz[z < ub]|)
€ [[F/ = (U)'y,zﬁ(u’l,ué):F,m:'rl]]

We have [|7;(A\¥ (2 : 7;).a1)|| = A (z : ||7(7:)|])- ui. The typing conditions
are satisfied because normalization preserves equality.

Consider (u},u5) € [IV = (71)yr]. We have ' = y,2 « (u},uy) €
[I"+ T,z : 71]]. By induction hypothesis, (||vf(a1)ll, [|[74(a2)|]) € [TV +
(0)y,we(uy )i, |- We conclude because [|v;(ug)|| = ||[lvi(w:)|[[z <
uilll = fJuilz — wi]ll

e If the last rule is congruence for an mML application, for example:

Eq-TERMMETAAPP
Prhw c(z:m) 7 ~ug:O(z:7mh) e Thuyor ~uh:7)

Ty # 4l 7mife < u)] ~ug # vl mo[z < ub)

By induction hypothesis, and unpacking the definition, we learn that
(71 (u1) ]|, |2 (uz2)]]) is a pair of abstractions. Then, reducing, we obtain
a term that is guaranteed to be in the correct interpretation.

For part (i), notice that normalization distributes around term equality: we
normalize all subterms, then remove all thunks using the fact that thunk-

typed terms reduce to thunkings, and normalize what was inside the thunks
independently.

(h)

For part (g), let us consider some representative rules. We will omit part
as it is very similar.

e If the last rule is transitivity, we use transitivity of the equality.
e If the last rule is a conversion, use the induction hypothesis directly.

e Counsider the case of an equality between eML types (ie. of kind k €
{Typ, Sch}): The interpretations of 71 are the sets of pairs of terms (u1, usz)
such that IV bcprr ug o ||v1(71)|| = usg : |y2(71)||, and we wish to substitute
7o for 7 there. Consider the first type (the second is similar):
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— By (e), we have (|[v1(m)|, [|v2(m2)|) € [T” + (k)yrl,s ie. TV Fenmr
[yi(r)ll = & = [y ()] : &

— By(f), we have I eprr [[71(72)|| 1 & = ||y2(72)|| : k-

Thus by symmetry and transitivity, I' Fearr |[71(m)] 2 & ~ | (m2)| : &,
and we conclude by conversion.

Consider a congruence for an mML type constructor: the interpretations
of the subexpressions are equal.

Similarly, congruences for type-level abstraction and reduction are treated
simply by using the induction hypothesis to verify that the interpretations
of subexpressions are equal.

Consider a type-level reduction, for example:

TEQ-REDUCE-METAAPP
Tx:TtHo:k 'wu:r

-\ (z:7).0)#u: K[z —u] ~o[z —u]: K[z — ul

The left-hand side is interpreted as (A(ui,u2) € [TV + (7).~4] [TV +

(U)'y,wﬁ(uhuz):f‘,z:‘r]]) (”71(u)”7 ”’YQ(U)”) = [[F/ = (O-)’Y’IH(H%(U)H,Hvz(u)H):F,m:T]]

while the right-hand side is interpreted as [I” - (o[z < u]),.r[, and these
two interpretations are equal by substitution.

O

We deduce the main theorem of this section:

Theorem 7.3 (mML elimination). Let I' be an eML environment, T an eML

type.

Then, if in mML T P a : 7 = A, there exists A’ such that we have

T =g llall = 73 A7

Proof. Consider IV =T, and  the environment such that:

V(z) = (z,2)

v(a) = (o, o, {(ur,u2) | TV Feprp w1 2 @ > ug @ )
V(m) ==

7(

T

We then have v € [T + I']] and TermsEqual(I' -? @ : 7 ~ a : 7) By the previous
lemma, TermsEqual(T" -2, |lall : [|7]| = |||l : 7). This implies that there exists
A’ such that T 2, |la| : 75 A", O
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Chapter 8

A logical relation for
reasoning on mML

We now define a logical relation for reasoning parametrically on mML. We want
this relation to be compatible with term equality, so that we can reduce the left
and right-hand side. The relation needs to handle non-strictly positive types
and non-termination. We do this by defining a step-indezed logical relation
|Appel and McAllester, |2001, |Ahmed, 2006], indexed by the number of available
execution step (here, we count only expansive steps).

8.1 A deterministic reduction

In this section we introduce another view of mML: instead of having two stages
of reduction, first — 4 then — g3, we can define a single reduction —, that
extends — 3 and normalizes every term to a value.

This interleaved view of mML and eML evaluation helps reasoning about
mML: we simply have two different abstractions and applications that work
independently, but at the same time. This will help set up the logical relation.

We never need to evaluate types for reduction to proceed to a value. Thus,
our reduction will ignore the types appearing in terms (and the terms appearing
in these types, etc.). The reduction is defined in Figure The evaluation
contexts & are the evaluation contexts of eML, extended with mML applications,
and the redexes are the ML redexes plus the mML redexes, restricted to value
arguments. For a term meta-application u; # us, we require the term wuy to be
fully evaluated to a value vy, then u; to be fully evaluated to v;. On the other
hand, for a result application u; #* us, us may be typed in an absurd context,
and its reduction might block. For this reason, we do not require (and, indeed,
do not allow) reducing the right-hand side of #*. We instead substitute it as a
non-expansive term. The values v are also defined in Figure

As for the labeled ML reduction, this reduction is deterministic, and values
are irreducible for it.

This reduction coincides with the eML reduction on eML terms: the contexts
and redexes can only match eML terms and redexes.

We define an indexed version of this reduction as follows: the beta-reduction
and the expansion of fixed points in ML take one step each, and all other reduc-
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Eu=letz=[]inala []|[]Pv]|dT(a..a,[],v,..v) | Ale: Typ). [] | [] 7
| match [Jwith (P —>a|.P—a)|u#[]|[]#v]|[]#7
|0 # ((w=w):r) [ [ #* | ([P
v o= a|d7U |fixk"a(x:iT) T .a| Al k). v | A (a: k). u
| M (z:7).u| M (u~u):7.u| X ((w)sp: 7). u|[r. a]
(fix"x (y:7y): 75 .a)P v
#preuse(a[mp,zfix™ z (y:7]):75 . a,y<77])
alr —p,x —fix"xz (y:7): 7 .a,y — 7]
(Ala: Typ).v) T S, v[a — 7]
letz=vina 2 alz — v]
match dj?(vi)i with (dj?(xji)i’ — aj)j E’d a; [.Z‘ji <« ’Ui]i
A (a:k).a) # 7 2 afa — 7]
M (z:7).a) #v LN alr — v]
A (u1 ~ug) : 7.a) # (v} ~ub) : 7/ 2%, a
(W ((u)#p 2 7). a) #* u 4 alxp < u]
([r. a])p 22rewelelmareD, i p]
RED-NOLABEL RED-LABEL
a gd b a ﬂd b
Ela] >4 E[0] Ela] =54 (ELsp < ul)[b]

Figure 8.1: Deterministic reduction — 4 for mML
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tions take 0 steps. Then, —>fi is the reduction of cost 4, i.e. the composition
of 7 one-step reductions and an arbitrary number of zero-step reductions. Since
—4 0 is a subset of the union of —, and —4, it terminates.

We have the following lemma describing how the counting reduction interacts
with term equality:

Lemma 8.1 (Equal terms stay equal after i reductions). Suppose TermsEqual((7; :
Hj)j FPa:1, ~b:Tp), and suppose a —>é a’. Then, there exists b’ such that
b—% b and TermsEqual((7; : k;)7 +P a' 17 ~ b 1 7).

Proof. By induction on the reduction: if the first reduction is a non-expansive
reduction or a thunk reduction, it preserves term equality. If it is the reduction
of a function application, by Lemma there exists b’ such that we can go
from b to b’ by some non-expansive reductions, then one expansive reduction,
preserving equality. O
Also, we have a progress result for —:

Lemma 8.2 (—>3 reduces non-expansive terms). Let - u : 7 be a well-typed
non-expansive term in the empty environment. Then there exists v such that
u—Y v

Proof. —>g terminates. Consider the non-value term in reduction position in u
(if there is no such term, u is already a value). It is either a mML application or
a ML destructor that operates on a value. If it is an mML application, we can
apply — 4 on it (otherwise the term would be stuck for —4) and similarly
for an ML destructor. O

8.2 Interpretation of kinds

We want to define a typed, binary, step-indexed logical relation. We first define
the shape of the interpretation of types depending on their kinds on Figure[8:2|by
induction on the kinds. The interpretation is defined in a pair of environments
1,72 associating term, type and label variables appearing in x to closed values
and types, and label variables to label variables. For a kind k, K;[k], 4, is a
set of triples of the form (o1, (Sk)¥<7, 05), where o and o5 are the possible left
and right-projections of a type of kind x and (Sy)¥<7 is a possible sequence of
interpretations of the type up to rank j. The left and right projections have
kind respectively 71 (k) and (k) in the empty environment.

For types of terms (i.e. of kinds Typ, Sch and Met), the interpretation of a
type will be a left and a right projection of a type and a relation between values
of this type. This relation is step-indexed, i.e. it is defined as a sequence of
refinements of the largest relation between these types. We also require it to be
stable by equality: if two values are equal, they are related to the same values.

We interpret the types of higher-order kinds as sequences of functions. For
an abstraction on terms II(x : 7)k, the k-th function in the sequence takes a pair
of values of the left and right-hand side projection of the type of the argument
~1(7) and 72 (7) and returns the interpretation of the application at rank k. We
require the interpretation to be stable when replacing the arguments by equal
values. The interpretation of an abstractions on type II(« : k) &’ is similar: the
k-th function in the sequence takes a pair of types of kinds v1 (k) and v2(x) and
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Kjlx € {Typ,Sch, Met}], ., =
(- 0 = vi(w))th?
A Yk < §,Y(v1,v2) € Ry, (F v; - 0;) €02}
(o1, (Ri)F<T 09)| A VE<k<j, R 2Ry
A VE < Js v(rUl’fUQ) € Rkv V(Ullavé)a
(T w0y ~ 0 0;) 2 — (v),0v}) € Ry,

Ko s k) K]y, = ‘

(= o3 Th(a = 5i(w)) 7i(w')) <52
A VEk <j7v(7_17(5£)£<ka7—2) € ’C[H]’Y
. (1 # 71, (Fu(m1, (Sn)"SE, 1))
(Ula (Fk‘)kgjvoé) € Ky [’i/] (y1,00¢-71), (72,00 T2)
A VE < Js V(Tlv (SZ)ZSkv TQ) € Kk[ﬁ]’hf‘/z?

V(. 75),( 7i: vilk) = 7] < i)

= Fk(Tla (SZ)ESkaTQ) = Fk(T{7 (SZ)ZSIC7T£)

1,729
<k
)

]Cj [H(.T : T) R]"/h“/z = )
(1 0 Tl(z 7)) () =002

A VE < GV (01,0), (F vt y(r)) 2 —

. (01 # v1, (Fi(v1,v2))'S%, 09 # 02)

(0’1, (Fk)kgjvaé) € Kk [“](wl,r%vl),(vzyr%vz)

N < jvv(UhUQ)v V(Ui,’()é),
(Fvi 0 yi(T) >~ vj 0 (7))
= Fi(v1,vq) = Fi(v],vh)

i{1,2}

Figure 8.2: Interpretation of kinds

a sequence of interpretation at levels | < k, and returns the interpretation at
rank k. We require the triple formed by the types and the interpretation to be
in Ky[rlq, -

We say that two environments v; and v, are equal, noted - v; ~ 72 : T,
if they map type, term, and result variables to equal type, terms and results.
Then, equal kinds have equal interpretations in equal environments:

Lemma 8.3 (Equal kinds have equal interpretations in equal environments).
Consider = v1 ~~1 : T and - v2 ~ vy : I'. Then, if I' - k ~ &/, Kj[K]y, 4, =
K5 ]y 4

Proof. By induction on equality derivations. The kind equality rules preserve
the head constructor. The types and terms in the environment are only used in
typing judgments which are stable by substitution. O

Lemma 8.4 (The interpretation of kinds is well-indexed). Consider a kind &,
and environments 1, 2. Let k < j. Then, if (o1,(S0)*S7,02) € K;[K]y1 7ss
then (o1, (Se)<*,02) € Ki[K]y 4o

Proof. By induction on kinds. O
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8.3 The logical relation

We define a typed binary step-indexed logical relation on mML equipped with
—>4. We define an interpretation of types of terms as a relation on values
Vi[7], stable by equality.

The environment « in this interpretation maps term variables to pairs of
terms related at the given type, labels to pairs of expressions representing a
value for this label if the expression is true, nothing otherwise, label variables
to labels, and type variables « to a triple (o1, (Sk)*<7, 05) where oy and o9 are
the left and right-projections of the type and the (S;)*<7 are the interpretations
of the a relation between o1 and o9 at rank k. We note 1 (resp. ~2) the left
(resp. right) projection of 7, i.e. the environment mapping variables to their
left (resp. right) projection in . Thus, 1,72 is a pair of environments we could
use with the interpretation of kinds. If y(a) is (o1, (Sk)¥S7, 02), we also write
vr(a) for the sequence of interpretations (Sy)*<7.

The constraints of environments are given in Figure 83} an environment v
is in G;[I'] if it respects these conditions at step-index j. For type variables
a : K, we require the triple (o1, (Sg)¥<7,09) to be in the interpretation of the
corresponding kind k. For term variables x : 7, we require the pair of left and
right projections vy, vs to be related by the relation at type 7. For equalities,
we check that the left and right projections of the terms respect the equality in
the empty environment. For results (u)#p : 7, either we require the condition
u to reduce to false in the left projection 1, or we require that v maps #p to
pairs of related non-expansive terms.

The projection 7[c], of a relational type o in v maps o to a pair of types
(01,02). We define it here as (y1(0),v2(0)), but we will extend relational types
to embed ornaments as a first-class concept in Chapter It does not depend
on the index.

The interpretation Vj[co], of o in v at step-index j, is given in Figure
Types of terms o are interpreted as sets of values of types o1, o2 if T[o], =
(01,02) (the typing condition is left implicit to make the definitions lighter),
while type-level functions are interpreted as functions transforming interpre-
tations into interpretations. Type-level abstraction maps to abstraction and
type-level application to application. When a type variable appears, its inter-
pretations is looked up in the context . Related values at function types map
related arguments to related results. When the body of the function is non-
expansive (in mML functions and ML type abstractions), we can simply reduce
it to a value in zero steps by —>3. For thunks and ML functions, we need
to check that terms are equal. We delegate this to an interpretation of terms
Ek[7]o built on the interpretation of types. We test this at an index k < j: this
is because we performed one expensive step of reduction already by substituting
the argument into the body. Finally, for type-level pattern matching, we reduce
the term matched upon in zero steps, look at the head-constructor to select the
branch, and use the interpretation of this branch with the variables representing
the constructor arguments added to the environment.

The interpretation of types as set of terms &;[v], is defined in Figure
Two terms (aj,as) are in relation at rank j if they are well-typed and when
we can reduce ag in k < j steps to a value, a; also reduces in an unspecified
number of steps to a value and the values are related at index j — k: we use
some of the step-index to "pay" for the reduction. This definition requires that
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;2] = {7}

gj[r,l‘ : 7'] = {’Y,Qf <« (vl,vg) | Y E gj[F] A (Ul,UZ) c Vj[’Y]T}
Gill'a:k ={v,a—S|veGi[)ASeK;Kkly} |
G, (ug =~ up) : 7] = {y € G[T] | (- vi(ua) : (1) = vi(un) : %(7-))16{1»2}}
Qj [F, (u ¥P 7‘] =

{7y 7€ Gj[l] Ay(u) —9 False}
U {7, #p — (uf,ub) | v € G5[T] A i (u) — True A (uf, uh) € &[]}
G;[l, 7] ={yv,m—plyeGillrpLln}

Figure 8.3: Interpretation of environments

a1 terminates whenever as terminates, i.e. that a; terminates more often. In
particular, every program of the correct type is related to the never-terminating
program. This is not a problem: if we need to consider termination, we can
use the reverse relation, where the left and right side are exchanged. This is
what we will do on ornaments: we will first show that, for arbitrary patches,
the ornamented program is equivalent but terminates less, and then, assuming
the patches terminate, we show that the base program and the lifted program
are linked by both the normal and the reverse relation.

We need to ensure that this is well-defined. The interpretation is first defined
by induction on the index k. For a given k, the interpretation is defined by
induction on the type 7, except in the case of datatypes, where we define the
relation by induction on the term: the terms inside data constructors are smaller,
and their types are either data constructors or function types, and functions
types strictly decrease the index. This justification is sufficient to handle ML
datatypes, but it would not work if we had (ML) quantified types or mML
constructs inside datatypes.

We now prove that, in a well-formed context, the interpretation of a well-
kinded type is included in the set of valid interpretations at its kind.

Lemma 8.5 (Type interpretation (as values) is Well—deﬁned). Suppose ' o :
K, and v € G;[T). If (01,02) = Tloly, then (o1, Vi[o],)*S7,02) € Kj[K] 1y 4o -

Simultaneously, we prove that term interpretation is monotonic and stable
by equality (this is sufficient because the types of terms necessarily have kinds
Typ, Sch or Met):

Lemma 8.6 (Type interpretation (as terms) is well-defined). Suppose k €
{Typ,Sch,Met}, T' - ¢ : k and v € G;[I']. Suppose (o1,02) = T[o]y. Suppose
(a1,a2) € &jlo]y. Consider ay, a5y such that TermsEqual( P aq : 01 ~ af : 01)
and TermsEqual(@ P as : 09 ~ af : 02). Then, for all k < j, (a},a) € Elo],

Proof. By induction on the well-kindedness judgment.

For the lemma on interpretation as values, the typing constraints are always
(implicitly) implied by the definition of V;[c],. We need to prove monotonicity
and stability by equality. Consider the last rule:

o Ifit is by hypothesis on 7, y(a) = (o1, (Sk)*<7, 02) € K;[K]4, s -

e For [K-SuBTYP| and [K-SuBScH} apply the inductive hypothesis, and the
same rule on the kinding constraints.
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e For monotonicity derives from the monotonicity of the in-
terpretations we use for the subvalues. For stability by equality: sup-
pose (v1,v2) € V;[¢(7i)%]y. Then, we have vy = d(71,) (w1 x)* and
vy = d(71,:) (w2 x)*. Suppose - v1 : ((m1,)" ~ v} : ((r4)' and -
v 1 C(72,1)" ~ vh : ((72,1)". By mML elimination (Theorem , we have
enrr, lonll = ¢ (ra)t = ot - € (i)t We have [jog | = (70" (leos )"
and |[v}|| is a value. By the logical relation for eML (Lemma [6.22),
vf = ||v}]| must be of the form v{ = d(T{’,i)i(w’l’,k)k7 with Feprp wig -
o1k > wy oy for all k. Since v} is a value, it starts with a constructor,

so we must have vj = d(r{ ;)" (w} ;)*, with w{, = [Jw} ,|. Normalization
preserves equality. Thus, for all k, - w1 : 01 ~ w] : 01, and similarly
for vy, and we use the stability by equality of their interpretations.

e The other rules for function types follow identical patterns.

e For the conditions for the interpretation not to be empty are
stronger if the index j is larger, and ensure that v stays valid. We then use
monotonicity and stability by equality of the interpretation of the branch.

e For higher-order constructs: consider [K-TyABs| (K-TErMABS| is similar).
When the function is applied to a valid interpretation, it gives back a
valid interpretation by induction hypothesis. Moreover, it is stable by
type equality: equal types as inputs translate to equal environments.

e Consider [K-TyAPP| (K-TErMAPP|is similar): by definition of the interpre-
tation of function kinds, the result of the application is valid.

For the lemma on type interpretation as terms, monotonicity comes from
monotonicity of the interpretation of values, and stability by equality is implied
by Lemma [8.1] and stability of the interpretation of values. O

Lemma 8.7 (Substitution commutes with interpretation). For all environments
v and indices j, we have:

Vilrla =71}y = Vilthiactu (), 0ulr1)4<5 e ()]
Vilrlz —ully = Vilthpem @)
Proof. By induction on the structure of the interpretation. O

We want to prove that terms are related to themselves by the relation. For
the induction to work properly, we need a finer version of &£;[7], that also
checks emitted labels: while the current version works to interpret the expansive
bodies of functions and thunks, it ignores the emitted labels because they are
inaccessible to the surrounding terms. We thus define a set £;[7 = A], that
takes emitted labels into account: we require

e the emitted labels one each side to be present in A or to be suffixes of
labels presents in A;

e the label in A to be emitted on both sides whenever their condition in
True, and not emitted otherwise;

e for emitted labels in A, the emitted values on both sides to be related at
the type given in A.
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Definition 8.1 (Equivalence, including results). Consider an indez j, a type o
such that T+ o : k with k € {Typ, Sch, Met}, and v € G;[T'], and let (01,02) =
Tlol.

Consider (a1,as) such that T +P a1 : 01 = A and T P as : 090 = A. We
say that (a1, a2) € &[T = Al if the reduction of ay by —4 does not terminate,
or:

. . (#p2,—u2,k)* ;
o There exists i such that ay —————" va.

(*pl,k‘*ul,k)k
o We have aj ——————3 ;.

e The labels in (p1.x)* and (pax)* are either in A or suffizes of labels in A.

e The labels in (p1x)* present in A are also the labels in (p2,r)*. Define
(p))* the subsequence formed from the labels in A, associated on the left
with the (u’u)f and on the right with the (u’u)e.

o We definey' = 1, (xpj < (u} 4, U/Q,Z))L]' Then, we must havey' € G;_;[I", A].
This implies that every label is present if its condition evaluates to true,
and that the non-expansive terms associated to labels are related at the
type given in A.

e Finally, we must have (v1,v2) € Vj_;[0]y
¢

We simultaneously need to prove that equal terms have equal interpretations
in equivalent environments, as defined here:

Lemma 8.8 (Interpretation is compatible with equality). Suppose I' - 7 : Kk ~
7' k' and that v and v are equivalent, ie. - v1 ~~ : T and - 9 ~ 4 : T,
and that for all o : k € T, yp(a) = Y(a). Then, for all j, if 11 € G;[I'], then

Vilrly = Vil
We thus prove the following two lemmas by mutual induction:

Theorem 8.1 (Terms are related to themselves). Suppose T' P a : 7 = A.
Consider k and v € Gi[I']. Then, (y1(a),y2(a)) € Ex[T = A],.

Proof. By induction on j then on the typing derivation.
For equality:

e If the last rule is apply induction hypothesis on the left
with environments  and ~y, on the right with environments v and +/, and

conclude by transitivity.

e For [TEQ-SpLiT

TEQ-SpLIT . 4
(- di = Y(an : Typ)" (1)) — ¢ (ar)")

Fl—u:((fk)k I‘l—al':Sch I' o5 : Sch _

(T, (i« Tijlon < 7o]®)7, (di(70) " (i;)7 = ) : ( (7)" b 01 ¢ K1 = 03 1K)’

I'koy:k ~09: Ko
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By induction, we have (1 (u), v2(u)) € &[C (15)¥],. 72(u) is non-expansive
and well-typed in the empty environment, thus it reduces in 0 steps to some
value vo. Then, v1(u) —G vy for some vy, and (vi,vs) € &[C (71)*],-
v2(u): there exists a constructor - d; : V(ay : Typ)® (7:)" — ¢ (o) such
that v = di(ﬁ,k)k(wl,i)i, Vg = di(Tz,k)k(wZi)i, and for all i, (’wl,i,wgﬂ‘) €
V;[oi], where o; is the type of the i-th parameter.

We have @& + vi(u) : Cy((m1)*) =~ ~i(u) : ¢/ ((1)¥) for i € {1,2}. Thus
(applying the same reasoning as in the previous lemma), 71 (u) reduces to
a term dl(TLk)k(w’l)i)i and similarly for v5(u), with (w14, we,) € V;[os]y
because V;[o;], is stable by equality and equal to V;[o;],.

Then consider the branch for d;, with environments v = v, (x; < (w1, wa,))*
and 5" =/, (x; — (v} ;,wh;))": these environments are valid and compat-
ible and satisfy the newly introduced equality (d;(7x)" (x;)7 ~ u) : ¢ (7)¥,
so we apply the induction hypothesis in that branch.

e The sub-kinding rules do not change the interpretations.
o If the last rule is the interpretations are the same.

o If the last rule is congruence for an ML or mML type constructor (i.e.
one of the rules [TEQ-Datarype| [TEQ-ARR} etc.), the subtypes and sub-
kinds appearing are equal so their interpretations are equal by induction
hypothesis, and the interpretation only depends on the interpretations of
the subtypes.

e The type-level abstractions and applications respect equality: for con-
gruence, abstractions with equal bodies have equal interpretations, as do
applications with equal function and argument. For reduction, this is
implied by substitution inside the interpretation.

e For[TEq-MarcH} as for[TEQ-SpLiT] equal terms will reduce to terms start-
ing with the same constructor and equal parameters, so the new environ-
ments stay equal.

e For [TEqQ-REpUCEMATCHE like the previous case, then the interpretation of
the expanded and reduced term are equal by substitution.

For typing, consider the last rule. We will examine a few representative
cases:

e If it is coercion preserves the interpretations (by induction hy-
pothesis).

o Ifit is[Var} from 7y € Gx[I'], we get (v1(x),72(z)) € Vi[7],-
o If it is [REusg

REUSE
((w)xq: 7€ T AT I w: bool ~ True : bool)
v(q LT AT I False : bool >~ True : bool)

PP 7=

We apply the induction hypothesis on u: we have (y1(u), v2(u)) € £;[bool =
1. Since v (u) is well-typed in the environment, it reduces in 0 steps to
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a value. This value must be True, because the other case implies we have
F v1(True) : bool ~ ~; (False) : bool, which is impossible.

Thus, by hypothesis on v, y(xp) = (u1,u2) € &j[bool],. Since they are
non-expansive, their reductions do not emit labels, and we have (uy,us) €

&;[bool = 7],

e Consider the [Fix] rule:

Fix
F~7:Typ F'o:Typ I'mex:71T—>oy:7Ha:0=A

FHPfixk"a(y:7)io.a:7T—>0=

Consider v € G;[I']. We want to prove (fix™ z(y : y1(7)) : 71 (o) .7 (a), fix" z(y :
72(7)) s 72(0) - 72(a)) € Vj[T — ol

Consider k < j, and (v1,v2) € Vi[7],. We need to show:

(m(a)[z — fix"z (y : (7)) 1 11(0) . m(a),y < vi,m < p1],

Y2(a)[z — fix" 2 (y : 92(7)) : 12(0) - 12(a),y < v2, ™ < p2]) € Vi[o], Note
that by weakening, v € G;[I']. Moreover, by induction hypothesis at rank
k<, (ix"z (y : y1(7) s 71(0) - 7a(a), ix" 2 (y : 92(7)) : 72(0) - 12(a)) €
Vi[T — o]y. Consider

7 =Ale = (i (y: (7)) s o) - mla),

fix™ x (y : 72(7—)) : 72(0-) . ’72(04))7?/ A (Ul7v2)7 y T (p17p2)] Then

Gr[T',z : 7 — o,y : 7]. Thus, by induction hypothesis on a, (v (a), ( )) =
(r(@)[z X"z (y : 71 (7)) : m(0) - nla),y —vr,7 - p]

v2(a)[z — fix™ @ (y 1 72(7)) :72(0) - 72(a), y — v, m < p2]) € Ex[o = Al <
Eloly = &kloly.

e Consider the [App] rule:
App
P<q
q LT, Ay, Ay I'Pa:71—>o=A, LA FPO: 7= Ay

PP alb:o= Ay, Ay, (True)sq : o

Let v € G;[T']. Suppose y2(a) y2(b) —*% vs.
Then, there must exist k, < k such that: y2(a) la—‘2>§“ Vq,2 Where [, 2 is a

sequence of labels. By induction hypothesis on a, we have 1 (a) l“—1>§ Vg1
The labels in [,; and [, 2 are either in A, or strict suffixes of labels
in A,. By the typing conditions, only the labels in A, can appear in
b: the other labels are neither in A, not orthogonal to it. Consider
Yo € Gr—k,[I'; Ay] the environment obtained by adding these labels to

la,2 ..
7. Then, ya(a) Y2(b) —5k v45 42(0)[la2] = Va2 Ya2(b), and similarly
lu,.l
v1(a) 71 (b) —=a va,1 Ya1(b).

There also exists k, < k — k, such that: ~,2(b) lb—’2>§b Up,2. Similarly,

. . . l .
by induction hypothesis, we have v;(a) =% vy, 1, and there exists 7, €

gk—ka—kb [Fa Aa? Ab]
We have: (v4,1,%a,2) € Vi—ky—k, [I']4,: there exists aq, az such that v, =
fix"x (x:71):01.a1 and ve2 = fix" x (x : 72) : 02 . az. Then, we have

#pereuse(az)[mp,x—fix" x (x:72):02 . az,y<vp2] 1
Va,2 Vb2 d CL1[7T P Y Uy 2]
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and similarly for v, 1 vs1. These two terms are related by Ex—k, —k,—1[0 ],
and all labels they emit are prefixed by p. Then, when they reduce
to values v; and vy in k. < k — k, — kp — 1 steps, these values are in
Vie—ko—ky—1—k,[0]. Then, their non-expansive versions are related too.

Finally,

v = p, #p — (reuse(ay)[7m «— p,x <,y «— vp,1], reuse(az) [ — p,x —,y — vp2])
€ Gh—kp—kp—ko—1|Ls Ag, Ap, (True)sp : o]



Chapter 9

From eML to ML

In this chapter, we’ll prove that any eML term well-typed in an ML environment
can be transformed into an equivalent ML term, such that the original term and
the final terms are equal for the eML equality.

There are three features of eML we need to simplify. First, eML has pattern
matching on types, and such types cannot exist in ML. We remove these types
by moving the pattern matching to the term level: for example, the term

match x with P match x with
True — A(y : unit). True True — Unit
False — A(y : bool). y False — z

contains a type-level pattern matching because the type of both the function
and the argument depend on z, but we can move this pattern matching to the
term level, around the application, and obtain the following simplified term that
only requires ML types:

match z with
True — (A(y : unit). True)? Unit
False — (A(y : bool). y)P x

We also need to get rid of reused results. This is done by lifting the evaluation
of the function application producing this result into a separate let binding so we
can give it a name. For example, the term match fP x with True — =p | False —
True can be rewritten as let y = fP x in match y with True — y | False — True.
Some cases are more complex: consider

let # = match y with True — True | False — f! False in
match y with True — z | False — %1

There, the result is only present conditional on y. We again solve this by
matching on y first, and having two branches:

match y with
True — let x = Truein x
False — let z = f! Falseinletz = zin 2

Finally, we have conversions in typing derivations: if a type is equal to
another for eML, all values of this type are values of the other type. These type

167
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=zx|sp|Ala:Typ).s|sv|fixPa(x:v):v.e|dvUs
v o= a|Y(a:Typ)v|v—-v|{D
e = s|letx = sP sine|match swith (P —>e|..P —e¢)

Figure 9.1: Expanded terms, simple terms and types

equalities can be proved using value equalities deduced from let bindings and
pattern matching. We can eliminate the equalities from the context: we make
sure that pattern matching is always on a variable. Then, equalities of the form
(x ~ d(7;)"(x;)7) : 7 can be eliminated from the environment by replacing all
instances of z by d(7;)*(x;)7. Then, all equalities are provable in an environment
without equalities. We prove that in this case an equality between ML types is
either trivial (the two types are syntactically equal), or there are variables of
some un-inhabited types in the contexts.

For technical reasons, we restrict ourselves to environments where all poly-
morphic definition are definitions of functions. This guarantees that pattern
matching only occurs on monomorphic values, which allows us to substitute the
variables that are matched on by their values in the branches.

9.1 Expanded terms

The simplification we present here is a maximal version of the transformations
described above: pattern matchings and bindings are extruded even if they
actually would not need to be. In practice, the implementation performs the
maximal simplification then tries to move let bindings and pattern matchings
back to their original position.

Our goal is to end up with a term where there is no type-level pattern
matching, all function applications are given a name, and all pattern matching
is extruded such that we never match on the result of a match of a let. We
might match on a variable or a constructor (the latter case would reduce).

Thus we define in Figure [0.1] the syntax of ezxpanded terms e. An expanded
term is formed by a series of bindings of the results of function applications,
pattern matchings, and finally a simple term. The function and argument in
application, the things we are matching on, and the terms at the end are required
to be simple terms s, which are a subset of non-expansive terms: a simple term
may be a variable applied to some type arguments, a reused result, a type
abstraction whose body is simple, a function definition whose body is expanded
or a constructor. Finally all types must be ML types, i.e. types that do not
feature type-level pattern matching, We note these types v.

After terms are expanded, we will need to perform a second pass on them
to actually eliminate coercions.

9.2 Simplification

The simplification is then described as a small-step reduction — on terms. The
reduction context, defined in Figure is the composition of a binding context
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F o= 1]]|letz=Fina|Ala:Typ). F|F7|sF|fix*a(z:7): F;.a

| fixPz(z:Fy):v.a|sPF|FPal|d@, F,7T)a

| dU (3, F,a) | match F with (P > a|..P —a)
Fyov=[J[V(a:Typ) By | Fy > 7 |v— F [ (0, F, T)

| match Fwith(P—71]|..P—T)
B u= []|letz =sPsin B|matchzwith P—> B| P —a | F[fix¥z (z:v):v.B]

Figure 9.2: Binding contexts, expansion contexts
B[F[let z = sin a]] — B[F[a[z < s]]]

F+#let =[]in _
B[F[s1" s2]] — Bllet = s1” s5in F[z]]

F#]
B[F[match s with (di(l/j)j(xik)k - a;)']] —

B[match s with (d;(v;)’ (zi1)" — relabel(F[a;]))’]

B[F[match z with (d;(v;) (zix)" — 0:)"]] — 4
Blmatch x with (d;(v;)? (z1)* — relabel(F[0;]))?]

Figure 9.3: Simplification rules

B that binds variables, and is composed of bindings of results of applications
and pattern matching, and an expansion context F' that does not bind variables
and is similar to the evaluation contexts E of the ML reduction, with values
replaced by simple terms s. The expansion contexts F' can also have their hole
in the type part of the terms. Contexts that create a type are written Fj.

The simplification rules are given in Figure [0.3] For a let binding let x =
a in b, once a has been simplified to a simple value s, we substitute it inside the
term (as it is non-expansive). When we encounter a function application, we
lift it at the end of the binding context. We ask for the expansion context to
not be just a let binding to avoid endlessly lifting the same application. When
we encounter a pattern matching on a simple term, the pattern matching is
similarly added to the end of the binding environment B. This duplicates the
term that enclosed the pattern matching. To keep the labeling consistent, we
relabel all labels produced in F' with distinct labels in each branch. This is done
by a function relabel(a) whose definition is given next. This rule can be applied
both for type-level and term-level pattern matching.

Definition 9.1 (Relabeling). Consider a term a introducing labels (p;)* (not
counting the labels under abstractions, similarly to the decomposition atoms(a)
given in Figure . Then, consider a substitution o from labels in (p;)* to
fresh labels. We write o(a) for the term obtained by replacing all (p;)* and their
uses by the corresponding labels in o. Then, we note relabel(a) any such relabeled
term. &

Lemma 9.1 (Relabeling preserves typing). Consider a such thatT' P a : 7 =
A. Suppose b = relabel(a) with label substitution o. Then, I' P b : o(T) =
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o(A).
Proof. By induction on the typing derivation of the term. O

We first prove that we can ignore the binding environment when proving
equalities. This is true because the binding environment is always before the
hole for the order of evaluation, and thus of propagation of results.

Lemma 9.2 (Equality in a binding context). Consider a binding context B and
a term a, with T' P Bla] : 0 = A. Suppose the typing derivation uses a typing
I,T' 7 a: 7= A of a, and moreover suppose TermsEqual(T, TV P g T~
a': 7). Then, TermsEqual(T' P Bla] : 0 ~ B[d'] : o).

Proof. By induction on B:

e Suppose B = Flfix"z (y : 71) : 7o . B'[a]. We have I',m,z : 74 — T2,y :
71 ™ B'[a] : 5 = A’. By induction hypothesis, we have TermsEqual(T', 7, z :
T — 7o,y : 71 =" B'[a] : 7o ~ B'[d’] : 72). Thus, by congruence for func-
tion definition, TermsEqual(T' P fix"x (y : 1) : 72 . B'[a] : 1 — T2 ~
fix"x (y: 1) : 72 .B'[d] : 1 — 12) We conclude by congruence in F: we
obtain a non-expansive equality that implies the term equality.

e Suppose B = let © = 517 so in B'[a]. We have I, (True)xq : 75,2 :
Te, (T~ xq) : T, HP B'[a] : 0 = A”. By induction hypothesis, we have
TermsEqual(T', (True)#q : 74,2 @ Tz, (& = %q) : 7, P B'[a] : 0 ~ B'[d'] :
o). This means the decompositions (§6.2.5) of B'[a] and B’[a’] match.
Then the decompositions of Bla] and B[a’] match (since they are the
same with the indices shifted by one).

e The same reasoning is used when the binding context is a pattern match-
ing.

O
We prove that simplification preserves term equality:

Lemma 9.3 (Expansion preserves term equality). Consider a well-typed term
a withT P a: 7 = A and suppose a — a'. Then, TermsEqual(l' P a : 7 ~
a 7).

This implies T' +P o' : 7 = A’ for some A’, i.e. that expansion preserves
types (but not results).

Proof. The simplification of let bindings is a non-expansive reduction. It pre-
serves term equality by Lemma [6.25)

By Lemma [0.2] we only have to consider reductions with an empty binding
context B.

We have three rules to consider. Let us start with lifting of a labeled appli-
cation into a let binding:

F[s1P s3] — let x = $1P s9 in F[z]

Consider the decomposition of F/[s1? s3]: the first atom in the decomposition
is #p « $1 so with condition True (simple terms are non-expansive so they are
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equal to their reusable version). The subsequent atoms are some (#p; < u; u/)®
with conditions w. ;. The reusable version of the term is u = reuse(F[#p]).

Then, the decomposition of let x = s1? s9 in F[x] has first atom #p <« s1 s9
with condition True, the subsequent atoms are (xp < (u; u})[z < =p])¢, with
conditions wu.;[x « =p]. The reusable version of the term is let x = p in
reuse(F[z]).

Then, all atoms of both terms have equal expressions and conditions: the
first atom is the same; for subsequent atoms, we have (u; u})[z «— #p] = u; uj,
because x does not occur in u;, and the same for the condition . ;.

Moreover, the reusable versions of the tests are equal by reduction. Then,
the terms are equal.

Consider now the lifting of a term-level pattern matching. We will only look
at the lifting of terms, the lifting of types is similar. We can consider only the
case B = []| as well. The rule to consider is then:

F[match s with (d;(v;)? (zix)* — a;)'] —
match s with (d;(v;)? (zi;)* — relabel(F[a;]))*

We only need to show that F[match s with (d;(v;)? (zix)* — a;)!] is equal to
match s with (d;(v;)? (zix)* — relabel(F[match z with (d;(v;)? (zix)* — a;)']))"
the latter term is equal to match s with (d;(v;)?(zix)* — relabel(F[match
di(vj)7 (xik)* with (d;(vj)? (zik)® — a;)"]))? by substitution using the equalities
in each branch of the outer match, and this term reduces (preserving equality)
to the term on the right-hand side of the reduction.

We suppose the relabeling transforms labels (p;)? into labels (p;;)7 in the
branch of the constructor ¢. Consider the decomposition of the left-hand side: it
is (#p; — uj)j , with conditions u. ; and types 7;. Consider the decomposition
of the right-hand side. It is (¥p;; < match s with d;(v;)7 (v:x)* — wu; match
s with d;(v;) (zir)® — w})¥, with conditions match s with d;(v;)7 (za)" —
e | (de(v;) (zar)® — False)”? and types match s with d;(v;)7 (vix)* — 7.

We want to show that the indexings of the atoms of these two terms match:
consider an index m. We want to prove: T' = INDEX, (uc,; — App(u;,u}))’
INDEX,, (te,; — app (7j,7}))7 ~ INDEX,,((match o with d;(v;)7 (zi)* — uc; |
_ — False) — App(match s with d;(v;)7 (x)* — u;, match s with d;(v;)7 ()" —
)" : INDEX,,((match s with d;(v;) (zix)* — uc; | _ — False) — app
(Tj,T;))[j . Let us start by splitting on s: we need to prove this equality in
U, (wi : 7)™, (s =~ di(v)? (x3x)*) : ¢ (vj)7 for each i. We apply this substitu-
tion everywhere and reduce: the items on the right-hand side become:

e For / =i, the conditions are u. j, the terms are App(u;,u;) and the types
are app (7;,7})

e For ¢ # i, the conditions are False.

Then, the conditions for pg; on the right-hand side are False for ¢ # i. We
can reduce the corresponding matches in INDEX,,(...): this yield exactly an
INDEX, (. . .) where these options have been removed. We thus obtain the equal-
ity.

We also have to prove that the reusable versions of the terms are equal.
Again, we first split on z and substitute and reduce on the right-hand side:
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we have to prove I'; A, A’ (INDEX, (ue; — pj)? ~ INDEX, (uc; — pij)?) :
INDEX@(UCJ‘ — 7'j)j)m7 (:rzk : Tik)k = F[al] T~ F[al] [*pj — *pij]j T
This is true as long as for all j ', A, A, ((INDEX,y, (t¢,; — p;)? >~ INDEX;, (uc,; —

pij)7) s INDEXy(uej — 75)7)™, (uc,j ~ True) : bool \= #p;; : 7/ =~ #p; : 7, i.e. the
labels match between the left and right-hand side. We proceed by splitting on
all the u. ;: then, there exists at least one index m such that the m-th index
matches p;. It also matches p;; since the conditions are equal. Otherwise, u.,;

is false and we derive the equality from this contradiction.

Then the two terms are equal since their decompositions are equal. O

We now have to prove that the simplification terminates and yields and
expanded term:

Lemma 9.4 (Simplification terminates). There is not infinite sequence of terms
(a;)* such that a; — a;i1

Proof. Consider a reduction in a bind context B. Then, there is no rule that
allows reduction in a prefix of this bind context, thus bind contexts always grow.

We define the weight of a term a as the number of let bindings, function
applications, and pattern matchings it contains (not counting inside functions),
and the set of weights of a term as the multiset of weights of residuals, i.e. terms
that are in the holes of maximal B contexts.

All reductions take a residual of weight n and transform it into multiple
residuals of weight n — 1. Then consider the sequence (w,)" N counting the
terms of weight n. Each transformation leads to a lower value of this sequence
for the lexical ordering. Since the lexical ordering of sequence of natural numbers
is a well-order, there cannot be infinite sequences of simplifications. O

Lemma 9.5 (Un-simplifiable terms are expanded terms). Suppose that there is
no a’ such that a — a’. Then, a is an expanded term.

Proof. We are proving three results by simultaneous induction, proving that
subterms of a are either expanded terms or simple terms depending on their
contexts, and that subtypes of a are ML types.

Consider a term a in B such that B[a] is irreducible. Then a is an expanded
term e. By case analysis:

e If the term starts with a let binding let x = a in b: by induction hypothesis
in the context B[let x = [] in b], a must be a simple term s or of the form
$1P so. If it were a simple term s, we could reduce the let, so it must be an
application. Then, by induction hypothesis in B[let = s1? s5 in []], the
term b must be an expanded term, thus let z = 1P s5 in b is an expanded
term.

e If the term starts with a pattern matching, the term we are matching on
must be a simple term (by induction hypothesis, since match [] with ...
is a valid F' context). Then, we can apply the induction hypothesis on
each branch (since each branch forms a valid context B’): all branches are
expanded terms, thus the pattern matching is an expanded term.

e Otherwise, B is of the form B[F[]] with F' = [], and by induction hypoth-
esis, the term must be a simple tern.
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Consider a in B[F[]] such that B[F[a]] is irreducible. Then:

either a is a simple term s
or Flisletz =[] inb and a is 517 sy

or Fis [] and a is match s with ...

By looking at the different cases for a:

If a is x or *p, it is a simple term.

If a is A(a : Typ). u, apply the induction hypothesis to v in B[F[A(« :
Typ). []]]- Only the first case is possible, thus u is simple and a is simple.

If a is b 7: by induction hypothesis applied to a in B[F[[] 7]], b must be
a simple term. Then, by induction hypothesis applied to 7 in B[F[b []]],
7 must be an ML type, thus a is simple.

If aisfix’xz (y:7):0 .b, we first apply the induction hypothesis to 7 in
B[F[fixPz (y: []) : o .b] to find out it is an ML type, then similarly for o.
Finally, we apply the induction hypothesis to b in the context B’ equal to
B[F[fix’z (y : 7) : 0 .[]] and conclude it is an expanded term. Thus a is
simple.

If a is b1P by: by induction hypothesis, both b; and b; are simple terms.
Then, F must be let = [] in b for some b, otherwise B[F'[a] would reduce.

If a is a constructor, we similarly show that all types and terms appearing
in the constructor must be simple.

If @ is match b with ..., b must be a simple term by induction hypothesis.
Then, if F # [], we could move the pattern matching around F. Thus
F=].

Finally consider 7 in B[F([]] such that B[F[r]] is irreducible. Then 7 is a
simple type 7, by a similar case analysis. O

9.3

Removing equalities

Simplification removes all apparent result reuse and term-level pattern match-
ing. But we also need the typing derivation of the final term to be a valid ML
typing derivation. This is ensured by performing a final rewriting step on the
term that also rewrites its typing derivation to be in ML.

We need to take care of equalities. We can prove that in an environment
containing only type variables, two equal ML types are syntactically equal. We
can extend this result to equalities in inhabited environments, i.e. environments
for which we can provide an instantiation of each type and term variable.

First, we prove a stronger version of inversion (Lemma:

Lemma 9.6 (Equalities in almost empty environments). Suppose that (a; :
Typ,@; : ;) vy : Sch ~ v : Sch. Then, v = vs.
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Proof. We already know (Lemma that if the two types have the same head
(i.e. arrow, type constructor, or quantification), their tails are equal, thus are
syntactically equal by induction.

We therefore only to prove that the heads are equal.

e If the heads are both type variables a7 and «s: if they are identical, the
types are equal. Otherwise, take v(a1) = unit (and y(z) = Unit for the
corresponding term); y(ag) = bool (and (z) = True). Then we would
have + unit : Sch ~ bool : Sch, which is impossible (for the same reasons
as in Lemma their interpretations are distinct).

e If one head is a type variable (let’s say v1) and the other not a type vari-
able, instantiate the type variable with unit or bool, whichever is different
from vs.

e Otherwise proceed as in Lemma [6.23]
O

We now consider more closely the environments. We prove that an environ-
ment I' is either inhabited, i.e. we can provide an instance of this environment,
or that we can prove in eML that it is absurd, by exhibiting a non-expansive
term returning void (or any type). For example, the environment I'; equal to
2 : V(a:Typ) @ — «a,y : nat is inhabited by ~; such that v, (z) is the identity
function and v;(y) is S Z, while I'y equal to z : ¥(« : Typ) « is not, since x void
has type void. This is made slightly more complicated by free type variables, so
we instead consider instances of an environment that type in an almost empty
environment (c; : Typ, z; : a;)*.

Lemma 9.7 (Environment inhabitant). Consider an ML environment T with
type variables (a;)'. Then, either there exists v such that (o : Typ,x; @ a;)®
v : T mapping each type variable to itself and we say the environment is inhab-
ited, or there exists a non-expansive term u such that I' - u : void.

Proof. Construct v as follows: map type variables to themselves. For a term
variable of type V(8; : Typ)? 7 with 7 of kind Typ, construct a value as follows
by induction on the type 7:

e If the type is a; with «; in I', take x;.
o If the type is 8; for some j, we cannot construct a term.
e If the type is 71 — 7o, take the term fix" x (y: 71) : 72 . 2 y.

e If the type is ¢ (Tj)j , choose a constructor d; such that its arguments are
constructible with the same process.

Now consider the case where we do not succeed in building v: it means that
there is some variable x : V(f; : Typ)? 7 for which we were not able to construct
a value. Then, we construct a term that matches on u = z (void)’ of type
7[B; < void]’ and that is of type void. By induction on 7:

o If the type is a; with a; € I' we were able to construct a value.

o If the type is 3; for some j, it is substituted by void. Then we return u.
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e If the type is 7y — T2, we were able to construct a value.

o If the type is ((Tj)j : the constructors are d; taking arguments of type
(7:1)*. For each constructor there must be at least one argument k for
which we cannot construct a term: we then have a term wy of type o
matching on z;;; of type 7. Then, we construct match u with (d;(7;)7 (in)* —
uk)’.

O

Lemma 9.8 (Equalities are almost trivial). Consider an environment I' without
equalities or results and two ML types 71 and mo. Suppose I' - 1 : Sch ~ 15 :
Sch. Then either T' is inhabited 71 = T or there exists a non-expansive ML
term u such that for any type o, we have I' - w : o, and for any a such that
I'Pa:o= A, we haveTermsEqual(T P u: 0 ~ a: o).

Proof. We either construct an environment ~ that gives a value all bindings of
', or a term u of type void by Lemma [0.7] If we have a non-expansive term
of type void, it is equal to any other term (as each equality required for term
equality can be proved by splitting on void).

Otherwise, we use Lemma O

Then we can proceed with simplification:

Lemma 9.9 (Expanded terms type without equalities and with ML types only).
Suppose T' is an ML environment and 7 an ML type. Consider an expanded
term e such that I' =P e : 7 = A. Then there exists an ML term a such that
TermsEqualT' FPe:7~a:7) and '+ a: 7 in ML.

Proof. During simplification, we accumulate a substitution v describing how
variables and results must be replaced by simple terms to obtain a term that
types in an ML environment. We write I' =Mt ~ : TV if:

e for all (z:7) eI, y(x) is a simple term and T =Mt y(z) : 7;
e for all (True)sp:7e I/, T M y(a) : 7
e and for all equalities (u; >~ ug) : 7 in IV, T y(uy) : 7 =~ y(ug) : 7.

The proof is by simultaneous induction on e and s.

For simple terms s, we prove that if IV - s : 7 and I" is an inhabited ML
environment such that I' ML ~ : TV, then there exists s’ and v such that
I Mg’ s vand T 4(s) : 7 ~ s : v We can always assume that the
type derivation for the term does not end with a conversion (as we can always
remove all conversions and reapply the equalities as conversion in the equality
proof afterwards).

o If the term is x, with IV — z : 7: we have (z : 7) € I". Then, y(z) is an
ML type with T' =ML ~(z) : 7.

o If the term is s v, with IV - s : V(a: Typ) 7: we have IV - s v : 7[a < v].
There exists a term s’ and a type o such that T' - ~(s) : V(a: Typ) 7 ~
§': o, with ¢ an ML type. By extraction, I' - V(« : Typ) 7 : Sch ~ ¢ : Sch.
Since I is inhabited, o must be of the form V(a: Typ) 7/. Then, we
have, in ML (because v is an ML type), I' -+ s v : 7/[a « v], and
TA(sv):tla—v]~sv:7[av]
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e We reason similarly for constructor applications, universal quantification
and function definitions.

For expanded term, we prove that if IV P e : v = A and T is an inhabited
ML environment such that I' FML ~ : T, then there exists a such that I' -Mt
s : v and TermsEqual(T' P v(e) : v ~ a : v). First, we check if T" is inhabited.
Otherwise, we replace the term by the equal, non-expansive term proving that
T" is not inhabited (Lemma. Then by case analysis:

e If we return a simple term s at the ML type v: there exists an equivalent
term s” at ML type ¢/ that types in ML. Since I' is inhabited, by Lemma[9.8]

/

T=1\

e For let bindings let z = s1P s5 in e: there exists 7 and 75 such that
F}—811T1—>’7'2 aIldFI—SQZ’Tl.

By induction hypothesis, there exists s} and s, o1 and 74 such that T' |-
Y(s1) : 11 > T2 ~ s oy, and T y(sg) ¢ 11~ sh ¢ 7. Since T is
inhabited, by Lemma there exists 7/ and 74 such that oy = 77 — 7.
We thus have I' - 77 : Sch ~ 7/ : Sch, thus we have 7{ = 77. Then we
have, in ML, T' | s} s5 : 75.
Then, define y' = v, *p < . Wehave I,z : 7 M-+ T 75, (True)*p :
To, (x ~ *p) : 7o. Thus, by induction hypothesis, there exists a such that
I,z : 75 MY a: v and TermsEqual(T,z : 75 7(®) v :~ @ : v). Then, we
have I' FMb let # = s} sb in a : v, and TermsEqual(T" 7 y(let z = 517 55 in
e):v~letex=s]shina:v).
e For pattern matching match s with (d;(v;)’(z;)* — e;)": By induction
hypothesis, there exists s’ and an ML type 7 such that T =Mt s’ : 7and T
v(s) : ¢ (v;)? ~ s' : 7. Then, 7 = { (v;)’ by Lemma[9.8]since I' is inhabited.
We can reduce s’ so that there is no type abstraction/application redex,
preserving the equality. Then, consider the different cases for s’: it can
only be a variable, a constructor, or a type application. If it is a type
application s’ = s” o, consider again s”: it can only be a variable or a
type application (it cannot be a type abstraction as we removed these
redexes, and it cannot be a constructor because it would be ill-typed).
But then, that would mean that we have a variable in context of type
va ¢ (v;)?, which is forbidden.
If s’ is a variable z, take, for all i, v; = 7,2 < d;(v;)7 (x:x)*. We then
have T', (xik : O’ik)k }—ML Yi - F/, (xik : O'ik)k7 (iK ~ di(l/j)j(fﬂik)k) : C(I/j)j.
Then, we can apply the induction hypothesis in each branch and build an
ML term.

Otherwise, s’ = d;(vj)7 (sx)* for some i. Then, we take v =, (x5 «)"sp
and apply the induction hypothesis in the branch to obtain a term a. By
congruence and reduction, the original term reduces to y(e;)[zi < sx]* =
v'(e;), thus we get the required equality.

O

Theorem 9.1 (Simplification). LetT' be an ML environment whose polymorphic
bindings are all functions. Suppose I' =P a : 7 = A with 7 an ML type. Then,
there exists an ML term a' such that T =Mt o’ : 7, and TermsEqual(l P a : 7 ~
a:T).
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Proof. By Lemma there exists a maximal reduction a” of a by . By

Lemma this maximal reduction is an expanded term. By Lemma |9.3

TermsEqual(l' H? a : 7 ~ o” : 7). By Lemma there exists @’ such
!/

that I' =ML o/ @ 7 and TermsEqual(l P a” : 7 ~ a’ : 7). By transitivity,
TermsEqual(T' FP a: 7 ~a’ : 7). O
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Chapter 10

Encoding ornaments in mML

We now consider how ornaments are described and represented in the lifting
process. This section bridges the gap between mML, a language for meta-
programming that does not have any built-in notion of ornamentation, and the
interface presented to the user for ornamentation.

We define both the datatype ornaments, i.e. the base ornaments specified
by the user, and the higher-order functional ornaments that can be built from
them.

As a running example, we use the ornament natlist « from natural numbers
to lists:

type ornament natlist « : nat — list a with
| Z — Nil
| Sw — Cons (_,w) when w : natlist «

The ornament natlist o defines, for all types «, a relation between values of
its base type nat, which we write (natlist o)™, and its lifted type list a, written
(natlist &)™ the first clause says that Z is related to Nil; the second clause says
that if w_ is related to w, then S w_ is related to Cons (v, w4 ) for any value v.
As a notation shortcut, the variables w_ and w, are identified in the definition
above.

A higher-order ornament type natlist & — natlist « relates two functions f_
of type nat — nat and f of type list 7 — list 7 when for related inputs v_ and
vy, the outputs f_ v_ and f; vy are related.

The ornament list (natlist «) relates a list of natural numbers to lists of lists
whose lengths are given by the corresponding element in the base list.

10.1 Ornamentation as a logical relation

We formalize this idea by defining a family of ornament types corresponding to
the ornamentation definitions given by the user and giving them an interpreta-
tion in the logical relation. Then, we say that one term is a lifting of another if
they are related at the desired ornament type.

The syntax of ornament types, given on Figure mirrors the syntax of
types. An ornament type, written w, may be an ornament variable ¢, a datatype
ornament x @, a higher-order ornament w; — ws, or an identity ornament ¢ (w)?,
which is automatically defined for any datatype of the same name (w; indicates

181
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X = Base ornaments
| natlist
|
w u= rnament types
(@) tt
| ¢ Ornament variables
| x (w) Datatype ornament
w)? entity ornamen
g Identit t
| w—ow Function

(w1 — wa) — i wh
(€ (wi)")* = C(wi)'
X((Xi)iZT:>0 . X(ai)i:7:>0 |
(X (i))” = 7l —w; " (X (w))* = olai =W

Figure 10.2: Projection of ornament types

how the i-th type argument of the datatype is ornamented). An ornament type
w is interpreted as a relation between terms of type w™ and w™. The projection
operation, defined on Figure depends on the projections of the datatype
ornaments: they are given by the global judgment y @ : 7 = 7. We also define
a well-formedness judgment (o;)’  w, for ornaments given an environment
of type variables in Figure m For example, the ornament list (natlist nat)
describes the relation between lists whose elements have been ornamented using
the ornament natlist nat. Thus, its projections are (list (natlist nat))~ equal to
list nat and (list (natlist nat))™ equal to list (list nat).

The projection is defined and well-kinded for any well-formed ornament type:

Lemma 10.1 (Projection is a type). If @ - w holds, then we have @ - (w)€ :
Typ.

Proof. By induction on the derivation of & - w. O

We define in the next section how to interpret the base ornaments x, and
focus here on the interpretation of higher-order ornaments w; — wo and identity

(@) - a Thw @ Fw C:(Typ) = Typ (@ Fw;)
E ¢ o wp — wo a b ¢ (wy)!
X(ozj)j:...é...
(@ Fw;)!
a - x(wy)!

Figure 10.3: Well-formedness of ornament types
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PQ = Deep patterns
| @ Variable
| d7 P Constructor
| Wildcard
| L Empty
| (P|P) Alternative

Figure 10.4: Deep patterns

ornaments ¢ (w;)%.

The interpretation we want for higher-order ornaments is as functions send-
ing arguments related by ornamentation to results related by ornamentation.
But this is exactly what the interpretation of the arrow type 71 — 75 gives us,
if we replace the types 71 and 7o by ornament types w; — ws. Thus, we do
not have to define a new interpretation for higher-order ornaments, it is already
included in the logical relation. For this reason, we use the function arrow and
the ornament arrow interchangeably (when talking about the logical relation).

We have the same phenomenon for the identity ornament: constructors are
related at the identity ornament if their arguments are related. Once more,
we can simply take the interpretation of a datatype ( (7;)° and, by replacing
the type parameters (Ti)i by ornament parameters (wi)i, reinterpret it as an
interpretation of the identity ornament.

Finally, ornament variables must be interpreted by getting the corresponding
relation in the relational environment. This is exactly the interpretation of a
type variable.

Thus, the common subset between types and ornament specifications can be
identified, because their interpretations are the same. This property plays a key
role in the instantiation: from a relation at a type, we deduce, by proving the
correct instantiation, a relation at an ornament.

10.2 Deep pattern matching in eML

Ornaments are defined through deep pattern matching, and our presentation of
eML only allows for shallow pattern matching. In this section, we present an
encoding of deep pattern matching in eML, based on eML features. An alter-
native way of handling pattern matching would be to compile it down to a tree
of simple pattern matching [Maranget| 2008|, but this would introduce deeper
changes to the term. Instead, the encoding given here maintains a structure very
close to the original deep pattern matching. The syntax of patterns we support
is defined in Figure A pattern may be a variable z, a wildcard pattern
_, the void pattern 1 that matches nothing, an alternative pattern P | @) that
matches if either P or @ matches, or a constructor pattern d (7;)* (P;)’ match-
ing a constructor d whose arguments match the pattern P;. We do not support
pattern synonyms P as @) as they cannot be used in ornament definitions.
Patterns are checked by the judgment - P : o v X, asserting that the
pattern P matches values of type o and returns variables in ¥. The definition of
the judgment is given in Figure[I0.5] Apart from checking typing, the judgment
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P-VaAr P-WiLD P-EmpPTY

Fx:owwsx:0 H towe I Fl:oweX

P-ALTERNATIVE
FPioweX FPy:ovwo X

|—P1|P220’WV>Z

P-Con ) i .
Fd:V(a;: Typ)" (1) — ¢ (i)'
I*PjZTj[Oéi%O'i]ZWEj Vj,k,Ej#Zk
= d(n)"(P)" : C(03)" > (55)

Figure 10.5: Typing for patterns

also checks that each variable is defined only once (we write ¥; # Yo if the
variables in ¥; and Y5 are distinct), and that alternatives define the same
variables with the same types.

We provide an encoding of patterns into eML. This is interesting, because it
allows us to add deep patterns to eML without changing the core of the language
and adding reasoning and reduction rules for these patterns. For each pattern
P, we define a non-expansive term PAT(u, P) that is equal to None when the
pattern does not match, and Some ((v;)!) when it matches, where the v; are
the values matched by the pattern. This definition is given in Figure For
matching on constructors, we use an operation COMBINE(u;)? on the result of
matching on each argument: it returns Some with a tuple of all the variables
of each result concatenated, or None if any of the matches fail. For example,
COMBINE(Some 1, None) is equal to None and COMBINE(Some 1, Some (True, 2))
is equal to Some (1, True, 2). Its definition is also given in Figure m

The expression PAT(u, P) is well-typed:

Lemma 10.2 (The match term is well-typed). Suppose I' = u : o and = P :
0w (2 :71;)". Then, T+ PAT(u, P) : option (7;)".

Proof. By induction on the derivation of the pattern typing, using as a lemma
the fact that if (I' - w; : option (73;)7)?, then I' - COMBINE(u;)" : option
(Tij)ij . O

From a non-expansive term u, a set of patterns (P;), associated expressions
(terms, types, or non-expansive terms) (X;)* and a default value Y, we define in
Figure the pattern matching with default value MATCH(u, (P; — X;)%,Y):
it returns the X; of the first clause that matches a pattern, or Y if nothing
matches.

We say that a set of patterns (P;)!S'S" is complete for o in an environment
T if one pattern in ' always matches, i.e. if we have:

I,z : 0 True: bool >~ MATCH(z, (P; — True)’, False) : bool
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£
8
~

o
2222
S

=
D
£

PAT (u, d; (1;)7 (Py)*)

COMBINE(u;)°

COMBINE(&; (z)7)
COMBINE’((uo, (u;)"*); (25)7)
match ug with
None — None
Some y — match y with

= Somewu
= Some ()
= None
match PAT(u, P) with
Some z — Some z
None — PAT(u, Q)
= match u with
di(7;)? (zx)* — COMBINE(PAT (2, Py))*
(de(7;)’ (ko)™ — None)*#?

=  CoMBINE((u)’; &)

Some (z;)7

()" — COMBINE’((us)"*% ()7, (yx)"))

MatcH(u, (P; — Xi)ie{l""’”}, Y)

= match PaT(u, P;) with
Some (xlj)j s X1
None —

match PAT(u, X,,) with
Some (z,,;)7 — by
None — Y

Figure 10.6: The matching function
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We say that two patterns P and ) matching o are non-overlapping in I' if

'z : 0o True: bool >~ match Par(z, P) with : bool
| None — True
| Some  — match PAT(z, Q) with
| None — True
| Some y — False

A set of patterns is non-overlapping (in I') if the patterns are pairwise non-
overlapping.
From this, we can define the deep pattern matching:

Definition 10.1 (Deep pattern matching). We define:

match a with (P; — b;)" = let 2 = a in
MATCH(&U, (Pz — bl)l, Unit)

where the (z;;)7 are the variables matched by P;.
Similarly, for types, we define:

match u with (P; — 7;)* = MATCH(u, (P; — 7;)", unit)

Deep pattern matching verifies the following (derived) typing rule:
MarcH-DEEP
F'u:o (P;)" complete for T |- o (T O
T, ((PaT(u, P;) ~ None) : option (7;1,)%)7<", . i
<(x¢k - Tir ), (PAT (u, P;) ~ Some (z;1)*) : option (7i;)* Fa; T>
I+ match u with (P; — ;)" : 7

Proof. This follows from applying the (syntax directed) pattern matching rule.
The last (absurd) branch of the pattern matching is unreachable: it can only
be reached if all matches return None, but then by the completeness condition,
we obtain True equal to False. O

10.3 Defining datatype ornaments

In general, an ornament definition is a mutually recursive group of definitions,
each of the form:

type ornament x (a; )77 : ¢ (13,)5% = o, with (P; = Q; when (x4 : w;p)*€%7)*!

This defines a datatype ornament Yy, parametrized by a set of types (a;)7€”.
The base type is a datatype o_ = ¢ (7)*$¥ and the ornamented type is o .
The ornamented type is most often a datatype but it needs not be. For example,
we can define an ornament unwrap « : option & = « that maps Some z to x:

type ornament unwrap « : option o = « with Some z = x when z : «

The ornament is defined by a series of clauses P; = @; indexed by a set I and
mapping values of the base type to values of the ornamented type. The variables
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Values, (z : 7) = {y(x)}

Values,(_ : 7) = {v|Fv:7}

Values, (L : 7) = O

Values, (P [ Q : 7) = Values, (P : 7) U Values,(Q : 7)
Values, (d7 (P;)": ¢ (1)*) =

a7 (P
oy

Figure 10.7: Values matched by a pattern

(d: V()" (03)" — ¢ (an)¥) }

AVi,v; € Values, (P; : o;[ay, < 73,]%)

present in the patterns are exactly the (2;0)/*. On the left-hand side, their
types are the left-projections of the w;,, while on the right-hand side their types
are the right-projections. The ornamentation process ensures that the value of
this variable on the left and right-hand side are related at the ornament w;y.

The patterns P; should be both expressions and patterns, i.e. they can only
match variables or constructors. This ensures that from a P; and the values of
the variables we can recover the unique value that may have been matched. The
typing condition, for each P;, is: = P; : ¢ (1)F v (240 : (wig)7)%. We require
for convenience that the (P;) do not overlap. We also require that they form
a complete pattern matching: for ornament definitions, an incomplete pattern
matching can be made complete by adding some clauses mapping the unmatched
values to L (our surface language accepts specifying a clause _ = L to request
the generation of all such patterns).

The patterns (Q;)® on the right-hand side can be any patterns matching on
the ornamented type. They must obey the typing condition - Q; : o4 v~ (i :
(wig)T) i, Moreover, we require that they are complete and do not overlap:
this allows any term of the ornamented type to be non-ambiguously projected
to the base type (as long as we can project the subcomponents).

We give meaning to these definitions by adding them to the logical relation.
The interpretation of a datatype ornament is the union of the relations defined
by each clause of the ornament. For each clause, the left and right hand-side
values of the variables must be related at ornament type given by the user. Since
the pattern on the left is also an expression, the value on the left is uniquely
defined once values have been chosen for the variables. The pattern on the right
can still represent a set of different values (none, one, or many, depending on
whether the empty pattern, an or-pattern or a wildcard is used). We define a
function Values,(P : 7) that returns the set of values of types T matching P
where the values of the free variables in P are taken from ~. Its definition is
given in Figure

Then, the interpretation is:

TIx (w)]y = (o-[aj —75_V, 01 [ag — 7)) where Vj, Tlw;ly = (15_,75,)
iel ‘

Volx (wj) ]y =1 (Pi[wie < w_]‘,m) Vle L, (vg_,vey) € Vp[wiz[aj — Wj]J]'y
Vg € Values(mgm)z (Ql>

It is in fact quite similar to the interpretation of datatypes: the recursive condi-
tions are the same, but instead of merely applying a constructor, we build the
left and right-hand side values using the patterns of the ornament definition.
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For example, on natlist, we get the following definition (omitting the typing
conditions):

Vi[natlist 7], = {(Z,Nil)} U { (S(v=), Cons(_,vy) | (v—,vy) € Vg[natlist 7]}

As expected, we have, e.g. (S (S Z),Cons (v, Cons (v2,Nil))) € Vg[natlist
bool] for any boolean values v; and vs.

10.4 Shallow ornaments

This definition of ornamentation is convenient for the surface language, but it
unfortunately does not exactly match the encoding. In this section, we’ll give
a slightly lower-level definition of datatype ornaments that allows us to bridge
the gap between the original user-facing definition and the lower-level workings
of lifting.

The issue appears when defining ornaments with deep pattern matching on
the left-hand side. Suppose we have a type t with one constructor T: nat — t.
We may define the following ornament broken:

type ornament broken : option t = list bool with
| Some (T z) = Cons (_,x) when z : natlist bool
| None = Nil

For example, it relates Some (T Z) to Cons (True, Nil).
Unfortunately this breaks down when trying to write the construction func-
tion inj:
A (21 277). A\#(y : bool). match = with Some (T (z : list bool)) — Cons (y, 2)

This function does not type, as T can only contain a natural number, but at
this stage of lifting, we expect the value inside the Some (T []) context to be
already lifted to list bool.

We can still write this ornament by instead proceeding in two steps: we
need to ensure that when we are lifting the Some constructor, the type inside
the constructor has already been lifted to a type t’ that can hold a list bool (thus
we take T': list bool — t’). We start by defining an ornament aux : t = t’ as

follows:
type ornament aux : t = t’ with

| T2 = T x when z : natlist bool

Then, we require that first the argument of Some is ornamented with aux, and
instead of simply forwarding it, we match on it to remove the T 0 constructor.
This is a form of shallow ornamentation, where each ornament only reads one
layer of constructor from the base term. This is easy to express as a construction
function, but the surface syntax does not allow for this. We thus offer an
extended syntax supporting this: when specifying an ornament of a datatype,
one requests a specific ornamentation for each parameter of each constructor,
then one matches on the transformed arguments of the constructors.

With this extended syntax, the broken ornament definition can be fixed as

follows:
type ornament fixed : option t = list bool

[Some aux | None] with
| Some (T’ z) = Cons (_, z)
| None = Nil
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These definitions do not use when clauses: instead, we specify which orna-
ment must be used for which argument to each constructor. This is a restriction
compared with the previous definition, because it prevents ornaments such as
the following from being translated:

type ornament illegal : pair (bool, nat) = either (nat, list bool) with
| Pair (False, 2) = Left = when z : nat
| Pair (True, z) = Right & when z : natlist bool

This cannot be transformed into a valid shallow ornament because we would
need to specify two different ornament types for the second argument of Pair.
This is in fact a limitation of our encoding of ornaments: to decide how the
parameters should be ornamented, we can only look at one level of constructor.
Thus, we will reject such ornament definitions when converting to the lower-level
representation (§10.5]).

Instead of using the aux ornament, we prefer to use a generic ornament that
allows to transform the type inside T into any type we want. The target type for
this can be the skeleton of t (we first introduced the skeleton when informally
discussing the ornamentation process in Section .

Consider a datatype ¢ (a;)"€! defined by a family of constructors (dy)
each taking arguments of types (73;)7€”/*:

ke K

(dy. = V(a; : Typ)™ (1 )57 — C(ai)id)kEK

We define the skeleton by abstracting out the concrete types from the construc-
tors and replacing them by type parameters: the skeleton of (, written (, is
parametrized by types (ay;) %€k and has constructors:

~ . . ~ . k
(di = Y(Bej : Typ)€FI<e (B )77k — C(ﬁej)éd{’]e‘]e) o

Let us write A¢ ()% for (1y;[c; < 7;]%)*K:7€7k j.e. the function that expands

arguments of the datatype into arguments of its skeleton. The types ¢ (7;)* and
¢ (A¢(73)?) are in bijection by construction (the bijection is obtained by adding
hats on the constructors, or removing them when going the other way).

For example, the skeleton of t is the type t o with a single constructor
T:a—>t «, and there is a bijection between t and t nat. N

We would like to define, for each datatype (, an ornament { mapping its
values to values of its skeleton with the argument suitably ornamented. For t,
we would have, written as a shallow ornament:

type ornament T v : t = t o with
[T a]
| Te=Tux

However, this does not quite work, because we cannot accept any ornament
for «, but only ornaments whose base type is nat. Thus, we need constrained
type parameters for ornament definitions: we write a <0 nat (or, in code, <:) to
abstract over ornaments whose base type is nat. Then our definition becomes:

type ornament t (o < nat) : t = t « with
[T of
|[Te=Ta



190 CHAPTER 10. ENCODING ORNAMENTS IN MML

For a datatype ¢ (a;)? defined by a family of constructors (dj,)*¥ each taking
arguments of types (7x;)7€/*, the ornament ¢ is defined as:

type ornament ¢ (o;)? (Brj <1 7k )FEETE Tk 2 ¢ ()t = C (B, )FERIE7% with
[dk(Tkj)jEJk]kEK
(di (g} = di (wry)757)FEE

Then, we can define the ornament fixed, mechanically, as follows:

type ornament fixed : option t = list bool with
[Some (t (natlist bool)) | None]
| Some (T 2) = Cons (_, z)
| None = Nil

Let us now define the constraints and the interpretation of shallow ornament
definitions. Suppose the type ( has type arguments indexed by L and data
constructors indexed by M with arguments indexed by N,,,. Consider a shallow
ornament definition:

type ornament X (a;)? (B < 73)% : ¢ (00)*L = o with
[dm(wmn)neNm]mEJW
(R = Qi)ieI

We first state the conditions for the types appearing in the definition:

e The constraints on the base types are formed with well-defined types: for
all k, (o : Typ)? + 75 @ Typ.

e Forall { € L, (o : Typ)? - o, : Typ. The By are not in scope in the o,
because their projections are already known.

e o is a well-defined type: (o : Typ)’, (ay : Typ)* o4 : Typ.

e The types for each constructor argument are valid ornament types: for all
m e M and n € Ny, (o : Typ)?, (e : Typ)* - Winn-

e The left-projection of the types for each constructor argument matches
the original (base) type of the arguments:

(@) [Br = 7] )Mt = A¢(o)*F

Then, we require the following for the patterns (P;)* and (QZ)’A We assume
that all patterns (P;)* start by a constructor of (. Let us define P; the pattern
obtained by replacing the head constructor by its skeleton version in P;. We
require:

e The patterns (}51)Z are both expressions and patterns, and are complete
and non-overlapping for  (w; )"€M:"€Nm the type obtained by project-

ing all the arguments to the skeleton to their ornamented type.

e The patterns (Q;)¢ on the right-hand side are complete and non-overlapping
for o, (but not necessarily expressions).

e For each i € I there exists ¥; such that — P; : ¢ (wh, )meMmeNm s 53,
andl—Qi:Uerx»Ei
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The definition of E we provided satisfies these criteria.

For such a definition, we can define its interpretation in the logical relation.
For a clause i € I, we note P; = d;(P;,)"*"¢, binding variables (z;,)?¢". Two
values are related if:

e we can choose a clause ¢ € I with head constructor d; such that the left-
hand side is d;(v,_)"Ni;

e for each n € N; we have a lifting v, , of v,_ at the ornament type w;,
specified in the skeleton;

e for all n € N;, the left-hand side patterns P;, match the lifted values
Uny, binding the variables (z;,)P€" appearing in the pattern to values
(wip)pepii

e the right-hand side matches Q; given the values of the variables (w;,)P<F

More formally, the interpretation of the ornament is the following:

Valx (w))? (wi)*], =
1el
A V€ Niy (vn_,vny) € Vglwinl(aj < wj)?, (Br — wi)*]],
(di(vn_)"v4) | A 3(wp)PEr,
(Yn € Ni,vny = Pi[xy, < vp]P)
Avy € Values(, ., yrer; (@)

Our example becomes (after simplification):

V[t w], = {(T w_, T ) ‘ (w_,wy) € vq[w]v}
Vylfixed], = {(None, Nil)}u
(w_,w) € Vy[t (natlist bool)],
(Some w_, vy ) | A wy =T w
A vy € Values; v (Cons (_, x))

Inlining the first definition into the second we obtain:
Vglfixed], = {(None,Nil)}u
(w—,wy) € Vy[natlist bool],
{(Some (Tw-),vy) ‘ A vy € Values, ., (Cons (_,x))

10.5 From high-level definition to low-level defi-
nition

We build the encoding of ornaments from shallow definitions but we allow the
user to specify ornaments using the higher-level deep ornamentation syntax. In
this section, we will describe the transformation from deep to shallow ornaments
and prove that a high-level definition and its low-level translation have the same
interpretation: this is enough to show that they are equivalent.

The transformation operates on every ornament definition independently,

and never generates constraints on the base type of ornament parameters. Con-
sider an ornament definition of the form:

type ornament x (a;)7 : ¢ (73,)"K = o with (P; = Q; when (z; : w;g) 1) *!
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Our goal is to find the ornament arguments that must be passed to the skeleton
and transform the left-hand side patterns into patterns that match already-
ornamented values.

We first require that every pattern in (P;)? starts with a constructor of ,
i.e. for all i € I, there exists d; and (P;,)"*": such that P; = d;(P;,)"¢":. This
can always be ensured by splitting the pattern: if the only pattern is z = d(x),
we can instead match on every constructor of (.

Then, we need to find ornament types (W, )™M "€Nm for the different ar-
guments of the skeleton. We suppose these types given, and we give a procedure
to check them. The implementation instead performs unification to build these
types. The idea is to transform P; into a pattern ]51-/ where all constructors
have been replaced by their skeleton, and check the ornament type at the same
type. We define a function SkelPat(P : w)s, where ¥ is (x; : w;)® and associates
variables in the pattern to ornaments, as follows:

SkelPat(z : w)x
SkelPat(d; 7 (Py)* : & (wir)™®)s

z if(r:w)eX
di((wir)T)* (SkelPat(Py, : wir)s)*

This function satisfies the following properties:

Lemma 10.3. Suppose Q@ = SkelPat(P : w)s, with P a pattern matching a
subset (x;)* of X. Then:

o We have - (w)T : Q v (a1 (B(x;))T)"

o Suppose we have (v;_)? and (vig)t, with (vi_,viy) € Vy[E(2s)]y. Then,
(Ple; < vi]', Qwi < viy]") € Vglwl,.

o Considerv_ and (v;} )" such that (v_, Q[x; « v; ]*) € Vy[w],. Then there
exists (v; )" such that (v;_,v;}) € Vy[X(xi)]y and v_ = Plx; « v; _]".

Proof. By induction on the pattern.

o If the pattern is P = x, then @ = z and ¥(x;) = w. Then we have
F(w)t 2wz (X(z;))". The second and third item are immediate.

e If the pattern is a constructor, looking at the definition of E , the rela-
tion only matches constructors to matching constructors, and we use the
induction hypothesis on each argument.

O

We define P = d;(P},)"*™: with P}, = SkelPat(Pi, : Win)(y,,0)et:- Then
we define the shallow ornament y’ as follows:

type ornament X’ (a;)7 : ¢ (7)* = o with
[dm(wmn)nEM”]mEM
(Pi/ = Qi)ie]

The first point of Lemma[T0.3]ensures this is a well-formed shallow ornament.
We prove that they have the same interpretation:

Lemma 10.4 (The translation from deep to shallow preserves the relation).
Suppose the (w;)? are valid ornaments. Then, Vy[x (w;j)7], = Vi[X' (w;)?]4
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Proof. Suppose (v_,vy) € Vy[x (w;)7],. Suppose we match pattern i. Then,
by definition, there exists (v,_,v,y) € Vylwie[a; < w;]?], such that v_ =
di(Pim[ri0 < vo_19)™, and v, € Values(zmgvu)z(Qi). Then, consider v,,_ =
Pinlzie < ve_ ] and vy, = P!, [z < vey]°. Weneed to show that (vy,_, vy )
Vylwim[a; < wj]7],: this suffices to have (v_,v;) € Vy[x' («j)?],. This is true
by Lemma [T0.3]

Conversely, suppose we have (v_,v;) € V,[x' (@;)7],. Then, there exists i
such that v_ = d;(vy,_)™, for all m, (Um_,vm) € Vylwimla; < w;]7],, and
there exists (v,)P such that vy, = P}, [7ip < vp]?, and vy € Values(,, ., ye(Q:)-
Then, it suffices to show that (vy,_, P/, [2ip < vp|P) € Vy[wim[a; < w;]], im-
plies that there exists (v,_)? such that v, = P, [z < v,_]? and for all p,
(vp_,vp) € Vy[wip[aj < w;]’],. This is also true by Lemmam

10.6 Encoding ornaments in mML

We now describe the encoding of datatype ornaments in mML. Consider a valid
ornament definition:

type ornament x (a;)7 (Bx < 7%)* : ( (04)" = o4 with
[dm(wmn)nEMn]mGI\/[
(P = Q)"

All terms given in this section are actually parametric in the input types
(aj)7 and (By)".

We call 7, the type &(w;{m)mEM*”EM", i.e. the type of a subterm as it is
given to the construction function, after its components have been ornamented
according to the specification given in the ornament definition.

The ornament is encoded as a quadruple (o, d, proj, inj) where o : Typ is the
lifted type; ¢ is the extension, a type-level function describing the information
that needs to be added to create a value of the lifted type from a value of
74+ ; and proj and inj are the projection and injection functions introduced
in §8.11 More precisely, the projection function proj from the lifted type to
the skeleton has type II(x : o) 7, and, conversely, the injection inj has type
M(x : 74) I(y : § # =) o, where the argument y is the additional information
necessary to build a value of the lifted type. The type of y is given by the
extension type function ¢ of kind 7, — Typ, which takes the skeleton and gives
the type of the missing information. This dependence allows us to add different
pieces of information for different shapes of the skeleton, e.g. in the case of
natlist o, we need no additional information when the skeleton is Z, but a value
of type a when the skeleton starts with S. The encoding works incrementally:
all functions manipulate the type 7, with all subterms already ornamented.

The projection Projy (w;)i from the lifted type to the skeleton is given by
reading the clauses of the ornament definition from right to left:

. ~ A . ~ ;
Projy (w;)i © Ox(wy)i — T+ = M (g Ty (w;)i)- match @ with (Q; — P;)"

The extension 6, (s is determined by computing, for each clause P; = @Q; of
the ornament, the type of the information missing to reconstruct a value. There
are many isomorphic representations of this information. The representation we
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MissING((_ : 7)) = 7

MISSING () = unit

MISSING(P | Q) = either (MISSING(P), MISSING(Q))
MissING (L) = void

MIsSING(d(Py, .. Pp)) = MISSING(Py) x .. MISSING(P,)

Figure 10.8: Missing part of a pattern

PATCH(z, u) = z

PATCH(_,u) = u

Parcu(L,u) = Unit

PATCH(P | Q,u) = match u with Left x — PaTcH(P, z) | Right + — PAaTCH(Q, x)
ParcH(d(P;)!,u) = match u with (z;)? — d(PATCH(P;, 1;))"

Figure 10.9: Patching a pattern

use is given by the function MISSING(Q);) mapping a pattern to a type, defined
in Figure There is no missing information in the case of variables, since
they correspond to variables on the left-hand side. In the case of constructors,
we expect the missing information corresponding to each subpattern, given as
a tuple. For wildcards, we expect a value of the type matched by the wildcard.
The empty pattern matches nothing: we cannot add any information to get
a term matching the pattern, so the missing information has the void type.
Finally, for an alternative pattern, we require to choose between the two sides
of the alternative and give the corresponding information, representing this as
a sum type either (71, 72).

From the value of the variables and the missing parts, we can patch the
holes in the pattern and reconstruct the value that was matched: we define an
expression PATCH(P, u) that does this in Figure This expresion matches on
u to extract the information. In the case of 1, we can return anything, because
u must be a value of type void, which means that this branch is unreachable.
The correctness of the combination of MISSING(P) and PATCH(P,u) is stated
by the following lemma:

Lemma 10.5. Suppose I' o : Typ and — P : 0 v (x; : 7;)'. Then,
I - MIiSSING(P) : Typ: the missing type is a wvalid type. Moreover, if T'
w @ MISSING(P), then we have T, (z; : 7;)° - PATCH(P,u) : o: patching cre-
ates a well-typed non-expansive term of the correct type. Finally, patching then
matching gives back the same values for the variables:

T, (z; : ;)" - Par(P, PATcH(P, u)) : option (7;)" ~ Some (z;) : option (7;)°

Proof. By induction on the pattern. At each step, split on the non-expansive
value u, apply the lemma recursively and then reduce the matches. O

We could use any pair of functions that satisfies these properties: in our
implementation, we generate simpler type by avoiding empty types in sums,
units in products, flattening products, etc.

Then, the extension 4§, (,,;); matches on the (}ADZ)Z to determine which clause
of the ornament definition can handle the given skeleton, and returns the cor-
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responding extension type:

) M(z:0)7, = M (x:7.). match 2 with (P; — MISSING(Q;))’

x (w;)d
The injection inj, (. ); then examines the skeleton to determine which clause

of the ornament to apply, and calls the corresponding reconstruction code (writ-
ing just § for dy ()i ):

p M) My o) T 2

injy (w, )
N (x 7). M (y : 6 # x). match x with (P; — PATCH(Q;, %))’

In the case of natlist, we recover the definitions given in §3.1.2] with a slightly
more complex (but isomorphic) encoding of the extra information:

Onatlistr = list7 . A
Onatistr =  A#(z : nat(list 7)). match z with Z — unit | S 2 — 7 x unit
Projoaises = AP(x:list 7). match 2 with Nil > Z | Cons (y, ) — Sy
injnatlist‘r = )‘#(‘T : n/a\t(list T)) M (y : Onatlist 7 7 37)

match y with Z — (match y with () — Nil)
| S 2’ — (match y with (v, ()) — Cons (v/,2))

We also need to be able to instantiate ornamentation points with the iden-
tity ornament, so we need to define the same functions for them: the identity
ornament corresponding to a datatype ¢ defined as (d; : V(o : Typ)? ()% —
¢ (aj)7)" is automatically generated and is described by the following code:

i) ¢ ()7 = ¢ ()7 with
k z]
()"’

type ornament ¢ («

[(d; (Tik)
(di(x )k—> i

The generated definition is then:

o = ¢(r)
§ = M(z:((n k)lk) match & with (d;(z:)F — unit)?
proj = M(z: ¢ (a;)7). match z with ( (di(wi)* — d( K _
inj = A (z:¢ (1)%). match z with (d;(z)* — d;(zi)*)?

10.7 Correctness of the encoding

In this section, we show that the terms defined in the previous section do corre-
spond to the ornament as interpreted by the logical relation. This will be used
to prove correctness of the lifting, i.e. that the base term and the ornamented
term are related at some ornament type.

The base term will be proved equal to the ornamented term instantiated
with the identity ornament. Thus, what we need to do here is to prove that
the identity ornament and an ornament that does something are related at the
ornament type.

Consider an ornament definition:

type ornament x (a;)7 (B <1 7)F :  (00)" = o4 with
[dm (wmn)neNm]meM

(P = Q)"
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The ornament is encoded in mML by (o,d, proj,inj). Consider the identity
ornament for ¢ (o¢)%: it is encoded as (0id; 0id, Projig, injig), With oig = ¢ (00)t.
Consider the ornamented skeleton type 7 = ¢ (0¢)%, and an environment v €
Gel(aj = Typ), (Bk : Typ)?]. We define & = A(vy,v2). {(Unit,ws2) | & + wo :
~v2(8) # vo} the relational version of ¢: for any pair of base and ornamented
skeletons, it returns the relation that relates Unit, the extension type of the
identity ornament, to any value of the extension type of the ornament.

Definition 10.2 (Valid ornament). A valid ornament is an ornament that ver-
ifies the following properties:

o (m(¢(00)"),72(0)) = T+
o Je V[T : 7) Typl,
o (71(projig), v2(proj)) € Vy[Il(z : x () (Br)*) 71,
o (7(injig); 72(inj)) € Vo[M(z : 7) My : a # @ x (a7 (B)*], 43
&

These properties are simply relational versions of the typing rules for proj
and inj: they ensure that we can relate two instances of the same term, one
instantiated with the identity ornament and the other with the actual ornament.

Theorem 10.1. The construction given in this chapter produces a valid orna-
ment.

Proof. The first item is by definition.

For the second one, note that {(Unit,ws) | & + ws : ¥2(8) # va} is stable by
equality and does not vary with the index.

For the third and fourth point: we’ll examine only the third one, the fourth
one is similar. ~y;(projiy) and ~ya(proj) are values. Consider an index ¢ and
(v1,v2) € Vy[x ()7 (Bk)*],. Then (v1,vs) matches some clause i of the orna-
ment whose head constructor is d;, and there exists (vy,_, Zm, )™ such that
(Um—sTmy) € Vglwim]y and v1 = d;(vpm_)™. Then, v;(projiy) # vi reduces to
di (V)™

There also exists (v,)? such that v, € Values(,, ., )»(Q;). Then, va(proj) #
vy reduces to P;[z;, < v,]? (this matches the i-th pattern, and the i-th pattern
is the only one that matches, because the patterns do not overlap). This rewrites
to di(Pim [zip < vp]?)™

Thus, we need to prove (d;(vm,_)™, di(

i.e. for all m, (vpm_, Pim[Tip < vp]P) € Vy[wim]y. From the definition of the

relation for x, we have Pi,[z;, < vp]? Umy, and we have (vpy_,Tm) €
Volwim]- 0

Pim[wip < vp]P)™) € Vq[é(wim)im]“/v

Once processed, all well-formed ornament definitions are added to a global
ornament definition: we will write

Fxa@ BAT = (0, 5 5., 5 5,PO), & 6)<w ol =T

to indicate that a definition of ornament x has been processed with the given
parameters, base type, and skeleton. We also write dy &, inj, o and proj, @7
to stand for instantiated versions of the extension types, construction, and pro-
jection functions defining x.



Chapter 11

Elaborating to the generic
term

We now consider the problem of ornamenting terms. The ornamentation is done
in two main steps: first the base term is elaborated to a generic term, which is
then specialized using user-specified ornaments to generate ML code.

11.1 Preparing an ML term for lifting

When quantifying over ornaments, one expects to receive some pieces of mML
code that need to be applied, patched and reduced to produce a valid ML term.
Thus, we cannot simplify code that is polymorphic in ornaments back to eML:
the lifted code cannot be polymorphic in ornaments.

Consider a polymorphic definition, for example head : V(a : Typ) .list a — «.
We do not know the exact types of the ornaments we may use until the type
variable o has been instantiated. We could specify some ornaments depending
on the values of «a: for example, we could apply the ornament listoption « : list
« = option a. However, this prevents us from applying some other interesting
ornaments, such as the ornament that transforms Cons (True,z) to Cons ()
and Cons (False,z) to Consg (x) (in OCaml, applying such a transformation
saves memory, as the latter type only needs two words instead of three). Thus
our approach is to instantiate the type variables, then choose some appropri-
ate ornaments, then generalize to produce a lifted definition. Then, we have
produced a lifting compact _head of head bool, but not a general lifting of head.

At the point where head is used, we need to look at its type argument to
decide whether compact _head is an appropriate lifting. This treatment requires
some restrictions on when instantiation and generalization are performed. We
choose to restrict ML polymorphism to top-level bindings and to require all
uses of polymorphic values to immediately instantiate them fully. For local
polymorphic bindings, we know the set of instantiations of the term: we can
thus simply duplicate the term to create one instance per use with different type
arguments. This does not affect usability much, as polymorphic let bindings are
rarely used [Vytiniotis et al.| [2010].

To encode the restriction to toplevel polymorphism, we need to make a
distinction between (generalizable) toplevel bindings and monomorphic local

197
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I = Environment

Q
2
@

Global environment

| & Empty environment
| Gyza:7=a Global binding, with value
0 = Local environment
| O Empty environment
| ©,z:7 Local binding

Figure 11.1: Environments for ML restricted to top-level polymorphism

WF-G-DEF
WFr-G-EMPTY -G GG a:r
%)

FGxa:1T=a

Figure 11.2: Well-formedness for global environments

bindings. The environment I' can then be split into G, («; : Typ)?, © where G is
an environment of polymorphic variable bindings, @ the list of type variables of
kind Typ parametrizing the current binding, and © a local environment binding
only monomorphic term variables. The syntax of these environments is given in
Figure The definitions in G are of the form = B : 7 = a. Such a definition
means that x expects type parameters § and then is of (monomorphic) type 7
with value a. We store the value in the environment because it will be convenient
to prove that the lifting is correct. To save notation, we just write « instead of
« : Typ in typing contexts or polymorphic types, assuming that type variables
have the Typ kind by default. The well-formedness judgment for G, noted - G,
is defined in Figure [I1.2]

We give the typing rules for this restriction of ML in Figure [[1.3] The typ-
ing judgment is now of the form G; @;0 + a : 7 (the input type is in ML,
and its typing features neither labels nor equalities). The modified rules are
in black, the rules that were only changed to pass a split environment are in
grey. Types are only checked in the environment @, since they can only con-
tain toplevel type variables. The rule looks up a variable in the
monomorphic environment, and the rule looks up a toplevel defi-
nition in the polymorphic environment. We removed rules for type abstraction
and application.

Generalization is handled through a separate judgment: we consider a pro-
gram as a sequence s of top-level definitions let x @ = a. Such a sequence is
checked by a judgment G + s = G’: after typing s in the top-level environment
G, the top-level environment is now G’. The rules of this judgment are given

in Figure 11.4l Then, the rule quantifies over the type variables (o)’
before typechecking the body a.
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VAR-LocaL VAR-GLOBAL _
(x:7)e® (x (Bj) :0)e G (@t 7 : Typ)!
Gia®OFuw:T G © - (1)) 0B < ;)
Let al-71:Typ

Gia;O+ra:T Gia;0,xr:7+b:o
G;a;0Fletz=ainb:o

Fix
7 Typ -7 Typ Gia;0,x:1 > To,y:T1Ha:T

GO fixe(y:m):me.a:7 — T
App
G;a;0-b:m Gia;0a:1 -1
G;a;0Oab:To

ConN ) ) .
d: V(e Typ) (1) — C(8;)
@7 Typ)  (G;@ O a;:1[B; — 7))
Gy, © 1= d(7j)’ (ai)" : ¢ (13)

MATCH ) _
aFr:Typ (di V(B Typ)" (1) = C(B)Y) Giaw O a:((n)”
(G50, (x5 = 745 B < 7)) - by 7))t F (d;)" : ¢ complete
G;@; © - match a with ((li(Tk)k’(;L‘ij)j — )T

Figure 11.3: Typing rules for ML restricted to top-level polymorphism

Topr-LET ) Tor-SEQ
Gi(a; : Typ)s T Ha:T Go s1 = Gy G+ s9 = Gy
Gl—letx(ai)i=a=>G,x(ai)i:T=a Go - s1;89 = Go

Tor-EMPTY
G-Hg=G

Figure 11.4: Processing of top-level definitions
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11.2 Elaboration environments

The elaboration process is run in parallel with the typing process: each toplevel
definition is elaborated in the order it appears in the program, right after being
typechecked. As for typechecking, the information gathered when processing
previous definitions is used to elaborate the next definition.

For each toplevel definition “let x = A@. a”, we elaborate a using the term
elaboration judgment of the form T' -7 a ~~ A : w = A (described in Fig-
ure , which implies both I'™ Mt ¢ wp and T P A wlf = A
(Lemma [11.1). We use capital letters (A for terms, T for types) to denote
terms and types from the generic side.

Similarly to ML with restricted polymorphism, the elaboration environ-
ment I', described in Figure is composed of multiple environments G, @, S, R, O,
As in the ML typing rules, G stores the global definitions with some information
derived from elaboration we will describe later. @ is the list of type variables the
term was originally quantified over, and © contains the local bindings accumu-
lated when typing the term. It binds the variables appearing in a to ornament
types describing how the values of these variables are related in ¢ and A. It
also contains bindings that are only available in the ornamented term: these are
equalities, noted (u ~ u’ : 7)# to highlight the fact that they are not available in
a, as well as results ((u)#p : 7)# and path variables (7)#. Similarly, the output
A contains the list of results produced by the evaluation of the term, and is
only available on the ornamented side. S and R, explained below, contain the
ornaments and patches that are used by the generic term. Finally, w describes
the ornament relation between a and A once all parts of the environment have
been instantiated.

A definition is typed in Figure in the current G environ-
ment, quantified over its type variables @, in an initially empty local environment
O = ¢, and with S and R chosen by the lifting procedure (we will describe how
they are chosen later). The result of the elaboration of a definition is then
folded into the global environment G as a sequence of declarations of the form
x(a,S,Ry:w =a~ A.

The environments .S and R are new and used to describe abstract ornaments
and patches, respectively. The generic term A is usually more polymorphic than
a, since we abstract over ornaments where we originally had a fixed type. It
is thus parametrized by a number of ornaments, described by the ornament
specification environment S which is a set of mutually recursive bindings, each
of the form ¢ — (4, proj,inj) < &(wk)k : ¢ (r;)" = B. This binds an ornament
variable ¢ that can be instantiated by an ornament of base type ¢ (7;)* with
skeleton ¢ (wg)¥; it also binds the target type 3 and the ornament type extension,
projection, and injection functions to the variables ¢, proj, and inj. The skeleton
is important here because it determines how the arguments of constructors must
be ornamented.

The ornament variables ¢ can then be used in ornament types w. They
are considered distinct from the « because they represent datatype ornaments,
and because the environment S specifies what their base type is. Ornament
types w with ornament variables are projected under a given environment .S:
@ is replaced on the left with the base type given in S, and on the right with
the given type variable. The definitions of the left and right projections (w)g
and (o.});r are given in Figure An ornament type w is well-formed in an
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I == Elaboration environment
| G,a,S R,0

G = Global environment

| & Empty

| G,o{(a,S,R)y:w=a~ A Global definition

O = Local environment

| & Empty

| ©,2:w Variable

| O, (u~u:T)* Equality for the generic term

| O, ((u)sp:1)* Result for the generic term

| ©,(m)#* Path variable for the generic term

s = Ornament instantiation

| & Empty

| s, — ¢ Ornament

S = Ornament requests

| & A Empty

| S, — (,proj,inj) A(w: (T =« Ornament request

R = Patch requests

| & Empty

| R,y :# II(T). [0, # u] Patch

| R, (2x{@,s)~y:w) Lifting

Figure 11.5: Environments
ag = a (p— < _:T=a)eS
(W1 > w2)§ = (w1)§ — (w2)§ =7 @i =a

Figure 11.6: Projections for ornament types
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(G,@,S,R,0)" = @, ST, R, 0%

(G,o(a,S, _)iw=_~ _)" =G ,z:Va wyg

St={8:Typl(p—_<_:_=p)eS},
5:@§6Typ,
proj :H(x:ﬁ)djg, (p— (d,proj,inj) qw: = p)e s
inj : (2 : ) T(y : 0 # x) B

Figure 11.7: Environment projections
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G-DEF
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I's:95

Figure 11.8: Well-formedness for elaboration
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environment S with free type variables @, written G, @, S - w orn, if it contains
only function arrows, type variables from @, and ornament variables bound in S
(see rules [Wr-OrN-ArRROW] [WF-ORN-TVAR] and [Wr-OrN-VaR] in Figure [[1.F)).
Note that these environments do not contain concrete ornaments or identity
ornaments: the generic term is made as generic as possible, and each concrete
ornament can be replaced with an ornament variable with the same base type
instead. The environment S is not ordered: each binding defines an ornament
variable ¢ and a type variable 8 that can be used in the skeleton of any other
ornament request. This is necessary to ornament recursive functions, and this is
why its projection (S)* (Figure first projects all type variables representing
ornamented types before projecting the other parts of the environment.

A generic term also abstracts over patches and the liftings used to lift refer-
ences to previously elaborated bindings. Since these bindings do not influence
the final ornament type and are not mutually recursive, they are stored in a
separate patch environment R. Together, S and R specify all the parts that
have to be user-provided at specialization time (see Chapter .

The environment R contains lifting requests accumulated when processing
the term. During elaboration, it is built as an output to the judgment: when a
rule requires that something be in R, we simply add it to the output.

When the elaboration process encounters a variable x that corresponds to a
global definition (Rule in Figure [11.9), we look up the signature
of the elaboration of this definition (z{(@, S’, R’) : w) € G. We choose an instan-
tiation @ of the type parameters @ by ornament types, an instantiation s’ of the
ornament variables in S’ with ornament variables of S (checked by the judg-
ment I' - s : S'[@ < w], defined by in Figure , and request a value
y corresponding to an instantiation of the function with the chosen type and
ornament parameters (we do not ask for a specific instantiation of the patches
and liftings in R’ as they do not contribute to the lifting specification) We record
this instantiation R in the form (2(@,s) ~ y : w[a « @;, s]) e I

The environment R also contains patches, i.e. mML terms of the appropriate
type, written in R as y :# o. Well-formedness rules require that
the type o corresponds to meta functions of multiple arguments returning a
value of type [§ # u], i.e. a thunk whose evaluation gives a result of type 6 # u,
where J is the extension function of some ornament in S.

The elaboration judgment I' P a ~~ A : w = A implies two typing judg-
ments, one for the base term a and one for the elaborated term A (this will be
stated and prove in Lemma [11.1)). This requires being able to project the envi-
ronments for the base and ornamented terms from the elaboration environment:
these projections are defined in Figure [T1.7]

The projection of an environment I' of the form G, (a;)%, S, R, ©, noted (I')¢
is built from the projection of its components. On the base side, S and R
are ignored, since they correspond to abstraction added to create the generic
term. For the local environment, variable definitions x : w are translated by
projecting w. Since the projection of ornament types is parametrized by S, the
projection of © is too. The generic-only constructs ((u ~ ' : 7)#, ((u)*p: 7)%
and (7)) are translated to themselves on the elaborated side, and ignored on
the base side.

Similarly, the patch environment R is only translated on the elaborated side.
A patch request y :# A makes y : A available on the elaborated side. An instance
request z{w, s) ~» y : w makes y available on the elaborated side, with type the
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projection of w.

For the ornament environment, a type variable representing the destination
type, a type variable for the extension function, and two variables for the in-
jection and projection functions are put in scope for each ornament request.
To break up the arbitrary recursion in S, we build ST as the concatenation
of two environments: first we quantify over type variables representing the or-
namented types, then we quantify over the components of the ornament. The
type for the components of the ornament only depend on the type variables
previously defined.

Finally, the global environment of elaborated definitions G projects on the
left to a polymorphic environment G and a substitution from global definitions
to their non-elaborated values.

The well-formedness rules for all these constructions are given on Figure[11.§

11.3 Elaboration

The main elaboration judgment I' —H? a ~» A : w = A is described in Fig-
ure [I1.9] It follows the structure of the original term. We need to expand T’
as G,a, S, R,0 to describe the flow of information during elaboration: G, @,
and O are inputs, while S and R are outputs, and added to on demand (some
equality constraints may force two ornament variables in S to be unified). The
term « is an input while A and w are outputs. Applications, abstractions, let-
bindings, and local variables are translated to themselves. We also add labels,
label variables, equalities, and compute the output results.

We have already explained the elaboration of global variables.

The key rules are pattern matching and construction of datatypes. For
consider a pattern matching match a with (d;(7;)7 (z1,) "¢ — b; )L,
We first elaborate the term a that we are matching on to a term A. We expect
the ornament relation to be some ornament variable ¢: it must be a datatype
ornament, and it cannot be a concrete ornament). We check the ornament
environment for ¢: we find an ornament specification (p — (d,inj, proj) <
C (wip)€VFeKs ¢ ¢ (7;)7 = ) e T. We check that the base type is the one
specified for the ornament. The type of the skeleton is &(wik)id kEKs - given
by the ornamentation specification. Then, in the elaborated term, we bind A
to a variable z and match on z of type ¢ ((wix)i)* ! #<Ki. We then elaborate
each branch independently at a common ornament type w in an environment
that holds the equality between reuse(A) and the pattern of the branch. The

ornamented versions are the (B;)".

The rule for constructors works similarly: we lookup the returned
ornament type ¢, obtain the ornaments to be used for each argument from
the skeleton, then elaborate each argument at this type (adding the results
computed from previous elaborated arguments). Finally, we request a patch e
that will have access to all local definitions as well as the results computed when
evaluating the elaborated version of the arguments. In the elaborated term we
first evaluate the elaborated versions (A;)7 of each argument and bind them to
variables (z;)7, evaluate the result of applying the patch and bind it to y, then
call the construction function inj with these arguments.
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Figure 11.9: Elaboration to a generalized term
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Figure 11.10: Elaborating a declaration
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11.4 Correctness of elaboration

As announced earlier, the elaboration judgments ensure well-typedness of the
projections and the definition elaboration judgment preserves the well-formedness
of G:

Lemma 11.1. If T +P a ~» A : w = A holds then both I~ + a : wp and
't P A:wl = A hold.

Proof. By induction on the derivation. O
Lemma 11.2. If - G and G+t = G’ hold, then — G’ holds.
Proof. Expand the definitions, apply and use Lemma [TT.1} O

In practice, the elaboration is obtained by inference. We first construct
an elaborated term where all ornamentation records are different, and type
it using the normal ML inference (this always succeeds because the term can
be instantiated with records defining identity ornaments). Then, according to
the constraints on elaboration environments, ornaments with the same lifted
type must be the same. This is in fact sufficient: we only have to merge the
ornaments whose lifted types are unified by ML inference. We thus obtain the
most general generic program. We describe our implementation of this process

in Section [[3.11

11.5 Identity instantiation

The correctness of the elaboration (Theorem is based on the fact that,
when instantiated with the identity ornament, the elaborated term is equal (for
the mML equality) to the base term. Along with parametricity, this result is
sufficient to prove the correctness of the ornamentation.

Consider a generic term z{(@,S,R) : w = a ~» A. We obtain the identity
instantiation by instantiating all ornaments with the identity ornament, all lift-
ing requests with the base definition, and all patches with a patch that always
return Unit.

Definition 11.1 (Identity instantiation). Suppose z{@,S,R) : w = a ~» A.
Then, the identity instantiation of A, noted ldInstg r is defined as follows:

o For all (¢ — (6,proj,inj) < ¢ (w;) : ¢ (7)) = B) € S, we instantiate ¢
with the identity ornament: we have Idinsts r(B) = ¢ (1¢), IdInsts r(8) =
0¢ (ro)¢» ldInstg r(proj) = proje (e, ldInstg r(inj) = inje (-

o Foralle:# © — §# A€ R, we set ldinstg r(e) = A\#O. [r. Unit].

o For all (z{wW,s) ~» y : W) € R, we use the base term: ldlnstg g(y) =
z (W)

Then, we obtain a well-typed instantiation in the base environment:

Lemma 11.3. If - G, @, S, R, then ldInstg p exists and (G,@)” + ldInstg g :
(S,R)*.
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Proof. By induction on the well-formedness judgments of S and R. The identity
ornament is well-formed, thus the functions that define it have the correct types.
For any ornament in scope, the extension d is A . unit. Thus, the patches are
well-typed. For the liftings, notice that each ornament is the identity ornament:
thus, we ask for a function of the same type as the original function. [

Lemma 11.4 (Identity instantiation and types). Suppose w is well formed in S.
Then for all R, we have:

(w)g = (w)&[IdInsts r]

Proof. By induction over w. If (p — < : 7= () € S, the ornament variable
@ is replaced by 7 on the left-hand side by left-projection. On the right-hand
side it is replaced by S by right-projection, then by 7 again when substituting
with the identity instantiation. O

We define a variant of equality that passes more easily to context: a label
on the left-hand side is always matched with the same label on the right-hand
side. This allows substituting them into the a context that may use the results
to obtain equal terms again.

Definition 11.2 (Exact equality). Consider two terms a and a'. Suppose
atoms(a) is (*p; < a;)'! with conditions u; and types 7;, and atoms(a’) is
(xp); — )77 with conditions u); and types /.

Then suppose there ezists a permutation o mapping the indices in I to the
indices in J such that:

e Results with the same name are equivalent: for all i,

1—\’ ((pk)*uk : Tk)k<iva(k)<o(i) - u

: bool = uj ;) : bool
and

L, ((pr)s#ug : ) F<0V R <e | atom, : atomty; ~ atom,, ) : atomty, ;)

o The results are executed in the same order: for all i,
T, ((pr)=ug )PtV e)<e (@) L count(ug)F <t : nat ~ count(ufc)k"(i) : nat

where count(u;)! counts the number of expressions evaluating to True:
count() = Z and count(u, (u;)") = match u with False — count(u;)" |
True — S (count(u;)").

e The reusable versions of a and a’' are equal:

T, ((us)#p; : 75)" - reuse(a) : T ~ reuse(a’) : 7

Then we say that they are exactly equal, and we write this equality
ExactlyEqual(T P a: 7 ~d' : 77). O

Lemma 11.5. FEzact equality is:

e reflexive: if ' P a: 7= A, then ExactlyEquall' FP a: 7 ~a: 7);
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o symmetric: if ExactlyEqual(T' P a1 : 71 ~ ag : 72), then ExactlyEqual(T" P
Qg :To > ay:TL);

o transitive: if ExactlyEqual(l' P a; : 71 ~ ag : 72) and ExactlyEqual(T" 7
as : Ty ~ ag : 73), then ExactlyEqual(T H?P a1 : 7y ~ a3 : 73).

Proof. For reflexivity, use the identity permutation. Then everything matches
by reflexivity. For symmetry, invert the permutation and the equalities For
transitivity, compose the permutation and the equalities. O

Lemma 11.6 (Exact equality is a congruence). Suppose ExactlyEqual(T' 7 a :
T~ad 7). Then, if I' P Cla] : 0 = A’, we also have ExactlyEqual(T” P
Cla] : 0 ~Cld'] : 0).

Proof. Looking at the decomposition: the reusable versions are equal, since non-
expansive equality is a congruence. Moreover, the terms match, by taking the
substitution that maps every label in C' to itself in the same position, and the
substitution for @ and a’ for the labels present in a and a’. O

Lemma 11.7 (Exact equality implies term equality). Suppose ExactlyEqual(T" P
a:7>~a :7"). Then TermsEqual(l' FP a: 7 ~a' : 7).

Proof. The main difficulty is in matching the indexing: from the count matching
we can prove that the indexings also match (the count is intuitively the inverse
operation of indexing). O

Theorem 11.1. Suppose G,a,S,R+P a~~ A:w= A.
Then, TermsEqual((G)™,a P a : (w)g ~ A[ldInsts ] : (w)g),

Proof. We first consider A’ the term obtained by reducing all patches to Unit in
AlldInsts ] (this preserves equality because it is an mML reduction).

We then prove by induction on a a stronger result that allows for a non-empty
local binding environment O, and using exact equality to use congruence: if
G,@,5,R,0 P a~ A:w= A, then ExactlyEqual((G)~, @, (©)&[ldInsts r] +7

a:(w)g ~A:(w)g).
Let us examine the rules:

e For we conclude by reflexivity.
e For this is true by our choice of instantiation.

e Other rules except [E-March| and [E-Cont this is true by congruence.

e For first, apply congruence to all subexpressions. We then have
to prove that d(;)*(a;)? is equal to (A%})7; Unit;inje ;) # El(reuse(A;-))j #
Unit. Both terms do the same computation in the same order, we only
have to prove that the reusable versions are equal. By hypothesis, for all
J, reuse(a;) and reuse(A’) are equal. Then the right-hand side reduces to
d(reuse(A%))7 so we get the equality.

e For proceed similarly by applying congruence to all expressions.
To prove the final equality of the reusable terms, split on reuse(a).

O



Chapter 12
Lifting by instantiation

Once the user has defined some ornaments and the base terms have been elab-
orated, the user specifies a set of liftings of the base definitions. We describe
here how these liftings are processed.

A lifting of = to y is declared as:

let y B = lifting = (w;)? with s, 7

The lifting y is polymorphic over a set of type variables 8. It is a lifting of
a toplevel definition x of type V(aj)j T, with its type arguments instantiated
with (w;)7. The declaration of # has been generalized: there is a generalized
definition z(@,S,R) : w = a ~» A. To obtain the lifting, the user provides
an instantiation s of the ornaments of S and an instantiation r of R. These
instantiations are then used to instantiate the generic term and obtain the lifting.

In this chapter, we describe how such a definition is checked, what ornament
specification is derived for y, and we prove that the term we obtain indeed
verifies this ornament specification.

12.1 Specifying liftings

Consider an elaborated term a{(a@, S, R) : w = a ~ A from the global elaboration
environment GG. To instantiate it, we need to choose first a set of types to instan-
tiate the @, then a sequence of ornaments for S and finally a sequence of patches
and liftings for R. If the sets of types, ornaments, patches, and liftings given
match the requirement, we obtain a lifting at some specification w’ obtained by
specializing w. We then register these liftings in a lifting environment.

The ornament instantiation s is a substitution from ornament variables to
concrete datatype ornaments. We need to check that it conforms to the or-
nament specification S. This is checked by the judgment 8 s : S given in
Figure for every ornament request ¢; —  <@; : 0y = _ in S, we check
that there is a binding s(¢;) = x; (wi;)? (w))* in s such that x; is a valid
datatype ornament (checked in a global environment left implicit), that the
unconstrained arguments (w;;)? are valid ornament types, and the constrained
arguments types (w/,)® have the right base types, and that the skeleton of
Xi (wij)? (w);)® matches the skeleton given in the request, after substitution of
s in the request.

209
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WPrF-ORNINST
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Figure 12.1: Ornament instantiation: checking and projection
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Figure 12.2: Lifting environment

When 3 - s : S holds, we may take the right-projection sg of s defined in
Figure [I2.1} it binds all the variables bound associated to the ornament ¢ on
the right-hand side to the value associated to the concrete ornament s(p). For
example, if S binds a projection function proj,, for ornament ¢, and S substitutes
¢ with natlist bool, then s substitutes proj, with proj,aiistbool-

Lemma 12.1. Suppose 8 s:S. Then, s& (9T

Proof. This derives from the checking judgment and the types of the components
of valid ornaments (Definition [10.2)). O

From a valid s, we can deduce the specification of the lifting: it will be w[s].
We store the result A of the instantiations (we will describe how to compute
it later) in a lifting environment I whose syntax is given in Figure It is
composed of bindings of the form Va (z(w, s) ~ y @ : w = A) indicating that the
base definition x instantiated with @ has been lifted with ornament instantiation
s to y with ornament specification w. A lifting environment projects to the
ornamented side as a global definition environment, as defined in Figure
each lifting is projected to its definition. We define a judgment G I that
checks that a lifting environment is valid, 4.e. that all the liftings provided have
the right type and ornament specification.
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rou= Patch instantiation
| & Empty
| y—zw Lifting
| e —u Patch
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Figure 12.3: Patch instantiation: grammar, projection and well-formedness

Lemma 12.2. Suppose G+ 1. Then + (I)".

Proof. This is implied by the typing condition for well-formed lifting environ-
ments. O

We now have to check the patch environment r, which is a substitution from
patch names e to patches u (i.e. fragments of mML code) and of names of
requested liftings y to names of actual liftings applied to ornament arguments
2 (w;), where z is a previously defined lifting in . This is checked by a judgment
I;B - r : R defined in Figure For a patch request e :# T, the judgment
requires that r(e) is a non-expansive term u of type T' (with the substitution
(r)* applied, so that information learned from previous patches can be reused).
For a lifting request z((w;)7, s) ~» y : w, we check that it maps to an instance
z (w;)® of a lifting of x and that the instances of ornaments in the request and
in the lifting match. Before checking the types, we apply the substitution s to
R, so that we do not need the judgment to be parametrized by s.

We also define a projection (r)* of r in Figure m

Lemma 12.3. Suppose @+ s : S, G + I and I;& + r : R[s,(s)%]. Then,
It ar (r)t:(R).

Proof. This is implied by the typing conditions for patches and liftings. O

The processing of an instantiation is described by the rule given
in Figure [[2.4] To process an instantiation, we first find in G the binding
(x{@,S,R): w = a ~» A) for the variable . We then check the validity of s,
then 7. Finally, we construct the instantiated term A[a; < (w;)™, (s)&, (r)*].
This is an mML term: we can meta-reduce it back to eML (Theorem then
eliminate the eML constructs to obtain an ML term (Theorem [9.1]). For a term
B, we note simplify(B) the result of applying these two operations. We then
insert the instantiated and simplified term in the lifting environment along with
its lifting specification.
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= simplify(A[(a; < (w;)T)", (s);[(aihwi)i],r*]))

Figure 12.4: Lifting

We have the following result:
Lemma 12.4. Suppose — G and G+ I and G;I +—t=1I'. Then, G I'.

Proof. By hypothesis on G, we have (@, S, R) : w = a ~ A. By Lemma
B+ st :(S)*. By Lemma It a+ (r)t: (R)E. Thus,

I, b Al < @) ) () g™ 2 @F @ — @0 () g™

The final type is (w[(c; < w;)?, s])* because the patches and liftings do not
appear in the ornament type, and projection commutes with substitution. Then,
the term is ML-typed and can be simplified to an ML term by simplify(_). O

These judgments check that the lifting is valid. In our prototype, they are
also used to generate constraints that are used to infer the ornaments and liftings
that have not been specified by the user. We give more details of this process

in Section [13.21

12.2 Correctness of the lifting

We use the logical relation from Chapter [§|to prove that the lifted term is related
to the base term by ornamentation. We prove that any valid instantiation is
related to the identity instantiation, thus by parametricity of the generic term,
the identity instantiation and the user-specified instantiation are related at the
ornament specification.

Suppose given an elaboration environment G generated as described in Chap-
ter Every binding in G has its base term equal to its identity instantiation.

Definition 12.1. We say that a lifting environment I is correct relative to an
elaboration environment G if, for every lifting Vo (z(w, s) ~ y @ : (w;)! = A) e I
there is a matching binding x{(53;)%, , >: =a~ _ € G, and for all indices
p and v € Gy[@], we have (y1(a[B; « (wi)~]),72(A)) € Vp[w],. O

Then, we have the following correctness result for instantiation, stating that
liftings are indeed lifted at the advertised ornament type:

Theorem 12.1 (Instantiation is ccirrect). Consider — G, and suppose I is
correct relative to G. If G;I - let y B = lifting « (w;)? with s,r = I', then I' is
also correct relative to G.

Proof. We use here the notations from in Figure
Consider an index p and an environment v € Gy[@]. We prove the cor-
rectness of the ornamentation by constructing a relational instantiation +' €

Gol((B:)%, S, R)™]. as follows:
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e For all 5;, v/(8:) = Vg[wily)?.

e For all ornaments (¢ — (8, proj, inj) <1¢ (w;)? : ¢ (10)! = B) € S € S, we set
7, and 74 using the values and types in ldlnsts r and (s)¥ respectively,
and the relations as follows:

= Yr(8) = Valr()]1)%
= Yr(6) = (A(vi, v2). {(Unit, wa) | = wy : 75(8) # va})?

e For all patches e, v/(e) = (ldInstg r(e), r(e)).
e For all liftings y of = (w;)%, ¥/ (y) = (z ((wi)5)%,7(y))-
This is a valid relational environment:

e Ornaments are related by Theorem [10.1]

e Patches are related: the type of a patch is always of the form II(T").[§ # u]
for some term w. Consider u; and wuy the two patches. Then, we apply
some arguments described by I" and evaluate the thunk, and compare the
results in &[0 # u],» for some +”. The left-hand side reduces to Unit.
Suppose the right-hand side reduces to a value vs. Then, the relation for
0 # u relates Unit to any value, thus the relation holds.

e Liftings are related by the condition on I.

We have by hypothesis on G: G,@,S,R +F? a ~ A : w = A. Then, by
Lemma a,ST,RE HP A : wé = A. Then, by Theorem [8.1, we have
(71(A4),75(4)) € Vy[wg |

We have wé = w[p < B,] where (3, is the type variable associated to
¢ in S. v} associates (3, to V[s(¢)],. Moreover, 7/ associates the (a;)’ to
the relation of the corresponding w; interpreted in . Thus, by substitution,
Volwd 1y = Vplw[(ai < w;)t, 8]y, = Vplw[(a; < w;)?, s]], (the last equality is
because the variables in 4" do not appear in the type w[(a; <« w;)*, s]).

In the pair of related terms (v1(A4),75(A)), the left-hand term is equal to
AlldInstg g][c; < (w;)~]*. By Theorem applied to the elaboration A of a,
we have (3;)' - A: (w)g ~a: (w)g. Then:

a1 (A): (W)glai — ()] = ales — (W) (w)glai — (wi)7]*

The right-hand side term ~4(A) is A[(a; <« (wi)Jr)i,(5);[(%(_%)1-],7"*]. By
Theorem [0.1}

B h(A) : (w[s])™ =~ simplify(A[(as < (@)*), () yare g7 (@)
Finally, since the relation is stable by equality, and by composition with ~:

(i (alo (@) 1), wa(simplify (Al o — (@), (8) a7 D))
e Volwl(as — w)', s,
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In the case of strictly positive datatypes and first-order functions, this result
can be translated to the coherence property of ornaments [Dagand and McBride,
2014]. We can define a projection function that projects the whole datatype
at once (rather than incrementally as with the proj function), e.g. the length
function for natlist «. Then, the relation expressed by natlist & between a and
A is simply a = length A (up to termination). Consider the statement that
append is a lifting of add at natlist & — natlist @« — natlist a. Following the
definition of the relation, it is equivalent (again, up to termination) to the fact
that for all a; and A; related by natlist, and all as and A5 also related, the
terms add a; ap and append A; A, are related. Since a; = length A; and
as = length A,, this translates to the fact that for all A, Ao, length (append A;
As) = add (length A1) (length As).

In order to prove that, when the patches terminate, the lifted term termi-
nates whenever the base term terminates, we need to use the relation the other
way around, with the base term on the right-hand side and the lifted type on the
left-hand side: for each ornament, we define a relation V,[x~* (w;)], using the
same definition with the sides reversed. Then, a patch is in the interpretation
of its type if it always terminates, and the final relation then guarantees that
the lifted term terminates more often than the base term. Since the base term
also terminates more often than the lifted term, they terminate on exactly the
same inputs.



Part 1V

Implementing lifting
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Chapter 13

Implementation

Our implementation works on a small subset of OCaml containing only the
constructs of core ML with datatypes, but without objects, GADTs, modules,
etc. (we explore possible extensions to the language in Section . It follows
the structure outlined in Chapter[3] In this chapter, we examine some interesting
parts of the implementation: how inference is used to perform generalization
(; how we process the lifting directives given by the user and infer the
missing parts (, and how we annotate terms to recover more readable

q

terms after eML simplification (§13.3)).

13.1 Generalization by inference

The first step for lifting a term is to find a generalized term and the constraints
on its instantiations. The rules for generalization we presented in Chapter
are presented as checking rules: they assume given a set of datatype ornaments
and check that to each datatype constructor and pattern matching we assign
an ornament variable of the right specification. In practice, we do not want the
user to have to specify the generalization themself: instead, we should compute
the most generic term that can be obtained from the base declaration.
For instance, consider again the example of addition of natural numbers:

let rec add = fun m n — match m with
| Z—>n
| Sm' — S (add m’ n)

As we explained previously, it is possible to use two distinct ornaments of natural
numbers, one transforming the first input, and the other transforming the second
input and the output. Thus, the most generic lifting has the following signature,
using the notation established in Chapter [T}

add{(p— <natp:nat= ), (¢ — <naty:nat= ), d:ip—1h >

Reusing ML inference

We implement this by building upon ML type inference [Milner, [1978] to also
extract information about ornaments. The intuition behind this process is that
when two variables have the same type, it can be because their types have ac-
tually been unified during inference, or simply because we constructed the same
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type expression twice, but unrelatedly. We can observe both in the example of
add: while the branch Z — n actually unifies the type of n and the return type,
the type of m and the return type are only accidentally the same: we match
on n with constructors of nat, thus m must have type nat, and we construct the
return value using the constructor S, which also requires the return type to be
nat.

This can be observed by adding a phantom type variable to the type nat:
the type 'a nat_with _tag is the same as nat, but the extra type variable ensures
that two unrelated instances of nat_with tag are labeled by different variables:

type 'anat_with tag =Z with tag|S with tag of 'a nat
let rec add_with tag = fun m n —» match m with
| Z with tag — n
| S with tagm’ — S with tag (add with tag m' n)
val add_with_tag : ’a nat_with _tag — ’b nat_with_tag — ’b nat_with_tag

Here, we took the arbitrary choice of using the same tag for a natural num-
ber and its recursive argument. This is not necessary: indeed, we have seen
some examples of ornaments (e.g. expr_value in Section where the recur-
sive structure of type does not match the original type. During ornamentation,
we use the skeleton to express the fact that arguments of constructors may
change types. We can similarly use the skeleton for ornament inference. This
requires extending the inference to support recursive types. In OCaml, this
can be enabled by passing the option —rectypes |Leroy et all 2020]. The type
('sl, 'tag) nat_skel tag represents the skeleton of nat, where sl is the type of
the argument of the constructor S, and 'tag the tag distinguishing separate orna-
mentations. We name the constructors Z skel tag and S_skel tag in the code.

~

In mathematical notation, we will name the type nat and its constructors Z
and S.

type ('sl, 'tag) nat_skel tag = Z skel tag|S skel tag of 'sl
let rec add_st = fun m n —> match m with
| Z skel tag —n
| S _skel tagm’' — S skel tag (add st m' n)
val add_ st :
((’a, ’phi) nat_skel tag as ’a) — ((’b, 'psi) nat_skel tag as b) — ’b

The type signature at the bottom can be read in the following way: let ¢ be an
ornament with destination type a and skeleton nat o, and v an ornament with
destination type 8 and skeleton nat 8. Then, we can give add the ornament type

p =P — .

Translating to ornamentation constraints

We want to prove that this reinterpretation of the ornamentation constraints
translates exactly the constraints in the generalization judgment.

Consider first the case of pattern matching match z with (d;(7;)? (yir)*<%i —

b;)*! on a type ¢ (7;)7 (we assume for simplicity that we are matching on a
variable). Let us examine the corresponding elaboration rule, simplified to only
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handle matching on local variables:

E-MATcH
(z:9) el (p> (3,inj,proj) <I ¢ (w) </ Heks iC(Tj)j@_)GF

F, (xzk . wik)kejk

(l‘ ~ & ((Wlk)s)[d kng( Yik )keK C((W%) )lel keK@

FPb; ~ By tw= A
I' =Pmatch @ with (d;(7;)? (yar ) P50 — b))l

~»match z with (d;((wir) % )ZEMEKE (yik)kEK"' — By w

= (match 2 with d; ((wgk)g)éej’ke}(’Z (za) B = Ay

We suppose that the datatype ¢ has constructors (d; : V()7 (oig)*le —
¢ (arj)7) L. Tts skeleton with tags is the type ¢ with parameters (B )IELRERT )
and constructors (d; : V((Bx)=I <K+, @) (B )<l — C((Bix) <K+, )il We

write b the terms obtained by applying the transformation to use the skeleton
with tags to the (b;)*. Then, for the whole term the transformation gives:

~

match z with (d; (%) <" <5, ) (s )50 — i)'

where ¢ is the inferred ornament for x (it will always be a variable because
it cannot be unified with anything else than a variable). This expression only

generates a constraint that z has type Z((ng)ed’kem,

) where ¢ is some or-
nament variable and the 7;;; are the types expected by the Bi, and a constraint
that all the b; return the same type, which are exactly the constraints expressed
by

Similarly, construction in the skeleton with tags expresses the constraints
required by the rule used for elaborating data constructors.

We also want to show that the term rewritten to use the skeleton with
tags always admits a typing: this is enough to show that elaboration is always
possible. Inference will then find the most generic term. We can first apply
an extension operation to a term: we replace all types by their skeleton and all
constructors by the corresponding constructor in the skeleton. For example, any
instance of nat becomes the cyclic type po. nat a (where the notation . F(a)
denotes the recursive type that is the fixed point of F). Similarly, any instance
of S a becomes S (nar. nat a) a. This preserves the typing constraints, since
the transformation transforms datatypes in a uniform way, and all constructors
are transformed in a compatible way. We then switch to the skeleton with
tags by adding type variables to all skeleton types such that two types have
the same variable if and only if they have exactly the same parameters. This
transformation preserves all equalities between types, and preserves the property
that one ornament variable is always linked to exactly one skeleton. Thus, the
resulting term is well-typed.

Implementation

The implementation is not based on this transformation: instead, we directly
generate the constraints that would be generated with this transformation. We
use the Inferno library |Pottier] 2014alb] to express the constraints in applicative
style and solve them.
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To reconstruct the final constraints in S, we keep a mapping from ornament
variables ¢, i.e. the variables used to tag skeleton types, to the corresponding
skeleton type. When interpreting the solution of the constraints as an ornament
type, we ignore the skeleton and only keep the ornament variable.

When generalizing a term, we obtain two kinds of free variables:

e We may get usual type variables . These variables are copied in the
environment @ containing the type variables in scope of the generalized
type.

o We may also quantify over ornament type variables . In this case, we look
up the corresponding skeleton in the mapping from ornament variables to
skeleton, and add it in S with the constraints that its skeleton be the one
found in the mapping.

We also need to handle liftings and patches. This is done by keeping a global
list R of patches that are required by the type. For each location needing a patch,
we take the expected type from the ornament specification, we collect the type
of local variables and add a patch taking the local variables as arguments and
returning something of the expected type to R. For each location where a
global definition is used, we need to choose the ornaments that will be used to
instantiate the ornaments in its environment S’: we create a fresh ornament
variable for each ornament in S’ and let them unify with the other ornament
variables in the term. Once inference is done, we recover their value and add
to the patch environment for the current term R a request for a lifting of the
global definition at the ornament specification determined during inference.

We thus obtain a generic term and an ornament specification that we add to
the global environment. We immediately add the identity instantiation of this
generic term as an already-done lifting and proceed to the next definition.

13.2 Strategies for instantiation

When describing the instantiation of a generic to obtain a lifting (Chapter ,
we assumed that a value was given for all the required ornaments, liftings and
patches. In practice, we allow the user to give less information and try to
infer the missing information using various strategies. Our strategies consider
ornaments and liftings on the one hand, and patches on the other hand, in two
separate phases.

The instantiation of ornaments and lifting uses unification (again, based on
the type inference engine) to ensure that the provided ornaments and liftings
are compatible with the requirements of the generic term and with each other.
When lifting a definition of x, we first look up the generic term for  and encode
the constraints in the ornament requirements S and the liftings requirements of
R into type inference constraints. We then consider some information given by
the user:

e The user may specify an ornament specification for the term. This orna-
ment specification may be partial (i.e. contain wildcards _ to indicate
unconstrained parts). We unify this specification with the specification of
the generic term to infer the values of some variables.
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e The user may specify the ornaments to be used at some construction and
pattern matching locations. We add constraints specifying that the orna-
ment at these locations must be instantiated with the specified ornament.

e The user may specify some liftings to be used at some program points.
The choice of the lifting gives us additional constraints on the ornament
variables in the generic term.

Once these explicit indications are processed, we apply multiple strategies:

e The user may similarly specify a list of ornaments to be used: for each
program point where we still need a datatype ornament, we try each of the
specified ornaments in order. This is useful for a refactoring: the user may
specify that the ornament describing the refactoring is always to be used.
This is expressed with a declaration of the form: ornament * < orny, orna,
orns.

e The user may specify a list of liftings to be used in priority order, but not
attached to a particular location in the program. Each of these liftings
is a lifting of some term y: for each occurrence of y still to be lifted,
we try each of these liftings in order and commit to the first matching
lifting. This in turn may instantiate some ornament variables. This can
be written lifting * « f1, fa, fs3.

The order of application of these strategies is important: one of them might
decide on an ornament and prevent the other from applying. For this reason,
these clauses are always applied in the order given by the user: they may choose
to prioritize one strategy over the other. We do not warn the user if one of these
strategies does not apply because some other strategy already instantiated the
term (this is in contrast with the hints applied to specific program locations,
where we interpret as requirements for the lifted term).

Finally, we propose two other optional mechanisms. The first one exploits
unique liftings: after learning of some ornaments, we may end up in a situation
where only one known lifting can be used in some location. In this case, the
user may elect to have the unique remaining lifting automatically used. This
avoids specifying some liftings, assuming that the user already defined all the
liftings they may want to use.

The other mechanism allows for auto-lifting: if no lifting is available for a
location (i.e. applying any existing lifting leads to a set of unsatisfiable con-
straints), the user may ask us to automatically generate a new lifting to fill the
spot. This is useful when no patches are needed, for example in the case of
refactorings: this way, a user can ask for a refactoring of one function and all
functions it depends on will have refactorings automatically generated.

We have much fewer possibilities for patches, because we are not treating
patches as typed: instead, we assume that they are well-typed and check the
types after reduction to eML and simplification to an ML term. We still perform
an approximation of type-directed patch inference: during simplification, if we
are matching on an unspecified patch with a pattern matching having a single
branch, we assume that the patch must start with this constructor.

Finally, when simplifying the term obtained after lifting and instantiation,
some program locations may disappear, for example if we simply remove a con-
structor and the associated branches: for this reason, we proceed with instanti-
ation even if some ornaments, liftings, or patches are missing. If simplification
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eliminates the missing program locations, we accept the lifting. Otherwise, we
pretty-print the term with markers indicating where a lifting is missing, what
is the name of the location and what kind of object is expected to instantiate
this location. For example, the fully generalized version of add is printed as:

let rec add gen m n = match (orn—match #4) m with
| Z_skel - n
| S_skel m" — (orn—cons #1) (S_skel (add _gen m’ n)) #2

The user can deduce that #1 should be instantiated with an ornament of the
type nat (since it should transform S_skel the skeleton of S), that the same
should be true for #4, and that #2 should be a patch of the type required by
the ornament given for #1.

13.3 Refolding terms after the transformation

The transformation described in Chapter[J]to convert eML terms to ML is rather
heavy-handed: notably, it separates out possibly effectful computations and
removes other let bindings. Moreover, before generalizing the term, we had to
transform deep pattern matching into shallow pattern matching. The simplified
term might end up rather unreadable. For this reason, after simplifying, we
apply a resugaring transformation to generate a term closer to the original
term.

For re-sharing let declarations, we insert markers in the term, one at the
site of the original declaration and corresponding markers at every place where
the definition has been expanded. When resugaring the term, we look for the
markers of declarations: under the declaration, we look up all markers of uses
of this declaration. If there are no uses left, we do not attempt to restore
the definition. Otherwise, we check that the usages would still be well-scoped
at the declaration site, compare them for syntactic equality, and re-insert a
declaration for each family of equal expressions at use site. Along with the
declaration marker, we store the original name of the declaration, so that we
can restore it (management of names is detailed later in this section).

For pattern matching, we look at chains of pattern matching in the final
term and try, as much as possible, to gather them in one pattern matching.
We then compare branches: if some branches have the same code, we use an
alternative pattern to regroup them. We do not add back wildcard patterns to
match all remaining cases, even if they were present in the original term. We
also do not preserve the order of the patterns: this could be done by adding a
mark on the branches indicating which appeared first in the source term. For
example, consider the input term:

let rec eval e = match e with
| App (u, v) —
begin match eval u with
| Some (Abs f) — eval (f v)
| _ — None
end
| _ — Some(e)

If we ask for its identity lifting, we obtain the following output term. The order
of the branches has been lost and the wildcard pattern has been replaced by
a pattern listing all alternatives, but the branches that were merged are still
merged:
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let rec eval id e = match e with
| (Abs | Const ) — Some e
| App(u, v) —
begin match eval id u with
| Some (Abs f) — eval id (f v)
| ((Some (App(_, ))| Some (Const )) | None) — None
end

Finally, we insert a specific mark on let bindings introduced to lift effectful
computations. When we encounter such a binding, we try to insert the computa-
tion as close to its use-site in the term without reordering function applications.
For example, if f1 and f2 are two functions, consider the following term and its
identity lifting:

let ht=(flt, f2t)
let h' = lifting h with ornament * < @id

Since constructor arguments are evaluated from right to left, during its elabo-
ration, it is transformed to:

let h' t =
let x =f2tin
lety =fltin
(%, y)

The resugaring transform will then fold the two function calls back into the
construction:

leth't =(flt, f2t)
Suppose now that we apply an ornament that reverses the members of a tuple:

type ornament ('a, 'b) rev: ("a x 'b) = ('b x 'a) with
| (xy) = (yx)

let h"" = lifting h with ornament * « @id
We cannot refold both applications into the tuple construction, because they
would run in the reverse order. Instead, we obtain the following term: the
second applications could be folded into the construction, then the first one is
blocked because if it were lifted in its position it would execute before the second
one.

let h" t =
let x =f2tin
(x, f1 t)

All these transformations operate on abstract names, represented by unique
integers. To generate readable code at the end, we store alongside these names
the name they had in the original program. This might be a set of names, as
some variables can end up identified during the transformation (for example if
we match twice on the same value). Names can come both from the base term
and from the pattern in the ornament definition. We then look at the names
that must be available in each scope to select a name formed by one of the
original names followed by a numeric prefix. If possible, we prefer shadowing
variables to using the same variable with a prefix.

Taken together, these transformations generate reasonable-looking codes on
our (admittedly simple) examples. To use ornamentation to transform code-
bases and continue working on the transformed codebase, we would have to also
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be able to preserve comments. This is usually done by attaching them to nodes
of the abstract syntax tree. We do output pretty-printed term, but we expect
that the user would prefer running a code formatter configured with the recom-
mended style for their project as a post-processing phase before committing the
code to source control.
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Unfolding of definitions

The presentation of lifting given before has one major restriction: we cannot
change the recursive structure of a function. This is because recursive calls refer
to the function being defined as a local variable, so they can only refer to the
function being currently lifted.

14.1 Unfolding the recursive structure

This sometimes prevents us from writing interesting liftings of functions. For
example, consider the map function on lists:

type 'a list = Nil | Cons of 'a * 'a list
let rec map f | = match | with

| Nil — Nil

| Cons(x, xs) — Cons(f x, map f xs)

We can define a type of chunked lists, where each constructor contains two
elements. We define the ornament using the low-level syntax for ornaments,
and use an auxiliary ornament to transform lists of odd length into an element
and a list of even length.

type 'a chunked list = Nil2 | Cons2 of 'a * 'a % 'a chunked _list
type ornament 'a chunk _list : 'a list = 'a chunked _list with
| Nil = Nil2
| Cons(x1, (x2, xs) : 'a odd _list) = Cons2(x1, x2, xs)
and 'a odd list : 'a list = 'a x 'a chunked list with
| Nil = ~ (% empty lists are not odd *)
| Cons(x1, xs) = (x1, xs) when xs : 'a chunk _list

The syntax (x2, xs) : 'a odd_list is used to require this argument to be lifted
with the ornament 'a odd list and then matching on the result of the lifting.
This ornament relates, e.g., the list Cons (1, Cons (2, Nil)) to Cons2 (1,2, Nil2).

Given such an ornament, we cannot lift the function map: we quickly realize
that the type of the recursive call must be the same as the type of map because
it is defined as a fixed point, while the ornament requires the recursive call to
be ornamented with odd _list.

Our solution is to optionally consider recursive calls as calling global vari-
ables: then, a recursive call can be ornamented by any lifting of the function, not
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necessarily the lifting we are currently defining. In the case of map, we simul-
taneously define two mutually recursive liftings of the single-recursive function
map:

(* Run with option ——unfold x)
let chunk_map = lifting map: _ — _ chunk_list —> _ chunk_list
and chunk_map_odd = lifting map: — odd list > odd_list

We obtain the following result:

let rec chunk _map f | = match | with
| Nil2 — Nil2
| Cons2(x, x2, xs) —
begin match chunk map_odd f (x2, xs) with
| (x2, xs) — Cons2(f x, x2, xs)
end
and chunk_map_odd f | = match | with
| (x, xs) — (f x, chunk_map f xs)

With autolifting, we do not even need to request a lifting for odd lists:

(* Run with ——unfold —— autolift *)
let chunk _map = lifting map: — _ chunk_list >  chunk_list

We are not limiting the number of generated liftings. In some cases this process
could generate liftings recursively, never stopping.

14.2 Unfolding for specialization

We can use unfolding to specialize a program to a more restricted version of a
datatype. Continuing with our example of lists and the map functions, we might
want to ornament lists to e.g. three-element tuples representing coordinates:

type 'a vec3 = Vec3 of 'a x 'a * 'a
type ornament 'a list3 : 'a list = 'a vec3 with
| Nil = ~
| Cons(x, (y, z) : 'a list2) = Vec3(x, y, z)
and 'alist2 : 'a list = 'a x 'a with
| Nil = ~
| Cons(y,z: 'a listl) = (y, z)
and 'a listl : 'a list = 'a with
| Nil = ~
| Cons(z, () : 'a list0) = z
and 'a list0 : 'a list = () with
| Nil = ()
| Cons(x, xs) = ~

The last definition list0 is useful because we cannot simply ignore the tail of the
list, but we can ignore a value of type unit by matching it. With this definition,
we can ask for a lifting of map operating only on three-elements vectors. This
has two advantages: first, it is obvious from the type that this function takes a
three-element vector and returns a three-element vector. The second advantage
is that a three-element vector has a much more compact memory representation,
avoiding indirection, and the functions operating on them do not need pattern
matching. We can again require an automatic lifting:

(* Requires ——unfold —— autolift *)
let map_vec3 = lifting map : ('a —» 'b) — 'a list3 — 'b list3
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We obtain the following result:

let rec map _vec3 f x = match x with
| Vec3(x,y, z) —
begin match map _autol f (y, z) with
(v, 2) — Vec3(Fx, v, 2)
end
and map_autol f x = match x with
| (x, xs) — (f x, map_auto2 f xs)
and map_auto2 f x = match map_auto3 f () with
10— Fx
and map_auto3 f x = match x with

10 —0

This definition is made harder to read by the many intermediate function calls
and pattern matchings. If our objective is to generate human-readable code, we
can inline some definitions as a post-processing phase. We provide an option
for this, that attempts to inline all functions left from unfolding (but leaves all
definitions that were explicitly specified by the programmer). We obtain the
following inline code:

let rec map_tuple f x = match x with
| Vec3(x,y, z) — Vec3(fx, fy, f z)

14.3 Generic programming with unfolding

The fact that unfolding allows for more specialization could also be used for
generic programming. Suppose that we represent the structure of containers
with the following type, equipped with a map function:

type 'a gen = Pair of 'a gen * 'a gen | Value of 'a | Unit
let rec gen _map f x = match x with

| Pair(u,v) — Pair(gen _map f u, gen_map f v)

| Value x — Value (f x)

| Unit — Unit

We can express lists as an ornament of this type:

type 'a list = Nil | Cons of 'a * 'a list

type ornament 'a gen_list : 'a gen = ’a list with
| Unit = Nil
| Pair(x, xs) = Cons(x, xs) when x : 'a gen_elem, xs : 'a gen_ list
| Value x = ~
and 'a gen_elem : 'a gen = 'a with
| Value x = x
| Unit = ~
| Pair(x, y) = ~
Then, we can ask for a lifting of the map function to operate on lists and recover
the map function on lists:

let map_list = lifting gen _map : ("a > 'b) — 'a gen_list > 'b gen_list

let rec map_list f x = match x with

| Nil — Nil

| Cons(u, v) — Cons(gen _map_autol f u, map_list f v)
and gen _map_autol fx = fx
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If we ask for the generated definitions to be inlined, we obtain the following
code:

let rec map_list f x = match x with
| Nil — Nil
| Cons(u, v) — Cons(f u, map_list f v)

Similarly, we can express an ornament from the generic type to binary trees,
and obtain a map function by lifting:

type 'a tree = Leaf | Node of 'a x 'a tree * 'a tree

type ornament 'a gen tree : 'a gen = 'a tree with
| Unit = Leaf
| Pair(v : 'a gen value, (I, r) : "a gen_treepai